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Biophysical properties of delayed rectifier K channels in the hu-
man neuroblastoma SH-SY5Y were established using patch clamp
recordings. The whole cell K+ conductance activated at membrane
potentials positive to −20 mV. The midpoint of current activation
was 9.6 ± 5.1 mV, the equivalent charge was 3.7 ± .6. Whole-cell
currents inactivated slightly with time constants of 700 ms and 5 s.
The K+ currents were sensitive to micromolar concentrations of
TEA and 4-aminopyridine. RT-PCR experiments amplified a cDNA
fragment specific for human Kv3.1 channels. Activation gating pa-
rameters in outside-out patches were shifted by ∼14 mV in the
hyperpolarizing direction.
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The human neuroblastoma cell-line SH-SY5Y expresses a
variety of ion channels, including delayed rectifier K+ chan-
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nels, and it is widely used for laboratory studies (Seward and
Henderson 1990; Reeve et al. 1991; Forsythe et al. 1992; Brown
et al. 1994; Arcangeli et al. 1995; Meyer and Heinemann 1998).
The biophysical and pharmacological properties of these K+

channels have only been partially characterized (Reeve et al.
1991; Forsythe et al. 1992; Johannson et al. 1996; Tosetti et al.
1998), and their molecular identity is unknown. We have pre-
viously shown, using whole cell patch-clamp recording, that
inhibition of delayed rectifier K+ currents in SH-SY5Y cells
by general anaesthetics, correlates with plasma concentrations
of these drugs during anaesthesia (Friederich and Urban 1999;
Friederich et al. 2001). Characterizing anaesthetic drug effects
on these ion channels may, therefore, help to elucidate molecular
mechanisms involved in the pharmacological action of anaes-
thetic agents. In view of these pharmacological results, and in
view of the common use of SH-SY5Y cells in K+ channel stud-
ies, it would be desirable to further characterize the biophysical
and pharmacological properties of delayed rectifier K+ chan-
nels in human neuroblastoma SH-SY5Y cells. For this purpose,
we used the whole cell patch clamp configuration, as well as
the reverse-transcription polymerase chain reaction (RT-PCR)
and sequencing analysis, to identify the K+ channel subtypes
predominantly present in SH-SY5Y cells.

As outlined above, K+ channels in SH-SY5Y cells may
constitute a biophysical model for the study of molecular drug
effects of anaesthetic agents. However, the analysis of the
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magnitude and kinetics of drug action may be confounded by
cell geometry and current amplitude. Space clamp and series
resistance compensation are sometimes difficult to achieve in
whole cell patch-clamp recordings of neurones. These problems
can be overcome by studying excised patches. Another advan-
tage of excised patches is that they allow for controlled, rapid
changes of the bathing solution. This is an important prerequisite
for studying the kinetics of drug actions on ion channels (Dilger
et al. 1997). However, patch excision can also introduce arti-
facts. There is extensive evidence in the Na+channel literature
that channel gating parameters are affected by patch excision
(Fenwick et al. 1982; Cachelin et al. 1983; Fernandez et al.
1984; Nagy et al. 1983; Kunze et al. 1985; Aldrich and Stevens
1987; Goldmann 1995). This has been demonstrated for Na+

channels in various preparations, including neuroblastoma cells
(Nagy et al. 1983; Aldrich and Stevens 1987; Goldmann 1995).
To our knowledge, a similar comparison of whole cell and ex-
cised patch recordings has never been undertaken for delayed
rectifier K+ channels. Before any pharmacological study with
excised patch-clamp recordings of delayed rectifier K+ chan-
nels is performed, it is essential to compare the basic biophys-
ical properties of these channels recorded with the whole cell
and excised patch-clamp configurations first. The second aim
of this investigation, therefore, was to compare the biophysical
properties of delayed rectifier K+ channels in human neurob-
lastoma SH-SY5Y cells in the whole cell and excised outside-
out patch clamp configuration. Preliminary data of this study
were presented as abstracts (Dilger et al. 1998; Friederich et al.
2000).

RESULTS

Whole Cell Electrophysiology
Outward delayed rectifier K+ currents were evoked by depo-

larizing the cell membrane from a holding potential of −80 mV,
to test potentials ranging from −50 mV to +90 mV in 10 mV
steps (Figures 1A and 1B). The currents activated within a few
milliseconds (Figures 1A and 1B), and inactivated on a time scale
of seconds (Figure 1A). The K+ currents saturated at membrane
potentials more positive than +60 mV (Figure 2A). The satu-
rating K+ current level in SH-SY5Y cells was 2.95 ± .76 nA
(n = 11). The average capacitance of the cells was 18 ± 4 pF
(n = 11), so that the average current density was 170 ± 61 pA/
pF (n = 11).

