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Distinct Roles of Kv1 and Kv3 Potassium Channels at the
Calyx of Held Presynaptic Terminal
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Despite identification of �100 potassium channel subunits, relatively little is known about their roles in synaptic transmission. To
address this issue we recorded presynaptic potassium currents (IPK ) directly from the calyx of Held terminal in brainstem slices of rats.
IPK was composed of a 4-aminopyridine (4-AP)-sensitive component and a smaller 4-AP-insensitive component composed of an
iberiotoxin-sensitive current and an unidentified slowly activating potassium current. IPK could also be separated into a tetraethylam-
monium (TEA; 1 mM)-sensitive high-voltage-activated component and a margatoxin (10 nM)-sensitive low-voltage-activated component,
which was also blocked by dendrotoxin-I (200 nM) and tityustoxin-K� (100 nM). In outside-out patches excised from calyceal terminals,
TEA (1 mM) consistently and to a large extent attenuated IPK , whereas margatoxin attenuated IPK only in a subset of patches (three of
seven). Immunocytochemical examination using Kv subtype-specific antibodies indicated that multiple Kv1 and Kv3 subtypes were
present at the calyceal terminal. In paired presynaptic and postsynaptic whole-cell recordings, TEA (1 mM) increased both the duration
and peak amplitude of presynaptic action potentials and simultaneously potentiated EPSCs. Margatoxin alone had no such effect but
reduced the amount of depolarization required for action potential generation, thereby inducing a burst of spikes when the nerve
terminal was depolarized for a prolonged period. Thus, at the calyx of Held terminal, Kv3 channels directly regulate evoked transmitter
release, whereas Kv1 channels reduce nerve terminal excitability, thereby preventing aberrant transmitter release. We conclude that both
Kv3 and Kv1 channels contribute differentially to maintaining the fidelity of synaptic transmission at the calyx of Held.
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Introduction
Potassium channel blockers increase transmitter release by
broadening presynaptic action potentials, indicating that
voltage-gated potassium channels in the nerve terminal play a
regulatory role in transmitter release (Katz and Miledi, 1969;
Augustine, 1990). Voltage-gated potassium currents in the nerve
terminal can also mediate synaptic modulation by various signal
molecules and drugs (Miura et al., 1992; Lupardus et al., 2000;
Daniel and Crepel, 2001; Ishikawa and Takahashi, 2001; Lambe
and Aghajanian, 2001). Although �100 different subunits of po-
tassium channels have been identified (Coetzee et al., 1999), the
functional roles of presynaptic potassium channel subtypes in
regulating transmitter release remain essentially unknown.

Distinct types of potassium currents have been documented at
the peripheral and central nerve terminals (Bielefeldt et al., 1992;
Sakaba et al., 1997; Sun et al., 1999; Southan and Robertson,
2000). At the cerebellar basket cell nerve terminal, for example,
potassium currents can be attenuated by dendrotoxin (DTX) or

TEA, suggesting the presence of Kv1 and Kv3 channels in the
terminal (Southan and Robertson, 2000); however, neither DTX
nor TEA increases action potential-evoked Ca 2� influx into the
nerve terminal, implying that they may not play a direct regula-
tory role in evoked transmitter release (Tan and Llano, 1999;
Southan and Robertson, 2000). To clarify the role of a presynap-
tic potassium channel subtype in synaptic transmission, it is de-
sirable to test the effect of type-specific blockers on both presyn-
aptic potassium currents and postsynaptic responses at the same
synapse. The calyx of Held seems ideal for this purpose because
simultaneous presynaptic and postsynaptic whole-cell record-
ings are possible (Borst et al., 1995; Takahashi et al., 1996), and its
large structure is also advantageous for immunocytochemical ex-
amination of presynaptic proteins (Kajikawa et al., 2001; Saitoh
et al., 2001). Our results suggest that Kv3 and Kv1 channels play
distinct roles in the regulation of transmitter release at this mam-
malian fast synapse.

