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BK potassium channels control transmitter release at
CA3–CA3 synapses in the rat hippocampus
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Large conductance calcium- and voltage-activated potassium channels (BK channels) activate
in response to calcium influx during action potentials and contribute to the spike repolarization
and fast afterhyperpolarization. BK channels targeted to active zones in presynaptic nerve
terminals have been shown to limit calcium entry and transmitter release by reducing the
duration of the presynaptic spike at neurosecretory nerve terminals and at the frog neuro-
muscular junction. However, their functional role in central synapses is still uncertain. In
the hippocampus, BK channels have been proposed to act as an ‘emergency brake’ that
would control transmitter release only under conditions of excessive depolarization and
accumulation of intracellular calcium. Here we demonstrate that in the CA3 region of
hippocampal slice cultures, under basal experimental conditions, the selective BK channel
blockers paxilline (10 µM) and iberiotoxin (100 nM) increase the frequency, but not the
amplitude, of spontaneously occurring action potential-dependent EPSCs. These drugs did
not affect miniature currents recorded in the presence of tetrodotoxin, suggesting that their
action was dependent on action potential firing. Moreover, in double patch-clamp recordings
from monosynaptically interconnected CA3 pyramidal neurones, blockade of BK channels
enhanced the probability of transmitter release, as revealed by the increase in success rate,
EPSC amplitude and the concomitant decrease in paired-pulse ratio in response to pairs
of presynaptic action potentials delivered at a frequency of 0.05 Hz. BK channel blockers
also enhanced the appearance of delayed responses, particularly following the second action
potential in the paired-pulse protocol. These results are consistent with the hypothesis that
BK channels are powerful modulators of transmitter release and synaptic efficacy in central
neurones.
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BK channels are very large conductance potassium
channels (∼250 pS) activated by both calcium and voltage
that regulate cell excitability (Vergara et al. 1998). They
are widely expressed throughout the vertebrate nervous
system (Hille, 2001; Knaus et al. 1996) where they are often
colocalized with voltage-dependent calcium channels
(VDCCs, Robitaille et al. 1993; Lancaster & Nicoll, 1987;
Storm, 1987a; Marrion & Tavallin, 1998; Stanley, 1997).
The interplay between these two channels is very tight
and has very important functional consequences (see for
instance in the cochlea: Roberts et al. 1990). Activated
by membrane depolarization during action potentials,
BK channels tend to hyperpolarize the cell driving the
membrane potential towards the equilibrium potential for

potassium. By doing so they regulate cell excitability and
contribute to action potential repolarization and spike-
frequency adaptation (Adams et al. 1982; Lancaster &
Nicoll, 1987; Storm, 1987b; Schwindt et al. 1988; Shao et al.
1999). Immunohistochemical and radioligand binding
studies have revealed the presence of BK channels on
neuronal soma, processes (but see Poolos & Johnston,
1999) and axon terminals of several brain structures
including the hippocampus, where they are particularly
abundant (Knaus et al. 1996; Wanner et al. 1999). Here,
they have been localized in presynaptic nerve endings,
on the membranes facing the synaptic cleft at Schaffer
collateral–CA1 synapses (Hu et al. 2001). This presynaptic
localization suggests a role for BK channels in controlling
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transmitter release. Thus, by shaping presynaptic action
potentials they would regulate calcium signals necessary
to trigger fusion of synaptic vesicles, exocytosis and trans-
mitter release (Sabatini & Regehr, 1997; Sun et al. 1999).
Indeed, BK channels have been shown to regulate secretion
in exocrine tissues (Petersen & Maruyama, 1984; Obaid
et al. 1989; Dopico et al. 1999) and transmitter release at
the frog neuromuscular junction (Robitaille & Charlton,
1992). In this preparation, block of BK channels with
charybdotoxin produced a two-fold increase of trans-
mitter release. This suggests that under physiological
conditions BK channels diminish transmitter release by
narrowing presynaptic action potentials and by reducing
calcium entry into the cytosol (Robitaille & Charlton,
1992; Robitaille et al. 1993). In central neurones, however,
the role of BK channels in regulating transmitter release
is still uncertain and has been indirectly inferred from
their action at the somatic level (Shao et al. 1999). It
has even been hypothesized that, under basal conditions,
BK channels targeted to active zones of presynaptic
glutamatergic terminals do not exert any effect on trans-
mitter release (Hu et al. 2001). They would provide an
‘emergency brake’ only under conditions of excessive
depolarization and accumulation of intracellular calcium,
such as brain ischaemia and epilepsy (Hu et al. 2001;
Runden-Pran et al. 2002).