The K+ conductance activated at membrane potentials more
positive than −20 mV (Figure 2B). The membrane potential of
half maximal activation was 9.6 ± 5.1 mV (n = 11); the equiv-
alent charge was 3.65 ± 0.56 (n = 11). The K+ conductance
reached a plateau between +40 mV and +60 mV (Figure 2B)
with a maximal amplitude of 19.4 ± 4.9 nS (n = 11). The deac-
tivation time constant at −80 mV (measured in the presence of
Ko = 40 mM) was 2.3 ± .9 ms (n = 4). The decline of the K+

conductance at more depolarized potentials, a consequence of
the saturating K+ current, was quantified by calculating the ratio

(A)

(B)

FIG. 1. Whole cell current traces at low (A) and high (B) time resolution. K+
currents were evoked from a holding potential of −80 mV by depolarizing the
cell membrane from −50 mV through +90 mV in 10 mV steps. The duration of
the test depolarizations were 7.5 s and 84 ms respectively. Inactivation was not
complete after a 7.5 s depolarization. The residual current amounted to 27 ± 6%
of the peak current (n = 6, measured at +40 mV).

of the K+ conductance at +80 mV to the maximal conductance
(G80/Gmax = .89 ± .07, n = 11).

One possible cause for the decrease in conductance shown
at large depolarizations is a block by intracellular Mg++. This
idea was tested by comparing whole cell current measurements
made in the absence of Mg++ with those made in the pres-
ence of 4 mM Mg++ (Figure 2C, ATP was omitted from both
of these intracellular solutions). The decrease in conductance
was significantly less when Mg++ was omitted from the in-
tracellular solution. For seven experiments in the absence of
Mg++, G80/Gmax = .94 ± .05; for seven experiments in the
presence of 4 mM Mg++ (calculated free Mg++ 2.15 mM, un-
der standard conditions the calculated free Mg++ was .91 mM),
G80/Gmax = .86 ± .05 (p < .05, 2-tailed t-test). Because re-
moval of Mg++ did not eliminate the decrease in conductance
(Figure 2C), there must be an additional block. We did not fur-
ther investigate the source of this block.

K current inactivation was not complete after a 7.5 s de-
polarization (Figure 1A). The residual current amounted to
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27 ± 6% of the peak current (n = 6, measured at +40 mV). The
rate of inactivation of the K+ currents was voltage-independent
(Figure 3A) and could be described as a bi-exponential de-
cay with time constants of 700 ± 248 ms and 5060 ± 1260 ms
(n = 6). The ratio of the amplitude of the fast component to the
slow one was .27 ± .12 (n = 6, measured at +40 mV). Steady-
state inactivation (induced by 120 second depolarizations) was
voltage-dependent (Figure 3B). The midpoint of the inactivation
curve was −29 mV, and the equivalent charge was 2.4 (n ≤ 6).
Recovery from inactivation (Figure 3C) could be described as a
single exponential process with a time constant of 2.6 s (n = 6).

Pharmacology
The pharmacological blockers tested on the K+ currents in

SH-SY5Y cells were all applied extracellularly. The K+ currents
were elicited by depolarizing the membrane potential from a
holding potential of −80 mV to test potentials of 84 ms, duration
ranging from −50 mV to +70 mV in 10 mV steps. Tetraethy-
lammonium (TEA) produced a voltage-independent block with
an IC50-value of 105 µM (the maximal block was 93%, n = 16).
Tetrapentylammonium (TPeA, n = 9) blocked the K+ currents at
lower concentrations than TEA. The block by TPeA was voltage-
dependent with increasing inhibition at more depolarized poten-
tials. At +70 mV, TPeA (10 µM) inhibited the K currents by
48 ± 5% (n = 4). The K+ currents were also sensitive to micro-
molar concentrations of 4-aminopyridine (IC50-value 35 µM,
the maximal block was 93%, n = 7) and glibenclamide (IC50-
value 56 µM, n = 14). They were not affected by α-dendrotoxin
at concentrations of .1 µM (n = 6).

Polymerase Chain Reaction and Sequence Analysis
The electrophysiological and pharmacological profile of the

K+ channels established in this study (Table 2) suggested that
these channels belong to the Shaw, Kv3, subtype of K+ chan-
nels (Gutman and Chandy 1995). Kv3 channels are the only
Kv channels with a high threshold of activation and fast de-
activation time constants, which are sensitive to micromolar
concentrations of both tetraethylammonium and 4-AP; at the

