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INTRODUCTION
STATEMENT OF THE PROBLEM AND SPECIFIC AIMS

In ischemic stroke, cessation of blood flow leads to decreased oxygen and
glucose_ levels _throughout the affected area. What follows is a sudden reduction
in ATP, failure of the sodium-potassium pump, and a dramatic decrease in cell
membrane ion selectivity. The functional collapse of the ionic gradient leads to
the profound anoxic depolarization (AD) of neurons in the region (Kristian and
Siesjo, 1998; Lipton, 1999; Dirnagl et aL, 1999). AD propagates through the
ischemic core within minutes, resulting in signs of injury including dendritic
beading and spine loss that become terminal in the absence of reperfusion
(Balestrino and Somjen, 1986; Kaminogo et aL, 1998; Somjen, 2004). Although
prolonged AD occurs immediately after the onset of focal stroke, shorter duration
(<5 min) spontaneously recurring AD-like spreading depolarizations (SDs) initiate
at the edge of the ischemic core and persist throughout the metabolically
compromised ischemic penumbra for days after the initial injury (Hartings et aL,
2003; Dohmen et aL, 2008). SDs represent the same propagating depolarization
as AD with the same underlying mechanism, distinguished by the degree of
metabolic compromise in the affected region. Prolonged depolarization of
recurring SDs further elevates metabolic stress in penumbra due to a mismatch
between energy supply and energy needs for repolarization, leading to
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expansion of the ischemic core (Hartings et al., 2003; Shin et al., 2006).
However, this process of infarct evolution has not yet been elucidated in real-time
with regards to changes occurring at the cellular level.
Despite what is known about the neuronal response to spreading
depolarization, the contributions of astrocytes to these early events of stroke are
not well understood. Recent advances in the study of astrocytes have shown that
they are tightly coupled with neurons, combining with axons and dendrites to
form the "tripartite synapse" (Araque et al., 1999). Additionally, astrocytes are
known to form close associations with the microvasculature of the brain,
providing a bridge between neurons and the blood supply as part of the "neurovascular unit" (Haydon and Carmignoto, 2006). Though astrocytes are thought to
be protective of neurons under ischemic stress via antioxidants and secreted
growth factors (Swanson et al., 2004), it is debated whether astrocytes do more
harm than· good to neurons since depolarization-triggered astrogliosis may
hamper efforts of post-stroke neurogenesis (Pekny and Nilsson, 2005).
Nevertheless, disruption of synaptic networks after stroke should be studied with
regards to the impairment of astrocytes and not just neuronal dysfunction. Here
we are testing the central hypothesis that acute damage to both astrocytes and
neurons is generated in the ischemic core by AD and that spontaneous SDs
promote damage in penumbra where energy stores are depleted, eventually
resulting in recruitment of penumbra into the ischemic core.

Recuperation of

astrocytes may prove to be a necessary precursor to neuronal recovery after
propagating depolarization, implicating astrocytes as a novel therapeutic target to
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treat the pathological outcome of patients suffering from stroke. The specific aims
of this dissertation are:
Specific Aim 1: To test the hypothesis that the anoxic depolarization component
of ischemic injury affects astrocytes concurrently with neurons.
Specific Aim

2:

To test the hypothesis that spontaneous spreading

depolarizations acutely damage astrocytes and neurons in the penumbra,
resulting in expansion of the ischemic core.

LITERATURE REVIEW
Spreading depolarizations

During ischemic brain injury, a complex sequence of metabolic events
leads to rapid depletion of energy resources. A drop in oxygen and glucose
levels is especially dangerous for operation of the Na•tK• pump, which is
responsible for maintaining homeostatic balance in neurons (Ames, Ill, 2000).
Lowered ATP production in these cells leads to dysregulation of the pump
followed by ionic imbalance (Dirnagl et al., 1999). Neurons immediately
depolarize throughout regions of extremely compromised metabolic stores (i.e.
blood flow< 10%) in what is termed anoxic depolarization (AD). This AD spreads
across cortex in a wave-like fashion (Leao, 1944), though the channels
responsible for maintaining this propagating depolarization are not yet known.
Depolarization leads to neuronal soma swelling and dendritic beading in addition
to widespread release of glutamate. In essence, neuronal swelling/dendritic
beading is an immediate response to metabolic stress, and in the absence of
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reperfusion such swelling is a sign of acute and terminal injury. Essentially, the
spreading AD front establishes the boundaries of the ischemic core (Kaminogo et
al., 1998), an area of acute neuronal death.
AD-like spreading depolarizations (SDs) are generated at the edge of the
ischemic core and can recur spontaneously for hours to days after stroke onset
as determined both clinically and experimentally (Dohmen et al., 2008; Hartings
et al., 2003). SD is similar to AD in that they represent variations of a common
depolarizing and propagating process that depends upon the degree of local
metabolic compromise. As SO propagates away from the ischemic core, it moves
along a decreasing gradient of metabolic stress and into healthy tissue where it
does no harm because energy resources are not compromised. At this point, it
becomes classic spreading depression (Leao, 1944). By contrast, recurring SDs
cause vasoconstriction in the penumbra, reducing blood flow to 20-40% thus
creating high metabolic demand in the ischemic cortex (Shin et al., 2006). The
penumbra is synaptically silent, but the residual blood supply is initially enough to
maintain membrane ionic gradients. However, each repolarization progressively
depletes ATP, and the collapse of ionic gradients recurs. Over time, energy
demands required for repolarization will not be matched in the absence of
adequate blood flow, leaving penumbral areas affected by spontaneous SDs to
become irreversibly damaged and recruited into the infarct core (Back et al.,
1996; Strong et al., 2002; Hartings et al., 2003). Early pathological events caused
by AD and SDs combine with other mechanisms of neuronal death including
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excitotoxicity, inflammation, and apoptosis to produce a decidedly negative
outcome following stroke (Dirnagl et al., 1999).

Neuronal response to ischemia

Since the majority of excitatory synapses occur on the dendritic arbor,
dendrites were anticipated to be the initial site of excitotoxic injury leading to
neuronal damage and death (Bindokas and Miller, 1995). Indeed, neuronal soma
swelling during ischemic depolarization is typically accompanied by dendritic
beading and spine loss (Hsu and Buzsaki, 1993; Hori and Carpenter, 1994).
Several live-imaging studies monitored dendritic structural changes on immature
neurons during oxygen/glucose deprivation (OGD), a model of in vitro global
ischemia, in primary cortical (Park et al., 1996; Hasbani et al., 1998; 2001a;b)
and hippocampal cultures (Gisselsson et al., 2005) as well as in organotypic
hippocampal slice cultures (Piccini and Malinow, 2001; Jourdain et al., 2002).
OGD-induced dendritic beading and spine loss were shown to be calcium- and
NMDA receptor-dependent, as they were prevented by reducing extracellular
calcium or by NMDA receptor blockade (Hasbani et al., 2001 b; Jourdain et al.,
2002). The process that leads to the local generation of dendritic beads during
injury has yet to be fully elucidated, but beads are known to contain polymerized
actin that redisperses during recovery from OGD (Gisselsson et al., 2005).
Intriguingly, spines reemerge even in the presence of the actin polymerization
antagonist latrunculin-A (Hasbani et al., 2001a). Following brief OGD, growth of
new dendritic and axonal filopodia as well as rapid new spine formation has also
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been reported, suggestive of intense calcium- and NMDA-dependent post-injury
remodeling of synaptic networks (Jourdain et al., 2002; Nikonenko et al., 2003).
One important caveat for these studies is that AD cannot be generated in culture.
For the purposes of this dissertation, we chose experiments that allowed us to
more clearly define the extent of dendritic injury resulting from ischemic
depolarizations, using sophisticated in vitro and in vivo models that allowed for
the reliable generation cif AD and SO.

Astrog/ial response to ischemia

Dendritic spines are present postsynaptically at the majority of excitatory
synapses in the brain, where they are often partially ensheathed by astroglial
processes (Harris and Kater, 1994; Ventura and Harris, 1999; Witcher et al.,
2007). Through this close contact, astrocytes provide support for neurons via
trophic factors (Yamagata et al., 2002) and maintain healthy synapses by
clearing

extracellular

glutamate,

thereby

preventing

neurotransmitter

excitotoxicity (Anderson and Swanson, 2000). Astrocytes also have a high
degree of interaction with the microvasculature of the brain, providing a critical
link between neurons and the blood supply (Haydon and Carmignoto, 2006).
Astroglial endfeet wrap around and ensheathe blood vessels, supporting the
formation and maintenance of the blood-brain barrier (BBB). This close
association between astrocytes and the vasculature elevates the metabolic
stress associated with ischemia, as astrocytic calcium waves may coordinate
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hemodynamic changes causing vasoconstriction of the microcirculation (Ohta et
al., 2001; Otori et al., 2003; Mulligan and MacVicar, 2004).
Astrocytes have previously been shown to rapidly swell during OGD
(Andrew et al., 2007). This rapid change in volume is presumably due to
astroglial expression of aquaporins, water-selective channels that allow water to
move down osmotic gradients across cell membranes (Agre et al., 2002). Of the
7 aquaporin subtypes known to be expressed in rodent brain (AQP1, 3, 4, 5, 8, 9

& 11 ), AQP1 (choroid plexus), AQP4 (hypothalamus, neocortex, hippocampus},
and AQP9 (glia limitans, some catecholaminergic neurons) have been the most
widely studied (Badaut et al., 2002). Deletion of AQP4, which is abundantly
expressed in astroglial endfeet, results in decreased brain edema following
osmotic and ischemic challenge (Rash et al., 1998; Manley et al., 2000).
Additionally, AQP9 is upregulated in astrocytes in peri-infarct regions following
transient focal ischemia (Badaut et al., 2001 ). In contrast to astrocytes, the
majority of mammalian pyramidal neurons show little to no expression of
functional aquaporins (AQP11 is present in several neuronal cell types but shows
no water permeability when incorporated into the plasma membrane) (Gorelick et
al., 2006). Instead, water is proposed to enter neurons via hydration shells of
Na+, Cr and Ca 2 + and possibly through large-pore hemichannels that open during
maintained depolarization such as during ischemia (Anderson et al., 2005;
Thompson et al., 2006). Rapid astroglial swelling after AD in vitro suggests that
astrocytes would become quickly damaged after propagating depolarization
arising from ischemia in vivo. Astroglial injury resulting from AD and SDs would
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greatly lessen their neuroprotective and supportive capabilities (Kimelberg,
2005), making neurons more susceptible to damage from the propagating
depolarization. The specific aims of this project were designed to show direct
evidence of concurrent neuronal and astroglial injury as a result of ischemic
depolarizations.

Cellular recovery following AD/SO

Given the small (< 3 hrs.) time window for stroke treatment with tissue
plasminogen activator (tPA), cellular recovery from stroke is an attractive goal for
therapy. In vivo imaging of both YFP-expressing neurons and microcirculation
has shown that signs of acute neuronal damage including dendritic beading and
spine loss arise quickly in the ischemic core, and that partial spine recovery is
possible with spontaneous reperfusion (Zhang et al., 2005). Spines were mostly
intact within 5 hours of stroke onset in cortical areas where blood flow was
reduced by about 50%, comparable to the post-stroke ischemic penumbra where
blood flow is reduced to 20-40% (Lipton, 1999). Spines began to disappear in
these areas with reduced blood flow between 7-15 hours post-stroke and no new
spines are formed. Murphy et al. (2008) used a model of global ischemia to show
recuperation of dendrites and spines when ischemia is immediately followed by
reperfusion. This structural recovery was accompanied by restoration of
somatosensory stimulus evoked cortical maps, suggesting that recovery of
neuronal networks facilitated the improvement of cortical function.
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Given their high degree of interactivity with neurons, astrocytes likely
played an important role in the recovery of synaptic structure and function. When
blood flow ceases during ischemic stroke, the subsequent AD in the ischemic
core impairs astrocytes so that they are no longer able to protect neurons,
leaving them susceptible to terminal injury (Lian and Stringer, 2004; Nedergaard
and Dirnagl, 2005). As astrocytes are responsible for buffering of ions from the
extracellular space (Kofuji and Newman, 2004), osmoregulation via aquaporins
(Walz, 1997; Binder et al., 2006), and support for neurons via antioxidants and
secreted growth factors (Swanson et al., 2004), astroglial injury may render
neurons !,mabie to recover in the wake of ischemia and edema. Recovered
astrocytes should be able to resume their normal activities as well as cease the
process of reactive astrogliosis where secreted factors may be contributing to
delayed neuronal death (Swanson et al., 2004). By preventing further
neurotoxicity and restoring the ionic gradient, astrocytes thus allow neurons to
repolarize. Upon repolarization, neurons recover their form and function by
utilizing the returning energy reserves to operate the Na+/K+ pump and N-acetyl
aspartic acid (NAA) "pumps", previously impaired during ischemia, to reverse
swelling by expelling excess water (Saslow et al., 2007). Here,

Wf!J used different

in vivo models of ischemic stroke to assess the ability of both neurons and
astrocytes to recover from AD (Aim 1) and spontaneous SD (Aim 2).
Assessment of cellular recovery from ischemic depolarization may provide
a novel approach for investigating pharmacological strategies for stroke therapy,
especially in the salvageable penumbra. One candidate drug which has been
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linked to propagating depolarizations is the local amide anesthetic dibucaine.
Known as a voltage-dependent Na+ channel blocker, dibucaine has been
implicated as a possible inhibitor of AD in acute slices (Yamada et al., 2004;
White and Andrew, 2008). Interestingly, dibucaine's potent AD inhibition does not
correspond to Na+ channel blockade since other Na+ channel blockers (e.g.
lidocaine, tetrodotoxin) inhibit AD far less effectively (Yamada et al., 2004;
Douglas et al., 2005) and dibucaine extends the neuroprotective action at a
concentration (1 iJM) that does not depress synaptic activity (Douglas et al.,
2005). The hydrophobic moiety of local anesthetics such as dibucaine interacts
electrostatically with membrane phospholipids, perturbing and disrupting cellular
membranes at high concentration and stabilizing them at low concentration
(Kane and Floyd, 2000; Kitagawa et al., 2004; Palsdottir and Hunte, 2004).
Altering membrane properties in this way can change the conformation, function
and/or pharmacology of membrane-associated proteins, including enzymes and
transmembrane channels (Hudgins and Bond, 1984; Kane and Floyd, 2000;
Palsdottir and Hunte, 2004) and may inhibit opening of the large conductance
channels that mediate the AD and SDs. In addressing Specific Aim 2, we
confirmed dibucaine's ability to diminish the negative impact of SDs in a subset
of experiments.

PROJECT RATIONALE

This dissertation was designed to address deficits in the aforementioned
literature with regards to ischemic spreading depolarizations. Specifically, we
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tested our central hypothesis that AD induces acute damage simultaneously in
both neurons and astrocytes in the severely metabolically challenged ischemic
core, while spontaneously recurring SDs promote further cellular injury in the
penumbra that eventually results in recruitment into the infarct core. The rationale
for this project was that despite the general consensus that AD and SDs are
important events in the pathogenesis of ischemic stroke, the acute effects of
ischemic depolarization on synaptic circuitry in the initial stages of stroke injury
have not been fully elucidated. Our access to sophisticated in vivo imaging
techniques, in combination with electrophysiology and cerebral blood flow (CBF)
monitoring, allows us to see precisely what happens to individual neurons,
dendrites and astrocytes in the wake of AD/SO in real-time and with high
resolution. Our novel approach addresses the ability of cells to recover after
spontaneous SD, as well as the process of infarct evolution when those cells fail
to recover as energy supplies diminish. Ultimately, better understanding of AD
and SDs as contributors to ischemic injury on the level of single neurons and
astrocytes is crucial for the advancement of novel therapeutic strategies.
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Abstract

The brain swells over the several minutes that follow stroke onset or acute hypoosmotic stress because cells take up water. Measuring the volume responses of
single neurons and glia has necessarily been confined to isolated or cultured
cells. Two-photon laser scanning microscopy (2PLSM) enables real-time
visualization of cells functioning deep within living neocortex in vivo or in brain
slices under physiologically relevant osmotic and ischemic stress. Astrocytes and
their processes expressing green fluorescent protein in murine cortical slices
swelled in response to 20 min of overhydration (-40 mOsm) and shrank during
dehydration (+40 or +80 mOsm) at 32-34°C. Minute-by-minute monitoring
revealed no detectable volume regulation during these osmotic challenges,
particularly during the first five minutes. Astrocytes also rapidly swelled in
response to elevated [K1o for 3 min or oxygen/glucose deprivation (OGD) for 10
min. Post-OGD, astroglial volume recovered quickly when slices were resupplied with oxygen and glucose, while neurons remained swollen with beaded
dendrites. In vivo, rapid astroglial swelling was confirmed within 6 minutes
following intraperitoneal water injection or during the 6-12 minutes following
cardiac arrest. While the astrocytic processes were clearly swollen, the extent of
the astroglial arbor remained unchanged. Thus, in contrast to osmo-resistant
pyramidal neurons (Andrew et al., 2007) that lack known aquaporins, astrocytes
passively respond to acute osmotic stress, reflecting functional aquaporins in
their plasma membrane. Unlike neurons, astrocytes better ·recover from brief
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ischemic insult in cortical slices, probably because their aquaporins facilitate
water efflux.

Introduction

Sudden disturbances in water balance can lead to the life-threatening
state of brain edema (Fishman, 1975; Kimelberg, 2004). Brain cell swelling
(cytotoxic/intracellular edema) quickly arises during stroke, brain trauma or
metabolic stress. A sub-type of intracellular edema is osmotic edema caused by
acute dilution of the blood plasma. It is generated by a number of man-made
situations within minutes, as follows forced water intake or overly aggressive
rehydration of dehydrated patients. Conversely a rapid loss of water can follow
infusion of mannitol to counteract brain swelling (reviewed in Andrew, 1991).
Thus the conditions that rapidly swell or shrink mammalian brain cells are
clinically important. Brain cell swelling can be indirectly measured as increases in
extracellular resistance (Traynelis and Dingledine,

1989), field

potential

amplitude (Rosen and Andrew, 1990) or tissue light transmittance (Andrew and
MacVicar, 1994). The development of 2-photon laser scanning microscopy
(2PLSM) and transgenic mice with intrinsic fluorescent neurons and glia enables
real-time study of cellular volume changes in brain slices and in vivo in settings
relevant to clinical conditions.
When plasma osmolality rises or falls over many hours, brain cells
regulate their volume by· actively gaining or removing intracellular ions and
organic substances (osmolytes) followed by osmotically obligated water (Chan
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and Fishman, 1979; Cserr et al., 1991; Finberg, 2000; Gullans and Verbalis,
1993; Pollock and Arieff, 1980). Within minutes or less, cultured or isolated brain
cells are reported to compensate for sudden volume increases during extreme
hypo-osmotic stress. However a regulatory volume decrease (RVD) by cells over
such a brief period has not yet been confirmed in vivo. Until recently, it was not
possible to monitor which cells were responsible for intact brain swelling. Using
2PLSM we showed that pyramidal neurons in cortical slices resist volume
change during acute shifts in osmolality, likely

b~cause

they lack functional

aquaporins to conduct transmembrane water (Andrew et al., 2007). Nevertheless
these same neurons swell and their dendrites bead within 5 min of anoxic
depolarization (AD) both in slices (Andrew et al., 2007) and in vivo (Murphy et al.,
2008). We proposed that astrocytes are primarily responsible for osmotic volume
change by the brain whereas both neurons and astrocytes drive ischemic
swelling of the gray matter.
Here we search for evidence of volume change and subsequent regulation
by astrocytes in neocortical and hippocampal slices and in vivo. In slices the
neuron-glia relationship and synaptic function are relatively intact. Furthermore
the tissue is not constrained by cranium and dura, so it can recover from strong
osmotic or ischemic challenge that might prove lethal in situ. We investigate
several important questions at the level of the single astrocyte in real-time. Does
astroglial volume change under osmotic or ischemic stress? Does RVD or
regulatory volume increase (RVI) develop during physiologically relevant osmotic
challenge? Do astrocytes and neurons differ in recovery from ischemia in cortical
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slices? Finally, can astroglial swelling under acute hypo-osmotic and ischemic
conditions in cortical slices be confirmed in the intact mouse?

