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Large-conductance Ca2�-activated K� channels (BK, also
called Maxi-K or Slo channels) are widespread in the vertebrate
nervous system, but their functional roles in synaptic transmis-
sion in the mammalian brain are largely unknown. By combining
electrophysiology and immunogold cytochemistry, we demon-
strate the existence of functional BK channels in presynaptic
terminals in the hippocampus and compare their functional
roles in somata and terminals of CA3 pyramidal cells. Double-
labeling immunogold analysis with BK channel and glutamate
receptor antibodies indicated that BK channels are targeted to
the presynaptic membrane facing the synaptic cleft in terminals
of Schaffer collaterals in stratum radiatum. Whole-cell, intracel-
lular, and field-potential recordings from CA1 pyramidal cells
showed that the presynaptic BK channels are activated by
calcium influx and can contribute to repolarization of the pre-
synaptic action potential (AP) and negative feedback control of

Ca2� influx and transmitter release. This was observed in the
presence of 4-aminopyridine (4-AP, 40–100 �M), which broad-
ened the presynaptic compound action potential. In contrast,
the presynaptic BK channels did not contribute significantly to
regulation of action potentials or transmitter release under
basal experimental conditions, i.e., without 4-AP, even at high
stimulation frequencies. This is unlike the situation in the parent
cell bodies (CA3 pyramidal cells), where BK channels contrib-
ute strongly to action potential repolarization. These results
indicate that the functional role of BK channels depends on
their subcellular localization.
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Large-conductance Ca2�-activated K� channels (BK, also called
Maxi-K or Slo channels) are found in neurons throughout the
vertebrate nervous system (Hille, 1992; Knaus et al., 1996), but
their functional roles in the brain are largely unknown (Storm,
1990; Sah, 1996; Vergara et al., 1998). In particular, it is not
known whether functional BK channels exist in presynaptic ter-
minals and whether they contribute to presynaptic action poten-
tial (AP) repolarization and control of transmitter release in the
CNS. It seems plausible that they may do so, because BK channels
are known to repolarize action potentials in certain peripheral
nerve terminals (Robitaille et al., 1993; Blundon et al., 1995) and
in some central neuronal somata (Storm, 1990; Sah, 1996; Shao et
al., 1999), and to control secretion in gland cells (Petersen and
Maruyama, 1984; Lingle et al., 1996).

Being both voltage and Ca2� sensitive, BK channels seem well
suited for negative feedback regulation of the Ca2� influx and,

hence, of transmitter release (Storm, 1987a; Robitaille et al.,
1993). If present in presynaptic terminals, BK channels could
activate during the action potential and accelerate its repolariza-
tion, as in neuronal somata (Adams et al., 1982; Storm, 1987a,b;
Takahashi, 1990; Vergara et al., 1998; Shao et al., 1999). Thus,
presynaptic BK channels would curtail the opening of voltage-
gated Ca2� channels during the spike, thereby reducing Ca2�

influx and transmitter secretion. Such a mechanism may regulate
transmission during variations in the intra-terminal calcium con-
centration ([Ca2�]i) or membrane potential, and could provide
an “emergency brake” under conditions that cause excessive
depolarization and Ca2� accumulation in the terminals, e.g.,
brain ischemia or epilepsy.

Light microscopic (LM) data indicate that BK channels are
widely expressed in the rat brain, with high levels in the cerebral
cortex and hippocampus (Knaus et al., 1996; Wanner et al., 1999).
By combining data from immunocytochemistry, in situ hybridiza-
tion, and radioligand binding, it was inferred that many BK
channels are probably targeted to axons and nerve terminals
(Knaus et al., 1996; Wanner et al., 1999). However, with the
limited resolution of LM it was not possible to determine whether
BK channels are located in the presynaptic or postsynaptic mem-
brane, nor was it possible to determine their distribution with
respect to the synaptic cleft and release sites.

The goal of the present study was to test whether functional BK
channels exist in presynaptic terminals and regulate transmitter
release in brain synapses. We chose to study glutamatergic spine
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synapses in stratum radiatum of the CA1 area for the following
reasons: (1) these synapses are rather typical cortical excitatory
synapses; (2) the CA1 stratum radiatum contains a high density of
BK channels [LM data: Knaus et al.(1996), Wanner et al. (1999)];
(3) BK channels repolarize spikes in CA1 pyramidal somata
(Lancaster and Nicoll, 1987; Storm, 1987a,b, 1990; Shao et al.,
1999); and (4) the stratified structure of the CA1 area facilitates
recording of presynaptic and postsynaptic responses and identifi-
cation of synapses by electron microscopy.

Our data indicate that functional BK channels exist in the
presynaptic membrane facing the synaptic cleft and can regulate
transmitter release. Furthermore, the functional role of BK chan-
nels differs between somata and terminals, indicating that their
function depends on their subcellular localization.

Some of these results have been published previously in ab-
stract form (Shao and Storm, 1997; Storm et al., 2001).

MATERIALS AND METHODS
Subjects. Male Wistar rats (Möllegaard, Ejby, Denmark) were deeply
anesthetized with halothane before decapitation or fixation. Adult rats
(6–10 weeks old) were used for morphological studies; 4- to 6-week-old
rats were used for electrophysiology experiments. The care and use of
animals were in accordance with institutional guidelines.

Antibodies for immunogold analysis. An antibody directed against res-
idues 913–926 of the BK channel �-subunit was affinity purified as
described previously (Knaus et al., 1996). The NMDA receptor antibod-
ies (recognizing the C-terminal amino acids of NMDAR1 and
NMDAR2A/B, respectively) were generously supplied by Dr. R. J.
Wenthold (NIH, Bethesda, MD). All antibodies have been extensively
characterized (Petralia et al., 1994a,b; Knaus et al., 1996)

Tissue preparation for electron microscopy. Five adult male Wistar rats
(250–300 gm; Möllegaard) were deeply anesthetized by intraperitoneal
injection of midazolam, fentanyl citrate, and fluanisone (3.8, 0.24, and 7.5
mg/kg body weight, respectively), before transcardial perfusion with 4%
formaldehyde and 0.1 or 0.5% glutaraldehyde at pH 7.4 (Matsubara et al.,
1996). Tissue blocks from the CA1 region of the hippocampus were
freeze-substituted and embedded at low temperature in Lowicryl HM20
(Takumi et al., 1999).

Postembedding immunocytochemistry. Ultrathin sections (70–90 nm)
were mounted on uncoated or Formvar-coated mesh grids and processed
for immunogold cytochemistry (Matsubara et al., 1996). The sections
were first immersed in a saturated solution of NaOH in absolute ethanol
for 2–3 sec and then incubated in the following solutions (at room
temperature): (1) 50 mM glycine in Tris buffer (5 mM) or phosphate
buffer (20 mM), containing 50 mM NaCl and 0.1% Triton X-100 (T/PNT;
10 min), (2) 4% fish skin gelatin and 1% human serum albumin in T/PNT
(blocking solution, 10 min), (3) affinity-purified anti-�(913–926) (Knaus et
al., 1996) diluted 1:600 in the blocking solution overnight, (4) blocking
solution (10 min), and (5) goat anti-rabbit Fab fragments coupled to 10
nm gold particles (GFAR10; British BioCell International, Cardiff, UK)
diluted 1:30 in the blocking solution (2 hr). The sections were then rinsed
in double-distilled water, dried, and subjected to formaldehyde vapor at
80°C for 1 hr (Ottersen et al., 1992). The sections were then subjected to
a second immunogold incubation, using the same steps as above but with
different primary antibodies (mixture of anti-NMDAR1 and anti-
NMDAR2A/B, final concentrations 2.3 and 5.0 �g/ml, respectively) and
gold reagents (15 nm goat anti-rabbit IgG diluted 1:20). The sections
were counterstained and examined in a Philips CM 10 transmission
electron microscope. Preabsorption of the antibodies with excess immu-
nizing peptide removed all labeling.

Sampling and analysis of the EM data. Electron micrographs were taken
from stratum radiatum of CA1b of the dorsal hippocampus (approximate
anteroposterior level �3.0 mm) (Paxinos and Watson, 1998). Because
symmetric synapses were virtually devoid of labeling, the sampling was
restricted to asymmetric synapses with spines or dendritic stems. Only
synapses with a distinct and well delimited postsynaptic density were
included in the quantitative analysis. The distance between the gold par-
ticles and the outer margin of the presynaptic or postsynaptic membrane
was measured in micrographs with a final magnification of �100,000�
(verified by use of a calibration grid). Histograms and curves were pro-
duced by commercial software (SPSS by SPSS Inc.; bin width 8 nm).

