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Spreading depolarization (SD) has been implicated in the pathogenesis of delayed cerebral ischemia (DCI)
after subarachnoid hemorrhage. Endothelin-1 (ET-1) is a powerful trigger of SD and may be involved in
DCI. The SD-causing mechanism is assumed to result from ET-1-induced microarterial spasm and ische-
mia. However, ET-1 is also a potent, astrocyte-specific gap junction (GJ) inhibitor. There are two compet-
ing hypotheses on the role of astrocytic GJs in SD. One postulates that they mediate SDs, since long-chain
alcohols such as octanol inhibit GJs and inhibit SD at high concentrations. The other postulates that astro-
cytic GJs protect against SD and that their inhibition increases susceptibility to SD and SD velocity. Here,
we found in rats that brain topical application of carbenoxolone, a more specific GJ inhibitor, failed to
inhibit ET-1-induced SDs in vivo, whereas octanol, a less specific GJ inhibitor, partially blocked them at
high concentrations. These results suggest that GJs are not required for initiation or propagation of ET-
1-induced SDs, and that octanol inhibits SDs by effects unrelated to GJs. The results do not exclude that
the specific inhibition of astrocytic GJs by ET-1 contributes to the generation of SDs, which should be fur-
ther investigated in future studies.

© 2020 International Hemorrhagic Stroke Association. Publishing services by Elsevier B.V. on behalf of
KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction This is visualized as a diffusion restriction using diffusion-

weighted magnetic resonance imaging.”!’ The term spreading

Delayed cerebral ischemia (DCI) contributes to the morbidity
and mortality following aneurysmal subarachnoid hemorrhage
(aSAH).! In autopsy and imaging studies, cortical ischemic lesions
are the predominant pattern of parenchymal damage both in
patients with aSAH>~7 and in the non-human primate model of
SAH.® Ischemia forces neurons to fall into the state of cytotoxic
edema with a certain delay when the ATP reserve supplying the
Na,K-ATPases is depleted and the Na,K-ATPases are no longer able
to maintain the ion gradients across the neuronal cell membrane.

* Corresponding author at: Center for Stroke Research, Campus Charité Mitte,
Charité - Universititsmedizin Berlin, Charitéplatz 1, 10117 Berlin, Germany.
E-mail address: jens.dreier@charite.de (J.P. Dreier).
! orcid.org/0000-0001-7459-2828.
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depolarization (SD) describes the mechanism of sustained neu-
ronal mass depolarization, near-complete collapse of the trans-
membrane ion gradients, abrupt inflow of water into neurons,
trapped in beads of their dendrites, that causes and maintains
the cytotoxic edema and the diffusion restriction in the brain’s gray
matter.'®"'® Thus, SD marks the onset of the toxic changes that
eventually lead to cell death. However, SD is not a marker of cell
death per se, since the toxic changes are reversible - up to a point
- with restoration of the blood flow and energy supply. The term
SD continuum describes the spectrum from terminal SD in severely
ischemic tissue to transient SDs with negative direct current (DC)
shifts of intermediate to short duration in less ischemic or normal
tissue.!?° Consistent with the fundamental role of SD as electro-
physiological correlate of acute neuronal injury in the brain’s gray

2589-238X/© 2020 International Hemorrhagic Stroke Association. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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matter, SDs have been abundantly found in aSAH patients during
both the early and delayed time period?' 2’ as well as in patients
with ischemic stroke secondary to proximal artery occlusion,?®~>°
traumatic brain injury (TBI)*!*? and spontaneous intracerebral
hemorrhage,®® and in animal models of SAH,***%37 ischemic
stroke*®*=*! and TBL.*>**