Materials and Methods

Transgenic mice. All procedures follow National Institutes of Health
guidelines for the humane care and use of laboratory animals and underwent
yearly review by the Animal Care and Use Committee at the Medical College of
Georgia. All efforts were made to minimize animal suffering and to reduce the
number of animals used. In total, 43 mice were used in this study. The founding
mice of the FVB/N-Tg(GFAP-GFP)14Mes/J colony [GFAP-GFP] were purchased
from Jackson Laboratories (Bar Harbor, ME, USA). Mice of this strain display
GFP fluorescence in astrocytes from multiple areas of the CNS (Supplemental
Fig. 1A1) (Zhuo et al., 1997). The founding mice of the FVB/N-Tg(GFAPEGFP)GFEA-FKi colony [GFAP-EGFP] were kindly provided by Dr. H.
Kettenmann (Max Delbruck Center for Molecular Medicine, Berlin, Germany).
The transgene in this strain labels astrocytes similarly to the GFAP-GFP strain,
but EGFP fluorescence is brighter (Nolte et al., 2001 ). Founders of the B6.CgTg(Thy1-YFPH)2Jrs/J

colony

[YFP-H]

were

purchased

from

Jackson

Laboratories and founders of the B6.Cg-TgN(thy1-GFP)MJrc colony [GFP-M]
were kindly provided by Dr. J. Sanes (Harvard University, Boston, MA, USA).
Mice of YFP-H and GFP-M strains display bright fluorescence in a fraction of
pyramidal neurons of the neocortex and hippocampus (Feng et al., 2000). Hybrid
mice, with a small proportion of both fluorescent neocortical and hippocampal
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pyramidal neurons and fluorescent astrocytes (Supplemental Fig. 181-83}, were
generated by crossing between [GFAP-GFP] and [YFP-H] or [GFP-M] strains. In
some experiments astrocytes were labeled with the red astrocyte-specific stain
sulforhodamine 101 (SR101; Invitrogen, Carlsbad, CA, USA) (Nimmerjahn et al.,
2004). A robust and specific labeling of astroglia (Supplemental Fig. 1A2) was
achieved by topical application of SR101 to the exposed intact somatosensory
cortex of the [GFP-M] mouse or the wild type littermate. It was anesthetized with
an intraperitoneal (IP) injection of urethane (1.5 mg/g body weight) and 100 J.JM
SR101 was applied through a craniotomy (around 2-3 mm diameter) with dura
removed. After 20 min of application SR101 was washed out. The mouse was
sacrificed 50 minutes later and slices made using the standard protocol below.
Brain slice preparation and solutions. Acute slices (400 J.Jm) were made

from 27 male and female adult mice at the average age of 5 months according to
standard protocols (Kirov et al., 2004). Mice were deeply anesthetized with
halothane and decapitated. The brain was quickly removed and placed in cold,
oxygenated (95% 02-5% C02) sucrose based artificial cerebrospinal fluid
(ACSF) containing (in mM) 210 sucrose, 2.5 KCI, 25 NaHC03, 1 NaH2P04, 8
MgS04, 10 glucose, pH 7.4, 291-293 mOsm. Transverse slices including
hippocampus, subiculum and neocortex were cut from the middle third of the
brain using a vibrating-blade microtome (VT1000S, Leica Instruments, Nussloch,
Germany). Immediately after sectioning the slices were submerged in standard
ACSF bubbled with 95% Or5% C02 at room temperature. The standard
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(control) ACSF contained (in mM) 120 NaCI, 2.5 KCI, 25 NaHC03 , 1 NaH2P04,
2.5 CaCb, 1.3 MgS04, 10 glucose, pH 7.4, 291-293 mOsm.
Osmotic and ischemic changes in brain slices were sampled from
neocortical layers 11/111 and V or the hippocampal CA1 region. All osmotic
experiments started and ended in control (291-293 mOsm) ACSF. Osmolality
was raised using mannitol or lowered by dilution with distilled water. Osmotic
stress entailed a 15 to 20-min exposure to -40 and then +40 mOsm ACSF
followed by return to control ACSF. Alternatively, slices were exposed to +40 and
then -40 mOsni ACSF and then returned to control ACSF, or to +80 mOsm
ACSF and then control ACSF. Some slices were prepared, preincubated and
osmotically stressed in the presence of 1 mM taurine, an amino acid reported to
facilitate volume regulation (Kreisman and Olson, 2003). For oxygen/glucose
deprivation (OGD) studies, N2 replaced 02 and glucose was lowered to 1 mM.
NaCI was added to osmotically balance the removed glucose. Experiments
began in control ACSF followed by a 10 min exposure to OGD ACSF.
Reoxygenation/normoglycemia was accomplished by returning to control ACSF
bubbled with 95% 02-6% C0 2. Experiments with high extracellular potassium
([K+]o) started and ended in control ACSF with a 3 min exposure to 26 mM K+
ACSF (standard ACSF with 26 mM KCI replacing equiosmolar NaCI). All
chemicals were from Sigma Chemical (St. Louis, MO, USA) unless indicated
otherwise.
In vitro live imaging and recording. After at least 1 hour of incubation a
slice was transferred into a submersion-type imaging/recording chamber (RC-29,

19
629 iJL working volume, Warner Instruments, Hamden, CT, USA) mounted on
the Luigs & Neumann microscope stage (Ratingen, Germany). The ACSF was
bubbled with 95% Oz-5% COz and preheated before delivery into the chamber to
prevent degassing. The slice was held down by an anchor (SHD-27LP/2,
Warner) and perfused with oxygenated ACSF at 32-34°C using a re-circulating
system. The solution flow in and out of the chamber was controlled by two
peristaltic pumps (Watson-Marlow, Wilmington, MA, USA) set at the rate of 8
·mUmin. At this rate it takes approximately 17 seconds to exchange solutions in
the chamber. Temperature was monitored by a thermistor probe within 1 mm of
slice and maintained by an in-line solution heater/cooler (CL-100, Warner) with a
bipolar temperature controller (TA-29; Warner). Field excitatory postsynaptic
potentials

were

recorded

with

MultiCiamp

200B

amplifier

(Axon

Instruments/Molecular Devices, Sunnyvale, CA, USA) in the middle of stratum
radiatum of some slices to confirm viability. Signals were filtered at 2 kHz,
digitized at 10kHz with Digidata 1322A interface board (Axon) and analyzed with
pCiamp 9 software (Axon). Evoked synaptic responses in healthy slices had a
sigmoidal input/output response function and a stable response at % maximal
stimulation.
Preparation of mice for in vivo imaging. Craniotomy for the open-glass
optical window followed a protocol adapted from Holtmaat et al. (2005). A total of
15 adult GFAP-EGFP male and female mice at the average age of 4 months
were anesthetized with an IP injection of urethane (1.5 mg/g). Body temperature
was maintained at 37°C with a heating pad (Sunbeam, Boca Raton, FL, USA).
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Skin covering the cranium above the somatosensory cortex was removed. A
custom-made 1.3 em diameter plastic ring was glued with dental acrylic cement
(Co-Oral-lte Dental, Diamond Springs, CA, USA) to stabilize the head with a
mouse headholder (Fried et al., 2001) during craniotomy and imaging. A dental
drill (Midwest Stylus mini 540S; Dentsply, Des Plaines, IL, USA) with Y. bit was
used to thin the circumference of a 2-4 mm diameter circular region of the skull
centered at stereotaxic coordinates -1.8 mm from bregma and 2.8 mm lateral.
Forceps were used to lift up the thinned portion of the skull. An optical chamber
was constructed by covering the intact dura with a thin layer of 1.5% agarose
(prepared in a HEPES-buffered ACSF) and sealed by a circular coverglass (#1)
using dental cement. Following installation of the window, the stage containing
headholder, mouse, and heating pad was mounted on the Luigs & Neumann
microscope stage for imaging. Mice were maintained under urethane anesthesia
for the entire imaging session. Heart rate was monitored using DAM"BO amplifier
(World Precision Instruments, Sarasota, FL, USA). A 0.1 ml bolus of 5% (w/v)
Texas Red Dextran (70 kDA) (Invitrogen) in PBS was injected into the tail vein for
blood flow visualization. In a set of experiments global ischemia was induced by
cardiac arrest (CA) resulting from 1 ml of air embolization into the tail vein. In a
different set of experiments, over-hydration was accomplished by IP injection of
distilled water (150 mUkg) (Nagelhus et al., 1993).
2PLSM. Images were collected with IR optimized 40x/0.8 NA or 63x/0.9

NA water immersion objectives (Carl Zeiss, Jena, Germany) using the Zeiss LSM
510 NLO META multiphoton system mounted on the motorized upright
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Axioscope 2 FS microscope (Zeiss). The scan module was directly coupled with
the Spectra-Physics (Mountain View, California, USA) Ti:sapphire broadband
mode-locked laser (Mai-Tai) tuned to 910 nm for 2-photon excitation. To monitor
structural changes with GFP three dimensional time-lapse images were taken at
0.5-1 1-1m increments using 4x optical zoom, resulting in a nominal spatial
resolution of 28 pixels/1-1m with a 63x/0.9 NA objective (12 bits per pixel, 2.24 J.lS
pixel time). Emitted light was detected by internal photomultiplier tubes (PMT) of
the scan module with the pinhole entirely opened or in a whole-field detection
mode by external nondescanned detectors (Zeiss). Data acquisition was
controlled by Zeiss LSM 510 software.

Image analysis and statistics. The LSM 510 Image Examiner software
(Zeiss) was used together with NIH lmageJ (http://rsb.info.nih.gov/ii/) and
Bitplane lmaris software (St. Paul, MN, USA) for volume rendering and image
analysis. A median filter (radius, 2) was applied to images in figures to reduce
photon and PMT noise. Given the relatively poor axial resolution of 2PLSM (-2
1-1m), we used 2-dimensional Maximum Intensity Projections (MIPs) of image
stacks for analyses. Such analyses assumed that astroglial soma volume is
changing uniformly in all directions, based on viewing astrocytes along the z-axis
before and after osmotic challenge. In this case, measurements of changes in
the lateral dimensions were adequate to determine relative volume changes,
which underestimated actual volume changes assuming they are approximately
isotropic. We employed 3 techniques to measure relative volume changes
(Andrew et al., 2007). 1) MIP images were digitally traced by hand to measure
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the area of astroglial and neuronal soma profiles in control and for each time
point. 2) Control and experimental MIP images were pseudocolored green and
red, aligned and overlaid. Overlapping areas projected as yellow, whereas
different areas remained red or green. 3) Control profiles were traced and filled to
create a mask which revealed peripheral areas of swelling when overlaid upon
experimental images .
. Using plasma membrane-impermeant fluorescent probes in culture,
Crowe et al. (1995) measured changes in the volume of water in a single cell
based on fluorescence being inversely .proportional to intracellular water
concentration. Quantitative imaging of GFP was also used in cultured cells to
determine the concentration of GFP and/or its fusion partner (Piston et al., 1999).
This inverse relationship is difficult to show in slices or in vivo, perhaps because
we choose the brightest cells where excess GFP obscures such a relationship.
More importantly, volume changes to whole tissue cause poorly defined optical
shifts in how excitation and -emission photons course through the bulk sample.
Nevertheless we measured fluorescence intensity of GFP in astrocytes in control
and at 5 min of osmotic challenge. Single optical sections in the same focal plane
were used for both conditions. After background subtraction the average
fluorescence intensity was measured with lmageJ in the same position over the
small soma area in the control and experimental images and the percent change
was calculated.
There were technical challenges involved with time-lapse imaging since
the volume of the entire slice was dramatically altered during the initial minutes of
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osmotic challenge, OGD or high K+ treatment, resulting in the shifting of the focal
plane. We therefore sampled single optical sections on the fly while re-centering
and adjusting the field of focus prior to acquiring image stacks (Andrew et al.,
2007). In some OGD experiments slice swelling was accompanied by a generally
reduced GFP fluorescence, likely involving changes in the optical properties of
the tissue but not involving photobleaching or laser damage. Therefore
experiments with a faded OGD field were excluded from analysis. Sometimes
astrocytes were shifted out of register in 2-dimensional space as result of
rotation, precluding their analysis.
SigmaStat (Systat, San Jose, CA, USA) was used to compute paired

t-test

and repeated measures analysis of variance (ANOVA) followed by Tukey's post
hoc method. The significance criterion is set at p<0.05. Data are presented as
mean ± SEM. Time is given as mean ±standard deviation.

Results
Astroglial volume changes induced by acute osmotic stress in brain slices.

Slices with GFP-expressing astrocytes can be imaged in real-time to
observe structural changes induced by osmotic stress. Astrocytes included in this
study were imaged at a slice depth >50 1-1m from the cut surface. The majority
were deeper than 100 1-1m where neuropil preservation is optimal (Davies et al.,
2007; Kirov et al., 1999). Recently using 2PLSM in slices, we reported
preliminary findings of astroglial responses to acute osmotic challenge (Andrew
et al., 2007). Here osmotic responses from a total of 56 GFP-expressing

24
astrocytes in 29 slices from 8 animals were analyzed in detaiL In all experiments,
baseline images were acquired in control ACSF (291-293 mOsm) for 15-20 min.
Eight slices from 3 animals were subjected to hypo-osmotic ACSF and
then to hyper-osmotic ACSF using mannitol, followed by return to control ACSF
in a subset of slices (Fig. 1). A steady shift in the focal plane during the first 3 min
of osmotic challenge confirmed an overall change in the slice volume. Astrocyte
somata superfused with -40 mOsm ACSF for 15 min significantly increased in
area as derived from MIP images and then significantly decreased from control
following 15 min in +40 mOsm ACSF. Area measurements returned to control
following 15 min in normosmotic ACSF (Fig. 1A1-A4). Astroglial swelling and
shrinking were also detected when corresponding MIP image stacks acquired in
hypo- and hyper-osmotic ACSF were overlaid (Fig. 1A5-A6). This paradigm was
repeated in a total of 6 slices. In addition, 2 slices were exposed to either -50/+50
or -60/+60 mOsm ACSF followed by control ACSF.
Compared to control ACSF, mean astroglial area increased significantly
by 17.9 ± 2.8% (p<0.001, Fig. 101) during 17.7 ± 3 min of overhydration. During
17.1 ± 2.8 min of dehydration, this value decreased to 11.7 ± 1.5% below control
(p<0.001, Fig. 101) and returned to within 2 ± 2. 7% of control (p=1.0, NS from
Control) during 15.8 ± 3.6 min of superfusion with normosmotic ACSF (Fig. 101).
During 15-20 min of osmotic challenge, images were collected in the first few
minutes when volume regulation is purported to compensate for osmotic swelling
or shrinking (not shown). There was no indication of either RVD during hypoosmotic challenge or RVI during hyper-osmotic treatment, suggesting that
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astrocytes passively changed their volume during osmotic challenge without any
apparent active volume regulation toward baseline.
To further verify these observations, the order of the osmotic challenges
was reversed in 7 slices from 4 animals. Slices were exposed to hyper-osmotic
ACSF (+40 or +80 mOsm) and then to hypo-osmotic ACSF (-40 mOsm) followed
by control ACSF. Previously we demonstrated that neurons and dendrites
steadfastly maintain their volume during acute osmotic stress (Andrew et al.,
2007). Figure 1C1-C3 shows a dendrite and astrocyte in hippocampal slice from
a hybrid mouse expressing GFP in neurons and astrocytes. While the .dendritic
volume remained stable, the astroglial soma shrank during 15 min in hyperosmotic ACSF (Fig. 1C2) and recovered during 15 min in normosmotic ACSF
(Fig. 1C3). Relative to control, the mean astroglial soma area significantly
decreased by 10.8 ± 1.2% (p<0.001, Fig. 102) during 17.2 ± 2.3 min of hyperosmotic stress, then increased by 9.1 ± 2.4% over control during 17.9 ± 2 min of
hypo-osmotic treatment (p<0.01, Fig. 102). During re-exposure for 17.4 ± 1.7 min
to control ACSF, this value returned to within 4.1 ± 3.3% of baseline (p=0.19, NS
from Control, Fig. 102). Again these astrocytes showed no apparent volume
regulation during the first minutes of osmotic change in this reversed sequence of
challenges.
These astroglial responses to osmotic stress were replicated in 3 slices
from 2 animals containing astrocytes stained with the astrocyte-specific marker
SR101 as shown in Figure 181-83. Compared to GFP-expressing astrocytes,
SR101 lightly stains processes and capillary endfeet but somata are fluorescent
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enough to measure their MIP area. Relative to control, the mean SR101-Iabeled
astroglia soma area significantly increased by 17.0 ± 4.4% (p<0.01, n=4
astrocytes) during 17.5 ± 1.7 min of exposure to hypo-osmotic ACSF (-40 mOsm)
and then decreased by 26.9 ± 9.1% (p<0.05, n=4 astrocytes) during 15.3 ± 3.5
min of hyper-osmotic stress (+40 mOsm). Thus experiments with SR101
confirmed that structural changes observed in GFP-expressing astrocytes were
associated with passive volume change, and that the presence of transgene was
not altering their osmotic response.
It is possible that astrocytes swell or shrink in the initial 5 min of osmotic
challenge and then volume regulate during the next 15 min. Such compensation
would not have been detected by sampling at 15-20 min (Fig. 1). Therefore,
images were sampled following 5 min of osmotic challenge in 14 slices from 7
animals (Fig. 2). In a subset of experiments, slices from 3 mice of the enhanced
GFP strain were used. Overlaying a soma in control and experimental ACSF at 5
min (Fig. 2A1,81) revealed cell body swelling in hypo-osmotic ACSF (Fig. 2A2)
and shrinking in hyper-osmotic ACSF (Fig. 282). Most importantly, Astroglial
area increased by 12.8 ± 1.1% of control (p<0.001, Fig. 2A3) during 4.9 ± 0.2 min
of exposure to -40 mOsm ACSF and decreased by 10.0 ± 1.1% of control
(p<0.001, Fig. 283) during 4.9 ± 0.1 min of exposure to +40 mOsm ASCF.
As the number of intracellular GFP molecules does not change during
osmotic challenge, the fluorescence should be inversely related to the
intracellular water concentration (Crowe et al., 1995; Piston et al., 1999). Indeed
hyper-osmotic stress resulted in 8.6 ± 3.8% (p<0.001) increase in the soma GFP
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signal as compared to the control (n=19 astrocytes from 9 slices). Hypo-osmotic
challenge resulted in 21.1 ± 7.6% (p<0.001) decrease in the soma GFP signal
relative to the control (n=18 astrocytes from 6 slices).
Thus the cohort of cells sampled at 5 min (Fig. 2) display volume
increases and decreases similar to cohorts sampled at 15-20 min (Fig. 1). The
absence of even a trend toward greater volume change measured at 5 versus
15-20 min indicates that volume changes are near-maximal by 5 min and that
active volume regulation is not compensating during the intervening 10-15 min.

Astroglial swelling following depolarization by elevating [~]o.

We next used 2PLSM to determine if briefly elevating extracellular
potassium would swell astrocytes, in conjunction with their role in the uptake of
excess [K+]o. We exposed CA1 hippocampal astrocytes in 6 slices from 3
animals to 26 mM K+ ACSF for 3 min (Fig. 3). The image sequence of an
astrocyte in control, 26 mM K+ ACSF and return to control ACSF (wash)· is
presented in Fig. 3A1-A3. Overlaying MIP images from control and elevated [K1o
conditions (Fig. 3A4) as well as during wash (Fig. 3A5) facilitated visual
comparison between treatments. Astrocytes swelled as measured at 3.6 ± 0.4
min after the introduction of the 26 mM K+ ACSF by 38.9 ± 13% (p<0.001, Fig.
38) and then recovered following a 20 min wash (8.7 ± 9%, p=0.35, NS from
Control, Fig. 38). We conclude that astrocytes swell reversibly in a manner
consistent with their ability to buffer excess [K1o.
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Astroglial swelling and partial recovery following simulated stroke in
slices.
The reversibility of both osmotic and K+ -evoked swelling of_ astrocytes
generated confidence that glial responses to stroke-like events could be reliably
imaged with 2PLSM. In particular, AD occurs within minutes of stroke onset,
causing acute neuronal death (Kaminogo et al., 1998). To clearly delineate the
morphological changes that occur within astrocytes following AD, we first used a
brain slice model of OGD to simulate global ischemia (Obeidat and Andrew,
1998). Imaging of astrocytes and dendrites revealed swelling of both glial somata
and dendritic processes following OGD (Fig. 4A). In addition, swollen dendrites
lost their spines and became beaded (Fig. 4A2), a neuronal injury that
immediately follows AD both in vitro (Andrew et al., 2007; Davies et al., 2007)
and in vivo (Murphy et al., 2008).
Tissue swelling evoked by OGD for 10 min was accompanied by a
progressive shift in the imaging focal plane starting at about four minutes. Ten
slices from 6 animals showed a 29.0 ± 6% astroglial area increase from control
measurements (p<0.001, Fig. 4E). Similar increases in soma size of SR101Iabeled astrocytes confirmed a volume increase not confined to GFP-expressing
astrocytes (Fig. 48). Neuronal cell bodies simultaneously swelled during OGD
(Fig. 48 and 58) as previously quantified (Andrew et al., 2007).
Having confirmed real-time astroglial swelling in response to OGD, we
looked at its time course in more detail. Using 9 slices from 5 animals, we
acquired images of single optical sections of 12 GFP-expressing astrocytes to
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derive a time course for soma swelling during 10 min of OGD (Fig. 4C). Images
were taken once every minute for 10 min. Astrocytes started to swell at 5 min
(Fig. 4C4) (10.7 ± 4%, p<0.01, Fig. 4F) and remained swollen for the entire 10
min period (Fig. 4C6, 4F) (10.6 ± 3%; p<0.05, Fig. 4F). Using a similar sequence
taken from hybrid mice, we were able to compare the time course of astroglial
swelling with that of dendrites (Fig. 4D). The dendritic response to OGD followed
the astroglial response closely (Fig. 404). These findings suggest that glial and
neuronal swelling reliably occur in the first few minutes following OGD in vitro.
We next used 2PLSM to determine the extent of astroglial and neuronal
recovery from ischemia. Ten minutes of OGD reliably induced cell swelling, so
we introduced a post-OGD period of reoxygenation/normoglycemia using control
ACSF and recorded the changes in soma area during this recovery period (Fig.
5). Nine slices from 5 animals showed that astroglial soma area significantly
increased during 10 min of OGD (20.0 ± 13%, p<0.01, Fig. 5A2, C1) but rapidly
returned to near baseline within one minute of re-exposure to control ACSF (-0.5

± 6%; p=0.12, NS from Control, Fig. 5A3,C1). Seven slices from 6 animals
showed neuronal soma swelling by 30.5 ± 19% during OGD (p<0.001, Fig.
582,C2) but no recovery during reoxygenation (35.5 ± 19%, p<0.001, Fig.
583, C2). We conclude that although astrocytes and neurons swell similarly in

response to global ischemia in slices, only astrocytes have the ability to recover
morphologically to some degree.
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Astroglial swelling observed in vivo.

