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Two-Photon Imaging during Prolonged Middle Cerebral
Artery Occlusion in Mice Reveals Recovery of Dendritic
Structure after Reperfusion
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Filament occlusion of the middle cerebral artery (MCA) is a well accepted animal model of focal ischemia. Advantages of the model are
relatively long occlusion times and a large penumbra region that simulates aspects of human stroke. Here, we use two-photon and
confocal microscopy in combination with regional measurement of blood flow using laser speckle to assess the spatial relationship
between the borders of the MCA ischemic territory and loss of dendrite structure, as well as the effect of reperfusion on dendritic damage
in adult YFP (yellow fluorescent protein) and GFP (green fluorescent protein) C57BL/6 transgenic mice with fluorescent (predominantly
layer 5) neurons. By examining the spatial extent of dendritic damage, we determined that 60 min of MCA occlusion produced a core with
severe structural damage that did not recover after reperfusion (begins �3.8 mm lateral to midline), a reversibly damaged area up to 0.6
mm medial to the core that recovered after reperfusion (penumbra), and a relatively structurally intact area (�1 mm wide; medial
penumbra) with hypoperfusion. Loss of structure was preceded by a single ischemic depolarization 122.1 � 10.2 s after occlusion onset.
Reperfusion of animals after 60 min of ischemia was not associated with exacerbation of damage (reperfusion injury) and resulted in a
significant restoration of blebbed dendritic structure, but only within �0.6 mm lateral of the dendritic damage structural border. In
summary, we find that recovery of dendritic structure can occur after reperfusion after even 60 min of ischemia, but is likely restricted to
a relatively small penumbra region with partial blood flow or oxygenation.
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Introduction
The large majority (80%) (Durukan and Tatlisumak, 2007) of
human strokes are ischemic and involve the occlusion of a major
artery, commonly the middle cerebral artery (MCA). This event
can be modeled in rodents by advancing a nylon suture up the
common carotid artery (CCA) to block the MCA and withdraw-
ing it after 60 –90 min to induce reperfusion (Longa et al., 1989;
Kawamura et al., 1991). The model has been applied in rodent
studies of neuroprotection, as well as neuroplasticity after stroke
(Chen et al., 1992, 1999; Iijima et al., 1992; Bethel et al., 1997; Ma
et al., 1998), and extended to transgenic mice to examine targets
that modify damage (Kamii et al., 1994; Hara et al., 1996). This
approach parallels human ischemic stroke by permitting occlu-
sion over hours and supporting an ischemic penumbra (area with
partial vascular flow) in which the beneficial effects of neuropro-

tectants and reperfusion are thought to occur (Hossmann, 2006).
The wide application of this model stems from its ability to pro-
duce defined ischemic episodes and reperfusion in a controlled
manner. Although the model is commonly used, it is not known
how fine dendritic structure is affected during both occlusion and
reperfusion in both the core and the penumbra.

Recent in vivo two-photon imaging experiments have focused
on synapses as targets of acute ischemia (Zhang et al., 2005;
Zhang and Murphy, 2007; Murphy et al., 2008). These studies
indicate rapid swelling and beading of dendritic structure and a
loss of spines within minutes of global ischemia coincident with a
wave of ischemic depolarization (Murphy et al., 2008). Dendritic
structure can be markedly disturbed during global ischemia,
whereas reperfusion can lead to recovery of structure within tens
of minutes (Murphy et al., 2008). Although the recovery of struc-
ture with reperfusion was remarkable, initial studies only used an
average of 7 min of occlusion (Murphy et al., 2008), or used
photothrombotic occlusion in which reperfusion was undefined
(Zhang et al., 2005), thus limiting their power as models of hu-
man focal stroke that typically involve the occlusion of major
arteries for hours. Although reperfusion permitted recovery of
dendritic structure after short-term occlusion (Zhang et al., 2005;
Murphy et al., 2008), it is conceivable that reperfusion may lead
to exacerbation of injury (Aronowski et al., 1997; Gürsoy-
Ozdemir et al., 2004) when combined with longer periods of
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occlusion. Out of these limitations, several important questions
arose: (1) if occlusion is maintained for hours, will dendritic
structure recover during reperfusion; and (2) if structural recov-
ery occurs, is it limited to penumbra regions near the stroke
border, or does it include the ischemic core; (3) will the penum-
bra be subject to reperfusion damage after prolonged occlusion?
Here, we adapt the mouse model of MCA occlusion (MCAO) for
use with two-photon imaging to address these questions. We
define the MCA territory within each animal and show that den-
dritic structure within this area is markedly blebbed during 1 h of
MCAO. After reperfusion, dendrites within the ischemic penum-
bra can recover, but recovery is limited to a small region and does
not extend to the ischemic core.

Materials and Methods
Transgenic mice. We have studied a total of 22 adult, male, 9 –15 weeks of
age, and 23–31 g YFP-H and GFP-M transgenic mice (Feng et al., 2000).
All experiments used urethane anesthesia as in the studies by Zhang et al.
(2005), Zhang and Murphy (2007), and Murphy et al. (2008). C57BL/6
yellow fluorescent protein (YFP)- and green fluorescent protein (GFP)-
expressing transgenic mice (H and M lines) (Feng et al., 2000) were bred
at the University of British Columbia animal facilities. Briefly, anesthesia
was induced with urethane (0.12% w/w) and body temperature was
maintained at 37 � 0.5°C using a heating pad and feedback regulation
from a rectal temperature probe. Hydration was maintained by intraperi-
toneal injection of saline (200 –300 �l) with 20 mM glucose at 1–2 h
intervals. The experimental protocols were approved by the University of
British Columbia animal care committee and consistent with Canadian
Council on Animal Care and Use guidelines.

