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Brief Communication

Rapid Reversible Changes in Dendritic Spine Structure In
Vivo Gated by the Degree of Ischemia
Shengxiang Zhang,1,2 Jamie Boyd,4 Kerry Delaney,4 and Timothy H. Murphy1,2,3
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Current therapeutic windows for effective application of thrombolytic agents are within 3– 6 h of stroke. Although treatment can improve
outcome, it is unclear what happens to synaptic fine structure during this critical period in vivo. The relationship between microcirculation and dendritic spine structure was determined in mouse somatosensory neurons during stroke. Spines were, on average, 13 m from
a capillary and were supplied by ⬃100 red blood cells per second. Moderate ischemia (⬃50% supply) did not significantly affect spines
within 5 h; however, severe ischemia (⬍10% supply) caused a rapid loss of spine and dendrite structure within as little as 10 min.
Surprisingly, if reperfusion occurred within 20 – 60 min, dendrite and spine structure was mostly restored. These data suggest that the
basic dendritic wiring diagram remains mostly intact during moderate ischemia and that affected synapses could potentially contribute
to functional recovery. With severe ischemia, markedly deformed dendritic structure can partially recover if reperfusion occurs early.
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Introduction
In adult animals, under basal conditions, dendritic spines are
relatively stable and exhibit turnover times on the order of days to
weeks (Grutzendler et al., 2002; Trachtenberg et al., 2002; Holtmaat et al., 2005). However, it is unclear whether the stability of
mature spines can be extended to conditions that challenge the
integrity of the nervous system in vivo, such as ischemic stroke.
Associated with ischemia are metabolic compromise and aberrant activation of signal transduction pathways leading to neuronal death (Barber et al., 2003). These pathways include the massive overstimulation of ionotropic and metabotropic glutamate
receptors. Conceivably, neurotransmitter and other secondmessenger pathways that regulate changes in dendritic spine motility and function during synaptogenesis (Hering and Sheng,
2001; Bonhoeffer and Yuste, 2002) may be aberrantly stimulated
during ischemia, resulting in altered spine turnover or structural
derangement, which could potentially impact stroke recovery.
Accordingly, we examined the relationship between blood flow
and dendritic spine structure in vivo during either moderate or
severe ischemia using repeated two-photon imaging in mice expressing yellow fluorescent protein (YFP) in a select subpopulation of layer 5 somatosensory neurons (Feng et al., 2000). ReReceived March 20, 2005; revised April 18, 2005; accepted April 21, 2005.
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peated image acquisition on the same animal has advantages over
single time point histological studies, in that relatively subtle
changes in spine number, shape, or position can be observed
because the same synapses are sampled repeatedly. It is likely that
such changes will be undetected in histological studies after
stroke in which comparisons are made between animals (Biernaskie and Corbett, 2001; Kolb et al., 2003).
By imaging both microcirculation and dendrites, we report
that dendrite and spine structure are relatively resistant to moderate ischemia. However, severe ischemia was associated with
widespread loss of dendritic structure within minutes. Interestingly, from a therapeutic standpoint, if reperfusion occurred
within 20 – 60 min, the structural changes were in part reversible.
These data suggest that major structural changes to synapses are
occurring within the ischemic core during human stroke. If therapeutic intervention can stimulate reperfusion promptly, these
changes may be partially reversible, allowing affected synaptic
networks to contribute to the recovery process.

Materials and Methods
Animal preparation. C57BL/6 transgenic mice (H-line) expressing YFP in
a subset of layer 5 cortical neurons (Feng et al., 2000) were purchased
from The Jackson Laboratory (Bar Harbor, ME) and bred at the University of British Columbia animal facilities. A total of 37 transgenic and 13
wild-type mice (of both sexes) were used in the study. Protocols were
approved by the animal care committee, consistent with Canadian
Council on Animal Care and Use guidelines. Mice aged 3–5 months were
deeply anesthetized with an intraperitoneal injection of urethane (0.12%
w/w, supplemented at 0.02% w/w as needed) (Kleinfeld et al., 1998) and
supplemented with 20 mM glucose in PBS (0.2– 0.3 ml, i.p., every 1 h).
Body temperature was maintained at 37°C using a heating pad. A 2 ⫻ 2
mm 2 cranial window was made over the somatosensory cortex at coordinates of ⫺0.8 mm from bregma and 2.0 mm lateral, leaving the dura
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intact. A stainless-steel chamber that surrounded the craniotomy was glued to the skull
with Krazy Glue (Elmer’s Products, Columbus,
OH). To reduce movement artifacts, the area
between the chamber and the skull was filled
with dental acrylic (Kleinfeld and Denk, 2000).