Slice preparation for electrophysiology. Young male rats (4–6 weeks old)
were deeply anesthetized with halothane before decapitation. Transverse
hippocampal slices (400 �M thick) were prepared with a vibratome and
maintained in an interface chamber filled with artificial CSF (ACSF)
containing (in mM): 125 NaCl, 25 NaHCO3, 1.25 KCl, 1.25 KH2PO4, 1.5
MgCl2, 1.0 CaCl2, 16 glucose, and saturated with 95% O2/5% CO2.

Recording and stimulation conditions. During the recordings, the slices
were kept submerged in a chamber perfused with ACSF of the compo-
sition described above, except that the CaCl2 concentration was 2 mM.
The ACSF was saturated with 95% O2/5% CO2 and heated to 34–36°C
(whole-cell recordings: see Figs. 3, 4, 6, 9D) or 29–31°C (extracellular
and sharp electrode intracellular recordings: see Figs. 5, 7, 9 A, B, 10).
Some experiments were also performed at room temperature (20–24°C).
There was �1°C change during each recording. Bicuculline free base (10
�M) and DL-2-amino-5-phosphonopentanoic acid (DL-AP5; 100–200 �M)
were routinely added to the medium to block inhibitory synaptic trans-
mission and to prevent long-term potentiation (LTP) or long-term de-
pression (LTD) mediated by NMDA-type glutamate receptors. Excita-
tory fibers were activated by electrical stimulation with a monopolar
electrode (glass pipette filled with saline, or sharpened tungsten) placed
in the middle of stratum radiatum of the CA1 area �100 �m from the site
of recording (stimulation intensity: 100 �sec, 50–200 �A). In most
experiments, trains of stimuli (two to five stimuli at 10–100 Hz) were
delivered once every 30–60 sec.

Extracellular field potential recording. Extracellular field potentials
were recorded with a glass micropipette (filled with extracellular me-
dium) that was placed in the middle of stratum radiatum of CA1. The
electrical stimulation elicited compound action potentials from the pre-
synaptic axons (fiber volley) followed by field EPSPs (fEPSPs). In exper-
iments designed for measuring only the fiber volley, 20–100 �M DNQX
(in addition to DL-AP5 and bicuculline, see above) was added to the
ACSF to eliminate the fEPSPs, which might otherwise contaminate the
fiber volley and mediate epileptiform activity after K � channel blockade
by 4-AP. In a few experiments, the concentration of CaCl2 was raised to
4.0 mM (see Results). Only experiments with stable fEPSP and fiber
volley responses before drug application were included in the analysis.

Whole-cell and intracellular recording. Whole-cell gigaseal recordings
were obtained from CA1 pyramidal cells using the “blind” method. The
patch pipettes were filled with a solution containing (in mM): 140
KMeSO4, 10 HEPES, 10 phosphocreatine Na salt, 2 ATP Na salt, 0.4
GTP Na salt, and 2 MgCl2, resulting in a pipette resistance of 4–7 M�.
In some experiments, 10 mM BAPTA and 0–4.87 mM CaCl2 were added
into the pipette solution. The cells were recorded with an Axoclamp 2A
amplifier (Axon Instruments, Foster City, CA) in the current-clamp
bridge mode. The series resistance was 10–26 M�, and all potentials
were corrected for the junction potential (�10 mV). Sharp microelec-
trodes were filled with 2 M potassium acetate (resistance 60–100 M�, pH
7.25). Intracellular recordings from somata of CA1 pyramidal cells were
performed with an Axoclamp 2A amplifier (Axon Instruments) in
current-clamp bridge mode (3 kHz low-pass filter). EPSPs were evoked
by stimulating stratum radiatum of the CA1 area as described above. In
addition, action potentials were elicited by a 50 msec depolarizing cur-
rent injection (0.1–1 nA) once every 30 sec. Only cells with a stable
resting membrane potential more negative than �60 mV and stable
EPSP and action potential amplitudes were used for recording. To keep
the conditions constant during the measurements, the cell membrane
potential was manually clamped at a fixed potential near the resting
potential for each cell (�65 to �70 mV).

Data acquisition, storage, and analysis. The data were acquired using
pCLAMP 7.0 (Axon Instruments) at a sampling rate of 10 kHz and also
digitized and stored on videotapes (Instrutec VR-10) and measured and
plotted using pCLAMP 7.0 and Origin 5.0 (Microcal). Values are ex-
pressed as mean � SEM. Two-tailed paired Student’s t test was used for
statistical analysis (� � 0.05). The p values are given in the figure
legends.

Pharmacology of BK channels expressed in Chinese hamster ovary cells.
Chinese hamster ovary (CHO) cells were transfected with cDNAs coding
for hSlo� and hSlo�4 subunits and green fluorescent protein (GFP) as
described by Behrens et al. (2000). The cDNA ratios were slo�/hSlo�4/
GFP � 2:5:3. This corresponds to a 7.5 molar hSlo�4 cDNA excess over
hSlo�, ensuring that hSlo�4-containing heteromultimers were the dom-
inant channel type expressed. This was also confirmed by the kinetics of
the recorded current, which was characteristic for �/�4 (Behrens et al.,
2000). Current measurements at �80 mV were performed in the inside-
out configuration of the patch-clamp technique, 12–24 hr after transfec-
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tion, as described (Behrens et al., 2000). Ca 2� concentration was ad-
justed to 11.0 �M. The concentrations were measured with ratiometric
Ca 2� indicators Fura-2 and BTC (Molecular Probes, Leiden, The Neth-
erlands). From a holding potential of 0 mV, a 100 msec hyperpolarizing
prepulse to �140 mV was given before application of a 500 msec test
pulse to �80 mV.

Chemicals and drugs. Iberiotoxin (IbTX) was produced by recombi-
nant means in an Escherichia coli expression system and purified as
described previously (Knaus et al., 1996). Some IbTX was also purchased
from Peptide Institute (Tokyo, Japan). Paxilline was obtained from
Sigma-Aldrich Norway AS (Oslo, Norway) and Alomone (Jerusalem,
Israel). The remaining drugs were from Sigma-Aldrich Norway AS.
Substances were bath applied by adding them to the superfusing me-
dium. When applying IbTX, bovine serum albumin was also added to
reduce peptide adhesion to the tubes and walls of the perfusion system.
Paxilline was dissolved in methanol or DMSO to obtain 10 mM stock
solutions that were diluted in the extracellular medium to a final con-
centration of methanol or DMSO �1:1000. Paxilline solutions were
protected from light during preparation and experiments.

RESULTS
Immunogold analysis of BK channel distribution in
hippocampal excitatory synapses
Pilot immunogold labeling experiments indicated that the BK
channels were concentrated at synapses, mostly at asymmetric
synapses with spines or dendritic stems (Fig. 1). Symmetric syn-
apses at dendrites or pyramidal cell somata were rarely labeled.
These initial observations raised two questions. (1) Are BK
channels associated with glutamatergic synapses? (2) If so, are the
BK channels expressed at presynaptic or postsynaptic mem-
branes, or both? To resolve these issues we ran double-labeling
experiments using small particles (10 nm) to identify BK channels
and larger ones (15 nm) to identify NMDA receptors. Previous
evidence indicates that NMDA receptors (but not AMPA recep-
tors) are present in all asymmetric synapses on spines in the
stratum radiatum and that the presynaptic elements in these
synapses are enriched with glutamate (Takumi et al., 1999). Thus,
the NMDA receptor should serve as a good marker of putative
glutamatergic synapses.

The double-labeling experiments showed that particles signal-
ing BK channels were often close to particles signaling NMDA
receptors (Fig. 1A,B,E,G–I), supporting the idea that BK chan-
nels are associated with glutamatergic synapses. Some BK-
immunopositive, asymmetric spine synapses were NMDA recep-
tor immunonegative (Fig. 1C,D,F), but this is likely attributable
to the inevitable reduction in sensitivity that follows the applica-
tion of double-labeling protocols (Takumi et al., 1999).