After the onset of severe ischemia, SD usually begins to spread
from one or more spots in the ischemic core with a delay of at least
one minute.”>** This seems to be the minimum time required for
the ATP concentration to drop below the critical threshold. How-
ever, a typical characteristic of DCI is its slow, gradual development
after aSAH. Under this condition, considerably more time elapses
before the first SD occurs. An animal model that is particularly well
suited to investigate the constellation of a gradually developing
and milder form of ischemia in the brain cortex is the model of
brain-topical application of endothelin-1 (ET-1),*° although it
should be noted that ET-1 alone is not sufficient to explain DCI.
Thus, ET receptor antagonists robustly inhibited the angiographic
arterial spasm after aSAH in clinical trials, but no effect was
observed on new cerebral infarctions or case-fatality.*®4”

In animal experiments, ET-1 is indeed the most potent chemical
compound currently known to induce SDs.*> Even topical applica-
tion of a concentration of 10 nM to the cerebral cortex can be suf-
ficient to induce SD in vivo.*® At this low concentration, ET-1 often
induces a single mildy prolonged SD and at increasing concentra-
tions, a cluster of prolonged SDs superimposed on a shallow nega-
tive ultraslow potential.*® The pattern of a typical terminal SD,
where the SD changes into a negative ultraslow potential with high
amplitude, can only be seen at even higher concentrations.”® SD
can also be triggered by many other factors such as, for example,
an elevated extracellular K* concentration ([K'],), Na* channel
openers or Na,K-ATPase inhibitors that do not mediate SD via
ischemia but direct targets on neurons or astrocytes.’®~>° Yet, sev-
eral arguments suggest that ET-1-induced SDs result from ET-1-
induced vasoconstriction and ischemia. First, the direct imaging
of pial arterioles showed significant narrowing, especially of ves-
sels with medium and small diameters before ET-1-induced
SDs.*® This was accompanied by a significant decrease in regional
cerebral blood flow (CBF) and tissue partial pressure of oxygen.*>->°
Second, ET-1-induced SDs are preceded by ion changes such as a
mild increase of the extracellular K* concentration ([K*],) and a
mild acidosis that typically occur in ischemia but are not observed
prior to SDs migrating through healthy, adequately perfused tis-
sue.*>* Third, the receptor profile indicated ischemia as the cause
of ET-1-induced SDs, as the ET, receptor antagonist BQ-123 was
sufficient to prevent the SDs.“® Fourth, the development of selec-
tive neuronal necrosis after ET-1-induced SDs supported the
hypothesis that the SDs resulted from ischemia, since necrosis does
not usually occur when SDs migrate through metabolically intact
tissue.*>>”8 Finally, ET-1-induced SDs, in contrast to SDs induced
by agents acting on non-vascular targets, did not occur in neocor-
tical slices.* This supports the hypothesis that ET-1 induces SD by
vasoconstriction and ischemia because there is no intact circula-
tion in brain slices. The supply of glucose and oxygen to brain slices
takes place via the perfused medium and the gas-liquid interface
instead of via the circulation.

However, ET-1 is not only a vasoconstrictor but also a highly
potent, astrocyte-specific gap junction (GJ) inhibitor.”~? This is
interesting because previous studies have suggested that astrocytic
GJs mediate the spread of SDs.®>%* This hypothesis has been based
on observations that neurons in cell culture can respond to interas-
trocytic Ca%* waves with large increases in their concentration of
cytosolic Ca*, that an interastrocytic Ca?* wave accompanies SD,
and that GJ inhibitors such as heptanol and octanol inhibit
SDs.536566 However, subsequent studies provided evidence that
SD is primarily a neuronal rather than an astrocytic phe-

nomenon.®”% For example, the interastrocytic Ca** wave that
accompanies SD was attenuated by the specific GJ blocker car-
benoxolone at 100 uM without affecting SD.”° To address the open
question whether the effects of octanol on SD specifically arise
from a blockade of astrocytic GJs, we here tested the effects of octa-
nol and the more specific GJ inhibitor carbenoxolone on ET-1-
induced SDs. Our premise was that since astrocytic GJs are already
blocked by ET-1, octanol specifically in this model unlike in other
models should not inhibit SDs.®*71-72

2. Materials and methods

The reporting of animal experiments complies with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) Guidelines.
All animal experiments were authorized by the animal welfare
authorities in Berlin, Germany: Berlin State Office for Health and
Social Affairs (LAGeSo), G0346/98, and all experimental procedures
were conducted in accordance with the Charité Animal Welfare
Guidelines. The animals were housed in groups (2-4 animals per
cage) under a 12 h light/dark cycle with food and tap water avail-
able ad libitum.