FIG. 2. I-V (A) and G-V (B) curves: average from 11 whole cell experiments.
Pulse protocol is described in Figure 1. The duration of the test-pulse was 84 ms.
I-V and G-V curves were obtained by fitting every current trace to a two ex-
ponential time course (see Methods). The lines are drawn to connect the data
points. (C) G-V curves comparing the effect of intracellular application of Mg2+
on G-V curves of high-threshold activating delayed rectifier potassium channels:
average from 7 whole cell experiments. Pulse protocol is described in Figure 1.
The duration of the test-pulse was 84 ms. The lines are drawn to connect the data
points. The values of the activation midpoints derived by fitting the normalized
conductance-voltage data with a Boltzmann function were Vmid = 6.7 ± 2.3 mV
for experiments with Mg2+ (4 mM) and Vmid = 10.6 ± 3.6 mV for experiments
without intracellular Mg2+ (p < .05). Currents were normalized to the maxi-
mum current within each individual experiment. The decrease in conductance
at positive membrane potentials was significantly less when Mg++ was omitted
from the intracellular solution.
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FIG. 3. (A) Inactivation proceeds with a double-exponential time course.
Both time constants are independent of voltage. Double exponential functions
were fit to the K+ currents after they had reached their maximum. Currents were
evoked by depolarizations of 7.5 s to the indicated membrane potentials (n = 6).
(B) The voltage-dependence of steady-state inactivation induced by pre-pulses
of a duration of 120 seconds to the indicated test-potentials from a holding poten-
tial of −80 mV (n = 3–6, at +30 mV n = 2 and at +50 mV n = 1). The extent of
inactivation was elicited by subsequent depolarization to +40 mV. Inactivation
was normalized to inactivation occurring at −80 mV. K+ currents began to in-
activate at membrane potentials more positive than −80 mV. (C) Recovery from
inactivation occurs with a single time constant. K+ currents were evoked from
a holding potential of −80 mV by depolarizing the cell membrane to +40 mV.
The test-pulse duration was 7.5 s. Recovery from inactivation was measured by
a double-pulse protocol, where the interpulse duration varied between .7 s and
82.5 s. Recovery was expressed as the ratio of the maximal current amplitude,
evoked by the second depolarization to the maximal current amplitude, evoked
by the first depolarisation (n = 6).

A

B

C

same time, they are insensitive to α-dendrotoxin. The lack of
N-type inactivation and the sensitivity to block by internal mag-
nesium strongly points to the presence of Kv3.1 and/or Kv3.2
channels in SH-SY5Y cells (Gutman and Chandy 1995; Rudy
et al. 1999). In order to strengthen the classification as Kv3.1
and/or Kv3.2 channels, we chose a molecular biological ap-
proach to support our electrophysiological and pharmacological
results.

In order to confirm or exclude expression of Kv3.1 or Kv3.2
respectively in SH-SY5Y cells, we used reverse transcription
polymerase chain reaction (RT-PCR) analyses. The cDNA se-
quence of human Kv3.1 was previously reported (Ried et al.
1993). Since the cDNA sequence of human Kv3.2 was not pre-
viously reported, it was established by a database search of
the NCBI GenBank using rat Kv3.2 (Luneau et al. 1991) as
a template and deposited in the database (accession number
AY 118169). Both Kv3.1 and Kv3.2 cDNAs were used in a
database search of the human genome to identify the first exon-
intron border in the respective KCNC gene in order to design
PCR assays with products spanning the border between exon
1 and 2 (please see Methods). The sensitivity and specificity
of the PCR assays, which are close to an ideal PCR reaction,
was determined by establishing standard curves using real-time
quantitative PCR (please see Methods) and plasmid standards
containing partial human Kv3.1 or Kv3.2 cDNAs respectively
(please see Methods). We used the Kv3.1 or Kv3.2-specific PCR
reactions to examine cDNA generated from reverse transcribed
total RNA isolated from SH-SY5Y cells, or as a control, from
human frontal cortex (Figure 4). As expected, both Kv3.1 and
Kv3.2-specific fragments were amplified from human cortex.
However, when we analyzed cDNA from SH-SY5Y cells, we
were only able to detect Kv3.1-specific mRNA, but not Kv3.2-
specific mRNA (Figure 4). Sequencing of the cDNA amplified
with Kv3.1 specific primers, yielded the same nucleotide se-
quence as previously reported for Kv3.1 channels (Ried et al.
1993). Experiments repeated with independently isolated and
reverse transcribed SH-SY5Y cDNA, as well as the use of addi-
tional Kv3.2-specific PCR primer pairs, yielded the same result
(data not shown). These results, together with the previous find-
ings from our electrophysiological and pharmacological exper-
iments, demonstrate that SH-SY5Y cells functionally express
Kv3.1, but not Kv3.2 channels.

