
Abstract We transfected cultured hippocampal neurons
with the cDNA of the voltage-gated K+ channel Kv1.3 to
investigate the mechanisms by which a specific ion
channel influences excitability. In transfected neurons
under voltage clamp we observed an additional outward
current that was blocked selectively by margatoxin. Un-
der current-clamp conditions, Kv1.3-expressing neurons
fired tonically over a wide range of stimulation intensity.
In non-transfected neurons, or in Kv1.3-expressing cells
blocked with margatoxin, only a few action potentials
were elicited before a stationary depolarized state was
reached. We attribute the specific effect of Kv1.3 to its
particularly slow deactivation near the resting potential.
A computational model showed that a continuous out-
wards current arises in Kv1.3-expressing neurons during
the interspike intervals. It expands the dynamic range so
that these neurons still fire tonically at stimulus current
intensities at which non-transfected cells have already
been driven into a stationary depolarized state.
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Introduction

Neuronal K+ channels form a large and diverse group,
the many physiological functions of which include shap-
ing the action potential waveform as well as governing

the potential between spikes [12, 19]. Only recently has
their role in neurites begun to be investigated [3, 5]. On
the other hand the number of recombinant K+ channels
being cloned and studied in heterologous expression sys-
tems is rising steadily [17] and the insight into the mech-
anism of these channels gained from this approach has
been enormous. There remains, however, a critical gap in
our understanding: only little is known about how ion
channels formed by a specific voltage-gated K+ channel
(Kv) subunit contribute to the electrical function of a
neuron [8].

In the present study we investigated the effect of the
recombinant Kv1.3 channel on the signalling properties
of neurons. We chose Kv1.3 for three reasons. First, the
endogenous expression of Kv1.3 in cultured hippocam-
pal neurons is very low. Second, it is possible to selec-
tively block Kv1.3-mediated currents with the scorpion
toxin margatoxin (MgTx) [6, 14]. Finally, Kv1.3 is well
characterized biophysically [1, 9, 10, 11, 21]. Kv1.3 cur-
rents display characteristic gating kinetics that differ
from other delayed-rectifier-type currents. In response to
depolarizing voltage pulses macroscopic Kv1.3 currents
activate within a few milliseconds and inactivate accord-
ing to a rather slow (C-type) inactivation, from which
they recover with a time constant of several seconds
[11]. It has been suggested that neurons containing
Kv1.3 conductances can integrate separate incoming sig-
nals that are up to 30 s apart [10]. Computer-generated
Kv1.3 conductance produces cellular short-term memory
in cultured stomatogastric ganglion neurons [21]. In the
present study with cultured hippocampal neurons we
used a fusion protein of Kv1.3 with green fluorescent
protein (GFP) to observe the subcellular expression pat-
tern of the channel and to identify the transfected neu-
rons. As was previously shown in HEK293 cells, fusion
with GFP leaves the gating properties of Kv1.3 virtually
unchanged [7].
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Materials and methods

Heterologous expression of GFP-Kv1.3 channels in hippocampal
neurons

The construction, amplification and propagation of the plasmid
coding for the GFP-Kv1.3 fusion protein have been described pre-
viously [7]. We used a PCR-based strategy to generate a gene cod-
ing for a GFP variant that targets the expressed protein to the plas-
ma membrane (2Mem-EGFP). One primer was designed such that
both a unique Hind III restriction site and the myristate attachment
site of h-src were created immediately preceding the start codon of
EGFP [18]. The other primer was complementary to the C-termi-
nal end of EGFP and contained a sequence coding for prenylation
and palmitoylation motifs followed by a unique BamHI restriction
site. The PCR product was sub-cloned into the mammalian expres-
sion vector pcDNA3 (Invitrogen, Carlsbad, USA).

