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Abstract GABA, receptor-mediated inhibition—which is
due to CI" and HCO5™ currents controlled by KCC2 and car-
bonic anhydrase activity, respectively—contributes to short-
and long-lasting interictal events recorded from the CA3 re-
gion of hippocampus during application of 4-aminopyridine
(4AP, 50 uM). Here, we employed field potential recordings
in an in vitro brain slice preparation to establish the effects
induced by the KCC2 blockers VU0240551 (10 uM) or bu-
metanide (50 uM) and by the carbonic anhydrase inhibitor
acetazolamide (10 uM) on the two types of interictal events.
We found that blocking KCC2 activity decreased the ampli-
tude of the short-lasting events. In addition, this pharmacolog-
ical procedure increased the interval of occurrence of the long-
lasting events and reduced their amplitude. Blocking carbonic
anhydrase activity with acetazolamide reduced the interval of
occurrence and the duration of the short-lasting events while
increasing their amplitude; acetazolamide also reduced the
duration and amplitude of the long-lasting events. Finally,
blocking either KCC2 or carbonic anhydrase activity in-
creased the interval of occurrence of pharmacologically iso-
lated synchronous GABAergic events and decreased their du-
ration and amplitude. These data substantiate further the role
of GABA, receptor-mediated signaling in driving neuronal
populations toward hypersynchronous states presumably by
increasing extracellular [K'].
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Introduction

Interictal discharges (or spikes) are short, electrographic
events used for localizing the epileptogenic zone in patients
presenting with focal epileptic disorders such as temporal lobe
epilepsy [4, 9, 10]. Interictal discharges often consist of a
large-amplitude, rapid component followed by a slow wave;
however, they may present, even in the same patient, with a
large amount of variability in both shape and duration [10].

Matsumoto and Ajmone-Marsan [24] were among the first
to report that cortical neurons located in experimental epileptic
foci induced by drugs interfering with GABA receptor sig-
naling generate interictal spikes mirrored by intracellular par-
oxysmal depolarizing shifts associated to sustained and syn-
chronous action potential firing. Successive in vitro studies
have shown that these interictal spikes result from enhanced
synaptic excitation (due to pharmacologically induced weak-
ening of inhibition) leading to regenerative Ca®" currents [13,
36, 39]. Thus, under these experimental conditions, interictal
activity depends on the activation of glutamate receptors of
the AMPA and NMDA subtypes, and it is sustained by non-
synaptic mechanisms such as voltage-gated currents, intercel-
lular gap junctions, and ephaptic interactions [20].

However, interictal spikes can also be induced by drugs
that boost both glutamatergic and GABAergic synaptic trans-
mission such as the K channel blocker 4-aminopyridine
(4AP) [1]. Within the hippocampal formation, 4AP discloses
two types of interictal spikes [7, 30]. The first type is charac-
terized by frequently occurring, short-lasting events that are
driven by the CA3 network, correspond intracellularly to par-
oxysmal depolarizing shifts, and are abolished by AMPA re-
ceptor antagonists. The second type consists of “slow,” long-
lasting spikes that continue to occur during application of
ionotropic glutamatergic receptor antagonists but are
abolished by drugs interfering with GABA, receptor-
mediated transmission. These non-glutamatergic spikes,
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which presumably reflect the activation of postsynaptic
GABA 4 receptors on principal cells consequent to synchro-
nous firing of local interneurons, have been identified in sev-
eral brain structures (e.g., neocortex, amygdala, entorhinal,
perirhinal, insular, and piriform cortices) that are maintained
in vitro both in brain slices and in the isolated guinea pig brain
preparation [1].

The diversity in interictal spiking identified experimentally
as well as in epileptic patients [11] suggests the involvement
of distinct underlying neurobiological mechanisms. Indeed,
the evidence obtained in the 4AP model underscores a differ-
ent degree of contribution of GABA 4 receptor-mediated inhi-
bition to the two types of interictal discharge recorded in the
CA3 area. GABA 4 receptor activation opens channels that are
permeable to Cl and to a lesser extent to HCO5 . In adult-
hood, the GABA 4 receptor-mediated current is hyperpolariz-
ing, thanks to a neuron-specific cotransporter (termed K™-CI™
cotransporter, KCC2) that extrudes CI' [6, 16]; moreover,
another prerequisite of hyperpolarization is that at resting
membrane potential, the GABA, receptor-mediated HCO;~
current is not larger than the Cl™ current [21, 32]. To better
define the contribution of GABA 4 receptor-mediated currents
to interictal discharges generated by CA3 network during 4AP
treatment, we tested here the effects induced by pharmacolog-
ically inhibiting either KCC2 or carbonic anhydrase activity
on the two patterns of epileptiform synchronization.