Comparison of Whole Cell and Outside-Out
Patch Currents

Figure 5 compares the K+ currents shown in a whole cell
with those shown in an outside-out patch taken from that cell.
A small, quickly inactivating inward Na+ current is shown in
both the whole cell and outside-out patch currents. The outward
K+ currents exhibit a similar time course in both whole cell and
outside-out patches, but the voltage sensitivity is shifted (arrows
denote current resulting from depolarization to 0 mV). This shift
is apparent in Figure 6, where the conductance-voltage curves
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FIG. 4. Detection of Kv3.1-specific transcripts in cDNA from SH-SY5Y
cells. RT-PCR amplification of a 71-bp DNA fragment, using Kv3.1-specific
primers, indicates absence or presence of Kv3.1 sequences in the template ma-
terial. A respective DNA fragment was amplified from SH-SY5Y total RNA
(lane 1), from human frontal cortex total RNA (lane 2), and from Kv3.1 plasmid
DNA (lane 3). The band was absent in control reactions, in which human ge-
nomic DNA (lane 4), SH-SY5Y total RNA without reverse transcription (lane 5),
or water (NTC, lane 6) were used as templates. A Kv3.2-specific RT-PCR failed
to detect Kv3.2 transcripts in cDNA from SH-SY5Y cells (lane 7). However,
control reactions with human frontal cortex cDNA (lane 8) and Kv3.2 plasmid
DNA (lane 9) yielded the correct fragment and proved the sensitivity of the reac-
tion. Again, no Kv3.2-specific PCR-fragment could be detected in the negative
controls performed similar to Kv3.1 (human genomic DNA lane 10, SH-SY5Y
total RNA without reverse transcription lane 11, water lane 12).

for both sets of currents are shown. The conductance midpoint
of the outside-out patch currents in this cell is shifted 11 mV
in the hyperpolarizing direction, compared to that of the whole
cell. In addition, the conductance-voltage curve is less steep for
the outside-out patch. A comparison of eight paired whole-cell
and outside-out patch experiments is shown in Table 1. There is a
significant difference between whole cell and outside-out patch
K+ currents in the midpoint (Vmid is shifted 14 mV towards
hyperpolarized potentials), but not in the effective charge of the
conductance-voltage curves.

The shift in voltage-sensitivity of the currents is also shown
in the voltage-dependence of the activation time constant of the
K+ currents. Figure 7 summarizes the results of eight experi-
ments, in which measurements were made on both whole cell
currents and currents from an outside-out patch excised from
the same cell. The activation time constant becomes faster with
increasing depolarizations in both recording modes. However,
the time constants are shifted 12 mV in the hyperpolarizing

TABLE 1
Comparison of the voltage sensitivity of K+ currents in
SH-SY5Y cells obtained under 8 paired whole-cell and

outside-out patch recordings; p values are calculated using a
2-tailed, paired t-test

Vmid (mV) za Gmax (nS)

Whole cell 8.1 ± 3.3 4.1 ± 0.7 10.6 ± 3.7
Outside-out patch −5.8 ± 6.7 2.9 ± 1.6 0.36 ± 0.29
p value 0.001 0.12 0.0001

FIG. 5. Whole cell currents and currents from an outside-out patch from the
same cell (E0210). P/4 leak subtraction was used. Holding potential −80 mV,
100 ms depolarizations to −50 through +60 mV in 10 mV steps. Arrows indicate
current at a depolarization of 0 mV. The presence of tail currents in the outside-
out patch current in Figure 5 (but, not observed in all patches) suggests that patch
excision may have produced a depolarizing shift in the K+ reversal potential.
The shift in the activation midpoint, however, is in the hyperpolarizing direction.
Thus, changes in K+ reversal potential cannot account for the shift in the voltage
dependence of the current following patch excision.

direction for outside-out currents, compared to whole cell cur-
rents (Figure 7).

DISCUSSION

Identification of Kv Channels
The voltage-dependent K+ channels described in our study

activate at high voltages with a positive activation midpoint.
They exhibit C-type inactivation. These channels are highly sen-
sitive to both TEA and 4-AP, and are insensitive toα-dendrotoxin.
All of these properties are typical for Shaw-like Kv3 channels
(Grissmer et al. 1994; Gutman and Chandy 1995; Rudy et al.
1999). The voltage-dependent K+ channels in our study show
inward rectification at positive potentials induced by internal
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FIG. 6. Conductance voltage curves derived from the whole cell and outside-
out patch experiments in Figure 5. The curves are fit to Equation 1 using the
following parameters: whole cell: Vmid = 6.9 mV, za = 3.7; outside-out patch:
Vmid = −4.4 mV, za = 2.7. When calculating Vmid with a reversal poten-
tial corrected by the calculated difference in driving force (20 mV) Vmid =
−7.2 mV.

magnesium, a property that has been previously reported for
rat Kv3.1 and Kv3.2 channels (Rettig et al. 1992; Harris and
Isacoff 1996). In contrast to other Shaw-like channels, Kv3.1
and Kv3.2 do not exhibit N-type inactivation. N-type inactiva-
tion in Kv3 channels is introduced by the N-terminus of these
ion channels, resulting in inactivation time constants in the range
of 10 ms (Velasco et al. 1998). Kv3.1 and Kv3.2 inactivate with
time constants of at least 50 times slower than described for
N-type inactivation. Furthermore, C-type inactivation has been
characterized in Kv3 channels cloned from rat brain (Marom
et al. 1993). These experimental observations were the rationale
for focusing on Kv3.1 and Kv3.2 in RT-PCR and sequencing
experiments, in our study.

