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Pharmacological reduction of electrophysiological diaschisis after
photothrombotic ischemia in rat neocortex
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Abstract

Focal cerebral lesions in the rat brain induced by photothrombosis cause hyperexcitability of the surrounding brain. This can be
demonstrated in brain slices taken from animals several days after lesioning, by analysis of field potential responses to paired-pulse
stimulation. We now investigated whether and how these remote effects of a cortical lesion can be modified pharmacologically.
Application of the NMDA receptor antagonist, MK-801 ((+)-5-methyl-10,11-dihydro-5H-dibnzo[ a,d]cyclohepten-5,10-imine), was
shown to block induction of immediate early genes and activation of astrocytes as evidenced by glia fibrillary acidic protein (GFAP)
staining in the photothrombosis model. However, MK-801 did not affect the hyperexcitability that had been demonstrated by field
potential recordings in brain slices. In another series of experiments, lubeluzole ((+ )-(S)-4-(2-benzothiazolylmethyl amino)-«-[(3,4-dif-
luorophenoxy)methyl]-1-piperidineethanol), which inhibits the glutamate-activated nitric oxide pathway as evidenced by down-regulation
of intracellular cyclic GMP, was given immediately after induction of the insult. This reduced hyperexcitability as investigated 7 days
later. In the light of these data one can suggest that a nitric oxide-cyclic GMP-related mechanism may be responsible for functional

aterations in the surround of photothrombotic brain lesions.
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1. Introduction

Improvement of the outcome following a cortical lesion
as e.g. a stroke may be related not only to a reduction of
lesion size, but also to effects of drugs on remote brain
tissue. Thus it has been shown that remote depressions of
brain metabolism can be related to functional deficits
(Heiss and Herholz, 1994; Heiss et al., 1993). Such remote
effects have been termed diaschisis (Von Monakow, 1914;
reviewed by Andrews, 1991). Recently, we reported that
cerebral photothrombosis in the rat brain is associated, not
only with a metabolic diaschisis (Dietrich et a., 1986), but
also with an electrophysiological diaschisis (Buchkremer-
Ratzmann et a., 1996; Domann et d., 1993). In extended
brain areas lateral to a lesion of the rat brain, a reduced
inhibition could be demonstrated with paired-pulse stimuli
applied extracellularly on brain dlices. This hyperexcitabil-
ity persisted for at least 60 days after lesion induction
(Schiene et a., 1996; Domann et al., 1993). With intra-
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cellular recordings, a reduction of GABA , receptor-medi-
ated inhibition could be demonstrated (Neumann-Haefelin
et al., 1995). This was associated with a decrease of
GABA , receptor binding in intact tissue (Schiene et al.,
1996).

Diaschisis effects are usualy attributed to anatomical
deafferentiation. A possible alternative mechanism is corti-
cal spreading depressions. Following induction of a corti-
ca lesion, eg. infarction, large waves of negativity
amounting up to 22 mV travel across the cortex with a
velocity of about 3 mm/min (McLachlan and Girvin,
1994; Hansen and Zeuthen, 1981). These are associated
with a transient suppression of EEG (electroencephalo-
gram) activity and were therefore called ‘ spreading depres-
sion’. Recent investigations suggest that such cortical
spreading depressions are the major determinants for the
growth of the lesion into the penumbra following occlu-
sion of a brain artery (Nedergaard, 1994; Mies et al., 1991;
Dirnagl et al., 1990). Cells within the surround of the
lesion which receive enough oxygen to survive but not
enough to function properly may be killed by the metabolic
stress of cortical spreading depressions. Photothrombotic
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infarction triggers cortical spreading depression in distant
areas of the ipsilateral cortex up to 3 h after ischemia
(Schroeter et al., 1995; Dietrich et al., 1994). Cortical
spreading depression can be blocked by dizocilpine maleate
(MK-801, (+ )-5-methyl-10,11-dihydro-5H-
dibenzol a,d]cyclohepten-5,10-imine), a non-competitive
NMDA receptor antagonist (Zhang et al., 1990; Foster and
Wong, 1987).