The synaptic cleft separating the presynaptic and postsynaptic
membranes was �12 nm wide in our material (average of 30
synapses; data not shown). Because a gold particle may end up as
far as 30 nm from its epitope (Matsubara et al., 1996), reflecting
the sizes of the interposed immunoglobulins or Fab fragments, it
is impossible to attribute each individual particle to either the
presynaptic or postsynaptic membrane. To resolve whether BK
channels are expressed primarily presynaptically or postsynapti-
cally, we therefore recorded the particle distribution along an axis
perpendicular to the synaptic specialization. If the BK channels
are exclusively postsynaptic, the particle distribution would be
expected to show a peak that coincides with the peak of NMDA
receptor immunoreactivity, previously shown to be restricted to
the postsynaptic membrane (Takumi et al., 1999). In contrast, if
the BK channels are mainly or exclusively presynaptic, one would
predict that the gold particle distribution would peak further
toward the presynaptic side.

Using the outer margin of the postsynaptic membrane as ref-

erence, the double-labeled preparations (Fig. 1) showed two
distinct peaks (Fig. 2C) with a peak-to-peak distance of 17 nm (at
�5 and 12 nm; postsynaptic negative). The difference between
the means was statistically significant at p � 0.0001 (Fig. 2, see
legend).

Because of variations in the width of the synaptic cleft and in
the alignment of the synaptic membranes at the cut surface of the
sections (where the epitopes are exposed for labeling), the exact
location of the BK immunogold peak relative to the presynaptic
membrane cannot be precisely determined by using the postsyn-
aptic membrane as reference. Therefore, a second analysis was
performed, this time with the outer margin of the presynaptic
membrane as a line of reference. The distribution of BK immu-
nogold particles showed a peak at �4 nm (Fig. 2D), i.e., directly
overlying the presynaptic membrane.

Although the peak was presynaptic to the reference line, the
tail of the BK immunogold distribution extended farther than 20
nm in the postsynaptic direction, i.e., beyond the postsynaptic
specialization (Fig. 2D). To resolve whether this tail could be
explained by the length of the antibody “bridge” (see above), we
made a corresponding analysis of the BK immunogold particles
associated with the nerve terminal membrane lateral to the active
zone. The solid and dashed curves in Figure 2D (representing the
active zone and extrasynaptic membrane domains, respectively)
turned out to be almost identical with respect to peak and shape.
These data are compatible with the idea that the BK channels are
exclusively presynaptic.

To allow direct comparison, the curves representing nerve
terminal membrane domains were based on normalized values.
However, it should be noted that the gold particle number per
micrometer plasma membrane was far lower lateral to the active
zone than in the active zone itself (0.26 vs 7.0 particles per
micrometer). There was no evidence of a heterogeneous distri-
bution of particles within the active zone, although an accurate
analysis of this issue would require serial sections. The particle
density over extrasynaptic spine membranes was close to zero and
did not differ significantly from that over astrocytic plasma mem-
branes (defined as the background value).

Taken together, these results indicate that BK channel
�-subunits are targeted to the presynaptic active zone of hip-
pocampal glutamatergic synapses.

Effects of BK channel blockade on synaptic
transmission under conditions that promote BK
channel activation
Having established the existence of BK channel �-subunits in the
presynaptic membrane of CA1 synapses, we tested whether these
subunits form functional presynaptic BK channels that can con-
trol transmitter release.

EPSPs were evoked by stimulation of presynaptic axons in the
CA1 stratum radiatum in rat hippocampal slices. First, to test
whether functional presynaptic BK channels are present, we
added 4-AP (100 �M) to the extracellular medium. By blocking
voltage-gated K� channels (but sparing BK channels), 4-AP
broadens the presynaptic action potential (Haas et al., 1983). This
manipulation is expected to promote BK channel activation by
prolonging the depolarization and increasing the Ca2� influx
produced by each action potential (Qian and Saggau, 1999).
[Higher doses of 4-AP have been reported to also affect Ca2�

homeostasis in other ways, but there is no evidence for such an
effect at 100 �M (Grimaldi et al., 2001)]. Blockers of NMDA and
GABAA receptors were routinely added to the bath to suppress
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GABAergic inhibition and NMDA receptor-dependent synaptic
plasticity.

Whole-cell voltage recordings were obtained from CA1 pyra-
midal cells. EPSPs were evoked by paired-pulse stimulation of
presynaptic fibers in the stratum radiatum. Meanwhile, somatic
APs were triggered by injecting depolarizing current pulses (Fig.
3A). Bath application of 100 �M 4-AP enhanced the EPSP am-
plitude and broadened the AP (Storm, 1987b). Subsequent appli-
cation of the specific BK channel blocker IbTX (60–100 nM)
strongly increased the EPSP amplitude (Fig. 3A,C–E). In paral-
lel, IbTX blocked the fast afterhyperpolarization (fAHP) and
slowed the repolarization of the somatic AP of the postsynaptic
cell (Fig. 3B,H,I). The toxin had no effect on the resting poten-
tial, input resistance, or AP amplitude (Fig. 3B). Finally, bath
application of the AMPA-type glutamate receptor antagonist
6,7-dinitroquinoxaline-2,3-dione (DNQX; 20 �M) fully blocked
the EPSPs that had been enhanced by IbTX (n � 5; data not
shown) (see Figs. 5A, 7A). These results indicate that BK chan-
nels can regulate glutamatergic synaptic transmission in CA1
pyramidal neurons.

To test whether the effect of IbTX was caused by presynaptic or
postsynaptic BK channels, we plotted the paired-pulse facilitation
(PPF) ratio (PPR), i.e., the ratio between the amplitudes of the
second and first EPSPs in the pair. IbTX reliably reduced the
PPR (Fig. 3F,G), consistent with an IbTX-induced increase in
the probability of transmitter release (Zucker, 1989), i.e., an effect
mediated by presynaptic BK channels.

It should be noted, however, that the effect of presynaptic BK
channels on PPF is likely to be complex. Because BK channel
activation will be enhanced by the presynaptic [Ca2�]i accumu-
lation underlying PPF (Zucker, 1989), the BK current should
tend to shorten the second AP and curtail the resulting Ca2�

influx and release to a larger extent than for the first AP, thus
reducing PPF. On the other hand, the BK channels could indi-
rectly enhance PPF in two ways: (1) by limiting the [Ca2�]i

accumulation that underlies PPF (because the BK current short-
ens the first AP and reduces Ca2� influx) and (2) by limiting
transmitter depletion in response to the first AP (because the
BK-induced reduction in Ca2� influx also reduces release), thus
reducing the depression that counteracts PPF (Zucker, 1989).
Therefore, the observed change in PPF is probably the net effect
of competing mechanisms, i.e., probably an underestimate of the
real impact of the presynaptic BK channels in transmission.

To test more directly whether the effect of IbTX was caused by
to presynaptic or postsynaptic BK channels, we prevented the
activation of postsynaptic BK channels by loading the target cell
with the fast Ca2� chelator BAPTA (10 mM in the whole-cell
recording pipette) (Fig. 4). In the BAPTA-loaded cells the AP
was already broadened and the fAHP fully blocked within a few
minutes of recording (Fig. 4A), confirming that BAPTA effec-
tively prevented activation of the postsynaptic BK channels, as
reported previously (Lancaster and Nicoll, 1987; Storm, 1987a).
(The BAPTA-induced spike broadening was often more pro-
nounced than with IbTX, suggesting that BAPTA may also affect

Figure 1. Electron micrographs showing the distribution of BK channels
(first incubation, 10 nm particles) and NMDA receptors (second incuba-
tion, 15 nm particles) in double-labeled sections from the stratum radia-
tum of CA1. A, B, E, G, H, I, Both gold particle sizes are accumulated at
asymmetric synapses (arrowheads). Small particles signaling BK channels
are generally located presynaptic to the large particles signaling NMDA
receptors. BK-immunoreactive terminals ( t) are apposed to dendritic

4

spines (s in C, E, I ) or (less often) to dendritic stems (d in F, G). Particles
are found along the entire extent of the presynaptic active zone (C, D, G).
Some but not all of these synapses are immunopositive for the NMDA
receptor (compare A, C). Scale bars: 200 nm (the same bars apply to C, E,
H, I and to F and G, respectively). D is an enlarged part of C. In G, a
mitochondrion is indicated by m.
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channels other than BK.) Nevertheless, bath application of IbTX
strongly enhanced the EPSP amplitude (Fig. 4B–D) and reduced
the PPR in the BAPTA-loaded cells (Fig. 4E,F), as it did in cells
without BAPTA (Fig. 3). This result indicates that the effect of
IbTX on synaptic transmission was caused by blockade of pre-
synaptic BK channels. Similar results were obtained both with
10.0 mM BAPTA alone and with 10.0 mM BAPTA plus 4.87 mM

Ca2�, giving a calculated free [Ca2�]i of 100 nM in the intracel-
lular medium (see Materials and Methods).