RT-PCR experiments with Kv3.1 specific primer, but not with
Kv3.2 specific primer, amplified a cDNA fragment of 71 bp from
SH-SY5Y cells. Two independent positive controls for Kv3.1,

FIG. 7. A comparison of the activation kinetics of K+ channels measured
in whole-cell and outside-out patches. Results from 8 paired experiments. The
slopes of the linear regressions give the voltage needed for an e-fold change in
activation time constant: 51 mV for whole-cell and 54 mV for outside-out patch
currents. The arrows indicate the voltage at which the activation time constant
is 3 ms; 29 mV, for whole-cell and 17 mV for outside-out patch currents.

as well as Kv3.2, confirmed the specificity of the PCR reac-
tion. Furthermore, the sensitivity of the RT-PCR assays was
established in standard-curve reactions using real-time quan-
titative PCR. The templates were plasmids containing partial
cDNAs for Kv3.1 or Kv3.2, respectively. The reactions showed
that both reactions were comparably sensitive and close to an
ideal PCR reaction (please see Methods). Sequencing analysis of
the cDNA, amplified with Kv3.1 specific primers, yielded a nu-
cleotide sequence previously reported for Kv3.1 channels (Ried
et al. 1993). In combination, our electrophysiological, pharma-
cological, and molecular biologic results, therefore, suggest the
functional expression of Kv3.1 channels in human SH-SY5Y
cells.

The biophysical and pharmacological characteristics of the
voltage-dependent K+ channels expressed in SH-SY5Y cells,
as described in our study, share certain similarities with those
reported by others, but also differ in several aspects of their char-
acteristics (Reeve et al. 1991; Forsythe et al. 1992; Johannson
et al. 1996; Tosetti et al. 1998; Meyer and Heinemann 1998). All
studies describe delayed rectifier K+ currents in SH-SY5Y that
activate at highly depolarized membrane potentials. The activa-
tion midpoints, however, vary between 0 mV and 37 mV, and
only Johannsson et al. (1996), who also used series resistance
compensation, report a voltage-dependence of activation similar
to ours.

Another similarity between the K+ channels measured by
Johansson et al. (1996) and those investigated in our study, is
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the marked rectification of the K+ currents at high membrane
potentials (Figures 2A and 2B). In the study by Johansson et al.
(1996), rectification could be eliminated by removing Na+ from
the electrode solution. Our electrode solution, however, did not
contain Na+, but 4 mM Mg++. We found that removal of internal
Mg++ reduced, but did not eliminate, rectification. Johansson
et al. (1996) estimated the internal Na+-concentrations in intact
SH-SY5Y cells to be approximately 15 mM. It is, therefore,
conceivable that the rectification of the K+ channels at high
membrane depolarization, persisting in our study after Mg++

removal, may be attributed to residual intracellular Na+ ions.
There are also some inconsistencies in the pharmacologi-

cal profiles of delayed rectifier K+ channels in SH-SY5Y cells
measured by various groups. Most strikingly, our results and the
results of Reeve et al. (1992) and Forsythe et al. (1992) indicate
that the K+ channels in SH-SY5Y cells are inhibited by low
concentrations of 4-AP, whereas Tosetti et al. (1998) reported
no inhibition at concentrations as high as 5 mM.

The differences in biophysical, as well as pharmacological
properties, may be explained by differing cell culture and ex-
perimental conditions. We note that series resistance compen-
sation was used in some, but not all of the studies. Forsythe
et al. used K-gluconate in some of their experiments, whereas
KCl was used by Johansson and in our study. In our laboratory,
retinoic acid was used to induce differentiation in SH-SY5Y

TABLE 2
Properties of Kv3.1 channels in different preparations

SH-SY5Y
(This study)

NIH3T3
(Kanemasa)

L929
(Grissmer)

HEK 293
(Critz)

Oocytes
(Yokoyama)

Oocytes
(Kirsch)

Oocytes
(Aiyar)

Oocytes
(Rettig)

Oocytes
(Grissmer)

Species Human Rat Mouse Rat Mouse/rat Mouse/rat Mouse Rat Mouse
Activation

Threshold (mV) −20 −10 −10 −20 −10 −20 −30
Vmid (mV) 8.1 35.7 16 18 12 7.2 18.7 −1–16
Vsteep 6.1 20.8 8.7 7 12.8 9.7 9–11
Tau (ms) 1–10 Faster than Fast

oocyte
Reversal (mV) −79 −78
Deactivation (ms) 2.5 1–3 1.4 1.3 1.8 1.4–2.6
Inactivation

Tau (ms) 700/5000 3000–7000 Slow 7500 396 9822
Vmidinac (mV) −29
Recovery tau (sec) 2.6

Pharmacology (IC50-values, µM)
TEA 105 250 150 170 100 100 220 100 100
TpeA 10
4-AP 35 200 29 600 80 250 180–600
Dtx >1 >1 >100
Gliben 56