Surgical procedures and imaging. The surgical procedures for preparing
a cranial window and the in vivo two-photon imaging methods have been
described previously (Zhang et al., 2005; Zhang and Murphy, 2007; Mur-
phy et al., 2008). Briefly, a craniotomy was performed over the right
somatosensory cortex from 1 to 4.5 mm lateral to midline. Animals were
fitted into a custom-made head hold. Two-photon excitation was per-
formed with a Coherent Mira 900 Ti-sapphire laser pumped by a 5 W
Verdi laser and tuned to 900 nm to excite YFP or GFP. The cortex was
covered with 1.3% low-melt agarose (at 37–38°C; type 3-A; Sigma-Al-
drich; A9793) dissolved in HEPES-buffered artificial CSF and sealed with
a glass coverslip (no. 1) as in the study by Zhang et al. (2005). Images were
acquired by custom software (Igor) and by using an Olympus IR-
LUMPlanFl water-immersion objective (40�; 0.8 numerical aperture).
The images were taken with a pixel size of 0.3 �m, typically over a 1.2–
1.8 � 0.3 mm band of tissue that spanned over both the expected MCA
and anterior cerebral artery (ACA) territories. Each image was the aver-
age of two frames taken over 3.7 s. To image blood flow, blood plasma
was labeled through a tail vein injection of a 0.2 ml bolus of 5% (w/v)
Texas Red dextran (70 kDa) (Invitrogen; D-1830) in PBS (Kleinfeld et al.,
1998; Zhang et al., 2005; Nishimura et al., 2006; Schaffer et al., 2006).

Tracheostomy was performed on all animals before producing the
stroke to alleviate breathing problems that may have been confounded by
manipulation of the tissue within the neck region or prolonged anesthe-
sia. A ventral midline neck incision was made. The thyroid and associated
muscle and connective tissue were carefully dissected away from the
trachea. A PE-90 catheter was inserted into the trachea and secured with
VetBond.

For the MCAO model of stroke, ischemia–reperfusion was induced
using a modified version of the intraluminal suture method as described
previously in rats (Longa et al., 1989). Briefly, laser Doppler flow mea-
surements (Perimed PeriFlux PF3) were performed through the skull at
the right temporal fossa (see Fig. 2 A). After the tracheostomy, the right
CCA was carefully dissected away from the vagus nerve. The ipsilateral
external carotid artery (ECA) was ligated. A 2 cm 6-0 nylon suture (Ethi-
lon; Ethicon) (the diameters of the tips, which were blunted with a mi-
croforge, were �165 �m) was inserted through the CCA and pushed into
the internal carotid artery (ICA) until the laser Doppler recording
showed a sharp blood flow decrease, leaving �10 –11 mm of the suture

remaining outside the ECA/ICA bifurcation. The suture was clamped in
place with a microaneurysm clip (Harvard Apparatus), and the animal
was then put back to the stage for imaging. After �60 min of ischemia,
the suture was retracted. Although both the right CCA and ECA were
permanently ligated, blood flowing from the contralateral CCA, and
possibly ipsilateral posterior circulation, could still pass through the
MCA allowing �70% reperfusion. Animals were included in the study
based on two criteria: (1) they must have a sharp drop of blood supply to
the temporal cortex from the laser Doppler recording (to �40% of base-
line blood flow), and (2) they must have a decrease in number of flowing
blood vessels on the side of the craniotomy that contained the MCA
territory as assessed by laser speckle imaging. Occlusion was also con-
firmed by in vivo two-photon imaging of blood flow as previously de-
scribed (Zhang et al., 2005).

After reperfusion, the animals were followed with two-photon micros-
copy for 2–3 h. Then they were transcardially perfused with PBS, fol-
lowed by 4% paraformaldehyde in PBS. The brains were removed. Coro-
nal sections were cut at 100 �m thick on a vibratome. For histological
study, images were captured with use of either a Zeiss Axiophot light
microscope coupled to a 12-bit CCD camera (Retiga; QImaging) or an
Olympus Fluoview 1000 confocal microscope.

The procedures for laser speckle imaging have been described previ-
ously (Dunn et al., 2001; Sigler et al., 2008). Briefly, the cortical surface
was illuminated by a 784 nm, 32 mW StockerYale SNF-XXX-785S-35
laser (StockerYale) with an Edmund Optics anamorphic beam expander
T47274 (Edmund Optics), and 50 –150 images at 30 Hz using 10 –15 ms
exposure were collected with a Dalsa M60 Pantera camera (Dalsa).

Electroencephalogram recording. For DC potential recording, we used a
DAM 50 amplifier (WPI) using chlorided Teflon-coated silver wire
(0.125 mm; WPI) placed on the surface of the cortex suspended within
the overlying agarose usually within the lateral aspect of the craniotomy
within 1–2 mm of the dendritic structural border. Reference electrodes
were placed over the animal’s back between the scapula and on the paw
(filter set at 0.1–1000 Hz). Additional off-line filtering of 10 –20 Hz low
pass was also performed routinely to better resolve slow ischemic depo-
larization. Electroencephalogram (EEG) data were collected using
Clampex 8 or Axoscope 10.2 and analyzed using Clampfit 8 or 9 (Molec-
ular Devices).

In addition to measuring the heart rate electrophysiologically (in most
animals), we also assessed physiological parameters using a Starr Life
Sciences Mouse-Ox pulse oximeter mounted on the tail. Assessment of
blood oxygen saturation (typically �90%) and heart rate (400 – 600
beats/min) in a subset of animals indicated that, under the conditions we
used for imaging, physiological parameters were relatively constant over
the course of our experiments. Consistent with the MCAO being associ-
ated with focal ischemia, we did not observe suppression of the heart rate
during the occlusion period. All animals were under urethane anesthesia
and were freely breathing air during all imaging experiments either
through their nose (before the stroke) or a PE-90 tube within the trache-
otomy after stroke induction.