Effects of BK channel blockade on presynaptic
compound action potentials
To further investigate the mechanism whereby presynaptic BK
channels can regulate synaptic transmission, we recorded extra-
cellular field potentials in the stratum radiatum of the CA1 area.
This technique has the advantage that it allows both the presyn-
aptic compound action potential (fiber volley) and the fEPSP to
be recorded (Andersen et al., 1978; Laerum and Storm, 1994).

Figure 5A shows the presynaptic fiber volley (FV) and the
fEPSP in response to stimulation of the axons in normal saline
(Control). Application of the glutamate receptor blockers DNQX
and DL-AP5 eliminated the fEPSP, leaving only the fiber volley.
Subsequent application of 4-AP (40–100 �M) broadened the
volley by slowing its decay. Figure 5B shows the fiber volley in the
presence of DNQX, DL-AP5, and 4-AP at an expanded time scale.
Application of IbTX (60 or 100 nM) slowed the late part of the
repolarization of the fiber volley, thus increasing its 90–10%
repolarization time. The average time course of the IbTX effect
is plotted in C, and the summary data for the full effect of IbTX
are shown in D (n � 8). The results indicate that after presynaptic
spike-broadening by 4-AP, IbTX further slows the repolarization
of the presynaptic AP, in particular the late part. This effect
resembles the effect of BK channel blockers in CA1 pyramidal cell
somata, where BK channels are responsible for the final spike
repolarization (Lancaster and Nicoll, 1987; Storm, 1987a,b).

To test whether calcium influx was required to activate the
presynaptic BK channels, we omitted Ca2� from the extracellular
medium and replaced it with Mn2� ions (2 mM; n � 2), added 0.5
mM Cd2� to the Ca2�-containing medium (n � 2), or combined
low [Ca2�] (0.5 mM) with high [Mg2�] (3.5 mM; n � 1). Under
each of these conditions, 100 nM IbTX had no measurable effect
on the fiber volley (n � 5; data not shown), indicating that, as in
the soma (Storm, 1987a,b), activation of this channel type re-
quires Ca2� influx, probably through voltage-activated Ca2�

channels opened by the action potential (Storm, 1987a).
Extracellular fEPSP recording in stratum radiatum also has an

advantage over somatic EPSP recordings, in that the fEPSPs are
recorded closer to their site of origin (i.e. the dendritic synapses
in stratum radiatum) and should therefore be less distorted by
ionic conductances that attenuate and modify the EPSPs on their
way from the dendrites to the soma (Hoffman et al., 1997;
Johnston et al., 1999). Therefore, to test whether IbTX can
enhance transmitter release, fEPSPs were recorded in the ab-
sence of DNQX (Fig. 5E–I), again using paired-pulse stimulation
to monitor the facilitation. Figure 5E shows a pair of fEPSPs
before and after application of 100 nM IbTX. The toxin increased
the amplitude of both fEPSPs in the pair, but the effect was largest
on the first fEPSP (EPSP1), thus reducing the PPR. The time
course of the effect is plotted in Fig. 5F (n � 5 experiments), and
summary data are plotted in G (n � 5). Figure 5, H and I, shows
that the PPR declined in response to IbTX (n � 5), in parallel

Figure 2. Quantitative analysis of gold particle distributions signaling BK
channels (B–D) and NMDA receptors (A, C, D). The particle distribution
was assessed along an axis perpendicular to the synaptic specialization
(A–D) or extrasynaptic plasma membrane (D, dashed line). The approxi-
mate extent of the synaptic cleft and postsynaptic density (hatched) is
indicated along the abscissa. Zero is defined as the outer margin of the
postsynaptic (A–C) or presynaptic (D) membrane, and gold particles lo-
cated postsynaptic to the reference line are assigned negative values.
Compared with the gold particles signaling NMDA receptors (A), those
signaling BK channels (B) are shifted in the presynaptic direction. This is
evident in C, where the histograms in A and B have been transformed into
curves. The number of gold particles is expressed in percentage to facilitate
comparison between the two distributions. The peaks are located at �5 and
�12 nm, i.e., over the postsynaptic and presynaptic membranes, respec-
tively. The means were �8.52 � 1.0 (n � 251) and 7.6 � 0.9 (n � 366; p �
0.0001), and the kurtosis values were 1.29 and 1.19. D, Distribution of gold
particles perpendicular to the presynaptic active zone (solid curves) and
perpendicular to extrasynaptic parts of the presynaptic membrane (dashed
curve). The analysis was performed exactly as in A–C except for the choice
of reference line (outer margin of presynaptic rather than postsynaptic
membrane). The BK immunogold distribution does not differ significantly
between synaptic and extrasynaptic membrane domains (peaks 4.0 and 3.9
nm; 25 percentiles �1.4 and �1.1 nm). The linear density of gold particles
in synaptic and extrasynaptic membranes was 7.0 and 0.26 particles per
micrometer, respectively (measured along 41 and 256 �m; 144 synapses).
No particles were observed along astrocyte plasma membranes (total length
of sample 30 �m). Note that the variance in NMDA receptor immunogold
distribution is larger in D than in C (506.6 vs 267.0), whereas the opposite
is true for the BK signal (143.8 vs 295.8). This reflects the variability in the
width of the synaptic cleft. Because the synaptic membranes are curved, the
epitopes accessible for immunogold labeling will show a small shift in the
postsynaptic direction relative to the reference line (hatched). Gold parti-
cles are indicated.
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with the increase in the EPSP amplitude (F) and the fiber volley
decay time (C).

Results similar to those shown in Figure 5A–D were obtained
also in experiments in which the EPSP was only partly blocked
with lower doses of DNQX (2–10 �M), thus minimizing any
possible overlap between the volley and EPSP and allowing both
the volley and the EPSPs to be followed in the same recording
(n � 3; data not shown).

These results support the hypothesis that IbTX slows the AP
repolarization in the presynaptic terminals, thereby promoting
Ca2� influx and glutamate release. In conclusion, IbTX-sensitive
BK channels can apparently contribute to presynaptic spike re-
polarization and regulation of transmitter release.

Effects of BK channel blockade on synaptic
transmission under basal conditions
Having established that functional IbTX-sensitive BK channels
exist in the glutamatergic terminals, we next asked whether these
channels regulate transmitter release under basal experimental
conditions without 4-AP. For this purpose, we again used whole-
cell recording (Fig. 6). In the absence of 4-AP, IbTX (100 nM)
had no significant effect on the EPSPs or the facilitation ratio (Fig.
6B–F). In contrast, IbTX invariably caused a characteristic spike
broadening in the postsynaptic cell (Fig. 6A,G,H), confirming
that an effective concentration of the toxin penetrated into the
slice in each experiment. [The very slight, not significant, decline
in the average EPSP amplitude that was observed during the late
part of the recordings (Fig. 6C,D) probably reflects use-
dependent transmitter depletion.] Similarly, during field potential
recordings in the CA1 stratum radiatum, in the absence of 4-AP,
there was no measurable effect of 100 nM IbTX on the fEPSPs or
the facilitation ratio (n � 8; data not shown) or on the fiber volley
(n � 5) (see Fig. 10B,D).

High-frequency stimulation
Our results with 4-AP and IbTX (Figs. 3–5) indicated that pre-
synaptic BK channels can potentially regulate transmitter release,
but that this does not occur during low-frequency stimulation
under our normal experimental conditions (Fig. 6). One possible
explanation for this observation is that BK channels may only
activate during high-frequency burst discharges, which cause
Ca2� accumulation in the presynaptic terminals. This could be
physiologically important because high-frequency bursts are a
common firing pattern in hippocampal glutamatergic neurons in
vivo (Fox and Ranck, 1981).