In the present study we took advantage of hippocampal
slice cultures to study the role of BK channels on trans-
mitter release at monosynaptically coupled CA3–CA3
principal cells (Debanne et al. 1995; Pavlidis & Madison,
1999). While this preparation maintains morphological
and functional features similar to those of native brain
tissue, it has the advantage of expressing a higher
level of connectivity which increases the probability of
finding monosynaptically coupled neurones (Gähwiler
et al. 1997; De Simoni et al. 2003). We found that
blocking BK channels with iberiotoxin or paxilline
increased transmitter release and synaptic efficacy in target
neurones.

Methods

Organotypic hippocampal slice cultures

The hippocampus was removed from 4- to 7-day-old rats
killed by decapitation and organotypic cultures were pre-
pared following the method already described (Gähwiler,
1981; Saviane et al. 2002). The procedure is in accordance
with the regulations of the Italian Animal Welfare Act
and was approved by the local authority veterinary
service. Transverse 400 µm thick slices were cut with a

tissue chopper and attached to coverslips in a film of
reconstituted chicken plasma (Cocalico, Reamstown, PA,
USA) clotted with thrombin (Sigma, Milan, Italy). The
coverslips were transferred to plastic tubes containing
0.75 ml of medium. The tubes were placed in a roller
drum (6 revolutions h−1) inside an incubator at 36◦C.
The medium contained: basal medium (BME, Eagle,
with Hanks’s salts, without l-glutamine; Gibco, 100 ml),
Hanks’ balanced salt solution (HBSS; Gibco, 50 ml), horse
serum (Gibco, 50 ml), l-glutamine (Gibco, 200 mm, 1 ml),
50% d-glucose in sterile water for tissue culture (Gibco,
2 ml).

Electrophysiological recordings

After 10–14 days in vitro the cultures, which had flattened
near-monolayer thickness, were transferred to a recording
chamber fixed to the stage of an upright microscope.
Cultured slices in the recording chamber were super-
fused at room temperature (22–24◦C) with a bath solution
containing (mm): NaCl 150, KCl 3, CaCl2 2, MgCl2 1,
Hepes 10, glucose 10 (pH 7.3, adjusted with NaOH). A
low concentration of tetrodotoxin (TTX, 10 nm; Affinity
Research Products, Nottingham, UK) was added in
order to reduce polysynaptic activity. Electrophysiological
experiments were performed on CA3 pyramidal cells using
the whole-cell configuration of the patch-clamp technique
in current- or voltage-clamp mode. CA3 neurones were
identified both visually (using infrared differential inter-
ference contrast video microscopy) and on the basis of
their firing properties, i.e. their ability to accommodate
in response to long (800 ms) depolarizing current pulses.
The identity of cells as pyramidal neurones was confirmed
in some experiments in which cells were labelled with
biocytin (0.2–0.3%; purchased from Sigma, Milan, Italy;
see Fig. 3). Patch electrodes were pulled from borosilicate
glass capillaries (Hilgenberg, Malsfeld, Germany). They
had a resistance of 3–6 M�when filled with an intracellular
solution containing (mm): KMeSO4 135 (125 when adding
10 mm BAPTA), KCl 10, Hepes 10, MgCl2 1, Na2ATP 2,
Na2GTP 0.4; pH was adjusted to 7.3 with KOH. Single or
pairs of action potentials (50 ms interval) were evoked in
current-clamp mode by short (5 ms) depolarizing current
pulses at 0.05 Hz. Spontaneous or evoked EPSCs were
recorded from the postsynaptic neurones, loaded with
the calcium chelator BAPTA (10 mm) in order to block
activation of BK channels. EPSCs were detected in voltage-
clamp mode at a holding potential of −60 mV. Under our
experimental conditions the reversal potential for Cl− was
−66 mV. Membrane potential values were corrected for
the liquid junction potential of 9 mV.
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Stock solution of the BK channel blockers iberiotoxin
(from Latoxan, Valence, France) and paxilline (from
Sigma-Aldrich, Milan, Italy) were obtained by dissolving
the drugs in water or dimethylsulphoxide (DMSO) and
applied at the final concentration of 50–100 nm and 10 µm,
respectively. The final concentration of DMSO in the
working solution was 0.1% (v/v). At this concentration,
DMSO alone did not modify the shape of action potentials
or the kinetic properties of EPSCs.

Data acquisition and analysis

Data were stored on a magnetic tape and transferred
to a computer after digitization with an A/D converter
(Digidata 1322, Axon Instruments, Foster City, CA, USA).
Data acquisition was done using pCLAMP 8.2 (Axon
Instruments). Data were sampled at 20–100 kHz and
filtered with a cut-off frequency of 1 kHz. Series resistance
compensation was used for current-clamp recordings.
Membrane input resistance was calculated by measuring
the amplitude of voltage responses to steady hyper-
polarizing current steps of 100–200 pA.