Image analysis. Image analysis was performed using ImageJ software
(http://rsb.info.nih.gov/ij/). To reduce photon and photomultiplier tube
noise, a median filter (radius, 1) was applied to all images. Dendritic
blebbing measurements were done as previously described (Murphy et
al., 2008). To reduce bias, images of dendritic panels oriented medial to
lateral were cut into 250 � 1024 pixel-sized sections, given random des-
ignations, and scored by persons who lacked information regarding the
treatments/time point used or medial-to-lateral orientation. Briefly, to
assess dendritic blebbing in two-photon images, we estimated the frac-
tion of blebbed dendrites by scoring 20 �m dendritic segments observed
in maximal intensity projections as well as the three-dimensional stack as
normal or blebbed for time points taken before, during, or after MCAO.
Counting the segments was aided by the use of grid with 20 �m squares
placed in ImageJ. Blebbed dendrites have regular swellings and have a
“beads on string” appearance as described previously by us (Zhang et al.,
2005) and investigators working in vitro and with histology (Hori and
Carpenter, 1994; Park et al., 1996; Andrew et al., 2007). We scored den-
drites as having blebs if they exhibited regularly spaced and rounded
herniations that were punctuated by interbleb regions with lower or, in
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some cases, nearly undetectable fluorescence.
Blebbed regions were of larger diameter than
their parent dendrite. These rounded structures
were distinct from axonal boutons and passing
dendrites cut in cross section that were ob-
served in all animals before stroke and were
checked by examining three-dimensional
stacks in addition to Z-projections.

For speckle imaging analysis, we randomly
selected three to five arteries that were within
the MCA territory and did not have clear collat-
eral connections with the ACA from each ani-
mal. We quantified blood flow velocity change
from the same large vessels by examining
changes in speckle contrast signal before and
after advancement of the suture, and after with-
drawal of the suture. Results were expressed as a
percentage of pre-CCA occlusion speckle con-
trast (which was used as 100%). In this analysis,
we assume that the velocity of blood flow is pro-
portional to the inverse of the speckle contrast
as shown by Suzuki et al. (1991) and scaled over
a range corresponding to maximal and minimal
flow for each animal. We also analyzed the line
profile of speckle contrast made by averaging
vertical (rostral– caudal) pixels for each 1024 �
100 pixel area. The site along the line profile
(medial–lateral dimension) in which the
MCAO-induced change in speckle contrast
value was altered by 50% (minimal � maximal
speckle contrast/2*100) was considered the
border between ACA and MCA territories. To
avoid variability caused by the intermittent na-
ture of large surface vessels, these distance esti-
mates were made from regions lacking large
surface vessels, over capillary and small vessel-
rich areas that also contribute to speckle signals
(Dunn et al., 2001).

For statistical analyses of three or more
groups, an ANOVA was used with an � value
for significance of 0.05; in cases in which mul-
tiple post hoc comparisons were made, Bonfer-
roni’s multiple-comparison test was used.
Comparison of two groups was made by t test.
Data are expressed as mean � SEM, unless
otherwise stated.

Results
Blood flow and structural change
during MCAO
The general experimental scheme for as-
sessment of blood flow and dendritic
structure before, during, and after MCAO
is outlined in Figure 1. In urethane-
anesthetized adult mice, we assessed blood flow during MCAO by
attaching a laser Doppler probe to the temporal aspect of the
skull, which permitted us to monitor regional blood flow in the
MCA territory during both the occlusion and reperfusion pro-
cesses (Fig. 2A). We found it necessary to perform continuous
laser Doppler readings during surgical procedures to optimize
suture placement for induction of ischemia. In addition, contin-
uous monitoring confirmed that occlusion was stable while in-
verting the animal from ventral side up (that was required to
access the carotid arteries) to dorsal side up for two-photon im-
aging. Importantly, the laser Doppler probe could be positioned
on the lateral cortex without disturbing the ability to perform
two-photon microscopy within more medial regions in which the

stroke penumbra was present. The first step in the MCAO proce-
dure is ligating the ipsilateral CCA, permitting the insertion of a
nylon suture that is advanced to occlude the MCA. Ligation of the
CCA resulted in the blood flow being reduced to 74 � 4% of
baseline levels (Fig. 2B). Advancing the suture further decreased
the Doppler blood flow signal to 16 � 4% (of baseline levels)
when the suture tip occluded the MCA (Fig. 2B).

To assess regional blood flow within the area in which two-
photon imaging was performed, we used laser speckle imaging in
which local variance in laser speckle pattern provided a measure
of blood flow velocity (Suzuki et al., 1991). The laser speckle
images are presented as speckle contrast (local SD/mean) with
darker tones indicating higher velocity blood flow (see Materials

Figure 1. Experimental setup and timeline for focal stroke imaging. The timeline of a MCAO reperfusion experiment is shown.
Baseline laser speckle images and two-photon images of dendritic structures and blood vessels were taken. The animal was
moved to a surgery area and a nylon suture was advanced to block the MCA inducing stroke. With the suture blocking the MCA, the
animal was returned to the microscope, and laser speckle and two-photon images were taken from the same areas. After �60
min of MCAO, the suture was withdrawn (within the surgery area) inducing reperfusion. The animal was returned to the micro-
scope, and laser speckle and two-photon imaging were continued for �2.5 h (after the start of reperfusion) at which time the
animal was transcardially perfused for histology.