Hippocampal neurons were isolated from embryonic (E) rats
(day E17) according to the method established by Goslin and Bank-
er as described previously [4, 13]. They were plated at a density of
100,000 cells/ml on cover-slips coated with poly-L-lysine
(MW 75–150 kDa, Sigma, Deisenhofen, Germany) by adsorption
(10 µg/ml in distilled water, 12 h), and cultured in 35-mm Falcon
dishes for up to 5 weeks in 2.5 ml neurobasal medium containing
B27 Supplement and 0.5% fetal bovine serum (Gibco, Rockville,
Md., USA) at 10% CO2 and 37 °C. For electrophysiological mea-
surements we used 8- to 10-day-old neurons that were still spatially
compact but fired action potentials when excited with moderate cur-
rent injections. We transfected the hippocampal primary cultures
with GFP-Kv1.3 according to a slightly modified Ca2+ phosphate-
precipitation method. In brief, upon adding 1 µg DNA dissolved in
50 µl 250 mM CaCl2 in 5 µl aliquots to 50 µl 2×HEPES-buffered sa-
line (HBS) pH 7.05, a Ca2+/DNA precipitate was allowed to form
over a period of 30 min at room temperature. During that time we
recovered the growth medium from the cultures, stored it in the in-
cubator and washed the cultures twice with 2 ml DMEM (Gibco)
before adding 1 ml DMEM to the dish together with the Ca2+/DNA
solution. After 2.5 h incubation at 37 °C, the medium was replaced
with the original growth medium and the cultures were stored in the
incubator for at least another 3 h prior to recording. Neurons from
3- to 4-week-old hippocampal cultures were transfected by microin-
jection using an Eppendorf Transjector 5246 equipped with an In-
jectMan with solutions containing 20 ng/µl cDNA [15]. GFP fluo-
rescence was visualized with a Zeiss fluorescence microscope using
the HQ-Endow-EGFP filter set (AF Analysetechnik, Tübingen,
Germany). Images were acquired using a Hitachi 3-CCD camera
(HV-C20; Hitachi Denshi, Woodbury, USA).

Immunostaining

Approximately 8 h after transfection, hippocampal neurons were
rinsed in PBS and fixed in ethanol (–20 °C) for 15 min. After wash-
ing in PBS they were incubated for 10 min in 0.3% Triton X-100 in
PBS at room temperature and blocked for 30 min in 3% bovine se-
rum albumin, 2% donkey serum in PBS. Next, the cells were incu-
bated with anti-Kv1.3 (Alomone Labs, Jerusalem, Israel; dilution
1:20 in 3% bovine serum albumin, 2% donkey serum in PBS) over-
night at 4 °C, followed by three washes with PBS, 10 min each. The
cells were then incubated with a Cy5-conjugated anti-rabbit (Dian-
ova, Hamburg, Germany; dilution 1:200 in 3% bovine serum albu-
min, 2% donkey serum in PBS) overnight at 4 °C and washed again
three times in PBS before being mounted, cell side up, and cover-
slipped. Confocal images were generated on a Zeiss 410 inverted la-
ser scanning microscope using the following excitation and emis-
sion wavelengths: 488/510 and 525 nm (EGFP) and 633/665 and
710 nm (Cy5).

Recording and data analysis

Patch electrodes were pulled from borosilicate glass and fire-pol-
ished to a resistance of 0.5–1.5 MΩ. Recording solutions were as
follows (in mM): pipette solution 140 KCl, 5 HEPES, 1 EGTA,
2 MgCl2, pH 7.4; bath solution 5.4 KCl, 135 NaCl, 1.8 CaCl2,
1 MgCl2, 10 glucose, 5 HEPES, pH 7.4. For the toxin experiments
we used a stock solution containing 500 nM MgTx (Bachem, Hei-
delberg, Germany) dissolved in water. Aliquots (6 µl) of the toxin
stock were added directly to the 3-ml recording chamber. Electro-
physiological recordings were obtained with an SEC-10L amplifi-
er (NPI electronics, Tamm, Germany), operating either in the sin-
gle-electrode voltage-clamp (SEVC) or current-clamp (SECC)
mode, filtered at 3 kHz and sampled at frequencies greater than
6 kHz. We monitored the electrode potential continuously, ensur-
ing the complete dissipation of the current injection artefact prior
to sampling the voltage signal in switched mode. In addition we
recorded currents exclusively from rather compact, barely fluo-
rescing neurons, allowing proper voltage control during voltage-
clamp experiments. The WinWCP software, kindly provided by
John Dempster (University of Strathclyde) was used for pulse gen-
eration as well as data acquisition. In some experiments, leak cur-
rents were recorded according to a P/8 protocol and subtracted off-
line. Data are given as means±SE. All experiments were carried
out at room temperature.

