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NO
Na-K ATPase
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Vm
BDNF
NF-xkB
NMDA
TPA
TBI

Cerebral blood flow

Direct current
Electrocorticography
Extracellular space
Haemoglobin (oxidised form)
Heat shock protein

Hypoxic spreading depression — like depolarisation
Immediate early gene
Interleukin

Inositol trisphosphate
Potassium ion

Extracellular potassium ion
Middle cerebral artery occlusion
Millimoles per litre

Messenger ribonucleic acid
Millivolts

Sodium ion

Peri-infarct depolarisation

The partial pressure of oxygen
Nitric oxide

Sodium-potassium ATPase
Near infrared spectroscopy
Nanometres

Nicotinamide adenine dinucleotide (reduced form
=NADH)

Neuronal membrane potential
Brain derived neurotrophic factor
Nuclear factor kappa-B
N-methyl-D-aspartate

Tissue plasminogen activator
Traumatic brain injury

History, Definitions and Introduction

In 1944 a young Brazilian physiologist, Aristides Ledo, was studying for
his doctorate in Harvard University. According to Somjen [l], he was
attempting to study propagation of epileptic activity in the cerebral cortex,
and he approached the problem by applying electrical stimulation to the
frontal convexity cortex of anaesthetised rabbits, and recording from an
array of corticography electrodes posterior to this (Fig. 1). Instead of
seeing propagating epileptic activity, he observed a period of electrical si-
lence, which was first seen adjacent to the stimulating electrodes, and did
indeed propagate from the site of stimulation backwards along the cere-
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Ledio, 1944

Fig. 1. Leao’s original demonstration of cortical spreading depression, demonstrating
a time sequence of twelve separate recordings spanning some 10—11 minutes, from
a linear array of seven electro-corticographic (ECoG) electrodes extending antero-
posteriorly over the right hemisphere of a rabbit anaesthetised with barbiturate. A pair
of bipolar electrical stimulating electrodes are placed at the front of the hemisphere,
and following stimulation, a wave of electrical silence is seen to propagate backwards
from the site of stimulation, followed after approximately 7-9 minutes by spontaneous
recovery at each site. (Reproduced with permission from Ledo [2])

bral hemisphere — at a rate of some 3 millimetres per minute. The phe-
nomenon resolved after 5—-15 minutes, with — apparently — full resumption
of cortical electrical activity. He reported his findings in a landmark paper
entitled “Spreading depression of activity in the cerebral cortex” [2]. The
event which he described became known as “spreading depression” or
“cortical spreading depression” [of Ledo] (CSD), and has remained a
subject of intense interest to neurophysiologists. Although the electro-
physiological and haemodynamic features have become very well charac-
terised, with mass focal depolarisation of neurones and glia as the defining
event, its most enigmatic challenges have remained its uncertain physio-
logical role in grey matter, and its relevance — if any — to human disease
states.

Since 1977-1978, stroke research laboratories have become aware of a
feature of cerebral cortex in the ischaemic penumbra which shares certain
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characteristics with CSD, but also differs from it in critical aspects. ““Peri-
infarct depolarisations” (PIDs) arise spontaneously in cortex at the edge
of the core ischaemic territory and propagate in the penumbra, but unlike
CSD, they are harmful in that they cause progressive recruitment of the
penumbra into the core territory, thus enlarging the infarct [3]. Somjen
refers to such events as hypoxic spreading depression-like depolarisations
(HSD) [1]. The evolution of this concept, and increasing awareness
among some clinicians of its existence, has prompted increasing specula-
tion as to whether CSD or PIDs occur in the injured human brain. Dem-
onstrations of CSD-like events in models of traumatic brain injury, the
imaging in the laboratory of propagation of PIDs across the cerebral
cortex in models of focal cerebral ischaemia, the knowledge that not only
cerebral cortex but also deep nuclei and the hippocampus may be subject
to CSD, and particularly the recent confirmation that such events do in-
deed occur in patients with serious head injury [4], seem likely to open a
fresh chapter in clinical brain injury research. This is an area of research to
which neurosurgeons are uniquely placed to contribute.

The features of cortical spreading depression as it is observed in the
experimental laboratory have been the subject of a number of authorita-
tive reviews extending over many years, and the reader seeking the most
detailed information is directed to them [1, 5-7]. We have relied exten-
sively on these reviews as well as on the original sources. In this review,
we shall draw together the principal physiological, chemical and haemo-
dynamic features of CSD and PIDs, and consider their possible functions
and effects in the context of acute ischaemic and traumatic injuries to the
human brain. We shall also explore methods for detection of depolarisa-
tions in the injured human brain, and the actual and potential impact
of this information on our understanding of the pathophysiology of the
injured human brain and on our clinical management of traumatic and
ischaemic brain injury. The broader term “‘depolarisation” will be used
where neither CSD nor PID is specifically under discussion.

Cortical Spreading Depression
The “Onset” Phase of CSD
Initiation of CSD

Ledo’s observations were made in rabbits under barbiturate anaesthesia,
and the stimulus to the cortex was bipolar electrical current delivered from
an induction coil, but several other stimuli are also effective. Dialysis
through an implanted microcatheter or superfusion of the exposed cortex
with potassium chloride (KCI) at 130 mM or more is effective in the rat
brain [8], as is local application of KCI with a wick. Neurosurgeons should
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also be aware that needling of the cortex is effective, and it seems ines-
capable that more complex surgical manipulations of similar, susceptible
tissue are likely to be effective if, as seems clear from the recent findings
in patients [4], CSD does indeed occur in the human brain. There is also
experimental evidence that spreading depression occurs in the spinal cord
[9]. What determines susceptibility, by which is meant the frequency of
occurrence of CSD (rather than vulnerability to damage from depolarisa-
tions), is an important theme of this review. The factors which are cur-
rently believed to affect this are species differences, location in the brain,
haemodynamic and metabolic conditions in the cortex, anaesthesia, and
systemic metabolic variables (essentially — in the present state of knowledge
— plasma glucose). All of these factors are best considered after we have
first reviewed the basic electrophysiological, haemodynamic and metabolic
properties of CSD.

The DC Potential Transient

For the purposes of a discussion focussed on brain injury, the CSD com-
plex is best considered in its two phases, onset and recovery, since, as we
shall see, it is probably deficiencies in the recovery process that underlie
the differences between CSD and PIDs. When Ledo measured the DC po-
tential difference between a point on the cortex in the path of the propagat-
ing wave of depression and a remote reference point, he noted a transient
negativity of some 10 to 15 mV. The observation has been repeated many
times, and when sought, the DC potential transient is an invariable feature
of both the CSD and PID patterns of depolarisation. The nature of the
DC potential transient — presumably indicating a brief accumulation of
negative charge in the cortex — is still unknown, although an increase in
one or more anions, — lactate, amino-acids, or bicarbonate — has been
suggested as a cause [10].

Mass Neuronal Activity: Grafstein — 1956

Studying areas of cerebral cortex isolated electrically by subpial transec-
tion but with perfusion intact, Grafstein recorded unit activity with an
extracellular microelectrode, and found a short phase of intense firing at
the onset of the DC potential change, followed by prolonged silence [11]
(Fig. 2). There is no suggestion that this transient neuronal activity con-
veys any physiological information, and as we shall see it is initiated by
local changes in the extracellular environment. The observation suggests
that excitatory or depolarising influences on neurones — not necessarily
synaptic — contribute to the initiation of the CSD event as it reaches a new
locus. It is of interest for current researchers studying models of stroke that
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Fig. 2. Comparison of extracellular microelectrode recording (Panel 1, a,b,c) and si-
multaneous recording of DC potential (Panel 2) in a slab of cerebral cortex isolated
electrically by subpial transections (Grafstein, 1956). The cortex was stimulated re-
mote from the recording electrodes, initiating a wave of spreading depression. In 1la,
no spontaneous neuronal firing is present prior to arrival of the wave, but as depolar-
isation commences there is a brief phase of intense neuronal firing () followed by si-
lence (¢) when depolarisation has begun to recover. (Reproduced with permission
from Grafstein [11])

Grafstein was able to suspend and then restore resolution of the DC po-
tential transient by first occluding and then releasing the middle cerebral
artery (MCAO) in rabbits, showing that resolution of the DC potential is
energy-dependent. Her proposal that potassium ion liberated by neuronal
depolarisation caused subsequent depolarisation of adjacent neurons still
forms the basis of current thinking on mechanisms of CSD propagation
(see below).

Thus Grafstein’s 1956 paper demonstrated or inferred three of the key
features of CSD — mass neuronal depolarisation, mediation by potassium
ion, at least in part, and the dependence of recovery on availability of
perfusion and energy. The findings and inferences have remained sub-
stantially unchallenged, and form the foundation of our understanding of
depolarisation events in the cerebral cortex; the paper is perhaps one of the
key contributions to neuroscience in the past 50 years.

Changes in Extracellular Ion Concentrations
[K*]e, [Na*]e, [CI7 e, [Ca*"]

A transient, marked increase in K. from the normal 3 mM to 60 mM or
more is a striking and regular feature of CSD, and lasts for approxi-
mately 30-40 seconds in total, often resolving with an undershoot below
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the baseline [12]. There are accompanying decreases in [Nag] [13], in [C]7].
and in [Ca®*], [14].

Changes in Membrane Potential and Conductance During CSD

The first intracellular recordings from a neuron during passage of a wave
of CSD were made by Collewijn and Van Harreveld, who concluded, after
allowing for the simultaneous change in extracellular potential, that neu-
ronal membrane potential (V) reached zero briefly [15]. This pattern of
depolarisation to zero volts is different from that of the action potential,
where V,, may reach +20 mV, and could imply simultaneous opening of
several or all membrane conductances in CSD; this might represent me-
chanical opening of membrane pores with no ion-specific conductance
properties, but according to Somjen it is not necessary to postulate such
special channels in order to explain the membrane potential changes in
CSD [1].

Redistribution of Water: Tissue Impedance

An increase in electrical impedance of tissue is largely a measure of cell
swelling, and Ledo and Martins-Ferreira demonstrated an increase in im-
pedance during CSD in 1953 [16]. Measurements of extracellular space vol-
ume using indicators such as tetramethylammonium, together with mor-
phological evidence, support this, and the basis most probably lies in the
excess of the decrease in [Na™]. over the increase in [K™] [13]. This would
imply a net movement of ions into cells, accompanied by osmotically
obliged water, in turn raising impedance to current flow in the ECS. How-
ever, Somjen points out [1] that there is evidence that when impedance
is measured some current flow is through rather than around cell mem-
branes, perhaps more especially glia, and that there is also evidence of a
marked drop in neuronal membrane resistance during SD [17, 18]. What-
ever their precise nature, these changes in CSD appear closely related to
the transient reduction in apparent diffusion coefficient (ADC) that can be
detected in the rat [19] and cat [20] brains during CSD using magnetic
resonance diffusion-weighted imaging (see also page 33: Section on Oc-
clusive Stroke).

Mode of Propagation of CSD

Early experimental studies of propagation of spreading depression were
aided by the use, principally by Martins-Ferreira and Oliveira Castro
[21], of the isolated chick retina, in which the presence and propagation of
spreading depression is evident to the naked eye from a transient change in
optical properties. They were able to establish a “ring” of retina in which
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the phenomenon could be constrained to propagate in circular fashion,
at a rate measured at 3.7 mm/minute — similar to that originally described
by Ledo, and they found that alkaline conditions, or increased K. or Cl,,
all accelerated propagation, whereas acidification or an increase in Mg,
slowed it.

In one of her 1956 papers [11], and noting the likelihood of neuronal
depolarisation (as the basis for the brief phase of spontaneous spike dis-
charges), Grafstein suggested that the resulting liberation of potassium
ion into the ECS could occur in sufficient concentration to cause adja-
cent neurones to depolarise, thus causing — or at least supporting —
propagation. The simultancous reduction in ECS volume (see above)
would increase the effective [K]., thus facilitating depolarisation of neuro-
nes in the path of the wave.

The separate idea that potassium ion might diffuse slightly further in
the ECS and cause depolarisation in non-contiguous neurones was explored
in detail by Gardner-Medwin, who determined a rate for cortical extra-
cellular diffusion of K™, and showed that this was slower than that of CSD
propagation [22]. A further argument against extracellular diffusion of
K. as the basis of propagation is that in CSD, no increase in K. can be
recorded in the cortex prior to the DC depolarisation (unlike PIDs, where
a gradual, prior increase in K. does occur [23, 24].

A second candidate agent explaining propagation is glutamate released
into the extracellular space (ECS) by mass neuronal depolarisation, and in
turn depolarising adjacent neurons. Van Harreveld induced CSD by ap-
plication of compounds in brain extracts, one of which was glutamate [25],
and he and Fifkova later demonstrated release of glutamate during CSD
in the retina [26]. However, glutamate dialysed into the cortical ECS does
not elicit CSD, nor does inhibition of glutamate reuptake [8, 27].