Methods
Brain slice preparation and maintenance

Male, adult Sprague-Dawley rats (250-275 g) were decapitat-
ed under isoflurane anesthesia according to the procedures
established by the Canadian Council of Animal Care. The
brain was quickly removed and placed in cold (1-3 °C), oxy-
genated artificial cerebrospinal fluid (ACSF) with the follow-
ing composition (mM): 124 NaCl, 2 KCI, 2 CaCl,, 2 MgSQ,,
1.25 KH,POy4, 26 NaHCOs5, and 10 D-glucose. Horizontal
brain slices (450 um) containing CA3 were cut from this brain
block using a vibratome. Slices were then transferred to an
interface tissue chamber where they were superfused with
ACSF and humidified gas (95% O,, 5% CO,) at a temperature
of 31-32 °C and a pH of 7.4. 4AP (50 pM), VU0240551
(10 uM), bumetanide (10 or 50 uM), acetazolamide
(10 uM), CLP275 (100 uM), picrotoxin (50 uM), 6-cyano-
7-nitroquinoxaline-2, 3-dione (CNQX, 10 uM), and 3, 3-(2-
carboxypiperazin-4-yl)-propyl-1-phosphonate (CPP, 10 uM)
were bath applied. Chemicals were acquired from Sigma-
Aldrich Canada (Oakville, Ontario, Canada) except for
CLP275 that was generously provided by Dr. Yves De
Koninck from Laval University (Quebec City, Quebec,
Canada). VU0240551 and CLP275 were dissolved in
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DMSO, and control experiments were performed to rule out
any possible interference of this solvent on the epileptiform
field activity induced by 4AP.

Electrophysiological recordings

Field potential recordings were made with ACSF-filled, glass
pipettes (resistance, 5-10 MQ) that were positioned in the
CA3 close to stratum pyramidale. Intracellular recordings
from presumptive CA3 pyramidal cells (n=12) were per-
formed with glass pipettes that were filled with 4 M K-
acetate (resistance, 50-80 MQ). These neurons were impaled
for periods lasting from 10 to 40 min and had resting mem-
brane potential positive to —62 mV (—60.4+5.4 mV, mean+
SEM; n=12), input resistance >22 MQ (30+4.8 MQ=10),
and action potential amplitude >80 mV (96.3+9.5 mV, n=12).

Field and intracellular signals were fed to high-impedance
amplifiers with a bridge circuit that allowed current to pass
through the intracellular recording electrode. During intracellu-
lar recordings, the bridge was monitored carefully throughout
the experiments and adjusted as necessary. Both types of signals
were fed to a computer interface (Digidata 1322A, Molecular
Devices, and Palo Alto, CA, USA), acquired, and stored using
the pCLAMP 9 software (Molecular Devices). Subsequent data
analyses were performed with Clampfit 9 (Molecular Devices).
In some experiments, a bipolar stainless steel electrode was
positioned in the CA3 close to stratum pyramidale to deliver
electrical stimuli (0.02-0.4 mA, 50-90 ps).

Statistical analysis

We used Clampfit 9 (Molecular Devices) for offline analysis
of the interval of occurrence, duration, and amplitude of
interictal discharges. Frequency of interictal discharges was
measured as the number of consecutive discharges divided
by duration of the recording period(s). The intervals of occur-
rence of interictal discharges were defined as the time between
the onsets of two consecutive discharges. The duration of
interictal discharges were defined as the time between the first
deflection of the discharge from baseline to its return to base-
line. Amplitude of interictal discharges was measured from
peak to peak. Since the kurtosis and skewness measures
showed that values were not normally distributed, we trans-
formed the raw data to Z-scores and performed one-way
ANOVAs followed by Tukey’s post-hoc tests to identify dif-
ferences between experimental conditions (i.e., 4AP alone,
4AP+VU0240551, 4AP+bumetanide, 4AP+CLP275, and
4AP+acetazolamide) in the CA3 area regarding the rate, du-
ration, and amplitude of interictal discharges. Statistical tests
were performed in Matlab R2012b (Mathworks, Natick, MA),
and the level of significance was set at p<0.05. Results are
expressed as mean+=SEM, and » indicates the number of slices
used for analysis.
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Results
Epileptiform activity induced by 4AP in the CA3 subfield