Antagonism of glutamate-induced neurotoxicity aso
seems to be the mechanism of action of lubeluzole ((+)-
(9)-4-(2-benzothiazolylmethylamino)-a-[(3,4-difluorophen-
oxy)methyl]-1-piperidineethanol, Lesage et a., 1996).
Post-insult treatment with lubeluzole selectively prevents
the slow rise of extracellular gluatamate in the peri-infarct
zone (Scheller et a., 1995) and protects sensorimotor
function after photothrombosis, whereas its R-isomer is
inactive (De Ryck et al., 1996). On the celular leve,
lubeluzole inhibits the nitric oxide-induced increase of
cyclic GMP (Lesage et a., 1996) which can function as
intra- and intercellular signal transduction system (Murad,
1994).

The aim of the present experiments was to examine
whether MK-801 or lubeluzole influences the remote elec-
trophysiological effects seen following induction of pho-
tothrombosis in rat neocortex. For these investigations we
used the photothrombosis model introduced by Watson et
al. (1985). This model has the advantage of being non-in-
vasive and producing lesions with good reproducibility in
terms of size and a sharp boundary between infarct and
non-infarcted tissue.

2. Materials and methods

All animal protocols were developed in strict accor-
dance with national law (Tierschutz Gesetz) and approved
by Regierungsprasident Dusseldorf.

2.1. Induction of photothrombosis

Mae Wistar (290-310 g) were anesthetized with
halothane (2% during preparation and 1.5-1.7% during
lesioning) in a mixture of O, and N, (1:2), a catheter was
inserted in the femoral vein, and the rat was placed in a
stereotaxic frame. Focal lesions were induced in the sen-
sory area Parl (brain areas according to Paxinos and
Watson, 1986) at the edge of the motor cortex (hindlimb
area of cortex) and occipital cortex (area 2, lateral). For
this purpose the skin above the skull was opened and an
optic fiber bundle (aperture 1.5 mm) was positioned ex-
actly 4 mm posterior to bregma and 4 mm lateral to the
midline. The illumination with the optic fiber bundle
mounted onto a cold light source (Schott KL 1500, Mainz,
Germany) lasted 20 min. During the first minute Rose
Bengal (Aldrich Chemie, Steinheim, Germany, 1.3 mg,/100
g body weight) was injected through the femora catheter.

During the illumination the rectal temperature was moni-
tored and held constant at 36.8—37.2°C. After induction of
the thrombosis the catheter was removed and the wounds
were sutured. The animals were placed in a warm environ-
ment for about 30 min. Thereafter they were responsive to
mild noxious and acoustic stimuli and were returned to
their cages with free access to ground food and water for 7

days.
2.2. Drug treatment

Eighteen animals did not get any treatment before or
after photothrombosis. These animals served as lesioned
controls for MK-801-treated animals. Eleven animals were
treated with dizocilpine maleate (MK-801). Thirty minutes
before the beginning of the illumination a 10-min intra-
venous infusion of 0.5 mg/kg body weight was started.
Body temperature was carefully monitored. We observed
irregular breathing and prolonged awakening of the MK-
801-treated animals. Eight animals were treated with
lubeluzole. Twenty-five minutes after the beginning of the
illumination the animals received a 0.31 mg/kg body
weight intravenous bolus followed by a 1 h intravenous
infusion of 0.31 mg/kg per h (rectal temperature 36.8—
37.2°C). R91154 (( R)-4-(2-benzothiazolylmethylamino)-a-
[(3,4-difluorophenoxy)methyl]-1-piperidineethanol), the
R-isomer of lubeluzole, was given to five rats after the
induction of photothrombosis using the same treatment
regimen as described for lubeluzole. Six animals were
treated with a bolus and a 1 h infusion of the vehicle of
R91154 and lubeluzole. These placebo-treated animals
served as lesioned controls for the lubeluzole- and
R91154-treated animals.