Spontaneous EPSCs were analysed with the AxoGraph
4.6 program (Axon Instruments), which uses a detection
algorithm based on the minimization of the sum of
squared errors between data and a template function
approximating the width and the time course of a typical
synaptic event as described by Clements & Bekkers (1997).
Miniature EPSCs were recorded in the presence of TTX
(1 µm) at the holding potential of −60 mV, which is close
to the reversal for Cl−.

Evoked EPSCs were analysed with Clampfit software and
transmission failures were identified visually. The onset of
the EPSC was given by the intersection of a line through
the 10 and 90% of EPSC rise time with the baseline.
Onset, rise and decay times were calculated after averaging
only the successes. EPSC latency was calculated as the
time gap between the onset of the mean EPSC and the
peak of the presynaptic spike. Mean EPSC amplitude was
obtained by averaging successes and failures. The paired-
pulse ratio (PPR) was calculated as the ratio between the
mean amplitude of EPSC2 over EPSC1.

Action potentials were analysed with Clampfit software.
They were characterized by their firing threshold, their
amplitude (from threshold to peak) and their width at the
threshold level.

Values are given as mean ± s.e.m. Significance of
differences was assessed by Student’s t test or Wilcoxon
test. The differences were considered significant when P
was < 0.05.

Results

BK channels contribute to action potential
repolarization in CA3 neurones

Patch-clamp recordings, in whole-cell configuration
and current-clamp mode, were performed from CA3
pyramidal neurones in organotypic hippocampal slice
cultures. These neurones were identified as principal
cells both visually and on the basis of their firing
properties, i.e. their ability to accommodate in response
to long depolarizing current pulses. In some experiments
(n = 16), cells were morphologically identified as
pyramidal neurones by biocytin injection (Fig. 3D).

Action potentials were induced by the injection
of short depolarizing current steps from the resting
membrane potential. The impact of BK channels on action
potentials was firstly examined by applying paxilline,
a tremorgenic indole alkaloid that selectively blocks
these channels (Knaus et al. 1994). As shown in Fig. 1A
and B, application of paxilline (10 µm) significantly
broadened the action potential with the development
of a shoulder (on average spike duration increased
from 2.7 ± 0.1 to 3.1 ± 0.1 ms, n = 12, P < 0.001). These
data indicate that BK channels exert a strong control
on spike repolarization. A similar effect was produced
by iberiotoxin, a toxin from the scorpion Buthulus
tamulus (Galvez et al. 1990; Candia et al. 1992) known
to block BK channels and increase transmitter release at
the neuromuscular junction (Robitaille et al. 1993). In
four cells, iberiotoxin significantly broadened the action
potential (from 2.6 ± 0.1 to 2.9 ± 0.2 ms, P < 0.05) with
the development of a shoulder during the repolarizing
phase (data not shown). In CA1 pyramidal neurones, fast
inactivation of a transient BK channel-mediated current
substantially contributes to frequency-dependent spike
broadening (Shao et al. 1999). In order to see whether this
also occurred in our preparation, bursts of five consecutive
action potentials were generated at a frequency of 50 Hz.
Spike duration increased by 4 ± 2% from the first to
the second spike, but less for the last three consecutive
spikes (n = 3). The involvement of BK channels in spike
broadening was tested by blocking their activity with
paxilline. Interestingly, paxilline (10 µm) broadened the
first two spikes (by 10 ± 5 and 7 ± 4%, respectively;
Figs 1C and D), but had only a small effect on the last
three (data from 3 experiments are shown in Fig. 1E).
Paxilline-induced modifications of the first spikes were
similar to those obtained under control conditions with
development of a shoulder during the repolarizing phase
of the action potential. In agreement with a previous study
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on CA1 pyramidal cells (Shao et al. 1999), the present
results clearly show that BK channels participate in action
potential repolarization, but in CA3 neurones their role
during repetitive firing is less pronounced.

BK channels control spontaneous action
potential-dependent release of glutamate

To evaluate the possibility that BK channels localized on
presynaptic nerve endings may control transmitter release,
spontaneous EPSCs (action potential-dependent and -
independent events) were recorded from CA3 pyramidal
neurones before and after application of selective

Figure 1. BK channels are involved in action potential
repolarization
A, action potentials generated under control conditions (thin line) and
in the presence of paxilline (thick line) are aligned at threshold and
superimposed. B, mean changes in spike width before (open column)
and during paxilline application (filled column; n = 10). C, two bursts
of five consecutive action potentials generated by brief depolarizing
current pulses (5 ms duration, each delivered at 50 Hz) under control
conditions and in the presence of paxilline (10 µM) are superimposed.
D, the first and the fifth spikes in the train before (thin line) and during
paxilline (thick line) are superimposed. E, mean changes in spike
duration (as percentage of controls) obtained in the presence of
paxilline (10 µM) during repetitive firing (n = 3). Note that paxilline
clearly broadened only the first two action potentials. ∗∗ P < 0.001.

