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Summary

Endothelin-1 (ET-1) is a neuroactive protein produced in most
brain cell types and participates in regulation of cerebral blood
flow and blood pressure. In addition to its vascular effects, ET-1
affects synaptic and nonsynaptic neuronal and glial functions.
Direct application of ET-1 to the hippocampus of immature rats
results in cerebral ischemia, acute seizures, and epileptogenesis.
Here, we investigated whether ET-1 itself modifies the excitability
of hippocampal and cortical circuitry and whether acute seizures
observed in vivo are due to nonvascular actions of ET-1. We used
acute hippocampal and cortical slices that were preincubated
with ET-1 (20 pM) for electrophysiological recordings. None of
the slices preincubated with ET-1 exhibited spontaneous epileptic
activity. The slope of the stimulus intensity-evoked response
(input-output) curve and shape of the evoked response did not
differ between ET-1-pretreated and control groups, suggesting
no changes in excitability after ET-1 treatment. The threshold for
eliciting an evoked response was not significantly increased in
either hippocampal or cortical
with ET-1. Our
intrahippocampal application of ET-1 in rats are likely caused by

regions when pretreated

data suggest that acute seizures after

ischemia rather than by a direct action of ET-1 on brain tissue.
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In the CNS, the
vasoconstrictor endothelin-1 (ET-1)

mammalian potent
is produced in
neurons, in the endothelium of the cerebral microvessels,
and in glial cells. Endothelins act through the G-protein-
coupled receptors ET, and ETg, which are differentially
distributed among brain cell types. ET, is expressed in
brain vascular cells, whereas ETp receptors are
predominantly expressed in glial cells (Baba 1998). ET4
receptors have high specificity for ET-1, whereas ETg
receptors are non-selective and accept all subtypes of
endothelin nearly equally (Sakurai et al. 1990). Under
physiological conditions, ET-1 contributes significantly
to the regulation of blood pressure and cerebral blood
flow. Moreover, ET-1 is now considered an important
agent in the pathogenesis of hypertension (Hynynen and
Khalil 2006). In addition to its vascular effects, ET-1
induces a wide range of physiological actions in the CNS.
ET-1 is considered a neuropeptide because it influences
the activity of ion channels, glutamate efflux (Rozyczka
et al. 2004), glucose utilization (Sanchez-Alvarez et al.
2004), permeability of gap junctions (Blomstrand et al.
2004), and calcium signaling (Venance et al. 1997).
Furthermore, higher ET-1 levels are found in the brains
disorders such as

of patients with neurological

Alzheimer’s  disease, subarachnoidal hemorrhage,

traumatic brain injury, and ischemia (Petrov et el. 2002,
Rogers et al. 2003).
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Fig. 1. A. To record evoked responses, the stimulation electrode was placed in Shaffer collaterals or at the border of the white and grey
matter of the cortex. The recording electrode was positioned in the pyramidal layer of CA1 or layer III of the somatosensory cortex.
B. Cortical (SS) and hippocampal (CA1) responses were evaluated by determining the peak-to-peak amplitude of the evoked response

(POP spike or P1-N1).

Direct injection of ET-1 into the brain
parenchyma leads to severe vasoconstriction and has been
used as a model of focal cerebral ischemia with
reperfusion in rats (Fuxe et al. 1997, Hughes et al. 2003).
We have

application of ET-1 in immature rats causes acute

shown recently that intrahippocampal
seizures (Tsenov 2007) with consequent epileptogenesis
(Mateffyova 2006). Because ET-1 has significant effects
on both neuronal and glial functions, our current study
was designed to elucidate the direct effects of ET-1 on
cortical and hippocampal excitability. We focused in
particular on whether ET-1 itself alters hippocampal and
cortical excitability. To abolish the dominant vascular
effect of ET-1, we used hippocampal and cortical brain
slices that were acutely preincubated with ET-1 for
electrophysiological testing in vitro.