Figure 2. Regional assessment of cortical blood flow using laser Doppler. A, Diagram showing location of the laser Doppler
probe on the lateral skull surface and cranial window location over the right hemisphere just posterior of the bregma point. B,
Group data from 22 animals (mean � SEM) showing relative changes in laser Doppler signal measured from the lateral aspect of
the skull over the MCA core region. After unilateral CCAO (necessary to insert the suture), an �20% reduction in blood flow was
observed. An additional large reduction in blood flow to 10% of normal flow (�90% in total) occurs within the MCA territory
when the suture was advanced to the MCA. The recording ends at �6 min after the onset of occlusion because the animal needs
to be moved to the two-photon microscope stage and laser Doppler recording was no longer possible at this point.
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and Methods) (Fig. 3A). Toward the medial extent of the MCA
territory, a blood flow border (2.1 � 0.1 mm lateral from the
midline; n � 17 animals) was apparent between the more lateral
MCA and medial ACA territories. Moving more lateral (away
from the border) flow within the surface vessel network was
strongly attenuated by MCAO with some vessels showing little or
no laser speckle signal (Fig. 3A). Toward the midline, the blood
supply was less sensitive to MCAO and was apparently from the
more medial ACA system.

To graphically show laser speckle data in a more intuitive
manner, we presented the inverse of speckle contrast (scaled over
a range corresponding to maximal and minimal flow) (see Mate-
rials and Methods), so that higher numbers correspond to higher
velocities of blood flow (Fig. 3B). On average, 1/speckle contrast
(proportional to blood flow velocity) (Briers and Fercher, 1982)
dropped to 24 � 3% of baseline values during MCAO (Fig. 3B).

Baseline blood flow was defined from
speckle images taken before unilateral
CCA occlusion (CCAO). Importantly, the
changes in laser speckle signal were similar
in magnitude to the laser Doppler mea-
surements (Fig. 2B), assuming some ex-
pected variance because the Doppler
probe was placed over the core of the MCA
territory, whereas the speckle images were
taken from a more medial area. Changes in
speckle contrast were also observed after
MCAO in capillary-rich areas (Yuan et al.,
2005) lacking large surface vessels (back-
ground signal present in images) (Fig. 3A)
(quantified in Fig. 3C).

In all animals studied, there was appar-
ent overlap between the MCA and ACA
territories leading a relatively wide blood
flow transition zone (from fully flowing to
severely depressed) during MCAO. Al-
though blood flow was generally depressed
(within the presumed MCA territory), we
often found spared arteries with little or no
block of blood flow by MCAO (Fig. 3A).
By examining two-photon images that can
define the direction of blood flow (Klein-
feld et al., 1998; Zhang et al., 2005), we
found reversal in blood flow direction
(data not shown), which suggested that
these arteries were now supplied by the
more medial ACA system instead of MCA
system (Fig. 3A, long arrow).

As another means of assessing the effect
of MCA occlusion, we included EEG sur-
face electrodes (in some animals) within
the craniotomy in which two-photon im-
aging was performed as previously de-
scribed (Murphy et al., 2008). Within sec-
onds of occlusion, we observed a strong
reduction in spontaneous EEG power con-
sistent with ischemia blocking ongoing
synaptic activity (Fig. 4A). Appearing at
122 � 10 s (n � 6 animals) after MCAO
onset, we observed a single ischemic DC
depolarization (Fig. 4B), which was not
significantly different in latency from the
DC shift after global ischemia induced by

bilateral CCAO (110 � 11 s; n � 10 animals) (Murphy et al.,
2008). In the global ischemia model, changes in dendritic struc-
ture were initiated at the point of ischemic depolarization. Al-
though we could not begin imaging within the first 5 min of
MCAO, these findings suggest that there would be similar mech-
anisms used in the two models. Namely, ischemic depolarization
would underlie the early dendritic structural damage during both
focal and global ischemia. The amplitude of the DC potential
shift after MCAO was smaller than that observed after global
ischemia (9 � 1 mV, n � 7, for MCAO; 12 � 1 mV, n � 8, for
CCAO; p � 0.05). Conceivably, a smaller amplitude depolariza-
tion in the focal model could be related to the surface EEG elec-
trode sampling from some territories that were not completely
ischemic. Using surface stimulation, we estimate that the EEG
electrodes used will measure signals from areas up to 1 mm away
with �50% signal attenuation (our unpublished data). We can-

Figure 3. Regional assessment of cortical blood flow using laser speckle imaging. A, Laser speckle images showing surface
blood flow with high-velocity blood flow presented as darker gray tones. The images were calculated as described in Materials and
Methods and reflect local SD of speckle patterns divided by the mean gray value. The calibration bar indicates the ratio of speckle
SD to the mean reflectance in a range of 0.02– 0.10. Occlusion of the right MCA results in a large blood flow deficit, which is
greatest on the right portion of the image shown (more lateral cortical regions). The image marked pre-CCAO shows blood flow
before unilateral occlusion of the CCA that was necessary to insert the suture inducing the ischemia. The middle panel marked
MCAO was taken 19 min after suture occlusion of the MCA. The right panel marked reperfusion showed the speckle image taken
after reperfusion (49 min of reperfusion). The white arrowheads indicate the blood vessel flowing before MCAO and after reper-
fusion, and stalled during MCAO. The white arrows show the direction of blood flow indicated by two-photon microscopy study
from the same area. The direction of flow reversed during MCAO, suggesting that the blood flow was derived from the ACA instead
of MCA system. B, Quantification of local blood flow (mean � SEM) using laser speckle within the most lateral of the imaging
window used for two-photon microscopy. Data shown are the average from 16 separate animals. In this case, laser speckle values
were inverted and scaled over a range from maximal to minimal blood flow (as described in Materials and Methods) to better
illustrate changes. A significant difference (*p � 0.05) was observed between preocclusion and during occlusion, preocclusion
and after reperfusion, and during occlusion and after reperfusion (by one-way ANOVA). C, Line profiles of laser speckle signal from
1024 � 200 pixels (300 � 60 �m, averaged in the vertical dimension) from the center of the three images in A. Data are
expressed as percentage of prestroke speckle contrast (see Materials and Methods) so that greater values correspond to greater
blood flow. During MCAO, there was less blood flow to the more lateral region containing the MCA territory. The blood supply
recovered to almost normal values after reperfusion.
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not rule out that ongoing small periinfarct
ischemic depolarizations (Hossmann,
1996, 2006) that could aggravate dendritic
damage may go undetected because their
measurement may be hampered by use of
a large electrode.