To test this hypothesis, we stimulated the presynaptic fibers
with trains of five stimuli at 100 Hz given once every 60 sec (Fig.
7). (Longer trains and higher frequencies were also attempted,
but they induced progressive rundown of the EPSP amplitudes.)
In field-potential recordings, each stimulus train elicited a series
of fEPSPs with progressively increasing amplitude (Fig. 7A).
There is good evidence that this facilitation is caused by cumu-
lative Ca2� accumulation in the terminals (Zucker, 1989; Wu and
Saggau, 1994), a condition that should promote BK channel
activation.

Figure 3. Effects of BK channel blockade by iberiotoxin (IbTX ) on
synaptic transmission and action potentials in CA1 pyramidal cells, after
K � channel blockade by 4-AP; whole-cell recording. A, EPSPs in re-
sponse to activation of presynaptic fibers in stratum radiatum by a pair of
electrical stimuli (arrows), recorded in the continuous presence of 100 �M
4-AP. The resting membrane potential was adjusted to �70 mV by steady
current injection, and action potential trains were evoked by injecting a
50-msec-long depolarizing current pulse ( gray box). The stimuli were
repeated once every 30 sec. Representative single traces before and after
bath application of 100 nM IbTX are shown superimposed. B, Represen-
tative records of the first action potential in trains evoked by depolarizing
current pulses, as shown in A, before and after application of 100 nM
IbTX, shown superimposed. Note the characteristic spike broadening by
IbTX. C, Typical EPSPs from a cell before and after (5 and 15 min)
application of 100 nM IbTX (average of 5 consecutive records). IbTX
caused a progressive increase in the EPSP amplitudes, until action poten-
tials were evoked. D, Summary time course of the EPSP amplitude (first
EPSP in the pair, normalized to the amplitude at the beginning of the
control period) in response to 100 nM IbTX for all whole-cell recordings
in 4-AP (n � 5 cells). Stimulation was repeated once every 30 sec, and the
average responses for 2.5 min periods are plotted. When EPSPs triggered
spikes (in IbTX), the maximal subthreshold EPSP amplitude was used. E,
Summary data (mean � SEM) of the EPSP amplitude (first EPSP in the
pair, normalized to the control period) in response to 100 nM IbTX,
showing a significant difference ( p � 0.011; n � 5 cells). F, Summary time
course of the paired-pulse ratio (PPR) (second EPSP/first EPSP, normal-
ized to the ratio during the control period) in response to 100 nM IbTX
for all whole-cell recordings (n � 5 cells). Stimulation was repeated once
every 30 sec, and the response for each 2.5 min period is plotted. G,
Summary diagram of the effect of IbTX on the PPR, showing a significant
difference ( p � 0.025; n � 5 cells). H, Time course of the spike broad-
ening caused by IbTX, expressed as the action potential 90 –10%

4

decay time, for the cell illustrated in A–C. Values are plotted for the first
action potential in each spike train, evoked every 30 sec by a depolarizing
current pulse (A, B). I, Summary data of the action potential decay time
(first spike in the train, normalized to the control period) in response to
100 nM IbTX, showing a significant difference ( p � 0.017; n � 5 cells). All
diagrams (D–I ) show mean � SEM normalized to the control period.
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Contrary to the above hypothesis, however, bath application of
IbTX (100 nM) caused no significant enhancement of any of the
fEPSPs during the train (Fig. 7B,C) (n � 5). Likewise, similar
high-frequency EPSP or EPSC trains evoked in CA1 pyramidal
cells during whole-cell recording (n � 3) or intracellular record-
ing with sharp electrodes (n � 2) were not measurably enhanced
by IbTX (60–120 nM) (Fig. 9A2,A3,B).

In a minority of the field potential (1 of 5) and intracellular
recordings (1 of 5), however, IbTX application was followed by a

small enhancement of the late EPSPs in the train, with a reason-
ably plausible time course. We do not know whether these results
reflect genuine IbTX effects, brought out by certain unknown
conditions, or whether they were merely accidental. As described
above, the other experiments, including whole-cell recordings
(n � 8), were all negative. Furthermore, in a series of pilot
experiments, we were unable to find any drug-free condition
under which effects of IbTX on EPSPs could reliably be observed,
although several parameters were varied, including different stim-
ulation frequencies (20–100 Hz), bath Ca2� concentrations (2–4

Figure 4. Effects of IbTX on synaptic transmission after postsynaptic BK
channel suppression by BAPTA, in the continuous presence of 100 �M
4-AP. A, Comparison between typical somatic action potentials (evoked
by depolarizing current injection during whole-cell recording, as in Fig.
3A) in two CA1 pyramidal cells, one recorded without BAPTA and the
other with BAPTA in the patch pipette. Note the characteristic spike
broadening and block of the fast AHP ( fAHP) caused by BAPTA. B,
Typical EPSPs from a cell before and after application of 100 nM IbTX
(average of 5 consecutive EPSP records). IbTX increased the EPSP
amplitudes. In these experiments, EPSP-evoked action potentials were
prevented by adjusting the membrane potential to �80 mV with steady
current and using moderate stimulus intensities. Thereby the full effect on
the EPSPs could be measured in the absence of spikes. C, Summary time
course of the EPSP amplitude (first EPSP in the pair) in response to 100
nM IbTX for all whole-cell recordings with BAPTA (n � 6 cells).
Simulation was repeated once every 30 sec, and each response is plotted.
The decline after 27 min may be caused by vesicle depletion. D, Summary
data for the EPSP amplitude (first EPSP in the pair) in response to 100 nM
IbTX, showing a highly significant difference ( p � 0.0096; n � 6 cells). E,
Summary time course of the paired-pulse ratio (PPR), normalized to the
control value, in response to 100 nM IbTX for all whole-cell recordings
with BAPTA (n � 6). F, Summary data for effect of 100 nM IbTX on the
PPR for all cells recorded with BAPTA, showing a significant difference
( p � 0.013; n � 6). All diagrams (D–F ) show mean � SEM, normalized
to the value during the control period.

Figure 5. Extracellular field potential recordings of the effects of IbTX
on the presynaptic compound action potential (fiber volley) and fEPSPs in
CA1 stratum radiatum. A, Fiber volley and fEPSP in response to stimu-
lation of presynaptic fibers in stratum radiatum. The glutamate receptor
blockers DNQX (20 �M) and DL-AP5 (100 �M) blocked the fEPSP, thus
isolating the fiber volley (FV ). Application of 100 �M 4-AP broadened the
fiber volley. B, Fiber volley recorded after DNQX, DL-AP5, and 4-AP (40
�M) application, as in A. Note the expanded time scale. Application of 100
nM IbTX broadened the volley further. C, Time course of the effect of
IbTX on the fiber volley in the presence of DNQX, DL-AP5, and 4-AP (40
�M) (n � 5). The FV 90–10% decay time is plotted. D, Summary of the
effect of IbTX on the fiber volley. As in C, the 90–10% decay time is
plotted (mean � SEM; n � 5 slices), showing a highly significant differ-
ence ( p � 0.0041; n � 5). E, The effect of 100 nM IbTX of the fEPSP,
recorded in 100 �M 4-AP and 100 �M DL-AP5, but without DNQX. F–I,
Time courses (F, H ) and summary diagram (G, I ) of the effect of IbTX
on the fEPSP (F, G) and PPR (H, I ) in the presence of 100 �M 4-AP, but
no DNQX. Mean � SEM for five slices. The effects of IbTX on both the
EPSP amplitude (G) and the PPR ( I ) were significant ( p � 0.046 and p �
0.0078, respectively; n � 5).
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mM), ages of animals (20 d to 3 months), and temperatures
(20–34°C).

Thus it appears, paradoxically, that IbTX-sensitive presynaptic
BK channels, although present near the release sites, do not
contribute noticeably to control of transmitter release under basal
experimental conditions.

Effects of BK channel blockade by paxilline
Recent data indicate that some BK channels, in particular those
containing the neuronal accessory subunit �4 (KCNMB4), have a
reduced sensitivity to the peptide toxins IbTX and charybdotoxin

(ChTX) (Behrens et al., 2000; Meera et al., 2000). Because �4 is
a neuronal subunit that is widely expressed in rat brain, including
the hippocampus (Behrens et al., 2000; Brenner et al., 2000;
Meera et al., 2000; Weiger et al., 2000), it is possible that �4-
containing IbTX-insensitive BK channels exist in hippocampal
presynaptic terminals. This might explain the lack of a synaptic
IbTX effect under basal conditions. Furthermore, the access of
bath-applied peptide toxins to presynaptic BK channels in the
synaptic cleft may possibly be limited by a diffusion barrier. If so,
BK channels located within or near the cleft might be less acces-
sible to IbTX than somatic BK channels, which are readily
blocked by this toxin (Fig. 3B) (Shao et al., 1999). To test for these
possibilities, we used paxilline, a potent nonpeptidyl BK channel
blocker. Because of its lipophilic nature, it can penetrate cell
membranes that are impermeable to IbTX (Knaus et al., 1994)
and would be expected to readily reach into the synaptic cleft.