After monitoring astroglial volume changes in slices, we then used noninvasive in vivo imaging to examine changes in native astrocytes concurrently
with changes in blood flow. Cranial windows allowed visualization of blood
vessels and GFP-expressing astrocytes within living mice. We first wanted to
confirm that the osmotic stress-induced swelling seen in slices could be observed

in vivo. Astrocytes were imaged in layer IIIII I of somatosensory cortex at a depth
of about 100 1-1m (Fig. 6A,B). Hypo-osmotic stress was induced by IP distilled
water injection (150 mUkg). 2PLSM images obtained from 10 animals revealed
rapid astroglial soma swelling during the initial 6 min following water injection
(Fig. 6C). Soma area increased by 9.7 ± 10% (p<0.05, Fig. 6C) at 3.0 ± 0.3 min
and by 21.1 ± 13% (p<0.001, Fig. 6C) at 9.5 ± 0.3 min (Fig. 6A2,B2). The
increased soma size persisted throughout the 12 to 30 min period following water
injection (p<0.001, Fig. 6C), emphasizing a lack of RVD in vivo, confirming our
slice findings.
Out of the 21 astrocytes included in this analysis, only 4 fell into the
category of "perivascular astrocytes"; i.e., an astrocyte whose soma directly
contacted a blood vessel (Fig. 6A1). The remaining 17 astrocytes contacted
blood vessels via processes/endfeet. During our imaging of layers 11/111 of
somatosensory cortex, we observed that all astrocytes contacted at least one
blood vessel via their soma or a process. The rapid soma swelling observed in
this study was not restricted to perivascular astrocytes (Fig. 6A1, A2, and
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Supplemental Fig. 2), but also occurred in those with the soma distant from the
blood vessel (Fig. 681, 82, and Supplemental Fig. 2).
As astroglial responses to osmotic stress in vivo nicely correlated with
those in slices, we next examined if astrocytes would react to ischemic stress in
the same manner. As shown in Figure 4, AD induced by OGD resulted in
astroglial soma swelling within 5 min in vitro. In our in vivo model, cardiac arrest
(CA) induced global ischemia, likely causing AD of neurons and glia within 1-3
min (although onset was not measured) (Chuquet et al., 2007; Murphy et al.,
2008). Images obtained before CA (>50

~m

deep in layer II/III of somatosensory

cortex) were used as controls with subsequent images acquired at varying times
after CA (Fig. 7). We were able to confirm CA by monitoring heart rate and
visually by the loss of "streaking" in vessels (representing flow of non-fluorescent
red blood cells) (Fig. 7A1,A2). In 6 animals imaged at 8.9 ± 0.6 min following CA,
somata swelled similarly to the glial response to global ischemia in slices (Fig.
7A) (33.3 ± 8%, p<0.01, Fig. 781). Astroglial processes also swelled (Fig. 7A),
although these changes were not quantifiable due to the resolution limitations
and brightness of GFP signal. However, the arbor that defines an astroglial
domain (Bushong et al., 2002) did not change in size despite obvious swelling in
the processes themselves (Fig. 7A) (3.2 ± 4%; p=0.808, NS from Control, Fig.
782). Thus, astroglial swelling induced by global ischemia in vivo provided similar

results to ischemia in slices, supporting our in vitro experiments.
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Discussion
We used real-time imaging to directly examine osmotic- and ischemiainduced volume change in astrocytes. Our findings are similar both in brain slices
and in vivo as imaged through cranial window preparations. Astrocytes and their
processes swell or shrink passively in response to osmotic challenge and swell
during ischemia. As seen in slices, volume recovery begins immediately upon the
resupply of 02/glucose. We did not detect any evidence for acute volume
regulation by astrocytes throughout the osmotic or ischemic challenges, despite
cell volume sampling at each minute during and following a- challenge. The
concept of RVD is predicated on the observation that strong osmotic change first
alters volume and then volume regulation occurs. In this regard, we never
observed a volume decrease during osmotic challenge over many minutes once
an astrocyte swelled. Chvatal et al. (2007) reported only slight RVD in a few
astrocytic somata in slices at room temperature and even this required a 100
mOsm dilution.

Passive volume changes in astrocytes in cortical slices during osmotic
challenge.
Pyramidal neurons in cortical slices maintain their volume during osmotic
stress (Andrew et al., 2007). In the present study, neocortical and hippocampal
astrocytes alter their volume in response to osmotic challenge. This ability is
likely because astrocytes express abundant water-selective aquaporins (AmiryMoghaddam and Ottersen, 2003; Nielsen et al., 1997), whereas pyramidal
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neurons have not been reported to express functional aquaporins in their plasma
membrane. Simultaneous 2PLSM imaging confirmed the osmosensitivity of
astroglial cells and the osmoresistant quality of neurons.
In cell culture or in dissociated preparations, astrocytes are reported to not
only change their volume in response to strong osmotic stress, but to also then
regulate their volume over a period ranging from seconds to minutes (Olson et
al., 1995; Ordaz et al., 2004). In vivo, osmotic volume regulation develops over
many hours and days (see Introduction) but there is no evidence to date that it is
evoked over seconds to minutes in the intact brain. Cserr et al. (1991) reported
that brain cell volume was unchanged 30 min after an IP injection of NaCI that
raised plasma osmolality to -360 mOsm in the rat. However at 15 min, the Na+
was just entering the brain's extracellular fluid (their Fig. 6) so whether RVI
occurs over the first 30 minutes is unknown. As Cserr et al. noted, RVI has been
rarely reported in isolated brain cells. In brain slices, RVD has been reported
under high hypo-osmotic stress (Kreisman and Olson, 2003) but this was· also
observed in slices considered damaged by that stress (Andrew et al., 1997). If
neurons are indeed osmoresistant (Andrew et al., 2007) then volume regulation
in slices should be driven by astrocytes. Our previous work revealed no evidence
of RVD in cortical slices based on measurements of both changes in tissue light
transmittance and extracellular resistance (Andrew and MacVicar, 1994; Andrew
et al., 1997; 2007). Here, experiments using a 5 min exposure to hypo- or hyperosmotic ACSF produced passive astroglial responses similar' to longer-duration
(15-20 min) challenges. Preincubation of some slices with 1 mM taurine,
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proposed to promote volume regulation, was not effective in evoking either RVD
or RVI. In accordance with our results no astroglial RVD was observed in
hippocampal slices under high hypo-osmotic stress at room temperature
(Hirrlinger et al., 2008). Our findings indicate that astrocytes do not undergo
active volume compensation after the initial period of swelling or shrinking under
physiologically relevant osmotic conditions and temperature. Rather, the volume
changes are easily explained by water passively flowing down an imposed
osmotic gradient, conducted by aquaporins abundant in the plasma membranes
of both endothelia (Grande et al., 1997) and astroglia (Badaut et al., 2004;
Solenov et al., 2004).
In most experiments we examined changes in somatic area of astrocytes
as reflecting their relative change in volume which we assume is more or less
equal in all dimensions (see Materials and Methods). Change in a preferred
direction is possible but unprecedented. The likelihood that astroglial soma size
increased in the x-y plane while decreasing in z-dimension (with the
consequence that RVD was systemically undetected) seems unlikely. In addition,
a 5 min osmotic challenge revealed increased soma GFP fluorescence during
dehydration and decreased fluorescence during over-hydration, further arguing
that we did not miss active volume regulation in our MIP images.
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Astroglial dynamics in cortical slices following depolarization.

Astrocytes play a critical role in the buffering of potassium from
extracellular space (Kofuji and Newman, 2004). Elevated [K+]o levels lead to
reversible membrane depolarization of astrocytes, accumulation of [Kj 1 and
water intake through aquaporins (Binder et al., 2006; Manley et al., 2000; Walz,
1997). Real-time 2PLSM imaging shows that increased [K]o reliably and
reversibly swells astroglial somata. Elevated [K+]o is linked to depolarizations
during stroke (Leis et al., 2005; Vorisek and Sykova, 1997; Xie et al., 2008) and
the electroneutral uptake of K+ and

cr by astrocytes contributes to brain edema

(Mangin and Kimelberg, 2005). We report here that OGD-induced AD
immediately leads to profound astroglial swelling in cortical slices, as is the case
with K+-induced depolarization.
Electrophysiological studies in hippocampal slices show that astrocytes
display some recovery from OGD-induced depolarization, whereas neurons do
not (Xie et al., 2008). Our 2PLSM imaging in slices reveals that astrocytes not
only swell in response to OGD-evoked AD but recover within minutes of
reoxygenation/normoglycemia. These changes occur at a much faster time
course than reported in cell culture studies showing aquaporin-facilitated swelling
and recovery of astrocytes over several days (Fu et al., 2007). At the same time,
swollen neurons display no recovery of form in our experiments. The rapid
recovery of astrocytes from transient ischemic stress helps account for astroglial
survival in vivo in the ischemic core while adjacent neurons die (Pekny and
Nilsson, 2005). We propose that neurons may be less likely to recover because
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their plasma membrane is aquaporin-deficient. However, beaded dendrites can
recover normal morphology during reperfusion in vivo after brief focal stroke or
transient global ischemia (Murphy et al., 2008; Zhang et al., 2005). It is likely then
that if energy stores quickly recover, water can be shunted from neurons,
possibly by the N-acetyl aspartic acid (NAA) molecular water pump (Saslow et
al., 2007). Also in hippocampal slices, dendrites rapidly recover from coldinduced beading when energy stores become accessible with warmer
temperatures (Kirov et al., 2004). However in slices at 33°C, 10 min of OGD
severely compromises neuronal energy sources and, without a route for passive
water efflux through aquaporins, we argue that neurons remain swollen and their
dendrites beaded.

Tracking astroglial changes in vivo.

Our slice findings prompted the question: Can these rapid astroglial
volume responses be observed in vivo? Previous experiments that induced hypoosmotic conditions in cerebellar cortex of live rats demonstrated histological
evidence for volume regulation following 4 hours of IP injection of distilled water
(Nagelhus et al., 1993; 1996). Using this technique, we have shown that
astrocytes swell within minutes of the injection, as imaged by 2PLSM through an
open-glass cranial window. Attempts to track recovery upon return to baseline
osmolality (using hypertonic saline injection) were unsuccessful, the result of a
general dimming of GFP as the optical properties of the swollen tissue changed.
Nevertheless, this paradigm did replicate the rapid astroglial soma swelling that
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we observed in slices. Also, no RVD was detected during the initial 30 minutes.
Recently Nase et al. (2008) utilized a thinned skull window and IP water injection
to show that astrocytes in close proximity to blood vessels slowly swelled over 2
hours whereas astrocytes away from vessels either maintained or decreased
their size (their Fig. 4). This is at odds with astrocytes forming a tight syncytium
linked by water permeable gap junctions. In all our experiments with an openglass (Fig. 6) or a thinned skull (Supplemental Fig. 2) cranial window
(Grutzendler and Gan, 2005), we observed a rapid change in astroglial size
independent of their proximity to blood vessels. Water traverses brain capillaries
through aquaporins, entering interstitial space and then perivascular endfeet
(Nase et al, 2008) resulting in a quick rise of intracranial pressure (Yang et al.,
2008). But an astrocyte should also quickly take up water through aquaporins
located on its soma and processes as well as from neighbors linked by gap
junctions, even without the soma directly apposed to a blood vessel. Our data
support that scenario.
We used cardiac arrest as an in vivo model of global ischemia. Cessation
of blood flow quickly evokes AD in intact mice (Murphy et al., 2008), similar to
OGD in cortical slices (Joshi and Andrew, 2001). Here, we observed a rapid
swelling of astrocyte somata and processes similar to our slices during OGD
exposure. The cardiac arrest model does not permit study of reperfusion in vivo
so astrocyte recovery during reperfusion is the subject of future studies.
The astroglial component of brain swelling at stroke onset is thought to be
primarily mediated by aquaporin 4 (AQP4) (Amiry-Moghaddam and Ottersen,
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2003; Rash et al., 1998). In the human brain, increased astroglial AQP4 protein
levels were found at the periphery of ischemic foci suggesting that post-ischemic
upregulation of AQP4 might exacerbate brain edema (Aoki et al., 2003).
Accordingly, slower dissipation of brain edema after stroke may result from
reduction of AQP4 in perivascular astrocyte endfeet in mice (Amiry-Moghaddam
et al., 2003).
Astrocytes typically form distinct boundaries that define their region of
influence in the mature brain (Bushong et al., 2002; Bushong et al., 2004; Ogata
and Kosaka, 2002). Although astroglial processes swelled following AD in vivo,
the extent of arborization remained unchanged. This finding is in accordance with
a previous study showing process swelling without expansion of the astroglial
domain following stroke and other conditions of brain injury (Wilhelmsson et al.,
2006).

Conclusions

Based on the findings presented here and our previous work (Andrew et
al., 1997; 2007), we propose that the brain's neuronal compartment is, for the
most part, osmotically water-tight and so volume regulation over the seconds and
minutes following acute osmotic challenge is unnecessary for neurons. Over this
same brief time frame, astrocytes exposed to survivable levels of osmotic stress
passively change volume, requiring tens of minutes to begin volume regulating at
levels detectable in vivo (Cserr et al., 1991; Krizaj et al., 1996; Nagelhus et al.,
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1993; 1996). The pathway by which water enters neurons upon AD is not yet
known. The concept that during depolarization, Na+ and Cr influx draws water
into neurons and so swells the cell is popular but both ions are almost completely
stripped of their hydration shells as they transit their channels (MacAulay et al.,
2004). Water will not rapidly follow without aquaporins spanning the plasma
membrane. One possibility is that during ischemia, unpaired gap junctions (or
another large-pore channel) open (Anderson et al., 2005; Spray et al., 2006;
Thompson et al., 2006). However as water builds up in neurons, their lack of
aquaporins means that the hydrostatic pressure cannot be relieved by the loss of
water unless oxygen and glucose levels are quickly restored. Astrocytes, in
contrast, have no such impediment.

2PLSM observation of astrocytes provides no indication of active
volume regulation during acute osmotic challenge. A 1-A4, 2PLSM sequence of
GFP-expressing astrocytes from CA1 in hippocampal slice. Astrocytes (A1,
control) swell during a 15 min superfusion with hypo-osmotic ACSF (A2), shrink
during a 15 min treatment with hyper-osmotic ACSF (A3), and then return to
baseline volume during 20 min in control ACSF (A4). Hypo-osmotic (A5; red) and
hyper-osmotic (green) images are overlaid (A6) with arrows pointing to red areas
illustrating volume differences under these conditions. 81-83, 2PLSM sequence
of an astrocyte labeled with astrocyte-specific dye SR101. The astrocyte (81,
control) swells under acutely overhydrated conditions (82) and shrinks when
dehydrated (83). C1-C3, 2PLSM sequence of a GFP-expressing astrocyte and
dendrite from CA1 in hippocampal slice. The astrocyte (arrow), seen in control in
C1, shrinks under hyper-osmotic stress (C2) and recovers in normosmotic ACSF
(C3). The dendrite (asterisk), however, is unchanged. D1, Quantification of
astroglial soma area changes from control to hypo-osmotic to hyper-osmotic
conditions and then during return to control ACSF. The number of astrocytes
analyzed in 8 slices from 3 animals is indicated for each condition. No active
volume regulation was detected. Values are shown as percent change from
control. Asterisks indicate significant difference from control (*p<0.001). D2,
Summary of measurements in 7 slices of 4 animals shifting from control to hyperosmotic to hypo-osmotic conditions and then returning to control ACSF (*p<0.01).
No active volume regulation was detected. Values are shown as percent change
from control. Asterisks indicate significant difference from control (*p<0.01).
Figure 1.
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Acute osmotic challenge results in a rapid and passive astroglial
response. A1,81, 2PLSM images of GFP-expressing astrocytes from CA1 region
in hippocampal slice during 5 min of hypo-osmotic (A1) and hyper-osmotic (81)
stress. A2,82, Overlays showing the merged control (red) and experimental
(green) images, with arrows pointing at green areas representing swelling during
exposure to hypo-osmotic ACSF (A2) or at red areas representing shrinking
during exposure to hyper-osmotic ACSF (82). A3, Summary from 12 astrocytes
in 6 slices from 6 animals showing no detectable active RVD following soma
swelling in response to 5 min of hypo-osmotic stress. Values are shown as
percent of control. Asterisk indicates significant difference from control
(*p<0.001). 83, Summary from 17 astrocytes in 8 slices from 5 animals showing
no detectable RVI following soma shrinking in response to 5 min of hyperosmotic stress. Values are shown as percent of control. Asterisk indicates
significant difference from control (*p<0.001).
Figure 2.
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Figure 3.
Astrocytes swell during high-!< treatment and recover in control
ACSF. A1-A3, 2PLSM sequence of a GFP-expressing astrocyte from CA1
region. The astroglial soma and processes (A1, control) swell during 3 min of
exposure to 26 mM K ACSF (A2) and return to control morphology after 20 min
in control ACSF (A3). A4, Overlay showing the merged control (A1, red) and
experimental (A2, green) images. Arrows point to green areas representing
swelling during exposure to high I< ACSF, which then reverses (A5). 8,
Summary from 12 astrocytes in 6 slices from 3 animals showing astroglial soma
swelling induced by 3 min exposure to 26 mM I< ACSF. Values are shown as
percent of control measurements. Asterisks indicate significant difference from
control (*p<0.001).

Figure 4.
Astrocytes and neurons swell and dendrites bead in response to
oxygen/glucose deprivation. A 1,A2, 2PLSM images of a GFP-expressing
astrocyte (arrow) and dendrites (asterisk) from CA 1 region before (A 1) and after
10 min exposure to OGD, resulting in astroglial soma swelling and dendritic
beading (A2). The region is cropped to show the same field before and after
OGD. 81,82, 2PLSM images of a GFP-expressing neuron (green) and
astrocytes stained with SR101 (red) in a slice from somatosensory cortex. The
neuronal (asterisk) and astroglial somata (arrows) seen in control (81) become
swollen and dendrites bead as the entire field expands during 10 min of OGD
(82). C1-C6, 2PLSM time sequence of a GFP-expressing astrocyte from CA1
during OGD. Time of OGD exposure is indicated within each image. The soma is
swollen within 5 min (C4) and remains swollen for the entire 10 min exposure
(C6). D1-D6, 2PLSM time sequence of an astrocyte and adjacent dendrite
exposed to OGD (control in D1; subsequent images show time stamps during 10
min of OGD). The astrocyte swells around 4.5 min (D3) and the dendrite beads
during the next minute (asterisks; D4-D6). E, Summary from 22 astrocytes in 10
slices from 6 animals showing the effect of 10 min of OGD on astroglial soma
area. Values are shown as percent of control. Asterisk indicates significant
difference from control (*p<0.001). F, Graph of the events depicted inC showing
the time course of astroglial soma swelling during OGD. Values are shown as
percent of control. Asterisk indicates significant difference from control (*p<0.05,
**p<0.01).

43

E
('0

CD
....

<(
('0

E

0
(/J

0....
....c:

0
()

-....
0

c:

~
CD

a..

160·
140

n=22

F
*

~

120
100

n=12

**

130

**

**

<(

**

('0

.....----,

E 120 ·
0
en
110 1
c:

80

**

e-

60 1
40

-

100 1

CD
~
CD

90 ·

0
()

....c0

20
0

('0

140

Control

OGD
10min

a..

1

2

lL
3

4

5

*

6

OGD (min)

7

8

9

10

44

C1
IV

!!?
<(

IV

E

14o
130

110

e'E

100

(.)