2.1. Animal preparation and experimental set-up

Twenty male Wistar rats (250-400 g; Charles River Laborato-
ries, Wilmington, MA, USA) were anesthetized with 100 mg/kg
thiopental sodium intraperitoneally (Trapanal, BYK Pharmaceuti-
cals and artificially ventilated (Effenberger Rodent Respirator;
Effenberger Med.-Techn. Gerdtebau, Pfaffing/Attel, Germany) to
maintain an arterial partial pressure of CO, (pCO,) between 35
and 45 mmHg, an arterial pO, between 90 and 130 mmHg and
an arterial pH between 7.35 and 7.45. The right femoral artery
and vein were cannulated and saline solution was continuously
infused (1 ml/h). Systemic arterial pressure (RFT Biomonitor,
Zwonitz, Germany) and expiratory pCO, (Heyer CO, Monitor
EGM I, Bad Ems, Germany) were continuously monitored. Arterial
pO,, pCO,, and pH were serially measured using a Compact 1 Blood
Gas Analyzer (AVL Medizintechnik GmbH, Bad Homburg, Ger-
many). Body temperature was maintained at 37.5 + 0.5 °C using
a heating pad (Temperature Control FHC, Bowdoinham, ME, USA).
The level of anesthesia was assessed by testing motor responses
and changes in blood pressure to foot-pinching. If necessary, addi-
tional doses of thiopental (25 mg/kg body weight) were applied.

For all experiments, two separate closed cranial windows (di-
ameter, ~4 mm each) were implanted over the ipsilateral caudal
and rostral cortex following craniotomy and dura mater removal
as described.®> The distance between both windows was 5 mm.
CBF was monitored by two laser-Doppler probes (Perimed, Jarfdlla,
Sweden), with one probe placed over each window. The subarach-
noid DC-potential at each window was measured by Ag/AgCl-
electrodes as reported in previous studies in which this recording
technique was validated using intracortical microelectrodes.**7475
Blood pressure, CBF and DC-potential were continuously recorded
using a PC-coupled chart recorder (DASH-1V).

In group 1 (n = 8), each experiment started with superfusion of
the cortex in each window with aerated physiological artificial
cerebrospinal fluid (ACSF; in mM: 152 NaCl/3 KCl/1.5 CaCl,/24.5
NaHCO5/1.2 MgCl,/3.7 glucose/6.7 urea) through separate syringe
pumps, and baseline CBF was measured for 60 min. Subsequently,
ET-1 solubilized in ACSF at increasing concentrations was continu-
ously applied to one window (100 nM for 60 min, followed by 1 pM
for 60 min) until an SD was detected in this (ET-1perfused) win-
dow that propagated into cortex underlying the other (ACSF-
perfused) window.
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In group 2 (n = 6), the experiments started with superfusion of
the cortex in each window with aerated physiological ACSF as
described above. Subsequently, carbenoxolone (1 mM) in ACSF
was applied to one window for 60 min, followed by increasing con-
centrations of ET-1 (as described above) together with carbenox-
olone. If no SD had occurred after 60 min of carbenoxolone and
1 uM ET-1, ET-1 was applied alone for 60 min at 1 pM to elicit
an SD as a positive control.

Experiments in group 3 (n = 6) were conducted exactly as in
group 2, with the difference that octanol (2 mM) was applied
instead of carbenoxolone. CBF and DC-potential were continuously
monitored in all groups as described above.