Propagation of CSD via Glial and/or Neuronal Gap Junctions

The possible roles of intercellular coupling either of neurones or of astro-
cytes in initiation and propagation of CSD have received much attention
in the last few years. In the case of astrocytes, it is now abundantly clear
that in cultures of astrocytes studied with intracellular calcium-sensitive
dyes, waves of transient increase in intracellular calcium ion (Ca;) can be
initiated — by glutamate [28], nitric oxide (NO) [29] or mechanical stimu-
lation [30] — and will then propagate across the culture at a rate very sim-
ilar to that of CSD in the intact cortex [6]. Nedergaard has shown that
in mixed glia-neuronal cultures, such glial waves are associated with ele-
vations in neuronal calcium concentrations [31]. Transmission of cal-
cium waves through glial cultures is believed to occur through glial gap
junctions — specialised and specific membrane openings whose molecular
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structure is now well-characterised and which are usually readily perme-
able to ions and compounds of smaller molecular weight; examples are
inositol trisphosphate (IP;) and potassium. IP; is thought to mediate prop-
agation of Ca; waves through its role as a ligand for IPs;-receptor-Ca-
conductance complexes on the endoplasmic reticulum, and glial gap junc-
tions are also thus a probable substrate for the mechanism of “spatial
buffering” of increases in K., as envisaged by Somjen [32]. Propagation is
also mediated by an extracellular agent, ATP [33].

At least in the cell culture preparations in which glial communication
has been studied, the capacity to propagate Ca; waves seems exceptionally
well supported, by a range of agents that include ATP [33], nitric oxide
[29], and inositol trisphosphate (IP3), the latter via glial gap junctions [34].
The demonstration that an intracellular calcium wave precedes the ar-
rival of spreading depression [35] also lends support to the idea that CSD
propagation is mediated primarily by glia. A further argument for the con-
cept is based on the fact that halothane, which blocks glial gap junctions
[36], also reduces the frequency of CSD in the gyrencephalic brain [37],
and reduces MCAO infarct volume and PID frequency by an effect either
on perfusion or on intrinsic PID susceptibility [38].

Other findings argue against this hypothesis. First, CSD is more readily
elicited in areas of grey matter with relatively /ower glia:neuron ratio, such
as the CAl layer of the hippocampus (in experimental studies) [39], and
the occipital cortex in humans [40, 41] (if it is accepted that migraine with
visual aura is a manifestation of CSD, as discussed below). Secondly, the
use of specific agents toxic to glia such as fluorocitrate or fluoroacetate
fails to prevent CSD [42, 43]. Third, CSD can occur in the absence of Ca;
waves [44].

The Recovery Phase of CSD, and the Responses of Cerebral Metabolism
and Blood Flow to CSD

Resolution of the cation transients might in theory be due either to resti-
tution of normal, resting distributions by active transport, or in the case
of the increased [K], to diffusion through the extracellular space (which
would necessarily be slower than the observed resolution rate [22]), to
spatial buffering by the astrocytes through gap junctions [32], or to passive
elution through cerebral perfusion (probable only under conditions of en-
ergy failure [45]). Grafstein’s experiment with MCAO described above is
perhaps the earliest evidence for a role for energy-dependent active trans-
port in the recovery phase, and evidence for the concept has steadily accu-
mulated. Demonstration of the cation transients that are an integral fea-
ture of CSD makes it almost inevitable that restoration of resting cation
distributions should necessitate a considerable increase in ATP utilisation.
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Indeed CSD, and epileptic seizures, are perhaps the most extreme forms of
activation challenge to reactivity of cerebral metabolism and blood flow
(CBF).

Detailed studies by Rosenthal & Somjen and their colleagues of CSD
in the normally perfused brain indicated transient oxidation of the mito-
chondrial respiratory chain [46]. In the light of subsequent work dem-
onstrating transient increases in perfusion [47] and in tissue pO, during
CSD [48], one simple interpretation of Rosenthal’s work is that the redox
potentials of the respiratory chain coenzymes are in equilibrium, and are
determined by the balance between the rate of ATP hydrolysis and avail-
ability to mitochondria of molecular oxygen from cerebral perfusion.

Glucose Ultilisation During Recovery from CSD

Studies of normal, functional activation in the human brain using positron
emission transverse tomography [49] indicated for the first time that the
rate of glucose utilisation increased in greater proportion to oxygen uti-
lisation, suggesting upregulation of glycolysis rather than of oxidative
glucose utilisation. The finding of transient increases in brain lactate of
some 30% in experimental studies of somatosensory activation [50] sup-
ported this interpretation, and suggested a degree of dependence on gly-
colytic generation of ATP during activation. The very large cation shifts
that occur in CSD make it highly likely that similar and greater — but still
transient — changes in glycolysis would occur during repolarisation after
CSD. However, an extracellular lactate transient need not necessarily mean
a shift to anaerobic metabolism, and Back and colleagues showed that in
the normally perfused brain CSD is accompanied by an increase in partial
tissue pressure of oxygen [48]; this may be attributed to the hyperaemic
response to CSD which is described below.

The model of the cerebral metabolic response to activation developed
by Magistretti and colleagues [51] envisages that glycolytic activity is pre-
dominantly in the astrocytic compartment (where almost all glycogen in
the brain is held [52, 53]), stimulated by an increase in extracellular gluta-
mate during functional activation. It is further proposed that astrocytes
deliver lactate to neurons, which, relying on lactate dehydrogenase activity
in reverse, convert lactate to pyruvate. This pyruvate is then metabolised
via the tricarboxylic acid cycle. Glucose transport across the blood brain
barrier is highly efficient, to the extent that total unidirectional flux into
the brain under non-activated conditions is approximately twice the rate
of utilisation by glycolysis [54]. This, allied with the hyperaemic response
to CSD discussed below, endows the cortex with its capacity to meet the
challenges of activation. It is not appropriate to pursue further this im-
portant topic in this context, and the reader is referred to work by Magis-
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tretti and colleagues [55], to a review questioning some aspects of this
“compartmented glial glycolysis” model [56], and to the review by Chen
and Swanson of astrocytic function and changes in brain injury [57].
Changes in glucose metabolism in focal ischaemia and during PIDs are
described later in this review.

Activated glutamatergic Astrocyte Capillary

synapse

LACTATE

CILUTANINE

ADF

AT & o
CILUTAYNTE 1 - 1

K+

Fig. 3. Schematic diagram illustrating current concepts of the role of astrocytes in
cerebral perfusion and metabolism (adapted with permission from Tsacopoulos and
Magistretti [55]: Copyright 1996 by the Society for Neuroscience). Cerebral capillaries
are extensively invested by astrocyte end feet, and extraction of glucose from blood to
brain (probably the astrocyte compartment) is highly efficient (arrow 2). During acti-
vation, and especially in cortical spreading depression, the glycolytic pathway in
astrocytes is upregulated, and the different kinetics of glial and neuronal lactate de-
hydrogenases favour net movement of lactate from astrocytes to neurons; the (limited)
brain glycogen pool is located in astrocytes. Under resting conditions, glycolysis in
neurons may be sufficient to meet energy demands (arrow I). Neurotransmitter gluta-
mate released into the synaptic cleft is re-accumulated into astrocytes by high-affinity
cotransport with Na™ ion, making use of the normal electrochemical gradient gen-
erated by Na™/K* ATPase.

Several mechanisms regulate cerebral perfusion, with a prominent role proposed
for astrocytes (arrow 3) [140]. First, their high membrane conductance for K* allows
astrocytes to buffer the increased extracellular levels resulting from activation, with a
direct vasodilator effect of K* on the microcirculation via the astrocyte cytosol and
end feet. Adenosine- and nitric oxide-based mechanisms also contribute. Recent work
by Zonta et al. now supports an additional mechanism of astrocyte-mediated vaso-

dilation during activation [141]
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Haemodynamic Response

Ledo himself was the first to demonstrate hyperaemia in association with
CSD; he observed a doubling in width of pial surface arterioles during
CSD [58]. If CSD induced in the prefrontal region of the rat is assumed to
propagate anteroposteriorly in the cerebral hemisphere at a constant rate,
serial coronal sectioning of the hemisphere after it has been frozen at a
single time point will provide in the section sequence a time series of the
response of the brain to the propagation wave. Using autoradiography for
CBF, and reasoning in this way, Lauritzen et al showed that CSD is
closely followed by an intense (>200%) but brief (2 minutes) transient
hyperaemia [47]. An extended phase of mild hypoperfusion (80-90% con-
trol) follows, lasting for some 60 minutes. This feature of CSD was later
used by the same group to allow mapping with isotope scanning of a phase
of hypoperfusion associated with migraine with aura that propagated for-
wards in the cerebral hemisphere at a rate in accordance with that of CSD
— a finding that argues quite strongly for CSD as the basis of migraine
with aura [59].

Histology of the Cortex Following CSD

A careful histological study by Nedergaard & Hansen [60] found no evi-
dence of classical ischaemic pathological changes in the cortex following
CSD in the normally perfused cortex of rats. As will be described later, the
situation is very different in focal ischaemia.

Molecular Responses to CSD

Expression after induction of CSD of some of the immediate early genes
(IEG) that respond to stress has been studied extensively, principally in
rats, mice and transgenic mice. The IEG responses to MCAO have also
been studied. In many such MCAO studies, increases in gene expression
extend to the whole hemisphere rather than remaining within the core and
penumbral regions. It is generally believed that such widespread upregu-
lation represents a response to a depolarisation event that started as a PID
in the ischaemic territory but then propagated throughout the rest of the
hemisphere as CSD. According to Sharp et al. [61] this applies to c-fos and
jun-B. Cyclooxygenase-2 is also induced by CSD [62]. In some cases, the
association is relatively specific: for example, the degree of induction of
the mRNAs encoding brain-derived neurotrophic factor and heat-shock
protein-72 in response to CSD induced in the rat is dependent on the
number of CSDs [63]. It needs to be stated that in MCAQO other gene
expression patterns may relate more to cell damage than to CSD. Thus
HSP70, a heat shock protein, behaves as a protein chaperone, increasing in



16 A. J. STRONG and R. DARDIS

the presence of denatured proteins [64], although expression in the infarct
core may be limited by ATP depletion [65].

CSD as an Initiator of Inflammation

That cerebral ischaemia causes an increase in levels of interleukin-14 (IL-
1f: an inflammatory cytokine) in the brain is well established [66—68].
CSD has a similar effect: Jander and colleagues recently showed that
mRNA levels for IL-15 and tumour necrosis factor-o. (TNF-z, also an in-
flammatory cytokine) are increased 24- and 60-fold respectively 4 hours
after CSD induction with KCI [69]. Expression of the IL-1f5 protein was
largely confined to microglia in the superficial cortical layers. These authors
suggest that “cytokine expression following CSD forms part of a physio-
logical stress response that contributes to the development of ischaemic
tolerance in this and other preconditioning paradigms” (see below). That
IL-15 can promote CNS repair has also been shown [70]. Another view of
the effects of IL-1f comes from the work of Blamire et al., who examined
the effects of microinjection of recombinant IL-1f into the striatum of 3-
week-old rats, and found significant reduction in apparent diffusion co-
efficient (ADC) and increases in cerebral blood volume and blood brain
barrier permeability [71]. ADC reductions are usually attributed to a shift
of water from extra- to intracellular compartments, but a reduction in water
mobility in the intracellular compartment may occur [72]; both explan-
ations are in keeping with an adverse effect of IL-15.

Pre-Ischaemic Conditioning with CSD as Protection
in Experimental Stroke

In experimental studies of stroke in rats, it is possible to confer a degree of
protection from the effects of a period of ischaemia by prior induction of
CSDs [73]. Levels of mRNAs for FOS, BDNF, and tPA, are increased by
preischaemic conditioning with CSD [74]. TNF-« and IL1-£ are believed
to contribute to increased tolerance of ischaemia [75, 76], and an antago-
nist to nuclear factor x-B (NF x-B) blocked NF x-B activity and reduced
the pre-conditioning effect [77].

It seems very likely that one or more of the currently identified ex-
pression cascades — or other(s) still to be detected, underlie the protective
effect of preischaemic conditioning with CSD, and increasing understand-
ing of the molecular response to CSD may in time allow us to identify
which of the several genes upregulated by CSD is/are responsible for the
protective effects of preconditioning, and so perhaps lead to novel therapy
for cerebral ischaemia, or at least better protection of the brain when some
degree of prospective risk exists.
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Factors Determining Ease of Induction of CSD
Species Differences and Cytoarchitecture

It has long been clear that CSD is more readily induced — and its repetition
maintained — in rats than in larger experimental animals [5], with primates
seen as the most ‘“‘resistant” group of species. However, it is certainly
possible to induce CSD in the primate brain [78]. A specific attempt to
compare PID frequency in cats and squirrel monkeys after MCAO showed
that PIDs do indeed occur spontaneously in a primate species, but failed to
confirm a species difference in frequency of PIDs because of wide vari-
ability within both species [79]. However, the results revealed a clear de-
pendence of PID frequency on plasma glucose level: this is discussed below
in the context of PIDs.