The exposed cortical surface and chamber were
filled with 2% (w/v) agarose (diluted in PBS or a
HEPES-buffered artificial CSF) and sealed by a
cover glass (#1). To image blood flow, blood
plasma was labeled through a tail-vein injection
of a 0.1 ml bolus of 5% (w/v) fluorescein isothiocyanate (FITC)-labeled dextran (500 kDa)
or Texas Red dextran (70 kDa) in PBS.
Intracortical microinjection for endothelin-1
model. The imaging chamber was opened, the
agarose was removed, and 2 l of endothelin-1
(ET-1) (1 g/l) or PBS was injected ⬃0.5 mm
from the site of imaging at a depth of 0.5 mm
over a 30 min period (using 60- to 90-mdiameter glass pipettes). On completion of the
injection, the chamber was refilled with agarose
and sealed with a coverslip. The animal was
then returned to the two-photon microscope,
and the original imaging volume was found using vascular landmarks. Laser Doppler measurements of blood flow were made from wildtype C57BL/6 mice through the skull using a
Perimed (Piscataway, NJ) PF3 with a 1-mmdiameter probe.
Rose bengal cortical photothrombosis model.
To apply rose bengal (RB), we injected the dye
(0.03 mg/g mouse, diluted to 10 mg/ml in PBS) Figure 1. ET-1 effect on neuronal viability and blood flow. a, Fluorojade staining showing that neurons were dying 24 h after
into the tail vein. Photoactivation was per- ET-1 injection in a wild-type mouse (urethane anesthesia). Note that, to use fluorojade staining (green) to monitor dying cells, a
formed by exposing the cortex continuously to wild-type C57BL/6 was used. b, Regional blood flow recorded by laser Doppler indicates little effect of preinjection drilling and a
green light (535 ⫾ 25 nm) for 1–2 min using a significant reduction 15 min after ET-1 injection (⬃45 min since the start of injection). c, Dorsal view of the microvasculature
10⫻ 0.3 numerical aperture objective to acti- (maximal intensity projection) from 100 planar scans acquired every 2 m before and after ET-1 injection showing a modest effect
vate the dye over an ⬃2 mm 2 area (the average of ET-1 on vessel structure. d, Z-projection showing a region from which capillary flow (red line) was recorded, from which spine
structure (yellow box) was assessed in f. e, Line-scan data for blood flow in the capillary shown in d before and 1 and 5 h
power through the objective was ⬃3 mW).
Imaging. Mice were maintained under ure- after ET-1 injection. ET-1-induced ischemia leads to reversals in flow direction in the right arm of the large vessel shown
thane anesthesia for the entire imaging session. in d and g; a T-junction is present. The RBC velocity was 2355 ⫾ 164, 1586 ⫾ 78, and 1267 ⫾ 67 m/s for pretreatment,
Animals were fitted into a custom-made 1 h and 5 h, respectively, for the left arm of the large vessel, and the flux was 153, 128, and 91 RBCs per second for
two-photon microscope. Two-photon fluores- pretreatment, 1 h and 5 h, respectively, for the left arm. The RBC velocity was 2355 ⫾ 164, 735 ⫾ 40, and 506 ⫾ 55 m/s
cence excitation was performed with a Coher- for pretreatment, 1 h and 5 h, respectively, for the right arm of the large vessel, and the flux is 153, 63, and 32 RBCs per
ent (Santa Clara, CA) Mira 900 Ti:sapphire la- second for pretreatment, 1 h and 5 h, respectively, for the right arm. f, Spines (arrowheads) remained stable within 20 m
ser pumped by a 5 W Verdi laser and was tuned of where blood flow was reduced (yellow box in d). g, Illustration of RBC flow in the capillary shown in e. Pre,
to 920 nm to excite YFP. Images were acquired Pretreatment.
using custom software routines (IgorPro;
mate RBC velocity, we fit a line to the arcs created by moving RBCs in line
Wavemetrics, Eugene, OR) and by using an Olympus (Tokyo, Japan)
scans and calculated a change in position versus time (⌬x/⌬t). The RBC
IR-LUMPlanFl water-immersion objective (60⫻; 0.9 numerical
supply rate was determined by counting the number of RBCs that passed
aperture).