As previously reported in isolated hippocampal slices [23, 24,
42], 4AP application induced two types of spontaneous
interictal discharge in the CA3 subfield of brain slices cut
horizontally. Simultaneous field and intracellular recordings
obtained from stratum pyramidale revealed that the first type
consisted of “short-lasting events” (duration 200—320 ms), as-
sociated to negative-going population spikes, and recurring
every 590-850 ms; these discharges were mirrored by intra-
cellular depolarizations with overriding action potentials
(Fig. 1a). The second type of interictal discharge identified

as “long-lasting,” occurred every 23-41 s, lasted up to 1.6 s,
and was usually characterized by a positive-negative field po-
tential; these long-lasting discharges were intracellularly mir-
rored by sequences of hyper- and depolarizing events predom-
inated by a long-lasting depolarization (asterisk in Fig. 1a).
Presumptive ectopic action potentials of variable amplitude
[2] could be recorded in coincidence with the peak of the early
hyperpolarizing potential (arrowhead in Fig. 1a). The exis-
tence of two types of interictal activity generated by CA3
networks during 4AP application was confirmed by plotting
their duration versus their frequency of occurrence (Fig. 1b).

Intracellular injection of negative or positive DC current
revealed that the depolarizations associated to the short-
lasting discharges decreased or increased in amplitude,
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Fig. 1 Two types of interictal discharge are recorded from the CA3
subfield in horizontal brain slices during 4AP application. a
Simultaneous field potential and intracellular recordings obtained from
the stratum pyramidale demonstrate “short-lasting events” (associated to
intracellular depolarizations/fast action potential firing) and a “long-
lasting event,” (characterized by an intracellular sequence of
hyperpolarizing-depolarizing events and predominated by a long-lasting
depolarization, asterisk); note also that presumptive, ectopic action
potentials coincide with the peak of the early hyperpolarizing potential
(arrowhead). b Plot of the duration versus frequency of occurrence of the
interictal discharge demonstrates the existence of the two types of
interictal activity. ¢ Changes induced by intracellular injection of
negative or positive DC current on the depolarizations associated to the
short-lasting interictal events; horizontal arrow points at resting
membrane potential of this CA3 pyramidal cell (=70 mV). d
Application of the ionotropic glutamatergic receptor antagonists CPP

and CNQX abolishes the occurrence of the short-lasting interictal
events while the long-lasting events continue to occur at a similar rate;
these non-glutamatergic interictal discharges are later abolished by further
application of picrotoxin. Triangle points at the time when a single-shock
electrical stimulus was delivered; note that this stimulus fails in inducing a
negative-going field response similar to those spontaneously occurring
during application of CPP+CNQX. e Intracellular recording obtained
from a CA3 pyramidal cell during application of 4AP+CPP+CNQX.
The three samples were obtained at different membrane potentials
during intracellular injection of DC current (resting membrane
potential=—66 mV). Note that as seen under control conditions in panel
A, this intracellular event is characterized at resting membrane potential
by an early hyperpolarization (arrowhead) followed by a long-lasting
depolarization (asterisk); note also that the early hyperpolarization
inverts in polarity at =82 mV
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respectively (Fig. 1c); hence, these events were presumably
triggered by giant EPSPs [33]. In line with this view and in
agreement with previous studies [1], application of the gluta-
matergic receptor antagonists CPP and CNQX abolished the
occurrence of short-lasting interictal discharges while long-
lasting events continued to occur at similar rates (n=4 slices)
(Fig. 1d). These non-glutamatergic discharges were however
abolished by picrotoxin application (=3 slices) suggesting
that they reflected the synchronous postsynaptic activation
of GABA, receptors on pyramidal cells [1]. Changing the
membrane potential in either hyperpolarizing or depolarizing
directions with intracellular injection of DC current during
blockade of glutamatergic transmission (n=4 cells) increased
or decreased the amplitude of the long-lasting depolarization
(Fig. 1e) [30].
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Effects induced by KCC2 blockers