One of the most widely canvassed explanations for species differences
starts with the observation that lissencephaly is characteristic of the CSD-
prone species, whereas the more resistant brains are gyrencephalic. There
are however also regional differences in susceptibility within the brain of a
given species, with the hippocampus particularly liable to CSD, together
with — in migraineurs-with-aura — the occipital cortex. A clue to the puzzle
comes from consideration of the cytoarchitecture and glial : neuronal ratios
of different brain regions and in the brains of different species. Thus neu-
rons are particularly tightly packed, glia relatively sparse, and CSD fre-
quent, in the CA1 layer of the hippocampus. Migraine with aura typically
commences with a visual aura on or near the fixation point (although
auras apparently arising from the somatosensory cortex also occur), and
the glia:neuron ratio in the occipital cortex is lower than elsewhere in
neocortex [40, 41].

Tower and Young compared the glia:neuron ratio with brain size in
a group of mammals ranging from mice to whales and elephants, and,
using a log:log plot, demonstrated a convincing hierarchy in which the
glia:neuron ratio increases in proportion with brain size [80]. Primates are
distributed appropriately for their brain size within this hierarchy, rather
than all of them possessing a high glia:neuron ratio independent of brain
size, as might be predicted on “evolutionary” grounds. The issue is of in-
terest in relation to the discussion above on mechanisms of CSD propa-
gation, and the relationship of CSD propensity with Tower and Young’s
hierarchy is more in keeping with a homeostatic role for glia in the context
of CSD than with one in which they propagate CSD.

Spreading depression has also been observed in experiments on
the spinal cord [9, 81], and the possibility therefore arises that peril-
esion depolarisations might contribute to the evolution of spinal cord
damage — at least in grey matter — not only in trauma but also in vascular
lesions.
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Drugs and Anaesthetic Agents

The reduction of CSD frequency by agents known to block glial gap junc-
tions such as halothane and propofol has been referred to above. The role
of increased K. in initiating CSD has been referred to above, and gluta-
mate and other excitatory amino acid agonists can also effect this [25, 47,
82]; conversely, it is widely recognised that CSD and/or PID frequencies
can also be reduced by the action of some excitatory amino acid antago-
nists, notably antagonists of the n-methyl-D-aspartate (NMDA) class of
glutamate receptors [83—86]. Such mechanisms may operate in ischaemic
and traumatic brain injury, although with no proven definitive therapeutic
benefit in humans to date, and are considered below in the context of PIDs.

Factors Precipitating Migraine with Aura

Evidence favouring CSD as the basis of the migraine aura has gradually
accumulated since Ledo and Morison first suggested this [87], and is re-
viewed in Migraine page 29. We can learn something of the mechanisms of
CSD induction from descriptions from migraineurs (with aura) of the
precipitating factors they implicate. Sometimes onset follows relaxation
after a period of intense concentration or physical exercise. The onset is
attributed to hunger by some migraineurs with aura, and we may speculate
in the light of discussion below (page 25: Relationship of Cortical Glucose
Availability with PID Frequency) that hypoglycaemia is responsible in
these individuals. The various other precipitating factors do not at present
appear relevant in this context.

Genotype

Familial patterns of migraine incidence and inheritance are well recog-
nised, and there is evidence that familial hemiplegic migraine is due to a
calcium channelopathy [88]. Migraine with (non-hemiplegic) aura is much
more common, and appears sometimes to have a familial element. It seems
likely that other gene/ion-channel abnormalities will emerge in due course.
A patient with the appropriate genotype seems likely to be at increased
risk of depolarisations occurring in association with stroke, subarachnoid
haemorrhage or serious head injury.

Haemodynamic and Metabolic Conditions in the Cortex

The role of ischaemia, trauma, increased K. and glucose availability to
the cerebral cortex in stroke and head injury will be considered below in
relation to PIDs. Disturbances of magnesium metabolism have also been
invoked as an additional factor increasing migraine risk [89].
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Peri-Infarct Depolarisations (PIDS)
Historical

In their 1977 paper Branston et al. [45] referred to spontaneous, transient
increases in extracellular potassium ion concentration (K.) which occurred
in the ischaemic penumbra following experimental MCAO. Similar, spon-
taneous events were later reported in another MCAO preparation, also in
a gyrencephalic species [90]. It was suggested then that such events, PIDs
[3] or HSDs [1], were ‘“not necessarily benign” [91], and specific studies
have confirmed this page 24: Evolution of PID Patterns with Time
Pathogenic Potential and Recruitment of Penumbra into Core Territory).
The critical points of difference between CSD and PIDs are that CSD in
completely healthy cortex requires an initiating stimulus and does not
damage normally perfused and metabolising grey matter, whereas PIDs
are spontaneous and do cause damage, and in the case of the ischaemic
penumbra, appear to play a large part in recruiting this zone of tissue into
the expanding core infarct until this reaches what appears to be a “pre-
destined” size (assuming no treatment).

Detection with Electrodes, and Characteristics of PIDs in Experimental
in Vivo Models

PIDs have usually been documented from recordings of the cortical DC
potential, and traditionally this has been regarded as a reference detection
method. Such electrodes need to be non-polarisable, and usually consist
of a glass micropipette filled with physiologically neutral electrolyte and
inserted into the cortex, or a chlorided silver ball placed on the cortical
surface. Twin-barrelled surface contact or glass microelectrodes allow the
signal from an ion-selective barrel (most often to K™) to be compared with
that from an adjacent electrode, both of them referenced to a remote
ground electrode. The time course of K. as recorded from such an elec-
trode during a PID resembles that of CSD in respect of onset and peak
amplitude, but may differ in that the recovery phase may be more pro-
longed. In baboons, a linear, direct relationship of K, clearance half time
with degree of ischaemia was shown, and interpreted as indicating that
clearance was no longer by Na-K ATPase (energy-dependent), but relied
instead on passive elution by residual perfusion [45]. Studying MCAO in
rats, Gill and colleagues [85] distinguished “small” (duration ~1 minute)
and “big” PIDs, both recorded with DC electrodes, the latter having much
longer time courses. In the same study, this group showed that the time
course of depletion of extracellular calcium mirrored that of the DC poten-
tial, indicating that “big” PIDs were associated with protracted increases
in intracellular calcium, likely to be cytotoxic.
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The Response of CBF to a Peri-Infarct Depolarisation

The hyperaemic response to a CSD wave is well recognised from obser-
vation of cortical vessels [58], serial section autoradiography in the rat
brain (generating a time series as the event propagates along the hemi-
sphere) [47], laser Doppler flowmetry [48], and, by inference, from mon-
itoring of transient increases in tissue pO; [48]. Following MCAO, the
CBF response is greatly attenuated, or even reversed; thus laser Doppler
flowmetry in a deteriorating patient with an intracerebral haematoma at
first revealed transient increases in perfusion coupled to probable CSD
episodes, but the perfusion responses reversed to transient sypoperfusion
as brain swelling progressed [92] (Fig. 8). Back et al showed that the
positive tissue hyperoxia of CSD becomes a transient decrease in tissue
pO> in focal ischaemia [48].

Detection and Tracking of PIDs with Imaging

In open-skull animal models of stroke, it is usually necessary to leave
electrodes at a fixed location rather than probing different cortical areas
sequentially, and it is also not possible to determine the extent of propa-
gation of a presumed PID wave with one or more electrodes in the cortex.
The use of a method that acquires sequential images of the exposed core
and penumbral areas offers a solution if the variable being imaged is af-
fected by the pathophysiology. When illuminated with fluorescent light
at 370 nm, the cortex will fluoresce blue, emitting light in the range 445—
470 nm; the fluorochrome responsible is the reduced species of the nic-
otinamide adenine dinucleotide redox couple (NAD/NADH), the coen-
zyme for succinic dehydrogenase in the mitochondrial respiratory chain.
Only NADH - the reduced species — fluoresces, so that oxidation of the
couple leads to a fall in fluorescence, whereas reduction causes an increase.
Interpretation of such images needs to take account of the capacity of
haemoglobin, particularly when oxidised, to absorb or quench blue light
(hence its colour!). This method was applied in non recovery MCAO
studies in cats [93], and revealed spontaneous increases in 450 nm fluores-
cence that appeared almost always to originate near the core territory and
propagate outwards into the penumbra at rates in the range 1-4 mm cor-
tex per minute and hence very characteristic of CSD (Figs. 4-6). Propa-
gation is invariably around the walls of a sulcus, with no evidence that the
event can spread directly between gyri lying in contact at the surface. Time
courses of the events could be classified into (1) fluorescence increases that
did not reverse, (thus closely resembling the time course of terminal depo-
larisation as recorded with a K. or with a DC-potential electrode), and
which occurred on penumbral cortex close to the core, (2) more peripheral
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MG

Fig. 4. Schematic diagram illustrating the concept of an ischaemic penumbra or
boundary zone in experimental focal cerebral ischaemia in the cat brain, induced in
this case by permanent occlusion of the right middle cerebral artery. The ectosylvian
(EG), suprasylvian (SG) and marginal (MG) gyri lie at respectively increasing dis-
tances from the proximal Sylvian fissure. Directions of arterial inputs from the ante-
rior and middle cerebral (M CA) arteries are indicated (posterior cerebral omitted for
clarity). The heavily shaded area represents the core cortical territory associated with
permanent MCA occlusion; terminal depolarisation has occurred within an hour or
less of occlusion and is irreversible except by early reperfusion. The lighter shaded area
(penumbra) is the site of recurrent peri-infarct depolarisations originating at the edge
of the core and propagating outwards into the penumbra (see text and Fig. 5). The
square area represents the field of view in each panel of Fig. 5

transient increases in fluorescence that had propagated centrifugally from
cortex affected by PIDs with the first pattern, and (3) transient decreases in
fluorescence, occurring in cortex close to the anterior cerebral artery input,
and probably lying just outside penumbra (Figs. 4-6). In some cases, a
single PID was seen to propagate from penumbra into anterior cerebral
territory, changing its polarity from increase to decrease as an unseen in-
terface was crossed (Fig. 5).

Increases in fluorescence may represent either reduction of the redox
couple or a decrease in haemoglobin at the same locus, or a combination
of the two, although also not excluding a small increase in haemoglobin
outweighed by a larger NADH increase. Whichever the explanation, the
observed increase in raw fluorescence indicates either vascular or metabolic
compromise, and the method has been used largely to confirm propagation
of the events, and to detect them. The depression in crude fluorescence
grey level in normally perfused cortex outside the penumbra accords well
with the depression of compensated fluorescence during CSD as shown by
Rosenthal and Somjen [46].
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Fig. 5. Sequence of digital images illustrating initiation and propagation of a peri-
infarct depolarisation in the penumbra following experimental middle cerebral artery
occlusion. (For orientation of the image field in relation to the whole hemisphere
please see Fig. 4) After exposure of the brain a sequence of grey scale fluorescence
images was acquired 53 minutes after occlusion of the middle cerebral artery. The
baseline image acquired at time zero was subtracted from each subsequent image and
the difference image calculated and displayed in pseudocolour. Green background
indicates no change in fluorescence while colours up through the rainbow spectrum to
red, pink, white represent increases in fluorescence, and changes into blue, purple
or black, decreases respectively. Panel 1: EG ectosylvian gyrus (ischaemic core). SG
Suprasylvian gyrus (inner penumbra). MG Marginal gyrus (outer penumbra). Princi-
pal middle cerebral input is from lower right of the field, and anterior cerebral from
upper right (panel 6) (see also Fig. 4). White line in panel 1 represents the anterior
margin of the craniectomy exposing the cortex. Red lines represent sulci, and blue line,
the line of the sagittal sinus medial to MG. Shortly before the image shown in panel 1,
an area of increased fluorescence emerges from the lower sulcus and propagates out-
wards (from MCA input) throughout the SG (panels 2-3). After an interval between
panels 3 and 4, the depolarisation (verified by potassium-selective electrode on poste-
rior SG) emerges onto the MG and propagates forwards and medially (panel 5) but
on reaching cortex perfused by anterior cerebral artery (ant. cer.), the event dissipates,
represented only by a decrease in fluorescence in panel 6 (upper right of panel).
Thus, the white line drawn on MG in panels 5 and 6 represents an apparent interface
between middle and anterior cerebral territory. In this example, fluorescence has
returned to baseline in the suprasylvian gyrus, but after one or more subsequent
similar events, fluorescence increases on this gyrus often culminate in a permanent
increase, probably indicating terminal depolarisation (Fig. 6). (Reproduced with per-
mission from Strong et al. 1996 [93])
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Fig. 6. Examples of time course of fluorescence events recorded from suprasylvian
gyrus(s), middle and posterior marginal gyrus(m), and anterior marginal gyrus. (See
also Fig. 5). On suprasylvian gyrus, the majority of fluorescence increases are sus-
tained, probably indicating terminal depolarisation. On the middle and posterior MG,
still within MCA territory but better collateralised, fluorescence increases are smaller
than on SG, and not sustained. In the anterior MG, within anterior cerebral territory,
fluorescence transients are all decreases, indicating either oxidation of the NAD/H
couple, or an increase in total haemoglobin content in the parenchymal circulation,
implying vasodilation. Please see also text (page 20: Detection and Tracking of PIDs
with Imaging) (reproduced with permission from Strong et al. 1996 [93])

Initiation of PIDs

Experience with in vivo imaging suggests that the great majority of PIDs
originate at the edge of core territory [93], and the high levels of K. pres-
ent in core areas are a probable cause [11, 27], but the same considerations
apply as in CSD, and glutamate or other factors liberated from ischaemic
tissue might contribute.

