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Neurobiology of Disease

Peri-Infarct Depolarizations Reveal Penumbra-Like
Conditions in Striatum

Masao Umegaki,"->* Yasuhiro Sanada,’>* Yannic Waerzeggers,' Gerhard Rosner,' Toshiki Yoshimine,?
Wolf-Dieter Heiss,! and Rudolf Graf!

"Max-Planck Institute for Neurological Research, D-50931 Kéln, Germany, and 2Department of Neurosurgery, Osaka University Graduate School of
Medicine, Osaka 565-0871, Japan

Spreading depression-like peri-infarct depolarizations not only characterize but also worsen penumbra conditions in cortical border
zones of experimental focal ischemia. We intended to investigate the relevance of ischemic depolarization in subcortical regions of
ischemic territories.

Calomel electrodes measured DC potentials simultaneously in the lateral and medial portions of the caudate nucleus (CN) of 11
anesthetized cats after permanent occlusion of the middle cerebral artery. Additionally, platinum electrodes measured cerebral blood
flow (CBF) in the CN, and laser Doppler probes CBF in the cortex.

Depolarizations (negative DC shifts >10 mV) were obtained in 10 of 11 cats. Further differentiation revealed that short-lasting
spreading depression-like depolarizations (SDs; 5 of 10 cats: 5.24 = 1.22 min total duration; 23.3 * 4.2 mV amplitude) were predomi-
nantly found in medial and longer depolarizations (LDs; 4 of 10 cats: 64.7 = 47.5 min; 25.0 = 11.3 mV) in the lateral CN. Terminal
depolarizations (TDs; 6 of 10 cats; without repolarization) occurred immediately after occlusion or at later stages, being then accompa-
nied by elevations of intracranial pressure presumably inducing secondary CBF reduction. CBF tended to be lower in regions with TDs
(33.3 = 29.9% of control) and LDs (37.3 = 22.8%) than in regions with SDs (51.5 = 48.0%).

We conclude that in focal ischemia, transient peri-infarct depolarizations emerge not only in cortical but also in striatal gray matter,
thereby demonstrating the existence of subcortical zones of ischemic penumbra. The generation of these ischemic depolarizations is a
multifocal process possibly linked to brain swelling and intracranial pressure rise in the later course of focal ischemia, and therefore a

relevant correlate of progressively worsening conditions.
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Introduction

Approximately 60 years ago, the Brazilian physiologist Ledo
(1944) described cortical spreading depression (CSD) as a tran-
sient, wave-like reduction of electroencephalographic activity
that goes along with a negative deflection of the cortical DC po-
tential and marked alterations in extracellular and intracellular
ion concentrations. It may be triggered by a variety of external
stimuli such as high extracellular K™ or glutamate and moves
slowly across the cerebral cortex (for review, see Marshall, 1959;
Bures et al., 1974; Somjen, 2001).

In the last decade, the phenomenon has attracted renewed
attention because it has become clear from experimental work
that intrinsic pathophysiological conditions such as brain trauma
(Nilsson et al., 1993) or focal ischemia (Strong et al., 1983; Ned-
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ergaard and Astrup, 1986; Nedergaard and Hansen, 1993) gener-
ate recurrent waves of CSD. Furthermore, a recent electrophysi-
ological study on trauma patients has provided evidence for a role
of CSD in the pathophysiology of border zones of injured tissue
in humans (Strong et al., 2002). Likewise, a functional magnetic
resonance imaging (MRI) study on migraine patients has pre-
sented data suggesting that CSD generates the migraine aura in
human visual cortex (Hadjikhani et al., 2001).

Most probably, CSD contributes to progressive deterioration
in peri-infarct zones of ischemic foci, being then called peri-
infarct depolarizations (Mies et al., 1993; Back et al., 1994; Hoss-
mann, 1996; Saito et al., 1997; Strong et al., 2000; Ohta et al.,
2001). Differences between CSD and peri-infarct depolarization
concern particularly compensatory hyperemia, which is typical
for CSD in healthy tissue but is reduced or missing during peri-
infarct depolarization (Back et al., 1994). Each recurrent wave of
depolarization may thereby result in stepwise, progressive ATP
depletion and functional as well as structural deterioration
(Busch et al., 1996; Rother et al., 1996; Ohta et al., 2001; Higuchi
et al., 2002). Terminal depolarization (TD) and destruction of
penumbral tissue may mark an end point of this process (Hoss-
mann, 1996).