90

0

j

C2
n= 12 astrocytes

120

~

0

*

60

~

*

n=7 neurons

*

140

~ 130
~ 120

i

110
(.) 100

I

80

1o

IV

16o
150

0

90

'E

80

~

1

~-:---:----'

Control

OGD
10min

a.
Reox
1 min

Reox
1Smin

Reox
30min

70
60 '----'~--

Control

0GD
10min

Reox
37 min

Astrocytes, but not neurons, show recovery from OGD-induced
swelling in cortical slices. A 1-A4, 2PLSM sequence of a GFP-expressing
astrocyte from CA 1 region of hippocampal slice. The astroglial soma (A 1,
control) swells during 10 min of OGD (A2). The swelling rapidly reverses during 1
min of exposure to control ACSF (A3), and volume remains constant during the
next 15 min of reoxygenation (A4) . 81-83, 2PLSM sequence of a GFPexpressing pyramidal neuron. The neuronal soma (81, control), swells during 10
min of OGD (82) but does not recover following 77 min of reoxygenation (83).
C1, Summary from 12 astrocytes in 9 slices from 5 animals showing the effects
of 10 min OGD and subsequent reoxygenationlnormoglycemia on astroglial
soma area. Values are shown as percent of control. Asterisk indicates significant
difference from control (*p<0.01) . C2, Summary from 7 neurons in 7 slices from 6
animals showing the effects of 10 min OGD and subsequent reoxygenation (36. 7
± 26.5 min) on neuronal soma area. Values are shown as percent of control.
Asterisks indicate significant difference from control (*p<0.001).
Figure 5.
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Figure 6.
Astrocytes swell in vivo following intraperitoneal water injection.
A1,A2, 2PLSM images of an astrocyte (green) from layer /IIIII of somatosensory
cortex with the soma surrounding a blood vessel (red) labeled with Texas Red
dextran. The astrocyte (A1, control) is swollen at 10 min after IP water injection
(A2). 81,82, An astrocyte whose soma does not directly contact a blood vessel
(but does make contact via endfeet, confirmed by following processes in zseries) is swollen by 8 min after water injection. C, Summary from 21 astrocytes
from 10 animals showing increase in astroglial soma area following water
injection. Values are shown as percent of control. Asterisk indicates significant
difference from control (*p<0.05, **p<0.001).
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Figure 7.
Astrocytes swell in vivo following global ischemia induced with
cardiac arrest by air embolization. A1,A2, 2PLSM images of an astrocyte (green)
from layer IIIII/ of somatosensory cortex and blood vessels (red). Blood flow
within a capillary in control (A1, arrow) is indicated by streaking caused by
scanning of moving non-fluorescent red blood cells. Blood flow stalls following
cardiac arrest (A2, arrow) accompanied by swelling of astroglial soma and
processes. Despite process swelling (A2), the area of the astroglial arbor
remains constant. The blue outline (A 1,A2) indicates the perimeter of the visible
astroglial domain. 81, Summary showing an increased astrogJial soma area after
global ischemia. Values are percent of control from 14 astrocytes from 6 animals.
Asterisk indicates significant difference from control (*p<0.01). 82, Summary of
measurements of the same astrocytes from 81, showing constant area of the
astroglial arbor following global ischemia (p=O.BOB). Values are shown as percent
of control.
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Supplemental Figure 1. A1, MIP image of several optical sections through st.
radiatum of CA 1 area in hippocampal slice from the FVBIN-Tg(GFAPGFP)14MesiJ mouse. Astrocytes and the endfeet outlining the blood vessel are
clearly visualized. A2, MIP image of cortical slice reveals astrocyte-specific
labeling with SR101. 81, Low magnification image of CA1 hippocampal
pyramidal neurons and astrocytes from hybrid YFP-neuronal I GFP-astroglial
mouse. 82, Higher magnification of the boxed region from 81. Arrow indicates an
astroglial soma. 83, Dual color image of CA 1 pyramidal neurons (yellow) and
astrocytes (green) from hybrid YFP-neuronal I GFP-astrog/ial mouse.
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Supplemental Figure 2. 2PLSM images from a mouse with thinned skull
cranial window (Grutzendler and Gan, 2005). A1,A2, An astrocyte (green) from
layer IIIII/ of somatosensory cortex with the soma contacting a blood vessel (red)
labeled with Texas Red dextran. The astrocyte (A1, control) is swollen by 12 min
after IP water injection (A2). 81,82, An astrocyte associated with blood vessels
via endfeet is swollen by 10 min after water injection.
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Abstract

Spontaneous

spreading

depolarizations

(SDs)

occur

in

the

penumbra

surrounding ischemic core. These SDs, often referred to as peri-infarct
depolarizations, cause vasoconstriction and recruitment of the penumbra into the
ischemic core in the critical first hours after focal ischemic stroke; however, the
real-time spatiotemporal dynamics of SO-induced injury to synaptic circuitry in
the penumbra remain unknown. A modified cortical photothrombosis model was
used to produce a square-shaped lesion surrounding a penumbra-like "area at
risk" in middle cerebral artery territory of mouse somatosensory cortex. Lesioning
resulted in recurrent spontaneous SDs. In vivo two-photon microscopy of GFPexpressing neurons in this penumbra-like "area at risk" revealed that SDs were
temporally correlated with rapid (<6 s) dendritic beading. Dendrites quickly (<3
min) recovered between SDs to near-control morphology until the occurrence of
SO-induced terminal dendritic injury, signifying acute synaptic damage. SDs are
characterized by breakdown of ion homeostasis that can be recovered by ion
pumps if energy supply is adequate. Indeed, the likelihood of rapid dendritic
recovery between SDs was correlated with the presence of nearby flowing blood
vessels, but the presence of such vessels was not always sufficient for rapid
dendritic recovery suggesting that energy needs for recovery exceeded energy
supply of compromised blood flow. We propose that metabolic stress resulting
from recurring SDs facilitates acute injury at the level of dendrites and dendritic
spines in metabolically compromised tissue, expediting penumbral recruitment
into the ischemic core.
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Introduction

In focal stroke, failure of the Na+-K' pump caused by depletion of ATP
results in a wave of a cortical spreading depolarization (SD) of neurons and glia
referred to as anoxic depolarization (AD) (Dirnagl et al., 1999). AD propagates
through the stroke focus leading to dramatic neuronal and glial swelling, dendritic
beading and spine loss (Obeidat et al., 2000; Andrew et al., 2007; Murphy et al.,

2008). Without immediate reperfusion, AD spread defines the primary region of
acute neuronal death, the ischemic core (Kaminogo et al., 1998). As AD spreads
throughout metabolically compromised penumbra surrounding the ischemic core
it becomes transient depolarization, often termed peri-infarct depolarization (PID)
(Back et al., 1996; Hossmann, 1994; Obrenovitch,

1995). PIDs occur

spontaneously over several days post-injury both clinically and experimentally
(Hartings et al., 2003; Fabricius et al., 2006; Dreier et al., 2006; Dohmen et al.,

2008). It is proposed that each PID is initiated at the edge of ischemic core by
elevated [K1o and glutamate, a product of maintained depolarization and
necrosis within the core (Nedergaard, 1996; Strong and Dardis, 2005). PIDs
propagate away from the ischemic core along a decreasing gradient of metabolic
stress and into healthy tissue, where repolarization occurs relatively quickly
(Nedergaard, 1996) because energy resources are not compromised. At this
point, it is classic spreading depression (Leao, 1944). Hence, AD, PIDs and
spreading depression are thought to represent variations of a common
depolarizing and propagating process (i.e. SD) that depend upon the degree of
local metabolic compromise. Collapse of ion homeostasis is the hallmark of SD.
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Although short-lasting SDs are withstood in healthy tissue, longer-lasting SDs are
harmful in metabolically challenged tissue (Oiiveira-Ferreira et al., 201 0). In
moderately ischemic penumbra recurring SDs further elevate metabolic stress
due to the mismatch between energy supply and increased energy needs for
recovery of ion gradients by ion pumps. Accompanying arteriole/capillary activity
also contributes to the metabolic stress. Perfusion may decrease transiently
during an SD in the penumbra resulting in abrupt reduction of cerebral blood flow
(CBF) (Dreier et al., 2000; Shin et al., 2006; Strong et al., 2007) leading to
stepwise expansion of severely hypoperfused cortex (Shin et al., 2006). Hence,
the depolarizing and hemodynamic activity of recurring SD contributes to infarct
growth into the penumbra (Hartings et al., 2003; Dreier et al., 2006; Shin et al.,
2006; Mies et al., 1993), worsening the neurological deficits following stroke
(Dirnagl et al., 1999). However, the direct evidence for SO-induced acute
damage to fine synaptic circuitry within penumbra is lacking and the real-time
spatioternporal dynamics of such injury and recovery remain unknown.
Photochemical thrombosis allows consistent, reproducible creation of a
cerebral infarction (Watson et al., 1985). The modified "ring" model of this
method enables precise placement of the lesion perimeter and establishment of
an ischemic penumbra-like "area at risk" (Wester et al., 1995; Jiang et al., 2006).
Here, we have adapted this highly reproducible model of penumbra in
conjunction with in vivo 2-photon laser scanning microscopy (2PLSM) to reveal
dramatic spatiotemporal changes in dendritic integrity with the passage of each
SD in the metabolically challenged penumbra-like "area at risk".
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Materials and Methods

Transgenic mice. All procedures follow National Institutes of Health

guidelines for the humane care and use of laboratory animals and underwent
yearly review by the Animal Care and Use Committee at the Medical College of
Georgia. All efforts were made to minimize animal discomfort and reduce the
number of animals used. Founders of the 86.Cg-Tg(Thy1-EGFP)MJrs/J colony
[GFP-M] were kindly provided by Dr. J. Sanes (Harvard University). Mice of the
GFP-M strain display bright fluorescence in a small fraction of pyramidal neurons
of the neocortex providing high contrast thus facilitating imaging. A total of 64
GFP-M and wild-type male and female mice at average age of 4 months were
used in this study.
Preparation of mice for in vivo imaging. Craniotomy for the optical window

followed a protocol adapted from Holtmaat et al. (2005) implemented as
described recently (Risher et al., 2009). Mice were anesthetized with an
intraperitoneal injection of urethane (1.5 mg/g body weight). Body temperature
was maintained at 37°C with a heating pad (Sunbeam). Tracheotomy was
performed on all animals to minimize potential breathing problems that may
result from prolonged anesthesia. A short -1 em L-shaped glass capillary (1.2
mm diameter) was inserted into the trachea and secured with 2 sutures. Skin
covering the cranium above the somatosensory cortex was removed. A custommade 1.3 em diameter plastic ring was glued with dental aerylic cement (Co-Orallte Dental) to stabilize the head with a mouse headholder during craniotomy and
.

.

imaging. A dental drill (Midwest Stylus mini 540S) with Y. bit was used to thin the
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circumference of a 2-4 mm diameter circular region of the skull centered at
stereotaxic coordinates -1.8 mm from bregma and 2.8 mm lateral. Forceps were
used to lift up the thinned portion of the skull. An optical chamber was
constructed by covering the intact dura with a thin layer of 1.5% agarose
prepared in a cortex buffer containing (in mM) 135 NaCI, 5.4 KCI, 1 MgCI 2 , 1.8
CaCI 2 , 5 HEPES, pH 7.3. The optical chamber was left open in most experiments
to facilitate access with a glass microelectrode. Following installation of the
Ag/AgCI pellet ground electrode (A-M Systems) under the skin above the nasal
bone, the stage containing head holder, mouse, and heating pad was mounted on
the Luigs & Neumann microscope stage for imaging. Mice were maintained
under urethane anesthesia for the entire imaging session. Rectal temperature
was monitored continuously with IT-18 thermocouple (ADinstruments) and Fluke
51 thermometer and maintained at 3rC. Heart rate was monitored using DAM60 amplifier (WPI) throughout the entire study. Depth of anesthesia was
assessed by toe pinch and heart rate (450-650 beats/min) monitoring,
maintained with 10% of the initial urethane dose if necessary. Hydration was
maintained by intraperitoneal injection of 100 iJI 0.9% NaCI with 20 mM glucose
at 1 h intervals. A 0.1 ml bolus of 5% (w/v) Texas Red Dextran (70 kDA)
(Invitrogen) in 0.9% NaCI was injected into the tail vein for blood flow
visualization. In a small number of experiments 0.1 ml bolus of 5% (w/v) FITC
dextran (500 kDa) (Invitrogen) in 0.9% NaCI was used. All chemicals were from
Sigma Chemical unless indicated otherwise.
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In a subset of mice we assessed whether blood-gas parameters were
comparable at the beginning and at the end of experiments using mixed arterial
and venous blood samples. Seven stroked mice were decapitated at the end of
imaging experiments. 100 1-11 of blood was collected and immediately quantified
with a CG8+ blood-gas cartridge and iStat1 blood-gas analyzer (Abbott).
Corresponding

blood

parameters

were

measured

at the

beginning

of

experiments in age and sex-matched mice (n=?) that were anesthetized with
urethane (1.5 mg/g body weight) and decapitated for blood collection.
Assessment of blood oxygen level and the acid-base balance indicated that
under our imaging conditions these blood parameters remained stable. Mice
hydration was also stable during imaging as indicated by the hematocrit
measurements. In addition to assessing stability of blood-gas parameters in
mixed arterial and venous blood samples we measured blood oxygen saturation
in a subset of mice (n=7) using MouseOx® pulse oximeter mounted on the left
thigh. Oxygen saturation level remained above 90% for duration of experiment
indicating that under our imaging conditions mice were respiring properly.
Electrophysiological recording of electroencephalogram (EEG) and SDs.

The cortical slow direct current (DC) potential and spontaneous EEG activity
were recorded with glass microelectrode (filled with 0.9% NaCI, resistance 1-2
MO) inserted through dura to the site of imaged dendrites within layer I of
somatosensory cortex. Signals from Multi Clamp 2008 amplifier were filtered at 1
kHz, digitized at 10kHz with Digidata 1322A interface board and analyzed with
pCiamp 9 software (Molecular Devices).
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2PLSM. Images were collected with the Zeiss IR-optimized 40x/0.8 NA

water immersion objective using the Zeiss LSM 510 NLO META multiphoton
system mounted on the motorized upright Axioscope 2FS microscope. The scan
module was directly coupled with the Spectra-Physics Ti:sapphire broadband
mode-locked laser (Mai-Tai) tuned to 910 nm for 2-photon excitation. To monitor
structural changes with GFP, three-dimensional (30) time-lapse images were
taken at 1 IJm increments using 3x optical zoom, yielding a nominal spatial
resolution of 6.86 pixels/IJm (12 bits/pixel, 0.91 IJS pixel time) across a 75x75 !Jm
imaging field. Emitted light was detected by internal photomultiplier tubes (PMT)
of the scan module with pinhole entirely opened. Image stacks (consisting of 1520 1 IJm sections) were usually taken every 1 to 2 minutes during the first 30 min
after the initial induced SO and then at 30 minute intervals afterwards (in order to
decrease the risk of laser overexposure) unless an SO was seen to be occurring
via the electrophysiological recording, in which case images were taken
immediately at 1 minute intervals until dendrites recovered. Imaging continued for
up to 5 hours post-stroke. If shifting of the focal plane occurred, the field of focus
was adjusted and re-centered prior to acquiring image stacks (Risher et al.,
2009).
Image analysis. LSM 510 Image Examiner (Zeiss) was used together with

lmageJ (NIH) and Bitplane lmaris and AutoAiigner for image analysis. A median
filter (radius=2) was applied to images in figures to reduce photon and PMT
noise. Dendritic beading was identified as the appearance of rounded regions
extending beyond the diameter of the parent dendrite separated by "interbead"
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segments, occurring at any point along the length of the dendrite within the
imaging field. A spine was considered lost when there was no indication of a
spine head extending more than Y. of its diameter beyond the beaded portion of
the dendrite. Dendritic recovery was defined as the reversal of beading, i.e. the
disappearance of the rounded "beaded" regions. The shortest 30 linear distance
between the edge of a dendritic profile and blood vessel surface was calculated
using the 30 measurement tool of the LSM 510 Image Examiner.
Photothrombotic stroke model. A bolus of Rose Bengal (RB) was injected

through the tail vein (0.03 mg/g, diluted to 10 mg/ml in 0.9% NaCI) over 15 s with
a syringe pump (World Precision Instruments). With LSM 510 software, a squareshaped region of interest (ROI; 1270x1270 J.lm) was positioned over middle
cerebral artery (MCA) territory (Fig. 1A, Supplemental Movie 1). In this ROI only
the perimeter (100 J.lm wide) was irradiated with the 514 nm Ar-Kr laser line of
the LSM system through a 1Ox/0.3 NA water immersion objective. Average
power through the objective was -3 mW. The central square (1 070x1 070 J.!m,
representing penumbra-like "area at risk") was not illuminated by the laser beam.
Since RB is a potent photosensitizer, laser irradiation resulted in vascular
coagulation in the perimeter (Fig. 1A, Supplemental Fig. 1, Supplemental Movie
1). Photothrombosis was stopped immediately upon occurrence of the initial
induced SO recorded within the central square in the vicinity of imaged dendrites
(Fig. 1A, inset).
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Fluoro-Jade staining. Following photothrombosis at 6/24/48/72 h, a subset
of wild-type mice were perfused with 4% paraformaldehyde (Electron Microscopy
Sciences). Brains were removed and transferred into vial 4% PFA overnight.
Next day, brains were cut into 100 1-1m sections, mounted with distilled water onto
gelatin coated slides and dried overnight. Slides were then hydrated through
graded alcohols to distilled water, placed into a solution of 0.06% KMn04 for 15
min, rinsed in distilled water and then stained with 0.001% Fluoro-Jade solution
(Histo-Chem) for 30 min. Sections were then rinsed in distilled water, dried,
cleared with xylene and mounted on the microscope slides with DPX (Aldrich)
mounting media for further examination.

2,3,5-tripheny/tetrazolium

chloride

(TTC)

staining.

Following

photothrombosis at 5 h, a subset of wild-type mice were perfused with ice cold
saline. Brains were removed, rinsed in ice cold saline and cut using rodent brain
matrix (ASI Instruments) into 1 mm sections. Sections were placed in 2% TTC
(cold before use) (Beckton-Dickinson) in 1x PBS solution at room temperature for
30 min and then fixed with 4% PFA.

CBF

measurements.

Two-dimensional

maps

of

CBF

with

high

spatiotemporal resolution were obtained by laser speckle imaging as described
elsewhere (Sigler et al., 2008; Dunn et al., 2001 ). Briefly, the cortical surface was
illuminated at an angle of -30° by a 785 nm StockerYale laser with Edmund
Optics anamorphic beam expander and imaged with a 4x/0.075 NA objective.
300 images were captured at 13 Hz using 20 ms exposure by the Zeiss AxioCam
MRm CCD camera controlled by AxioVision software (Zeiss). Using two-
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dimensional variance filtering (3x3 pixel kernel size, 3.23 IJm/pixel) function of
lmageJ individual images of variance were created from raw speckle images and
then the square root of the averaged variance image was taken to calculate a
single 32-bit image of the standard deviation. An image of laser speckle contrast
(k) was obtained by dividing the standard deviation image by the mean of all raw
images.
We quantified relative changes in CBF velocity using speckle correlation
time values (-cc) as described elsewhere (Dunn et al., 2001; Tom et al., 2008;
Ayata et al., 2004). Briefly, k images were converted to relative correlation time tc
images with the asymptote algorithm method using the equation tc == 2T~, where
T is the camera's exposure duration (Tom et al., 2008). Since the velocity of
blood flow is assumed to be inversely proportional to speckle correlation time
(Dunn et al., 2001), inverse speckle correlation time images (1/tc) were
calculated in control, at different times after photothrombotic occlusion and at the
end of experiments after cardiac arrest induced by 1 ml of air embolization into
the tail vain. The post-cardiac arrest 1/tc image (corresponding to biological zero
flow) was subtracted from the 1/tc control and experimental images to create
relative CBF images (percentage of baseline CBF). To quantify relative changes
in CBF velocity, 28-31 ROis covering most of the penumbra-like "area at risk"
but omitting major vessels were drawn. A mean control (baseline) value of 1/tc
and mean 1/tc post-occlusion values were calculated using these ROis and
percent of baseline CBF was computed.
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Conventional laser Doppler recordings of CBF were conducted in wildtype mice using Peri Flux 5000 system (Perimed PF501 0 laser Doppler perfusion
monitoring unit) equipped with small Probe 407-1 (Perimed) and PeriSoft
analysis software.
Statistics. SigmaStat (Systat) and Statistica (StatSoft) were used for

statistical analyses. Two-tailed unpaired Student's t-test and Mann-Whitney U
Test were used to compare group means for parametric and nonparametric data,
respectively. One-way RM ANOVA was used to compare means over different
time points. The Chi-Square test was used to analyze data arranged in
contingency tables. The significance criterion was set at P<0.05. Data are
presented as mean±s.e.m.

Results
Localized square-shaped photothrombotic occlusion creates an ischemic
penumbra-like "area at risk" with spontaneous recurring SDs.