Computational model

To model neuronal dynamics we used the common parameteriza-
tion for hippocampal neurons [20]. All rate constants were scaled
by a temperature factor of 0.17 to account for the temperature of
20 °C in the experiments [2]. We chose a membrane surface corre-
sponding to a sphere with a diameter of 20 µm. The specific ca-
pacitance was 1 µF/cm2 and the specific maximum conductance
for K+ was 8 mS/cm2, corresponding to the experimental currents
of around 10 nA in the cultured neurons under voltage-clamp con-
ditions. The specific maximum conductance for Na+ was adjusted
proportionally to 30 mS/cm2. The dynamics of the Kv1.3 channels
were described by the Turrigiano-Abbott-Marder parameterization
[21] and we chose a maximum conductance of 8 mS/cm2 to match
the experimental voltage-clamp currents. The reversal potentials
for Na+ and K+ were +50 and –80 mV respectively. Model neu-
rons, expressingKv1.3 or not, were held at –70 mV by weak cur-
rent injection and the effect of additional was current studied. The
numerical simulations were performed using a program in the
LabView (National Instruments, Austin, Tex., USA) environment
using time steps of 10 µs

Results

Expression of Kv1.3 channels

As early as 5 h after transfecting 8- to 10-day-old hippo-
campal neurons with the cDNA coding for GFP-Kv1.3
we could detect fluorescence associated with the expres-
sion of the recombinant protein (Fig. 1A). The fluores-
cence signal was particularly strong in the soma and less
pronounced, but still clearly visible, in the neurites. To
investigate the subcellular distribution of Kv1.3, we mi-
croinjected GFP-Kv1.3 cDNA into the nucleus of larger
hippocampal neurons kept for 3–4 weeks in culture
(Fig. 1B and C). Again, GFP-Kv1.3 was concentrated in
the soma. The fusion construct could be observed in the
plasma membrane of neurites and spines. At high magni-
fication, the fluorescence appeared uneven and punctate,
suggesting that the recombinant channels were clustered.

542



As it was difficult to identify the axons in our cultures,
we were unable to confirm whether Kv1.3 expression is
restricted to the somato-dendritic compartment, as is the
case in wild-type neurons [22].

To obtain a rough estimate of the amounts of endoge-
nous and recombinant Kv1.3 protein, we stained the
neurons with a red-fluorescing Cy5-antibody recogniz-
ing the anti-Kv1.3 antibody. To avoid artefacts due to

the fluorescence of GFP present in the Kv1.3 neurons
we chose neurons expressing the recombinant mem-
brane-targeted GFP variant 2Mem-GFP as control cells.
2Mem-GFP contains consensus sequences which are
myristylated and palmitylated during translation and an-
chor the GFP to the internal face of the plasma mem-
brane. The 2Mem-GFP neurons and the GFP-Kv1.3
neurons displayed equally strong green fluorescence as
illustrated in Fig. 2C and D. In contrast, the red Cy5 
immunofluorescence staining of the Kv1.3 protein was
much brighter in transfected than in control neurons
(Fig. 2A and B), indicating that GFP-Kv1.3 neurons 
express substantially more Kv1.3 protein than control
cells.