Because focal ischemia is not restricted to cortical regions, we
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intended to find out whether in the process of progressive infarc-
tion, peri-infarct depolarization occurs in other brain regions as
well. In our previous studies in a model of middle cerebral artery
occlusion (MCAOQ) in cats, we have shown stepwise, progressive
cortical deterioration with recurrent depolarizations (Ohta et al.,
2001). We now succeeded in the same model to detect peri-
infarct depolarizations in the caudate nucleus. Here, we show
recordings and characterize profiles of various types of ischemic
depolarization in the striatum, compare its appearance with that
in the cortex, and discuss its significance for the pathological
process and the existence of an ischemic penumbra in the
striatum.

Materials and Methods

Eleven adult cats of both sexes weighing 2.8 5.1 kg were used. The study
was approved by the local Animal Care Committee and Regierungsprisi-
dent of Koln and is in compliance with the German Laws for Animal
Protection. General anesthesia was initialized with ketamine hydrochlo-
ride (25 mg/kg, i.m.). The left femoral vein and artery were cannulated to
administer drugs and to measure mean arterial blood pressure (MABP)
and arterial blood gases, and the animals were tracheotomized and im-
mobilized with pancuronium bromide (0.2 mg/kg, i.v.). Artificial venti-
lation was started, and anesthesia was changed to halothane (0.6-1.2%)
in a 70% nitrous oxide/30% oxygen gas mixture. Ringer’s solution con-
taining gallamine triethiodide (5 mg/kg/h) was infused intravenously (3
ml/h) for immobilization throughout the experiment. Artificial ventila-
tion was controlled, keeping arterial and expiratory gases within normal
physiological ranges. Deep body temperature was maintained at 37°C
using a heating blanket feedback controlled by a rectal temperature
probe.

The left MCA was exposed transorbitally. A device for remote occlu-
sion (Graf et al., 1986; Ohta et al., 1997) was implanted at the proximal
portion of the MCA between the left optic nerve and the MCA bifurca-
tion. The device was completely fixed with gelfoam and rapid-drying
glue. Finally, the orbit was sealed with dental cement to avoid CSF leak-
age and to make again the intracranial space a closed system.

We used microelectrodes [glass capillary micropipettes filled with 10%
NaCl solution (tip diameter, 2—4 um), in which a miniature calomel
electrode had been inserted to avoid polarization] (Shibata et al., 1977)
for DC and EEG recordings. We attached platinum microelectrodes
(etched platinum iridium wires 250 wm in diameter; glass insulated up to
1 mm of the tip) to the micropipettes at 1-2 mm distance for measure-
ment of regional cerebral blood flow (CBF) using hydrogen clearance.
Pairs consisting of the two types of electrodes were mounted in a self-
made micromanipulator that allowed independent movement of single
pairs of electrodes. EEG and DC potentials were recorded using differ-
ential amplifiers with appropriate filtering (EEG: high-pass, 0.5 Hz; low-
pass, 50 Hz; DC potential: low-pass cutoff at 0.1 Hz). A calomel electrode
inserted under the skin in the nasal region served as an indifferent refer-
ence. For hydrogen clearance, monopolar recordings were performed
using a separate set of amplifiers.

To approach the caudate nucleus, a 6-mm-diameter burr hole was
drilled in the left skull at stereotaxic coordinates 17 mm anterior/4 mm
lateral (Reinoso-Suarez, 1961). After careful dura incision, two sets of the
described electrode pairs were inserted in the same coronal plane, one
into a medial portion (17 mm anterior/2 mm lateral; 12-14 mm deep
from brain surface) and the other into a lateral portion (17 mm anteri-
or/6 mm lateral; 11-12 mm deep) of the left caudate nucleus (Fig. 1). The
tip-to-tip distance of the electrode pairs was ~4 mm. Thereafter, a
smaller burr hole was drilled in the skull above the left ectosylvian gyrus,
and a laser Doppler flow (LDF) probe (tip diameter, 0.8 mm; Moor
Instruments) was placed on the dura using a micromanipulator to mea-
sure the effect of MCAO. Additionally, a small burr hole was drilled in the
skull above the right marginal gyrus, and after careful dura incision, a
strain-gauge MicroSensor probe for measurement of intracranial pres-
sure (ICP; Codman/Johnson & Johnson Professional, Randolph, MA),
and a thermocouple for measurement of regional brain temperature
were placed on the cortical surface. After positioning all the devices, the
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Figure1.  Schematic representation of recording sites in relation to the caudate nucleus and
MCA territory. According to a stereotaxic atlas (Reinoso-Suarez, 1961), two miniature calomel
electrodes (tip diameter, 2—4 pm) were vertically inserted into the left caudate nucleus in the
same coronal plane at a distance of ~4 mm. We assumed that the lateral electrode was posi-
tioned more in the core and the medial electrode more in the rim of the ischemic focus. Adjacent
to calomel electrodes, platinum electrodes measured CBF using hydrogen clearance.