Terminal Depolarisation

In the core infarct territory established soon after experimental MCAO,
the DC potential rapidly becomes negative, but, unlike a PID, does not
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then resolve, instead becoming increasingly negative and reaching a pla-
teau that is interpreted as indicating complete depolarisation of all cellular
elements. Terminal depolarisation — effectively a failure to repolarise spon-
taneously (as does a PID) — is commonly taken to imply complete deple-
tion of the ATP pool required for repolarisation, and will lead inevitably
to infarction unless the ATP pool can be restored promptly by reperfusion.

Evolution of PID Patterns with Time, Pathogenic Potential, and
Recruitment of Penumbra into Core Territory

PIDs — however detected — recur at irregular intervals during ischaemia,
and observation over 10—12 hours reveals that, at least under chloralose
anaesthesia, the pattern of recurrence eventually culminates in terminal
depolarisation in outer areas of penumbra, similar to the sequence that
occurs earlier in more central penumbra [38]. A feature of the progression,
when K. is monitored, is that resolution of each K. PID transient towards
the pre-transient baseline becomes steadily less complete with time, leading
to a gradually increasing K. baseline. Harris ef al. showed that in the case
of K., there is a striking acceleration of K. increase when it reaches
13 mmol, suggesting a specific change in a membrane conductance [24];
terminal depolarisation follows, and the area of penumbra affected is thus
recruited into the core infarct. This sequence of events suggests that num-
ber or frequency of PID events in the penumbra is a principal determi-
nant of infarct size, and three pieces of evidence support this. First, Gill
et al. showed that when the number of PIDs was restricted with the non-
competitive NMDA antagonist dizocilpine in rats subjected to MCAO,
infarct size was reduced [85]. Secondly, Mies and colleagues reported
findings closely similar to those of Gill’s group [94]. The association of a
larger infarct with increasing PID number may simply reflect the operation
of a different, underlying mechanism determining both infarct size and
PID frequency. However, thirdly and conclusively, Busch et al. were able
to increase infarct size in rats by inducing CSD events outside the penum-
bra which propagated into it and caused enlargement of the definitive core
infarct [95].

Arising from the original demonstration that loss of evoked potential
amplitude could be reversed upon reperfusion, the initial concept of the
ischaemic penumbra was of a “‘sleeping beauty”” — a zone of cortex whose
function was reversibly suppressed in a stable fashion, so that function
could be restored at a much later time point by the magical touch of a
vascular neurosurgeon carrying out an extra-intracranial vascular bypass
procedure [96]. The study of PIDs and manipulations of their frequency
has demonstrated instead that — without early reperfusion — the ischaemic
penumbra is a maturation phenomenon in which the core infarct gradually
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expands into penumbra, thus “recruiting” it. The time course of this pro-
gression is probably shortest in rats — perhaps 3 hours, extending to 12 to
24 hours in cats, and is believed in humans to extend to perhaps 48 hours.
The factors which might influence PID frequency and hence the rate of
progression need to be considered.

Species Variations in PID Frequency

Tower and Young’s observation of a relationship of cerebral cortical
glia:neuron ratio with brain mass is relevant to brain injury since, as men-
tioned earlier, glial buffering of potassium ion concentration and uptake
of neurotransmitters, especially glutamate, are important mechanisms for
homeostasis of the extracellular space. It is therefore not a matter of sur-
prise that the frequency of PIDs following MCAO in rats should be high
[85], but much less so in cats [79]. CSD is also difficult to induce in mon-
keys [78]. Efforts to make a direct comparison of PID frequency between
cats and primates were frustrated by considerable inter-experiment vari-
ability in frequency within a species, but variations in plasma glucose
emerged from these experiments as a cause of this variability; this is dis-
cussed below (some page: Relationship of Cortical Glucose Availability
with PID Frequency). The inference from such comparisons is that PIDs
in humans might be rarer still — perhaps vanishingly so — and the relevant,
new evidence is described later.

Effects of Drugs and Anaesthetic Agents on PID Frequency

The beneficial effects of NMDA-type glutamate receptor blockade on PID
frequency and on infarct size have been reviewed above (page 18: Drugs
and Anaesthetic Agents). The AMPA/kainate-type glutamate receptor
antagonist NBQX has been shown to reduce PID frequency and volume of
ATP depletion in rats subjected to MCAO [97], and this agent has also
been shown to reduce ischaemic lesion volume [98]. It is of interest that,
unlike MK-801, NBQX does not prevent induction of CSD in the normal
brain [99]. The volatile anaesthetic agent halothane may achieve its ex-
perimental neuroprotective effect by reducing PID numbers [38], and can,
like propofol, block CSD [37]. The fact that halothane also blocks gap
junctions in cultures of astrocytes [36] supports the argument for a role of
glial gap junctions in the propagation of CSD [100].

Relationship of Cortical Glucose Availability with PID Frequency

As CBF progressively falls in focal ischaemia, a shift to anaerobic gly-
colysis is inevitable once oxygen extraction is maximal. At that point, a
dramatic loss in efficiency of glucose utilisation is equally inevitable, with a
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fall in net ATP yield per mole glucose utilised from 38 to 2 moles. Glucose
utilisation increases to compensate [101]; this is possible despite presence
of ischaemia, due to the remarkable effectiveness of the capillary glucose
uptake/transport mechanism. This concept is based on several lines of ev-
idence. Hansen showed that following cardiac arrest in rats, delay before
terminal ischaemic depolarisation was proportional to plasma glucose, in-
dicating an inverse relationship between depolarisation rate (the dependent
variable) and glucose availability in the brain [23]. In 1986, Nedergaard
and Astrup showed in rats (MCAO) that hyperglycaemia reduced the
frequency of PIDs (although a plasma level in excess of 30 mmol/L was
needed to achieve this) [102]. They also showed an increase in phosphor-
ylation of ['*C]2-deoxyglucose (an index of metabolic rate) that was
related to frequency of PIDs, and predicted that with ischaemia accom-
panied by PIDs the brain free glucose pool would tend towards zero as
delivery and extraction from plasma would quickly become inadequate,
given the high, anaerobic utilisation rate. In cats (MCAO), dependence of
homeeostasis on plasma glucose is demonstrable at glucose levels that
are frequently encountered in clinical practice: thus Strong et al. showed
a striking increase in PID frequency in this situation when mean post-
occlusion plasma glucose fell below 4.5 mmol/L (the lower limit of normal
quoted for clinical plasma glucose assays in our institution is 3.3 mmol/L)
[79]. Our subsequent, unpublished work suggests that the threshold may be
nearer 6.5 to 7 mmol/L. This is of potential importance for clinical man-
agement since insulin is used to control hyperglycaemia in many intensive
care units, with the target range varying in different units. At least one trial
of glucose and insulin (to restrict ischaemic acidosis) in acute stroke is
under way [103]. There is also striking (and influential) evidence favouring
the use of insulin in the intensive care of systemic critical illness [104].

In summary, the initiation of a PID appears to be a random event in
which an elevated K. level at the edge of core infarct territory causes depo-
larisation of neighbouring tissue because membrane homceostasis there
is partially impaired. The impairment is due to a combination of factors
in which reduction of glucose availability (the multiple of perfusion (ab-
solute, ml/100 g/min) and plasma glucose levels) as ischaemia deepens
becomes particularly important. It seems that reduction of glucose avail-
ability increases the probability of initiation of a PID.

The Metabolic “Signature” of PIDs

The transient hypoperfusion or reduction in tissue pO; that occurs in as-
sociation with a PID has been described above. Given the likelihood of
transient tissue glycopceenia during recovery from a PID, and the critical
dependence of the ATP pool on the balance between on the one hand,
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ATP utilisation for restitution of cation gradients during PID recovery,
and glucose availability on the other, it becomes valuable to measure the
available tissue glucose pool with sufficient time resolution to detect the
effects on it of a PID. This has recently been achieved with the use of
cerebral microdialysis coupled with rapid sampling of dialysate by means
of an online, automated flow—injection assay [105, 106]. The technology
allows enzymatic assay of microlitre dialysate samples for glucose and
lactate at intervals of 30 seconds each. When dialysate was sampled from
penumbral tissue closely adjacent to the core area after MCAO in cats, a
PID arriving at the microdialysis probe was associated with complete dis-
appearance of glucose from the dialysate within approximately 3 minutes.
In more peripheral penumbra, PIDs were accompanied by transient, ste-
reotyped increases in lactate and decreases in glucose, superimposed in the
case of recurrent PIDs on decreasing glucose and increasing lactate base-
lines (Fig. 7) [107]. This reproducible combination of transient metabolite
changes may be taken as a typical metabolic “signature” for a PID, of
potential value for the monitoring of patients with severe TBI or acute
cerebral ischaemia.

The Role of Depolarisations in Pathophysiology of CNS Disorders
in Humans

Speculation and then evidence have accumulated, at first gradually [59,
108, 109], but now more steadily [4, 92, 110], that depolarisations do in-
deed occur in the human brain — in the functional disorder of migraine
with aura as well as in acute traumatic brain injury. It seems that it will
only be a matter of time before evidence emerges that they also occur in
acute ischaemic or haemorrhagic lesions affecting grey matter in the CNS.

Cortical spreading depression and peri-infarct depolarisations compared:

It is appropriate at this point to summarise the similarities and differ-
ences between cortical spreading depression (CSD) and peri-infarct depo-
larisations (PIDs). CSD is a general, asynchronous, neuronal and glial
depolarisation that usually commences at a focus in the cerebral cortex,
and usually in response to quite vigorous efforts to induce it. It propagates
radially in the cortex at 2-5 mm/minute, is accompanied by intense but
transient hyperaemia, and does not result in histologically demonstrable
cell damage.

A PID is a general neuronal and glial depolarisation that occurs spon-
taneously in an ischaemic boundary zone, especially when plasma glucose
is mildly reduced, and propagates into adjacent boundary zone territory at
the same velocity as CSD. There is little or no recruitment of perfusion,
and, probably as a result of this, ischaemic damage accumulates in the
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Fig. 7. Time courses of lactate (upper trace) and glucose (lower) concentrations in

dialysate from a probe placed in the marginal gyrus (peripheral penumbra) of the cat

brain (chloralose anaesthesia). Samples were analysed at 30-second intervals using

an enzymatic flow-injection assay [106]. The data demonstrate the typical transient

increase in dialysate lactate and decrease in glucose that accompany a PID; this was

verified by fluorescence imaging [93]. (Reproduced with permission from Parkin et al.
[142])

affected territory, culminating after varying periods, perhaps 24—48 hours
in humans, in terminal depolarisation and complete infarction.

Spreading depolarisations and epileptic seizures compared:

The essential electrophysiology of an epileptic seizure affecting the cerebral
cortex differs from that of CSD in that a degree of synchronous firing/
depolarisation of neurons is required to generate the dipole whose presence
is detected by EEG/ECoG electrodes during a seizure. The transient phase
of asynchronous neuronal firing at onset of CSD results simply in silence at
overlying electrodes. However, the apparent capacity of a Jacksonian fit (a
rare event) to propagate across the cerebral cortex resembles the behaviour
of CSD, and in the light of the new concepts of non-synaptic communi-
cation between different cells in grey matter, one may envisage that Jack-
sonian epilepsy and CSD might propagate through similar mechanisms.
CSD and an epileptic fit both result in transient increases in the metabolic
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load inherent in membrane repolarisation, and hyperaemia is a feature
common to both. Provided the hyperaemic response is sufficient to permit
prompt restoration of ‘“‘resting” transmembrane cation gradients, neither
CSD nor an epileptic fit should lead to any neuronal necrosis. A focal fit is
a recognised complication of surgery to clip a ruptured middle cerebral
artery aneurysm, and we, probably like most neurosurgeons, view such fits
with concern as to their cytotoxic potential since vasospasm may attenuate
the hyperaemic response that is required.