Outward current in Kv1.3 neurons

We studied the ionic current in 8- to 10-day-old neurons
in the whole-cell voltage-clamp configuration, compar-
ing current families in cells without and with Kv1.3
transfection (Fig. 3A–C). Because brightly fluorescing
Kv1.3 neurons had outward current amplitudes too large
to be voltage-clamped faithfully, we recorded currents
only from dimly fluorescing Kv1.3 neurons with peak
current amplitudes around 20 nA. The inward compo-
nent of the current of control and Kv1.3-expressing neu-
rons followed similar kinetics. However, the amplitude
of the outward current in the latter was more than twice
that in non-transfected neurons (Fig. 3D).

A train of short membrane depolarizations applied to
control neurons resulted in constant-amplitude current
responses (Fig. 3E). In transfected neurons, however, the
current response decayed from one pulse to the next
(Fig. 3F). This cumulative inactivation is a feature of Kv
channels with slow inactivation and very slow recovery
from inactivation. It is also a characteristic property of
Kv1.3. This experiment suggests strongly that the addi-
tional component of the outward current after transfec-
tion is caused by Kv1.3 channels and not by other en-
dogenous channels, the expression of which had been in-
duced artificially by the transfection procedure.

Selective blockade of Kv1.3 by margatoxin

We obtained a reliable estimate of the contribution of
functional Kv1.3 channels to the K+ current in individual
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Fig. 1A–C Transfection of cultured hippocampal neurons with
cDNA encoding the fusion product of the voltage-gated K+ chan-
nel Kv1.3 with green fluorescent protein (GFP-Kv1.3). A Fluores-
cence micrograph of a 9-day-old neuron 7 h after transfection.
B A 3-week-old neuron 18 h after microinjection with the cDNA
of GFP-Kv1.3. C As in B, but higher magnification. Scale bars
50, 20 and 10 µm, in A–C respectively

Fig. 2A–D Immunoassay of Kv1.3 expression. Confocal images
of 9-day-old neurons. A Neuron expressing GFP-Kv1.3 under
conditions for visualization of the fluorescence of the Cy5-conju-
gated secondary antibody recognizing anti-Kv1.3. B Control neu-
ron transfected with 2Mem-GFP under conditions for visualization
of Cy5. C, D The corresponding cells under conditions for visual-
ization of GFP fluorescence. Scale bar 10 µm



transfected and non-transfected neurons by using MgTx
(also referred to as α-KTx2.2). MgTx belongs to the
charybdotoxin family of K+ channel-blocking peptides
[14] and blocks Kv1.3 specifically with high affinity at
picomolar concentrations. Other Kv channels are
blocked only at micromolar concentrations [6]. We mea-
sured the current amplitudes under voltage-clamp condi-
tions in transfected neurons and in control neurons be-
fore and after applying MgTx (final concentration
1 nM).

To ensure that the current amplitude was stable, we
first depolarized the neuron with eight brief voltage puls-
es at 30-s intervals and then added the toxin to the bath
(Fig. 4A and B). Application of MgTx to non-transfected
neurons decreased peak current by approximately 5%
(Fig. 4A and C, open circles, n=4). Adding MgTx to
Kv1.3-expressing neurons blocked a significant portion
of the K+ current within 2 min (Fig. 4B and C, closed
circles, n=4). On average, MgTx blocked approximately
two-thirds of the outward current in Kv1.3-expressing
neurons (Fig. 4D). These data demonstrate that the trans-
fected neurons express approximately 15-fold more
Kv1.3 channels than non-transfected (control) neurons.
To ensure that the applied concentration of 1 nM MgTx
was sufficient to completely block all Kv1.3 mediated
current, we repeated the experiment with HEK293 cells
expressing GFP-Kv1.3 (Fig 4C, closed triangles, n=4).
As expected, virtually all the outwards current was
blocked within 2 min. This experiment also demonstrates
that the cytoplasmically attached GFP does not interfere
with the extracellular binding of MgTx.