Effects of MCAO on dendritic
fine structure
After confirming occlusion within the
MCA territory, we examined the potential
effects of MCAO on dendritic structure of
layer 5 neurons expressing YFP or GFP,
and the relationship between the structure
and local changes in capillary blood flow.
Most neurons have their cell bodies in
layer 5, although some lateral neurons that
are not typically imaged are from layer II. Structure was assessed
using two-photon imaging of apical dendritic tufts found within
the first 100 �m of cortex in layer 1. Imaging was initiated from
the most lateral regions of the craniotomy, which are within the
expected MCA territory. We observed a clear blebbing of apical
dendrites (compared with preischemia images) when images
were acquired on the most lateral side of the imaging window
(closest to the MCAO core, typically 3.5– 4.0 mm lateral from
midline). We then made image stacks moving closer to the mid-
line at �250 �m intervals. These image stacks indicated a rela-
tively sharp dendritic structural transition from blebbed to rela-
tively intact at 3.1 � 0.1 mm lateral to midline (n � 9 animals)
(Fig. 5A). For close-up images of dendritic structure and local
blood flow, see Figure 5, B and C. The structural border was
defined as the area with the sharpest change in the percentage of
the beaded dendrites. For animals (n � 4) having both a craniot-
omy and unilateral CCAO (only reduces blood flow by �25%),
we did not observe dendritic beading even after 5 h of unilateral
CCAO (Zhang and Murphy, 2007). The incidence of beaded den-
drites in MCAO animals was reduced from 65 � 4% to 33 � 4%
(n � 8 animals) crossing the structural border and moving to the
midline toward areas with greater blood flow (Fig. 5D). Because
of the requirement to sample relatively large areas, and to use
animals with a high density of fluorescently labeled neurons (to
ensure sampling of all affected areas), we were unable to quantify
the loss of individual dendritic spines and relied on measures of
dendrite blebbing that were previously well correlated with spine
loss (Murphy et al., 2008) (see Materials and Methods). Using a
combined spatial analysis of blood flow (speckle) and blebbing,
an area up to 1 mm medial to the structural border was hypoper-
fused (see examples in Figs. 3A, 5C, and the average of all animals
in Fig. 7A), but contained relatively intact dendritic structure.
Because of the time required to complete all stacks and laser
speckle acquisition before reperfusion, we could not always im-
age all the areas twice during occlusion. However, for the areas we
managed to image twice, the incidence of dendritic beading in-
creased over time (n � 2 animals, from 57 to 68% within 150 �m
lateral to the structural border over 20 min). Moving toward the
midline away from the MCA territory, we found mostly intact
dendritic structure. As a control, we also quantified blebbing
before MCAO (Fig. 5D) and found that it was low even at the
edges of the craniotomy, suggesting that mechanical damage
from surgery was minimal in the areas in which imaging was
performed.

In some cases, structural damage borders were irregular, pos-
sibly because of patchy support by local blood flow, or through

spatial heterogeneity in ACA and MCA territories (for example,
see Fig. 3A). In the example shown in Figure 5, dendritic blebbing
is most apparent on the lateral part of the image. Moving toward
the midline, a patch of intact dendrites is present. However, mov-
ing even more toward the midline blebbing is again widespread
suggesting patchy islands of intact tissue. To assess why this oc-
curs, we show a laser speckle image from the area in which this
patchy dendritic damage was observed. In this animal, an un-
blocked artery was indicated in the laser speckle image (Fig. 5C)
and could account for some of the spared dendrites. Across the
laser speckle image, a gradual darkening is apparent toward the
medial portion of the image and is attributed to diffusion in
microvessels (Dunn et al., 2001; Yuan et al., 2005; Sigler et al.,
2008), indicating higher levels of local blood flow.

For microscopic assessment of blood flow, we labeled the vas-
culature with Texas Red dextran (Kleinfeld et al., 1998; Zhang et
al., 2005; Nishimura et al., 2006; Schaffer et al., 2006). Given that
we needed to image the dendrites over typically a 0.3 � 1.5 mm
area and that each stack takes 5–10 min to acquire, we did not
have sufficient time within the 60 min of occlusion to quantify
blood flow using line scan analysis of red blood cell velocity
(Kleinfeld et al., 1998). Instead, we examined vessels for high-
velocity red blood cell movement or stalling as previously de-
scribed by us (Zhang and Murphy, 2007). We confirmed that the
transition in dendritic structure was associated with local changes
in capillary blood flow (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