BK channel blockers. Application of the non-NMDA
receptor antagonist CNQX (10 µm) completely blocked
spontaneously occurring synaptic events, indicating that
they were mediated by non-NMDA receptors (not shown).
In a first set of experiments BK channels were selectively
blocked with iberiotoxin. As shown in the representative
traces of Fig. 2A, iberiotoxin (100 nm) increased the
occurrence of spontaneous events but did not modify their
amplitude. This is shown by the cumulative distribution
plots of Fig. 2B and C, where a clear shift to the left of
the interevent intervals but not of the amplitude curves is
seen. Overall, in seven neurones iberiotoxin significantly
reduced the interevent interval from 1.2 ± 0.2 to 0.8 ± 0.1 s
(P < 0.05) without modifying current amplitude (23 ± 5

Figure 2. BK channels increase the frequency but not the
amplitude of spontaneous action potential-dependent EPSCs
A, traces showing spontaneous EPSCs recorded from a CA3 pyramidal
neurone at the holding potential of −60 mV under control conditions
and in the presence of iberiotoxin (100 nM). B and C, cumulative
interevent-interval (B) and amplitude distribution (C) of spontaneous
EPSCs (same neurone shown in A) under control conditions
(continuous line) and during iberiotoxin application (dotted line). Bin
size was 0.3 s in B and 15 pA in C. D, mean changes of interevent
interval (IEI), amplitude and rise time, compared to control (dotted line)
during application of iberiotoxin (n = 7) or paxilline (n = 7). ∗P < 0.05.
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and 23 ± 7 pA in control and iberiotoxin, respectively) or
EPSC kinetics (the rise time was 2.1 ± 0.3 ms under both
conditions; Fig. 2D). In another set of experiments, BK
channels were selectively blocked with paxilline (10 µm).
As shown in the summary data of Fig. 2D, paxilline
significantly reduced the interevent interval from 1.1 ± 0.2
to 0.9 ± 0.2 s (n = 7; P< 0.05). Again, in the presence
of paxilline no significant changes in EPSC amplitude
(24 ± 3 and 21 ± 2 pA, in control and in the presence
of paxilline, respectively) or rise time (2.2 ± 0.3 and
2.3 ± 0.3 ms, in control and paxilline, respectively) were
detected (Fig. 2D). The significant reduction in interevent
interval duration after treatment with iberiotoxin and
paxilline suggests that BK channels are involved in the
modulation of transmitter release. In order to elucidate
whether the observed effects depended on action potential
broadening following BK channel block with iberiotoxin
and paxilline or to changes in the release machinery
downstream of calcium entry, additional experiments
(n = 5) were performed on miniature (action potential-
independent) EPSCs recorded in the presence of TTX
(1 µm). In line with the occurrence of BK activation during
action potentials, no significant change in the mean inter-
event interval of mini EPSCs was noticed (1.4 ± 0.1 and
1.3 ± 0.1 s, in control and paxilline, respectively; data not
shown). Taken together, these results show that BK channel
blockade selectively affects action potential-dependent,
spontaneous synaptic activity, and suggest an involvement
of BK channels in controlling synaptic release that is
dependent on spike broadening.

BK channels modulate the evoked release of
glutamate

To further investigate whether BK channels modulate
neurotransmitter release, double patch-clamp recordings
were performed from monosynaptically interconnected
CA3 pyramidal neurones. Evidence for monosynaptic
connections between neurones was given by the short
latency of evoked EPSCs (2.8 ± 0.7 ms, n = 12; see also
Debanne et al. 1995). Thirteen different pairs of neurones
were studied under control conditions and in the presence
of paxilline (n = 7) or iberiotoxin (n = 6). Usually, pairs
of presynaptic action potentials (50 ms apart), delivered
at a frequency of 0.05 Hz, evoked two sequential EPSCs
that fluctuated in amplitude from trial to trial, with
occasional transmission failures. These were probably
true transmitter failures and not branch point failures,
since on average the amplitude of a second response
was similar whether or not it was preceded by a failure
or a success (mean amplitudes of second response were

21 ± 4 and 23 ± 5 pA, respectively; n = 10). This indicates
that in the majority of cases the action potential did
not fail to invade the axon terminals. The example of
Fig. 3A and B shows a low probability synapse in which,
under control conditions, the first spike evoked few small
amplitude EPSCs (characterized by a first peak marked
by an arrow, followed by a second one occurring with
a longer delay), associated with response failures. This
kind of response is not rare in recordings from CA3–
CA3 connections (Debanne et al. 1995). While the first
component is surely monosynaptic because of the constant
latency and no changes in delay of paired-pulse facilitation,
the second response could be mono- or disynaptic. Due to
paired-pulse facilitation (PPF), which largely depends on