2.3. Electrophysiological recordings from brain dlices

Electrophysiological recordings were obtained on day 7
after surgery. The rats were decapitated under ether anes-
thesia and the brains were rapidly removed. The brains
were cut into coronal dlices of 400 wm with a Mclllwain
Tissue Chopper. The dlices were kept in an interface
recording chamber at 33°C and superfused with artificial
cerebrospina  fluid containing (in mM): NaCl 124,
NaHCO, 26, KCI 5, CaCl, 2, MgSO, 2, NaH,PO, 1.25,
and glucose 10, equilibrated with carbogen (95% O, /5%
CO,) to pH 7.4. Field potentials were recorded using a
glass capillary electrode placed in cortical layer I1 /111 and
the bipolar stimulation electrode was placed in layer VI
beneath the recording electrode. Recordings were made in
0.5 mm steps lateral to the photothrombotic lesion, until
the rhinal fissure was reached (Fig. 1). A double-pulse
stimulation protocol was applied to investigate paired-pul se
inhibition (pulses of 50 ws/5—-40 V with 20 ms intervals).
At each location the stimulation amplitude was chosen at
which the field excitatory postsynaptic potentia yielded a
maximal response. The ratio of the amplitudes of the field
potentials elicited by the second versus the first stimulus



1. Buchkremer-Ratzmann, O.W. Witte / European Journal of Pharmacology 320 (1997) 103—109 105

Fig. 1. Schematic drawing of the brain slice (bregma — 3.8 mm; modified
from Paxinos and Watson, 1986). The lesion is indicated by an indenta-
tion. Positions of the stimulation electrode are marked by squares (layer
V1), those of the field potentia electrode by dots (layer 11 /111). Numbers
indicate the distance from midline in mm. Abbreviations indicate the
cortical areas. Field potentia and stimulation electrodes were moved in
parallel from the lesion border, down to the rhinal fissure.

was calculated (Q = field excitatory postsynaptic poten-
tial ,/field excitatory postsynaptic potential,). Values less
than one indicate that the second response was inhibited by
the first one. For each position, the mean, standard devia-
tion and standard error of the mean were computed. To test
the statistical significance of differences between the MK-
801-treated versus untreated, lubeluzole- versus placebo-
treated, and R91154- versus placebo-treated groups, re-
spectively, we applied a non-parametric test (Kruskal-Wal-
lis one-way analysis of variance). The significance level
was set at P smaler than 0.05 (%), P smdler than 0.01
was considered highly significant (= =). We examined 28
slices from 18 untreated animals; 23 dlices from 11 MK-
801-treated animals; 17 dices from 8 lubeluzole-treated
animals;, 13 dlices from 5 R91154-treated animals and 9
slices from 6 placebo-treated animals.

2.4. Lesion size

Lesion size was measured from the coronal dlices in the
recording chamber through a reticule in the microscope.
The dlice which represented the center of the lesion was
selected for measurement. The width of necrotic tissue at
the level of layer V was measured.
3. Results

3.1. Lesion size

The infarcted area was easily detectable as necrotic
tissue in the brain dlices in the recording chamber. The

different treatment groups were not significantly different
with respect to lesion diameter: untreated 2.3 + 0.3 mm;
MK-801-treated 2.4 + 0.2 mm; placebo-treated 2.4 4+ 0.2
mm; lubeluzole-treated 2.2 + 0.2 mm, R91154-treated 2.1
+ 0.3 mm. The infarction extended through all cortical
layers but did not affect subcortical structures.