Migraine

Classical migraine, now designated migraine-with-aura, is characterised by
the migraineur’s experience of a visual, somatic motor or sensory symptom
as the first component of a stereotyped sequence. The typical visual aura
starts as a central scotoma and propagates outwards into the more pe-
ripheral visual field (usually a hemifield) as a scintillating, often multi-
coloured pattern. In 1941 Lashley published a description of his own vi-
sual aura, and suggested that it represented propagation of an unknown
disturbance across the visual cortex at a rate which he calculated lay in the
range of some 3 mm per minute [111], and Ledo and Morison suggested
that CSD was the basis of migraine with aura [87]. Milner [108] drew at-
tention to the similarity of Lashley’s figure for migraine aura propagation
with Ledo’s for CSD propagation, and since then evidence has gradually
accumulated that CSD is the basis of migraine with aura. For example,
Lauritzen and colleagues [59] mapped CBF using the intra-arterial xenon
method and reported propagation in serial images of a phase of reduced
blood flow following migraine with aura — probably representing the oli-
gaemic phase of the haemodynamic response to CSD. Woods, lacoboni
and Mazziotta achieved similar results with positron emission tomography
[112], and Hadjikhani and colleagues recently described transient loss
of normal magnetic resonance blood-oxygen level dependent (BOLD) re-
sponses to repetitive visual stimuli during migraine with visual aura. This
inhibition propagated outwards from the occipital pole at a rate that was
appropriate for CSD [110]. Gardner-Medwin and colleagues had earlier
demonstrated propagation of a similar MRI change in experimental CSD
[113].

Transient Global Amnesia

Transient global amnesia (TGA) is a neurological syndrome possibly
arising in the hippocampus and characterised by sudden onset of complete
memory loss; TGA is believed to have as its basis CSD in the hippo-
campus. The individual appears to be completely alert and can commu-
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nicate, but enquires frequently about present events. Most episodes last
around eight hours but can last for 24 hours and indeed an episode lasting
seven days has been described. The onset of memory loss may occur dur-
ing an emotional stimulus or physical exertion. A history of migraine is
recognised in up to 25% of TGA patients. Cerebral blood flow studies us-
ing the 133-xenon inhalation method in TGA patients suggest temporary
regional hypoperfusion [114]. Marked hypoperfusion in the region of the
posterior cerebral arteries has been displayed with single photon emis-
sion computed tomography [115]. Diffusion-weighted magnetic resonance
imaging during an episode of TGA indicated a decrease in the interstitial
space and cellular oedema of the temporal lobe [116]. The induction of
spreading depression by the injection of KCl in the hippocampus creates an
irreversible retrograde amnesia in the rat [117, 118]. It is currently believed
that the amnesic effect of CSD depends on the duration and density of the
phenomenon, repetitive CSD causing a more sustained retrograde amnesia.

Trauma
Depolarisation and Concussion

The suggestion that neuronal depolarisation might account for disturbance
of consciousness following head injury originates with a paper by A. Earl
Walker and colleagues in 1944 [119], and there is ample, more recent ex-
perimental evidence — from use of DC potential or ion-selective electrodes
in in vivo small-animal models of traumatic brain injury — that is compat-
ible with this concept (some page: Recurrent Depolarisations following
Experimental Traumatic Brain Injury (TBI)). However, other mechanisms
may also contribute to or account for concussion. For example, there is
evidence to implicate sublethal, reversible diffuse white matter shearing
injury as a mechanism of concussion [120, 121], and it is beyond the scope
of this review to explore this issue in detail.

Recurrent Depolarisations Following Experimental
Traumatic Brain Injury (TBI)

The term ““peri-infarct depolarisation” is not strictly applicable to a
depolarisation occurring spontaneously in the periphery of a traumatic
contusion or intracortical haematoma, but several reports (below) of depo-
larisations in experimental TBI raise two questions. First, do such depolar-
isations have the characteristics of CSD or of PID, and second, is there
evidence for similar events in the injured human brain? Until it becomes
clear whether or not depolarisations around a contusion have the charac-
teristics of an (ischaemic) PID, it seems wiser not to assign the term “PID”
or “CSD” to them. Although there is evidence for ischaemia surrounding
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such lesions in humans [122, 123], it is by no means clear that the ischae-
mia is distributed as widely in TBI as it is in MCAO (unless intracranial
pressure is markedly elevated). Notwithstanding these uncertainties about
the extent or severity of ischaemia, there is ample experimental evidence
from electrode studies for the occurrence of depolarisations in the rat brain
following TBI [124—-127] or in association with an intracerebral haema-
toma [128].

Kubota and colleagues [125] and Sunami and colleagues [126] showed
a relationship between severity of contusion (from fluid percussion injury)
and subsequent frequency of CSD-like events; they also found marked
elevations in local cerebral glucose utilisation in those hemispheres in
which CSD occurred. Similar observations, suggesting hyperglycolysis and
later a Aypometabolic state, were reported by Hovda, Lee, and Katayama
and their colleagues [129]. B. Nilsson and colleagues studied the effect of
mild, non-lethal acceleration head injury on cerebral blood flow and me-
tabolism in rats, and found marked but transient increases in CBF and
in brain lactate: pyruvate ratio [130, 131]. Although DC potential was not
recorded, the time course of the changes closely resembles the transient
hyperaemia associated with CSD described above [47]. P. Nilsson et al.
demonstrated a relationship between CSD and neuronal damage after a
weight drop injury [132].

Direct Detection and Characterisation of Depolarisations in Humans,
and Their Role in Human Traumatic Brain Injury

Is there any direct evidence for the occurrence of depolarisations in the hu-
man brain? In the course of stereotaxic neurosurgical procedures, Sramka
and colleagues were able to demonstrate CSD in deep grey matter [109].
Mayevsky and colleagues used a multimodal monitoring system located on
the right frontal convexity in 14 patients [92]. In only one did they find
evidence for CSD, but the findings in this individual were striking. Recur-
rent ECoG suppressions were seen, associated with transient increases in
CBF (laser Doppler), oxidation of NADH, and elevations of K., a com-
bination of features closely compatible with CSD, although — despite the
authors’ claims — proper verification of propagation of the events was not
possible at the single monitoring point used. As brain swelling progressed,
the NAD/H transients became reduction rather than oxidation events, and
the CBF transients became negative — the features now of PIDs (Fig. 8).
Although this group saw CSD/PID events in only one patient, it is im-
portant to note that their regular use of a right frontal monitoring site
irrespective of the site of any contusion or haematoma, although standard
practice at the time of the study, will have precluded detection of events
confined to the margins or ‘“‘traumatic penumbra” of a lesion elsewhere
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Fig. 8. Traces of intracranial pressure (/CP), cortical reflectance (R), compensated
fluorescence (CF), laser Doppler flow (LDF), laser Doppler blood volume (LDV),
extracellular potassium (K) DC potential (DC) and time-integrated cortical surface
EEG activity recorded from a multiparametric probe assembly in the right frontal re-
gion of a patient with a severe left parietal contusion [92] (Reproduced with permis-
sion from: Mayevsky A et al (1995) J Cereb Blood Flow Metab 15, S1, p S34). The
right panel was acquired several hours after the left, following deterioration and
shortly before death. In the left-hand panel, a single event — characterised by an in-
crease in perfusion, decrease in fluorescence, increase in extracellular potassium, and a
period of electrical silence — has the characteristics of CSD. The characteristics of the
event in the right panel have changed in that fluorescence now increases, but perfusion

(LDF) shows a decrease. The characteristics now correspond more with features of
PID rather than CSD

in the brain. There now appears to be wide recognition of the value of
locating detection devices, at the very least for research purposes, near the
edge of focal lesions.

Recently our group has undertaken a prospective, pilot study designed
to detect — or exclude — CSD/PID in patients undergoing emergency cra-
niotomy for traumatic and spontaneous intracranial haematoma [4]. Lin-
ear strips of 6 corticography electrodes were placed on the cortex adjacent
to the focal contusion, lying over both marginal as well as healthy cortex.
A working definition of CSD as “‘suppression of amplitude of the volt-
age envelope by 50% or more, occurring between one electrode pair and
propagating to the next 2 adjacent sites” was adopted, and 14 patients
were studied. During periods of observation that lasted up to 63 hours,
6 definite and 23 possible episodes that met this definition were seen in
14 patients (Fig. 9). A second pattern was seen 19 times in 8 patients, in
which essentially synchronous suppression was seen in all channels. A
proportion of these apparently synchronous events may have been due to
arrival of a CSD wave propagating across the array rather than along it,
but modelling the statistical distribution of a set of CSD waves reaching
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Fig. 9. Examples of two time-compressed electrocorticographic (ECoG) traces from
two patients (Patient 1: upper, Patient 2, lower) (four bipolar traces per patient). In
the first patient there is a sudden reduction of ECoG amplitude propagating sequen-
tially to the next two adjacent channels and to a lesser extent to the third channel.
Propagation rate was 2.4 and 2.3 mm per minute, corresponding closely with velocities
characteristic of CSD. In the second trace from this patient, ECoG suppression occurs
rapidly, recovering most slowly in the upper channel as in the left panel. Synchronous
suppression suggests arrival of a wave from a site equidistant from all electrode pairs
and to one side of the array, rather than, as in the first panel, propagating along the
length of the electrode array. In the lower panel (Patient 2) a phase of ECoG ampli-
tude suppression again propagates along the electrode array, with the respective time
points indicating propagation rates of 1.4, 5.0 and 1.0 per minute. (Strong et al. 2002
[4]: reproduced with permission)

the strip from a range of angles between 0 and 90 degrees did not fully
account for the frequency of synchronous events that we recorded, and the
existence of a second pattern of truly synchronous event (possibly due to a
partial seizure elsewhere in the cortex [133]) could not be excluded.

Cerebrovascular Disease
Occlusive Stroke

The extensive experimental evidence of PIDs in MCAO models has not
as yet been mirrored by studies in patients with occlusive stroke. In 1995
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Hasegawa et al. had shown that MR diffusion-weighted imaging of rats
yielded clear evidence of a transient depression of the apparent diffusion
coefficient (ADC) for water that propagated across the cortex at a rate
appropriate for CSD in response to stimuli capable of inducing it; they
also found evidence for propagating depolarisations in ischaemia [19].
However, Back ef al. [134] used the same approach in patients with stroke
and were unable to detect evidence of PIDs; there are significant practical
problems posed by this approach when applied in patients whose condition
may be unstable, and the time actually available for actual imaging in this
study was relatively short. In the light of the intermittent occurrence of
CSD-like episodes now reported from ECoG recordings in trauma [4], it is
likely that extended periods of image acquisition will be needed to capture
depolarisations in stroke or trauma with MR imaging methods.

Intracerebral Haemorrhage

Using a collagenase that generates a spontaneous intracerebral haema-
toma in swine and monitoring DC potential (as well as other variables)
Mun-Bryce and her colleagues recorded recurrent, spontaneous CSDs orig-
inating in perilesion cortex [128].

Subarachnoid Haemorrhage (SAH)

Although there is at present no direct evidence for CSD or PIDs in
patients with SAH, there is persuasive experimental evidence to suggest the
likelihood of depolarisations occurring in these patients, perhaps restricted
to those in intermediate or poor grade. For example, Dreier and colleagues
showed that superfusion over the cortex of rats of a combination of
increased K™ and free haemoglobin (such as would arise from lysed eryth-
rocytes in the subarachnoid space) could induce recurrent CSDs [135].
These were accompanied not by hyperaemia but by ischaemia, and thus
meet the essential criteria for designation as PIDs. When haemoglobin
(which scavenges nitric oxide) was replaced with the nitric oxide synthase
inhibitor N-nitro-L-arginine, the same effect was observed. This group sug-
gested that this mechanism might account for non-haemorrhagic deterio-
ration in patients with SAH. The common clinical observation of fluctua-
tions in clinical state of intermediate grade SAH patients over intervals
often of less than an hour is compatible with the capricious behaviour of
CSDs and PIDs in the laboratory; clearly, other explanations are possible
and cannot be discounted, but, taken together, the demonstration of CSD-
like events in TBI [4] and the work of Dreier and colleagues provide sup-
port for this hypothesis.
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Non-Invasive Detection of Depolarisations in Ischaemic and
Traumatic Brain Injury

Availability of a simple non-invasive method for detection of depolarisa-
tions would greatly aid studies of their frequency, properties and effects.
Using near-infrared spectroscopy (NIRS), Wolf et al. characterised non-
invasively the transient changes in oxidised and reduced haemoglobin
(HbO, Hb) that accompany CSD in the rat brain [136]. A transient in-
crease in HbO was accompanied by a reduction in Hb, a combination
suggesting hyperaemia (Fig. 10, upper). There are clinical NIRS data from
this department in one patient with TBI (hitherto unpublished: Fig. 10
lower) and from the Berlin group in two with ischaemic stroke (Fig. 11), in
which the HbO and Hb transients closely resembled those seen with CSD
in the laboratory. However, in neither case was it feasible to confirm
depolarisation by ECoG or DC potential measurement. The potential use
of serial measurements of the apparent diffusion coefficient for water using
diffusion-weighted MRI has been discussed above.