Kv1.3 stabilizes tonic firing

We studied the effect of Kv1.3 on neuronal signalling
under current-clamp conditions in cells expressing a
modest amount of Kv1.3, as for the voltage-clamp exper-
iments. In all cells, intracellular voltage before and after
stimulation was maintained at –70 mV by injecting a
current of a few picoamperes. When the neurons were
stimulated with 220 pA, there were no differences in the
rising phase of the first action potential between control
and Kv1.3-expressing neurons (Fig. 5A). As expected,
the decay of the action potential was significantly accel-
erated in Kv1.3-expressing neurons due to the enhanced
outward current (Fig. 5A). We then applied a series of
increasing current injections from 60 to 380 pA, each of
100 ms duration at 2-s intervals. In control neurons the
first action potential in each trace was apparently nor-
mal, but the amplitude of subsequent spikes decreased
and, very soon, the neurons were driven into a stationary
depolarized state (Fig. 5B). The dynamic range of tonic
firing was rather limited for these cultured hippocampal
neurons. When an identical stimulation protocol was ap-
plied to Kv1.3-expressing neurons, these fired tonically
at a constant amplitude for all stimulation current inten-
sities, with an enhanced frequency with stronger stimuli
(Fig. 5C). The Kv1.3 channels thus expand the range of
tonic firing of the cultured neurons. Overall we observed
this behaviour in more than 20 cases for the non-trans-
fected cells and equally often for the Kv1.3-expressing
neurons. Despite limiting our studies to 8- to 10-day-old
neurons, there was still substantial variability in the rest-
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Fig. 3A–F Whole-cell voltage-clamp current recordings from neu-
rons with and without expression of GFP-Kv1.3. A Pulse protocol.
B Non-transfected control neuron. The capacitive artefact has been
removed. C Neuron transfected with GFP-Kv1.3. D Mean peak
current (n=10) in control and in GFP-Kv1.3-expressing neurons in
response to depolarizations to +40 mV from a holding potential of
–100 mV. E Current in control neurons in response to a train of 15-
ms depolarizing pulses from a holding potential of –100 mV to a
pulse potential of +40 mV. F Current of GFP-Kv1.3-expressing
neurons in response to a similar train of depolarizing pulses

Fig. 4A–D Block of Kv1.3 by margatoxin (MgTx). Voltage-clamp
recordings. A Current in a control neuron, B in a GFP-Kv1.3-ex-
pressing neuron, before and after bath application of 1 nM MgTx.
Depicted are 14 superimposed traces in response to successive de-
polarizing voltage pulses, 30 s apart, from a holding potential of
–100 mV to a pulse potential of +40 mV. C Peak current as a func-
tion of time for control (open circles) and transfected (dots) neu-
rons and transfected HEK293 cells (triangles). Eight control mea-
surements were made, then MgTx added to the bath to a final con-
centration of 1 nM (indicated by the shaded area). D Mean current
amplitudes (n=10) in GFP-Kv1.3-expressing neurons before and
after application of MgTx



ing potential, in Na+ and K+ currents and in the firing
patterns of the Kv1.3-expressing and control cells. A
more quantitative evaluation was therefore not possible.

A more reliable estimate of the contribution of Kv1.3
to neuron excitability was achieved by comparing the
electrical behaviour of the same Kv1.3-expressing neuron
before and after selectively blocking the Kv1.3 compo-
nent with MgTx. In the selected cells we checked by volt-
age clamp that the application of MgTx blocked more
than half of the outward current (Fig. 6A). Under current-
clamp conditions, untreated neurons fired tonically at all
stimulation intensities with an enhanced frequency at the
higher intensities (Fig. 6B). Exposure to MgTx broad-
ened the first spike by 67±26% (n=4), as estimated by the
time taken for the potential to go from +20 mV in the up-
stroke to +20 mV on the down-stroke, but did not affect
its amplitude (Fig. 6C), corresponding to the observation
shown in Fig. 5A. The later spikes, however, were drasti-
cally damped with lower peaks and increased interspike
potentials (Fig.6C). Whereas the after-hyperpolarization
potential in untreated Kv1.3-expressing neurons reached
–65±1 mV, in the presence of MgTx the neurons repolar-
ized only to –46±2 mV. With increasing current injection
the neuron passed after a few spikes into a stationary de-
polarized potential (Fig.6C). Pharmacological blockade
of the Kv1.3 channels reduced drastically the range of
tonic firing of the transfected neurons.