Materials and Methods
Electrophysiology. All experiments were performed in accordance with
the guidelines of the Physiological Society of Japan. Transverse brainstem
slices (150 –200 �m thick) containing the medial nucleus of the trapezoid
body (MNTB) region were prepared from Wistar rats, 13–15 d old, killed
by decapitation under halothane anesthesia (Forsythe and Barnes-
Davies, 1993). MNTB principal cells and calyces were visually identified
using a 60� water immersion lens (Olympus Optical, Tokyo, Japan)
attached to an upright microscope (Axioskop; Zeiss, Oberkochen, Ger-
many). Each slice was superfused with an artificial CSF (aCSF) contain-
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ing (in mM): 125 NaCl, 2.5 KCl, 26 NaHCO3, 10 glucose, 1.25 NaH2PO4,
2 CaCl2, 1 MgCl2, 3 myo-inositol, 2 sodium pyruvate, 0.5 ascorbic acid,
and 4 lactic acid, pH 7.4 with 95% O2 and 5% CO2. For recording EPSCs,
the superfusate routinely contained bicuculline methiodide (10 �M;
Sigma, St. Louis, MO) and strychnine hydrochloride (0.5 �M; Sigma) to
block inhibitory synaptic responses. The patch pipette solution for
postsynaptic recording contained (in mM): 110 CsF, 30 CsCl, 10 HEPES,
5 EGTA, and 1 MgCl2, pH adjusted to 7.3 with CsOH, 290 –300 mOsm.
N-(2,6-diethylphenylcarbamoylmethyl)-triethyl-ammonium chloride
(QX314; 5 mM) was also included in the pipette solution to block action
potential generation. The pipette solution for recording potassium cur-
rents from calyceal terminals or from outside-out patches contained (in
mM): 97.5 potassium gluconate, 32.5 KCl, 10 HEPES, 5 EGTA, 1 MgCl2,
12 Na2 phosphocreatine, 2 ATP-Mg, and 0.5 GTP, pH adjusted to 7.3
with KOH, 290 –300 mOsm. In experiments shown in Figure 2, the
EGTA concentration was decreased to 0.2 mM. In experiments shown in
Figure 4, potassium gluconate (97.5 mM) was replaced by equimolar
N-methyl-D-glucamine gluconate to improve the voltage-clamp condi-
tion. Tetrodotoxin (TTX; 1 �M) (Wako, Osaka, Japan) was included in
the aCSF during the whole-cell recording of potassium currents. For
simultaneous presynaptic and postsynaptic whole-cell recordings, potas-
sium glutamate (10 mM) was added to the presynaptic pipette solution by
replacing equimolar potassium gluconate, and the EGTA concentration
was lowered to 0.5 mM. Drugs were bath-applied by perfusion at 1.5–2
ml/min. TEA and 4-AP were purchased from Nacalai (Kyoto, Japan) and
Wako, respectively. Synthetic peptide toxins, iberiotoxin (IbTX), marga-
toxin (MgTX), DTX-I, and tityustoxin-K� (TsTX) were purchased from
the Peptide Institute (Osaka, Japan).

EPSCs were evoked at 0.1 Hz by extracellular stimulation of the pre-
synaptic trapezoid fibers using a tungsten bipolar electrode positioned
half-way between the midline and the MNTB, or by presynaptic action
potentials elicited directly by a whole-cell pipette under current-clamp
mode. Postsynaptic MNTB principal cells were voltage-clamped at the
holding potential of �70 mV. EPSCs derived from the calyx of Held
synapse were identified as those evoked in an all-or-none manner for
graded stimulus intensity and having amplitudes larger than 1 nA at �70

mV (Forsythe and Barnes-Davies, 1993). For recording IPK, calyces or
outside-out patches excised from calyceal terminals were voltage-
clamped at a holding potential of �80 mV, and depolarizing voltage steps
were applied every 15 sec in the presence of TTX (Forsythe, 1994). The
access resistance of postsynaptic recordings was 3–15 M� (electrode
resistance, 1.5– 4 M�) and compensated by 80%. The presynaptic access
resistance was 6�18 M� (electrode resistance, 4 – 6 M�) and compen-
sated by 60 – 80%. Leak currents in whole-cell recordings were subtracted
by the scaled pulse (P/8) protocol. Current recordings with a single pi-
pette were made using a patch-clamp amplifier (Axopatch-1D or Axo-
patch-200B; Axon Instruments, Foster City, CA). Simultaneous presyn-
aptic and postsynaptic recordings were made using a MultiClamp 700A
amplifier (Axon Instruments) equipped with a voltage follower having
high input impedance. In conventional patch-clamp amplifiers, in
current-clamp mode, action potentials can be distorted in shape or asso-
ciated with artificial potential changes (Magistretti et al., 1996). The
records were low-pass filtered at 5– 6 kHz and digitized at 20 –50 kHz by
an analog-to-digital converter (Digidata 1200A or Digidata 1320A) with

Figure 1. 4-AP blocks presynaptic potassium currents. A, Top, IPK evoked by command
pulses from �80 mV to various potentials by 20 mV steps (from �60 to �20 mV, top) before
(left) and during (right) 4-AP (5 mM) application in the presence of TTX. Bottom, The current–
voltage ( I–V) relationships of IPK before and during 4-AP application (n � 6). Current ampli-
tudes were measured at 10 msec from the onset of a command pulse (arrowheads). B, Concen-
tration–response relationship for the inhibitory effect of 4-AP on IPK (evoked by depolarization
to �20 mV). 4-AP was applied incrementally from low to high concentrations at three to four
calyces. A curve fitted to data points was drawn according to the equation y � 1 � (maximal
inhibition)/[1 � (IC50 /x)n], where the maximal inhibition was 1.03, IC50 was 17 �M, and the
apparent Hill coefficient ( n) was 0.66. Ordinate indicates the amplitude of IPK and normalized to
control before 4-AP application. Error bars indicate SEMs.

