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Abstract

q Ž .We have cloned the cDNA encoding the voltage-dependent K channel Kv2.1 from human brain hKv2.1 . RNase protection and
Ž .RT-PCR reverse transcriptase-PCR experiments reveal abundant Kv2.1 transcripts in human brain with virtually no expression

detectable in human heart. hKv2.1 has been stably transfected into a human glioblastoma cell line, and transformed cells display large,
slowly activating outward currents. The kinetics, steady-state activation and inactivation parameters, and external tetraethylammonium
sensitivity were all similar to those described previously for hKv2.1 channels transiently expressed in Xenopus oocytes or other
mammalian cell lines. A number of dopamine receptor antagonistrantipsychotic agents were shown to block hKv2.1. Trifluoperizine,
trifluperidol and pimozide produced time-dependent blockade of hKv2.1 with IC values of approx. 1–2 mM. The diphenylbutylpiperi-50

dine fluspirilene was shown to be 4–5-fold more potent than the other agents tested inhibiting hKv2.1 current with an IC value of 29750
Ž .nM. The block produced by fluspirilene was both time- and frequency-dependent. Furthermore, fluspirilene 1 mM shifted the

midpotential of the hKv2.1 steady-state inactivation curve by approx. 15 mV in the hyperpolarizing direction. These results demonstrate
the usefulness of this transfection system for the pharmacological characterization of hKv2.1. Fluspirilene proved to be a relatively potent
blocker of hKv2.1 and may provide a useful starting point for the development of more potent and selective agents active against this
brain Kq channel.
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1. Introduction

Voltage-dependent Kq channels play an important role
in controlling electrical activity in excitable cells. As such,
these channels play a dual pharmacological role as both
important therapeutic targets on the one hand, and as sites
for potentially lethal drug interactions on the other. Several
distinct voltage-dependent Kq channels often co-exist in a
particular cell. Furthermore, the biophysical and pharmaco-
logical properties of these channels can overlap making
studies on a single channel subtype difficult. Fortunately,
advances in molecular biology have led to the cloning of a

q w xwide number of K channel cDNAs 10,15 . For the most
part, these clones have been transiently transfected into
Xenopus oocytes or certain mammalian cell lines where

) Ž .Corresponding author. Fax: q1 513 948-6439.

their functional properties can be elucidated. To date, far
fewer of these cloned channels have been stably trans-
fected into immortalized cell lines. Such stably trans-
formed cells offer advantages over their transient counter-
parts, especially where large numbers of channels may be
required on a continuous basis.

The voltage-gated Kq channel Kv2.1 is a member of
w xthe Shab subfamily 5,10 . The cDNA of Kv2.1 encodes a

slowly activating, non-inactivating type of Kq channel
current. In species such as rat, abundant transcripts for the

w xKv2.1 channel exist in both brain and heart 3 . This tissue
distribution suggests that Kv2.1 may be an attractive target
for the development of drugs for both neurological and
cardiovascular disorders, respectively. In the present study,
we describe the cloning and stable expression of human
Kv2.1, compare its mRNA levels in human brain and heart
and detail the effects of various antipsychotic agents on
this channel.
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2. Materials and methods

2.1. Cloning and expression of hKÕ2.1

A partial cDNA clone of hKv2.1 was isolated from a
Žhuman fetal brain cDNA library in lgt10 Clontech,

. 32HL1065a by screening with P-random prime-labeled rat
Kv2.1 cDNA fragments. This clone encoded the carboxyl-

Ž .terminal portion of hKv2.1 amino acids 304–858 begin-
ning at the EcoRI site in the middle of the putative S4
transmembrane segment through the stop codon following
the terminal isoleucine residue. Sequencing of this cDNA
fragment showed that it was identical to the hKv2.1 gene

w xcloned from a human genomic cDNA library 1 . Repeated
attempts to obtain the full-length clone by homology prob-
ing with the partial clone described above were unsuccess-
ful. Therefore, a full-length clone encoding human Kv2.1
was assembled using portions of the rat Kv2.1 cDNA.
Predicted rat and human Kv2.1 amino acid sequences
differ in 51 residues, with two differences in the N-termi-
nal regions, 49 differences in the C terminus, and complete
identity in the putative transmembrane regions, S1–S6.
Since we were only missing the N terminus and a portion
of the transmembrane segments of hKv2.1, we mutated the
N-terminal coding portion of rat Kv2.1 to the human
Kv2.1 coding sequence and ligated it to the partial hKv2.1
clone. The conversion of rat to human Kv2.1 in the