Before testing paxilline in slice experiments, we needed to test
whether this drug could block IbTX-resistant �4-containing BK
channels. To this end, we coexpressed hSlo-� and hSlo-�4 sub-
units in CHO cells to produce Slo-�/�4 heteromultimeric BK
channels, as described (Behrens et al., 2000). As illustrated in
Figure 8A–C, the resulting outward current was readily and
reversibly blocked by 1 �M paxilline, with an average inhibition of
82.6% (n � 4). Similar results have recently been obtained inde-
pendently by Martin Wallner and Meera Pratap (personal com-
munication) on coexpressed hSlo-� and hslo-�4 in Xenopus oo-
cytes. Figure 8D–F shows that the Slo-�/�4 BK channels

Figure 6. In the absence of 4-AP, IbTX broadened the action potentials
but had no apparent effect on synaptic transmission and in CA1 pyramidal
cells; whole-cell recording. A, Representative records of the first action
potentials evoked by current pulses (Fig. 3A), before and after application
of 100 nM IbTX. B, EPSPs in response to paired stimulation of presyn-
aptic fibers in stratum radiatum. The resting membrane potential was
adjusted to �70 mV by steady current injection, and action potentials
were evoked by injecting a 100-msec-long depolarizing current pulse once
every 30 sec (as in Fig. 3). Representative single traces before and after
bath application of 100 nM IbTX are shown. C–D, Summary data showing
the effects of 100 nM IbTX on the EPSP amplitude (first EPSP in the pair,
normalized; n � 8 cells). Unlike in Figure 3, the EPSPs never triggered
action potentials. There was no significant effect of IbTX on the EPSP
amplitude ( p � 0.36; n � 8). E, F, Summary data showing the effects of
100 nM IbTX on the paired-pulse ratio (PPR, normalized; n � 8 cells).
There was no significant effect of IbTX on the PPR ( p � 0.079; n � 8).
G, Time course of the action potential broadening caused by 100 nM IbTX
(90–10% decay time) for the cell illustrated in A and B. Values for first
action potential in each spike train are plotted (Fig. 3A). H, Summary
diagram showing the effect of 100 nM IbTX on the action potential decay
time (first spike in the train; n � 8 cells). The effect of IbTX on the action
potential decay time was highly significant ( p � 0.000031; n � 8). All
diagrams (C–H ) show mean � SEM, normalized to the control period.

Figure 7. Effects of IbTX on high-frequency trains of fEPSPs in CA1
stratum radiatum. Extracellular field potential recordings. A, Bath appli-
cation of 100 nM IbTX failed to enhance a high-frequency (100 Hz) train
of five fEPSPs (in the absence of 4-AP). Subsequent application of 20 �M
DNQX suppressed the EPSPs, indicating that they were mediated mainly
by non-NMDA-type glutamate receptors. B, Time course of the ampli-
tude of the fifth EPSP in the train for five slices. Because the presynaptic
Ca 2� accumulation is expected to be maximal during the last (5th) fEPSP
in the train, this was chosen for plotting. However, IbTX had no apparent
effect on any of the five fEPSPs in the train (1st–5th). C, The effect of 100
nM IbTX on the first to the fifth EPSP in the 100 Hz train. Summary data
from five experiments (mean � SEM) normalized to the control period
for each of the five fEPSPs in the train; i.e., the amplitude of the first
fEPSP in the train after IbTX application is expressed in percentage of
the amplitude of the first fEPSP during the control period; the second
fEPSP in IbTX is given in percentage of the second fEPSP, and so on.
IbTX did not cause any significant increase of any of the five EPSPs in the
train. Actually, the third and fourth EPSPs in the train were reduced in
amplitude after IbTX application ( p � 0.027 and 0.0022, respectively),
probably because of rundown ( p values for the 1st, 2nd, and 5th EPSP �
0.33, 0.060, and 0.073, respectively; n � 5 slices).
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expressed in the CHO cells were resistant to both scorpion toxins,
IbTX (100 nM) and ChTX (100 nM), but were fully blocked by
tetraethylammonium (TEA, 5 mM). This is in accordance with
the pharmacological properties that are typical of Slo-�/�4 het-

eromultimeric BK channels (Behrens et al., 2000; Meera et al.,
2000).

Figure 9 illustrates the results of experiments with paxilline in
hippocampal slices. Because pilot experiments using sharp elec-
trode intracellular recordings from CA1 cells in slices from adult
rats yielded some seemingly promising results with paxilline
(L.-R. Shao and J. F. Storm, unpublished observations), we used

Figure 8. The effect of paxilline and scorpion toxins (IbTX and ChTX)
on BK channels containing the �4-subunits, expressed in a mammalian
cell line. CHO cells were transfected with cDNAs coding for hSlo� and
for hSlo�4 subunits as described in Materials and Methods. Current
measurements at �80 mV were performed in inside-out patches, 12–24 hr
after the transfection. The Ca 2� concentration was adjusted to 11.0 �M.
From a holding potential of 0 mV, a hyperpolarizing 100 msec prepulse to
�140 mV was applied before the 500 msec test pulse to �80 mV. A,
Currents before (1) and during (2) bath application of 1 �M paxilline and
after washout of the drug (3). B, Typical time course of the effect of 1 �M
paxilline on the outward current amplitude ( I ) measured during the test
pulse to �80 mV. The application of 1 �M paxilline is indicated by the bar.
The numbers (1-3) indicate the times of the sample traces shown in A. C,
Summary diagram of the current amplitudes ( I ) relative to control, from
four experiments (mean � SEM). Paxilline significantly reduced the
current amplitude ( p � 0.031; n � 4). D, Currents before [Control(1)] and
during [IbTX(2)] bath application of 100 nM IbTX, followed by 5 mM
tetraethylammonium [TEA(3)], washout [Wash(4)], application of 100 nM
charybdotoxin [ChTX(5)], 5 mM TEA again [TEA(6)], and washout
[Wash(7)]. E, Typical time course of the effects of IbTX, ChTX, and TEA
on the outward current amplitude. The numbers (1-7 ) indicate the times
of the sample traces shown in D. F, Summary diagram of the current
amplitudes ( I ) relative to control, from four experiments (mean � SEM).
TEA reliably blocked the current (n � 9; p � 0.028), but IbTX (n � 4; p �
0.16) or ChTX (n � 9; p � 0.66) had no significant effect, which is typical
for BK channels containing �4-subunits. For paxilline application, inside-
out patches were used (to prevent dilution of the membrane-permeable
paxilline by the toxin-free solution in the patch pipette), whereas outside-
out patches were used for IbTX and ChTX, which bind on the outside.