Figure 2. Inward and outward currents remaining after 4-AP application. A, Currents evoked
by the command pulses (bottom) in the presence of 4-AP (5 mM) (i), 4-AP and IbTX (200 nM) (ii),
and 4-AP, IbTX, and CdCl2 (100 �M) (iii). The IbTX-sensitive outward currents (i–ii) and the
Cd 2�-sensitive inward Ca 2� currents (ii–iii) were obtained by subtraction. EGTA concentra-
tion in the presynaptic pipette solution was 0.2 mM in these experiments. B, The I–V relation-
ships of IbTX-sensitive currents (circles) and Ca 2� currents (diamonds) with 0.2 mM (open
symbols; n � 5) or 5 mM (filled symbols; n � 6) EGTA in presynaptic pipettes. The current
amplitudes are normalized to the total IPK amplitude at �20 mV. C, The effect of TEA (1, 10, 30
mM) on the slow outward currents (iii) remaining in the presence of 4-AP, IbTX, and Cd 2�.
Sample traces (superimposed) are evoked by a depolarizing pulse to �20 mV. Data points in
the I–V relationships are obtained from four experiments.
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pClamp8 software (Axon Instruments). The liquid junction potentials
between the pipette solution and the aCSF, which were not corrected for,
were �10 mV for potassium gluconate solution and �2 mV for
N-methyl-D-glucamine gluconate solution (see Fig. 4). All experiments
were made at room temperature (23–29°C). Values in the text and figures
are given as means � SEM, and statistical comparisons were made using
the Student’s paired two-tailed t test unless noted otherwise. Differences
were considered significant as p � 0.05.

Immunocytochemistry. Wistar rats (13–15 d old) were anesthetized
with Nembutal and transcardially perfused with a fixative (4% parafor-
maldehyde and 0.1% picric acid in 0.1 M sodium phosphate, pH 7.4).
After fixation, rats were decapitated, and tissue blocks of the brainstem
including the MNTB region were removed for postfixation for 1 d at 4°C.
The fixed tissues were cryoprotected at 4°C in 0.1 M sodium phosphate
with sucrose of graded concentrations: in 4% sucrose for 30 min, 10% for

2 hr, 15% for 2 hr, and 20% for overnight. Transverse slices (30 �m in
thickness) were cut using a cryostat (CM3050; Leica, Nussloch, Ger-
many) at �21 or �22°C. The sections were then processed for immuno-
cytochemistry as follows: (1) blocking and permeablization in PBS con-
taining 4% skim milk and 0.3% (w/v) Triton X-100 overnight at 4°C, (2)
application of primary antibodies in PBS containing 1% (w/v) bovine
serum albumin and 0.02% Triton X-100 for 2 d at 4°C, (3) application of
secondary antibodies in the same buffer as primary antibodies for 2 d at
4°C, and (4) mounting with ProLong antifade kit (Molecular Probes,
Eugene, OR). Kv channels were detected with mouse monoclonal anti-
Kv1.1, anti-Kv1.2, and anti-Kv1.6 (Upstate Biotechnology, Lake Placid,
NY; diluted 1:100), rabbit polyclonal anti-Kv1.3, anti-Kv1.5, anti-Kv2.1,
anti-Kv3.2, and anti-Kv3.4 (Alomone, Jerusalem, Israel; diluted 1:100),
or rabbit polyclonal anti-Kv1.4 and anti-Kv3.1b antibodies (Chemicon,
Temecula, CA; diluted 1:200). The specificity of the antibodies was con-
firmed by Western blot analysis using a crude sample of brain homoge-
nate. To define presynaptic terminals, we used rabbit anti-synaptophysin
antibody (Zymed, South San Francisco, CA; diluted 1:100) or mouse
anti-synaptophysin antibody (Chemicon; diluted 1:200). To visualize the
Kv channels and synaptophysin, we used the goat secondary antibodies
conjugated with Alexa fluor 488 and Alexa fluor 568 (Molecular Probes;
diluted 1:200), respectively. The specificities of Kv channel primary an-
tibodies were evaluated by preabsorption with corresponding antigens
(Alomone or Chemicon) for 1 hr at 30°C. Stained sections were viewed
with a 100� oil-immersion objective (numerical aperture 1.35) using a
confocal laser scanning microscope (Fluoview FV300; Olympus Opti-
cal). Emission wavelengths were 510 –530 nm (for green) and �610 nm
(for red). All of the immunocytochemical procedures were performed at
room temperature (22–27°C) unless noted otherwise.

Results
4-AP-sensitive and -insensitive potassium currents at the
calyx of Held terminal
In whole-cell voltage-clamp recording from calyceal nerve termi-
nals, sustained outward currents were evoked by voltage steps
from a holding potential of �80 mV in the presence of TTX (Fig.
1A). These currents were detectable on depolarization positive to
�40 mV, and their amplitude increased steeply for larger voltage
steps. These currents had fast activation kinetics with a 10 –90%
rise time of 0.68 � 0.15 msec (at �20 mV, n � 6). The potassium
channel blocker 4-AP at 5 mM blocked most of these currents
(Fig. 1A), as reported previously (Forsythe, 1994; Ishikawa and
Takahashi, 2001). Although 4-AP can undergo use-dependent
unblock (Campbell et al., 1993), this is unlikely to contribute
significantly to our measurements made 10 msec after the onset
of depolarization. The effect of 4-AP was concentration depen-
dent, and the IC50 estimated for the currents evoked by a voltage
step to �20 mV was 17 �M (Fig. 1B).