Figure 3. Blocking BK channels with paxilline increases synaptic
efficacy at low probability CA3–CA3 connections
A, pairs of action potentials are generated (50 ms intervals, 0.05 Hz) in
the presynaptic cell (upper traces) while EPSCs are recorded from the
postsynaptic cell in control (left) and in the presence of paxilline
(10 µM, right). Eight traces are superimposed and shown in the
middle, while the average of all responses (successes plus failures) is
shown at the bottom. Note reduced failure rate and increased
amplitude of successes after paxilline. B, time course of the peak
amplitude of the first ( ❡) and second (•) EPSCs recorded from the cell
shown in A. C, mean success rate of EPSC1 and EPSC2 obtained in 7
cells under control conditions (open columns) and during paxilline
application (filled columns). ∗P < 0.05. D, a pair of interconnected
cells labelled with biocytin (the bar is 50 µm).

C© The Physiological Society 2004



152 G. Raffaelli and others J Physiol 557.1

presynaptic increase in release probability (Zucker, 1989),
responses to the second spike were larger and associated
with less transmitter failures. As shown in the examples of
Fig. 3A and B, addition of paxilline (10 µm) produced a
clear potentiation of the synaptic responses. It increased
the success rate to both first and second spike (from 17 to
58% and from 44 to 85%, respectively) and the amplitude
of individual EPSCs (from 1.9 to 6.57 pA and from 4.4 to
9.1 pA for the first and the second EPSC, respectively).
As expected from an enhanced release probability due
to an increased calcium entry in presynaptic terminals,
in this cell paxilline induced a reduction of PPR from
2.3 to 1.4 (see averaged responses in Fig. 3A). Figure 4A
illustrates a high probability CA3–CA3 synapse that under
control conditions showed only successes both to the first
and second spike. This type of synapse was found in
two out of seven cases. In line with a high probability

Figure 4. In high probability CA3–CA3 connections paxilline
increases the amplitude of evoked EPSCs and decreases the PPR
A, the upper traces represent pairs of 10 superimposed action
potentials generated at 0.05 Hz in the presynaptic cell. Pairs of 10
EPSCs recorded from the postsynaptic cell are superimposed in the
middle. Average EPSCs (in this particular neurone no failures were
detected) are recorded at the bottom. Note that paxilline (right, 10 µM)
increased EPSC amplitude and induced the appearance of delayed
responses. B, summary data from 5 cells showing mean amplitude of
EPSC1 and EPSC2 in paxilline, normalized to control values. C, mean
PPR obtained in 5 neurones under control conditions (open column)
and during application of paxilline (filled column). ∗ P < 0.05

of release, these synapses did not exhibit paired-pulse
facilitation (see averaged traces in Fig. 4A). As shown in
this example, application of paxilline (10 µm) increased
the peak amplitude of the responses to the first action
potential (from 118 to 142 pA) and produced paired-pulse
depression (PPR changed from 0.96 to 0.77; see averaged
traces in Fig. 4A), suggesting that also in the case of highly
reliable synapses, block of BK channels is able to increase
transmitter release. Overall, as shown in the summary data
of Figs 3C and 4B and C, paxilline significantly increased
the percentage of successes to the first and second responses
(from 75 ± 10 to 87 ± 6%, and from 81 ± 8 to 95 ± 7%
for the first and second EPSC, respectively; P< 0.05;
Fig. 3C), significantly reduced the paired-pulse ratio (from
1.26 ± 0.2 to 1.03 ± 0.1; P< 0.05; Fig. 4C) and increased
the mean peak amplitude of the first and second EPSCs
(by 50 and 16%, respectively, P< 0.001; Fig. 4B). Although
the first and second EPSC amplitudes in the absence or
presence of paxilline were not significantly different, a
clear trend towards potentiation was observed. It should
be stressed that the reported paxilline-induced increase

Figure 5. Blocking BK channels with iberiotoxin increases
synaptic efficacy at CA3–CA3 connections
Pairs of action potentials are generated in the presynaptic cell (upper
traces) while EPSCs are recorded from the postsynaptic cell in control
(left) and in the presence of iberiotoxin (50 nM, right). Seven
superimposed traces are shown in the middle while average responses
are shown at the bottom (average of 15 responses including failures).
Note changes in PPR after iberiotoxin. B, mean success rate of EPSC1
and EPSC2 obtained in 4 cells under control conditions (open columns)
and during paxilline application (filled columns). ∗∗P < 0.01.
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in success rate is underestimated. In fact, summary data
also include those connections with no failures (n = 2),
in which the number of successes could not have been
increased further with paxilline. Indeed, if these neurones
are excluded, the percentage of successes increased from
66 ± 11 to 82 ± 6% and from 70 ± 9 to 92 ± 3% for the
first and second spikes, respectively.