Table 1. Physiological variables

MABP Pa0, paCo,
(mmHg) (mmHg) (mmHg) pH
Before MCAO 1616 =198 1381217 335*x73 7362 *0.039
Approximately 1h
after MCAO 159.0 =131 1363 £338 36371 7.324*0.050
Approximately 12
h after MCAO 1427 2121 1280323 37673 7317 £0.077

Values are mean = SD. Differences between different time points were not significant (repeated-measures
ANOVA).

burr holes were completely sealed with gelfoam and dental cement to
prevent CSF leakage. After preparation of the animals, a bolus of
a-chloralose (60 mg/kg, i.v.) was administered, halothane was switched
off, and artificial ventilation was kept at 70% nitrous oxide/30% oxygen.
To keep a-chloralose anesthesia throughout the experiment, continuous
a-chloralose infusion (5 mg/kg/h) was started ~3 h after the initial bolus
had been injected. Experimental protocols were not started before at least
2 h after the initial a-chloralose injection had passed.

The experimental protocol was started with control measurements. All
parameters besides hydrogen clearance (EEG, DC potential, CBF mea-
sured with LDF, ICP, ABP, and brain temperature) were recorded con-
tinuously. Regional CBF was measured before MCAO, immediately after
MCAO, and several times in the course of the experiment until 12 h after
MCAO. The experiments were continued for 12 more hours, so that a
total experimental protocol of >24 h was followed. Experiments were
terminated by intravenous injection of KCI. Data were recorded and
analyzed using a personal computer-based data acquisition system (DA-
SYLab; DASYTEC) and a statistics software (Statistica; StatSoft). Statis-
tical evaluation was performed as indicated in the text.

Results

Physiological variables

The experimental protocol including the occlusion of the MCA
did not significantly alter physiological variables such as blood
gases and MABP (Table 1).
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Figure2.  Simultaneous original recordings of ICP, DC potential, EEGin the lateral and medial

caudate nucleus, and LDF in the cortex before and after permanent MCAQ. Note the abrupt
reduction of LDF in the cortex and immediate persistent depolarization at both recording sitesin
the caudate nucleus. ICP did not rise in this particular experiment.

Cortical blood flow

Effective MCAO was confirmed in all cats with cortical LDF mea-
surements in a typical core region of the focal ischemia model in
cats, the left ectosylvian gyrus (see examples in Figs. 2 and 6). The
average CBF reduction in the ectosylvian gyrus immediately after
MCAO amounted to 11.4 * 8.54% of control (range,
2.9-33.3%). After this rather dramatic drop of CBF, we regularly
observed in this region partial spontaneous reperfusion probably
resulting from the opening of collateral channels (see in particu-
lar the example in Fig. 6).

Incidence and characterization of striatal depolarizations

DC recordings in the caudate nucleus uncovered persistent as
well as transient types of depolarization after MCAQO, examples of
which are given in recordings in Figures 2—4.