Blood flow and structural recovery after reperfusion
Laser Doppler flow measurements were used to mark the initia-
tion of reperfusion and provided feedback while the suture was
retracted to unblock the MCA during the first few minutes of
reperfusion. Because we needed to detach the laser Doppler
probe during two-photon imaging, we relied on laser speckle
imaging for confirmation of reperfusion, which could be per-
formed with the head hold in place for two-photon imaging.
Laser speckle imaging from regions of interest on presumed ar-
teries demonstrated that we could reperfuse animals to 70 � 6%
of their pre-CCAO blood flow (Fig. 3B). Although reperfusion
seems incomplete, it is worth noting that unilateral CCAO is still
in place, which reduces blood flow by 27 � 5% by laser Doppler
assessment. Furthermore, laser speckle measurements of micro-
circulation (from areas without large vessels) indicated full reper-
fusion (Fig. 3C, for example) (for group data, see Fig. 7A). For
animals in which MCAO and reperfusion could be confirmed
(n � 8), we observed a reduction in dendritic blebbing when

Figure 4. EEG recording within the first 7 min after MCAO. A, AC-filtered EEG record (0.1–10 Hz bandpass), indicating rapid
suppression of the EEG after MCAO-induced focal ischemia. B, Record of DC cortical surface potential. The DC shift started at �105
s after ipsilateral MCAO.
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reperfusion was initiated after 65.1 � 1.7 min of MCAO (Fig.
5A,B). In animals in which the structure improved with reperfu-
sion (n � 8), the recovered area defined by where the percentage
of blebbed dendrites was not significantly different from the pre-

occlusion control extended �300 �m lat-
eral of the structural border toward the
MCAO stroke core (Fig. 5D). For an exam-
ple of lateral dendrites (toward the MCA
core region) that fail to recover with reper-
fusion, see Figure 5A. The partially recov-
ered area (defined by where the percentage
of blebbed dendrites was significantly dif-
ferent from both occlusion and the preoc-
clusion control) extended from 300 to 600
�m lateral of the structural border (lim-
ited by the size of craniotomy window).
Dendrites toward the lateral aspect of the
craniotomy did not recover as well with
reperfusion (Fig. 5D). For comparison of
different animals, all distance measure-
ments were made from the approximate
border of structural damage during
MCAO (Fig. 5D). Recovery of structure
began gradually after �20 –30 min of
reperfusion and in some cases resulted in
the appearance of dendrites that were
nearly identical with prestroke conditions
(Fig. 5B,C). In all eight animals that were
reperfused and showed recovery, the re-
covered dendritic structure was main-
tained for at least 3 h after the beginning of
the initial ischemic period.

Irreversible structural damage within
the ischemic core
A potential limitation of two-photon mi-
croscopy was that it was difficult to simul-
taneously position both laser Doppler
probes and two-photon imaging windows
over the most lateral aspects of the cortex.
In addition, curvature of the lateral cortex
made it difficult to create a cranial window
that permitted both the medial penumbra
and the lateral ischemic core to be imaged
using two-photon microscopy. Therefore,
we used a histological analysis to establish
whether core regions of the MCAO-
induced stroke (including the more lateral
cortical region and the striatum) would
also recover their dendritic structure dur-
ing confirmed reperfusion. After reperfu-
sion, the ischemic penumbra exhibited re-
covered dendritic structure that we
observed during live imaging. In contrast,
after reperfusion we did not observe intact
structure within core regions by histologi-
cal analysis in all animals (n � 5) that
showed recovery in the penumbra area (by
live imaging) consistent with our previous
histological work (Enright et al., 2007)
(Fig. 6; supplemental Fig. 2, available at
www.jneurosci.org as supplemental mate-
rial). In our previous study in the core re-

gion (produced by irreversible MCAO), we showed that wide-
spread loss of spines occurred in addition to blebbing of dendrites
(Enright et al., 2007). Here, we find that dendrites in these corti-
cal regions that were on average �3.8 � 0.3 mm lateral from

Figure 5. Two-photon imaging of local changes in blood flow and dendritic structure before, during, and after MCAO. A, Two-photon
projection images of dendritic structure before, during, and after MCAO. Each image was made from a projection derived from five Z
sections. They are oriented with the right side being more lateral, which is further into the MCA territory. The middle panels were taken
during26 – 64minafterMCAO.Thedashedlineintheleftpartshowsthestructuraldamageborder.Asonemovestotheleftawayfromthe
MCAcore,thestructureimproves, indicatingatransitionzoneorborder.TotherighttowardtheMCAcore,degradationofthestructurewas
observed. The dashed line over the vessel indicates an artery segment that was not completely blocked during MCAO (see C) and in which
intact dendrites were observed. B, Close images of dendritic structure within the dashed area in A, indicating intact structure before MCAO.
In the middle panel, a projection image is shown 52 min after MCAO and extensive dendritic blebbing is observed. A small white arrow
shows a region in which dendrites were relatively spared, possibly because of residual blood flow in the vessel indicated below in C (laser
speckle images). In the right panel, the animal was reperfused and a significant recovery of dendritic structure was observed. C, Laser
speckle image displayed as speckle contrast before and 15 min after MCAO. During MCAO, a large reduction in blood flow is indicated by
lighter gray level tones. An artery segment partially blocked during MCAO is indicated by white and black arrows in pre-MCAO and MCAO
panels, respectively. The same vessel is indicated in A (during MCAO) in dendrite images by a white dashed line. D, Quantification of
dendriticblebbing(mean�SEM)ineightanimalsbefore(pre),duringMCAOstroke(str),andafterreperfusion(reper).Datashownreflect
the percentage of blebbed dendrites found at these various times at different distances from the apparent border of dendritic damage. The
percentages of dendritic blebbing are significant different between prestroke control and during MCAO, during MCAO, and after reperfusion
at all distances ( p � 0.05, by two-way ANOVA). Between prestroke control and after reperfusion, it is significantly different at 450 and
�600 �m from the structural border, but not at other distances. It indicates that the recovery within 300 �m lateral to the dendritic
damage border was almost complete.
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midline were still blebbed after reperfu-
sion (Fig. 6B,D,G). This distance from the
midline was �0.7 mm lateral to the den-
dritic structural border observed during
live two-photon imaging experiments. In
contrast to the MCAO core, histological
analysis indicated that dendrites in more
medial regions were in part recovered (Fig.
6B,C) (for group data, see supplemental
Fig. 2, available at www.jneurosci.org as
supplemental material) and those in the
contralateral hemisphere remained intact
(Fig. 6A). Axons within the striatum of the
ischemic hemisphere were also beaded,
but not in the contralateral hemisphere
(Fig. 6E,F).