2.2. Pharmacology

All reagents were purchased from Sigma-Aldrich and diluted in
ACSF unless otherwise stated. The concentrations of ET-1 neces-
sary to trigger SD were derived from our own previous studies.*>’
The concentration of carbenoxolone (1 mM) was inferred from
studies that showed that similar or even lower concentrations of
carbenoxolone inhibited electrographic seizures in vivo.”%’” Octa-
nol was prepared as a 1 M stock solution in ethanol and diluted
in ACSF to 2 mM, which is the usual concentration for topical
administration in vivo.”® Ethanol at the final concentration used
in this study (29 mM) has no effect on SD.”?

2.3. Statistical analysis

Data were analyzed by comparing CBF changes in relation to
baseline (=100 %) and absolute DC-potential changes (amplitude
and duration at half-maximal amplitude). Electrophysiological
and CBF changes between the two windows were compared using
the paired t-test. The ET-1 concentrations necessary to generate
the first SD, i.e. the SD threshold, were compared using Fisher’s
Exact Test. The propagating nature of the recorded electrophysio-
logical events was verified by the typical DC-potential and CBF
changes associated with SD in the window perfused with ET-1, fol-
lowed by similar changes in the separate ACSF-perfused window.
SD propagation velocity was determined by dividing the distance
between both electrodes by the temporal lag of the beginning of
the negative DC-potential deflection in the caudal and the cranial
window. P < 0.05 was accepted as statistically significant. All data
in the text and figures are given as mean values * standard
deviation.

3. Results

The systemic variables remained within physiological limits
throughout the experiments (Table 1).

3.1. Characteristics of SD generated by ET-1 in vivo

We implanted two cranial windows over the ipsilateral hemi-
sphere. ET-1 was applied at increasing concentrations (100 nM
and 1 pM for 60 min each) at one window to generate SD, while
physiological ACSF was continuously applied to the other window
(n = 8). CBF and DC-potential changes were recorded at both win-
dows to monitor SD. The typical pattern of SD at the ET-1 window
in comparison to SD at the control window is illustrated in Fig. 1. In
5 animals, SD occurred at a concentration of ET-1 of 100 nM and
subsequently also occurred at a concentration of ET-1 of 1 pM
(Fig. 2A). In the remaining 3 animals, SD only occurred at an ET-
1 concentration of 1 uM (Fig. 2A). Preceding SD, a gradual signifi-
cant decrease of baseline CBF was observed in response to ET-1,
compared to constant CBF levels at the window perfused with

physiological ACSF (Fig. 2B). SD at the window superfused with
ET-1 was characterized by a negative DC-shift of —4.5 + 1.5 mV
that lasted for 81 + 21 s. In comparison, SD at the control window
consisted of a negative DC-shift of —4.3 + 1.8 mV lasting for
54 + 11 s. Thus, the DC shifts observed at the ET-1 window were
significantly longer (Fig. 2C).

CBF changes typical of SD occurred at both windows: a mild
variable hypoperfusion, followed by transient hyperemia and mild
long-lasting oligemia.’” The initial hypoperfusion was significantly
more pronounced at the ET-1 window compared to control
(Fig. 2D), while the duration was similar (14 £+ 8 s vs. 16 £+ 9 s,
paired t-test). The subsequent transient hyperemia was signifi-
cantly smaller at the ET-1 window (Fig. 2D). The levels of the olige-
mic phase were similar at both windows (Fig. 2D). The propagation
velocity of the first SD between the windows was 3.9 + 0.2 mm/
min.

3.2. Carbenoxolone does not inhibit ET-1-induced SD

We next tested the sensitivity of SD generated by ET-1 to the
relatively specific GJ blocker carbenoxolone (n = 6). Carbenoxolone
(1 mM) was applied to one window for 60 min, followed by co-
application of carbenoxolone with ET-1 at increasing
concentrations.