3.2. Electrophysiological recordings from brain slices

No electrophysiological responses could be evoked
within the lesion. Lateral to the lesion, field potentials with
amplitudes of 1-4 mV were evoked by afferent stimula
tion. Typica responses of control and lesioned animals,
both treated and untreated, are shown in Fig. 2. Baseline
recordings from control animals typically showed a Q
ratio of 0.4-0.5 (Fig. 2, trace 1; Buchkremer-Ratzmann et
al., 1996). In dlices from untreated lesioned animals, the
second field excitatory postsynaptic potential was larger
than that in slices from control animals and sometimes
even larger than the first field excitatory postsynaptic
potential (Fig. 2, trace 2). The increase was clearly visible
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Fig. 2. Typical extracellular responses to paired-pulse stimulation. Upper
trace: unlesioned control rat with a Q ratio (=field excitatory post-
synaptic potential , /field excitatory postsynaptic potential ;) of about 0.4.
Second trace: untreated lesioned rat with Q near 1; third trace: lesioned
rat treated with lubeluzole. Note the reduced ratio in comparison to that in
an untreated rat; fourth trace: recording from lesioned rat treated with
MK-801, note the lack of inhibition similar to that in untreated lesioned
rat.
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Fig. 3. Effect of MK-801 on response to paired-pulse stimuli. Spatial
profile of the Q ratio (=field potentia amplitudes field excitatory
postsynaptic potential , /field excitatory postsynaptic potential,). The
lesion was situated at position 2—4.5 mm latera from midline. Bars
indicate standard error of the mean (S.E.M.). Values for unlesioned
control rats are represented by the solid line, those for untreated lesioned
rats are marked with black squares, MK-801-treated lesioned rats with
open triangles. Mean values of recording lateral to the photothrombotic
lesion. Lesioning led to an increase of the Q ratio, indicating a reduction
of inhibition. MK-801 treatment did not reduce this hyperexcitability.
Values for MK-801-treated rats which are significantly different from
values for untreated lesioned rats are marked by * for P < 0.05 and * *
for P < 0.01 (Kruskal-Wallis, non-parametric rank test).
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Fig. 4. Effect of lubeluzole on response to paired-pulse stimuli. Spatial
profile of the Q ratio (=field potentia amplitudes field excitatory
postsynaptic potential, /field excitatory postsynaptic potential;, mean+
S.E.M.). The lesion was situated at position 2—4.5 mm lateral from
midline. Unlesioned control animals are represented by a solid line (same
data as in Fig. 3), placebo-treated lesioned rats are marked with black
squares, lubeluzole-treated rats with open triangles. Values for the lubelu-
zole group which are significantly different from values for the placebo
group are marked by * for P < 0.05 and * = for P < 0.01 (Kruskal-Wal-
lis, non-parametric rank test). After photothrombosis a reduced inhibition
can be observed in placebo-treated animals. Lubeluzole reduces the
lesion-induced hyperexcitability to values similar to values from unle-
sioned contrals.
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Fig. 5. Effect of the lubeluzole sterecisomer, R91154, on response to
paired-pulse stimuli. Spatial profile of the Q ratio (= field potential
amplitudes field excitatory postsynaptic potential , /field excitatory post-
synaptic potential;, mean+ S.E.M.). The lesion was situated at position
2-4.5 mm lateral from midline. Recordings from unlesioned control rats
are represented by a solid line (same data as in Fig. 3Fig. 4), recordings
from placebo-treated rats are marked with black squares (same data as in
Fig. 4), R91154-treated rats marked with open triangles. In contrast to its
isomer, R91154 did not influence the Q ratio. Vaues from placebo and
R91154-treated animals were not significantly different (Kruskal-Wallis,
nonparametric rank test).

lateral to the lesion up to 8 mm from midline (Fig. 3, black
squares).

MK-801 treatment did not change the lesion-induced
hyperexcitability in the surround of the lesion. The Q ratio
(field excitatory postsynaptic potential,/field excitatory
postsynaptic potential ;) amounted to 0.85 near the edge of
the lesion and 0.6 further lateral (Fig. 3, open triangles).
With few exceptions, the values from MK-801-treated
animals were not significantly different from those for
untreated lesioned animals.