After most of IPK were blocked by 4-AP (5 mM), small currents
having inward and outward components remained (Fig. 2A).
IbTX (100 –200 nM), a large-conductance Ca 2�-activated potas-
sium (BK) channel-specific blocker, attenuated these outward
currents. The IbTX-sensitive currents obtained by subtraction
had a mean rise time (10 –90%) of 2.2 � 0.4 msec (n � 5, at �20
mV with 0.2 mM EGTA in the pipette) (Fig. 2A) and comprised
12 � 4% (n � 5) of total IPK at �20 mV (Fig. 2B). When the
EGTA concentration in the pipette was higher (5 mM), the IbTX-
sensitive current was smaller (7 � 2%; n � 6) (Fig. 2B) and
slower (10 –90% rise time; 3.9 � 0.7 msec; n � 6), being consis-
tent with the Ca 2�-activated nature of the current. In the pres-
ence of 4-AP and IbTX, inward and outward currents still re-
mained. Cd 2� (100 �M) abolished these inward currents,
indicating that they were high-voltage-activated (HVA) Ca 2�

currents. The maximal amplitude of Ca 2� currents (at 0 mV)
corresponded to 8 � 1% (n � 5) of total IPK at the same voltage
(Fig. 2B). In the presence of 4-AP (5 mM), IbTX (100 –200 nM),

Figure 3. The effect of TEA and Kv1-blocking toxins on presynaptic potassium currents. A,
TEA (1 mM) attenuated IPK. Left, sample records of IPK before (i, dashed lines) and after (ii,
continuous lines) TEA application. Right, The I–V relationships of IPK (n � 5) before (i) and
during (ii) TEA application. Inset graph shows IPK at �20 mV and �20 mV (normalized to
control at each potential) at three different concentrations of TEA (logarithmic plot in abscissa).
Data are derived from four cells. The current amplitude was measured at 10 msec from the onset
of the command pulse (A, B, arrowheads). B, MgTX (10 nM) attenuated IPK. Left, Sample records
of IPK before (i, dashed lines) and during (ii, continuous lines) MgTX application. Right, The I–V
relationships of IPK (n � 4) before (i) and during (ii) MgTX application. C, DTX-I (200 nM; n � 3)
(left panel) or TsTX (100 nM; n � 4) (right panel) occluded the IPK-blocking effect of MgTX.
Presynaptic potassium currents before (i) and after (ii, red) application of DTX-I (left panel) or
TsTX (right panel) and subsequent additions of MgTX (iii) at �20 mV are shown in the insets
(superimposed) and in I–V relationships.
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and Cd 2� (100 �M), slowly activating outward currents were
discerned above �40 mV. This component comprised 7 � 1%
(with 0.2 mM EGTA, n � 6; or 8 � 1% in 5 mM EGTA, n � 5) of
total IPK at �20 mV (Fig. 2A, iii). The slow activation kinetics of
the outward currents (10 –90% rise time; 42 � 2 msec at �20 mV;
n � 6) suggests that these derive from channels distinct from
those comprising the main component of IPK. TEA attenuated
this component in a concentration-dependent manner (Fig. 2C).
Thus the voltage-dependent potassium currents at the calyx of
Held terminal are composed of a 4-AP-sensitive main compo-
nent and a much smaller 4-AP-insensitive component compris-
ing BK channel currents and an unidentified slowly activating
potassium current.

TEA- and MgTX-sensitive potassium currents
A low concentration of TEA (1 mM) attenuated IPK at the mem-
brane potential above �20 mV (Fig. 3A), suggesting that HVA
currents predominate the TEA-sensitive currents. The effect of
TEA was reversible after washout (data not shown), and the TEA
block was concentration dependent (Fig. 3A). The 4-AP-
insensitive BK currents were sensitive to TEA, and slowly activat-
ing potassium currents were also partially blocked by 1 mM TEA
(Fig. 2). Therefore, TEA-sensitive currents are likely to include
these 4-AP-insensitive currents as a minor component. The main
TEA-sensitive component has an HVA nature, fast activation
kinetics (Fig. 4A), and was sensitive to 4-AP, suggesting that it
arises from Kv3 channels (Coetzee et al., 1999).

The scorpion peptide MgTX blocks Kv1.3 channels at pico-
molar concentrations and Kv1.6 channels at nanomolar concen-

trations (Garcia-Calvo et al., 1993). MgTX may also block Kv1.2
channels given its binding activity to Kv1.2 in rat brain synapto-
somes (Knaus et al., 1995). MgTX (10 nM) attenuated IPK (Fig.
3B), with its effect not reversible for at least 30 min after washout.
The MgTX-sensitive currents had a low-voltage-activated (LVA)
nature, with a clear activation at �40 mV. Similar to MgTX,
DTX-I (200 nM), which blocks Kv1.1, 1.2, and 1.6 (Harvey, 1997),
also attenuated IPK (Fig. 3C). In addition, TsTX (100 nM), which
specifically blocks Kv1.2 (Hopkins, 1998), attenuated LVA IPK, as
reported recently (Dodson et al., 2003). In the presence of DTX-I
or TsTX, MgTX no longer affected IPK. Because all of these toxins
can block Kv1.2 channels, these results suggest that the toxin-
sensitive LVA potassium currents may derive from either all ho-
momeric Kv1.2 channels or heteromeric channels containing
Kv1.2. Given that Kv1 channels are generally sensitive to 4-AP
(Coetzee et al., 1999), these channels are likely to comprise the
4-AP-sensitive main component of IPK, particularly at the low
voltage range.