Figure 9. Effects of BK channel blockade by paxilline in hippocampal
slices. A, Intracellular recording (sharp electrode) from a CA1 pyramidal
cell, showing the effects of cumulative application of the BK channel
blockers 100 �M IbTX, 5 �M paxilline, and 1 mM TEA on action
potentials (A1) and on low-frequency (A2, 20 Hz) and high-frequency
(A3, 100 Hz) trains of EPSPs. The records are shown superimposed in B
and C. IbTX or paxilline had no apparent effect on the EPSPs at either
frequency, although they broadened the action potential. In contrast,
TEA both enhanced the EPSPs and caused further broadening of the
action potential. B, Same action potentials as in A1, shown superimposed
on a fast time scale. C, Same EPSPs as in A2 and A3, superimposed on a
fast time scale. D, Whole-cell patch-clamp recording from a CA1 pyra-
midal cell. Application of 10 �M paxilline broadened the action potential
(D1) but had no apparent effect on high-frequency (100 Hz) trains of
EPSPs (D2). E, Summary data for five experiments in which paxilline was
applied to CA1 pyramidal cells. The areas for the EPSP trains under
control conditions and after application of paxilline were compared (nor-
malized; control � 100%). No difference was found ( p � 0.79; n � 5). All
experiments appeared negative for each of the EPSPs in the train,
regardless of the recording method (whole cell, 3 cells; intracellular, 2
cells), paxilline concentration (2, 5, or 10 �M), or stimulation frequency
(20, 25, 50, or 100 Hz). As in previous figures, the action potentials were
evoked by current injection (only the first spike in a train was measured),
and the EPSPs were evoked by a stimulation electrode placed in stratum
radiatum.
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this technique (Fig. 9A–C) in addition to whole-cell recording
from young animals (20–35 d) (Fig. 9D). However, paxilline
(5–10 �M) failed to significantly enhance the EPSPs with both
recording methods. This was true during both low-frequency (Fig.
9A2) (20 Hz; n � 5) and high-frequency (Fig. 9A3) (100 Hz; n �
5) stimulation. Similar results were also obtained with field po-
tential recordings from both age groups (data not included in Fig.
9). In contrast, in the postsynaptic CA1 pyramidal cells, paxilline
consistently induced a spike broadening characteristic of BK
channel blockade, thus showing that the drug penetrated the slice
in sufficient concentration (n � 7) (Fig. 9A1,B,D). When applied
after IbTX, however, paxilline caused no further broadening of
the action potential (Fig. 9A–C) (n � 2). Thus, these experiments
yielded no evidence for IbTX-resistant, paxilline-sensitive BK
channels, either presynaptically or postsynaptically. Similar ef-
fects of paxilline were obtained both with sharp electrode (Fig.
9A–C) and whole-cell recording (Fig. 9D) and also in field poten-
tial recordings (n � 5; data not shown). Figure 9E compares the
combined area of the five EPSPs in each train, before and after
paxilline (5 or 10 �M) application (n � 5); no significant differ-
ence was found. Field recordings also showed that paxilline had
no measurable effect on the fiber volley in the absence of 4-AP
(n � 4; data not shown).

To test whether paxilline blocked presynaptic BK channels
effectively and specifically, we added paxilline (5 �M) in the
presence of 100 �M 4-AP during fEPSP recordings like those
shown in Figure 5, E and F. Paxilline mimicked the effect of IbTX
by enhancing the fEPSP (the first fEPSP amplitude increased by
25.8 � 0.08%; p � 0.031; n � 5. Data not shown. The sixth
experiment, in which the EPSP evoked action potentials after
paxilline, was excluded from the analysis.). Furthermore, IbTX
(100 nM) occluded the effect of paxilline. Thus, in the presence of
4-AP and 100 nM IbTX, paxilline had no further effect on the
fEPSP (the mean first fEPSP amplitude was reduced by 4.3%
after 5 �M paxilline was added; p � 0.45; n � 4; data not shown),
thus indicating that the paxilline effect is specific. Finally, in one
experiment, 100 nM IbTX added in the presence of 5 �M paxilline
had no further effect on the fEPSPs (i.e., paxilline occluded the
effect of IbTX), confirming that the effect of IbTX is also specific.

The observation that the effect of paxilline did not exceed the
effect of IbTX (Fig. 9) may seem surprising in view of the
evidence that the neuronal �4 subunit confers reduced IbTX
sensitivity to BK channels and is densely expressed in rat brain
(Behrens et al., 2000; Brenner et al., 2000; Meera et al., 2000;
Weiger et al., 2000). However, even �4-containing BK channels
can be blocked by long exposure to high IbTX concentrations
(Meera et al., 2000). Therefore, our applications of 100 nM toxin
over tens of minutes (Figs. 3–6) may have been sufficient to
significantly block �4-containing channels.

Taken together, our results indicate that neither IbTX- nor
paxilline-sensitive BK channels, including �4-containing BK
channels, contribute substantially to presynaptic AP repolariza-
tion and control of glutamate release in CA1 stratum radiatum
under normal experimental conditions.

In contrast to paxilline or IbTX, TEA (1 mM) consistently
enhanced the EPSPs and broadened the action potential further,
even when applied after IbTX and paxilline (Fig. 9A–C). A
similar effect was seen in field recordings of EPSPs (n � 3; data
not shown). This observation shows that the failure of IbTX or
paxilline to enhance EPSPs was not caused by either transmitter
depletion or a basal release probability that was already close to
1 and could not be increased. It also indicates that TEA-sensitive

K� channels other than BK (most likely Kv channels) contribute
to spike repolarization both in the soma and in presynaptic
terminals. This would also explain previous observations of fiber
volley broadening and fEPSP enhancement by 1 mM TEA in CA1
stratum radiatum (Laerum and Storm, 1994).

Comparison between BK channel function in soma
and terminals of CA3 pyramidal cells
The CA3 cells give rise to the Shaffer collaterals which form the
majority of the CA1 stratum radiatum glutamatergic axons and
terminals studied here (Paxinos and Watson, 1998). We therefore
tested the role of BK channels in the CA3 pyramidal somata
(using intracellular recording to facilitate comparison with pre-
vious studies of BK channel involvement in spike repolarization)
(Lancaster and Nicoll 1987; Storm, 1987a,b; Shao et al., 1999). As
illustrated in Figure 10, A and C, IbTX (60 nM) reliably broad-
ened the CA3 somatic action potentials by slowing the final
two-thirds of the spike repolarization in all cells tested (n � 4).
This effect of BK channel blockade is very similar to that previ-
ously found in CA1 pyramidal cells (Fig. 3) (Lancaster and Nicoll,
1987; Storm, 1987a,b; Shao et al., 1999) but contrasts sharply with
the lack of IbTX effect in the Shaffer collaterals (Fig. 10B,D)
(n � 5) and the corresponding lack of IbTX effect on EPSPs
under identical conditions (Figs. 6, 7). These results indicate that
different action potential mechanisms dominate in the soma and
terminals of the same cell type and that the functional role of BK
channels depends on its subcellular localization within the CA3
pyramidal cells.

Figure 10. Different action potential repolarization mechanisms in soma
and presynaptic axon terminals of CA3 pyramidal cells. A, Action poten-
tials recorded intracellularly from the soma of a CA3 pyramidal cell,
before and during bath application of IbTX (60 nM). The toxin slowed the
repolarization and blocked the fast afterhyperpolarization ( fAHP), indi-
cating that BK channels dominate during most of the spike repolarization.
B, Compound action potential recorded extracellularly from presynaptic
axon terminals [i.e., fiber volley (FV ) in response to stimulation of axons
in stratum radiatum of CA1]. In contrast to the soma, the FV was not
significantly affected by bath application of IbTX (60–100 nM). Summary
data for all recordings are shown in C (n � 4; p � 0.0023) and D (n � 5;
p � 0.17). Because the CA3 pyramidal cells give rise the majority of the
CA1 stratum radiatum axons studied here, the contrasting results imply
that two subcellular compartments within the CA3 pyramid cells use
different spike repolarization mechanisms.
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DISCUSSION
To our knowledge, the present results provide the first direct
evidence that Ca2�-activated K� channels are located in the
presynaptic active zone and can regulate synaptic transmission in
the vertebrate brain. This represents a novel principle for nega-
tive feedback regulation of the intra-terminal Ca2� concentra-
tion ([Ca2�]i) and synaptic transmission that may be widespread
in the CNS. Being enhanced by [Ca2�]i, like the transmitter
release itself, the BK channels seem well suited for dynamic
regulation of Ca 2� influx and transmitter secretion. Further-
more, we found that BK channels contribute strongly to action
potential repolarization in the soma but not in the axon ter-
minals of CA3 pyramidal cells under basal conditions, indicat-
ing that the functional role of BK channels depends on their
subcellular localization.

Evidence that BK channels are located in the
presynaptic membrane
Several lines of evidence support the conclusion that BK channels
are located in the presynaptic membrane of CA1 glutamatergic
synapses and can regulate transmitter release. (1) Our EM im-
munogold data indicate that the pore-forming BK channel sub-
unit, the Slo � protein, is targeted to the presynaptic membrane.
The results agree well with less direct light microscopy data from
rat brain (Knaus et al., 1996; Wanner et al., 1999). (2) The
selective BK channel blocker IbTX caused broadening of the
presynaptic compound action potential and a parallel enhance-
ment of synaptic transmission, indicating that BK channels me-
diate presynaptic spike repolarization, in the presence of 4-AP.
(3) The IbTX-induced enhancement of synaptic transmission was
accompanied by reduced paired-pulse facilitation, indicating an
increased transmitter release probability. (4) Suppression of
postsynaptic BK channel activation by intracellular BAPTA did
not block the effect of IbTX on synaptic transmission.