SD occurred at 100 nM ET-1 in 3 animals and at 1 pM in the
remainder (Fig. 2E). Thus, the threshold for the generation of SD
was similar to animals receiving ET-1 without carbenoxolone
(p > 0.05, Fisher’s Exact Test). CBF slightly but significantly
increased during application of carbenoxolone alone compared to
the control window (Fig. 2F), and the subsequent addition of ET-
1 at increasing concentrations led to a significant reduction of
CBF compared to levels in the control window (Fig. 2F; CBF before
SD at 100 nM ET-1: 81 + 11%; CBF before SD at 1 uM ET-1: 75 + 4%).
The DC-potential shift at the ET-1 window lasted significantly
longer than at the control window (Fig. 2G). SD propagated at a
velocity of 3.7 + 0.5 mm/min. The CBF changes associated with
SD were again characterized by a significantly more pronounced
hypoperfusion and smaller hyperemia compared to control
(Fig. 2H), while the oligemia was similar (Fig. 2H). Hence, car-
benoxolone did not change the electrophysiological and neurovas-
cular properties of SD, and the threshold of SD remained
unchanged by carbenoxolone.

3.3. Octanol increases the threshold of ET-1-induced SD

In the third group, we tested the effect of the less specific GJ
inhibitor octanol on SD (n = 6). Superfusion with octanol alone
was started one hour before ET-1 was added. At 100 nM, no animal
generated SD in the presence of octanol (Fig. 2I). At 1 uM, 3 animals
generated SD (Fig. 2I). In those animals that did not generate SD,
1 uM ET-1 was topically applied for additional 60 min without
octanol. In this period, SD occurred in all animals (Fig. 2I). Thus,
octanol shifted the threshold concentration of ET-1 to induce SD
to a significantly higher range (p < 0.05, Fisher’s Exact Test). SD
propagation velocity was 4.1 + 1.0 mm/min. CBF at the window
superfused with octanol alone showed a nonsignificant increase
compared to the control window (Fig. 2]). ET-1 at 100 nM together
with octanol led to a significant CBF decrease (Fig. 2]), and CBF
declined further after ET-1 was increased to 1 uM (Fig. 2]). Similar
to the other groups, SD in the ET-1 window was characterized by a
more pronounced hypoperfusion, smaller hyperemia and longer
DC-potential shift compared to control (Fig. 2K-L).
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Table 1
Physiological variables.

Mean arterial blood pressure
(mm Hg)

PaCoO, Pa0, pH
(mm Hg) (mm Hg)

ET-1 109 + 11
ET-1 + carbenoxolone 104+ 10
ET-1 + octanol 102 £ 16

384 +5.2 113 +6
36.9 £ 48 1108
372 +41 109 +8

7.36 + 0.04
7.35 £0.04
7.37 £0.05

= Control
Endothelin-1

1 min

DC-potential (mV)

-4

Fig. 1. SD in normal and ET-1-treated cortex. Two cranial windows were implanted
over the ipsilateral hemisphere. ET-1 (100 nM) was applied to one window (grey
traces), while the second window was perfused with physiological ACSF (black
traces). CBF and DC-potential were measured at both windows. ET-1 triggered SD at
the first window, characterized by a transient negative deflection of the DC-
potential. SD was accompanied by a triphasic CBF change, consisting of an initial
hypoperfusion, followed by a transient hyperemia and mild oligemia. Compared to
control conditions, SD in the ET-1 window was characterized by a longer deflection
of the DC-potential, larger initial hypoperfusion and smaller transient hyperemia.
The temporal delay between the two events indicates the slowly propagating
nature of SD.

4. Discussion

In the present study, SD evoked by ET-1 was not affected by the
GJ blocker carbenoxolone, but partially inhibited by octanol. The
failure of carbenoxolone argues against a role for GJs as mediators
of SD triggered by ET-1 and further supports the notion that the
inhibiting effect of high concentrations of octanol on SD is not
related to the inhibition of GJs.