As shown in Fig. 4A (arrow), in some cases in the pre-
sence of paxilline a second EPSC peak appeared with a
delay. This may be due to a delayed release caused by a rise
in calcium entry into the nerve terminal after blockade of
BK channels with paxilline or alternatively to the activation
of a previously silent connection. Paxilline did not modify
the mean EPSCs latency.

In six additional experiments the effects of iberiotoxin
on monosynaptically connected neurones were also tested.
Two out of these neurones exhibited only successes, the
remaining four successes intermingled with failures. In
synapses exhibiting successes and failures, iberiotoxin
(50 nm) increased the success rate to both first and
second spikes (Fig. 5A). In four neurones the success rate
increased from 67 ± 5 to 96 ± 3% (EPSC1; P< 0.01), and
from 90 ± 4 to 95 ± 4% (EPSC2) (Fig. 5B). In Fig. 6A, a
neurone exhibiting only successes is represented. Addition
of iberiotoxin (50 nm) induced a strong potentiation of
EPSC1 and EPSC2 (Fig. 6A and B). While in iberiotoxin
the peak amplitude of EPSC1 increased more than 50%
with respect to control, the enhancement of EPSC2 was
less pronounced. As expected for the iberiotoxin-induced
increase in release probability, the increase in the peak
amplitude was associated with a decrease in PPR (Fig. 6D).
Overall, in six neurones the peak amplitude of EPSCs
varied significantly from 20 ± 5 to 30 ± 5 pA for EPSC1
(P< 0.005) and from 27 ± 7 to 31 ± 8 pA for EPSC2
(Fig. 6C). Similarly to paxilline, the effect of iberiotoxin
on EPSC amplitude was associated with a significant
(P< 0.05) reduction in PPR from 1.4 ± 0.2 to 0.9 ± 0.5
(n = 6; Fig. 6D).

Discussion

The results presented in this study provide evidence
that BK channels control transmitter release under basal
conditions at CA3–CA3 connections in rat hippocampal
slice cultures. We found that, in CA3 pyramidal neurones,
both iberiotoxin and paxilline were able to increase the
frequency but not the amplitude of spontaneous, action
potential-dependent EPSCs. Moreover, broadening the
action potential in presynaptic neurones with paxilline or
iberiotoxin enhanced the probability of transmitter release
and synaptic strength in target cells. Although evidence for

distinct BK channel subtypes at soma and terminals has
been provided for neurosecretory neurones (Dopico et al.
1999), an indirect estimate of how spike repolarization and
presynaptic firing affect transmitter release and synaptic
efficacy can be inferred with simultaneous recordings from
two synaptically connected neurones, particularly in those
cases in which the small size of presynaptic nerve endings
precludes direct measurements with patch pipettes.

BK channels are widely expressed in the CNS and in
the hippocampus. In this region receptor autoradiography
and immunocytochemistry have revealed the highest level
of protein expression in the middle and outer molecular
layers of the dentate gyrus and in the mossy fibre pathway
(Knaus et al. 1996; Wanner et al. 1999). Lower but still

Figure 6. At high probability synapses, iberiotoxin increases the
amplitude of EPSC1 and EPSC2
A, pairs of seven EPSCs recorded from the postsynaptic cell in control
(left) and in the presence of iberiotoxin (right) are superimposed in the
upper traces. Average EPSCs are represented in the lower traces. B,
time course of the peak amplitude of the first ( ❡) and second (•)
EPSCs recorded from the cell shown in A. C, summary data from 6
cells showing mean amplitude of EPSC1 and EPSC2 in control (open
column) and in the presence of iberiotoxin (filled column). D, mean
PPR obtained in 6 neurones under control conditions (open column)
and during application of iberiotoxin (filled column). ∗ P < 0.05;
∗∗ P < 0.005.
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significant levels have been found in stratum oriens and
stratum radiatum (Wanner et al. 1999) within the terminal
areas, suggesting a functional role of these channels
in regulating transmitter release. Further evidence in
favour of a presynaptic localization of BK channels is
given by the experiments of Hu et al. (2001). Using
double labelling immunogold analysis with BK channel
and glutamate receptor antibodies, these authors have
demonstrated that the pore-forming BK channel subunits
are primarily targeted to presynaptic membranes of CA1
glutamatergic synapses where they face the synaptic cleft.
Interestingly, CA3 pyramidal cells give rise to the Schaffer
collaterals, which form the majority of glutamatergic axons
projecting to CA1 stratum radiatum, and to collaterals
which synapse on neighbouring CA3 pyramidal cells
(CA3–CA3 connections). Therefore, although the pre-
sent experiments were performed on hippocampal slice
cultures, which express higher levels of connectivity
compared to acute slices (De Simoni et al. 2003), it is
likely that the synapses under examination were formed by
collateral of the same axons where presynaptic BK channels
have been identified (Hu et al. 2001).