To investigate the role of GABA, receptor-mediated sig-
naling on the short- and long-lasting interictal events re-
corded from CA3, we used the KCC2 blocker,
VU0240551 as well as bumetanide, which has high affinity
for NKCC1 and a low affinity for KCC2. Accordingly, it
has been reported that at low doses (2—10 uM), bumetanide
only blocks NKCCI1, whereas at higher concentrations
(50 uM), it inhibits both NKCC1 and KCC2 [24]. As
illustrated in Fig. 2a, we found that application of
VU0240551 changed both types of interictal events (n=8
slices). In addition, as described in detail below, application
of low doses of bumetanide (10 uM) did not affect either
short- or long-lasting interictal events (Fig. 2b, n=6 slices),
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Fig. 2 Changes induced by interfering with KCC2 and/or NKCC1
activities on the two types of interictal discharge induced by 4AP in the
CA3 subfield. The effects induced by VU0240551 (10 uM) (a) as well as
by 10 uM (b) and 50 uM (c) bumetanide are shown on continuous
recordings obtained under control conditions and after application of
each of these drugs. In each panel, the inserts below represent averages
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of short- and long-lasting interictal events. d Graphs showing change in
interval of occurrence of both short- and long-lasting events after
application of each drug. Note that blocking KCC2 activity with either
VU0240551 or 50 uM bumetanide influences both short- and long-
lasting events, whereas blocking NKCC1 with low doses of bumetanide
(10 uM) does not cause any appreciable change
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whereas at high concentration (50 puM), it increased the
interval of occurrence of both types of interictal discharge
while decreasing their amplitude (Fig. 2c, n=7 slices).
These effects are further shown in the averages in
Fig. 2a—c. Also, application of VU0240551 decreased the
interval of occurrence of short-lasting events while it in-
creased the interval of occurrence of long-lasting events.
High doses of bumetanide decreased the interval of occur-
rence of both short- and long-lasting events while low
doses of bumetanide did not have any effect on their inter-
val of occurrence (Fig. 2d).

As illustrated in Fig. 3a, blocking KCC2 with VU0240551
(10 uM; n=8 slices) significantly reduced the interval of oc-
currence of short-lasting events from 632.8+£20.2 to 442.2+
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Fig. 3 Summary of the effects induced by interfering with KCC2 and/or
NKCCI1 activities on the two types of interictal discharge induced by 4AP
in the CA3 subfield. Bar graphs showing the means (+SEM) of the
interval of occurrence, duration, and amplitude of short-lasting (a) and
long-lasting (b) events recorded from CA3 under control conditions (i.e.,
4AP) and during application of 10 uM VU0240551, 10 uM bumetanide,
50 pM bumetanide, and 10 uM CLP275. Note in a that blocking KCC2
with VU0240551 decreases the interval of occurrence, the duration, and
the amplitude of the short-lasting events while a similar, significant effect

32.9 ms (»p<0.0001) while high doses of bumetanide signifi-
cantly increased the intervals of these events to 695.7+
14.9 ms (p<0.001; n=7 slices). However, blocking NKCC1
with low doses of bumetanide did not modulate the intervals
of occurrence of these events (n=6 slices). Duration of short-
lasting events was also reduced after application of
VU0240551 from 364+5.9 to 302.4£5.5 ms (10 uM;
»<0.0001) while bumetanide did not change the duration of
these events. Also blocking KCC2 with VU0240551 (10 M)
or high doses of bumetanide (50 uM) significantly reduced
the amplitude of short-lasting events from 2.88+0.04 to 1.99+
0.06 mV and 2.3+0.08 mV, respectively (Fig. 3a; p<0.0001)
while low doses of bumetanide (10 uM) did not change the
amplitude of these events.
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is induced by 50 uM bumetanide only on the amplitude. Note also in b
that blocking KCC2 with VU0240551 increases the interval of
occurrence of the long-lasting events while it decreases their duration
and amplitude significantly; moreover, similar changes can be induced
by high doses of bumetanide but not on the duration. Note in both a and b
that blocking NKCC1 with bumetanide (10 uM) does not have a
significant effect on the characteristics of the short- and long-lasting
interictal events. Finally, note that CLP275 only increases the duration
of long-lasting events. *p<0.001, **p<0.0001, and ***p<0.00001
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Blocking KCC2 activity also modulated the interval of
occurrence, duration and amplitude of long-lasting events.
Application of VU0240551 or a high concentration of bumet-
anide (50 pM) significantly increased the intervals of long-
lasting events from 31.2+1.9 to 42+3.1 s and 49.2+£2.6 s,
respectively, (Fig. 3b; p<0.001), whereas low doses of bumet-
anide did not change the intervals of these events (10 uM).
Duration of long-lasting events was also reduced after appli-
cation of VU0240551 from 1.76+0.08 to 1.29+0.05 s
(10 uM; p<0.0001) while bumetanide (10 and 50 uM) did
not change the duration of these events. Also, blocking
KCC2 with VU0240551 (10 uM) or high doses of bumet-
anide (50 pM) significantly reduced the amplitude of
long-lasting events from 2.26+0.11 to 1.3+0.07 mV
(»<0.0001) and 0.97+£0.06 mV (p<0.00001), respectively,
whereas low doses of bumetanide (10 uM) did not change
this parameter.