a given point in the capillary, measured by counting the number of bands
For in vivo time-lapse imaging of dendritic structure, multiple Z-series
on a line scan that intersect a line perpendicular to the scan direction. We
were taken at the indicated time intervals over 5 h. The spacing of suctypically performed three scans for two to three different cortical depths
cessive Z-images was 1.0 m and provided sufficient overlap between
(0.27 m/pixel and 1.14 ms/line; 512 lines per scan) for each time point.
sections when the axial resolution of the imaging system at the settings
To assess spine turnover, we made two-dimensional maximal intensity
used was ⬃2.0 m. The imaged dendrites were typically within 100 m
projections over 5–15 m regions to isolate dendritic branches of the tuft
of the pial surface and therefore were in layer 1. The images were acquired
that projected laterally. Considering the relatively poor resolution of the
with a pixel size of 0.13 m, typically spanning a 140 ⫻ 140 m area, and
microscope in the axial direction, we only analyzed spines that projected
were the average of three frames.
mainly parallel to the imaging plane. Images from different time points
For histology, animals were overdosed with anesthetic and transcardiwere aligned and compared. Spines were considered to disappear if they
ally perfused with PBS, followed by ice-cold 4% paraformaldehyde in
no longer constituted a visually distinct structure extending from the
PBS. Frozen sections (20 m) were stained with Fluorojade (Histoparent dendrite. Visually distinct means that an area with reduced brightchem, Jefferson, AR).
ness indicative of a spine neck could be observed. In cases in which spines
Image analysis. Image analysis was performed using NIH ImageJ softhad short necks, evidence for a rounded head (more than a half circle)
ware (http://rsb.info.nih.gov/ij/). To reduce photon and photomultiplier
was used as a criterion to distinguish between dendritic swellings and
tube noise, a median filter (radius, 2) was applied. Spine counting was
spines. Z-stacks were used to ensure that tissue distortion caused by
done with the evaluator blinded to the experimental condition. The vestroke between different time points did not influence spine identificalocity of red blood cells (RBCs) was measured from repetitive line scanning along the central axis of a capillary (Kleinfeld et al., 1998). To estition. The resolution of two-photon microscopy in vivo is limited by a
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jection drilling and a 52 ⫾ 9% reduction in
cortical blood flow 15 min after ET-1 injection (n ⫽ 5 animals). In contrast to the
effects of ET-1, PBS vehicle (n ⫽ 4 animals) had no significant effect (Fig. 1b). To
measure blood flow locally, we used fluorescent dextran labeling of plasma to observe RBCs as negatively stained structures
in a background of labeled plasma (Kleinfeld et al., 1998) (Fig. 1c). Using twophoton imaging of plasma labeled by
FITC– dextran, we confirmed that blood
flow at the level of capillaries was reduced
by endothelin treatment (n ⫽ 3 animals).
Under basal conditions, within the first
100 m of the mouse somatosensory cortex, we find that spines are, on average,
13.0 ⫾ 0.4 m (n ⫽ 250 spines; n ⫽ 3
animals) from a capillary surface and are
Figure 2. Acute effect of moderate ET-1-induced ischemia on dendritic structure. a, b, Injection of PBS (control) (a) or endosupplied by ⬃100 RBCs per second. Up to
thelin (b) does not alter dendritic structure monitored during 5 h of acute imaging. c, Relative change in spine number (compared
with pretreatment) over 5 h of ET-1 or PBS treatment ( p ⬎ 0.05 ANOVA; n ⫽ 5 animals for PBS; n ⫽ 6 animals for ET-1). d, Image 90 min after endothelin treatment, the
RBC supply rate was significantly reduced
overlay indicates no major changes in spine structure with 5 h of ET-1 treatment. Pre, Pretreatment.
from 99 ⫾ 23 to 64 ⫾ 19 RBCs per second
at the level of individual capillaries ( p ⬍
0.05; t test; n ⫽ 3 animals) (Fig. 1d).
number of factors in addition to theoretical optical limits and may not be
After establishing the endothelin ischemia model, we deterable to accurately assess submicron changes in spine shape (Oheim et al.,
2001). Therefore, we only made a crude assessment of changes in spine
mined its effect on dendritic structure by imaging the apical tuft
length and position using overlays.
of layer 5 neurons expressing YFP at 1 h intervals for 5 h (Fig.