Ž .N-terminal coding region Q71E and E79D was per-
w xformed by PCR mutagenesis by overlap extension 8 . Rat

Kv2.1 plasmid served as the template in a PCR with single
Ž .sense and antisense oligonucleotides 51 bases encom-

passing both residue changes in combination with appro-
priate flanking oligonucleotides. The PCR product gener-

Žated by the overlap method was cloned in pCR Invitro-II
.gen for sequencing, and the two changes from rat to

human Kv2.1 coding sequence were verified. The com-
plete hKv2.1 coding sequence was assembled from three
partial fragments as follows. A portion of the rat to human
Kv2.1 cDNA from the PCR above was cut from pCR II

Ž Xwith NotI cutting in the pCR vector, 5 to the startII
. Ž .codon and ClaI cutting at bp 359 in rat Kv2.1 . The

middle piece was a ClaIrHpaI fragment cut from rat
Ž .Kv2.1 the HpaI site is in the S6 region of rat Kv2.1 . The

amino acid sequence specified by this rat fragment is
identical to the human Kv2.1 predicted sequence. The third
piece consisted of a portion of the hKv2.1 fragment
Ž .HpaIrEcoRI . A HpaI site in S6 was introduced into
hKv2.1 by PCR, and the EcoRI site was in the plasmid
flanking the stop codon. The three fragments were ligated

q w xto a NotIrEcoRI cut derivative of pCR , A -pCR 19II II

for synthesis of cRNA to test for functional expression in
Xenopus oocytes. This full-length hKv2.1 construct gener-
ated large delayed-rectifier currents in Xenopus oocytes.

For heterologous expression in mammalian cells, the
hKv2.1 construct was subcloned into the mammalian ex-

Ž .pression vector pcDNA3 Invitrogen . The human glioblas-

Ž .toma cell line, U-373 MG, obtained from ATCC was
transfected with the hKv2.1rpcDNA3 construct using pre-

w xviously described techniques 4 . This cell line was chosen
for its superior ability to adhere to the glass coverslips
upon which all electrophysiological recordings were car-
ried out. Antibiotic resistant clones were screened electro-
physiologically for hKv2.1 currents.

2.2. RNase protection

Ž .A fragment 360 bp encoding the unique C-terminal
120 residues of hKv2.1 was prepared by PCR and cloned

Ž .into pCR Invitrogen to be used as the template toII

prepare an hKv2.1-specific probe for RNase protection
assays. The fragment was sequenced to confirm that no
mutations were introduced by PCR, and to determine the
orientation in the pCR vector. Plasmid DNA was purifiedII

on Qiagen Midi-Prep plasmid purification columns, and
linearized with HindIII. 32 P-Labeled antisense transcripts
were prepared from linearized template with T7 RNA

Žpolymerase using the MAXIscript Transcription kit Amb-
.ion according to the manufacturer’s protocol. Full-length

Ž .antisense transcripts 486 bases were gel purified on a
denaturing 5% polyacrylamide gel containing 8 M urea,
and eluted from the gel slices by overnight incubation at
378C in the following buffer: 0.5 mM ammonium acetate,
1 mM EDTA, 0.2% SDS. As a control, an antisense probe

Ž .for human cyclophilin 139 bases was prepared in similar
fashion from a linearized template obtained from Ambion.