We also enhanced KCC2 activity by application of
CLP275 (100 uM; n=5 slices) [17]. This procedure did not
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Fig. 4 Changes induced by inhibiting carbonic anhydrase activity on the
two types of interictal discharge induced by 4AP in the CA3 subfield. a
Continuous recordings obtained under control conditions and during the
application of acetazolamide (10 uM). In each panel, the inserts below
represent averages of the short- and long-lasting interictal events. b Bar
graphs showing the means (+SEM) of the interval of occurrence,
duration, and amplitude of short- and long-lasting interictal events
recorded from CA3 under control conditions (i.e., 4AP) and during
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Short-lasting events

affect the interval of occurrence, the duration and the ampli-
tude of short-lasting events (Fig. 3a). Moreover, CLP275
(100 uM) did not influence the interval of occurrence and
amplitude of long-lasting events but significantly increased
their duration to 2.29+0.06 s (Fig. 3b; p<0.0001).

Effects induced by blocking carbonic anhydrase activity

Next, we studied the effects of the carbonic anhydrase inhib-
itor acetazolamide (10 uM) on the short- and long-lasting
events generated in CA3 region of the hippocampus during
4AP application (n=7 slices). Figure 4a shows example of
traces in CA3 with averaged short- and long-lasting events
under control condition and during the application of acetazol-
amide. We found that following application of acetazol-
amide, interval of occurrence and duration of short-
lasting interictal events were significantly decreased
from 715.6+33.3 to 463.8+17.2 ms (p<0.001) and from
234.5+4.8 to 209.5+4.5 ms (p<0.05), respectively,
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application of 10 uM acetazolamide. Note that blocking carbonic
anhydrase activity decreases both the interval of occurrence and the
duration of short-lasting interictal events while increasing the
amplitudes of these events. Note also that this pharmacological
procedure decreases the duration and the amplitude of the long-lasting
interictal events without causing any effect on their interval of occurrence.
*p<0.05, **p<0.001 and ***p<0.0001
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while their amplitude was significantly increased from
2.26+0.02 to 2.84+£0.07 mV (p<0.0001) (Fig. 4b). In
addition, blocking carbonic anhydrase activity induced a sig-
nificant decrease in the duration and the amplitude of the long-
lasting interictal events from 1.58+0.01 to 1.15£0.01 s
(»<0.001) and from 2+0.01 to 1.07+0.01 mV (p<0.0001),
respectively, but it did not change their interval of occurrence.

Effects induced by KCC2 and carbonic anhydrase blockers
on pharmacologically isolated synchronous events

Finally, we pharmacologically blocked glutamatergic trans-
mission with CPP and CNQX (10 uM each) to analyze the
effects of VU0240551 (10 uM), bumetanide (50 uM),
CLP275 (100 uM), and acetazolamide (10 uM) on the 4AP-
induced synchronous GABAergic events that are recorded
under these conditions [1]. As illustrated in Fig. 5a, b, short-
lasting interictal events were abolished by concomitant appli-
cation of CPP and CNQX while long-lasting events, which in
control condition (4AP, 50 uM), occurred at interval of