The first author is given in parentheses; Grissmer L292 refers to reference Grissmer et al. 1994. Vsteep means the number of millivolts needed
to cause an e-fold change in open probability. The test drugs are abbreviated as follows: tetraethylammonium (TEA), tetrapentylammonium
(TpeA), 4-aminopyridine (4-AP), α-dendrotoxin (Dtx), glibenclamide (Gliben).

cells. K+ channel expression in SH-SY5Y cells is influenced by
retinoic-acid in a complex way (Meyer and Heinemann 1998).
Retinoic acid induces a downregulation of h-eag channels and
an increase in the number of delayed rectifier channels (Meyer
and Heinemann 1998). Differences in biophysical and pharma-
cological profiles of the K+ channels may also suggest that de-
spite their genetic stability (Perez-Polo et al. 1979) SH-SY5Y
cells may have diversified over the decades, since their initial
description (Biedler et al. 1973), and express a different set of
delayed rectifier K+ channels in different laboratories. In any
case, SH-SY5Y cells, as established in our laboratory, predom-
inantly express Kv channels exhibiting properties resembling
cloned Kv3.1 channels (Table 2, Rudy et al. 1999). In view of
the physiological significance of Kv3.1 channels (Rudy 1999;
Joho et al. 1999; Lau et al. 2000; Espinosa et al. 2001; Porcello
et al. 2002), SH-SY5Y cells constitute a suitable cellular model
to study Kv3.1 channels in a neuronal environment, as well as to
investigate anaesthetic action on these important ion channels.

Whole Cell Versus Outside-Out Recordings
It has been known, since the early days of patch clamping,

that patch excision may cause changes in the gating properties of
Na+ channels (Fenwick et al. 1982; Cachelin et al. 1983; Nagy
et al. 1983; Fernandez et al. 1984; Kunze et al. 1985; Aldrich
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and Stevens 1987). This has been seen in various preparations,
including neuroblastoma cells. Our results show that a hyperpo-
larizing shift of gating parameters is not unique to Na+ channels,
and that remarkably quantitative similarities exist between Na+

and K+ channels in this respect. In mouse neuroblastoma N1E
115 cells, Vmid for Na+ channel activation and inactivation is
12 mV more hyperpolarized in outside-out patches, compared
to cell-attached patches (Nagy et al. 1993). In human neuroblas-
toma cells, we observed 12–14 mV hyperpolarizing shifts in K+

channel activation and kinetics in outside-out patches, compared
to whole-cell recordings.

Voltage-clamp problems may, in principle, account for the
observed translation of gating parameters along the voltage axis.
Total voltage clamp of the membrane would be achieved only in
the outside-out patch clamp configuration. To minimize voltage
clamp problems in our whole-cell experiments, however, we
used 60% active compensation of the series resistance, and also
calculated a corrected value of voltage for each current episode.
The average difference between applied and corrected voltages
close to V0 was −1.6 ± .4 mV. We consider it to be unlikely
that the actual membrane potentials were an additional 12 mV
hyperpolarized from our corrected values.

There are several other possible explanations for the observed
gating shifts. Wendt et al. (1992) report that Na+ channel gating
remains stable during perforated patch, when compared to con-
ventional whole cell patch clamp recordings. Also, Filipovic and
Hayslett (1995) observed no alteration in channel gating, when
using nystatin-perforated cell-attached patch as an alternative
approach to excised inside-out patch. These studies imply that
dilution of cytosolic components may cause the altered gating
behavior of Na+ and K+ channels.

The interaction of Kvα and Kvβ subunits influences voltage-
dependent gating of K+ channels (Heinemann et al. 1996; Wang
and Wu 1996; Accili et al. 1997). In contrast to our observations,
a possible disruption of the interaction between alpha and beta
subunits would probably result in a depolarising shift of the
activation curve (Heinemann et al. 1996; Wang and Wu 1996;
Accili et al. 1997). Interaction of Kv alpha and beta subunits
with microfilaments may also influence K+ channel function
(Jing et al. 1999). In line with this hypothesis, a recent study
by Shcherbatko et al. (1999) demonstrated that sodium channel
gating is regulated by possible interaction with the cytoskele-
ton, and also through membrane mechanics. Presently, there are
no reports that implicate a role of the cytoskeleton in the func-
tion of Kv3.1 channels. However, it is intriguing to speculate
that interaction of the cytoskeleton with the cell membrane or
directly with Kv3 channels may alter their voltage-dependent
gating.

In conclusion, SH-SY5Y cells, as established in our labo-
ratory, predominantly express Kv3.1 channels and constitute a
model for the study of the properties and pharmacological alter-
ations of these human K+ channels in a native neuronal environ-
ment. Gating parameters are translated along the voltage-axis,
when whole cell and outside-out patch-clamp measurements are

compared. This shift is, thus, not unique to Na+ channels and
does not result from poor voltage-clamp conditions in whole-cell
measurements. Whether or not the alteration of gating param-
eters affects the pharmacological properties of Kv3.1 channels
remains to be studied.