Discussion
Stroke can have devastating consequences
for neuronal structure, function, and sur-
vival. We have shown previously in vivo
that dendrites can recover from 7 min of
global ischemia (Murphy et al., 2008), as
well as brief interruption in local blood
flow triggered by photothrombotic infarc-
tion (Zhang et al., 2005). Limitations of
previous studies were that they did not
produce defined reductions in blood flow
that approached the spatial patterns and
durations observed during human stroke
(Siesjo, 1992a,b). Here, we adapt two-
photon imaging to accommodate occlu-
sion of the MCA in mice with fluorescent
cortical neurons. We show that the den-
dritic arbors of these neurons within the
penumbra can recover after even 60 min of
sustained ischemia with blood flow at lev-
els �20% of normal values.

How much brain can be saved and how
long after occlusion?
An obvious question is how long occlusion
can be maintained before dendritic struc-
ture fails to recover with reperfusion? One
would assume that, if human patients can
undergo significant restoration of brain
function after thrombolysis after up to 3 h
of occlusion, it would also be possible
within the mouse to observe recovered
dendrites after these occlusion times.
However, we caution that reperfusion at 90 min or longer occlu-
sion in mice may be complicated by incomplete or variable reper-
fusion (our unpublished data). Thus, it is conceivable that precise
translation between rodent vulnerability and humans may be
difficult to make. Possibly, different metabolic rates of mice and
humans may make mice more susceptible to relatively shorter
durations of ischemia. It is also conceivable that, in cases of hu-
man stroke, other sources of blood flow may be available through
collaterals or unaffected arterial systems allowing tissues to be
maintained at relatively higher oxygen tension permitting recov-
ery of synaptic structure with longer reperfusion times. Hope-
fully, these and other factors extend the window for reperfusion
to restore dendrite and synapse structure in stroke patients. How-

ever, it should be emphasized that the reperfusion time window
for human stroke using thrombolysis is most effective if patients
were treated within 90 min after the onset of symptoms (Mehdi-
ratta and Caplan, 2007) resembling the time points we study.

Another major question concerns the size of the recoverable
penumbra. Using the MCAO model, we find dendritic structure
that is maintained in a relatively intact state up to a millimeter
within partially ischemic areas (Fig. 7A,B). It is conceivable that
these structurally intact tissues will be nonfunctional during oc-
clusion, but will regain function during reperfusion. In previous
work, we show that individual blood vessels can support the
structure of dendrites that were on average only 80 �m into an
ischemic zone (Zhang and Murphy, 2007). We should note some

Figure 6. Histological analysis of dendritic structure within the MCAO core and penumbra. Animals were fixed by cardiac
perfusion after reperfusion from MCAO at a time when the dendritic structure improved. Coronal sections were cut and examined
using confocal microscopy to assess deeper structure within the imaging window and the more lateral core region. The left middle
whole-section image shows the relative positions of A, B, E, and F. A, Cortex of unaffected contraischemic hemisphere (left), which
is symmetrical to the area in D. All the dendrites in A are intact comparing with the blebbed dendrites in D (ischemic hemisphere).
B, Cortex of affected ischemic hemisphere (right), which includes both the penumbra (C) and the core (D) regions of MCAO. C, D,
The dendrites in C mostly recovered after reperfusion, whereas the dendrites shown in D remained beaded. Close-up view of the
blebbed dendrites within the dashed area in D was shown in G. E, Striatum of unaffected contraischemic hemisphere (left),
showing most axons remained intact. F, Striatum of affected ischemic hemisphere (right), showing most axons remained blebbed
after reperfusion.
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important differences between this previous work using photo-
thrombosis to block local blood flow (Zhang and Murphy, 2007)
versus occlusion of large arteries such as the MCA. Photothrom-
bosis of surface arteries results in a very strong local reduction in
blood flow (Watson et al., 1985; Schaffer et al., 2006), apparently
affecting most blood vessels within the area, generating areas with
little or no blood flow separated by a transition zone of only a few
tens of micrometers in which blood flow begins again (Zhang and
Murphy, 2007). The situation is quite different from strokes gen-
erated by MCAO in mice. In this model, we find an overlapping
watershed area that is supplied by the lateral MCA, as well as the
more medial ACA system. This leads to a relatively wide zone up
to a millimeter across in which neurons are supplied by blood
flow from both arterial systems. It is also conceivable that, in human
patients, the angioarchitecture of the ACA/MCA watershed region
will create a relatively larger penumbra than in the rodent.

Interestingly, the ability to recover dendritic structure with
reperfusion appears to be unique to the ischemic penumbra in a

0.6-mm-wide region between MCA and ACA territories (Fig.
7B). The blood supply within this region during occlusion was
�20% of baseline levels. This suggests that potentially salvageable
dendritic structure can be within a severely hypoperfused region,
as long as it is close to a normally perfused area and reperfused in
a timely manner. A limitation of our work was that reperfusion
was more reliable if the suture was inserted through the CCA. In
this case, we needed to permanently occlude the CCA, leaving
animals only reperfused by a single CCA (reperfused to within
�75% of prestroke blood flow).