Several dendrites from layer I of somatosensory cortex were selected for
real-time 2PLSM imaging with a glass recording microelectrode placed in their
vicinity. A square-shaped ROI centered above these dendrites was irradiated
with a 514 nm green laser to activate the photosensitive dye RB, administered
intravenously, to create the ischemic lesion surrounding a penumbra-like
hypoperfused "area at risk" (Fig. 1A, Supplemental Fig. 1, Supplemental Movie
1). Photothrombosis was performed until confirmation of a negative deflection of
the cortical slow DC potential recorded at the site of imaged dendrites in the
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middle of the penumbra, signifying the initial induced SD (Fig. 1A, inset). Induced
SD was followed by spontaneous recurring SDs in 26 out of 34 mice, with a
maximum of 8 SDs recorded during the first 3-5 h following stroke (Fig. 18). Only
these spontaneous SDs (81 total), and not the initial induced SDs, were included
in the analysis for these experiments unless stated otherwise. To confirm that
these DC deflections represented SDs we used two recording microelectrodes in
five experiments with 19 total SDs. The DC potential shift at the microelectrode
placed at the imaging site near the middle of the penumbra was followed by
stereotypical DC shift at the microelectrode placed -1 mm outside of the lesion.
The time delays between the two microelectrodes confirm propagating SDs of
multifocal origin. As expected for SDs, depolarization was accompanied by
suppression of the spontaneous EEG activity with >80% reduction of the power
spectrum amplitude (mV2/Hz) in the 0.3-3 Hz frequency domain (Murphy et al.,
2008; Oliveira-Ferreira et al., 201 0).
Photothrombotic occlusion produced an ischemic lesion verified by TTC
staining as early as 5 h post-stroke (Supplemental Fig. 2A). Staining with FluoroJade did not detect dying neurons at 6 h after photothrombosis, but did confirm
the presence of dying neurons in the upper cortical layers and some in layer V at
24 h (n=4 mice, data not shown). Massive neuronal death extending through all
cortical layers was detected at 48 and 72 h post-stroke (Supplemental Fig. 28).
To confirm changes in regional CBF we conducted laser Doppler
measurements with a small probe (1 mm diameter) positioned over the
penumbra zone. Penumbra underwent progressive hypoperfusion with regional
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CBF declining from 62.2 ± 9.7% of the control value at 30 min post-stroke to
29.5±5.3% at 5 h (P<0.02, one-way RM ANOVA, n=4 animals). Since
conventional laser Doppler flowmetry has limited spatial resolution, we employed
laser speckle imaging to acquire higher resolution two-dimensional maps of CBF
to further confirm progressive changes in CBF (Fig. 1C,O). The changes in laser
speckle signals were similar in magnitude to the changes in the Doppler blood
flow signals. Laser speckle imaging revealed a drop in CBF into the flow range
indicative of the penumbra immediately after photothrombotic occlusion
(45.4±9.0% of control, P<0.03, paired t-test; Fig. 10, time 0). Both methods
confirmed that blood flow in the area at risk decreased by approximately 30%
between 30 min and 5 h after beginning of occlusion. As revealed in a subset of
experiments (n=4), the area of severely hypoperfused cortex (<20% of control
CBF) within penumbra-like "area at risk" expanded during SD on average by
29.0±8.4% of the pre-SD value (P<0.03, paired t-test; Supplemental Fig. 3A,B).
In experimental ischemia, SDs are associated with vasoconstriction leading to
abrupt reduction of CBF and growth of a region of metabolic compromise (Dreier
et al., 2000; Shin et al., 2006; Strong et al., 2007). We conclude that squareshaped photothrombotic occlusion is an adequate representation of penumbralike hypoperfused area that can be precisely anatomically localized and
compared between animals. We therefore used this model to study the
spatiotemporallink between dendrites and recurring SDs in penumbra.
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Successive rounds of dendritic beading and recovery coincide with
passage of SDs.
Transient global ischemia in vivo results in dendritic beading and spine
loss coincident with the passage of ischemia-induced SO, followed by recovery of
dendrites and spines during reperfusion (Murphy et al., 2008). Here, we used
2PLSM to determine whether recurring spontaneous SDs augment dendritic
injury by promoting acute damage to dendrites and spines in the penumbra. In
the representative experiment shown in Fig. 2A, SDs are paralleled by rapid
changes in dendritic structure. The intact control dendrite was beaded when
imaged immediately after the initial induced SO at 8 min. Following passage of
the SO, the beading subsided and dendrites assumed their original structure. A
cluster of spontaneous SDs was coupled with another round of rapid dendritic
beading, with dendritic recovery accompanying DC recovery as shown at 16 min.
A single spontaneous SO at 19 min coincided with another beading and recovery
(shown at 22 min). We confirmed in control experiments (n=4) that this acute
beading response of dendrites does not occur in the absence of SDs by doing
2PLSM

imaging

and/or

514

nm

laser

exposure

without

RB-assisted

photothrombosis (Supplemental Fig. 4). A second example of acute dendritic
beading in response to SDs shown in Fig. 28 and Supplemental Movie 2
confirms rapid dendritic beading and spine loss (II) coinciding with the initial
induced SO. Some spines reappeared in their original locations (Ill) as the
dendrites rapidly recovered (this dendritic recovery averaged -74 s),. but some
spines are permanently lost. Following a round of spontaneous SO-induced rapid
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beading (taking -6 s to reach maximum bead size) (IV) and recovery (V),
dendritic structure remained relatively stable over the next several hours of
imaging until a single SO occurred and rapid beading and spine loss happened
once more. After this event, the dendrites and spines did not recover during the
next 2 h, suggesting that the accumulated stress of the prior SOs led to terminal
dendritic injury. In total, 76% of the mice that had detectable spontaneous SOs
experienced this terminal SO-induced beading. The final spontaneous SO was
detected with an average onset time of 37.0±11.9 min since initial induced SO.
As seen in panel IV of Fig. 2B, blood flow slowed in one of the capillaries
(diamond) adjacent to the imaged dendrites as a spontaneous SO was occurring
(see also Supplemental Movie 2). Changes in blood flow velocity were confirmed
visually by less regular streaking in a vessel (Zhang and Murphy, 2007; Risher et
al., 2009). We looked more closely at the relationship between SOs, blood flow
and dendritic beading to determine if acute rapid dendritic changes occurred as a
result of local hypoperfusion or SO (Fig. 3). SO consistently occurs alongside
dendritic beading but changes in capillary blood flow are more variable. There
are cases where blood flow slowed seconds prior to dendritic beading (Fig. 3A),
when beading preceded blood flow slowing (Fig. 38), and when beading
occurred without a visible change in local blood flow velocity (Fig. 3C). We also
observed instances where local blood flow was completely stalled without a rapid
change in dendritic appearance (Supplemental Fig. 5). In these cases, terminal
beading induced by spontaneous SO was not observed. In the first example
(Supplemental Fig. 5A) dendrites remained stable for many minutes despite loss
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of blood flow in nearby capillaries before beading occurred. In the second
example (Supplemental Fig. 58) the dendrite remained stable for several hours
without blood flow in a nearby capillary until an additional photothrombosisinduced SO finally beaded the dendrite. These observations suggest that SO is
consistently associated with rapid dendritic beading independently of changes in
nearby capillary blood flow, but in the absence of SO dendrites may remain intact
longer even if capillary blood flow is lost
Dendritic beading and spine loss were quantified to test whether there was
a progressive increase in structural damage to dendrites in the penumbra
associated with each SO. Bead diameter and spine density were quantified in a
subset of 5 experiments with at least 4 SDs. Each SO resulted in rapid dendritic
beading followed by fast recovery during repolarization. Following induced SO,
bead diameter and density remained constant during each subsequent
spontaneous SO (Fig. 4A; see also Fig. 2 and Supplemental Movie 2). There was
a significant loss of spines immediately after the induced SO as spine density
decreased from 2.64 spines/10 1-1m in control to 1.67 spines/10 1-1m following
recovery (Fig. 48, left). After this initial decrease the density of recovered spines
was not significantly altered after each subsequent SO (Fig. 48, right) until
terminal beading and complete spine loss. Thus with passage of multiple SDs,
dendrites undergo similar rounds of rapid beading and recovery without a
progressive increase in visible structural damage until terminal beading occurs.
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The probability of rapid dendritic recovery is not linked with the
quantitative features of SDs.
We calculated parameters of each SD including amplitude, duration,
maximum rate of depolarization, onset time from the beginning of induced SD
and time since previous SD onset. We next determined if these quantitative
features of SDs could predict rapid dendritic recovery from beading (i.e. recovery
that occurs in less than 3 min after beading onset, excluding four cases where a
dendrite became beaded and did not recover until later in the experiment). Fig.
5A shows dendrites that beaded during passage of an SD front and recovered
during subsequent repolarization, while Fig. 58 shows beading without
immediate structural recovery. With all of these quantitative parameters (Fig. 5C),
there was no significant difference between those dendrites which were able to
recover quickly after beading and those that were not, indicating that the
quantitative features of SDs do not determine the likelihood of subsequent rapid
dendritic recovery. However, the probability of terminal dendritic injury was
correlated with total SD duration. Mice with terminal dendritic injury had
significantly greater total SD duration than those that did not experience terminal
injury (4.97±1.1 0 min with terminal injury vs. 1.99±0.53 min without, P=0.0044,
Mann-Whitney U Test), strengthening the idea that accumulated stress resulting
from SDs expedites acute dendritic injury in the ischemic penumbra.
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The likelihood of rapid dendritic recovery is usually linked with the
presence of nearby flowing blood vessels.
Upon inspection of Fig. 5A,B it seemed that the presence of a nearby
flowing blood vessel might have predictive value for rapid dendritic recovery. It
has been shown that individual flowing vessels can support intact dendritic
structure within -80 1-1m (Zhang and Murphy, 2007). Therefore, we determined
whether presence of nearby flowing vessels will predict synaptic circuitry
outcome. A close-up of a dendrite in Fig. 6A reveals a nearby flowing vessel that
was not stalled during an SO. Though the dendrite became beaded during the
SO, the indicated spine remained present. A second example shows a vessel
that became stalled during an SO (Fig. 68). Here, dendritic beading was
accompanied by spine loss and a lack of recovery. This differential dendritic
response to SOs was quantified in Fig. 6C and correlated with the presence of a
nearby flowing vessel located within 20 iJm, as measured in 30. Greater than

80% of all SOs resulted in dendritic beading, regardless of whether there was a
nearby flowing vessel. Rapid dendritic recovery occurred more frequently when
there was a nearby flowing vessel (81.5%±7.6% vs. 34.6%±9.5% when flowing
vessel absent). In all cases when a nearby flowing vessel was present the
probability of dendritic recovery was independent of vessel diameter (5.84±1.84
1-1m without recovery vs. 5.02±0.52 1-1m with recovery, P=0.6, t-test). Thus, the
availability of nearby flowing vessels can usually predict the occurrence of rapid
dendritic recovery following SO-induced beading. Nevertheless, in about 1/3 of
cases dendrites did not recover even in the presence of a nearby flowing vessel,
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suggesting that energy needs for recovery exceeded energy supply of
compromised blood flow.

Discussion

We used real-time in vivo imaging of dendritic circuitry in the penumbra to
directly examine dynamics of SO-induced injury and recovery of dendrites and
dendritic spines. The location of the penumbra was defined within the borders of
a photochemically-induced square-shaped ischemic lesion. Coinciding with the
passage of SDs is dendritic beading which is reversible as long as sufficient
residual blood flow is present. It appear-s that once the energy demands for
recovery are no longer met by the diminishing blood flow, dendrites become
irreversibly damaged by an SD, signifying the cellular component of penumbral
recruitment into the infarct core.
Recently the wide-field photothrombosis over a large cortical area was
successfully used with 2PLSM to reveal dynamic changes in dendritic structure,
blood flow and cortical function immediately after stroke (Zhang and Murphy,
2007; Zhang et al., 2005; Enright et al., 2007) and during long-term recovery
(Winship and Murphy, 2008; Brown et al., 2007; Brown et al., 2009).
Photochemical thrombosis and 2PLSM were also effectively employed for
targeted occlusion of individual surface arterioles (Schaffer et al., 2006;
Nishimura et al., 2006; Sigler et al., 2008) to study alterations in dendritic circuitry
and cortical function (Zhang and Murphy, 2007) as well as cortical remapping
(Sigler et al., 2009). In the traditional photothrombotic stroke protocol (Watson et
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al., 1985) a lesion of consistent size and location is created over a large cortical
area. We have adapted a variation of a "ring" model of photochemical thrombosis
(Wester et al., 1995; Jiang et al., 2006) and integrated it with our 2PLSM system
to create a small square-shaped ischemic lesion surrounding a penumbra-like
area at risk. This stroke model avoids the difficulty in defining in real-time the
precise extent of the penumbra as with wide-field photothrombosis. It creates a
reproducible penumbral zone anatomically localized to the same cortical region,
facilitating comparison between animals. The non-irradiated area at risk inside
the lesion inevitably undergoes progressive hypoperfusion and transforms into
ischemic lesion (Wester et al., 1995). In our hands this model was capable of
consistently generating recurrent spontaneous SDs. SDs cause reduction of
blood flow in metabolically compromised tissue in models of subarachnoid
hemorrhage (Dreier et al., 1998) and focal ischemia (Shin et al., 2006; Strong et
al., 2007; Oliveira-Ferreira et al., 2010). SDs are associated with calcium waves
propagating among astrocytes, resulting in severe vasoconstriction (Chuquet et
al., 2007) that further depletes energy stores (Dreier et al., 2001; Hashemi et al.,
2009), exacerbating the mismatch between energy reserves and metabolic
needs for repolarization. Similarly, in a subset of experiments, we have shown an
increase in severely hypoperfused cortical region (<20% of control CBF) in the
penumbra at the peak of SD. However, CBF responses to SDs were not further
analyzed in this model. Future studies are required to assess neurovascular
coupling during SDs and to elucidate whether a progressive CBF decrease is
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facilitated by SDs in this model. In the current study, we focused on high
resolution imaging of dendrites and nearby capillaries during SDs.
Electrophysiological studies describe SO as a voltage shift to near 0 mV
caused by a large, non-specific inward current (Na•,

cr.

Ca2• influx, K+ efflux)

(Somjen, 2001 ). Prolonged depolarization by recurring SDs is detrimental in
metabolically compromised penumbra in animal models and in patients (OiiveiraFerreira et al., 201 0). If metabolic capacity is inadequate to restore ion
homeostasis, neurons remain depolarized and prolongedly overloaded with Ca2 •
resulting in irreversible neuronal injury and death (Somjen, 2001; Dietz et al.,
2009). Terminal dendritic beading has been associated with irreversible neuronal
injury during ischemia (Hsu and Buzsaki, 1993; Hori and Carpenter, 1994) and it
may be an early indication of cell death pathway activation (Enright et al., 2007).
In our experiments recurrent spontaneous SDs were clearly associated with
dendritic beading, and total duration of all SDs was correlated with incidence of
terminal dendritic beading. Dendritic beading can be also reversible when energy
stores are not compromised, as in the case of cold-induced beading when
energy reserves become available with re-warming (Kirov et al., 2004) or during
cortical SO invoked in healthy tissue with sufficient blood flow (Takano et al.,
2007). Dendritic beading is reversible if reperfusion is possible after focal stroke
(Zhang et al., 2005) or after brief global ischemia (Murphy et al., 2008).
A powerful front of propagating SO swells neuronal somata and causes
dendritic and axonal beading in brain slices during oxygen/glucose deprivation
(Obeidat et al., 2000; Andrew et al., 2007; Risher et al., 2009). Such energy
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deprivation alters the conformation and distribution of the polymeric F-actin
(Atkinson et al., 2004 ), contributing to dendritic beading (Gisselsson et al., 2005).
Low water permeability of ·neuronal plasma membrane provides protection from
abrupt osmotic shifts, stabilizing their structure and function, but this protection
fails under ischemic conditions evoking prolonged depolarization (Andrew et al.,
2007; Risher et al., 2009). The molecular pathways by which water moves
through the osmotically tight neuronal compartment at stroke onset are not well
understood. Bulk water influx might occur through hemichannels or other largepore channels opened by ischemia (Anderson et al., 2005; Thompson et al.,
2006). Transporters may also be responsible for water accumulation as well as
recovery when water might be quickly translocated from neurons by cotransport
proteins (Macaulay and Zeuthen, 2010). In any case, when energy stores are
severely compromised, permanent dendritic beading with spine loss are signs of
acute terminal injury (Obeidat et al., 2000; Andrew et al., 2007; Zhang et al.,
2005; Enright et al., 2007; Davies et al., 2007).
In the penumbra, we observed dendrites as they beaded in response to
recurring SDs. Because local blood flow was not completely abolished in the first
few hours following occlusion, neurons were able to repolarize after a SD.
However, in many cases large SD shifts were superimposed on shallow DC
negativity between SDs, possibly reflecting the fraction of dying neurons that
failed to repolarize (Oiiveira-Ferreira et al., 2010). 2PLSM imaging revealed that
repolarization was accompanied by reversal of dendritic beading in less than 3
minutes. A similar pattern of dendritic recovery between 4-30 minutes develops
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during reperfusion after global ischemia-induced SO (Murphy et al., 2008). A
second round of global ischemia also resulted in dendritic beading, but recovery
was much slower. Single ischemia-induced SO also resulted in the loss of
dendritic structure during MCA occlusion (Li and Murphy, 2008). In our
experiments, the process of rapid dendritic beading and recovery repeated itself
with each recurring SO. Approximately 35% of spines were lost after the initial
induced SO. Further spine loss was transient during subsequent SOs with
reappearance in the same locations during recovery. Rapid recovery after
beading did not occur indefinitely, as the accumulating stress of SOs eventually
took their toll resulting in terminal dendritic beading. Thus, irreversibly damaged
dendrites essentially represent the cellular component of terminal injury,
indicating that these affected penumbral areas had been recruited into the infarct
core.
Rapid dendritic beading occurred simultaneously with SO the majority of
time, while changes in nearby capillary blood flow were much more variable. This
variability of capillary flow might reflect fast redistribution of upstream blood flow
during SO before this SO propagates to the imaging site. In the absence of SO
dendrites may remain intact for extended periods of time despite loss of nearby
capillary flow. In fact, during focal stroke created by a wide-field photothrombosis,
intact dendritic structure can be maintained by flowing vessels located as far as
80 1-1m away (Zhang and Murphy, 2007). In case of severe ischemia (<10% of
control CBF and presumably in the absence of flowing vessels in an 80 IJm
radius) dendrites were beaded within 10 minutes (Zhang et al., 2005). For
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comparison in our study and in Murphy et al. (2008) beading occurs within just a
few seconds during SD. It should be noted that under conditions of continuous
vessel obstruction, the metabolically compromised neurons eventually will swell
and dendrites bead even in the absence of SDs because of the influx of ions
driven by Gibbs-Donnan forces (Somjen, 2004). Neurons will swell without
countered outward transport by ion pumps, mainly by the Na+-K+-ATPase. In
experiments reported here, SDs result in dendritic beading within a few seconds,
thus facilitating acute dendritic injury in the penumbra.
Rounds of dendritic beading and recovery illustrate the structural
resiliency of mature neurons (Kirov et al., 2004). Probability of this fast (<3 min)
recovery was not affected by the quantitative parameters of individual SDs but
was dependent on the presence of nearby flowing blood vessels. In our
experiments, rapid structural recovery had a significantly higher chance of
occurring in dendrites close to flowing vessels, implying that the presence of the
vessel was sufficient to provide the energy required for recovery. However, the
presence of a nearby flowing vessel was not a definitive indication of recovery
since some beaded dendrites did not recover even when a flowing vessel was
<20 !Jm away. This suggests that the metabolic demand of widespread
repolarization following each SD invariably elevates metabolic stress, recruiting
the penumbral areas into the infarct even if residual flow is present.

Figure 1.
Ischemic lesion induced by photoactivation of RB in a squareshaped perimeter leads to creation of a penumbra-/ike "area at risk" with
recurring SDs. A, Cortical vasculature below the imaging window in mouse
somatosensory cortex. Blood plasma was fluorescently labeled with FITC
dextran (500 kDa). The axes identify the rostral (R) and medial (M) directions.
Red arrows indicate branches of the MCA. The main figure shows placement of
the perimeter zone to be irradiated between red and yellow lines. Within this
perimeter, RB mediates photothrombotic occlusion of vascular channels by
irradiation with 514 nm laser light. The penumbra-like area at risk within the
yellow square (1070x1070 Jim) was not exposed to the laser light. A glass
recording microelectrode (red dotted line; resistance 1-2 MQ) is inserted into
cerebral cortex within the area, where all 2PLSM imaging was performed. Scale
bar, 200 Jim. Inset: RB photoactivation is stopped upon confirmation of the initial
induced SD, represented by a downward deflection of the extracellular DC
potential. Average photothrombosis time is 7.87±0. 76 min, n=34 mice. B,
Example recording from microelectrode placed next to imaged dendrites
approximately within the middle of penumbra zone. Arrow indicates the time of
RB injection and start of photoactivation. The first deflection of the cortical slow
DC potential indicates initial induced SO while the second and third deflections
represent spontaneous SDs. Note that spontaneous SO shifts are superimposed
on a shallow DC negativity between SDs. C, Grayscale image sequence of laser
speckle contrast reveals surface CBF directly below the craniotomy, with regions
of high-velocity blood flow appearing dark. Placement of the perimeter zone to be
irradiated (within solid lines) and recording electrode (dotted line) are indicated in
control image. Immediately after induced SD, blood flow velocity in some vessels
is decreasing (example marked with arrowhead) and overall image brightness is
increased, indicating decreased blood flow of the capillary bed. Decline in CBF
progresses over time, as seen at 4.5 h after induced SO. Scale bar, 250 Jim. D,
Time course of changes in average CBF in the penumbra-like "area at risk" over
5 h after photothrombotic stroke (n=5 animals; each animal is represented by a
distinct symboQ calculated by using inverse speckle correlation time images.
Time 0 corresponds with the onset of the initial induced SO. Each data point is
the average of 28-31 RO/s covering most of the penumbra-like "area at risk"
within the square but omitting clearly visible vessels.
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Figure 2.
Dendrites in the penumbra undergo rapid cycle of beading and
recovery coinciding with the passage of SDs. A, Top: Example recording from
microelectrode placed next to imaged dendrites within the middle of penumbra,
showing the photothrombotic occlusion-induced initial SO (-8 min) followed by 4
spontaneous SDs. Note a small DC negative shift on which spontaneous SDs
are riding. Bottom: In vivo 2PLSM high magnification image sequence showing a
branched dendrite from layer I of somatosensory cortex with arrows
corresponding to various timepoints on the above physiology recording. The
dendrite (spines indicated by arrows) appears normal in control but becomes
beaded (asterisks) and spines are lost immediately following induced SO at 8
min. The dendrite and spines are shown to be recovered at 16 min. However, a
subsequent spontaneous SO at 19 min beads the dendrite again, with recovery
shown at 22 min. Scale bar, 5 Jlm. B, Low magnification 2PLSM image sequence
showing dendrites (green) as well as blood vessels (red; labeled with Texas Red
dextran) from layer I of somatosensory cortex. Blood flow within vessels is
indicated by streaking caused by scanning of moving non-fluorescent red blood
cells. The dendrites appear normal during control (I) and undergo rapid beading
(asterisks) and recovery coinciding with SDs (11-V) in similar fashion to the
example shown in A. Blood flow velocity in one of the vessels slows during an
SO (IV; diamond) as dendrites bead, despite no apparent change in the other two
imaged vessels. Some dendritic spines are permanently lost (arrowhead),
transiently lost (chevrons) or persistent (arrows) during SO-induced dendritic
beading. Appearance of dendritic beads is relatively constant during passage of
these SDs. Finally, nearly 3 h after photothrombosis, the dendrites undergo
terminal beading following an SO and are no longer able to recover (VI) (vessels
are no longer clearly seen at this time point due to Texas Red Dextran leaking
out, necessitating a reduction in the red channel gain). Scale bar, 20 Jlm.
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Figure 3.
Dendritic beading consistently coincides with passage of
spontaneous SDs despite variability in capillary blood flow. Changes in blood
flow during spontaneous SDs were assessed from viewing all individual sections
from a z-stack, but only single section images are shown here. Each numbered
2PLSM image (left) corresponds with a timepoint indicated on the respective DC
potential recording at the imaging site (right). In A, the onset of a spontaneous
SD corresponds with the slowing of blood flow in the capillary (asterisk) prior to
dendritic beading, followed by recovery of both blood flow and dendritic structure.
B shows a reversal of these events, with dendritic beading taking place prior to a
transient decrease in capillary flow velocity (asterisk). Finally, dendritic beading
can occur in conjunction with SD with no sign of blood flow velocity change (C) .
Scale bar, 5 pm.
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Changes in dendritic bead parameters and spine density in the
wake of successive rounds of SDs. Bead density/diameter and spine density
were assessed from random 30 jlm segments of 3 dendrites in each imaging
field as observed in maximum intensity projections (MIPs) of 30 stacks. Data
points were only used when an image was taken near the peak of a recorded
SO. A, Data from 5 animals showing constant bead diameter (P=O. 7) and density
(P=0.4, one-way RM ANOVA) during subsequent SDs (regression lines shown).
Values are shown as percent of bead diameter immediately after induced SO. B,
Left, summary from 5 animals showing an initial decrease in spine density
following passage of initial induced SO (mean±s.e.m., *P<0.001, paired t-test).
Right, following the initial SO-induced decrease, spine density is not significantly
altered for the remainder of the experiment in the same 5 animals (P=0.2, oneway RM ANOVA; regression line shown) until the terminal beading resulting in
total spine loss (data point not shown).
Figure 4.