Characterisation of Depolarisation Events in the
Injured Human Brain

It will be clear from the distinction drawn between CSD and PIDs
throughout this review that although it would seem that PIDs are invar-
iably cytotoxic and therapy should aim at their control, this is much less
certain in the case of CSD. The doubt arises from the evidence that ex-
perimental preconditioning with CSD confers protection against subse-
quent insults (page 16: Pre-Ischaemic Conditioning with CSD as Protec-
tion in Experimental Stroke). Since an episode of depolarisation detected
by ECoG may represent either CSD or PID, it becomes important to dis-
tinguish which has occurred.

Several monitoring methods already well or partly established in clini-
cal or research use are capable of making this distinction. The different
responses of cerebral cortical tissue pO, to CSD and PIDs (transient in-
crease and decrease respectively) have been well characterised by Back
[48]. Mayevsky et al. showed that laser Doppler flow monitoring would
provide similar information [92]. Dirnagl suggests that the NIRS profile
of CSD-linked hyperaemia, transient increase in HbO and decrease in
reduced Hb, is reversed in PID — a decrease in HbO with an increase in Hb
[137]. Finally, our experimental work with rapid-sampling microdialysis
in the MCAO stroke model shows that the occurrence of transient deple-
tion of dialysate glucose and increase in lactate would indicate a PID [105]
(Fig. 7). To date we have been unable to identify any comparable ‘“‘signa-
ture” for CSD.
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Fig. 10. (Upper panel) Time course of near infra-red spectroscopy (NIRS) data (oxy-
haemoglobin and deoxy-haemoglobin) from the exposed rat cerebral cortex during an
episode of induced CSD, verified by the changes in DC potential. Time bars are at 10
minute intervals. (Reproduced with permission from Kohl ez al. [139]). (Lower panel)
Time courses of changes in oxidized haemoglobin (upper trace), cytochrome oxidase
(middle trace) and deoxyhaemoglobin (lower trace) in a ventilated patient follow-
ing severe head injury, obtained non-invasively with NIRS (Cheng, Prowse and
Strong, unpublished). The traces show stereotyped combinations of increased HbO
and decreased Hb, separated by an interval of some 25 minutes, and suggesting
increased oxygen availability characteristic of CSD; ECoG was not available to verify
CSD (Please see (page 15: Haemodynamic Response and page 31: Direct Detection
and Characterization of Depolarisations in Humans, and Their Role in Human
Traumatic Brain Injury). The time course and patterns of the HbO and Hb transients
recorded clinically (lower panel) correspond closely with those known to be linked to
CSD as illustrated in the upper panel. (Vertical axis is change in chromophore con-
centration in micromolar)
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Fig. 11. NIRS traces from 2 patients during the acute phase of ischaemic stroke. (a)

Transient increase in HbO with decrease in Hb, suggesting a hyperaemic response to

a (unverified) CSD wave. (b) Sustained reduction in HbO signal and increase in Hb,

suggesting PID, characterised by decrease in HbO signal, and increase in the deoxy Hb

signal (depolarisation or propagation not verified by electrophysiology). (Reproduced
with permission from Dirnagl, 2001 [137])

The Biological Significance of CSD

Nearly 60 years after its first description by Ledo, we remain uncertain of
the biological role of a phenomenon that seems to be at times benefi-
cial and a normal response of the brain, and at other times, in the case of
PIDs, harmful, principally under conditions of ischaemia.

As one speculation, perhaps the apparent paradox can be explained
if we see CSD as reflecting the operation of well-conserved intercellular
communications in the brain — serving to protect the brain against in-
flammation and infection. We do well to bear in mind that our relative
mastery of infection in the central nervous system — incomplete and per-
haps temporary — is only very recent on the time scale on which evolution
operates, and there has probably been more survival value for our own
and other vertebrate species in effective responses to CNS infection before
and during reproductive life than in avoidance of the cost of aberrant,
deleterious operation of the same mechanism in the ageing or irretrievably
injured brain.

A quite different speculative view of CSD emerges from the recent
rapid growth in our knowledge of the physiological role of astrocytes in
modulating synaptic function, to the extent that the synapse is now seen as
a tripartite entity — pre- and post-synapse, and astrocyte [138]. Perhaps the
probability of CSD (variable depending on glia:neuron ratio and other
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factors) is an inevitable consequence of this arrangement and of the inti-
mate communication between astrocytes through their gap junctions.

We may also speculate that the depolarisation events that we are
able to observe propagating across the cortex with current methods and
stimuli may occur much more frequently than we can presently detect, but
restricted to microfoci of grey matter, not propagating widely, and below
the limits of the available resolution and sensitivity. Results of imaging
work with glial and organotypic cultures seem to support this possibility.

As the methods of molecular biology expand, so does the range of gene
responses to CSD that have been documented, and it is by no means yet
certain which are the most significant. However, it does seem likely that
we shall learn as much about the biological significance of CSD from
greater knowledge of the expression cascades that it initiates as from the
longer-established neurophysiological approaches to CSD.

For neurosurgeons studying and caring for acute brain injury, the only
certainties are that PIDs, when identified, should be controlled, and that
there is more to be learned about the effects of CSD on the human brain
before we can reach a view on whether to attempt to control it.

Summary

1. Cortical spreading depression is a non-physiological global depolarisation of
neurones and astrocytes that can be initiated with varying degrees of difficulty
in the normally perfused cerebral cortex in the experimental laboratory. In-
duction is typically with electrical stimulation, needling of the cerebral cortex,
or superfusion of isotonic or more concentrated potassium chloride solution.
The phenomenon propagates across the cerebral cortex at a rate of 2-5 mm
per minute, and is accompanied by marked but transient increases in cerebral
blood flow, in local tissue oxygen tension, and most probably in metabolic
rate.

2. Peri-infarct depolarisation is also a depolarisation event affecting neurones and
glia, with an electrophysiological basis similar or identical to CSD, but occur-
ring spontaneously in the ischaemic penumbra or boundary zone in focal cere-
bral cortical ischaemia. Most such events arise from the edge of the ischaemic
core, and propagate throughout the penumbra, at a rate similar to that of
cortical spreading depression.

3. Cortical spreading depression in the normally perfused cortex does not result in
histological damage whereas peri-infarct depolarisations augment neuronal
damage in the penumbra, and are believed by many authors to constitute
an important, or the principal, mechanism by which electrophysiological pen-
umbra progressively deteriorates, ultimately undergoing terminal depolarisa-
tion and thus recruitment into an expanded core lesion.

4. There is some experimental evidence to suggest that under some circumstances
induction of episodes of cortical spreading depression can confer protection
against subsequent ischaemic insults.
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5. Although cortical spreading depression and peri-infarct depolarisations have
been extensively studied in the experimental in vivo models, there is now clear
evidence that depolarisations also occur and propagate in the human brain in
areas surrounding a focus of traumatic contusion.

6. Whether such events in the injured human brain represent cortical spread-
ing depression or peri-infarct depolarisation is unclear. However, invasive and
probably non-invasive monitoring methods are available which may serve to
distinguish which event has occurred.

7. Much further work will be needed to examine the relationship of depolarisa-
tion events in the injured brain with outcome from cerebral ischaemia or head
injury, to examine the factors which influence the frequency of depolarisation
events, and to determine which depolarisation events in the human brain aug-
ment the injury and should be prevented.

Acknowledgements

We thank the Medical Research Council, the Wellcome Trust, the National
Lottery Charities Board (Community Fund), HeadFirst, the Golden Charitable
Trust, the Patrick Berthoud Trust and GlaxoSmithkline for their support over the
period covered by this review.

We are very grateful to Drs Sue Robertson and George Somjen for helpful
comments on the manuscript.

Key Original Papers and Reviews

Busch E, Gyngell ML, Eis M, Hoehn Berlage M, Hossmann KA (1996)
Potassium-induced cortical spreading depressions during focal cerebral ische-
mia in rats: contribution to lesion growth assessed by diffusion-weighted NMR
and biochemical imaging. J Cereb Blood Flow Metab 16:1090-1099

Grafstein B (1956) Mechanism of spreading cortical depression. J Neurophysiol
19:154-171

Hadjikhani N, Sanchez DR, Wu O, Schwartz D, Bakker D, Fischl B er al (2001)
Mechanisms of migraine aura revealed by functional MRI in human visual
cortex. Proceedings of the National Academy of Sciences of the United States
of America 98:4687-4692

Hossmann KA (1996) Periinfarct depolarizations. [Review] [81 refs]. Cerebrovasc
Brain Metab Rev 8:195-208

Leao AAP (1944) Spreading depression of activity in cerebral cortex. J Neuro-
physiol 7:359-390

Somjen GG (2001) Mechanisms of spreading depression and hypoxic spreading
depression-like depolarisation. Physiol Rev 81:1065-1096

Strong AJ, Fabricius M, Boutelle MG, Hibbins SJ, Hopwood SE, Jones R et al
(2002) Spreading and synchronous depressions of cortical activity in acutely
injured human brain. Stroke 33:2738-2743

Tsacopoulos M, Magistretti PJ (1996) Metabolic coupling between glia and neu-
rons. J Neurosci 16:877-885



40

10.

I1.

12.

13.

14.

15.

16.

17.

A. J. STRONG and R. DARDIS

References

. Somjen GG (2001) Mechanisms of spreading depression and hypoxic

spreading depression-like depolarisation. Physiol Rev 81:1065-1096

. Ledo AAP (1944) Spreading depression of activity in cerebral cortex. J

Neurophysiol 7:359-390

. Hossmann KA (1996) Periinfarct depolarizations. [Review] [81 refs]. Cere-

brovasc Brain Metab Rev 8:195-208

Strong AJ, Fabricius M, Boutelle MG, Hibbins SJ, Hopwood SE, Jones R
et al (2002) Spreading and synchronous depressions of cortical activity in
acutely injured human brain. Stroke 33:2738-2743

. Marshall WH (1959) Spreading cortical depression of Ledo. Physiol Rev

39:239-279

Martins-Ferreira H, Nedergaard M, Nicholson C (2000) Perspectives on
spreading depression. [Review] [124 refs]. Brain Res — Brain Res Rev
32:215-234

Gorji A (2001) Spreading depression: a review of the clinical relevance.
Brain Res Rev 38:33-60

. Obrenovitch TP, Zilkha E, Urenjak J (1996) Evidence against high extra-

cellular glutamate promoting the elicitation of spreading depression by
potassium. J Cereb Blood Flow Metab 16:923-931

Streit DS, Ferreira Filho CR, Martins-Ferreira H (1995) Spreading depres-
sion in isolated spinal cord. J Neurophysiol 74:888—-890

Nicholson C (1984) Comparative neurophysiology of spreading depression
in the cerebellum. [Review] [40 refs]. Anais Da Academia Brasileira de Cien-
cias 56:481-494

Grafstein B (1956) Mechanism of spreading cortical depression. J Neuro-
physiol 19:154-171

Vyskocil F, Kritz N, Bures J (1972) Potassium-selective microelectrodes
used for measuring the extracellular brain potassium during spreading de-
pression and anoxic depolarization in rats. Brain Res 39:255-259

Muller M, Somjen GG (2000) Na(+) and K(+) concentrations, extra- and
intracellular voltages, and the effect of TTX in hypoxic rat hippocampal
slices. J Neurophysiol 83:735-745

Hansen AJ, Zeuthen T (1981) Extracellular ion concentrations during
spreading depression and ischemia in the rat brain cortex. Acta Physiol
Scand 113:437-445

Collewijn H, Van Harreveld A (1966) Membrane potential of cerebral cor-
tical cells during spreading depression and asphyxia. Exp Neurol 15:425-—
436

Ledo AAP, Martins-Ferreira H (1953) Alteragao da impedancia electrica no
decurso de depressao alastrante da atividade do cortex cerebral. Ann Acad
Brasil Cienc 25:259-266

Czeh G, Aitken PG, Somjen GG (1993) Membrane currents in CAl pyra-
midal cells during spreading depression (SD) and SD-like hypoxic depolar-
ization. Brain Res 632:195-208



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Depolarisation Phenomena in Traumatic and Ischaemic Brain Injury 41

Snow RW, Taylor CP, Dudek FE (1983) Electrophysiological and optical
changes in slices of rat hippocampus during spreading depression. J Neuro-
physiol 50:561-572

Hasegawa Y, Latour LL, Formato JE, Sotak CH, Fisher M (1995) Spread-
ing waves of a reduced diffusion coefficient of water in normal and ischemic
rat brain. J Cereb Blood Flow Metab 15:179-187

James MF, Smith MI, Bockhorst KH, Hall LD, Houston GC, Papadakis
NG et al (1999) Cortical spreading depression in the gyrencephalic feline
brain studied by magnetic resonance imaging. J Physiol 519 Pt 2:415-425
Martins-Ferreira H, de Castro GO (1966) Light-scattering changes accom-
panying spreading depression in isolated retina. J Neurophysiol 29:715-726
Gardner-Medwin AR (1983) A study of the mechanisms by which potas-
sium moves through brain tissue in the rat. J Physiol 335:353-374