Contribution of Kv3 and Kv1 components to the presynaptic
potassium currents
We next examined the relative contribution of Kv3 and Kv1
channels to total IPK after improving the voltage-clamp condition
by reducing the potassium concentration in the presynaptic pi-
pette by 75% (see Materials and Methods). We first applied Cd 2�

(100 �M) and blocked both Ca 2� channels and Ca 2�-activated
potassium channels. In the presence of Cd 2�, we then applied
TEA (1 mM) (Fig. 4A) followed by MgTX (10 nM) in addition to
TEA (Fig. 4B). The TEA-sensitive current, which was obtained by

Figure 4. Potassium currents recorded from calyceal whole terminal with reduced intracellular potassium concentration and those recorded from outside-out patches excised from calyces. A, I–V
relationships before (i) and after (ii) application of TEA (1 mM) and TEA-sensitive difference currents (i–ii) in the presence of Cd 2� (100 �M). Sample records of TEA-sensitive currents are shown in
the insets at two different time scales. B, I–V relationships before (i) and after (ii) application of MgTX (10 nM) and MgTX-sensitive currents (i–ii) in the presence of TEA (1 mM) and Cd 2� (100 �M).
Sample records of MgTX-sensitive currents are shown in the insets at two different time scales. C, Whole-terminal chord conductance of TEA- and MgTX-sensitive currents both normalized to that
of the total presynaptic potassium conductance (Control). Fitting curves are drawn according to the Boltzmann equation G�Gmax /{1�exp[(V�V1/2 )/k]}, where Gmax was 1.0 for the total current,
0.50 for the TEA-sensitive current, and 0.21 for the MgTX-sensitive current. The half-activation potential (V1/2 ) was �16 mV for the total current, �6.5 mV for the TEA-sensitive current, and �42
mV for the MgTX-sensitive current. The apparent slope factor ( k) was 14 mV for the total current, 9.6 mV for the TEA-sensitive current, and 2.3 mV for the MgTX-sensitive current. D, Potassium
currents recorded from outside-out patches excised from calyceal terminals, before and after application of MgTX and addition of TEA (superimposed). MgTX attenuated outward currents in one
patch (left) but had no effect in another patch (right). Voltage step was from �80 to 0 mV.
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subtracting currents in the presence of TEA from control (Fig.
4A), had a fast rise time (10 –90%; 0.54 � 0.05 msec at �20 mV;
n � 5) compared with the MgTX-sensitive current (Fig. 4B)
(10 –90% rise time; 1.2 � 0.1 msec at �20 mV; n � 4). The
activation curve of the TEA-sensitive current (deduced from
chord conductance) had an HVA nature with a maximal conduc-
tance corresponding to 50 � 5% of total IPK conductance (at �40
mV; n � 5) (Fig. 4C). In contrast, the MgTX-sensitive current
had an LVA nature, with its maximal conductance corresponding
to 20 � 5% (n � 4) of total IPK conductance (Fig. 4C). To exam-
ine whether there is a current component sensitive to both TEA
and MgTX, in another set of experiments we reversed the order
by applying MgTX first, followed by application of TEA and
MgTX. The TEA-sensitive conductance measured in the presence
of MgTX was 51 � 9% (at �40 mV; n � 4) of total IPK conduc-
tance, which was similar to that obtained in the absence of MgTX
(50 � 5%), suggesting that there is little overlap between the
TEA- and the MgTX-sensitive currents.

Although the TEA-sensitive conductance contains a small
portion of 4-AP-insensitive, slow-activating currents (Fig. 2C),
the above results suggest that 	50% of IPK derives from Kv3
channels. In outside-out patches excised from the calyceal termi-
nals, TEA attenuated outward currents in all six patches exam-
ined (Fig. 4D) on average by 83 � 3% (at 0 mV), suggesting that
Kv 3 is the main potassium channel expressed on the nonsynaptic
surface of the calyces. In this regard, it has been reported recently
that Kv3.1b-specific immunogold particles are localized on the
nonsynaptic side of the calyx of Held terminal (Elezgarai et al.,
2003). MgTX (10 nM) attenuated outward currents in three
patches by 27 � 4% on average but had no effect in four other
patches (Fig. 4D), suggesting that the density of Kv1 channels at
the calyceal terminal is low. Given the substantial contribution of
the MgTX-sensitive current to IPK (Fig. 4B), Kv1 channels may
also be expressed at other regions, such as the presynaptic axon,
as suggested recently (Dodson et al., 2003).