Figure 5.
The probability of rapid (<3 min) dendritic recovery from SOinduced beading is not influenced by the quantitative features of SDs. A, 2PLSM
image sequence of dendrites (green) and a capillary (red) during passage of a
spontaneous SD. The dendrites appear normal and blood flows before SD onset
as indicated by striped image of capillary. The blood flow slows and dendrites
bead during a spontaneous SD. Blood flow returns and dendrites recover
structurally near the capillary within minutes. Scale bar, 5 pm. B, Similar
sequence as shown in A, but interruption in blood flow and dendritic beading are
permanent in this example. Scale bar, 5 pm. C, Quantitative features of SDs,
such as amplitude (potential difference between start of SD and the lowest point
of the DC deflection), duration (time between the points corresponding to half the
DC amplitude and the same potential during recovery), slope (taken from
steepest 4 s segment of SD), onset time (relative to time of induced SD onset),
and time since the previous SD, are not reliable predictors of rapid dendritic
recovery after SO-induced beading (all graphs show mean±s.e.m., P>0.05,
Mann-Whitney U Test).
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Figure 6.
The presence of flowing blood vessel increases probability of rapid
recovery for dendrites beaded by SDs. A, 2PLSM image sequence of a dendrite
(green) and a capillary (red) before, during, and after a SD. The capillary in close
proximity to the dendrite maintains its flow throughout the duration of the SD and
afterward, even as the dendrite itself becomes beaded. The dendrite then swiftly
recovers and the spine (arrow) is present throughout the entire sequence. Scale
bar, 5 J.lm. B, Similar sequence as shown in A, but the capillary blood flow stalls
during the SD (confirmed visually by the loss of streaking in vessels (Zhang and
Murphy, 2007; Risher eta/., 2009)). The dendrite beaded by an SD does not
recover in the absence of a nearby flowing blood vessel, and the spines
(arrowheads) are lost. Scale bar, 5 J.lm. C, Summary from 81 SDs in 26 animals
showing that when dendritic beading occurs (which happens with the majority of
SDs), there is a significant increase in the chances for dendritic recovery when
there is a nearby flowing blood vessel. Values represent the percentage of all
recorded SDs as analyzed within each experiment that are associated with
beading and rapid dendritic recovery. Asterisk indicates significant difference
between conditions when a nearby blood vessel is flowing or stalled (*P<0.05,
Chi-Square Test).
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-

200
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Supplemental Figure 1. Paired images showing changes in CBF in mouse
somatosensory cortex following photothrombotic occlusion. Blood plasma was
fluorescently labeled with FITC dextran (500 kDa). As in Figure 1, the perimeter
zone to be irradiated lies between the red and yellow lines. Within this perimeter,
RB mediates photothrombotic occlusion of vascular channels by irradiation with
514 nm laser light. The penumbra-like area at risk within the yellow square
(1070x1070 JJm) was not exposed to the laser light. Immediately after detection
of induced SO by a glass microelectrode (not shown) inserted within the middle
of the area at risk, numerous blood vessels within the irradiated perimeter are
seen to be stalled (examples highlighted by arrowheads). Scale bar, 200 fJm.
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Supplemental Figure 2. Histological confirmation of a photothrombosisinduced ischemic lesion. A, Representative images of 1 mm serial coronal brain
sections with TTC staining show small infarct at 5 h after photothrombosis
corresponding to the latest time point examined in 2PLSM experiments. Asterisks
indicate areas of infarcted tissue. Scale bar, 2 mm. 8, Coronal brain section with
Fluoro-Jade staining (green) reveals dying neurons in all cortical layers at 72 h
after photothrombosis in a wild-type mouse. Pia and white matter (WM) are
labeled to provide section orientation. Scale bar, 500 pm.
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Supplemental Figure 3. SO-induced expansion of the area of severely
hypoperfused cortex. A, Paired pseudocolored images of relative CBF
(representing the 1070x 1070 pm square comprising the penumbral area at risk)
showing an increase in severely hypoperfused cortex during an SO. To facilitate
comparison, grayscale laser speckle contrast images were overlaid with
thresholded images where blood flow less than 20% of control (i.e. severe
ischemia) appears as various shades of blue (see calibration bar). Scale bar, 250
pm. Right: The cortical DC current recording representing an SO. Arrows indicate
the time when image I was taken shortly before onset of an SO and image II was
taken during the peak of the SD. B, Increase in cortical region with less than 20%
of control CBF at the peak of five SDs (n=4 animals) as measured by laser
speckle within the penumbra zone (*P<0.05, paired t-test).
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After514nm

Exposure

Supplemental Figure 4. Dendrites do not undergo acute beading in control
experiments when imaged by 2PLSM without photothrombosis. A, 2PLSM MIP
image sequence of a dendrite (green; arrow) that was imaged at 0 minutes and
then every 2 minutes during the first 30 min of the imaging session (images not
shown), and then again at 30 minute intervals afterwards. No RB injection or 514
nm laser exposure was performed prior to obtaining these images. At 4 h since
the start of imaging, the dendrite does not show signs of acute beading,
photobleaching or photodamage. Electrophysiology confirmed the lack of SDs
throughout the imaging session. After 4 h, the animal was exposed to the 514 nm
laser in the perimeter zone (as in Fig. 1A) for 8 min without RB injection. Again,
no SDs or acute dendritic damage were seen. Scale bar, 10 fJm. B, Similar MIP
sequence as shown in A, except dendrite was only imaged at three timepoints: 0
minutes, 4 hand after 514 nm laser exposure for 8 min without RB injection. The
dendrite is not seen to undergo acute beading. Scale bar, 5 fJm.
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1 h 36 min

3 h 4 min

3 h 20 min

3 h 29 min

A

9
after 2nd PT

Supplemental Figure 5. In the absence of SD dendrites may remain intact for
extended periods of time despite loss of nearby capillary blood flow. A, 2PLSM
image sequence showing dendrites (green) and nearby capillaries (red) in control
and at various timepoints after photothrombosis. Dendrites appear normal and
capillaries are flowing at 1 h 36 min after photothrombosis. Blood flow becomes
stalled at 3 h 4 min, but dendrites remain stable for the next 25 minutes and
finally appear damaged at 3 h 29 min. Scale bar, 10 f.Jm. B, Similar sequence as
shown in A, except the nearby vessel is seen stalled even earlier (at 24 min after
photothrombosis) but in the absence of spontaneous SDs the dendrite appears
normal for the 3.5 h duration of this experiment (i.e. no terminal beading
observed). This dendrite finally became beaded during an induced SD elicited by
a second round of photothrombosis, used in this case specifically to confirm that
denditic beading can occur. Scale bar, 10 f.Jm.
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Supplemental Movie Files

The supplemental movies for this manuscript are located online at the Journal of

Neuroscience website:
http://www,jneurosci.org/cai/contentlfuiii30/29/9859/DC1

Supplemental Movie 1.

http://www.jneurosci .orq/contentlvol30/issue29/images/data/9859/DC 1/Movie S 1
.mov
Time course of photothrombotic occlusion showing the formation of ischemic
penumbra. ROI similar to that shown in Fig. 1A is irradiated within solid lines with
514 nm laser line. Region inside the square is not exposed to the laser beam and
thus remains black in the movie. Blood plasma is labeled with Texas Red
dextran, but vessels are weakly fluorescent at the beginning because excitation
efficiency of Texas Red is -10% at 514 nm. The increase in signal represents RB
entering blood vessels following tail vein injection. Vessels gradually become
stalled with continuous 514 nm laser irradiation, forming the ischemic "core"
surrounding the penumbra-like hypoperfused area. The decrease in the
fluorescence intensity represents the fast clearance of RB from the circulation
with the average exponential time constant of the signal decay of 239±30 s (n=7
animals). Scale bar, 200 1-Jm.
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Supplemental Movie 2.

http://www .jneurosci.orq/content/vol30/issue29/imaqes/data/9859/DC 1/Movie S2
:.illQY.
51

2PLSM time series of dendrites (green) and blood vessels (red) during the 1 5
min after photothrombosis. The dendrites are first seen in control and then
immediately after photothrombosis at the peak of induced SD (imaging with
2PLSM during photothrombosis is not technically possible). The dendrites
become beaded as a result of initial induced SD but they quickly recover their
pre-SO morphology. A short time later, another SD was detected in the vicinity of
dendrites by the recording electrode (the onset of SD is indicated with an
asterisk) accompanied by an additional round of beading and recovery as seen in
the movie. Note that blood flow slows only in one capillary (on the right of the
imaging field) but not in two others as dendrites bead during SD. Scale bar, 20
IJm.
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Abstract

Spreading depolarizations (SDs) that occur in patients with ischemic stroke,
subarachnoid hemorrhage and traumatic brain injury are known to cause or
facilitate injury in metabolically compromised brain tissue. Here, we have shown
that anoxic depolarization (AD), a SD wave ignited in the ischemic core, can be
induced in human slices from pediatric brain during simulated ischemia. The
onset of AD was delayed by the local anesthetic dibucaine. Moreover, in vivo
two-photon imaging in the penumbra revealed that SO-induced dendritic injury
was inhibited by dibucaine in a mouse model of stroke. Hence, SDs represent a
promising therapeutic target after acute ischemia.

Introduction

Within minutes of focal stroke onset, anoxic depolarization (AD) of
neurons and glia establishes the boundaries of the primary region of acute
neuronal death, the ischemic core (Dirnagl et al., 1999). Recurring spontaneous
AD-like spreading depolarizations (SDs) propagate throughout metabolicallycompromised ischemic penumbra for hours to days in animal models and in
patients (Hartings et al., 2003; Fabricius et al., 2006; Dohmen et al., 2008; Risher
et al., 2010). Prolonged depolarization by recurring SDs further elevates
metabolic stress in the penumbra due to the mismatch between energy supply
and energy needs for recovery (Oiiveira-Ferreira et al., 2010). Eventually
penumbral neurons and astrocytes remain depolarized and overloaded with
Ca 2+, recruiting the tissue into the infarct (Hartings et al., 2003; Dreier et al.,

91
2006). It has been proposed that a useful anti-stroke drug should abrogate AD
and SDs without depressing normal synaptic function (Anderson et al., 2005).
One such candidate is dibucaine, an FDA-approved local amide anesthetic that
has been shown to inhibit the effects of AD in rat brain slices (Yamada et al.,
2004) at concentrations that preserve synaptic function (Douglas and co-authors,
SFN abstract, 2005). However, nearly all clinical trials of drugs that were effective
in animal models of stroke/ischemia have failed and differences between the
brains of animals and humans were assumed as contributing factors (Dirnagl et
al., 1999). Therefore human brain slices may be a useful intermediate assay to
forecast translational success before clinical trials. Here we used light
transmittance (LT) imaging to confirm that dibucaine diminishes the impact of AD
on live human neocortical slices prepared from pediatric brain tissue resected for
treatment of intractable epilepsy. We supplemented human slice experiments
with a sophisticated in vivo approach with real-time two-photon laser scanning
microscopy (2PLSM) to show that spontaneous SO-elicited dendritic damage is
greatly reduced following photothrombosis-induced focal ischemia in dibucainetreated mice.

Methods

Human neocortical slices were made as previously described (Witcher et
al., 2010) from tissue resected from a total of 23 pediatric patients (average age
-9 y.o.) of both genders undergoing surgery for pharmacoresistent epilepsy. All
protocols were approved by the IRB. Murine slices were made from C57BU6J
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mice using standard protocols (Kirov et al., 2004). For LT imaging human slices
were transilluminated with a near-infrared light. The control image was
subtracted from each subsequent experimental image in a series, resulting in an
image series that revealed changes in LT over time (Anderson et al., 2005;
Andrew et al., 2007). In separate experiments, whole-cell recordings were
obtained from human cortical neurons. In mouse slices, field excitatory
postsynaptic potentials (fEPSPs) were recorded in the middle of stratum
radiatum of CA1. For in vivo imaging, male and female B6.Cg-Tg(Thy1EGFP)MJrs!J mice (average age-4 months) were used accordingly to the

approved IACUC protocol. Craniotomy for the optical window followed standard
protocol (Risher et al., 2010). The cortical slow direct current (DC) potential was
recorded with glass microelectrode at the site of imaged dendrites within layer I
of somatosensory cortex. Two-photon images were collected using the Zeiss
LSM 510NLO META multiphoton system directly coupled with the SpectraPhysics Ti:sapphire broadband mode-locked laser. Photothrombotic occlusion
was implemented as described recently (Risher et al., 2010). Dibucaine was
injected

into

the

tail

vein

(2.5

mg/kg)

immediately

after

onset

of

photothrombotically-induced SD (or at 30 min after onset of photothromboticallyinduced SD in a subset of experiments). Dendritic beading was identified as the
appearance of rounded regions extending beyond the diameter of the parent
dendrite separated by "interbead" segments. Dendritic recovery was defined as
the disappearance of the rounded "beaded" regions. Data are presented as
mean±s.e.m.
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Results

To test candidate neuroprotectants' ability to diminish the acute damaging
effects of AD in human tissue, we first confirmed that propagating AD can be
reliably generated in human neocortical slices from our pediatric patients. By
imaging changes in LT we verified that AD can be evoked in human slices
exposed to either oxygen-glucose deprivation (OGD) (Fig. 1A) or the Na+/K+ATPase inhibitor ouabain (Fig. 2A, top row). A wave of elevated LT signifying AD
was imaged between 11-14 min during OGD (11.05±0.54 min; n=29 slices) and
between 7-10 min during exposure to 100 1-1M ouabain (6.83±0.26 min; n=22
slices). AD spread throughout gray matter at 2.26±0.40 mrn/min. AD onset and
speed of propagation were independent of patients age and gender. Voltageclamp whole-cell recordings verified that AD was evoked during OGD in human
slices from our tissue samples (Fig. 1B). Thus, neocortical slices from human
pediatric brain tissue were viable and supported AD.
We next investigated whether dibucaine can reduce AD-evoked damage
in human slices. AD was induced by superfusion with ACSF containing 100 1-1M
ouabain (Fig. 2A, top row; see also Supplementary Movie 1). AD-induced cell
swelling results in increased tissue transparency, appearing as a wave of blueyellow pseudocoloring spreading across the field of view (Anderson et al., 2005;
Andrew et al., 2007). Magenta pseudocoloring, indicative of decreased LT due to
increased light scattering by acutely damaged beaded dendrites (Andrew et al.,
2007), can be seen following passage of the AD front. The decrease in LT
continued during washout of ouabain with standard ACSF. Slices from the same
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patient were pretreated for 1 h with either 1 or 10 !JM dibucaine-containing ACSF,
and then 100 !JM ouabain was co-superfused with dibucaine-containing ACSF to
induce AD (Fig. 2A, middle and bottom rows respectively and Supplementary
Movies 2-3). These concentrations were tested for their effects on evoked
synaptic activity (Fig. 1C-E), with 1 !JM dibucaine largely preserving synaptic
function. The images in Fig. 2A show a noticeably subdued response to AD in
dibucaine-pretreated slices. Quantification shows an increased latency to AD
onset (Fig. 2B) induced by ouabain or OGD in dibucaine-pretreated slices.
Decreased peak LT during ouabain-induced AD was significant only in slices
treated with 1 !JM dibucaine (Fig. 2C). By comparison, pretreatment for 1 h with
the neuroprotective antibiotic minocycline (0.1, 1, 5 and 100 !JM) (Xu et al., 2004)
had no effect on the cellular response to AD. We conclude that human brain
slices represent a viable approach for screening candidate therapeutic drugs,
and that dibucaine is one such drug that is able to lessen the negative impact of
AD.
After observing dibucaine's ability to temper the effects of AD in human
brain slices, we then wanted to see if its neuroprotective properties would extend
to in vivo preparations. We recently used a photothrombotic occlusion model
(Wester et al., 1995) which employs the photosensitive dye Rose Bengal (RB) to
create a focal ischemic lesion enclosing a penumbra-like "area at risk" in intact
mice (Risher et al., 201 0). With this model, we observed using 2PLSM that acute
neuronal damage represented by dendritic beading was highly correlated with
the occurrence of the initial SO induced during RB photoactivation as well as with
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subsequent spontaneous SDs (Fig. 3A). This beading was typically reversible in
the presence of nearby flowing blood vessels (Risher et al., 2010). Here,
dibucaine was administered immediately after onset of the photothromboticallyinduced SD. Though dibucaine did not inhibit the occurrence of spontaneous
SDs (12 spontaneous SDs from 8 animals), dendritic structure remained
remarkably stable following recovery from induced SD (Fig. 38). Dibucaine
significantly reduced the percentage of spontaneous SDs that were temporally
.correlated with dendritic beading (Fig. 3C). When beading did occur during
spontaneous SD, bead density was decreased (Fig. 3D) though spine density
was unchanged (Fig. 3E). Remarkably, in a subset of 4 mice in which dibucaine
injection was delayed until 30 min after photothrombotically-induced SD, no
beading was seen following dibucaine administration. In all mice, dibucaine
treatment did not affect the quantitative features of SDs (e.g. amplitude, duration,
maximum rate of depolarization; data not shown) but did result in fewer incidents
of terminal dendritic beading (i.e. beading without further recovery), occurring in
just 1 of 11 mice.