The molecular pathways underlying the generation and propa-
gation of SD have not yet been elucidated. Different hypotheses
have been posited according to which GJs play a role in the SD
wave. Some of them contradict each other. First, a transcellular
pathway via neuronal GJs between pyramidal cells has been sug-
gested in which prodromal neuronal synchronization would occur
ahead of the advancing wave front of DC-potential and ionic
changes during SD.”*#° Thus, fast electrical activity, i.e. small
rhythmic sawtooth wavelets followed by a shower of population
spikes, has been recorded in the front of an approaching SD wave,
several seconds before the onset of the DC negativity and extracel-
lular rise in [K*],. This fast activity was synchronized over consid-
erable distances in the tissue and occurred in phase in dendrites
and somata in contrast to synaptically transmitted population

spikes. Blocking synaptic transmission did not abolish this prodro-
mal activity. Therefore, it was proposed that the prodromal activity
could result from the opening of neuronal GJs.”” How exactly this
would lead to the propagation of the almost complete collapse of
the ion gradients and the sustained neuronal depolarization
remained open, though. An argument hold against this hypothesis
is that the GJ-mediated coupling between pyramidal cells seems to
disappear at the end of the second postnatal week,®'®? and hence
neuronal GJs only remain detectable between interneurons.®*>=5> In
fact, the susceptibility of the brain to SD develops in exactly the
opposite way to the development of GJs between pyramidal cells.
Thus, typical neonatal brains do not seem to support SD.° SD in
response to oxygen-glucose deprivation is then observed at post-
natal day 5 in rats.®” Milder stimuli of SD may fail until postnatal
day 10 and continue to fail occasionally up to day 20.%® Subse-
quently, the susceptibility of the tissue to SD rapidly reaches its
peak between days 16 to 30 and slowly decreases again there-
after.29-° Yet, it is actually disputed whether all GJs between pyra-
midal cells disappear during postnatal development. Some authors
argue that the typical neuronal GJs based on connexin 36 could be
replaced by GJs based on connexin 45.°> However, another argu-
ment against a causative role of neuronal GJs for SD propagation
is that carbenoxolone, a potent blocker of astrocytic and neuronal
GJs,””°37% did not inhibit SD evoked by a microdrop of KCl in brain
slices.”! In the present study, in agreement with these findings, we
found that carbenoxolone did not affect ET-1-induced SDs in vivo.
We likely achieved sufficient activity of carbenoxolone in the cor-
tex, since similar or lower concentrations are sufficient to block
electrographic epileptic seizures.”®’” Moreover, carbenoxolone
possesses low-grade intrinsic vasorelaxant properties,”® and we
found a small but significant increase of CBF in response to car-
benoxolone. Given that laser-Doppler flowmetry measures CBF at
a depth of ~250-300 um,”’ this indicates significant diffusion into
the tissue. Of note, the failure of carbenoxolone to inhibit SD is not
necessarily an argument against GJ-mediated prodromal synchro-
nization ahead of the SD wave. In the context of the prodromal
synchronization, neuronal GJs between interneurons have not yet
been investigated to our knowledge. We believe that they should
also be included in these considerations. This applies in particular
because recent work on familial hemiplegic migraine type 3, one of
the Mendelian model diseases of SDs, suggests that the role of
interneurons in the SD process has so far been underestimated.”®%°