The distance between spines and the nearest capillary vessel surface
2a,b). We did not observe any significant time-dependent change
were measured using three-dimensional (3D) image analysis software
in the number of spines over 5 h under control (PBS; n ⫽ 5
(Volocity; Improvision, Lexington, MA). Image stacks (100 m deep) of
animals) or endothelin injection (n ⫽ 6) conditions (Fig. 2c)
YFP (dendrite/spines) and Texas Red dextran (capillaries) were obtained
( p ⬎ 0.05; two-way ANOVA). Spine turnover was minimal for
in three different animals. A line selection was made between a spine and
both groups (Fig. 2c). In control animals, only two spines were
the surface of the nearest vessel surface using a 3D measurement tool. For
statistical analyses, a t test or ANOVA was used, as indicated. Data were
lost in four PBS-injected mice in the area sampled (n ⫽ 161 total
expressed as the mean ⫾ SEM.
spines). In ET-1-treated mice, a total of seven spines were lost
(from two of six animals), and one new spine appeared of 296 that
Results
were evaluated. After ET-1, we made a coarse assessment of
Stroke can be readily modeled in animals using various agents to
changes in spine length and position by using image overlays and
produce moderate-to-severe levels of ischemia (Watson et al.,
observed no major changes (Fig. 2d). Simultaneous imaging of
1985; Macrae et al., 1993; Biernaskie and Corbett, 2001). We
blood flow and structure confirmed that ET-1-injected animals
found it necessary to use models that would locally reduce blood
that were still ischemic at 5 h had an intact dendritic structure
flow (as opposed to middle cerebral artery occlusion), to avoid
(Fig. 1d). In the example shown, the RBC supply rate was reduced
complications associated with collateral circulation commonly
in the right arm of a capillary, and reversals in capillary flow were
found in mice. In addition, the requirement to keep the animal
observed (Fig. 1e,g). The finding that spine structure is retained
within a stereotaxic frame makes it technically challenging to
after
up to 5 h of ischemia (Fig. 1f ) suggests that treatment strataccess carotid arteries that are typically where sutures used to
egies
for stroke may be successful within this time period, because
block the middle cerebral artery are placed.
basic
synaptic architecture and connections appear to be well
In human stroke, there is typically an ischemic core in which
maintained,
perhaps facilitating recovery of function. However,
blood flow drops to ⬍10% and neuronal cell death is certain
at
longer
time
points (⬎7 h in n ⫽ 2 animals), endothelin injec(Baron, 2001). Surrounding the core is a penumbra with partial
tion produced a pronounced loss of dendritic structure and
blood flow in which neuroprotective strategies have the best
spines, with spine number being reduced by 60% at 11 h without
chance of working and in which synaptogenesis may occur (Carthe appearance of any new spines (supplemental Fig. 1a, available
michael, 2003; Katsman et al., 2003). To model the ischemic core,
at www.jneurosci.org as supplemental material).
we used RB photoinduced thrombus formation (Watson et al.,
To contrast the effects of moderate endothelin-induced isch1985; Macrae et al., 1993). Endothelin, a vasoconstrictor that
emia, more severe insults were produced using photoactivatable
produces a moderate drop in blood flow (Fuxe et al., 1992; BierRB to model the ischemic core (Watson et al., 1985). This treatnaskie et al., 2001) was used to model the penumbra. For in vivo
ment produced histologically verified lesions at 24 h (data not
two-photon microscopy, a small cranial window was made over
shown) and RBC/platelet-derived clots that extended at least 200
the somatosensory cortex. Both models were associated with hism below the surface, resulting in little or no blood flow and
tologically verified cortical lesions 1–7 d later (Fig. 1a and data
reducing the average RBC supply rate from 108 ⫾ 12 RBCs per
not shown).
second for control to 6 ⫾ 3 RBCs per second 10 min after phoWe first assessed effects of ET-1 on regional blood flow using
toactivation (n ⫽ 6 animals quantified; p ⬍ 0.05; t test) (Figs.
laser Doppler. These experiments indicated little effect of prein-

5336 • J. Neurosci., June 1, 2005 • 25(22):5333–5338

Zhang et al. • Synapse Structure and Microcirculation with Stroke

3a,b, 4a). See supplemental videos 1 and 2
for images of blood flow in the region
shown in Figure 4 and supplemental videos 3 and 4 (videos available at www.
jneurosci.org as supplemental material)
for a 3D rendering of dendritic and vascular structure under pretreatment conditions and after 30 min of ischemia (Fig.
3a,d). In YFP-expressing animals injected
with FITC or Texas Red dextran (to monitor RBC flow), we examined the relationship between RB-induced ischemia and
changes in dendritic structure. We found
that 10 – 40 min after RB-induced ischemia, the normal dendritic structure was
completely lost to blebbing (observed in
11 of 13 animals), and virtually no spines
were visible (Fig. 3c,d, images to 3 h).