Fig. 5 Effects induced by KCC2
and carbonic anhydrase inhibitors
on the pharmacologically isolated
GABAergic events. Effects
induced by VU0240551 (10 uM)
(a), CLP275 (100 uM) (b), or
acetazolamide (10 uM) (c¢) on the
slow synchronous field events
occurring in the CA3 subfield
during concomitant application of
4AP+CPP+CNQX (10 uM). In
both panels, the initial control
activity under 4AP treatment is
also shown. d Enlarged portion of
slow synchronous field events
shown in panels a—c. e Bar graphs
summarizing the change in
interval of occurrence, duration,
and amplitude of the slow
synchronous events under control
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occurrence of 28.17+1.17 s, duration of 1.53+0.03 s, and
amplitude of 1.87+0.07 mV continued to be recorded; under
these pharmacological conditions, they had interval of occur-
rence of 26.42+0.8 s, duration of 1.58+0.06 s, and amplitude
of 1.67+0.09 mV. Blocking KCC2 with either VU0240551
(10 uM; n=>5 slices) or bumetanide (50 uM; n=4 slices) in-
creased significantly (p<0.001) the interval of occurrence of
the pharmacologically isolated long-lasting events to 39.88+
3.6 s and 35.35+1.58 s, respectively (Fig. 5¢). These proce-
dures also decreased significantly (p<0.001) the duration (to
1.23+0.05 s and 1.19+0.07 s, respectively) and the amplitude
(to 0.61+0.09 mV and 1.01+0.07 mV, respectively) of these
events. In addition, similar changes could be observed during
application of acetazolamide in slices (n=5 slices) that were
superfused with medium containing 4AP along with CPP and
CNQX. Acetazolamide significantly increased the interval of
occurrence of pharmacologically isolated long-lasting events
to 32.72+1.86 s while it decreased their duration and ampli-
tude to 1.34+0.02 s and 1.05+£0.04 mV, respectively
(»<0.001). Finally, enhancing KCC2 activity with CLP275
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(100 uM, n=4 slices) reduced the interval of occurrence of the
isolated GABAergic events to 20.29+0.7 s (p<0.001).
CLP275 also resulted in an increase in the duration of these
events to 1.98+0.02 s (»p<0.001) while it did not affect the
amplitude of occurrence of these events.

Discussion

The main findings of our study can be summarized as follows.
First, VU0240551 led to a reduction in the interval of occur-
rence, duration, and amplitude of short-lasting events. It also
increased the interval of occurrence of long-lasting events
while reducing their duration and amplitude. Second, high
doses of bumetanide led to an increase in the interval of oc-
currence of both short- and long-lasting events while it de-
creased their amplitude. Enhancing KCC2 activity with
CLP275 did not have any effects on the short-lasting events
and it only increased the duration of the long-lasting events
without affecting their interval of occurrence and amplitude.
Third, blocking carbonic anhydrase activity using acetazol-
amide induced a reduction in the interval of occurrence and
duration of short-lasting events while it increased their ampli-
tude. In addition, acetazolamide also reduced both duration
and amplitude of the long-lasting events. Finally, blocking
KCC2 or carbonic anhydrase activity induced an increase in
the interval of occurrence of pharmacologically isolated syn-
chronous GABAergic events and led to a decrease in their
duration, while opposite effects were observed by enhancing
KCC2 activity with CLP275.

Short- and long-lasting events induced by 4AP in the CA3

Consistent with previous studies from our laboratory per-
formed in isolated hippocampal slices [2, 29, 30], we have
found that 4AP induces two types of epileptiform (short-
and long-lasting) events that could be discriminated by their
interval of occurrence and duration. Short-lasting events oc-
curred more frequently with short duration while long-lasting
events had higher interval of occurrence and duration. We
noted that in our experiments, the frequency of occurrence
of short-lasting events was higher than what was reported
originally by Perreault and Avoli [30]. Retrospective analysis
of different papers [3, 5] suggests that short-lasting events are
more frequent in horizontal brain slices that comprise the hip-
pocampus and other limbic structures such as the entorhinal
cortex. The mechanisms underlying this difference remain
unclear. However, as reported in the isolated hippocampal
slice preparation [30], we found here that application of
ionotropic glutamatergic receptor antagonists abolished the
short-lasting interictal events while long-lasting spikes contin-
ued to occur [1]. GABA, receptor signaling plays a
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significant role in the generation of these long-lasting events
since application of GABA, receptor antagonists can sup-
press these events [1].