Immunocytochemical examination of potassium channel
subunits at the calyx of Held terminal
Using subunit-specific antibodies, we examined which subtypes
of Kv1 and Kv3 channels were expressed at the calyceal terminal.
To distinguish Kv channel immunofluorescence from nonspe-
cific background signals, the primary antibodies were preab-
sorbed with corresponding antigens (Fig. 5, bottom panels). Flu-
orescence intensity was measured using densitometry after
background subtraction. Presynaptically localized Kv channels
were identified by an overlap with synaptophysin immunofluo-
rescence (Fig. 5) (Kajikawa et al., 2001; Saitoh et al., 2001). At the
calyx of Held, clear signals were observed for Kv3.1b and Kv 3.4
(Fig. 5). Although less clear, positive signals were also discerned
for Kv1.1, Kv1.2, and Kv1.3. Signals for Kv1.4, Kv1.5, Kv1.6, and
Kv 3.2 were marginal, and there was no Kv2.1 immunoreactivity
at the terminal. All Kv channels examined were more or less
expressed in the somatic region of MNTB neurons. Although the
fluorescence intensity depends partially on the quality of anti-
bodies, these results provide a rough idea regarding Kv channel
subtypes expressed at the calyx of Held synapse.

Effects of potassium channel blockers on EPSCs
We examined whether Kv1 and Kv3 channels play regulatory
roles in synaptic transmission by testing the effect of potassium
channel blockers on EPSCs. As reported previously (Ishikawa
and Takahashi, 2001), 4-AP increased the EPSC amplitude in a

concentration-dependent manner (Fig. 6A,B), with a nearly
threefold increase at 100 �M (potentiation by 188 � 35%; n � 9).
Above 100 �M, 4-AP caused presynaptic action potential firing
(data not shown), which induced EPSC bursts and synaptic de-
pression (Fig. 6A). Similar to 4-AP, TEA potentiated EPSCs in a
concentration-dependent manner (Fig. 6C,D), with a maximal
potentiation being 99 � 7% at 1–10 mM (n � 16). Unlike 4-AP,
TEA did not cause a burst of EPSCs even at its maximal concen-
tration. Despite the presence of IbTX-sensitive currents in the
nerve terminal (Fig. 2), IbTX (200 –300 nM) had no effect on
EPSCs (data not shown).

To study the mechanism underlying synaptic potentiation by
TEA, we made simultaneous presynaptic and postsynaptic re-
cordings and evoked EPSCs by presynaptic action potentials
(elicited using 1 msec depolarizing pulses) (Fig. 7). After TEA
application (1 mM), presynaptic action potentials became

Figure 5. Immunoreactivity of Kv channels at the calyx of Held. Each bottom panel
shows the background after absorbing the primary antibodies of Kv channels with corre-
sponding antigens. Ordinate (S/N) in the bar graphs (bottom) indicates the background-
subtracted signal intensity divided by the background intensity. Immunofluorescence
signals of Kv channels that overlapped with synaptophysin signals were taken as presyn-
aptic signals, and their averaged intensities were determined by densitometric measure-
ments (filled columns). Intensities of somatic signals (open columns) were estimated from
signals of Kv channels surrounded by synaptophysin signals excluding nucleus. Each data
derived from 16 to 24 cells in three slices.
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broader, with half-width increasing by
68 � 3% (n � 5; p � 0.001), and became
larger in peak amplitude (by 10 � 2%; n �
5; p � 0.05). There was a sublinear rela-
tionship between the half-width of presyn-
aptic action potential and the amplitude of
EPSCs (Fig. 7). TEA had no effect on the
presynaptic resting potential (change by
2 � 1%; n � 5).

We next examined the effect of MgTX
in simultaneous presynaptic and postsyn-
aptic recordings. In contrast to TEA,
MgTX had no effect on the amplitude or
waveform of presynaptic action potentials
or on the EPSC amplitude in simultaneous
recordings (change by 3 � 3%; n � 3) (Fig.
8A), as well as in single postsynaptic re-
cordings (by 3 � 2%; n � 4). MgTX also
had no effect on the presynaptic resting
potential (0 � 1%; n � 5). The lack of
effect of MgTX on EPSCs evoked by a pre-
synaptic action potential might arise from
the relatively slow activation kinetics of the
MgTX-sensitive channel (10 –90% rise
time 1.2 � 0.1 msec) (Fig. 4). Because pre-
synaptic action potentials last no longer
than 1 msec, the activation time of the
MgTX-sensitive channels may not be fast
enough to affect presynaptic action poten-
tials. MgTX might then have prolonged
EPSCs if presynaptic action potentials had
been broadened. This was tested by broad-
ening presynaptic action potentials by
TEA (1 mM) (Fig. 8B). MgTX, applied in
the presence of TEA, further prolonged
presynaptic action potential duration
(half-width, by 36 � 11%; n � 5) and
potentiated EPSCs (by 21 � 7%; n � 5)
(Fig. 8 B). MgTX had no effect on the
action potential amplitude (2 � 4%; n �
5). These results suggest that Kv1 chan-
nels can regulate transmitter release
only when the action potential is
broadened.