In contrast to the presynaptic boutons, the postsynaptic den-
dritic membrane seemed to contain few, if any, BK channels. Our
EM data gave no indication of BK channels on the postsynaptic
side of the cleft. This result agrees with recordings from CA1
pyramidal dendrites that indicated little BK current in the apical
dendrites (Poolos and Johnston, 1999). Because BK channels
normally activate at potentials suprathreshold for spike genera-
tion (Storm, 1990; Shao et al., 1999), dendritic BK channels
should hardly affect subthreshold EPSPs in any case.

The immunogold data
The double-labeling immunogold experiments served to deter-
mine whether there are BK channels at glutamate synapses, as
well as their exact position relative to the synaptic cleft. Our data
indicate that the BK channels are concentrated at asymmetric
synapses that are NMDA receptor immunopositive and hence
probably glutamatergic. Furthermore, the BK immunogold signal
was shifted in the presynaptic direction relative to the NMDA
receptor distribution, indicating that the BK channels are primar-
ily or exclusively presynaptic.

The EM data indicate that the presynaptic BK channels are
located in a strategic position next to the synaptic cleft, near the
release sites (Figs. 1, 2). This resembles the arrangement in frog
neuromuscular junction (Robitaille et al., 1993), whereas in chick
ciliary ganglion BK channels were found on both the release face
and non-release face of the presynaptic calyx (Sun et al., 1999).
Being near the release sites, the BK channels may be colocalized
with, and functionally coupled to, the voltage-gated Ca2� chan-

nels that trigger transmitter release, which in these synapses are
of the N and P/Q types(Wheeler et al., 1994; Malenka and Nicoll,
1999). Colocalization and coupling between BK and N-type
Ca 2� channels have been reported in frog motor terminals (Ro-
bitaille et al., 1993) and hippocampal somata (Marrion and Tava-
lin, 1998).

Pharmacological properties of the BK channels
The possibility that some of the hippocampal BK channels might
be IbTX insensitive because of �4 subunits (Behrens et al., 2000;
Meera et al., 2000) was tested with the alternative BK channel
blocker paxilline. Although paxilline suppressed IbTX-resistant
�4-containing BK channels (Fig. 8), no evidence for native
paxilline-sensitive IbTX-insensitive channels was obtained, either
presynaptically or postsynaptically (Fig. 9). However, more de-
tailed pharmacological experiments may be needed to fully test
for �4 subunits. In addition to �4 subunits, Slack subunits have
also been reported to associate with Slo-� and confer reduced
IbTX sensitivity (Joiner et al., 1998). Because Slack is expressed
in the hippocampus, and the paxilline sensitivity of Slack/Slo
heteromultimers has not been reported, one may ask whether
there may be presynaptic IbTX-insensitive Slack/Slo channels
with an effect that went undetected. This seems unlikely, however,
because Slack/Slo channels are reported to be blocked by 100 nM

IbTX during depolarizations lasting up to �100 msec (Joiner et
al., 1998). Therefore, our IbTX applications should have blocked
any presynaptic Slack/Slo channels during action potentials.

BK channels and regulation of transmitter release
Although functional BK channels are evidently present in CA1
glutamatergic terminals, they appear not to regulate transmitter
release under our basal experimental conditions. Furthermore,
these channels seem not to substantially affect transmitter release
even when presynaptic Ca2� accumulation is enhanced by high-
frequency stimulation (Figs. 7, 9).

Although presynaptic Ca2�-activated K� channels have been
described in some peripheral synapses (Gho and Ganetzky, 1992;
Meir et al., 1999; Sun et al., 1999; Yazejian et al., 2000) and have
often been assumed to control synaptic transmission, to our
knowledge this has actually been demonstrated under normal
conditions only in frog and lizard neuromuscular junction (Robi-
taille and Charlton, 1992; Robitaille et al., 1993; Blundon et al.,
1995). Thus, the enigmatic silence of presynaptic BK channels
may be a widespread phenomenon and could be caused by several
factors. (1) These channels may be recruited only under extreme
or rare conditions (see below), but nevertheless they have a
sufficiently vital role to be favored by evolution. An analogy may
be the cardiac long QT syndrome, caused by malfunction of
human ether-a-go-go-related gene (HERG) and other cardiac
channels. This has only minor consequences under normal con-
ditions but predisposes for cardiac arrhythmia that can cause
sudden death (Curran et al., 1995; Miller, 1996). (2) The channels
may possibly perform functions other than those tested, or their
main function may be at another developmental stage. (3) Some
aspect of the artificial experimental conditions may suppress
channel activity. For example, in the slice preparation, the BK
channels may be deprived of modulatory influence from trans-
mitters or hormones that may be required to boost their activity.

Under which conditions are presynaptic BK
channels activated?
BK channels can be regulated by various factors, including dis-
charge patterns, neuromodulators, and signaling cascades: trans-
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mitters, hormones, protein phosphorylation, etc. (Levitan et al.,
1990; Gribkoff et al., 1997; Smith and Ashford, 1998; Valverde et
al., 1999). Channel activation may also be modulated indirectly.
For example, dephosphorylation of Kv1.4 voltage-gated K� chan-
nels causes a 5–10 times faster inactivation (Roeper et al., 1997).
Because Kv1.4 subunits are found in stratum radiatum, probably
as parts of 4-AP-sensitive Kv1.1/Kv1.4 presynaptic K� channels
(Rhodes et al., 1997; Cooper et al., 1998), their enhanced inacti-
vation could lead to a presynaptic spike broadening resembling
the one that we obtained experimentally with 4-AP, which proved
sufficient to recruit the BK channels. Further experiments are
required to test these possibilities.

A particularly interesting possibility is that the presynaptic BK
channels may serve as an emergency brake, protecting against
hyperactivity, excitotoxicity, and cell death under pathological
conditions. For example, these channels may be recruited by
ischemia or other forms of metabolic stress. By causing depolar-
ization (Hansen et al., 1982; Rosen and Morris, 1991; Martin et
al., 1994; Krnjevic, 1997), such conditions may cause inactivation
of voltage-gated K� channels that normally contribute to presyn-
aptic spike repolarization (e.g., Kv1.4, Kv1.1, Kv�1) (Bielefeldt et
al., 1992; Roeper and Pongs, 1996; Geiger and Jonas, 2000). The
resulting depolarization-induced spike broadening (Storm,
1987b, their Figs. 8, 9; Cowan and Martin, 1992) may then allow
the BK channels to activate and “take over” the repolarization, as
they did after our 4-AP application. Because ischemia and hyp-
oxia also can raise [Ca2�]i and stimulate BK channels (DiChiara
and Reinhart, 1997; Krnjevic, 1997; Tekkok et al., 1999), their
activation could be enhanced, thus limiting both vesicular gluta-
mate release and reversal of glutamate transporters caused by
depolarization (Rossi and Oshima, 2000). In accordance with this
concept, BK channel openers recently were reported to provide
significant cortical neuroprotection during acute brain ischemia
(Gribkoff et al., 2001).

Different action potential mechanisms in soma and
terminals of the same neuron
We found that hippocampal CA3 pyramidal somata closely re-
semble their relatives in area CA1, in that BK channels dominate
during most of the spike repolarization (the final two-thirds) and
the fast AHP in both cell types (Figs. 3, 10) (Storm, 1990; Shao et
al., 1999). This suggests that the BK mechanism may be wide-
spread among mammalian pyramidal somata. Furthermore, be-
cause the CA3 cells give rise to the Schaffer collaterals that form
the majority of the CA1 stratum radiatum axons studied here, this
implies that two subcellular compartments within the same cell
(the CA3 pyramid) use different spike repolarization mechanisms
under identical conditions: voltage- plus Ca2�-activated K�

channels in the soma, but only voltage-activated K� channels in
the terminals. Some differences between soma and terminal spike
repolarization kinetics and mechanisms has been described pre-
viously, e.g., in neurosecretory cells (Bourque, 1990), and recently
also in dentate granule cells (Geiger and Jonas, 2000). However,
to our knowledge it has not been reported previously that Ca2�-
activated K� channels dominate the action potential repolariza-
tion in the soma but not in the terminals of the same neurons, an
intriguing result in view of the predominantly presynaptic local-
ization of BK channels.
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