Modulation of short- and long-lasting events by blocking
KCC2 activity

GABA 4 receptor-mediated hyperpolarization depends on the
low intracellular [CI ] that is maintained by the activity of
KCC2. However, repetitive activation of GABA 4 receptor
with high-frequency stimulation [22] or application of 4AP
[25] can cause a depolarizing response in principal cells. We
have found that blocking KCC2 activity with VU0240551
increases the rate of occurrence of the short-lasting events
and induces a reduction in their duration and amplitude. This
is presumably due to the fact that blocking KCC2 may alter
Cl homeostasis causing depolarizing GABA receptor-
mediated signaling and thus increasing the excitability of prin-
cipal cells in the CA3 network [19]. Interestingly, low doses of
bumetanide (10 pM), which only block NKCC1 activity, did
not influence the patterns of the short-lasting interictal events
while blocking both NKCC1 and KCC2 with high doses of
bumetanide (50 uM) increased their interval of occurrence
and decreased their amplitude. One study by Wahab et al.
[43] has shown that the effects induced by low doses of bu-
metanide are age dependent since 10 uM bumetanide can
block epileptiform activity induced by 4AP in the immature
but not in the adult CA3 region. This may explain why
blocking NKCC1 activity with low doses of bumetanide does
not influence the short-lasting interictal events.

The opposite results induced by VU0240551 and high
doses of bumetanide on the short-lasting but not on the long-
lasting events may reflect the fact that high doses of bumeta-
nide block both NKCC1 and KCC2, whereas VU0240551
only blocks KCC2. In fact, it has been shown that during
reduced KCC2 expression and activity, application of low
doses of bumetanide can decrease or suppress epileptiform
activity [19]. The different effects induced by VU0240551
on the frequency of short- and long-lasting events may reflect
primary involvement of the glutamatergic receptor-mediated
signaling on the generation of the formers as long-lasting
interictal discharges should mainly reflect GABA, receptor-
mediated signaling [1]. Indeed, after blockade of glutamater-
gic receptor-mediated signaling with CPP and CNQX, both
VU0240551 and bumetanide (50 pM) had similar effects on
the pharmacologically isolated, slow GABAergic events.
Moreover, we found that enhancing KCC2 activity did not
change the interval of occurrence, duration, or amplitude of
the short-lasting interictal events further supporting the view
that they are most likely driven by the activity of principal
neurons and glutamatergic receptor-mediated signaling [1].

We have also found that blocking KCC2 activity with ei-
ther VU0240551 or high doses of bumetanide increased the
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interval of occurrence of the long-lasting interictal events. In
addition, VU0240551 induced a decrease in their duration
while application of either VU0240551 or high doses of bu-
metanide decreased their amplitude. Long-lasting interictal
spikes recorded under control conditions (i.e., 4AP) in the
CA3 area are accompanied by transient increases in extracel-
lular [K '] that are larger than those associated to the frequent,
short-lasting discharges and continue to occur during block-
ade of ionotropic glutamatergic transmission [27]. It has been
shown that excessive activation of GABA 4 receptors leads to
accumulation of CI inside the postsynaptic cells and to a
subsequent increase in KCC2 activity that causes K and
Cl eftlux [40]. Hence, we are inclined to interpret the ability
of both VU0240551 or high doses of bumetanide to decrease
the frequency and amplitude of long-lasting events as the re-
sult of the inability of GABA4 receptor activation to cause
transient, KCC2 dependent increases in extracellular [K']. Tt
should be however noted that VU0240551, in addition to its
inhibitory action on KCC2 [11], might also interfere with
some G protein-coupled receptors and ion channels [12]. We
believe, however, that the effects of this compound identified
here result from a decrease in KCC2 activity since almost
similar findings could be obtained with high concentrations
of bumetanide (50 uM) that are known to block both KCC2
and NKCC1 [23].