Total RNA from human atrial appendage, right ventri-
cle, and left ventricle was isolated using RNA-STAT 60
Ž .TEL-TEST . The ventricular tissue samples were ob-
tained, in accordance with Tulane University School of
Medicine Institutional guidelines, from the explanted heart
of a 7-year-old female patient with dilated cardiomyopathy
undergoing cardiac transplant. Human atrial appendage
tissue was pooled from ten adult patients undergoing aorto-
coronary bypass surgery. Total RNA from whole adult

Ž .human brain was purchased from Clontech No. 64020-1 .
The RNase protection experiments were performed us-

Ž .ing the HybSpeed RPA kit Ambion following the manu-
facturer’s protocol. Ten mg of each total RNA sample was
incubated with 20 000 cpm of hKv2.1 probe and 2000 cpm
of human cyclophilin probe for 20 min at 688C. As a
control, the probes were also incubated with 10 mg of
yeast tRNA. The hybridization mixtures were then di-
gested for 45 min with ribonuclease T1 at 378C. Following
RNase treatment, the protected fragments were precipi-
tated, resuspended in gel loading buffer, and elec-
trophoresed in a 5% polyacrylamide gel containing 8 M
urea. The gel was dried and exposed to Kodak Biomax MS
film for 8 h at y808C.

2.3. RT-PCR

Ž .q Ž .Human brain and heart poly A RNA Clontech were
used as templates in first strand cDNA synthesis reactions
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using random hexamers and MuLV reverse transcriptase
Ž . Ž .qPerkin-Elmer . Specifically, 100 ng of poly A RNA was

Ž .incubated with random hexamers 250 nM and cDNA
Ž .synthesis 20 ml reaction was carried out using the manu-

Žfacturer’s protocol GeneAmp RNA PCR kit, Perkin-
.Elmer except that the reaction time at 428C was increased

to 1 h. As a control, reactions were performed in the
absence of reverse transcriptase as well. Ten ml of each
cDNA synthesis reaction was used as template in the PCR
reaction. The two oligos for the Kv2.1 PCR were: 5X-

X Ž . XGAATGTCCGCCGCGTGGTCCAG-3 sense and 5 -CT-
X Ž .TGGCTCTCTCCAGAGCCTC-3 antisense . These cor-

respond to bp 927–948 and bp 1357–1377, respectively, in
Ž .the human Kv2.1 clone accession No. X68302 . The

oligos flank the S4–S6 region of the channel and generate
a PCR product of 450 bp. For comparison to Kv2.1, we
performed PCR on a portion of the Kv1 accessory subunit,
hKvb 2, using the following oligos: 5X-ATCTACAG-

X Ž . XTACTCGGTATGGGAGTC-3 sense and 5 -CCTC-
X Ž .CATGATCTCCATGGAGC-3 antisense . These oligos

correspond to bp 104–128 and bp 606–626, respectively,
Ž .of the human Kvb 2 sequence accession No. U33429 and

Ž .generate a 522 bp PCR product. PCR 50 ml final volume
Ž .was carried out with the GeneAmp PCR Kit Perkin-Elmer

using 35 cycles of the following program: 948C, 30 s;
558C, 30 s; 728C, 30 s. Ten ml of each PCR was analyzed
on an ethidium bromide stained agarose gel.

Fig. 1. RNase protection analysis of hKv2.1 expression in human atrium,
ventricle, and brain. Control probe and protected fragments were elec-
trophoresed on a 5% acrylamider8 M urea denaturing gel, and autoradio-

Ž .graphed. Lane 1 shows the full-length hKv2.1 486 bases and cyclophilin
Ž . Ž . Ž .cyc 139 bases probe fragments unhybridized and undigested . Lane 2
corresponds to a control hybridization and RNase digestion carried out in
the presence of probe and yeast tRNA only. Lanes 3, 4, 5, and 6

Ž . Žcorrespond to protected hKv2.1 360 bases and human cyclophilin 103
. Žbases fragments in total RNA from human atrial appendage tissue lane

. Ž . Ž . Ž3 , right ventricle lane 4 , left ventricle lane 5 , and whole brain lane

.6 .

Fig. 2. RT-PCR analysis of hKV2.1 expression in human heart and brain.
Ž .The left panel labeled Kv2.1 shows the results from RT-PCR using

oligos flanking a portion of human Kv2.1 sequence using human brain
Ž . Ž . Ž .qB or heart H poly A RNA as template. Reactions were done in the

Ž . Ž .absence y or presence q of reverse transcriptase. Note the appear-
ance of a 450 bp band only from brain. As a control, RT-PCR of a

Ž . Ž .portion of hKvb 2 sequence from human brain B and heart H is shown
Ž .in the right panel. A PCR band of the expected size 522 bp is detected

in both brain and heart.