Terminal depolarization

The first type of depolarization, referred to as TD, was persistent
in nature and resembled anoxic depolarization. TD appeared, in
some instances, immediately after MCAO, in one animal simul-
taneously at both recording sites in the striatum (see examples of
lateral and medial EEG and DC recordings in the lateral and
medial caudate nucleus in Fig. 2), documenting for a given region
gross reduction of spontaneous electroencephalographic activity
and presumably immediate severe disturbance of ion homeosta-
sis caused by critical reduction of CBF. A sharp negative shift of
—10 mV or more typically characterized the depolarization phase
of TD. Thereafter, depolarization slowed down but continued to
decrease for several minutes until it reached a minimum of ap-
proximately —20 mV. In the following period, the DC potential
typically increased to some extent, often over hours. As a main
characteristic, the negative shift of the DC potential in TD lasted
>180 min, and it never reached the pre-depolarization baseline
again. In other instances (A in Fig. 3), TD appeared later in the
course of ischemia. Sometimes it fluctuated during this phase, as
shown in the example. The concomitant appearance of the DC
shift with a steep increase in ICP (A in Fig. 3) indicates that ICP
elevations may be involved in the induction of such delayed TDs.
An enlarged view of the recording (Fig. 4A) underscores that the
now visible biphasic pattern of ICP elevation has a biphasic,
shoulder-like correlate in the negative DC shift. In fact, a preced-
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Figure 3.  Simultaneous original recordings of ICP, DC potential, and EEG in the lateral and
medial caudate nucleus before and after permanent MCAO. LDF in the cortex was not shown in
this particular experiment because of technical problems with recording. Note the different
types of depolarization at the circled segments A (TD), B (LD), and C (SD). Magnified cutouts of
these segments are shown in Figure 4. In the lateral caudate nucleus, depolarization at A does
not recover over several hours and is therefore defined as TD. The latter may be initiated by the
stepwise increase of ICP at the same time point. In the medial caudate nucleus, repetitive waves
of SD appear in the later course of the experiment exactly after TD in the lateral part.

ing smaller deflection of the DC potential (Fig. 3, lateral DC)
seemed to be also caused by a concomitant smaller ICP rise doc-
umenting the close relationship between harmful development of
elevated ICP and secondary induction of depolarizations.

Long depolarization

Another type of depolarization referred to as long depolarization
(LD), was transient in nature but prolonged (B in Fig. 3; enlarged
image in Fig. 4 B). The first portion of the negative DC shift was
relatively slow, followed by a steep drop. After the steep decline,
we regularly observed an intermediate small increase in potential
resulting in a shoulder-like appearance, followed by an additional
slow decline to the minimum value. In LD, minimal values
reached after several minutes were also in the range of —20 mV,
and subsequent repolarization was slow. LD appeared both at the
onset and in the later course of ischemia. In the given example
(Fig. 4 B), the minimum was reached after >15 min, and its whole
duration was in the range of 40 min.

Spreading depression

A second, often recurrent type of transient depolarization, re-
ferred to as spreading depression (SD), resembled the phenome-
non described first by Ledo (1944). SD was much faster, with a
total duration of typically <5 min (as an example, see C in Fig. 3;
Fig. 4C). A very brief slow decrease at the beginning followed by a
steep decline characterized the negative shift of approximately
—20 mV of this type. Interestingly, the steep portion of the de-
cline was comparable in shape with those observed in LD and TD
(Fig. 4). Repolarization was typically slower than depolarization
but fast compared with repolarization in LDs and passed into
hyperpolarization before returning to pre-depolarization base-
line levels. SDs are most probably propagated waves of depolar-
ization. In the example shown in Figure 4 (bottom two panels),
we compared the starting points S and also the steep portions of
the decline of the LD and SD waves. If we assume that the SD is a
propagated wave originating from the LD wave, which is presum-
ably generated in the ischemic core, we can deduce from the
distance of 4 mm between the two electrodes a propagation ve-
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Figure4. Magnified cutouts of DC recordings at segments A (with concomitant recording of
ICP), B, and Cfrom Figure 2 showing different types of depolarization in the caudate nucleus and
the relationship of D to increase of ICP after MCAOQ. Top, TD appearing in the later course of the
experiment in the lateral caudate nucleus. Note the biphasic increase of ICP and the almost
simultaneous biphasic, shoulder-like decrease of the DC potential. Bottom, Temporal relation-
ship between LDs initiated by MCAO in the lateral caudate nucleus and a wave of SDs in the
medial caudate nucleus. Note in the bottom panel the time lag between waves of LD and SD. SD
has presumably propagated from the ischemic core in the lateral caudate nucleus to the isch-
emicrimin the medial caudate nucleus. Calculation of the latency between the steep declines of
the DCpotential in Band C revealed a propagation velocity of ~3 mm/min. Waves of depolar-
ization have been analyzed using starting point S, end point E, and minimal value M.

locity of ~3 mm/min. This is well in the range of what has been
described for SD propagation. No SDs were observed on the me-
dial channel in the absence of depolarization first occurring on
the lateral channel. In the few cases of SDs recorded on the lateral
channel (2 of 19), we were not able to demonstrate preceding LD
or TD in the medial portion of the caudate nucleus.