MATERIALS AND METHODS

Cell Culture
SH-SY5Y cells were grown in a non-confluent monolayer

using RPMI medium (Biochrom, Berlin, FRG) at 37˚C in an
atmosphere of 95% air and 5% CO2. Growth medium contained
10% fetal calf serum, glutamine (2 mM), penicillin (100 U/ml),
and streptomycin (100 µg/ml). Neuronal differentiation was in-
duced by exposure to retinoic acid (10 µM) for 3–7 days. Treat-
ment of these cells with retinoic acid resulted in a reduction in
cell division and neurite extension (Pahlmann et al. 1984).

Whole-Cell Recordings
Voltage-sensitive outward currents were recorded at room

temperature (22–25◦C) with an EPC-7 amplifier (List Elec-
tronic, Darmstadt, FRG) and pClamp software Version 5.71
(Axon Instruments, Foster City, CA, USA), using the whole
cell patch-clamp technique (Hamill et al. 1981). Patch elec-
trodes with an input resistance between 1.8 and 3 M	 were
pulled from borosilicate glass capillary tubes (World Precision
Instruments, Saratoga, Fl, USA), and were filled with the fol-
lowing internal solution (mM): KCl 115, MgCl2 1, MgATP 3,
HEPES 10, EGTA 10, pH 7.2 (with KOH). The extracellular
solution contained (mM): NaCl 135, KCl 4, MgCl2 1, CaCl2 2,
Glucose 10, HEPES 10, pH 7.4 (with NaOH). Experiments with
α-dendrotoxin were performed in the presence of .1% albumin.
Series resistance was measured to be 4.6 ± 2.1 M	 (mean ± SD,
n = 20), and was actively compensated by 60%. The junction po-
tential was measured to be 3.2 ± 0.9 mV (mean ± SD, n = 5) and
was not corrected for. The holding potential was −80 mV, unless
noted otherwise. The test potentials were rectangular pulses with
a duration of 84 ms or 7.5 s, increasing from −50 mV to +90 mV
in 10 mV steps with resting intervals of 1 s or 30 s at −80 mV,
respectively. Currents were low pass filtered at 3 kHz, and sam-
pled at 5 kHz. For graphical representation (Figure 1), current
traces were digitally filtered at 1 kHz. Sodium and calcium cur-
rents have also been described in SH-SY5Y cells (Seward and
Henderson 1990; Brown et al. 1994). Only a small percentage
of the cells showed sodium currents. Moreover, at the holding
potential of −80 mV, a substantial fraction of the sodium current
was inactivated. Since sodium currents were generally small in
size compared to the K+ currents, they were not blocked. Any
residual Na+ current was inactivated by the depolarisation be-
fore the delayed rectifier K+ channels were activated. Calcium
channels were never shown with 2 mM extracellular CaCl2. A
P/4 leak subtraction protocol was used where noted, and per-
formed from a holding potential of −80 mV.
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Excised Patch Recordings
In experiments comparing whole-cell and excised patch cur-

rents, 1 or 2 families of whole-cell current-voltage traces were
recorded before excising an outside-out patch. The capacitance
compensation controls were re-adjusted. Four to five families of
current-voltage traces were recorded in the outside-out mode.
A P/4 leak subtraction protocol was used in both patch con-
figurations. The families were averaged before performing the
analysis.

Electrophysiological Data Analysis
The peak outward K+ current in a trace was determined by

fitting the current to a two exponential time course (activation
and inactivation), and determining the maximal amplitude of
the fit. This avoided the random error that would result from
simply finding the maximum current (biased towards the highest
noise level, especially for small, leak subtracted currents), and
the systematic error that would result from using the maximum
current at a specific time point for all voltages (the kinetics of
activation are voltage-dependent). Peak currents were converted
to conductances using the Nernst potential for K+ (−85 mV for
the standard K+ concentration gradient; the measured reversal
potential was −79 mV, n = 2), and voltage was corrected using
the measured series resistance and compensation level (60%).
The conductance-voltage data were fit to a Boltzmann function
of the form:

G(V) = (Gmax − Gmin)/(1 + exp(−zaF(V − Vmid)/RT))

+ Gmin [1]

where Gmax and Gmin are the maximum and minimum conduc-
tances measured for the data set; Vmid is the voltage correspond-
ing to 50% of maximum conductance; za is the effective gating
charge; and R, T, and F have their usual meanings. The fit routine
used least-squares minimization to determine best-fit values of
Vmid and za. To determine the degree of conductance inhibition at
large depolarizations, a linear interpolation of the conductance
data (between +70 and +90 mV before correction) was used
to determine the conductance at +80 mV (corrected for series
resistance), and the G80/Gmax ratio was calculated. Results are
given as mean ± SD.