Irreversible loss of dendritic structure in core regions
The more lateral stroke core would be expected to be more de-
pendent on the MCA. Dendritic damage would be expected to be
worse here because there would be a smaller contribution from
unaffected blood supplies (such as the ACA system). We observe
this to be correct and found that reperfusion was not as effective
at normalizing dendritic structure as we moved to more lateral
regions. With two-photon imaging, we observed that the most
lateral areas of the craniotomy showed the lowest potential for
recovery with reperfusion. To further check this in even more
lateral areas, we did histological studies and observed that, in
animals successfully reperfused for 1.5–3 h, there were still
blebbed dendrites within the MCA core region despite the obser-
vation (using two-photon imaging) that penumbra dendrites in
part recovered (Fig. 6). Interestingly, blebbed dendritic structure
was greatest near the brain surface consistent with a histological
study we had done previously with permanent MCAO (Enright et
al., 2007). Although we have not studied neuronal structure for
�3 h after reperfusion, it is possible that some neurons will un-
dergo cell death over 24 – 48 h (Linnik et al., 1993; MacManus et
al., 1993; Nitatori et al., 1995). Surviving neurons closer to the
penumbra may lose synaptic inputs from their dendritic tuft
within layer 1 cortex and rely on deeper more intact circuitry
(Enright et al., 2007). The lack of recovered structure in core
regions in our hands was not attributable to inadequate reperfu-
sion. Although the ischemic core was typically outside our two-
photon imaging window, we did have a laser Doppler probe
present in this area and observed reperfusion (data not shown). Our
work showing little recovery of core dendrites after 90 min of reper-
fusion has broad implications for neuroprotection studies because it
would imply that, even if neurons could be protected from delayed
cell death, their circuitry may already be irreversibly damaged.

Reperfusion damage, stroke core, and penumbra
Assessment of group data indicated that the reperfusion of neu-
rons within the penumbra led to an improvement in dendritic
structure, arguing against reperfusion damage in this area
(Walder et al., 1997; Miller et al., 2006). However, it is conceiv-
able that the MCA core, which is inaccessible to two-photon
imaging (because it was more lateral and curved), could have
undergone reperfusion damage or that somehow reactive oxygen
species present during reperfusion would prevent recovery of
dendritic structure (Winquist and Kerr, 1997; Jean et al., 1998;
del Zoppo et al., 2000). Future work using larger craniotomies
that cover the more lateral aspect of the brain would permit im-
aging of structure directly within the MCA core of live animals.

Implications for animal models of stroke neuroprotection
Our study clearly differentiates tissues that can recover during
reperfusion from those that cannot. We feel the work will help
guide neuroprotection assays because two-photon imaging can
more accurately measure the stroke penumbra. Although we

Figure 7. Summary diagram showing the relationship between the ischemic core and hy-
poperfused area including the penumbra after MCAO. A, Regional quantification of microcircu-
lation (mean � SEM) using laser speckle within the two-photon imaging window (average
data from 8 animals are shown). Data expressed as percentage of prestroke level (inverted and
scaled) (see Materials and Methods) so that increasing values correspond to increasing blood
flow. This analysis shows that the area up to �1 mm medial to the structural border was
hypoperfused but relatively structurally intact. Blood flow was depressed to �20% (during
occlusion) within the area recovered after reperfusion (shaded area). Across most of the MCA
territory, blood flow was restored to nearly 100% of prestroke levels after reperfusion. B, The
light gray area, which is �1 mm medial to the structural border, is where the blood flow was
reduced (according to speckle laser data) and the dendritic structure remained mostly intact
(according to two-photon microscopy data). The darker gray area, which is �0.6 mm lateral to
the structural border, is where the dendrite tufts of the layer 5 pyramidal neurons blebbed
during transient MCAO, and recovered either fully or partially after reperfusion. The black area,
which begins �3.7 mm lateral to midline (according to histological data), marks the more
medial region of the MCAO core. Histological analysis indicated that dendritic structure in the
core did not recover after reperfusion.
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show that structure fails to recover within the MCA core with
reperfusion, we do not rule out that long-term neuroprotection
within these sites is possible. Conceivably, even if cell death cas-
cades were initiated (after 60 min of occlusion), neurons could be
treated with an antinecrotic or antiapoptotic agent after reperfu-
sion. Although neurons within the core could be made to survive,
they may have compromised synaptic transmission because we
would not expect structural recovery of their apical dendritic
arbors. Recent work indicates that this may be the case because
antiapoptotic CDK-5 inhibitors block cell death but fail to fully
restore synaptic transmission and behavior after stroke (Iyirhiaro
et al., 2008).

A limitation is that we do not image for �3 h after reperfusion;
however, we would argue that, if the ischemic core synaptic struc-
ture cannot be recovered at 3 h, it is unlikely that it would be
recovered later. Within the penumbra (in which dendritic struc-
ture can recover with reperfusion), we do not know whether
some of these neurons may be subject to cell death pathways or
loss of dendrites at time points �3– 4 h after stroke onset. Re-
gardless of the long-term outcome, reperfusion-induced recov-
ery of structure within the penumbra is still relevant. Possibly,
agents or treatments (Stenzel-Poore et al., 2007) that reduce later
cell death may ensure that penumbra neurons with recovered
structure during reperfusion survive and contribute to synaptic
networks. In conclusion, we suggest that neuroprotection studies
not only focus on saving neuronal cell bodies from death but also
gear treatments to retain or regenerate synaptic structure to en-
sure that both the neuron and its circuitry survive stroke.
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