Our results are different from those published by Zhu et al.
[44]; these authors have shown that in KCC2"™ mice, appli-
cation of 4AP induced seizure-like events in the hippocampal
CA1 region while it only induced interictal discharges in wild-
type mice. This difference can be explained by experimental
differences since Zhu et al. [44] used slices that presumably
expressed half of the KCC2 protein content as compared to
wild-type animals [44], whereas in our study, we employed
slices from normal rats with normal expression of KCC2.
Under-expression of KCC2 can in fact result in CI homeo-
stasis changes leading to a switch in GABA 4 receptor signal-
ing from hyperpolarizing to depolarizing [19, 26].
Experimental data have also shown that epileptiform activity
induced by 4AP leads to downregulation of KCC2 expression
[8, 31]. Therefore, we used CLP275 to enhance KCC2 activity
[17] in order to determine if our results were biased by down-
regulation of KCC2. We found that application of CLP275 did
not have any effect on the interval of occurrence and ampli-
tude of long-lasting events while it increased their duration.
These results suggest that although there might be a downreg-
ulation in the expression of KCC2, the efficacy of this trans-
porter to extrude Cl is intact. In line with this view, Huberfeld
et al. [19] have shown that in brain slices obtained from
resected human epileptic tissue, the expression of KCC2 in
dentate gyrus and CA2 region of hippocampus is not changed
during epileptiform activity and in subiculum, only 20% of
cells lacked expression of KCC2. In line with this evidence,
we have found that blocking KCC2 or carbonic anhydrase

activity reduced the rate of occurrence of glutamatergic inde-
pendent synchronous events and shorten their duration,
whereas application of CLP275 increased the rate of occur-
rence of independent synchronous events and their duration.

Role of carbonic anhydrase in the modulation
of short- and long-lasting events

GABA receptor-mediated signaling is also associated to an
inward HCO5™ current [18], and it has been demonstrated that
carbonic anhydrase activity replenishes HCOj5  inside the cell
[22, 41]. We have found that blockade of carbonic anhydrase
activity by application of acetazolamide reduced the interval
of occurrence and duration of the short-lasting interictal events
and increased their amplitude. Furthermore, this pharmaco-
logical procedure led to a decrease in the duration and ampli-
tude of the long-lasting interictal events.

GABA , receptor-mediated elevations in extracellular [K']
depend on the presence of CO,/HCO; and functional carbon-
ic anhydrase [35, 40]. Cl" load during prolonged activation of
GABA, receptor is driven by the depolarizing action of
HCOj; ™ efflux (i.e., an inward current) through CI™ channels
[22, 41]. This depolarizing HCO; current does not fade since
the intracellular HCO;™ is consistently replenished by the car-
bonic anhydrase activity [22, 41]. Blocking carbonic
anhydrase activity abolishes the depolarizing HCO3  current
and therefore prevents CI from loading into the cell and the
subsequent increase in KCC2 activity and increase in extra-
cellular [K] [35]. In addition, accumulation of C1 inside the
postsynaptic cell can overwhelm KCC2 activity and eventu-
ally, results in depolarizing GABA 4 receptor-mediated signal-
ing through degradation of the ClI” current and predominance
of the HCO;  current [37]. In line with these mechanisms,
Perez Velazquez [28] has reported that in both interneurons
and principal cells, HCO5  efflux through GABA 4, receptors
contribute to depolarizing GABA 5-mediated potentials which
can be suppressed by either carbonic anhydrase inhibitor or
GABA , receptor antagonist. Ruusuvuori et al. [35] have also
shown that carbonic anhydrase inhibitor can reduce GABA 5
receptor-mediated increase in extracellular [K']. In addition,
carbonic anhydrase activity has a key role in pH regulation in
neurons, glia, and interstitial fluid in the brain [34]. It is well
established that neuronal excitability can be enhanced or sup-
pressed by alkalosis or acidosis, respectively [15, 38].
Blocking carbonic anhydrase activity can thus change intra-
cellular and extracellular pH and modulate neuronal signaling,
including voltage-gated ion channels, GABA, receptors,
NMDA receptors, and gap junctions [34]. This evidence
may explain the slightly different effect of VU0240551 and
acetazolamide on the amplitude of short-lasting events as well
as on the frequency of long-lasting events.

Interestingly and in support of the contribution of HCO;
currents to epileptiform synchronization, the antiepileptic

@ Springer



2334

Pflugers Arch - Eur J Physiol (2015) 467:2325-2335

drug topiramate exerts its effect by inhibiting carbonic
anhydrase activity [14]. Moreover, bumetanide and acetazol-
amide have been used to treat seizures in epileptic patients
[23]. Results obtained here may also explain the inefficacy
of some GABA enhancer drugs in the treatment of epileptic
patients.
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