Reverse Transcription, Polymerase Chain Reaction,
and Sequence Analysis

The presence of Kv3.1 and Kv3.2 mRNA in SH-SY5Y cells
was established by RT-PCR and subsequent sequencing of the
PCR-product. The sensitivity of the PCR reactions described
below was quantified using SybrGreen (Applied Biosystems,
Foster City, California, USA) real-time quantitative PCR on
an ABI 7900HT (Applied Biosystems, Foster City, California,
USA). Standard curves performed in triplicate using plasmid
standards of Kv3.1 or Kv3.2 respectively confirmed the sensi-
tivity of the PCR reaction and the absence of primer dimer forma-

tion. They verified the high reproducibility of the Kv3.1/Kv3.2
PCR assays, as well as the independence of amplification kinet-
ics from the template concentration. This allowed the generation
of Ct value standard curves (Kv3.1: r = .997, slope = −3.6 ±
.026, intercept = 38.2 ± .8 (n = 3); Kv3.2: r = .997, slope =
−3.2 ± .04, intercept = 37.4 ± .7 (n = 3)) for absolute quantifi-
cation of plasmid standard Kv3.1 or Kv3.2 molecules. The mean
slopes of −3.6 and −3.2 were close to the theoretical value of
−3.32 (−1/log2) for a perfect PCR reaction that exactly doubles
the number of template molecules with each cycle.

For reverse transcription, a reaction volume of 12 µl, con-
taining 250 ng random primer (1µl, Gibco-BRL, Rockville,
Maryland, USA), 1 µg total RNA (1µl), and distilled water,
was heated to 70◦C for 10 minutes. 5 × first strand buffer (4 µl,
pH 8.3, Gibco-BRL, Rockville, Maryland, USA), .1 M DDT
(2 µl, all from Gibco-BRL, Rockville, Maryland, USA), and
10 mM dNTP (1 µl, Amersham Pharmacia, Freiburg, FRG) were
then added, and the reaction volume was incubated at 25◦C for
10 minutes and at 42◦C for 2 minutes. Superscript II RNAse H−

reverse transcriptase (1 µl, 200 units, Gibco-BRL, Rockville,
Maryland, USA) was added, and the volume was incubated at
42◦C for 50 minutes. The reaction was stopped by heating to
70◦C for 15 minutes, and the cDNA was used as the template
for the PCR.

For PCR amplification (ABI 7900HT), 50 µl of a solution
containing MgCl2 (1.5 mM), DMSO (5%), 10 × buffer (10 µl,
Gibco-BRL, Rockville, Maryland, USA), dNTP mix (200 µM,
Gibco-BRL, Rockville, Maryland, USA), TAQ-polymerase (2.5
units, Gibco-BRL, Rockville, Maryland, USA), cDNA (1 µl),
Kv3.1 sense primer (5′-CGCTACGCG CGGTATGT-3′), and
Kv3.1 antisense primer (5′-TCCAGGCAGAAGGTGGTGAT-
3′) and Kv3.2 sense primer (5′-CTTCGAAGACCCCTACTCGT
CC-3′) and Kv3.2 antisense primer (5′-AACCAGGATGAAGA-
ATAAAGAAGC-3′) were added to a test tube (100 pmol, 0.5 µl
each). The tubes were preheated for 5 minutes at 94◦C, and
were then subjected to 40 cycles of a two-step PCR consisting
of denaturation at 94◦C (30 seconds) and annealing/extension
at 60◦C (30 seconds). The SybrGreen standard curve PCRs
were followed by a slow temperature ramp, yielding a melt-
ing curve. The PCR products were separated on a 2% agarose
gel by electrophoresis (80–100 mV; Pharmacia LKB, Upsalla,
Sweden) and visualised by ethidium bromide staining. The PCR
products generated by the Kv3.1 or Kv3.2 primers span the
intron between exon1 and exon2 of the KCNC1 or KCNC2
genes. The exon1/intron1 borders of the KCNC1 or KCNC2
genes were established by a blast search (Altschul et al. 1997)
at the NCBI Genbank human genome database using the re-
spective cDNA as a template (Genbank Accession numbers:
Kv3.1: NM 004976; Kv3.2: AY118169). For KCNC1 (Kv3.1),
the first exon/intron border is located between nucleotides 570
and 571 of the KCNC1 open reading frame. For KCNC2 (Kv3.2)
the first exon/intron border is located between nucleotides 687
and 688 of the KCNC2 open reading frame. After purification,
the PCR products were sequenced using the BIG DYE cycle
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sequencing kit (Applied Biosystems, USA) and analyzed on an
ABI 377 automated sequencer (Applied Biosystems, USA). As
a positive control for Kv3.1, a fragment containing nt 192–697
of hKv3.1 was amplified from human cortex cDNA, subcloned
to pCRII-Topo (Invitrogen, Groningen, The Netherlands), and
verified by sequencing analysis. For Kv3.2, an EST clone con-
taining a fragment of human Kv3.2 (Kv3.2: IMAGp998D15331,
RZPD, Berlin, FRG) was verified by sequencing analysis and
served as a positive control. Both positive controls served as
standards in the above described PCR experiments.
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