Discussion

Kv1.3 and neuronal signalling

The aim of the present study was to investigate how the
functional expression of a defined recombinant ion chan-
nel alters the signalling properties of a neuron. For that
purpose we transfected primary cultures of hippocampal
neurons with the cDNA encoding the Kv1.3 channel. Un-
der voltage-clamp conditions, the outward current of the
transfected neurons had a large component that was
blocked selectively by the scorpion toxin MgTx, as is typ-
ical for Kv1.3. The endogenous level of Kv1.3 expression
was negligible, in agreement with the finding that the ma-
jor component of the K+ current in cultured hippocampal
neurons is mediated by Kv2.1 channels [16]. Under cur-
rent-clamp conditions, Kv1.3 channels accelerated the re-
polarization of the first action potential. A more surprising
observation was that the Kv1.3-expressing neurons dis-
played perfectly tonic firing in response to a wide range of
stimulus current intensity, in contrast to non-transfected
cells or to cells treated with the Kv1.3 channel blocker
MgTx, which fired only a few action potentials with de-
creasing amplitude before entering a stationary depolar-
ized state. Kv1.3 channels thus stabilize tonic firing.
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Fig. 5A–C Current clamp of a GFP-Kv1.3-expressing neuron and
a control neuron. A Action potential of Kv1.3-expressing (solid
line) and a control (dashed line) neuron during injection of
220 pA. B Recordings from a control neuron in response to 100-
ms injections of 60, 140, 220, 300 or 380 pA. C Recordings from
a GFP-Kv1.3-expressing neuron in response to the same currents

Fig. 6A–C Recordings from a GFP-Kv1.3-expressing neuron be-
fore and after addition of MgTx. A Voltage clamp before (dashed
lines) and after (solid lines) bath application of 1 nM MgTx. Pulse
protocol as in Fig 1A. B Recordings from a GFP-Kv1.3-express-
ing neuron in response to 100-ms injections of 60, 140, 220, 300
or 380 pA. C Responses of the cell to the same stimuli after appli-
cation of MgTx



Role of slow deactivation

Although the accelerated repolarization is easily ex-
plained by the additional outward K+ current through
the Kv1.3 channels opened during the action potential,
the cause of the stabilized tonic firing is not evident. We
suggest that this peculiar effect is caused by the slow
deactivation of Kv1.3 upon repolarization. Figure 7A
shows the time it takes for the Kv1.3 conductance is fall
to 50% in response to repolarizing steps starting from
+50 mV as a function of potential, according to the 
Turrigano-Abbott-Marder parametrization [21]. Near
the resting potential deactivation is an order of mag-
nitude slower than for the common hippocampal 
K+ conductance, according to the Traub-Miles para-
metrization [20].

We propose that, after each action potential, the
Kv1.3 conductance remains active for a sufficiently long
time so as to give rise to a long-lasting outward current
that counteracts the injection current. As a result Kv1.3
would expand the dynamic range of firing of cultured
hippocampal neurons such that the transfected neurons
are still firing tonically when the control cells have al-
ready been driven into a stationary depolarized state by
over-stimulation. Although the dynamics of Kv1.3 have
been studied in detail [10, 11, 21], the significance of its
slow deactivation with respect to neuronal signalling has
not been recognized. Adding Kv1.3 channels can affect
the behaviour of a neuron quite differently on different
time-scales. As previously established, the unusually
slow inactivation and recovery from inactivation can
produce a cellular form of short-term memory of the or-
der of many seconds [21]. The result reported here indi-

cates that on a shorter timescale (some few hundred mil-
liseconds), Kv1.3 can stabilize tonic firing by virtue of
its slow deactivation.