Another theory has posited that SD propagation is mediated by
astrocytic GJs.°>%° However, it has been found independently using
intracellular Ca?* measurements that neurons lead and astrocytes
follow in the wave front of SD.%®®® Moreover, Theis and colleagues
observed that increases rather than decreases of SD velocity and
susceptibility occur in genetically modified mice, in which
astrocyte-directed inactivation of connexin 43 decreased astrocytic
gap-junctional communication.'°® Another argument is that ET-1,
a strong, astrocyte-specific GJ inhibitor’®~? does not inhibit SDs,
but potently triggers them in vivo as shown in the present and pre-
vious studies.*>*°>” Based on the findings of Theis and col-
leagues,'® the ET-1-induced reduction of astrocytic gap-
junctional communication may in fact not inhibit but contribute
to the ET-1-induced generation of SDs. This could provide a possi-
ble explanation why ET-1 induces SDs in the neocortex at very low
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Fig. 2. Effect of carbenoxolone and octanol on the occurrence of ET-1-induced SDs and cerebral blood flow (CBF). (A) Occurrence of SD (% of animals; total, n = 8). (B) CBF
gradually and significantly increased in the window perfused with ET-1 (circles) compared to the control window (squares; paired t-test for each comparison). (C) Longer
duration of the DC-potential deflection during SD in the ET-1 window (paired t-test). (D) SD-associated hypoemia (hypo) was stronger and hyperemia (hyper) was less
pronounced in the ET-1 window, while oligemia (olig) remained similar (paired t-test for each comparison). (E) Carbenoxolone (CBX) had no effect on the occurrence of SDs (%
of animals; total, n = 6). (F) Carbenoxolone alone significantly increased CBF (circles denote treatment window) compared to the control window (squares), and the addition
of ET-1 led to a gradual significant decrease (paired t-test for each comparison). (G) Longer duration of the DC-potential deflection during SD in the ET-1 window (paired t-
test) during carbenoxolone treatment. (H) SD-associated hypoemia was stronger and hyperemia was less pronounced in the ET-1 window, while oligemia remained similar
during carbenoxolone treatment (paired t-test for each comparison). (I) Octanol (OCT) shifted the threshold concentration of ET-1 to induce SD to a significantly higher range
(p < 0.05, Fisher’s Exact Test) (% of animals; total, n = 6). Accordingly, all animals showed SDs in response to ET-1 (1 uM) after washout of octanol. (J) Octanol alone had no
significant effect on CBF (circles denote treatment window) compared to the control window (squares), and the addition of ET-1 led to a gradual significant decrease (paired t-
test for each comparison). (K) Longer duration of the DC-potential deflection during SD in the ET-1 window (paired t-test) during octanol treatment. (L) SD-associated
hypoemia was stronger and hyperemia was less pronounced in the ET-1 window, while oligemia remained similar during octanol treatment (paired t-test for each
comparison).

concentrations, although the ET-1-induced decrease of CBF is
rather moderate compared to other models of ischemia.*”> On the

other hand, in addition to the model of very low brain-topical
ET-1 concentrations, there is at least one other pure model of an
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ischemic penumbra in which no terminal SD is found that changes
into a negative ultraslow potential of high amplitude. This other
model is based on air mircoembolisms.!°!