Treatment with lubeluzole caused a decrease of the Q
ratio to values of 0.35 to 0.6 (Fig. 4) when compared to the
ratio for placebo-treated animals. Placebo treatment led to
results not different from the recordings from untreated
lesioned animals (cf., Figs. 3 and 4/5). The data from
lubeluzole-treated animals were significantly different from
the data for placebo-treated animals at position 7, 7.5, 8.5,
and 10 mm from midline. The differences were even more
obvious when the comparison was to untreated lesioned
animals, with P < 0.01 at positions 8.5 and 10 mm and
P < 0.05 at positions 6, 6.5, 7, 8, 9, and 9.5. In contrast,
recordings from animals treated with the isomer R91154
were not different from those for placebo-treated animals
at any position (Fig. 5).

4. Discussion

Previous studies have shown that photochemicaly in-
duced infarction in rat neocortex leads to focal necrosis
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which is associated with a reduced inhibition in wide areas
lateral to the lesion. The changes were already present on
day 1 and lasted up to day 60 (Domann et al., 1993). The
present work was designed to search, using pharmacol ogi-
ca means, for a possible mechanism for the hyperex-
citability remote from the lesion. We could show that the
hyperexcitability induced by photochemical infarction in
rat neocortex and measured by a paired-pulse stimulus
protocol can be reduced by treatment with lubeluzole, but
not by treatment with the NMDA receptor antagonist,
MK-801.

The photothrombotic model used in the present experi-
ments was first described by Watson et al. (1985). The
strength and limitations of this model have been discussed
in several reviews (Ginsberg and Busto, 1989; Hunter et
al., 1995). A disadvantage of this model is that some
features are not representative of human thrombotic stroke:
in human stroke, main arteries rather than microvessels are
occluded, that is, this model is not suitable to test therapies
based on enhancement of collatera perfusion. Further-
more, unlike stroke in humans, a very early breakdown of
the blood-brain barrier can be observed. However, the
present model has several advantages: it is not invasive
and is therefore suitable for long-term experiments. It
produces lesions with a reproducible size and location.
Moreover, photothrombotic lesioning leads to a sharp
boundary between infarcted tissue and non-infarcted sur-
rounding brain. It therefore allows separation of the remote
effects which are not due to ischemia from those produced
by ischemia in the penumbral area.

In the present experiments, cortical excitability was
assessed by paired-pulse inhibition in brain slices obtained
a post-infarct day 7. By that time the infarction has
reached a stable volume and the brain water content does
not differ at day 7 from that at 1 h after induction of the
photothrombosis (Grome et al., 1988). Moreover, 3—7 days
following lesion induction, the hyperexcitability in in vivo
experiments was most pronounced (Schiene et al., 1996).

MK-801 is a non-competitive NMDA receptor antago-
nist which acts by occupying a site within the Ca?*
channel, acting most effectively when the channel is open
(Iversen et al., 1992; Foster and Wong, 1987). This block
hinders an ischemia-induced Ca2* influx into the neurons.
MK-801 was also shown to be an anticonvulsant with
anxiolytic and central sympathomimetic properties
(Clineschmidt, 1982). Systematically administered, it read-
ily crosses the blood-brain barrier and leads to irregular
breathing and arrhythmia (Choi and Rothmann, 1990;
Monteau et al., 1990). MK-801 was shown to be protective
in various ischemia models and studies: it was reported to
antagonize glutamate toxicity in in vitro studies (Foster et
al., 1988; Hahn et a., 1988; Schurr et al., 1995), and to
reduce infarct volume after middle cerebral artery occlu-
sion (Park et al., 1988; lijima et al., 1992; Hatfield et al.,
1992; Gill et a., 1992; Buchan et al., 1992; reviewed by
Sies0, 1992). However, it has aso been reported that

MK-801 did not reduce infarct volume after middle cere-
bral artery occlusion when brain temperature is held steady
(Yao et al., 1993; Corbett et al., 1990). There are contra-
dictory results of MK-801 treatment after neocortical le-
sioning with respect to recovery of function (Barth et al.,
1994). In our model, MK-801 did not reduce infarct size as
it does in other ischemia models (Dietrich et al., 1994).
This could be due to the fact that, in our model, the lesion
does not have a distinct penumbra, a zone of risk that can
be saved by NMDA receptor blockade. Also the treatment
regimen could be of importance. We used the treatment
regimen described by Sae Monn Oh and Betz (1991) in
which the drug is given before induction of the lesion.