BK channels contribute to action potential
repolarization

In the CA1 region of the hippocampus, blocking
calcium entry or rapidly chelating intracellular calcium
significantly slows down the repolarization of the
action potential, suggesting a prominent role for
calcium-activated potassium currents in action potential
repolarization (Storm, 1987a,b; Poolos & Johnston, 1999;
Shao et al. 1999). Further experiments using selective BK
channel blockers provided evidence that BK channels are
indeed involved in spike repolarization (Adams et al. 1982;
Lancaster & Nicoll, 1987; Storm, 1987b; Schwindt et al.
1988; Shao et al. 1999). Our experiments with paxilline
and iberiotoxin confirm and extend to CA3 pyramidal
cells previous data on spike broadening obtained on
the CA1 hippocampal region. Additionally, the effect
of iberiotoxin suggests that the BK channels involved
in spike repolarization in CA3 neurones are unlikely
to contain the β4 subunit, which is expressed in the
hippocamapal formation and confers resistance to the
block by iberiotoxin and charybdotoxin (Meera et al. 2000;
Weiger et al. 2000). Moreover, the results obtained with
bursts of spikes elicited at 50 Hz suggest, in agreement
with a previous report on CA1 pyramidal cells (Shao
et al. 1999), that fast inactivation of a transient BK-
channel current account for frequency-dependent spike
broadening of the first few spikes. Such inactivation

might be linked to the presence of BK channel β sub-
units conferring an inactivating behaviour to the channels,
such as for example β2 (Wallner et al. 1999), although its
expression in rat CA3 neurones has not been specifically
assessed. As a consequence, during high frequency
bursts BK channels would affect transmitter release pre-
dominantly during the first two or three spikes even if
calcium accumulation can be enhanced by high frequency
stimulation.

BK channels modulate the spontaneous release of
glutamate

As shown in the cerebellum at granule cell–Purkinje
cell synapses, a slight broadening of the presynaptic
action potential caused by low concentrations of
tetraethylammonium modestly increased presynaptic
calcium fluxes that in turn led to a greatly enhanced
transmitter release (Sabatini & Regehr, 1997). Therefore
presynaptic spike broadening may be crucial for the
enhancement in frequency of synaptic currents. Indeed,
the present experiments show that both iberiotoxin and
paxilline are able to enhance transmitter release, as
suggested by the increase in frequency of spontaneous,
action potential-dependent synaptic activity. These data
are similar to those obtained at the neuromuscular
junction using iberiotoxin and charybdotoxin, another BK
channel blocker (Robitaille & Charlton, 1992; Robitaille
et al. 1993). The increase in frequency but not in amplitude
of spontaneous EPSCs suggests a presynaptic site of action
of the drugs. We cannot rule out the possibility that
the observed appearance of delayed EPSCs caused by
iberiotoxin or paxilline may be influenced by changes in
network properties. Moreover, the observed paxilline- and
iberiotoxin-induced potentiation of spontaneously action
potential-dependent EPSCs, but not miniature EPSCs, is
consistent with the hypothesis of a presynaptic mechanism
of action, and also indicates that BK channels regulate
action potential waveform but do not interfere directly
with the release machinery.

BK channels modulate the evoked release of
glutamate

Our data on paired recordings from interconnected cells
clearly show that blocking BK channels with paxilline
or iberiotoxin increases synaptic efficacy both at low
and high probability synapses. The effect of these drugs
on EPSCs was presynaptic in origin, as shown by the
decrease in transmitter failures and paired-pulse ratio,
which are considered traditional indexes of presynaptic
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modifications (Katz, 1969; Zucker, 1989). In particular,
at CA3–CA3 synapses, the PPR is inversely related to
the initial release probability (Dobrunz & Stevens, 1997).
Thus, it is likely that the observed reduction in PPR reflects
an increased number of quanta delivered simultaneously
by a single nerve pulse. In line with an increased
probability of release following blockade of BK channels
with paxilline or iberiotoxin is the appearance in some
patches of delayed responses with multiple peaks that
could be due to the activation of previously presynaptically
‘silent’ connections (see Gasparini et al. 2000; Saviane et al.
2003). In this respect, our data confirm previous work
on the neuromuscular junction, where a clear increase
in transmitter release was observed after BK channel
block under normal experimental conditions (Robitaille
& Charlton, 1992; Robitaille et al. 1993; Blundon et al.
1995).