Temporal manifestation of striatal depolarizations

A total of 40 depolarizations were depicted in the 11 experiments,
including 12 TDs, 9 LDs, and 19 SDs. Most of SDs (17 of 19)
appeared on the medial electrode, whereas LDs (6 of 9) and TDs
(8 of 12) appeared more often on the lateral electrode. Interest-
ingly, the temporal appearance of depolarizations showed a bi-
phasic pattern (Fig. 5). The first phase, with the exception of one
SD, started within 10 min after MCAO, and the second phase
followed ~10 h later.

Duration and amplitude of striatal depolarizations

The duration of SDs and LDs was assessed by measuring the time
to maximal depolarization (Fig. 4, S-M) and the repolarization
(Fig. 4, M—E) time. Based on combined depolarization and repo-
larization phases, the mean duration of SDs (5.2 = 1.2 min) was
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Figure5. Temporal distribution of different types of depolarization (SD, LD, and TD; see Fig.
4) after MCAO and of according mean values (==SD) of ICP. Note that almost all depolarizations
appeared either within the first 10 min or later than 10 h after MCAO. LDs as well as TDs in the
later stage of experiments were always associated with increases of ICP, presumably resulting in
secondary severe CBF reduction.

significantly shorter than that of LDs (64.8 = 47.5 min; p < 0.05;
t test). The amplitudes of the three types of depolarization were
all in the same range of 10—30 mV, which is in accordance with
reported values (for review, see Somjen, 2001; Gorji, 2001). In
Table 2, the mean duration and amplitude of the various types of
depolarization are listed for early and late phases. These values
show that LDs in the late phase (later than 10 h after MCAQ) are
more variable than depolarizations at other time points.

Striatal electroencephalographic activity

The EEG amplitude in striatum decreased in all cats after MCAO.
Original recordings obtained with the same electrodes that were
used for DC recordings are given in Figures 2 and 3 for both the
lateral and medial portion of the caudate nucleus. In the first
example (Fig. 2), the EEG decreased substantially immediately
after occlusion, and deterioration proceeded throughout the ob-
servation period, paralleling the consistent negative shift of the
DC potential. In the second example (Fig. 3), the EEG was also
suppressed almost immediately after occlusion but recovered
thereafter to some extent, the recovery being faster and more
pronounced in the medial recording site. This development cor-
responded to DC potential recordings in that the lateral site
showed the more severe and longer-lasting LD compared with
the short SD in the medial site. Mean EEG amplitude reductions
in the caudate nucleus immediately after MCAO amounted to
24 * 8,26 = 5,and 35 £ 7% of control on electrodes displaying
TDs, LDs, and SDs, respectively. Differences between medial and
lateral regions were not significant. Further EEG suppression
with single SD waves was hardly to be observed in striatal record-
ings. We were also not able to detect in the striatum progressive,
stepwise deterioration observed as a stepwise loss of the ability for
restoration of EEG activity associated with recurrent waves of SD.
Such observation was typical for cortical recordings obtained in
the same model and provided evidence for a detrimental role of
recurrent SDs in cortical peri-infarct zones (Ohta et al., 2001).
Subsequent deterioration of the EEG in the additional course of
the experiment shown in Figure 3 was linked to increases of ICP
and concomitant secondary negative deflection of the DC
potential.

Regional CBF in relation to striatal depolarizations

The average CBF at the two recording sites in the caudate nucleus
was 66.3 = 49.9 ml/100 g/min during control and decreased im-
mediately after MCAO to 24.8 % 15.6% of control. CBF measure-
ments at the two recording sites had rather high failure rates
during ongoing experiments so that we decided to average avail-
able CBF values being determined in relative temporal proximity
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Table 2. Duration and amplitude of DC potential deflections in different types of depolarization

Duration Amplitude
Decrease S — M (min) Recovery M — E (min) Recovery/decrease S— M/M - E Total (min) Total S—M (mV)
Early SDs (n = 5) 2716 35+1.2 2119 62+ 16 226+ 4.0
Late SDs (n = 14) 14+08 35+09 33+31 49+09 235+ 44
Early LDs(n = 4) 42+23 452+98 121+ 46 494+ 115 33.0 £5.1
LateLDs (n = 5) 33.9 £ 40.7 431314 4673 77.0 = 63.1 18.6 = 11.1
T (n=12) >180

Values are mean = SD. The duration of the decrease of the DC potential was calculated using the time lag between the start point () and negative peak (M), and the duration of the recovery was calculated using the time lag between M
and the end point (E) (see also Fig. 4). The amplitude of the DC potential was calculated using the voltage difference between the start point and negative peak.