Discussion

We simulated ischemia in human neocortical slices to test efficacy_ of
candidate anti-stroke drugs against AD-evoked injury. OGD-induced ischemia or
chemical ouabain-induced ischemia is often used in rodent neuroprotective
studies, but rarely in human slices. Fundamental differences.between rodent and
human brain have long been considered as one of the reasons why
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neuroprotective drugs that were effective in rodent models have failed in clinical
stroke trials (Dirnagl et al., 1999). Energy failure during stroke is universal
between species, but cerebral energy metabolism, blood flow and.brain size are
different. The human brain is larger and gyrated, reflecting increased size and
number of neurons (Somjen, 2004). Phylogenetic changes are also reported
(Oberheim et al., 2006), as the astrocyte/neuron ratio is higher in humans than in
rodents, and human astrocytes are more complex and diverse (Oberheim et al.,
2006). Cortical spreading depression, which represents a variation of a common
propagating and depolarizing process (i.e., SD) in metabolically normal tissue,
can be elicited in human neocortical slices by potassium application (Gorji et al.,
2001; Petzold et al., 2005) but the threshold is higher than in rat slices (Petzold
et al., 2005). Human and mouse neocortical slices are. different with respect to
the latency of OGD-induced AD onset (-11 min human vs. -5 min mouse slices;
our unpublished observations). SD cannot be triggered in the brains of newborn
animals (Somjen, 2004), but human neocortical slices obtained from even very
young pediatric patents (-1 y.o.) support AD. We have therefore developed an in

vitro assay with human slices to test whether drugs shown to be effective in
rodent models are efficient in human tissue.
Patient variables including age, gender, seizure etiology, resected cortical
region, duration of the seizure disorder, age of onset, histopathological findings
and history of medication may systematically affect tissue response. For those
reasons, we always compared control and drug-treated experiments within tissue
from the same patient. Analysis showed that gender and age did not affect
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significant results found in the study, and severely sclerotic tissue was excluded.
The lack of "normal" tissue is a problem inherent to studies conducted on live
human brain tissue in vitro, because obviously normal tissue cannot be removed.
Epilepsy resections are the best source of viable differentiated human brain
tissue available, and other investigators have used such tissue in similar studies
(Jiang and Haddad, 1992; Petzold et al., 2005).
AD persistently resists pharmacological abrogation with blockers of
voltage and ligand-gated ion channels (Somjen, 2004). However, Yamada et al.
(2004) used rat hippocampal slices to show that 10 IJM dibucaine prolonged the
latency to OGD-induced AD, decreased the maximal slope of AD and induced
partial

recovery

of

the

pre-AD

neuronal

membrane

potential

after

reoxygenation/normoglycemia. Additionally, Douglas and co-authors (SFN
abstract, 2005) reported that 1 IJM dibucaine remarkably inhibits AD in rat cortical
slices without altering synaptic function. Though dibucaine did not abolish AD in
human neocortical slices, neuroprotection was observed in that AD onset was
delayed and cell swelling was significantly decreased at 1 IJM concentration that
preserved synaptic responses, indicating that this concentration could be welltolerated therapeutically. Importantly, the success of experiments with dibucaine
confirm that human brain slices are a unique model system to identify and study
potentially useful therapeutics against SO-induced injury. Additionally, our study
marks the first time that dibucaine-mediated protection against the harmful
effects of SDs was confirmed in vivo. Dendritic beading (and thus acute neuronal
damage) (Zhang and Murphy, 2007; Risher et al., 2010) was significantly
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decreased following administration of dibucaine in intact mice subjected to focal
photothrombotic occlusion. Inhibition of AD-initiation by dibucaine involves an
interaction with sodium conductance (White and Andrew, SFN abstract, 2008).
However, the mechanism by which dibucaine prevents dendritic beading despite
the continued occurrence of SDs is unclear. SD possibly engages activation of a
large conductance, such as pannexin-1 hemichannels (Thompson et al., 2006).
This likely results in bulk water influx through the osmotically tight neuronal
compartment (Andrew et al., 2007) leading to swelling and dendritic beading. It
has

been

proposed that interaction with such -large

ischemia-induced

conductances would be neuroprotective (Anderson et al., 2005), but which ion
channel/transporter is responsible for water influx is currently uncertain.
Our study shows that the use of sophisticated

in vivo animal imaging

alongside with human brain slices may provide a missing link between animal
models and patients. This combination potentially represents a valuable
approach for the reliable discovery and preliminary screening of candidate
therapeutic drugs before their translation into a clinical triaL

Figure 1.
Global monitoring of AD in human neocortical slice with light
transmittance (L T) imaging and synaptic function during exposure to dibucaine.
(A) Slice is transilluminated by near-infrared light which is absorbed, scattered
and transmitted. Transmitted light is collected by CCD camera and digitized by
frame grabber to create the digital bright field image of the slice (left). Following
oxygen/glucose deprivation (OGD) at 0 min, the gray matter displays a
propagating wave of elevated L T (signifying AD), represented by blue
pseudocoloring according to changes in the pixel values of the image. In this
example, AD is ignited within 13 minutes of OGD and it spreads in all directions
(arrows). (B) Voltage-clamp recording of OGD-induced inward current in human
cortical neuron, signifying AD. (C) Field excitatory post-synaptic potentials
(fEPSPs) are recorded from stratum radiatum of area CA 1 of mouse
hippocampal slices. fEPSPs are not noticeably affected by 1 h of superfusion
with ACSF containing 1 fJM dibucaine. However, 10 fJM dibucaine partially
inhibited evoked synaptic response, while 100 fJM dibucaine completely
abolished synaptic activity. (D) Summary of synaptic responses during exposure
to dibucaine. Following 1 h of control fEPSP recording in standard ACSF, slices
were superfused for 1 h with ACSF containing 1 fJM dibucaine (left panel; n=3
slices) or 10 fJM dibucaine (right panel; n=3 slices). At the end of 1 h treatment
with 1 fJM dibucaine -82% of the control fEPSP slope was preserved, while 10
fJM dibucaine reduced fEPSP slope to -14% of control values (p < 0.0001 for
both). (E) Input/output graphs showing mean fEPSP slope at various stimulus
intensities before and after 1 hour treatment with either 1 fJM (left) or 10 fJM
(right) dibucaine (n=3 slices for each concentration; *p < 0.05, **p < 0.001).
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Figure 2.
Dibucaine pretreatment abates the damaging effects of AD on
human neocortical slices. (A) Changes in L T (LlL T) are utilized to track AD in real
time. First image in each row shows bright field image of the slice.
Pseudocolored LlL T evoked by 100 JJM ouabain exposure at 0 min reveals AD. A
control untreated slice incubated in standard ACSF (top row) undergoes AD
within 7 minutes of superfusion with 100 JJM ouabain. Elevated LlL T (blue/yellow
pseudocoloring) indicates cell swelling. A decrease in L T (magenta
pseudocoloring) indicates dendritic beading in the wake of AD. Here dendritic
damage develops by 10 min of the 15 min ouabain exposure and persists
throughout reperfusion with standard ACSF. In slices pretreated with either 1 or
10 JJM dibucaine for 60 min (middle and bottom rows, respectively), ouabaininduced AD is delayed by 0.6 and 2.3 min respectively and has less impact in
terms of cell swelling and dendritic damage. (B) Pretreatment for 60 min with
either 1 or 10 JJM dibucaine significantly increases the latency to AD onset
induced by 100 JJM ouabain or OGD when compared to untreated control slices
from the same patient. (C) Peak cell swelling during AD was decreased in the
same slices pretreated with dibucaine. The neuroprotective anti-inflammatory
drug minocycline (1 f.JM) had no effect on AD. Numbers of slices in each
condition are indicated in parenthesis within each bar. Values are shown as
percent of control (untreated slices from the same patient). Asterisks indicate
significant differences from control (*p < 0.05, **p < 0.001; one-way ANOVA with
Bonferroni Multiple Comparison Post Hoc Test).
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Figure 3.
Dibucaine lessens dendritic beading induced by spontaneous SDs
in the penumbra. (A) In vivo 2PLSM image sequence of dendrites (green) and a
nearby flowing blood vessel (red; blood flow is indicated by stripes within vessel)
from intact mouse somatosensory cortex. The dendrites bead (asterisks) during
initial SD induced by cortical photothrombosis. The dendrites rapidly (<3 min)
recover but become beaded again by the next spontaneous SD even in the
presence of flowing blood vessel before recovering once more. (B) Similar
sequence to that shown in panel A, except dibucaine (2. 5 mglkg) was injected
into the tail vein immediately after the onset of induced SD. As in panel A, the
dendrite rapidly recover from beading (asterisks) induced by initial SO, but unlike
the dendrites shown in panel A, the dendrite in the dibucaine-treated animal does
not bead during spontaneous SD. (C) Summary from 35 SDs in 24 control
animals and 12 SDs in 8 dibucaine-treated animals showing significantly less
occurrence of dendritic beading (*p < 0.05; Chi-Square Test) when dibucaine is
administered i.v. immediately following onset of the initial SO. (D) Bead density
during spontaneous SDs is significantly decreased with dibucaine while (E) spine
density remains unaffected. Densities were assessed from random 30 11m
segments of 3 dendrites in each imaging field as observed in maximum intensity
projections of 30 stacks in 5 control and 8 dibucaine treated mice. Data points
were only used when an image was taken near the peak of a recorded SD.
Values are shown as percentages of bead (D) or spine (E) density immediately
after induced SD. *p < 0.05; two-way RM ANOVA with Tukey's post-hoc
comparison.
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Supplemental Movie Files

The supplemental movies for this manuscript can be downloaded from the
following website:
http://cid-964df4f30004fe11.office.live.com/browse.aspx/.Public?sa-56722082

Supplemental Movies 1-3.

Time

series

showing

changes

in

light

transmittance (LT) evoked by 15 min of 100 J.lM ouabain exposure in neocortical
slices prepared from a tissue obtained from 11 y.o. female patient (Movie 1), 15
y.o. female patient (Movie 2) and 11 y.o. male patient (Movie 3). Time 0
corresponds to the beginning of ouabain exposure. A slice superfused with
standard ACSF (Movie 1) undergoes AD which spreads through the gray matter
between 7 to 10 min of ouabain application. The AD front is imaged as a
spreading region of elevated LT (blue-yellow pseudocoloring signifying cell
swelling) that leaves a decrease in LT (magenta pseudocoloring) in its wake.
Reduced LT indicates post-AD dendritic beading. Movies 2 and 3 show similar
time series for slices pretreated for 1 h with ACSF containing 1 and 10 J.lM
dibucaine, respectively. Dibucaine incubation considerably delays the latency to
AD onset and decreases peak cell swelling in these slices during co-superfusion
with ACSF containing 100 J.lM ouabain and 1 J.lM dibucaine (Movie 2) or 10 J.lM
dibucaine (Movie 3).
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Supplementary Methods
Human Neocortical Slice Preparation and Solutions

Live neocortical slices were prepared from cortical tissue samples resected from
a total of 23 pediatric patients (average age -9 y.o.) of both genders who
underwent surgery for pharmacoresistent epilepsy. Parents' informed consent
documents and children's assent documents were obtained prior to each study.
All protocols were approved by the Institutional Review Board at the Medical
College of Georgia. Results of clinical assessments as well as histopathological
tests were accessible from the patients' medical records for purposes of
correlation with laboratory findings. Importantly, in order to accommodate for
potential sample variables we always compared control and drug-treated slices
within tissue from the same patient. Cortical tissue sample (-2 em) was rapidly
removed microsurgically and immediately collected into ice-cold oxygenated
(95% 02-6% C02) sucrose based artificial cerebrospinal fluid (Sucrose-ACSF) as
previously described (Witcher et al., 2010). Coronal slices (400 IJm) were cut
'~

using a vibrating-blade microtome (VT1 ODDS, Leica Instruments, Germany) with
ice-cold oxygenated Sucrose-ACSF containing (in mM) 100 sucrose, 60 NaCI,
2.5 KCI, 26 NaHC03, 1.25 NaH2P04, 1 CaCI2, 5 MgCI2, 10 glucose, pH 7.4, 290
mOsm/kg H20. Slices were transferred into an incubation chamber and
maintained at room temperature in standard oxygenated ACSF containing (in
mM) 125 NaCI, 2.5 KCI, 26 NaHC03, 1.25 NaH2P04, 2 CaCh, 1 MgCb. 10
glucose, pH 7.4, 290 mOsm/kg H20. Slices were incubated for at least 1 hour in
standard ACSF. Some slices were then transferred into separate incubation
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chamber and pretreated for 1 hour at room temperature with ACSF containing 1
or 10 11M dibucaine hydrochloride or 0.1, 1, 5 or 100 11M minocycline. For
imaging a slice was transferred into a submersion-type imaging/recording
chamber (RC-29, 629 j.JL working volume, Warner Instruments, USA) and was
held down by a slice anchor (SHD-27LP/2, Warner). Control slices were
superfused with oxygenated standard ACSF at 34°C and drug-treated slices
were superfused with drug containing-pretreatment ACSF at 34°C. For
oxygen/glucose deprivation (OGD, 20 min duration), ACSF was bubbled with
95% N2 -5% C0 2 and glucose was lowered to 1 mM. NaCI was added to the
ACSF to osmotically balance the removed glucose. 100 11M ouabain was added
to the ACSF for chemical ischemia (15 min duration). All chemicals were from
Sigma Chemical (USA).
Imaging Changes in Light Transmittance (LT) and Whole-Cell Recordings.

Slices were transilluminated with a broadband, halogen light source (Carl Zeiss,
Germany) through a near-infrared pass filter. Light transmittance (LT) was
collected with the Zeiss 2.5x/0.075NA air objective with a dipping cone
attachment (Alexander and Nastuk, 1975) using the motorized upright Axioscope
2FS microscope (Zeiss) with IR-1000 CCD camera (Dage-MTI, USA). Image
frames were acquired at 30 Hz, digitized and averaged using a frame grabber
(Scion, USA) controlled by Scion Imaging Software. Each image was generated
by averaging 128 frames. The control image (Tcont) was subtracted from each
subsequent experimental image (Texp) in a series, resulting in an image series
that revealed changes in transmittance over time (Anderson et al., 2005; Andrew
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et al., 2007). The LT change was expressed as the digital intensity of the
subtracted images (Texp- Tcont) and displayed using a pseudocolor intensity scale.
'Zones of interest' were created in the images to quantify the data. In separate
experiments, tight-seal whole-cell recordings were obtained from human cortical
neurons using video IRDIC. Patch electrodes (2.5-5 MQ) were filled with (in mM):
120 cesium gluconate, 20 CsCI, 2 MgCh, 10 Na-HEPES, 0.5 EGTA, 4 Na2ATP
(pH 7.2, 290-300 mOsm/kg H20). Signals were recorded with MultiCiamp 200B
amplifier (Molecular Devices, USA), filtered at 2 kHz, digitized at 10 kHz with
Digidata 1322A interface board (Molecular Devices) and analyzed with pCiamp 9
software (Molecular Devices).
Animals

All procedures follow National Institutes of Health guidelines for the humane care
and use of laboratory animals and underwent yearly review by the Animal Care
and Use Committee at the Medical College of Georgia. All efforts were made to
minimize animal discomfort and reduce the number of animals used. Founders of
the B6.Cg-Tg(Thy1-EGFP)MJrs/J colony [GFP-M] were kindly provided by Dr. J.
Sanes (Harvard University). Mice of the GFP-M strain display bright fluorescence
in a small fraction of pyramidal neurons of the neocortex providing high contrast
thus facilitating imaging. A total of 12 GFP-M and 6 wild-type C57BU6J male and
female mice at average age of 4 months were used in this study. Control data for

in vivo imaging experiments were taken from 24 GFP-M male and female mice
(an average age of 4 months) that were used in a previous study without any
drug treatment (Risher et al., 2010).
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Murine Hippocampal Slice Preparation and Electrophysiology

Acute slices (400 1Jm) were made from C57BU6J mice according to standard
protocols (Kirov et al., 2004) using the same solutions as for human neocortical
slices. Briefly, mice were deeply anesthetized with halothane and decapitated.
The brain was quickly removed and placed in ice-cold, oxygenated SucroseACSF. Transverse slices including hippocampus, subiculum and neocortex were
cut from the middle third of the brain with VT1 OOOS vibrating-blade microtome.
Immediately after sectioning the slices were transferred into an incubation
chamber with standard oxygenated ACSF and then were handled similarly to
human neocortical slices (see above). Field excitatory postsynaptic potentials
(fEPSPs) were recorded with MultiCiamp 2008 amplifier in the middle of stratum
radiatum of hippocampal area CA 1. Signals were filtered at 2 kHz, digitized at 10

kHz with Digidata 1322A and analyzed with pCiamp 9 software. Stimuli (1 00 IJS
duration) ranging from 10-200 IJA were applied via small concentric bipolar
electrode (25 IJm pole separation; FHC, USA). The slope function (mV/ms) of the
fEPSP was measured from the steepest 400 IJS segment of the negative field
potential.
Preparation of Mice for In Vivo Imaging and Electrophysiological Recording
ofSDs

Craniotomy for the optical window followed standard protocol (Risher et al.,
2010). Mice were anesthetized with an intraperitoneal injection of urethane (1.5
mg/g body weight) and maintained under urethane anesthesia with heart rate
monitored (450-650 beats/min) using MouseOx® pulse oximeter (STARR Life
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Sciences, USA) mounted on the left thigh throughout the entire study. Depth of
anesthesia was assessed by toe pinch and heart rate monitoring, maintained
with 10% of the initial urethane dose if necessary. Oxygen saturation level
(measured by MouseOx® pulse oximeter) remained above 90% for duration of
experiments, indicating that mice were respiring properly. Rectal temperature
was monitored continuously with IT-18 thermocouple (ADinstruments, USA) and
Fluke 51 thermometer (USA). A heating pad (Sunbeam, USA) was used to
maintain body temperature at 37°C. An L-shaped glass capillary (-1 em length,
1.2 mm diameter) was inserted into the trachea and secured with 2 sutures to
minimize potential breathing problems during prolonged anesthesia. Skin
covering the cranium was removed and a custom-made 13 mm diameter plastic
ring was glued with dental acrylic cement (Co-Oral-lte Dental, USA) to stabilize
the head with a mouse headholder during craniotomy and imaging. A dental drill
(Midwest Stylus mini 540S, Dentsply, USA) with Y. bit (0.5 mm) was used to thin
the circumference of a 2-4 mm diameter circular region· of the skull centered
above the somatosensory cortex at stereotaxic coordinates -1.8 mm from
bregma and 2.8 mm lateral. Forceps were used to lift up the thinned portion of
the skull. An optical chamber was constructed by covering the intact dura with a
thin layer of 1.5% agarose prepared in a cortex buffer containing (in mM) 135
NaCI, 5.4 KCI, 1 MgCI2, 1.8 CaCb, 5 HEPES, pH 7.3. The optical chamber was
left open to facilitate access with a glass microelectrode. An Ag/AgCI pellet
ground electrode (A-M Systems, USA) was installed under the skin above the
nasal bone. The stage containing headholder, mouse, and heating pad was
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mounted on the Luigs & Neumann microscope stage (Germany) for imaging.
Hydration was maintained by intraperitoneal injection of 100 iJI 0.9% NaCI with
20 mM glucose at 1 h intervals. A 0.1 ml bolus of 5% (w/v) Texas Red Dextran
(70 kDA) (Invitrogen, USA) in. 0.9% NaCI was injected into the tail vein for blood
flow visualization. The cortical slow direct current (DC) potential was recorded
with glass microelectrode (filled with 0.9% NaCI, resistance 1-2 MO) inserted
through dura to the site of imaged dendrites within layer I of somatosensory
cortex. Signals from MultiCiamp 2008 amplifier were filtered at 1 kHz, digitized at
10 kHz with Digidata 1322A interface board and analyzed with pCiamp 9
software.
2PLSM

Images were collected with the Zeiss IR-optimized 40x/0.8 NA water immersion
objective using the Zeiss LSM 510 NLO META multiphoton system mounted on
the motorized upright Axioscope 2FS microscope. The scan module was directly
coupled with the Spectra-Physics Ti:sapphire broadband mode-locked laser
(Mai-Tai; USA) tuned to 910 nm for 2-photon excitation. Three-dimensional timelapse images were taken at 1 1-1m increments using 3.x optical zoom, yielding a
nominal spatial resolution of 6.86 pixels/iJm (12 bits/pixel, 0.91 IJS pixel time)
across a 75x75 1-1m imaging field. Emitted light was detected by internal
photomultiplier tubes (PMT) of the scan module with pinhole entirely opened.
Image stacks (consisting of 15-20 1 1-1m sections) were usually taken every 1 to 2
minutes during the first 30 min after the initial photothrombotically-induced SD
and then at 30 minute intervals afterwards (in order to decrease the risk of laser
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overexposure) unless a spontaneous SO was seen to be occurring via the
electrophysiological recording, in which case images were taken immediately at 1
minute intervals until dendrites recovered. Imaging continued for up to 5 hours
post-stroke. If shifting of the focal plane occurred, the field of focus was adjusted
and re-centered prior to acquiring image stacks (Risher et al., 201 0).
Image Analysis

LSM 510 Image Examiner (Zeiss) was used together with lmageJ (NIH) for
image analysis. A median filter (radius=2) was applied to images in Fig 3A,B to
reduce photon and PMT noise. Dendritic beading was identified as the
appearance of rounded regions extending beyond the diameter of the parent
dendrite separated by "interbead" segments, occurring at any point along ·the
length of the dendrite within the imaging field. A dendritic spine was considered
lost when there was no indication of a spine head extending more than Y. of its
diameter beyond the beaded portion of the dendrite. Dendritic recovery was
defined as the reversal of beading, i.e. the disappearance of the rounded
"beaded" regions.
Photothrombotic Stroke Model

Photothrombotic occlusion was implemented as described recently (Risher et al.,
2010). A bolus of Rose Bengal (RB) was injected through the tail vein (0.03
mg/g, diluted to 10 mg/ml in 0.9% NaCI) over 15 s with a syringe pump (WPI).
With LSM 510 software, a square-shaped region of interest (ROI; 1270x1270
iJm) was positioned over middle cerebral artery (MCA) territory. In this ROI only
the perimeter (100 1-1m wide) was irradiated with the 514 nm Ar-Kr laser line of
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the LSM system through the Zeiss 1Ox/0.3 NA water immersion objective.
Average power through the objective was -3 mW. The central square
(1070x1070 1-1m, representing penumbra-like "area at risk") was not illuminated
by the laser beam. Since RB is a potent photosensitizer, laser irradiation resulted
in vascular coagulation in the perimeter. Photothrombosis was stopped
immediately upon occurrence of the initial induced SO recorded within the central
square in the vicinity of imaged dendrites. Dibucaine hydrochloride was injected
into the tail vein (0.1 mL, 2.5 mg/kg, diluted in 0.9% NaCI) over 15 s with a
syringe pump (WPI) immediately after onset of photothrombotically-induced SO
(or at 30 min after onset of induced SO in a subset of experiments).
Statistics

Statistica (Statsoft, USA) was used to evaluate the significance of differences
between conditions with two-way ANOVA. Repeated measures (RM) ANOVA,
Bonferroni Multiple Comparison and Tukey's post hoc test were also used when
applicable. The Chi-Square Test was used to analyze data arranged in
contingency tables. The significance criterion was set at p<0.05. Data are
presented as mean±s.e.m.
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UNPUBLISHED RESEARCH

We know from our work in acute murine cortical slices (Manuscript 1) that
astrocytes and neurons swell concurrently during simulated ischemia, though
only astrocytes show structural recovery afterwards. With an in vivo model of
focal ischemia, neurons were found to have the ability to recover their
morphology as long as residual energy supplies were available (Manuscript 2). In
order to investigate whether astrocytes undergo similar structural changes (i.e.
swelling and recovery) as neurons in vivo, we used real-time 2PLSM imaging in a
hybrid line of transgenic mice that display fluorescence in subsets of both
neurons and astrocytes. These hybrid mice were subjected to two different
models of ischemic stroke. The first method was transient bilateral common
carotid artery occlusion (CCAO), which allows for the induction of global ischemia
and subsequent reperfusion (Murphy et al., 2008). This method was ideal for
studying the acute effects of a single occurrence of AD alongside live imaging
and

electrophysiology

in

an

intact mouse.