A prominent effect of MgTX was ob-
served when the nerve terminal was de-
polarized for a sustained period (Fig. 9).
Suprathreshold presynaptic depolariza-
tion by a long depolarizing pulse (100
msec) normally evokes a single action potential (Fig. 9A), with
the number of action potentials increasing to 3.6 on average (n �
5) by further depolarization (with injection currents up to 240
pA). In the presence of MgTX, however, a sustained presynaptic
depolarization induced a burst of action potentials associated
with a train of EPSCs of decreasing amplitude (Fig. 9A). MgTX
significantly lowered the minimal current required for generating
action potential (by 49 � 5%; n � 5; p � 0.005) (Fig. 9B) and
increased the maximum number of action potentials (by 858 �
362%; n � 5). In contrast to MgTX, TEA (1 mM) did not induce
a burst of spikes on prolonged depolarization but slightly reduced
the minimal current required for spike generation (by 23 � 4%;
n � 3). These results suggest that the MgTX-sensitive LVA chan-
nels play a stabilizing role in the nerve terminal.

Discussion
Identification of potassium channels expressed at the calyx of
Held terminal
At the calyx of Held terminal the voltage-dependent potassium
currents have two main components. One is the HVA current
sensitive to both 4-AP and TEA. The other is the LVA current
sensitive to 4-AP, MgTX, DTX-I, and TsTX. In addition, IPK

contained a minor 4-AP-insensitive component including IbTX-
sensitive currents and slowly activating potassium currents.
Pharmacological properties of the 4-AP-sensitive HVA and LVA
currents suggest that they derive mainly from the Kv3 and Kv1
channels, respectively (Coetzee et al., 1999). The results of occlu-
sion experiments suggest that most of the LVA channels are ho-
momeric Kv 1.2 channels or heteromeric channels containing

Figure 6. The facilitatory effects of 4-AP and TEA on EPSCs. EPSCs evoked by fiber stimulation were recorded from MNTB
neurons at the holding potential of �70 mV. A, Three concentrations of 4-AP (1, 10, 100 �M) were applied incrementally. Note
that 100 �M 4-AP caused a synaptic depression during application. Sample records are averaged EPSCs before (a) and during
applications of 1 �M (b), 10 �M (c), and 100 �M (d) 4-AP (superimposed). B, The concentration–response relationship for the
facilitatory effect of 4-AP on EPSCs (n � 7–11). C, Five concentrations of TEA (0.01–10 mM) were applied incrementally. Sample
records are averaged EPSCs during application of 0.01 mM (a), 0.1 mM (b), 3 mM (c), and 10 mM (d) TEA (superimposed). D, The
concentration–response relationship for the facilitatory effect of TEA on EPSCs. Data from 6 –16 experiments at each concentra-
tion are normalized to the EPSC amplitude before TEA application. A curve fitted to data points was drawn according to the
equation y � 1 � (maximal increase)/[1 � (EC50 /x)n], where the maximal increase was 1.11, EC50 was 0.22 mM, and the
apparent Hill coefficient ( n) was 1.13.
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Kv1.2 subunits. In this regard, it has been suggested recently that
Kv1.2 homomers coexist with Kv1.1/1.2 heteromers at the pre-
synaptic site of the calyx of Held synapse (Dodson et al., 2003).
Recombinant homomeric Kv1.1 has a moderate TEA sensitivity

(IC50, 0.3 mM), whereas Kv1.1/1.2 heteromer is �10 times less
sensitive to TEA (Hopkins, 1998). This is consistent with our
results indicating little overlap between TEA- and MgTX-
sensitive currents; however, given multiple Kv1 subunits ex-
pressed at the calyceal terminal (Fig. 5), the exact composition of
Kv1 channels remains to be determined.

Transcripts for Kv3.1 and 3.3 are expressed in the anterior
ventral cochlear nucleus, where the cell body that gives rise to the
calyx of Held is located (Weiser et al., 1994; Rudy et al., 1999).
Among recombinant channels composed of Kv3 channels, those
comprising Kv3.1 have the highest 4-AP sensitivity, with an IC50

of 20 – 600 �M (Mathie et al., 1998; Coetzee et al., 1999), compa-
rable with that for IPK recorded from the calyx of Held. Although
the presence of Kv3.3 is not testable because of a lack of specific
antibody, the calyx terminal showed clear immunoreactivities
against Kv3.1 and Kv3.4. Thus these channels may together con-
tribute to the TEA-sensitive HVA currents at the calyx of Held
presynaptic terminal.