Table 3. CBF in the caudate nucleus: relationship to transient depolarizations

Control After MCAO Change

(ml/100 g/min) (ml/100 g/min) (percentage of control)
D(n=1) 594 =198 26.2 = 17.0 51.5 = 48.0
D=7 543 149 185 * 84 373+ 228

Values are mean == SD. Platinum electrodes measured (BF using hydrogen clearance. Values were obtained in
relative temporal proximity (= 1h) to individual depolarizations. Note that CBF was not determined in proximity to
all transient depolarizations.
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Figure6. Simultaneousrecordings of ICP, DCpotential in the caudate nucleus, and LDF inthe

cortex before and after permanent MCAOQ. Views of segments A, B, and Care shown at a higher
resolution in Figure 7. Note in this example repetitive depolarizations on DC recording in the
caudate nucleus defined in our study as SD (open arrowheads) appearing 16 —27 h after MCAQ.
During this phase, ICP rises slowly but continuously, interrupted by brief steeper elevations that
seem temporally related to generation of individual waves of SD. Subsequent dramatic rise of
ICP resulted in permanent depolarization in the caudate nucleus, presumably documenting a
malignant course with herniation and brain death at this late stage. Note also repetitive tran-
sient deflections on the cortical LDF recording (closed arrowheads). Such deflections of regional
(BF are typical correlates of waves of SD in not yet severely compromised tissue.

(%1 h) to transient depolarizations of the various kinds. This
analysis showed that CBF decreased in proximity of TDs to
~33% of control and in proximity of LDs to ~37%, whereas
decreases in proximity of SDs amounted only to ~51% (Table 3).

Malignant course: relationship to ICP and

ischemic depolarizations

Our results show that SD generation is common in gray matter
structures after MCAO and thus a multifocal process. This fact
was visualized best in a particular experiment shown in Figure 6.
In this example, repetitive transient deflections can be seen early
after MCAO on the trace with cortical LDF recording. These brief
deflections of regional CBF comprise a short phase of hypoper-
fusion followed by a longer phase of hyperperfusion. They are
typical correlates of waves of SD in not yet severely compromised
tissue. In the example, LDF deteriorates with repetitive deflec-
tions, and the amplitude of the CBF response is more and more

reduced, documenting worsening of conditions in the cortical
region studied. At a later stage, repetitive SDs can be detected on
the trace with DC recording in the medial caudate nucleus. The
example in Figure 6 points again to the close relationship between
raised ICP in the prolonged course of MCAOQ and the initiation of
depolarizations at later stages. Repetitive depolarizations in the
medial caudate nucleus appeared 1627 h after MCAO. During
this phase, ICP increased slowly but continuously, interrupted by
brief steeper elevations, and individual waves of SD were gener-
ated almost at the same time intervals as these steeper ICP rises.
An unambiguous causal connection between ICP rise, LDF de-
cline, and initiation of SDs, however, cannot be easily depicted (A
in Fig. 6; enlarged image in Fig. 7A). In the successive episode (B
in Fig. 6; enlarged image in Fig. 7B), the ICP rise was mirrored by
a decline of cortical LDF, and two depolarizations (the first being
an SD and the second an LD) were generated with some time
delay in the caudate nucleus. The subsequent decrease of ICP and
increase of LDF was followed by repolarization. At the final stage
of this experiment (C in Fig. 6; enlarged image in Fig. 7C), a
dramatic rise of ICP resulted in a further decline not only of
cortical blood flow as documented by the decrease in LDF but
also of cerebral perfusion pressure (CPP; calculated on-line as the
difference between BP and ICP). At CPP values of ~50 mmHg,
cerebral perfusion seemed to be not any more able to meet the
energy requirements of the tissue. As a result, TD developed. The
decreases of ICP and BP soon thereafter are presumably corre-
lates of transtentorial herniation, documenting the final stage of
this malignant course.