Hansen AJ (1978) The extracellular potassium concentration in brain cortex
following ischemia in hypo- and hyperglycemic rats. Acta Physiol Scand
102:324-329

Harris RJ, Symon L, Branston NM, Bayhan M (1981) Changes in extra-
cellular calcium activity in cerebral ischaemia. J Cereb Blood Flow Metab
1:203-209

Van Harreveld A (1959) Compounds in brain extracts causing spreading
depression of cerebral cortical activity and contraction of crustacean muscle.
J Neurochem 3:300-315

Van Harreveld A, Fifkova E (1970) Glutamate release from the retina dur-
ing spreading depression. J Neurobiol 2:13-29

Obrenovitch TP, Zilkha E (1995) High extracellular potassium, and not
extracellular glutamate, is required for the propagation of spreading de-
pression. J Neurophysiol 73:2107-2114

Cornell-Bell AH, Finkbeiner SM, Cooper MS, Smith SJ (1990) Glutamate
induces calcium waves in cultured astrocytes: long-range glial signaling.
Science 247:470-473

Willmott NJ, Wong K, Strong AJ (2000) A fundamental role for the nitric
oxide-G-kinase signaling pathway in mediating intercellular Ca(2+) waves
in glia. J Neurosci 20:1767-1779

Willmott NJ, Wong K, Strong AJ (2000) Intercellular Ca(2+) waves in rat
hippocampal slice and dissociated glial-neuron cultures mediated by nitric
oxide. FEBS Lett 487:239-247

Nedergaard M (1994) Direct signalling from astrocytes to neurons in cul-
tures of mammalian brain cells. Science 263:1768—-1771

Somjen GG (1975) Electrophysiology of neuroglia. [Review] [174 refs]. Ann
Rev Physiol 37:163-190

Cotrina ML, Lin JH, Nedergaard M (1998) Cytoskeletal assembly and ATP
release regulate astrocytic calcium signaling. J Neurosci 18:8794-8804
Charles A, Giaume C (2002) Intercellular calcium waves in astrocytes: un-
derlying mechanisms and functional significance. In: Volterra A, Magistretti
P, Haydon P (eds). The Tripartite Synapse: glia in synaptic transmission, 1
edn. Oxford University Press, New York, p 110-126



42

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

A. J. STRONG and R. DARDIS

Kunkler PE, Kraig RP (1998) Calcium waves precede electrophysiological
changes of spreading depression in hippocampal organ cultures. J Neurosc
18:3416-3425

Mantz J, Cordier J, Giaume C (1993) Effects of general anesthetics on
intercellular communications mediated by gap junctions between astrocytes
in primary culture. Anesthesiology 78:892—-901

Saito R, Graf R, Hubel K, Taguchi J, Rosner G, Fujita T et al (1995)
Halothane, but not alpha-chloralose, blocks potassium-evoked cortical
spreading depression in cats. Brain Res 699:109-115

Saito R, Graf R, Hubel K, Fujita T, Rosner G, Heiss WD (1997) Reduc-
tion of infarct volume by halothane: effect on cerebral blood flow or peri-
focal spreading depression-like depolarizations. J Cereb Blood Flow Metab
17:857-864

Green JD, Petsche H (1961) Hippocampal electrical activity. IV. Abnormal
electrical activity. Electroenceph Clin Neurophysiol 13:868—-879

Rockel AJ, Hiorns RW, Powell TP (1980) The basic uniformity in structure
of the neocortex. Brain 103:221-244

Leuba G, Garey LJ (1989) Comparison of neuronal and glial numerical
density in primary and secondary visual cortex of man. Exptl Brain Res
77:31-38

Largo C, Ibarz JM, Herreras O (1997) Effects of the gliotoxin fluorocitrate
on spreading depression and glial membrane potential in rat brain in situ. J
Neurophysiol 78:295-307

Largo C, Tombaugh GC, Aitken PG, Herreras O, Somjen GG (1997) Hep-
tanol but not fluoroacetate prevents the propagation of spreading depression
in rat hippocampal slices. J Neurophysiol 77:9-16

Basarsky TA, Duffy SN, Andrew RD, MacVicar BA (1998) Imaging
spreading depression and associated intracellular calcium waves in brain
slices. J Neurosci 18:7189-7199

Branston NM, Strong AJ, Symon L (1977) Extracellular potassium activity,
evoked potential and tissue blood flow: relationships during progressive
ischaemia in baboon cerebral cortex. J Neurol Sci 32:305-321

Rosenthal M, Somjen G (1973) Spreading depression, sustained potential
shifts, and metabolic activity of cerebral cortex of cats. J Neurophysiol
36:739-749

Lauritzen M, Jorgensen MB, Diemer NH, Gjedde A, Hansen AJ (1982)
Persistent oligemia of rat cerebral cortex in the wake of spreading depres-
sion. Ann Neurol 12:469-474

Back T, Kohno K, Hossmann KA (1994) Cortical negative DC deflections
following middle cerebral artery occlusion and KCl-induced spreading de-
pression: effect on blood flow, tissue oxygenation, and electroencephalo-
gram. J Cereb Blood Flow Metab 14:12-19

Fox PT, Raichle ME, Mintun MA, Dence C (1988) Nonoxidative glucose
consumption during focal physiologic neural activity. Science 241:462—
464

Ueki M, Linn F, Hossmann KA (1988) Functional activation of cerebral



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

Depolarisation Phenomena in Traumatic and Ischaemic Brain Injury 43

blood flow and metabolism before and after global ischemia of rat brain. J
Cereb Blood Flow Metab 8:486-494

Magistretti PJ, Sorg O, Yu N, Martin JL, Pellerin L (1993) Neurotrans-
mitters regulate energy metabolism in astrocytes: implications for the meta-
bolic trafficking between neural cells. Dev Neurosci 15:306-312

Koizumi J (1974) Glycogen in the central nervous system. Prog Histochem
Cytochem 6:1-37

Phelps CH (1975) An ultrastructural study of methionine sulphoximine-
induced glycogen accumulation in astrocytes of the mouse cerebral cortex. J
Neurocytol 4:479-490

Gjedde, A (1993) Relationship of unidirectional and net fluxes of glucose
across the blood brain barrier. Personal Communication

Tsacopoulos M, Magistretti PJ (1996) Metabolic coupling between glia and
neurons. J Neurosci 16:877-885

Chih CP, Lipton P, Roberts EL Jr (2001) Do active cerebral neurons really
use lactate rather than glucose? [Review] [66 refs]. Trends Neurosci 24:573—
578

Chen Y, Swanson RA (2003) Astrocytes and brain injury. [Review] [184
refs]. J Cereb Blood Flow Metab 23:137-149

Ledo AAP (1944) Pial circulation and spreading depression of activity in the
cerebral cortex. J Neurophysiol 7:391-396

Lauritzen M, Skyhoj OT, Lassen NA, Paulson OB (1983) Changes in re-
gional cerebral blood flow during the course of classic migraine attacks. Ann
Neurol 13:633-641

Nedergaard M, Hansen AJ (1988) Spreading depression is not associated
with neuronal injury in the normal brain. Brain Res 449:395-398

Sharp FR, Lu A, Tang Y, Millhorn DE (2000) Multiple molecular penum-
bras after focal cerebral ischemia. [Review] [373 refs]. J Cereb Blood Flow
Metab 20:1011-1032

Koistinaho J, Pasonen S, Yrjanheikki J, Chan PH (1999) Spreading
depression-induced gene expression is regulated by plasma glucose. Stroke
30:114-119

Rangel YM, Kariko K, Harris VA, Duvall ME, Welsh FA (2001) Dose-
dependent induction of mRNAs encoding brain-derived neurotrophic fac-
tor and heat-shock protein-72 after cortical spreading depression in the rat.
Brain Res Molecul Brain Res 88:103-112

Ananthan J, Goldberg AL, Voellmy R (1986) Abnormal proteins serve
as eukaryotic stress signals and trigger the activation of heat shock genes.
Science 232:522-524

Nowak TS, Kiessling M (1999) Reprogramming of gene expression after
ischemia. In: Walz W (ed) Cerebral ischemia: molecular and cellular patho-
physiology. Totowa, Humana Press, NJ, p 145-216

Rothwell NJ, Relton JK (1993) Involvement of interleukin-1 and lipocortin-
1 in ischaemic brain damage. Cerebrovasc Brain Metab Rev 5:178-198
Szaflarski J, Burtrum D, Silverstein FS (1995) Cerebral hypoxia-ischemia
stimulates cytokine gene expression in perinatal rats. Stroke 26:1093—1100



44

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

A. J. STRONG and R. DARDIS

Betz AL, Schielke GP, Yang GY (1996) Interleukin-1 in cerebral ischemia.
Keio J Med 45:230-237

Jander S, Schroeter M, Peters O, Witte OW, Stoll G (2001) Cortical
spreading depression induces proinflammatory cytokine gene expression in
the rat brain. J Cereb Blood Flow Metab 21:218-225

Mason JL, Suzuki K, Chaplin DD, Matsushima GK (2001) Interleukin-1
beta promotes repair of the CNS. J Neurosci 21:7046—-7052

Blamire AM, Anthony DC, Rajagopalan B, Sibson NR, Perry VH, Styles P
(2000) Interleukin-lbeta — induced changes in blood-brain barrier perme-
ability, apparent diffusion coefficient, and cerebral blood volume in the rat
brain: a magnetic resonance study. J Neurosci 20:8153-8159

Duong TQ, Sehy JV, Yablonskiy DA, Snider BJ, Ackerman JJ, Neil JJ
(2001) Extracellular apparent diffusion in rat brain. Magn Res Med 45:801—
810

Kobayashi S, Harris VA, Welsh FA (1995) Spreading depression induces
tolerance of cortical neurons to ischemia in rat brain. J Cereb Blood Flow
Metab 15:721-727

Kariko K, Harris VA, Rangel Y, Duvall ME, Welsh FA (1998) Effect of
cortical spreading depression on the levels of mRNA coding for putative
neuroprotective proteins in rat brain. J Cereb Blood Flow Metab 18:1308-
1315

Ohtsuki T, Ruetzler CA, Tasaki K, Hallenbeck JM (1996) Interleukin-1
mediates induction of tolerance to global ischemia in gerbil hippocampal
CALl neurons. J Cereb Blood Flow Metab 16:1137-1142

Wang X, Li X, Curric RW, Willette RN, Barone FC, Feuerstein GZ (2000)
Application of real-time polymerase chain reaction to quantitate induced
expression of interleukin-1beta mRNA in ischemic brain tolerance. J Neu-
rosci Res 59:238-246

Blondeau N, Widmann C, Lazdunski M, Heurteaux C (2001) Activation of
the nuclear factor-kappa-B is a key event in brain tolerance. J Neurosci
21:4668-4677

Marshall WH, Essig CF, Dubroff SJ (1951) Relation of temperature of
cerebral cortex to spreading depression of Ledo. J Neurophysiol 14:153—
166

Strong AJ, Smith SE, Whittington DJ, Meldrum BS, Parsons AA, Kru-
pinski J et al (2000) Factors influencing the frequency of fluorescence tran-
sients as markers of peri-infarct depolarizations in focal cerebral ischemia.
Stroke 31(1):214-222

Tower DB, Young OM (1973) The activities of butyrylcholinesterase and
carbonic anhydrase, the rate of anaerobic glycolysis, and the question of a
constant density of glial cells in cerebral cortices of various mammalian
species from mouse to whale. J Neurochem 20:269-278

Czeh G, Somjen GG (1990) Hypoxic failure of synaptic transmission in the
isolated spinal cord, and the effects of divalent cations. Brain Res 527:224—
233

Curtis DR, Watkins JC (1961) Analogues of glutamic and gammaaminobu-



83.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Depolarisation Phenomena in Traumatic and Ischaemic Brain Injury 45

tyric acids having potent actions on mammalian neurones. Nature 191:1010—
1011

Gorelova NA, Koroleva VI, Amemori T, Pavlik V, Bures J (1987) Ketamine
blockade of cortical spreading depression in rats. Electroencephalography
Clin Neurophysiol 66:440—447

Lauritzen M, Rice ME, Okada Y, Nicholson C (1988) Quisqualate, kainate
and NMDA can initiate spreading depression in the turtle cerebellum. Brain
Res 475:317-327

Gill R, Andine P, Hillered L, Persson L, Hagberg H (1992) The effect of
MK-801 on cortical spreading depression in the penumbral zone following
focal ischaemia in the rat. J Cereb Blood Flow Metab 12:371-379

Iijima T, Mies G, Hossmann KA (1992) Repeated negative DC deflections
in rat cortex following middle cerebral artery occlusion are abolished by
MK-801: effect on volume of ischemic injury. J Cereb Blood Flow Metab
12:727-733