Schroeter et a. (1995) and Dietrich et al. (1994) could
show that photothrombotic infarction triggers cortical
spreading depression. MK-801 was able to inhibit these
cortical spreading depressions (Dietrich et al., 1994; Lau-
ritzen and Hansen, 1992) and the cortical spreading de-
pression-induced expression of GFAP (glial fibrillary acidic
protein, Schroeter et al., 1995). Our results demonstrate
that MK-801 treatment could not reverse the hyperex-
citability surrounding a photochemica infarct. This indi-
cates that the cortical spreading depressions are not respon-
sible for the impairment of inhibition. These results also
suggest that the hyperexcitability is not related to the
activation of astrocytes as evidenced by GFAP staining.

Gass et al. (1992) showed that cerebral photothrombosis
in rat cortex is associated with the activation of immediate
early genes in the ipsilateral hemisphere. Activation of the
immediate early genes can be prevented by application of
MK-801, suggesting that it is caused by cortical spreading
depressions. The present data, therefore, furthermore show
that the neurona disinhibition in the surround of the lesion
is not related to cortica spreading depression-mediated
activation of immediate early genes.

Huang et al. (1994) have hypothesized that activation of
nitric oxide synthase is an important step in brain damage
following stroke. There are ongoing discussions on the
relative contribution of neuronal and vascular nitric oxide
synthase activation. Activation of this synthase induces
nitric oxide (NO ') formation, which inhibits mitochondrial
respiration and induces ADP-ribosylation damage (re-
viewed by Dawson, 1994; Szatkowski and Attwell, 1994)
and an increase of cyclic GMP in neurons, astrocytes and
smooth muscle cells (Vincent, 1994; Nowicki et al., 1991).
Cyclic GMP acts through phosphorylation or dephospho-
rylation of protein kinase, regulation of CAMP and in some
cells (i.e. retina) through regulation of ion channels
(Garthwaite, 1991). Cyclic GMP is not responsible for an
increase of O, consumption (Lu et a., 1995). Recent
reports suggest that the elevation of cyclic GMP is pre-
vented by lubeluzole, but not by its R-isomer (Lesage et
al., 1996). Moreover, lubeluzole reduced sensorimotor
deficits after photothrombosis in rats in contrast to its
R-isomer (De Ryck et al., 1995, 1996). The fact that the
R-isomer fails to inhibit the NO -induced increase of cyclic
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GMP indicates that lubeluzole interacts stereoselectively
with a modulation site of an enzyme or another intra
cellular receptor. Possible receptors could be, for example,
immunophilins which interact with signal transduction sys-
tems through regulation of the phosphorylation state and
catalytic activity of nitric oxide synthase (Snyder and
Sabatini, 1995). Lubeluzole clearly led to a decrease of
hyperexcitability in terms of the ratio of field potential
amplitudes after paired pulses. Our results suggest that a
nitric oxide-related mechanism might be responsible for
the functional alterations in the surround of the lesion.

In conclusion, the results indicated that the electrophys-
iological diaschisis effects are not due to cortical spreading
depression emanating from the lesion. The ineffectiveness
of MK-801 as well as the bilateral occurrence of electro-
physiological diaschisis would, instead, favor the assump-
tion that it is caused by anatomical deafferentiation. In-
deed, anatomical experiments indicated that widespread
ipsi- and contralateral intracortical and callosal connec-
tions exist (Morin et a., 1994). More surprising is the
observation that the consequences of deafferentiation can
be prevented pharmacologically by lubeluzole. Further ex-
periments are necessary to investigate whether this drug
effect is related to improvement of recovery from brain
infarction.
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