Discussion

Incidence and propagation of ischemic depolarizations

in striatum

Our study characterizes for the first time in the striatum different
types of ischemic depolarizations induced after MCAO in cats.
The choice of the cat model allowed us to compare with former
studies in which we were able to differentiate between various
types of ischemic depolarizations in cortical regions (Saito et al.,
1997; Ohta et al., 1997, 2001). In essence, the three types of de-
polarization described in our study exist also in the cortex, and
the finding that ischemic SDs are generated in regions with pro-
longed or persistent depolarization seems to be common in this
model for subcortical as well as cortical gray matter. This is pre-
sumably also true for rat models of focal ischemia, because gen-
eration of the various types of depolarization have been described
in these models for cortical regions (Nedergaard and Hansen,
1993; Nallet et al., 1999). For the striatum, one report exists that
has described SD generation in a rat model of focal ischemia
(Wahl et al., 1994). The finding of SD generation in the striatum
is not surprising, because it is well known that SD can be induced
not only in cortical but also in subcortical regions such as the
hippocampus or striatum (for review, see Somjen, 2001). Inter-
estingly, waves of SD have been described to even travel between



1392 - J. Neurosci., February 9, 2005 - 25(6):1387-1394

A. SD (spreading depression)

Medial DC
in N. caud. l I 1 v | | 20mv
20%
br M } .
30 mmHg
ICP M-A,M ﬂ
0

1 hour

B. LD (long depolarization)
Medial DC
in N. caud. w ‘ ig‘;:v

LDF
0
1=k MMWW"‘.\ } SRS
10 min 0
C. TD (terminal depolarization
Medial DC ( dqo )

| 20 mv

in N. caud. _’__\\_’_,_’f
LDF M\L % 30%

0

__,Mm 2 Wy
0
BP —————, } 200 mmHg

0

CPPap.lcp___m“m § 150 mmHg
0
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caudate nucleus, and LDF in the cortex. Top, Recurring SDs in the caudate nucleus and concom-
itant, almost simultaneous repetitive elevations of ICP. The cortical LDF recording did not show
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the caudate nucleus and cortex (Vinogradova et al., 1991), a find-
ing that may possess some significance in so far as some SDs seen
in cortical peri-infarct zones may originate in the striatum, a
region known to usually undergo severe ischemia after MCAO
(Globus et al., 1988; Butcher et al., 1990). The question arises,
however, whether our data support the assumption that depolar-
izations in the striatum, and in particular SDs, play a similar
detrimental role in peri-infarct zones in the striatum as is well
accepted for cortical peri-infarct SDs (Gill et al., 1992; Iijima et
al., 1992; Nedergaard and Hansen, 1993; Busch et al., 1996; Hoss-
mann, 1996; Takano et al., 1996; Saito et al., 1997; Strong et al.,
2000; Ohta et al., 2001). In this context, the more general ques-
tion in dispute is whether a penumbra exists at all in the striatum.

Transient ischemic depolarizations: evidence for a

striatal penumbra?

The striatum has been referred to as an “ischemic core” region
that exhibits very low residual CBF after MCAO (Butcher et al.,
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1990). This low flow has been explained by the fact that lenticu-
lostriate arteries, which are end arteries without collateral reserve,
supply the striatum (Shigeno et al., 1985). Our CBF measure-
ments in the striatum, although heterogeneous, do not fully sup-
port this notion. The mean reduction of CBF to 24.8 * 15.6% of
control immediately after occlusion was severe; however, CBF
values of 37.3 * 22.8 and 51.5 = 48.0 obtained in the later course
of MCAO along with transient depolarizations of the LD or SD
type, respectively, show that some potential for spontaneous CBF
recovery exists in the striatum. This microcirculatory improve-
ment may be linked to ischemic release of mediators of vasodila-
tation such as adenosine or nitric oxide that are known to in-
crease during ischemia (Hagberg et al., 1987; Matsumoto et al.,
1992; Malinski et al., 1993; Phillis et al., 1996). The opening of
collateral channels seems to play a minor role, because end arter-
ies supply this brain region (see above). Continuous CBF mea-
surement using LDF or regional techniques such as positron
emission tomography or perfusion-weighted MRI would obvi-
ously help to clarify this question, but presumably because of
insufficient resolution, detailed investigations of gradual CBF
changes in subcortical regions are so far missing. Nevertheless,
there is evidence that residual CBF is high enough in parts of the
striatum to meet the criteria for being classified “ischemic pen-
umbra.” This notion is also supported by our observation that
secondary moderate elevations of ICP may drive a region into
depolarization and thereby into core conditions (Fig. 3). This is
most likely achieved by a secondary decrease of CBF attributable
to ICP rise, and such newly generated core may give rise to the
generation and propagation of SDs into surrounding regions at
later time points in the course of focal ischemia.