Although we cannot exclude the possibility that at
axon terminals the shape of action potentials differs
from the soma (Geiger & Jonas, 2000), the present data
clearly show that a small modification in spike width
(induced by BK channel blockers) is associated with a
large increase in transmitter release. This is in line with
the observation of Sabatini & Regehr (1997) that found a
supralinear relationship between calcium influx and EPSC
amplitude. This relationship can be influenced by several
factors including the properties of presynaptic calcium
channels, calcium sensitivity of the release machinery
and localization of calcium channels with respect to BK
channels.

We also considered the possibility that BK channels
regulate axonal conduction as reported for A-type
potassium channels (Debanne et al. 1997). Thus, blocking
BK channels with paxilline or iberiotoxin would facilitate
release by removing propagation failures at axonal
branches. Although this type of mechanism cannot be
completely ruled out, it seems unlikely. In the pre-
sent experiments, the observation that on average the
amplitude of the second EPSCs was similar, whether or
not this was preceded by a failure or a success, is consistent
with real transmitter failures and not conduction failures.
In the case of a conduction failure in fact, no residual
calcium would have been accumulated into the cell, thus
precluding facilitation of a second response, following the
arrival of a second spike (Zucker, 1989). Therefore, on
average the second responses would have been smaller
in comparison to those occurring after successes. This
suggests that in the majority of the cases the action
potential did not fail to invade the axon terminal. In line
with this observation it has recently been found that,

at low frequency of stimulation (1 Hz), conduction of
individual action potentials travelling along single CA3-
to-CA1 axon branches is highly reliable, with almost no
failures (Raastad & Shepherd, 2003). It should be stressed
that while CA3 axonal branches are among the thinnest
in the nervous system, with high axial resistance, which
favours propagation failures (Shepherd & Harris, 1998), in
paired-pulse experiments, failures started appearing when
the spike interval was shorter than 20 ms, much shorter
than that used in the present experiments (50 ms; Raastad
& Shepherd, 2003).

In previous work it was shown that BK channels
localized on presynaptic active zones are recruited only
in extreme or rare conditions of enhanced calcium
accumulation in presynaptic terminals, such as those
occurring during application of 4-aminopyridine (Hu
et al. 2001). Under these conditions, they would act
as an ‘emergency brake’, which protects against hyper-
activity, particularly in pathological conditions, such as
brain ischaemia and epilepsy (Runden-Pran et al. 2002).
In contrast with Hu et al. (2001), we found that BK
channels are also functional in basal conditions. This
apparent discrepancy may depend on the different synapse
studied and/or on the different preparation used (acute
hippocampal slices versus organotypic cultures). While
in Hu et al. (2001) the effects of BK channel blockers
were studied on CA3–CA1 synapses, the present work
was performed on CA3–CA3 synapses. Thus, we cannot
exclude the possibility that collaterals of the same axon
may have different functional properties according to
the targets they innervate (see Scanziani et al. 1998).
Therefore, BK channels localized on collaterals projecting
to CA3 neurones may differ from those localized on
Schaffer collateral.

Moreover, according to recently published papers
(Gähwiler et al. 1997; De Simoni et al. 2003) acute slices are
similar to organotypic slices cultured for 1, 2 or 3 weeks.
In organotypic slices, however, an increase in frequency of
excitatory miniature postsynaptic currents occurs during
the first week and is probably related to an increased level
of complexity of high order dendritic branching. In slices
cultured for more than 1 week, as those used in the pre-
sent experiments, the development continues in both pre-
parations at similar rates.

In conclusion, the present data clearly show that in
hippocampal slice cultures at CA3–CA3 synapses, BK
channels regulate action potential repolarization and
calcium entry at the somatic level. Moreover, they provide
indirect evidence that BK channels contribute to modulate
transmitter release also at nerve terminals.

C© The Physiological Society 2004



156 G. Raffaelli and others J Physiol 557.1

References

Adams PR, Constanti A, Brown DA & Clark RB (1982).
Intracellular Ca2+ activates a fast voltage-sensitive K+

current in vertebrate sympathetic neurones. Nature 296,
746–749.

Blundon JA, Wright SN, Brodwick MS & Bittner GD (1995).
Presynaptic calcium-activated potassium channels and
calcium channels at a crayfish neuromuscular junction.
J Neurophysiol 73, 178–189.

Candia S, Garcia ML & Latorre R (1992). Mode of action of
iberiotoxin, a potent blocker of the large conductance
Ca2+-activated K+ channel. Biophys J 63, 583–590.

Clements JD & Bekkers JM (1997). Detection of spontaneous
synaptic events with an optimally scaled template. Biophys J
73, 220–229.

De Simoni A, Griesinger CB & Edwards FA (2003).
Development of rat CA1 neurones in acute versus
organotypic slices: role of experience in synaptic
morphology and activity. J Physiol 550, 135–147.

Debanne D, Guerineau NC, Gähwiler BH & Thompson SM
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