In the present paper, octanol significantly inhibited the
occurrence of ET-1-induced SDs in vivo. This corresponds well with
previous studies on SDs evoked by microinjection or a microdrop
of KCl in hippocampal and neocortical slices’'’? and electrically
or mechanically triggered SDs in the isolated chicken retina.>*’?
Because carbenoxolone acts by disrupting connexon particle
arrangements,'% it is a more specific blocker of GJs than octanol,
which unspecifically interferes with the membrane lipid
bilayer.'%>194 If the effect of octanol on SD would solely be based
on its ability to uncouple GJs, we would expect carbenoxolone to
be at least equally effective in inhibiting SD. Since this was not
the case, effects of octanol not related to the uncoupling of GJs
may account for the inhibition of SD.”! Indeed, octanol also blocks
voltage-dependent sodium currents,'® potentiates GABA4 recep-
tors'® and  inhibits = N-methyl-D-aspartate  receptors
(NMDAR).'96-198 Both the enhancement of GABA, receptors and
in particular the inhibition of NMDARs have been shown to inhibit
SDs.>2199-113 Ip the previous study of Martins-Ferreira and Ribeiro,
it is interesting to note that low concentrations of heptanol and
octanol (50-700 puM) in fact increased the velocity of SD in the
chicken retina,”®> and that only high concentrations (1 and
10 mM) decreased and finally halted the spread of SD. Given the
failure of carbenoxolone to inhibit SD, the findings of Theis and col-
leagues of an increased SD susceptibility and velocity in mice with
genetic reduction of astrocytic gap-junctional communication'®
and the surprisingly high potency of the astrocytic GJ blocker
and vasoconstrictor ET-1 to induce SD,*> we favor the hypothesis
that the octanol-induced increase of SD velocity at low concentra-
tions’” results from blockade of astrocytic GJs, whereas the inhibi-
tion of SD at high concentrations may be due to unspecific effects
of this long-chain alcohol such as, for example, NMDAR inhibi-
tion.!%6-1%8 The concept that octanol inhibits SDs by inhibiting
NMDARs would also fit well with the observation that octanol, like
other NMDAR antagonists,'!%114-116 progressively loses its SD inhi-
bitory effect with increasing energy depletion.''” In the present
study, octanol (topical application of 2 mM) blocked ET-1-
induced SDs in 50% of the rats. For comparison, the NMDAR antag-
onist MK-801 (intravenous application of 5 mg/kg body weight)
previously blocked ET-1-induced SDs in 83% of the rats using the
same protocol as in the present study.*’

A previous experimental study has shown a beneficial effect of
octanol on infarct volume after middle cerebral artery occlusion
(MCAO) in pentobarbital-anesthetized rats.° Octanol reduced
infarct volume by 60% and partially inhibited SDs. In principle, sim-
ilar results have also been previously obtained with other NMDAR
antagonists such as MK-801'"®'"® or ketamine.'*® Octanol’s
NMDAR inhibiting action rather than its GJ inhibiting action may
thus provide a plausible explanation for its beneficial effect on
the infarct volume after MCAO. Another interesting finding was
that not only octanol but also carbenoxolone were found to have
efficacy in reversing the angiographic arterial spasm after SAH in
rabbits.'?! On this basis, the effects of both octanol and carbenox-
olone have then been tested in an endovascular perforation model
in which SAH was induced under isoflurane anesthesia.'*”
Whereas octanol had no effect on neurological deficits induced
by SAH and did not reduce neuronal apoptosis, carbenoxolone
increased post SAH mortality and strongly exacerbated SAH-
induced apoptosis 24 and 72 h after the hemorrhage. Possibly,
the different anesthetic protocols could explain at least partially
why octanol had no beneficial effect in the SAH model'?? in con-
trast to the MCAO model.®* In contrast to pentobarbital, as used

in the MCAO model, isoflurane, as used in the SAH model, signifi-
cantly inhibits SDs.'?>'?* This might be related to its inhibitory
effect on NMDARs at the glycine site.'>® Thus, if the beneficial
effect of octanol is related to the suppression of SDs by NMDAR
inhibition, this should be masked in presence of the NMDAR inhi-
bitor isoflurane. Importantly, the strong exacerbation of the dam-
age by carbenoxolone in the SAH study of Ayer and colleagues'??
makes it further unlikely that the beneficial effect of octanol in
the MCAO model resulted from the inhibition of GJs.

5. Conclusions

In summary, our results are consistent with the hypothesis that
astrocytic gap-junctional communication does not mediate SD but
could rather protect against SD,'°’ and that the inhibitory effect of
high concentrations of heptanol and octanol on SD is probably
unrelated to their effect as GJ inhibitors. The effect of ET-1 as an
astrocyte-specific gap-junction inhibitor could contribute to the
generation of SDs, although this effect alone is insufficient for SD
generation without simultaneous ET-1-induced vasoconstriction.
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