Fig. 3. Current-voltage relationship for Kv2.1. Current traces from a
Ž . Ž .control untransfected glioblastoma cell A or one transformed with the

Ž .cDNA encoding hKv2.1 B are shown. Currents were elicited by 1 s
clamp pulses ranging from y50 mV to q60 mV in 10 mV increments
from a holding potential of y80 mV. The resultant I-V relationships for

Ž . Ž .the control cell open circles and the transfected cell filled circles are
shown in C.
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2.4. Electrophysiological experiments

Cells used for electrophysiological recordings were
seeded on glass coverslips 24–72 h prior to use. Small,
spherical cells, approx. 10 mm in diameter, were used for
all recordings. Whole-cell and inside-out membrane patch
recordings were made at room temperature via the gigaseal

w xpatch-clamp technique as described by Hamill et al. 7
Žusing an Axopatch-1D amplifier Axon Instruments, Foster

.City, CA . Electrodes were fashioned from TW150F glass
Žcapillary tubes World Precision Instruments, New Haven

.CT and had resistances of 2–3 MV when filled with
Ž .internal solution of the following composition mM :

potassium aspartate, 120; KCl, 20; Na ATP, 4.0; HEPES,2

5.0; MgCl , 1.0; pH 7.2 with KOH. This served as the2

external solution for inside-out membrane patch record-
Ž .ings. The external solution contained in mM : NaCl, 130;

KCl, 5.0; sodium acetate, 2.8; MgCl , 1.0; HEPES, 10;2

glucose, 10; CaCl , 1.0; pH 7.4 with 1 N NaOH. This2

served as the internal solution for inside-out membrane
patch recordings. Series resistance was compensated fol-
lowing rupture of the seal, to provide the fastest possible
capacity transient without ringing. Currents were sampled
at 1 kHz and filtered at 500 Hz unless otherwise stated. All
currents were corrected on-line using the Pr4 subtraction
method except where otherwise noted. Electrophysiologi-

cal data were analyzed using Clampfit in pCLAMP soft-
Ž .ware Axon Instruments . IC values for all compounds50

were determined by non-linear regression analyses using
Ž .GraphPAD software San Diego, CA . For steady-state

activation and inactivation curves, data were normalized
w ŽŽand fit to the Boltzman equation: 1 q exp V y0.5

. .xy1V rk where V is the membrane voltage, V is the0.5

midpotential of the curve and k is the slope factor. All
compounds were obtained from commercial sources.

3. Results

In rat, Kv2.1 transcripts have been found in both rat
w x w xbrain 3 and rat heart tissue 2,3 suggesting that Kv2.1

channels may contribute to Kq currents in these tissues.
We examined the expression of hKv2.1 transcripts in

Žhuman brain and heart by RNase protection analysis Fig.
.1 , and found that while there were abundant transcripts in

adult whole brain, there was virtually no Kv2.1 gene
expression detected in either human atrium or ventricle.
This is in marked contrast to the situation in rat heart in
which Kv2.1, along with Kv1.2, Kv1.4, Kv1.5, and Kv4.2,
constitute the most abundant voltage-gated Kq channel

w xtranscripts 2 . The detection of human cyclophilin tran-
scripts in human atrium and ventricular RNA, however,

Fig. 4. Inhibition of hKv2.1 current by antipsychotic agents. Whole cell hKv2.1 currents were elicited by 1 s depolarizing pulses to q40 mV from a
holding potential of y80 mV. The effects of trifluoperazine, trifluperidol and pimozide are shown in A, B, and C, respectively. D: dose-response

Ž . Ž . Ž .relationships for trifluoperazine IC s1.21 mM, circles trifluperidol IC s1.51 mM, squares and pimozide IC s1.23 mM, triangles are shown.50 50 50
Ž .Error bars indicate S.E.M. ns3–5 . Calibration bars represent 400 pA and 100 ms.
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indicates that the samples were not lost during the experi-
ment. Consistent with data from rat heart, cyclophilin
transcripts are more abundant in brain relative to atrium

w xand ventricle 2 .
To confirm the absence or low level of Kv2.1 expres-

sion in human heart, we performed RT-PCR reactions
Ž .qusing human brain and heart poly A RNAs as template.