Computational model

To check the role of slow deactivation of Kv1.3 under
current-clamp we combined the Turrigiano-Abbott-Mar-
der dynamics of Kv1.3 [21] with the Traub-Miles param-
eterization of hippocampal neurons [20] in a computa-
tional model. The membrane potential and the ion cur-
rents are shown in Fig. 7B for a current injection of
200 pA. As expected, a continuous, 50-pA outward cur-
rent is present during the interspike interval, in addition
to the action potential with transients of Na+ current, in-
trinsic K+ current and current through the Kv1.3 chan-
nels. The Kv1.3 channel current may counteract part of
the injection current.

Firing in the modelled non-transfected and transfected
neurons is shown in Fig. 7C and D as a function of stim-
ulus current intensity. In both cases action potentials can
be elicited above 2 pA. The spike frequency increased
and amplitude decreased until a stationary depolarized
state was attained at high current intensity. The dynamic
range, within which firing is tonic, however, is expanded
to higher stimulus intensity when Kv1.3 is present. This
change is specific for Kv1.3, as an enhancement of the
intrinsic K+ conductance has no effect, and can be attrib-
uted to the slow deactivation of Kv1.3, as the same be-
haviour was found when we blocked inactivation. We
propose that the expanded range of firing in the model
corresponds to the stabilized tonic firing in the experi-
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Fig. 7A–D Computations.
A Slow deactivation. The fig-
ure shows the time required for
50% deactivation after a hyper-
polarizing step from +50 mV to
the voltage indicated on the
abscissa for the Kv1.3 conduc-
tance and for the intrinsic hip-
pocampal K+ conductance.
B Action potential in a mod-
elled neuron expressing Kv1.3
following injection of 200 pA.
Top: membrane potential; bot-
tom: Na+ current, intrinsic hip-
pocampal K+ current and Kv1.3
current. C Response of the
hippocampal model neuron 
to depolarizing currents.
D Response of the model 
neuron expressing Kv1.3 
channels to depolarizing 
currents



ment: with Kv1.3 there is firing with full amplitude at
stimulations where the non-transfected model shows
damped action potentials, and there is tonic firing at
stimulation intensities at which the original model is al-
ready in a stationary depolarized state.

Some differences cannot be overlooked between the
current-clamp dynamics of transfected neurons and of
the established Traub-Miles model amended with the es-
tablished Turrigiano-Abbot-Marder model. First, the dy-
namic firing range in the Traub-Miles model for hippoc-
amapal neuron is far wider than in the cultured neurons
(Figs. 6C and 7C). Adding Kv1.3 stabilized firing in the
model at low stimulation intensity, as in the experiment
(Figs. 6B and 7D), but lowered the firing frequency in
the model at a given stimulation intensity, whereas a
slight acceleration was observed in the experiment. An
upper limit of firing was not attained in the experimental
study. The discrepancies between the model and experi-
mental results under current-clamp conditions reflect the
sensitivity of non-linear systems, such as firing neurons,
to the values used for the kinetic parameters. For a quan-
titative description of the functional implications of ion
channels with respect to neuronal signalling we obvious-
ly require better parameterizations of channel kinetics.

Conclusion

Functional expression of the defined recombinant ion
channel Kv1.3 significantly altered the signalling proper-
ties of cultured hippocampal neurons. We observed per-
fect tonic firing of transfected cells over a wide range of
stimulus current strength, while non-transfected neurons,
or neurons in which Kv1.3 had been blocked pharmaco-
logically, exhibited a damped sequence of action poten-
tials soon ending in a stationary depolarized state. The
observed biophysical effect of Kv1.3 may well be signif-
icant for controlling the firing pattern in the brain, since
Kv1.3 is expressed in various cell types of the hippocam-
pus and cerebellum [22]. We propose that the specific ef-
fect of Kv1.3 is due to the slow dynamics of its deactiva-
tion. An action potential opens Kv1.3 channels which
then close very slowly, such that a long-lasting outward
current appears that weakens the effect of stimulation.
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