Our electrophysiological results provide more evidence for
the assumption of an ischemic penumbra in the striatum. After
the original concept, penumbral zones develop failure of sponta-
neous electrical activity, whereas ion homeostasis and thereby
structural integrity remain preserved (Astrup et al., 1981). In our
experiments, the mean EEG amplitude in the caudate nucleus
after MCAO was almost equally reduced at all sites to ~30% of
control and tended to decrease a little more in the later course
(Figs. 2, 3). Differences in EEG reduction between sites displaying
TD, LD, or SD were not significant, although reduction at sites
with LD and TD tended to be somewhat larger. Therefore, we
argue that regions with reduction of spontaneous electrical activ-
ity and persistent reduction of the DC potential fulfill the criteria
for core conditions and are to be distinguished from regions with
reduction of spontaneous electrical activity alone, the latter ones
being of the penumbra type with preserved ion homeostasis.
Many investigators have shown peri-infarct depolarizations
without identifying whether they appear in ischemic penumbra
or in more peripheral zones into which they may propagate as
well. Although we also consider the role of peri-infarct depolar-
ization to be exceptionally relevant for progressive deterioration
in the penumbra, such identification can be unambiguously
achieved only by analysis of simultaneously obtained recordings
of spontaneous electrical activity and DC potential and, if possi-
ble, by parallel recordings of CBF. Only by then can the relevance
of peri-infarct depolarization for penumbral deterioration be
evaluated.

Biphasic appearance of depolarizations and malignant course
of focal ischemia

Atsubacute stages, progressive impairment in penumbral regions
seems to become manifest in a secondary phase of ischemic de-
polarizations. Such biphasic pattern has recently been docu-
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mented in an extensive study in permanent as well as in 2 h
transient focal ischemia in rats (Hartings et al., 2003). In the
mentioned study, the delay between the first and second phase of
appearance of depolarizations was ~8 h, an observation that is
comparable with our results obtained in the caudate nucleus.

We have shown in transient 3 h focal ischemia in cats that
vasogenic edema formation and brain swelling play a crucial role
in secondary, delayed CBF reduction and glutamate elevation
after reperfusion, resulting in infarct growth and potentially in a
space-occupying, malignant course with transition from focal
into global ischemia (Taguchi et al., 1996; Toyota et al., 2002,
2003). Similar exacerbation has been observed after 2.5 h focal
ischemia in rats and was attributed to blood—brain barrier dam-
age and resulting edema formation (Neumann-Haefelin et al.,
2000). Our present study reveals that progressive but unsteady
elevation of ICP explains delayed induction of the various types
of ischemic depolarizations. The mechanism by which these de-
polarizations are generated involves most probably a secondary
reduction of regional CBF that drives some regions exhibiting
penumbra conditions (spontaneous EEG reduced, DC potential
preserved) into core conditions giving rise to ATP depletion,
breakdown of ion homeostasis, and persistent DC potential shift
of the LD or TD type. Waves of SD may be induced in such “new”
ischemic cores with elevated extracellular K™ and glutamate and
will propagate into neighboring tissue (Fig. 3). Because it has
been shown that peri-infarct depolarizations not only enhance
energy depletion (Busch et al., 1996; Selman et al., 2004) but also
impair penumbral microcirculation by reducing capillary red
blood cell perfusion despite arteriolar dilatation (Pinard et al.,
2002), we assume that, in a deleterious feedback cascade, cascade-
like pathophysiological sequelae of electrophysiological, meta-
bolic, and microcirculatory perturbations generate progressive
infarction. The role of brain swelling and ICP rise should not be
underestimated in this process. It may give rise to additional
perfusional derangement resulting in the generation of new, most
probably multiple cores and penumbras, and at a final stage, it
may initiate transition into a global worsening being described as
malignant course of infarction.
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