For Kv2.1 PCR, we chose oligos that flank the S4 and S6
domains, a region different from that used in the RNase
protection assay. As shown in Fig. 2, a PCR product of the
expected size was visible only in the sample derived from

brain. To ensure that the quality of the human heart RNA
equaled that of the brain, we performed control reactions
using oligos flanking a region of an unrelated gene, hKvb 2,
an accessory subunit for the Kv1 subfamily. Here we
observed 522 bp PCR products from both brain and heart
confirming that the lack of Kv2.1 in human heart was not
due to poor quality of heart RNA. Thus, these results
confirm the absence or, at least, the very low level of
expression of Kv2.1 in human heart.

We next examined the functional properties of the
hKv2.1 channel after stable transfection into the human

Fig. 5. Effects of fluspirilene on hKv2.1 current. Currents were elicited by 1 s test depolarizations to q40 mV from a holding potential of y80 mV in both
Ž . Ž .the whole cell A and inside-out membrane patch B configuration. The effects of 100 and 300 nM fluspirilene are indicated. C: dose-response

Ž . Ž .relationships for whole cell filled circles and inside-out patch data open circles yielded IC values of 297 nM and 321 nM, respectively. Error bars50
Ž .indicate S.E.M. ns3–9 .
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glioblastoma cell line. Untransfected cells displayed small
outward currents which averaged 106"23 pA when mea-

Ž .sured at q40 mV ns13, Fig. 3A . In contrast, cells
stably transformed with the cDNA encoding hKv2.1 dis-
played large sustained outward currents which activated at
membrane potentials positive to y30 mV and ranged in
amplitude from several hundred picoamperes to greater

Ž .than 20 nA at q40 mV Fig. 3B and C . Cells with current
amplitudes ranging from 1.5 to 4.0 nA at q40 mV
Ž .average current densitys305"26 pArpF, ns19 were
used throughout this study. These currents exhibited slow
activation kinetics with time constants ranging from 75.7

Ž ."8.1 ms at 0 mV to 6.9"0.7 ms at q60 mV ns6 .
Steady-state activation parameters were determined from
outward tail currents recorded at y45 mV following 100
ms depolarizing pulses to potentials ranging from y60
mV to q60 mV. Tail current amplitudes were extrapolated
from a single exponential fit of the tail current decay. The
resultant steady-state activation curve yielded a half-activa-

Ž . Ž .tion value V of 4.7"3.9 mV and a slope value k of0.5
Ž .8.4"0.8 mV ns5 . Finally, hKv2.1 current was inhib-

ited by the classical Kq channel blocker tetraethyl-
ammonium with an IC value of 3.63=10y3 M.50

We examined the effects of several antipsychotic agents
on hKv2.1 channel current. The structurally distinct
dopamine receptor antagonists trifluoperazine, trifluperidol
and pimozide each inhibited hKv2.1 current. This inhibi-

tion was apparent at drug concentrations of 300 nM or
higher. All three compounds suppressed peak hKv2.1 cur-

Ž .rent measured at a test potential of q40 mV Fig. 4A–C .
In addition, each drug also enhanced the rate of hKv2.1
current decay during the depolarizing pulse. Finally, the
IC values for these compounds were also similar measur-50

ing 1.20, 1.51 and 1.23 mM for trifluoperazine, trifluperi-
Ž .dol and pimozide, respectively Fig. 4D .