The

second

method

was

photothrombotic microcirculatory occlusion, which we previously used to study
the effects of spontaneous SDs on neurons (Manuscript 2,3).
As stated above, bilateral CCAO was used to induce global ischemia in
intact mice (Murphy et al., 2008). After installation of a cranial window, the mouse
was placed on its back and the trachea was exposed. After an incision was made
112
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above the thyroid gland, the CCAs were separated from the surrounding tissue
and fitted with sutures. The sutures were crossed in an X pattern across the
trachea, the incision closed (with the sutures exposed to allow tensioning during
imaging) and the animal placed upright. Ischemia was induced by pulling
carefully

on

the

sutures

and

securing

them

with

tape.

Extracellular

electrophysiological recordings were taken via glass microelectrode inserted
through dura near the imaging site in order to measure the electrocorticogram
(ECoG) and detect the deflection of the cortical slow (DC) potential, signifying
AD. Once the onset of AD was detected, reperfusion was accomplished by
immediately removing the tape, thereby relieving the tension of the sutures.
Bilateral CCAO was used to demonstrate the importance of AD in
determining delayed neuronal death. In a subset of experiments, CCAO was
performed as usual with heart rate, DC potential and ECoG monitored. As
expected, the ischemic period was characterized by significant slowing of heart
rate and suppression of ECoG activity. CBF velocity also slowed significantly as
measured by laser speckle imaging (Manuscript 2), again as expected. However,
instead of initiating reperfusion upon confirmation of AD, ischemia was ended
prior to the induction of AD (-90 seconds of ischemia). Heart rate, ECoG and
CBF velocity rapidly returned to control parameters and the animal was
monitored for an additional 2 hours. The animal was then placed in its cage and
allowed to recover for 72 hours, at which point it was sacrificed and coronal brain
slices made. The slices were stained with Fluoro-Jade to detect neuronal
degeneration (Figure 1). When CCAO-induced ischemia was ended before the
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Figure 1.
The occurrence of AD is a critical determinant of delayed neuronal
death. Paired images with Fluoro-Jade staining show widespread cell death in
both hippocampus and cortex at 72h after CCAO only when AD is detected
(right). DG = dentate gyrus; WM = white matter. Scale bar, 250 J.lm.

115
occurrence of AD (Figure 1, left), relatively little neuronal degeneration could be
detected in hippocampus and cortex (some staining could be seen near the pial
surface, due at least in part to installation of the craniotomy). However, if AD is
initiated before the termination of the ischemic period, widespread neuronal
death can be seen 72 hours later (Figure 1, right). This suggests that the
occurrence of AD, and not simply the temporary loss of blood flow, is a significant
event in the determination of stroke outcome.
Switching to high resolution 2PLSM imaging, we then wanted to see what
changes were occurring at the cellular level due to CCAO-induced AD. Murphy et
al. (2008) used CCAO to show that neuronal injury is precisely coordinated with
the occurrence of ischemic depolarization, which we confirm here (Figure 2A).
Immediately upon detection of AD, dendrites become beaded and spines are
transiently lost as nearby blood flow is either slow or stalled. With immediate
reperfusion, dendrites swiftly recover their form and remain stable throughout the
imaging period (up to 4 h). By contrast with the reversible response to AD seen in
neurons, astroglial changes following AD seem more permanent. When local
blood supplies are compromised during CCAO, astrocytes experience a
significant increase in soma area (measured from 3D z-projections of image
stacks as in Manuscript 1). This trend continues throughout the imaging time
window despite the recovery of blood flow and the reversal of beading in nearby
dendrites (Figure 2B,C). Astroglial processes also appear to swell, but this
observation was not quantified due to technical limitations. It should be noted that
we attempted several experiments where reperfusion was delayed following
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Figure 2.
Astrocytes demonstrate a more long-lasting response to CCAOinduced AD in comparison with neurons. A, Dendrites (green) in layer I of mouse
somatosensory cortex along with nearby blood vessel (red; labeled with Texas
Red Dextran). The vessel constricts and dendrites become beaded during
CCAO, coinciding with the occurrence of AD. When reperfusion is initiated
immediately after the detection of AD, dendritic beading is reversed as blood flow
returns. Scale bar, 10 pm. B, An astrocyte (asterisk) along with nearby dendrites
(arrows) and blood vessel (red) in layer I of mouse somatosensory cortex. As in
A, the dendrites bead and recover in concert with CCAO-induced AD. The
astroglial soma profile increases following CCAO as its process tree becomes
more diffuse. Scale bar, 10 pm. C, Summary from 53 astrocytes in 16 animals
showing a significant increase in astroglial soma area that persists during postCCAO reperfusion. *p<0.01, one-way nonparametric repeated measures
ANOVA.
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CCAO-induced AD, but even a delay as small as 1 minute before initiating
reperfusion resulted in high animal lethality using this model. Nevertheless, the
overall morphological changes in astrocytes and neurons following AD and
immediate reperfusion appear quite distinct, perhaps owing to the ability of each
cell type to resist ischemic challenge.
Finally, we wanted to compare the neuronal and astroglial response to
spontaneous SDs using our model of photothrombotic occlusion. With this model,
we are able to create a highly reproducible penumbra-like "area at risk" that
undergoes spontaneous recurring SDs (Manuscript 2,3). As seen previously,
dendrites in the metabolically compromised penumbra undergo a rapid cycle of
beading and recovery that coincides with the passage of each SD (Manuscript
2/Figure 2). Here we performed photothrombotic occlusion on our hybrid mice to
observe, for the first time, what happens to astrocytes during these
depolarizations. As with CCAO-induced AD (Figure 28), there was a significant
volume increase in astroglial somata following SD in the penumbra (Figure 3A).
This response outlasted the expected dendritic response of rapid beading and
recovery. Astroglial soma size increased in a stepwise manner coinciding with
the occurrence of spontaneous SDs (Figure 38). Furthermore, astrocytes
showed little to no structural recovery during these acute experiments (up to 5 h),
remaining swollen well after the onset of each SD (Figure 3C).
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Figure 3.
Long lasting SO-induced astroglial swelling following focal
photothrombotic stroke. A, Astrocyte (asterisk) along with nearby dendrites
(arrows) and blood vessels (red) in layer I of mouse somatosensory cortex. The
dendrites bead during SD and rapidly recover (<2 min). By contrast, the astrocyte
and its processes swell and gradually increase in size long after SD onset. Scale
bar, 10 pm. B, Summary from 13 astrocytes in 11 animals showing that the
increase in astroglial soma size is facilitated by the occurrence of a spontaneous
SD. *p<0.05, Paired t-test. C, Summary from 44 astrocytes in 11 animals
showing a significant increase in astroglial soma size following induced or
spontaneous SD. *p<0.001, one-way nonparametric repeated measures ANOVA.

DISCUSSION

This dissertation addressed two specific aims. In Aim 1, we investigated
the AD component of ischemic injury at the level of single astrocytes and
neurons. We showed that neurons, which are deftly resistant to volume change
during osmotic stress, swell when depolarized by AD in acute murine brain
slices. At the same time, astrocytes passively increase in volume under
depolarizing conditions. During washout, astrocytes recover their original volume
while neurons remain swollen. We also confirmed the effects of AD in vivo using
a bilateral CCAO model of global ischemia. A single occurrence of AD was
sufficient to induce dendritic beading, which is a sign of acute neuronal damage.
However, this beading was reversible with immediate reperfusion. The astroglial
response to CCAO-induced AD was not reversible, in contrast to both neurons in
vivo as well as astrocytes in vitro. AD was followed by a significant increase in

astroglial soma volume which did not recover for the duration of the imaging
period. Lastly, we successfully demonstrated the induction of AD in slices
prepared from resected human brain tissue and showed that its impact was
dulled by the application of the local amide anesthetic dibucaine.
In Aim 2 we tested the hypothesis that spontaneous SDs induced acute
damage concurrently in both neurons and astrocytes in the metabolically
challenged ischemic penumbra, and that this represented the cellular component
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of the expansion of the ischemic core. We used photothrombotic microcirculatory
occlusion to create an ischemic perimeter surrounding a penumbra-like "area at
risk" with recurrent spontaneous SOs. Expansion of hypoperfused cortex
occurred in a stepwise manner coincident with SO. Each occurrence of SO was
also precisely coordinated with acute dendritic beading, which was reversible as
long as there was sufficient residual blood flow. By contrast, astrocytes
underwent irreversible swelling in conjunction with SO, even when nearby
dendrites were seen to recover. Over time, the stress of recurring SOs
accumulated to the point that the energy supply was no longer sufficient to match
energy needs for repolarization. At this point, neurons remained depolarized and
dendrites became terminally beaded as the tissue was recruited into the infarct.
Post-stroke treatment with dibucaine resulted in significant inhibition of SOinduced acute dendritic beading and also decreased the incidence of terminal
beading.
Cortical spreading depression in otherwise healthy tissue does not swell
astrocytes (Zhou et al., 2010). However, we report here that both astrocytes and
neurons rapidly swell during simulated ischemia in acute brain slices. The rapid
astroglial volume change during ischemia is likely due to multiple mechanisms
working in concert. Primary among these is the work of aquaporin water
channels, which are highly expressed on astroglial endfeet adjacent to blood
vessels (Amiry-Moghaddam and Ottersen, 2003;

Nielsen et al., 1997).

Aquaporins greatly facilitate the movement of water down its osmotic gradient,
with the resulting bulk water influx serving as a driving force of cytotoxic brain
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edema after stroke (Manley et al., 2000). Astrocytes also swell in accordance
with electroneutral uptake of K+ and cr when extracellular K+ increases during
stroke (Mangin and Kimelberg, 2005). The in vivo acidification that occurs during
cerebral ischemia may elicit astroglial swelling through accumulation of
intracellular Na• and c1· via activation of Na./W and HC03/Cr exchangers
(Kimelberg, 2005), though this mechanism is inhibited in severe acidosis
(Chesler, 2005). Osmotic pressure within astroglial cytoplasm can also be
increased by glycogen metabolites present following ischemia. Finally, cotransporters may also contribute to astroglial swelling during stroke (Landis,
1994; Kimelberg, 2004). Water may be transported across against the osmotic
gradient via coupled transport with various solutes (reviewed in MacAulay et al.,
2010), including K•/cr (KCC co-transporter), Na./K./2Cr (NKCC1), glucose
(SGLT1 ), glutamate (EAAT1 ), GABA (GAT-1 ), monocarboxylate (MCT1) and
dicarboxylate (NaDC-1). Though the ability of aquaporins to move water is
significantly higher than that of co-transporters (Amiry-Moghaddam and Ottersen,
2003), the contributions of co-transporters to glial swelling should not be
overlooked, particularly the MCT1 co-transporter which is essential for the use of
lactate as an energy substrate in the ischemic brain (MacAulay et al., 2010).
Since mammalian pyramidal neurons lack aquaporins, the mechanism by
which they accumulate water and swell during injury is less certain. Dendritic
beading has been previously been attributed to Ca2 • and glutamate-mediated
excitotoxicity because the dendritic cytoskeleton is disrupted during periods of
elevated intracellular Ca2• (Hal pain et al., 1998; Segal, 2001; Gisselsson et al.,
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2005).

Intense activation of glutamate receptors, however, may lead to beading

independently of elevated Ca 2 + (Hasbani et al., 1998; Swann et al., 2000;
Obeidat et al., 2000). Another possible explanation is the excessive influx of ions
with obligatory uptake of water as hydration shells during maintained
depolarization as well as bulk water influx through hemichannels during AD
(Anderson et al., 2005; Andrew et al., 2007). Thompson et al. (2006) showed that
ischemic insult opens neuronal hemichannels with a large linear current that
likely promotes cellular injury. This OGD-induced opening of a large-pore
hemichannel

(530

picosiemens)

results in

membrane flux of normally

impermeant small molecules. This would make the neuronal membrane, which
poorly conducts water at normal resting potential (Hille, 2001), instantly
permeable to water molecules and result in the characteristic dendritic beading
that we observed in our experiments. Though future studies are necessary to
fully elucidate the mechanisms of water influx during cerebral ischemia, the work
presented here strongly indicates the occurrence of AD/SO as a key initiating
event of this process.
Though we observed astroglial and not neuronal recovery from AD in
slices, we have found almost the opposite to be true in vivo. Using bilateral
CCAO, Murphy et al. (2008) saw reversal of AD-induced dendritic beading
following immediate reperfusion, which we confirm to be the case in our hands as
welL Our initial prediction was that astrocytes would also regain their form after
focal ischemia, owing to their increased resistance to ischemia versus neurons
as previously shown in vitro (Goldberg and Choi, 1993). However, reversal of
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astroglial swelling during reperfusion was not observed in our acute experiments.
Instead, astrocytes remained swollen after AD, even after nearby dendrites have
already recovered. Astroglial process swelling was also observed but not
quantified due to the limitations of light microscopy. Sophisticated process
analysis would have to be done via electron microscopy (EM) (e.g. Witcher et al.,
201 0) which would be beyond the scope of this dissertation.
The significance of ischemia-induced astroglial volume increase is not fully
understood. To date, the literature seems to be split on whether the swelling is
beneficial or detrimental to the progression of stroke (Kimelberg, 2005). Swelling
may be reflective of neuroprotective strategies occurring in astrocytes, such as
the promotion of amino acid metabolism, glutathione release (Haussinger and
Lang, 1991) and glycogen synthesis (Dambra et al., 2000). Conversely, astroglial
swelling may be a precursor to several detrimental consequences of ischemia,
including the release of peroxynitrite by volume-regulated anion channels
(Haskew et al., 2002}, activation of potentially harmful second messenger
signaling systems (van der et al., 2000) and excessive protein tyrosine nitration
(Schliess et al., 2004). As the field develops, it may become apparent that the
time course of astroglial swelling after stroke determines its impact; i.e., swelling
is beneficial in terms of neuroprotection during the earliest stages, but becomes
progressively more damaging at later time points.
Our novel findings reveal that acute rapid dendritic beading occurs in the
ischemic penumbra in a manner coincident with spontaneous SDs and the
progressive expansion of hypoperfused cortex. Shin et al. (2006) provided
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support for the vasoconstrictive effect of AD and recurring SDs leading to an
abrupt reduction of cerebral blood flow using their middle cerebral artery
occlusion model of stroke. With each subsequent SO, the area of severely
hypoperfused cortex expanded in a stepwise fashion, increasing the region of
metabolic compromise. We elaborated on their findings by showing that SOinduced metabolic distress is accompanied by dendritic beading and spine loss,
indicative of acute neuronal damage (Hsu and Buzsaki, 1993), and astroglial
swelling. Damage to neurons was transient so long as local energy reserves
.were sufficient to maintain repolarization after SO. This was visually confirmed by
the presence of flowing blood vessels in the vicinity of dendrites that recovered
their structure, supporting findings by Zhang and Murphy (2007) who reported
that individual flowing vessels can support structural integrity of dendrites within
80 1-Jm. In contrast, astrocytes did not recover their structure following focal
ischemia but actually increased in volume in conjunction with recurring
spontaneous SDs. The gradual progression of astroglial swelling shown here at
such early time points after stroke may be a prelude to devastating events
occurring later on, as swelling eventually results in rupture of the plasmalemma
and organelles during delayed astroglial necrosis (Gurer et al., 2009). We also
found that the incidence of terminal dendritic beading (i.e. beading without further
recovery) increases along with total SO duration. Like glial swelling, terminal
dendritic beading has been proposed to be an early indicator of cell death
pathway activation (Enright et al., 2007), further confirming SO as a significant
contributor to the pathogenesis of stroke.
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After establishing the importance of spreading depolarizations in the
worsening of ischemic injury, we wanted to see the effects of inhibiting AD/SO on
cell survival after stroke. Previous studies have proposed that several ion
channels cooperate in the initiation and propagation of ischemic depolarizations
(Somjen, 2004), making them quite difficult to block (Lipton, 1999). NMDA
receptor antagonists did not block AD in brain slices (Obeidat et al., 2000;
Andrew et al., 2002) or in vivo (Lauritzen and Hansen, 1992; Koroleva et al.,
1998). Inhibition of Na+ influx can delay AD (Aitken et al., 1991; Taylor et al.,
1999; Xie et al., 1995) but cannot prevent its onset (Urenjak and Obrenovitch,
1996; Somjen, 2001). Voltage-gated Ca2+ channel blockers or low Ca 2+ ACSF
also do not block AD (Urenjak and Obrenovitch, 1996, Somjen, 2001 ). Thus far
only a cocktail of various antagonists has proved effective in halting AD (Rossi et
al., 2000), but this blockade came at the expense of normal synaptic activity. A
useful anti-stroke drug should have the ability to inhibit the effects of AD/SO
without depressing neocortical function. Our work revealed that dibucaine, a local
anesthetic and voltage-dependent Na+ channel blocker, has the remarkable
ability to inhibit SO-induced acute dendritic beading in vivo. Moreover, the
incidence of terminal dendritic injury was significantly lessened in dibucainetreated animals versus control, suggesting that limiting the acute damaging
effects of SD was effective in preventing the recruitment of the penumbra into the
infarct core. Dibucaine also greatly lessened the impact of AD in human
neocortical slices, and did so at a concentration (1 1-1M) that did not affect
synaptic function. The failure of minocycline to duplicate the protective actions of
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dibucaine found

in this study, despite the finding that minocycline is

neuroprotective with regard to other aspects of stroke (Xu et al., 2004),
strengthens the notion that dibucaine's actions during ischemia are related to
depolarizing events. Dibucaine's seemingly potent AD/SD inhibition is not
thought to correspond to Na+ channel blockade since other Na+ channel blockers
(e.g.

lidocaine,

tetrodotoxin)

are much

less

effective against ischemic

depolarization (Yamada et al., 2004; Douglas et al., 2005). Future studies will be
required to determine if dibucaine is involved in blocking the large nonselective
conductance that underlies AD generation (Anderson et al., 2005), possibly by
interaction with large-pore neuronal hemichannels that are inactive under normal
physiological conditions but open during ischemic insult (Thompson et al., 2006).

FUTURE DIRECTIONS

Though the work described here was designed to highlight the importance of
spreading depolarization during ischemic injury, much work remains to be done
to fully understand the contributions of SD to the final outcome of stroke. We
were able to show the SO-induced formation of dendritic beads in real-time with
2PLSM, but the contents of these beads remain elusive. EM studies will be
necessary to analyze their structure (cytoskeletal reorganization, swollen
mitochondria, etc.) in more detail. The mechanism of recovery from neuronal
swelling should be looked at more closely, possibly through inhibition of the NAA
water "pump" thought to facilitate water efflux from neurons. The fate of
astrocytes at later post-injury time points needs to be determined, building on the
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early observations of rapid astroglial swelling demonstrated here. It remains to be
seen if promoting astroglial recovery can be a viable strategy for improving final
stroke outcome. Some attention should also be given to the cellular effects of
AD/SO at different stages of life, given the prevalence of stroke in the elderly
population.
The use of dibucaine as a novel therapeutic strategy post-stroke also
requires further investigation. The effects of dibucaine on SO-induced astroglial
swelling, final infarct size and behavioral outcome after stroke would be
beneficial to determine, as would the ability of dibucaine to extend its
neuroprotective actions at times later than the 30 min post-stroke time point
reported here. Successful neuroprotection at later time points of administration
would ultimately be required for relevance in the clinic, since the majority of
patients are not able to receive treatment for many hours after suffering a stroke.
Any treatment strategies that are able to extend the therapeutic window would be
of great benefit, and SDs make a particularly attractive target given their
continued occurrence in potentially salvageable tissue for hours to days postinjury.

SUMMARY

•

Astrocytes swell and shrink passively during osmotic stress whereas
neurons steadfastly maintain their volume. This difference is likely due to
the presence of water conducting aquaporins that are highly expressed by
astroglial endfeet.

•

Both

astrocytes

and

neurons

swell

when

depolarized

during

oxygen/glucose deprivation (OGD)-induced ischemia in brain slices, but
only

astrocytes

show

structural

recovery

during

reoxygenation/normoglycemia. Aquaporins would allow for efficient water
efflux from astrocytes following anoxic depolarization (AD).
•

Cellular injury resulting from AD is shown to be a critical early determinant
of stroke outcome, since tissue that undergoes AD shows a greater
degree of neuronal degeneration (revealed by Fluoro-Jade staining) than
tissue that is subjected to ischemia without AD.

•

Common carotid artery occlusion (CCAO) in vivo generates AD which
coincides with rapid dendritic beading, representing acute neuronal
damage. This beading is reversible when reperfusion is initiated
immediately following AD.
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•

Astrocytes show a significant increase in soma volume following CCAOinduced AD. Astroglial swelling persists even in the presence of fully
recovered dendrites, which is the opposite of what was observed to
happen in slices.

•

Photothrombotic microcirculatory occlusion results in an anatomicallylocalized, reproducible ischemic lesion capable of generating spontaneous
spreading depolarizations (SDs) in a penumbra-like "area at risk". These
SDs occur in concert with the expansion of hypo perfused cortex.

•

Spontaneous SDs coincide with rapid dendritic beading, which is
reversible as long as residual blood flow is available. Over time, the stress
of recurring SDs increases the mismatch between the blood supply and
metabolic demands. Once the energy supply can no longer meet energy
needs for repolarization, terminal dendritic beading (and thus permanent
neuronal damage) occurs.

•

As seen with AD, astrocytes swell following SO without any observation of
recovery afterwards, even if nearby dendrites have regained their form.
Future studies may reveal if this swelling is beneficial or detrimental to
stroke outcome.

•

The local anesthetic dibucaine attenuates the negative impact of AD in
human brain slices as well as SO-induced injury

in vivo, suggesting that

these depolarizations are novel targets for therapy after stroke.
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