Spines appeared to be lost before any significant loss of capillary wall permeability
(assessed by dye loss and signal outside
capillaries), indicating that the dendritic
damage was not attributed to extravasation (Fig. 3d). In five animals, the RBinduced clots spontaneously broke up,
and reperfusion occurred over a 20 – 60
min period (confirmed with fluorescent
dextran). In three of these animals with
confirmed reperfusion (and in a fourth
animal that lacked simultaneous bloodflow measurement), we observed that
swollen dendrites and absent spines underwent a pronounced restoration in
Figure 3. Effect of RB-induced severe ischemia on brain structure. a, Images from a YFP mouse showing the vasculature and
structure during the reperfusion period YFP (maximal intensity projection of the first 100 m of the cortex) before and 30 min after photoactivation (1 min) of RB. Vessels
(Figs. 3e–i, 4b– d) (supplemental Fig. 1b, are labeled with Texas Red dextran. b, c, Quantification of spine number and blood-flow velocity for the animal shown in a. d,
available at www.jneurosci.org as supple- Dendritic structure (green) was completely lost, and no spines were apparent in this example of RB-induced ischemia with zero
mental material). Although many of the blood flow and no reperfusion. Apparent clotting and breakdown of capillaries (red) were seen 30 min after photoactivation of RB.
spines returned, image overlays indicated e, In vivo time-lapse images from another animal showing partial recovery of dendrites and spines with confirmed reperfusion.
that their position or structure was altered Arrowheads show an example of a spine initially lost that recovered with reperfusion. f, A dendritic region from the yellow box
(Figs. 3f, 4d) (supplemental Fig. 1b, avail- region in e is rotated and overlaid to show the position of the recovered spine. The arrowhead shows the spine indicated in e that
able at www.jneurosci.org as supplemental recovered at the same place. The arrow shows a spine not recovered after reperfusion. Quantification of spine number (g),
blood-flow velocity (h), and flux for this animal (i). Pre, Pretreatment.
material). The ability to observe reversible
changes in spine number was dependent
Discussion
on the degree of ischemia because, in 7 of 13 animals, no reperOur results indicate that moderate ischemia (ET-1 penumbra
fusion or recovery of dendritic structure was observed (Fig. 3b,d).
model) is associated with spine stability over the first 5 h, indicatIn parallel experiments, we observed widespread cortical damage
ing that, if stroke treatment was performed within this time win24 h after photoactivation, indicating that spines and general
dow, synapse structure would be relatively preserved. However,
dendritic structure that initially recovered eventually degenerthe pronounced loss and gradual degeneration of dendritic strucated, suggesting that a slower toxic process had been initiated
ture and spines at longer time points (⬎7 h) (supplemental Fig.
(data not shown). In some animals showing reperfusion, we ob1a, available at www.jneurosci.org as supplemental material) are
served a second phase of clot formation (n ⫽ 3; ⬃90 min later),
consistent with ischemia, activating signal transduction cascades
possibly triggered by clot debris, which leads to irreversible denthat lead to apoptosis or necrosis (Liang et al., 2004).
dritic damage (Fig. 3e,g–i). In these cases, changes in spine numPrevious studies in cultured brain slices prepared from 7-dber tracked the changes in blood flow.
old rat pups suggest that the number of spines and filopodia can
In 5 of 18 animals, photoactivation did not lead to clotting or
be increased by 10 min of transient ischemia (Piccini and Malichanges in dendritic morphology, suggesting that structural
now, 2001; Jourdain et al., 2002). In our in vivo study, it was not
changes were associated with ischemia and not some other effect
possible to produce such short-term ischemia. However, with
of RB. Furthermore, control experiments indicated that (1) in the
moderate endothelin-induced ischemia, we did not observe any
presence of photoactivation (but no RB present), no clotting or
significant increase in spine or filopodia number indicating difchange in structure was observed (n ⫽ 2 animals), and (2) the
ferences between the models used in vitro with regard to develpresence of RB but without photoactivation had no effect (n ⫽ 4
animals).
opmental maturation or other factors.
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These data offer hope that if robust
neuroprotective strategies were applied
within 5 h of stroke onset, the prognosis
for recovery (of moderately ischemic penumbra regions) would be good, because the
basic excitatory wiring diagram and associated dendritic spines are mostly intact. In the
case of severe ischemia, dendritic structure
can partially recover if reperfusion stimulated by agents such as tissue plasminogen
activator occurs within 20 – 60 min. Interestingly, recent studies indicate that tissue plasminogen activator may even promote spine
motility (Oray et al., 2004).
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