The effects of the diphenylbutylpiperidine fluspirilene
on hKv2.1 current are illustrated in Fig. 5. We found that
fluspirilene was severalfold more potent than the other
antipsychotic agents tested at inhibiting hKv2.1 current.
Potency was similar whether hKv2.1 current was recorded

Ž .in the whole-cell mode IC s297 nM or using cell-free50
Ž .inside-out membrane patches IC s321 nM . Applica-50

tion of fluspirilene resulted in a small reduction in peak
current accompanied by an acceleration in the rate of
current decay. In the absence of drug, hKV2.1 current
showed little decay during the course of a 1 s step depolar-
ization to q40 mV. In the presence of fluspirilene current
decay was accelerated and its time course was well fitted
to a single exponential function. These effects were con-
centration dependent with time constants ranging from

Ž .484"37 ms ns4 at a concentration of 100 nM to
Ž .78"16 ms ns3 in the presence of 3 mM fluspirilene

under whole-cell recording conditions. Furthermore, the
effects of fluspirilene on hKv2.1 were largely reversible

Fig. 6. Effects of fluspirilene on the hKv2.1 I-V relationship. Currents were elicited from an inside-out membrane patch by 1 s test depolarizations to
various potentials from a holding potential of y80 mV. Traces in the absence and presence of 300 nM fluspirilene are shown in panels A and B,

Ž . Ž .respectively. The resultant I-V relationships in the absence filled circles and presence open circles of 300 nM fluspirilene are shown in C. The last 100
ms of each trace were averaged to generate the I-V plots. D: the percent inhibition of hKv2.1 current by fluspirilene is plotted against test potential. Bars

Ž .indicate S.E.M. ns4 .
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Ž .following prolonged 15–20 min washout of the drug
Ž .data not shown . Although fluspirilene enhanced the rate
of hKv2.1 current decay, it had no effect on either current
activation or deactivation. In the absence of drug, hKv2.1
current activated with a time constant that averaged 9.56"

Ž .1.52 ms at q40 mV ns5 . In the presence of 1 mM
fluspirilene this value was not significantly changed and

Ž .measured 7.98"1.45 ms ns5 . Likewise, fluspirilene
had no significant effect on hKv2.1 current deactivation.
When fitted to a single exponential function, the time
constant of outward tail currents measured at y45 mV

Ž .averaged 14.61"1.66 ms ns5 under control condi-

Fig. 7. Frequency-dependent effects of fluspirilene on hKv2.1. Cells were
Žheld at y80 mV and a train of ten depolarizing pulses to q40 mV 100

.ms duration was delivered at a rate of 2 Hz. Traces in the absence and
presence of 1 mM fluspirilene are shown in panels A and B, respectively.

Ž . Ž .Peak hKv2.1 current in the absence circles and presence squares of 1
mM fluspirilene is plotted against pulse number in panel C. C: currents
are expressed relative to the peak current during pulse No. 1. Current

Ž .traces were not leak corrected. Error bars indicate S.E.M. ns4 .
Calibration bars represent 900 pA and 20 ms.

Fig. 8. Effects of fluspirilene on the steady-state inactivation properties of
hKv2.1. Steady-state inactivation curves were constructed as described in
the text. Data were normalized to the current amplitude evoked from a

Ž . Ž .holding potential of y80 mV. The midpotential V and slope k0.5
Ž .values in the absence of fluspirilene filled circles measured y25.6"1.4

mV and y7.3"0.9 mV, respectively. In the presence of 1 mM fluspiri-
lene these values measured y40.0"1.5 mV and y10.2"0.3 mV,

Ž .respectively. Error bars indicate S.E.M. ns4 .

tions. In the presence of 1 mM fluspirilene this value
Ž .averaged 16.11"1.42 ms ns5 .

Fig. 6 shows the effects of fluspirilene on hKv2.1
current from an inside-out membrane patch recorded over
a wide range of test potentials. Current traces in the
absence and presence of 300 nM fluspirilene are illustrated
in Fig. 6A and B, respectively. The resultant current-volt-

Ž .age I-V relationships for this data are presented in Fig.
6C. As can be seen, fluspirilene produces time-dependent
inhibition of hKv2.1 current over a wide range of mem-
brane potentials. However, no significant voltage depen-

Ž .dence of channel block was observed Fig. 6D .
We next examined whether fluspirilene displayed any

frequency-dependent effects on hKv2.1 current. Frequency
dependence was assessed by applying a train of 100 ms
depolarizing pulses to q40 mV from a holding potential
of y80 mV at a rate of 2 Hz. Under these conditions peak
current in the absence of drug was not significantly altered

Žover the course of ten repetitive depolarizing pulses Fig.
.7A and C . Under the same conditions peak hKv2.1 cur-

rent was decreased by 67"3% in the presence of 1 mM
Ž .fluspirilene Fig. 7B and C . This decrease was signifi-

Žcantly different from control values P-0.05 analysis of
.variance with least significant difference test .