Identification of potassium channels regulating transmitter
release at the calyx of Held synapse
Bath application of 4-AP or TEA caused a marked potentiation of
EPSCs via broadening presynaptic action potentials (Wang and
Kaczmarek, 1998; Ishikawa and Takahashi, 2001). In contrast to
the calyx of Held in mice (Wang and Kaczmarek, 1998), TEA
significantly increased the peak amplitude of presynaptic action
potential, suggesting that the activation of Kv3 channels is fast
enough to attenuate the overshoot of presynaptic action poten-

tials in the rat calyceal terminal. MgTX
blocked the TEA-insensitive IPK but had no
direct effect on basal synaptic transmis-
sion. Although it has been reported that
recently TsTX causes aberrant action po-
tentials in presynaptic recordings (Dodson
et al., 2003), we never saw MgTX alone
causing aberrant presynaptic action poten-
tials or aberrant burst of EPSCs, either in
the paired recordings or in single presyn-
aptic or postsynaptic recordings. Only af-
ter presynaptic action potentials were
broadened by TEA did MgTX further pro-
long their duration and enhance EPSCs.
These results suggest that the activation ki-
netics of Kv1 channels is too slow to affect
presynaptic action potentials in a normal
condition. Even in the presence of both
MgTX and TEA, no aberrant presynaptic
firings were observed. Although Kv1 chan-
nels do not normally contribute to action
potential duration or maintaining resting
potential, they raise the threshold level of
current required for presynaptic action po-
tential generation. Thus, during a small
but sustained depolarization of nerve ter-
minals, the LVA channels are activated,
thereby stabilizing the nerve terminal.

The IbTX-sensitive BK channels are
expressed in amphibian motor nerve ter-
minals (Robitaille et al., 1993; Yazejian et

al., 2000), in chick autonomic nerve terminals (Sun et al., 1999),
in fish retinal bipolar cells (Sakaba et al., 1997), in mammalian
pituitary cells (Bielefeldt et al., 1992), and at the calyx of Held
terminal of rats (Fig. 2). At the amphibian motor nerve terminal,

Figure 8. The effect of MgTX on the presynaptic action potential and EPSC. A, MgTX (10 nM) had no effect on presynaptic action
potential (sample records on top panel) or EPSCs (bottom panel). Presynaptic resting potential was �71 mV. Gaps in the time plot are
caused by experiments for Figure 9. B, MgTX (10 nM) applied in the presence of TEA (1 mM) prolonged presynaptic action potential duration
and potentiated EPSCs. Presynaptic resting potential was�78 mV. Sample records in A and B are averaged presynaptic action potentials
(top panels) and EPSCs (bottom panels) before (a) and during (b) application of MgTX (superimposed).

Figure 7. The effect of TEA on presynaptic action potentials and EPSCs in a simultaneous
presynaptic and postsynaptic whole-cell recording. Presynaptic action potentials were evoked
by a depolarizing pulse of 1 msec in duration. TEA prolonged presynaptic action potential du-
ration and potentiated EPSCs. The half-width of action potential was measured as a duration
between 50% rise time and 50% decay time (measured from baseline) of action potentials.
Sample records are averaged presynaptic action potentials and EPSCs before (a) and during (b)
application of TEA (1 mM) (superimposed). Presynaptic resting potential was �70 mV. Right
bottom, The relationship between the half-width of presynaptic action potential and the am-
plitude of EPSC during TEA application.
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BK channels are activated during Ca 2� entry through nearby
voltage-dependent Ca 2� channels, thereby effectively regulating
transmitter release (Robitaille et al., 1993). In contrast, at the
calyx of Held terminal, the BK channel blocker IbTX had no effect
on EPSCs. Because the activation kinetics of presynaptic BK cur-
rents (10 –90% rise time; 2.2 � 0.4 msec) is even slower than that
of the MgTX-sensitive currents (1.2 � 0.1 msec), BK channels
cannot prolong action potential duration at this mammalian syn-
apse. Similarly, at the hippocampal synapse, IbTX potentiates
EPSCs only in the presence of 4-AP (Hu et al., 2001). The faster
activation kinetics of BK channel currents at the amphibian neu-
romuscular junction (Yazejian et al., 2000) and in retinal bipolar
cells (Sakaba et al., 1997) might arise from distinct � subunits
(Weiger et al., 2000). Thus, in contrast to the amphibian neuro-
muscular junction, at the mammalian central synapse there is no
evidence that BK channels play a regulatory role in transmitter
release.

Physiological roles of presynaptic potassium channels at the
calyx of Held synapse
HVA Kv3 channels with slow inactivation kinetics ensure repro-
ducible shortenings of presynaptic action potentials. As proposed
for the postsynaptic MNTB neurons (Brew and Forsythe, 1995),
this is essential for the high-fidelity transmission at the calyx of

Held synapse required for the binaural processing of sound-
source localization. This contrasts with the pituitary nerve termi-
nals (Jackson et al., 1991) or hippocampal mossy fiber terminal
(Geiger and Jonas, 2000), in which fast-inactivating potassium
channels broaden action potential duration in an activity-
dependent manner, thereby facilitating transmitter release.

The LVA Kv1 channels also contribute to the high-fidelity
transmission by preventing nerve terminals from aberrant firings
as suggested for the postsynaptic MNTB neurons (Brew and For-
sythe, 1995). When nerve terminals are depolarized for a pro-
longed period, for example during anoxia, Kv1 channels will be
activated and stabilize presynaptic terminals, thereby preventing
generation of aberrant firings. It remains to be seen whether Kv1
channels shorten presynaptic action potentials in immature ani-
mals, which have broader presynaptic action potentials (Tas-
chenberger and von Gersdorff, 2000).
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