Ledo AAP, Morison RS (1945) Propagation of spreading cortical depres-
sion. J Neurophysiol 8:33-45

Ophoff RA, Terwindt GM, Vergouwe MN, Frants RR, Ferrari MD (1997)
Wolff Award 1997. Involvement of a Ca2+ channel gene in familial hemi-
plegic migraine and migraine with and without aura. Dutch Migraine Ge-
netics Research Group. [Review] [43 refs]. Headache 37:479-485

Welch KM, Ramadan NM (1995) Mitochondria, magnesium and migraine.
J Neurol Sci 134:9-14

Strong AJ, Venables GS, Gibson G (1983) The cortical ischaemic penumbra
associated with occlusion of the middle cerebral artery in the cat: 1. Topog-
raphy of changes in blood flow, potassium ion activity, and EEG. J Cereb
Blood Flow Metab 3:86-96

Strong AJ, Tomlinson BE, Venables GS, Gibson G, Hardy JA (1983) The
cortical ischaemic penumbra associated with occlusion of the middle cere-
bral artery in the cat: 2. Studies of histopathology, water content, and in
vitro neurotransmitter uptake. J Cereb Blood Flow Metab 3:97-108
Mayevsky A, Doron A, Manor T, Meilin S, Zarchin N, Ouaknine GE
(1996) Cortical spreading depression recorded from the human brain using a
multiparametric monitoring system. Brain Res 740:268-274

Strong AJ, Harland SP, Meldrum BS, Whittington DJ (1996) The use of
in vivo fluorescence image sequences to indicate the occurrence and propa-
gation of transient focal depolarizations in cerebral ischemia. J Cereb Blood
Flow Metab 16:367-377

Mies G, lijima T, Hossmann KA (1993) Correlation between peri-infarct
DC shifts and ischaemic neuronal damage in rat. Neuroreport 4:709-711
Busch E, Gyngell ML, Eis M, Hoehn Berlage M, Hossmann KA (1996)
Potassium-induced cortical spreading depressions during focal cerebral ische-
mia in rats: contribution to lesion growth assessed by diffusion-weighted
NMR and biochemical imaging. J Cereb Blood Flow Metab 16:1090-1099
Lassen NA, Vorstrup S (1984) Ischaemic penumbra results in incomplete
infarction: is the sleeping beauty dead? Stroke 15: 755-756, 15:755



46

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

A. J. STRONG and R. DARDIS

Mies G, Kohno K, Hossmann KA (1994) Prevention of periinfarct direct
current shifts with glutamate antagonist NBQX following occlusion of
the middle cerebral artery in the rat. J Cereb Blood Flow Metab 14:802—
807

Buchan AM, Xue D, Huang ZG, Smith KH, Lesiuk H (1991) Delayed
AMPA receptor blockade reduces cerebral infarction induced by focal ische-
mia. Neuroreport 2:473-476

Lauritzen M, Hansen AJ (1992) The effect of glutamate receptor blockade
on anoxic depolarization and cortical spreading depression. J Cereb Blood
Flow Metab 12:223-229

Nedergaard M, Cooper AJ, Goldman SA (1995) Gap junctions are required
for the propagation of spreading depression. J Neurobiol 28:433-444
Ginsberg MD, Reivich M, Giandomenico A, Greenberg JH (1977) Local
glucose utilization in acute focal cerebral ischemia: local dysmetabolism and
diaschisis. Neurology 27:1042—-1048

Nedergaard M, Astrup J (1986) Infarct rim: effect of hyperglycemia on di-
rect current potential and [*C]2-deoxyglucose phosphorylation. J Cereb
Blood Flow Metab 6:607-615

Scott JF, Robinson GM, French JM, O’Connell JE, Alberti KG, Gray CS
(1999) Glucose potassium insulin infusions in the treatment of acute stroke
patients with mild to moderate hyperglycemia: the Glucose Insulin in Stroke
Trial (GIST). Stroke 30:793—799

Van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx
F, Schetz M et al (2001) Intensive insulin therapy in the critically ill
patients.[comment]. New Engl J Med 345:1359-1367

Strong AJ, Wong C-K, Jones DA, Parkin M, Boutelle MG (2001) Detec-
tion and analysis of peri-infarct glucose and lactate transients with rapid-
sampling microdialysis. J Cereb Blood Flow Metab 21(S1):86 (abstract)
Jones DA, Parkin MC, Langemann H, Landolt H, Hopwood SE, Strong
AJ, Boutelle MG (2002) On-line neurochemical monitoring in Neurointen-
sive care: enzyme-based assay for the simultaneous, continuous monitoring
of glucose and lactate from critical care patients. J Electroanalytical Chem
238:243-252

Hopwood SE, Boutelle MG, Parkin MC, Bezzina EL, Strong AJ (2003)
Rapid sampling of glucose and lactate using on-line microdialysis in a model
of focal cerebral ischaemia. (Abstract) J Cereb Blood Flow Metab [Suppl]
1:115

Milner PM (1958) Notes on a possible correspondence between the scoto-
mas of migraine and spreading depression of Leao. Electroenceph Clin Neu-
rophysiol 10:705

Sramka M, Brozek G, Bures J, Nadvornik P (1977) Functional ablation by
spreading depression: possible use in human stereotactic neurosurgery. Appl
Neurophysiol 40:48-61

Hadjikhani N, Sanchez DR, Wu O, Schwartz D, Bakker D, Fischl B et al
(2001) Mechanisms of migraine aura revealed by functional MRI in human
visual cortex. Proc Nat Acad Sci USA 98:4687-4692



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Depolarisation Phenomena in Traumatic and Ischaemic Brain Injury 47

Lashley KS (1941) Patterns of cerebral integration indicated by the scotomas
of migraine. Arch Neurol Psychiatry 46:331-339

Woods RP, Tacoboni M, Mazziotta JC (1994) Brief report: bilateral spread-
ing cerebral hypoperfusion during spontaneous migraine headache [see com-
ments]. N Engl J] Med 331:1689-1692

Gardner-Medwin AR, van Bruggen N, Williams SR, Ahier RG (1994)
Magnetic resonance imaging of propagating waves of spreading depression
in the anaesthetised rat. J Cereb Blood Flow Metab 14:7-11

Crowell GF, Stump DA, Biller J, McHenry LC Jr, Toole JF (1984) The
transient global amnesia-migraine connection. Arch Neurol 41:75-79
Tanabe H, Hashikawa K, Nakagawa Y, Ikeda M, Yamamoto H, Harada K
et al (1991) Memory loss due to transient hypoperfusion in the medial tem-
poral lobes including hippocampus.[erratum appears in Acta Neurol Scand
1991 Nov;84(5):463]. Acta Neurol Scand 84:22-27

Strupp M, Bruning R, Wu RH, Deimling M, Reiser M, Brandt T (1998)
Diffusion-weighted MRI in transient global amnesia: elevated signal in-
tensity in the left mesial temporal lobe in 7 of 10 patients. [comment]. Ann
Neurol 43:164-170

Avis HH, Carlton PL (1968) Retrograde amnesia produced by hippocampal
spreading depression. Science 161:73-75

Kapp BS, Schneider AM (1971) Selective recovery from retrograde amnesia
produced by hippocampal spreading depression. Science 173:1149-1151
Walker AE, Kollros JJ, Case TJ (1944) The physiological basis of concus-
sion. J Neurosurg 1:103-116

Povlishock JT (2000) Pathophysiology of neural injury: therapeutic oppor-
tunities and challenges. [Review] [37 refs]. Clin Neurosurg 46:113-126
Sahuquillo J, Poca MA (2002) Diffuse axonal injury after head trauma. A
review. [Review] [151 refs]. Advances & Technical Standards in Neuro-
surgery 27:23-86

Bouma GJ, Muizelaar JP, Choi SC, Newlon PG, Young HF (1991) Cere-
bral circulation and metabolism after severe traumatic brain injury: the elu-
sive role of ischemia. J Neurosurg 75:685-693

von Oettingen G, Bergholt B, Gyldensted C, Astrup J (2002) Blood flow
and ischemia within traumatic cerebral contusions. Neurosurgery 50:781—
788

Takahashi H, Manaka S, Sano K (1981) Changes in extracellular potassium
concentration in cortex and brain stem during the acute phase of experi-
mental closed head injury. J Neurosurg 55:708-717

Kubota M, Nakamura T, Sunami K, Ozawa Y, Namba H, Yamaura A
et al (1989) Changes of local cerebral glucose utilization, DC potential and
extracellular potassium concentration in experimental head injury of varying
severity. Neurosurg Rev 12 [Suppl] 1:393-399

Sunami K, Nakamura T, Ozawa Y, Kubota M, Namba H, Yamaura A
(1989) Hypermetabolic state following experimental head injury. Neurosurg
Rev 12 [Suppl] 1:400-411

Katayama Y, Becker DP, Tamura T, Hovda DA (1990) Massive increases



48

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

A. J. STRONG and R. DARDIS

in extracellular potassium and the indiscriminate release of glutamate fol-
lowing concussive brain injury. J Neurosurg 73:889-900

Mun-Bryce S, Wilkerson AC, Papuashvili N, Okada YC (2001) Recurring
episodes of spreading depression are spontaneously elicited by an intra-
cerebral hemorrhage in the swine. Brain Res 888:248-255

Yoshino A, Hovda DA, Kawamata T, Katayama Y, Becker DP (1991)
Dynamic changes in local cerebral glucose utilization following cerebral con-
tusion in rats: evidence of a hyper- and subsequent hypometabolic state.
Brain Res 561:106-119

Nilsson B, Nordstrom C-H (1977) Experimental head injury in the rat. Part
3: cerebral blood flow and oxygen consumption after concussive impact ac-
celeration. J Neurosurg 47:262-273

Nilsson B, Ponten U (1977) Experimental head injury in the rat. Part 2: re-
gional brain energy metabolism in concussive trauma. J Neurosurg 47:252—
261

Nilsson P, Hillered L, Olsson Y, Sheardown MJ, Hansen AJ (1993) Re-
gional changes in interstitial K+ and Ca2+ levels following cortical com-
pression contusion trauma in rats. J Cereb Blood Flow Metab 13:183-192
Alarcon G, Binnie CD, Elwes RD, Polkey CE (1995) Power spectrum and
intracranial EEG patterns at seizure onset in partial epilepsy. Electro-
encephalography Clin Neurophysiol 94:326-337

Back T, Hirsch JG, Szabo K, Gass A (2000) Failure to demonstrate peri-
infarct depolarizations by repetitive MR diffusion imaging in acute human
stroke. Stroke (Online) 31:2901-2906

Dreier JP, Korner K, Ebert N, Gorner A, Rubin I, Back T et al (1998)
Nitric oxide scavenging by hemoglobin or nitric oxide synthase inhibition
by N-nitro-L-arginine induces cortical spreading ischemia when K+ is in-
creased in the subarachnoid space. J Cereb Blood Flow Metab 18:978-990
Wolf T, Lindauer U, Reuter U, Back T, Villringer A, Einhaupl K et a/
(1997) Noninvasive near infrared spectroscopy monitoring of regional cere-
bral blood oxygenation changes during peri-infarct depolarizations in focal
cerebral ischemia in the rat. J Cereb Blood Flow Metab 17:950-954
Dirnagl U, Obrig H, von Pannwitz W, Kohl M, Kerskens CM, Doge C,
Lindauer U, Wolf T, Villringer A (2000) Cerebral blood flow, hemoglobin
oxygenation, and water diffusion changes during stroke: fingerprinting with
near-infrared spectroscopy and MRI. In: Fukuuchi Y, Tomita M, Koto A
(eds) 6:232-240. 2001. Springer, Tokyo. Keio University, Symposia for Life
Science and Medicine: Ischemic Blood Flow in the Brain

Volterra A, Magistretti PJ, Haydon PG (2003) The Tripartite Synapse: glia
in synaptic transmission. Oxford University Press, New York

Kohl M, Lindauer U, Dirnagl U, Villringer A (1998) Separation of changes
in light scattering and chromophore concentrations during cortical spreading
depression in rats. Optics Lett 23:555-557

Anderson CM, Nedergaard M (2003) Astrocyte-mediated control of cere-
bral microcirculation. Trend Neurosci 26(7):340-344

Zonta M, Angulo MC, Gobbo S, Rosengarten B, Hossmann KA, Pozzan T,



142.

Depolarisation Phenomena in Traumatic and Ischaemic Brain Injury 49

Carmignoto G (2003) Neuron-to-astrocyte signalling is central to the dy-
namic control of brain microcirculation. Nature Neurosci 6(1):43-50
Parkin MC, Hopwood SE, Strong AJ, Boutelle MG (2003) Resolving dy-
namic changes in brain metabolism using biosensors and on-line micro-
dialysis. Trends Anal Chem 22(9):487-497