The experimental design was approved by the
E6tvos University Animal Care Committee and by the
Budapest Animal Health Care Authority. Animal care
were conducted in
accordance with the guidelines of the
Community Council directive 86/609/EEC.

Experiments were performed on 25

and experimental procedures

European

slices
(13 cortical and 12 hippocampal) prepared from 11 male
Wistar rats (100-180 g, Toxicoop, Hungary). Rats were
kept under a constant 12-h light/dark cycle and controlled
temperature (22+2 °C). Standard pellet food and tap
water were available ad libitum. The preparation of tissue
and the incubation procedure has been described in detail
(Vilagi et al. 2008).
anaesthetized with chloral hydrate (Hungaropharma,

Briefly, rats were deeply
Budapest) and decapitated. The brains were quickly
removed, and coronal slices (400 pm) were cut with a
Vibratome (EMS-4000, Electron Microscopy Sciences,

Fort Washington, PA, USA) in ice-cold artificial

cerebrospinal fluid (aCSF). Slices contained both the
somatosensory cortex and the hippocampus. After 30 min
of regeneration in HEPES-buffered aCSF (pH 7.3-7.4, in
mM: 120 NaCl; 2 KCI; 1.25 KH,PO4 2 MgSOy;
20 NaHCOs;; 2 CaCly; 10 glucose), slices were placed
into a small (2 ml) incubation chamber filled with
buffered aCSF or ET-1 (20 pM, Sigma Aldrich, Czech
Republic) dissolved in aCSF for 30 min. Slices were then
transferred to an interface recording chamber and
perfused with standard aCSF with a peristaltic pump
(2 ml/min; in mM: 126 NaCl; 26 NaHCOs; 1.8 KCI; 1.25
KH,PO4; 1.3 MgSO,; 2.4 CaCly; 10 glucose). All
solutions were saturated with carbogene (5 % CO,/
95 % 0O,) at 33£1 °C.

For field potentials, recording extracellular glass
microelectrodes (8-10 MQ) filled with 1 M NaCl were
used. For cortical slices, a recording electrode was
positioned into the lower part of Layer III of neocortex,
and a bipolar tungsten stimulating electrode was
positioned right below the recording electrodes at the
border of the white and grey matter. For hippocampal
slices, the Schaffer collaterals were stimulated, and
evoked responses in the CAIl pyramidal layer were
recorded (Fig. 1A). Signals were amplified with an
Axoclamp 2A amplifier (Axon Instruments Inc., Union
City, CA), filtered with a Supertech Signal Conditioner
(Supertech Kft, Pécs, Hungary), digitized with a NI
6023E National Instruments A/D card, and recorded with
the SPEL Advanced Intrasys
(Experimetria, Budapest, Hungary).

computer program

The viability of each slice was tested at the
beginning of the procedure. When applying single pulse
stimulation, characteristic field responses were recorded.
Stimulus threshold (T) was determined 10 min after
placing the slices into the recording chamber. For this we
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increased the stimulation intensity from 0 in small steps,
and a stimulus strength just sufficient to produce a
response was regarded as 1T. If the peak-to-peak
amplitude of the maximal evoked response (P1-Nl,
Fig. 1B) was smaller than 1.0 mV, the slice was excluded
from the experiments. The duration of the square voltage
stimulation pulses was 100 ps, and the amplitude was
gradually varied between threshold and supramaximal
values. A short latency, early component of the evoked
response was determined, which was characterized by the
peak-to-peak amplitude of the first negative (N1) and
positive (P1) peaks. For hippocampal recordings, the
amplitude of the population spikes (POP spikes, Fig. 1B)
and the slope of the EPSPs were determined. To obtain
stimulus intensity-evoked responses (input-output, curve,
I-O), the stimulation intensity was gradually increased
from 1T up to 4T in six steps with interstimulus interval
10s and response amplitudes were plotted against
stimulation intensities. 10 min after transferring slices
into the recording chamber medium, 2T stimuli were
delivered every 60 s for the following 60 min to detect
possible long-lasting or washout effects.

The data reflect the mean + standard error of the
mean (S.E.M.). For statistical comparisons between the
control and experimental groups, an unpaired Student’s

A B

Cortical I-O curve after the incubation

t-test was used.

We did not observe any nonphysiological
spontaneous electrical activity or seizures in both control
and ET-1 pretreated slices. A typical evoked response
was recorded in the cortical and hippocampal slices used
in the experiment. Preincubation with ET-1 did not
influence the shape and/or latency of the response
(Fig. 2A, C). The slope of the I-O curve remained
unchanged in both cortical (control 0.46+0.09; ET-1
preincubation 0.48+0.1) and hippocampal slices (control
0.73+0.19; ET-1 0.72+0.17; P=0.97) (Fig. 2A,C).
Furthermore, pretreatment with ET-1 did not influence
the amplitude of the evoked responses. The response to
2T stimuli and the maximal response were unchanged in
cortical (2T control 1.3+0.2 mV; ET-1 1.3+0.3 mV,
P=0.99; maximal control 1.9+0.3 mV; ET-1 1.9+0.4 mV,
P=0.99) and hippocampal preparations (2T 1.8+0.4 mV;
ET-1 1.840.4 mV, P=0.95; maximal 2.7+0.5 mV; ET-1
2.840.5 mV, P=0.93). ET-1 preincubation tended to
increase the threshold of evoked responses in both the
hippocampus (control 2.3+0.2 V; ET-1 2.7+0.3 V, P=0.4)
and cortex (control 1.7+0.2 V; ET-1 2.3£0.5 V, P=0.3).
None of the analyzed parameters changed during this
period in either region after ET-1 preincubation.

Fig. 2. ET-1 does not change
the shape and latency of the
evoked responses nor the slope
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Although data about the direct effects of ET-1
on neuronal excitability are sparse, increased neuronal
excitability after a brief ET-1 exposure was demonstrated
by Feng and Strichartz (Feng and Strichartz 2009). They
found increased firing and decreased rectifying potassium
current in dissociated neurons from the dorsal root
ganglia. Moreover, neurons from the nucleus of the
solitary tract increase their neuronal activity upon
ET-1
responses to glutamate in acute brain slices (Shihara et al.

iontophoretic application and augment the
1998). Increased glutamate reactivity and neuronal firing
can be caused by inhibition of astrocytic glutamate
transport by ET-1 (Leonova et al. 2001). However, this
group found this effect only in selected neuronal
populations, suggesting that the ET-1-induced increase in
neuronal excitability is highly specific and not universally
seen in neuronal tissue. ET-1 has a direct inhibitory effect
on gap junctions between astrocytes, affecting their
electrical coupling, intercellular communication, and
spatial potassium buffering (Blomstrand et al. 2004). It
has been shown that affected astrocytic gap junction
coupling in connexin43-deficient mice is responsible for
the reduced threshold for the generation of epileptiform
events (Wallraff et al. 2006) and that a connexin-43
mimetic peptide has pronounced anticonvulsive actions in
vitro (Samoilova et al. 2008). However, in our current set
of experiments, we did not detect changes in spontaneous
activity or changes in basal excitability in either
hippocampal or cortical preparations.

The absence of direct effects of ET-1 on network
excitability supports our hypothesis that acute seizures
induced by parenchymal injection of ET-1 are likely
caused by an indirect effect of ET-1 on brain tissue.
Using continual video/EEG monitoring, we previously
demonstrated development of epileptic seizures coupled
with tissue destruction after intrahippocampal injection of
ET-1 in freely moving rats. On an EEG, seizures
persisted for at least 24 h after ET-1 administration, and
their severity was dose dependent (Tsenov et al. 2007).
Development of seizures immediately after ischemic
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