The effects of fluspirilene on the steady-state inactiva-
tion properties of hKv2.1 are illustrated in Fig. 8. Inactiva-
tion curves were constructed by measuring current evoked
by depolarizing pulses to q40 mV while the holding

Ž .potential 20 s duration was increased in 7 mV increments
from y80 mV to y3 mV. Fig. 8 shows the steady-state
inactivation curves in the absence and presence of 1 mM

Ž .fluspirilene. In the absence of drug the midpotential V0.5
Ž .and slope value k of the steady-state inactivation curve

measured y25.6"1.4 mV and y7.3"0.9 mV, respec-
tively. In the presence of 1 mM fluspirilene these values

Ž .were significantly P-0.05 changed with V and k0.5
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values measuring y40.0"1.5 mV and y10.2"0.3 mV,
respectively.

4. Discussion

We report here the stable heterologous expression of the
human voltage-gated Kq channel, hKv2.1, in the human
cell line, glioblastoma U-373 MG. A partial cDNA encod-
ing hKv2.1 from the middle of the S4 transmembrane
segment through the terminal stop codon was obtained
from a human brain cDNA library, and was identical in
sequence to the corresponding clone isolated from a hu-

w xman genomic DNA library 1 . We constructed a full-length
hKv2.1 coding sequence by ligating the missing fragment,
derived from rat Kv2.1 cDNA which was mutated to
encode the two amino acid residues that differ in the
human sequence, to the human partial clone. Cells trans-
formed with hKv2.1 express large outward currents with
relatively little contamination by endogenous currents. The
time constant for channel activation at 0 mV, TEA sensi-
tivity and steady-state activation characteristics recorded
here are similar to those described for the transient expres-

w xsion of hKv2.1 in oocytes 1 , while the midpotentials of
both the steady-state activation and inactivation curves are,
by comparison, approx. 5–10 mV more depolarized than
those recorded following the direct microinjection of
hKv2.1 cRNA into mouse fibroblasts or rat leukemia cells
w x9 .

Through RNase protection analysis, hKv2.1 transcripts
were easily detected in whole adult brain RNA but virtu-
ally undetectable in total RNA from human heart, both
atrium and ventricle. The absence of hKv2.1 expression in
human heart was further confirmed using RT-PCR. This is
in marked contrast to the pattern of Kv2.1 expression in
other species. In the rat, for example, Kv2.1 was cloned

w xfrom heart 17 , and Northern blotting has shown that
Kv2.1 transcripts are far more abundant in mRNA from
heart compared to whole brain in both neonatal and adult

w xtissue 3 . In addition, RNase protection experiments have
identified Kv2.1 as one of the predominant voltage-gated
Kq channel transcripts in rat heart with a slightly greater

w xexpression in ventricle relative to atrium 2 . The data
presented here provide a molecular correlate to other elec-
trophysiological studies which have also failed to demon-

w xstrate Kv2.1-like currents in human ventricular cells 13 .
ŽThis species-dependent expression of Kv2.1 as well as

q .other K channels has important implications for drug
development, especially in predicting the tissue selective
nature and toxicological profiles of compounds prior to
their clinical evaluation. For example, drugs that specifi-
cally interact with hKv2.1 may not be expected to have
cardiac effects due to the very low expression of this
channel in various human cardiac tissues. Further investi-
gation of the distribution and relative abundance of ion
channel subtypes in human tissues should prove valuable.

We tested a number of antipsychotic drugs for their
ability to interact with hKv2.1. The structurally diverse
dopamine antagonists trifluoperazine, trifluperidol and pi-
mozide inhibited Kv2.1 current with IC values of ap-50

prox. 1 mM, while fluspirilene, a diphenylbutylpiperidine
similar to pimozide, was 4–5-fold more potent than these
agents at blocking hKv2.1 channel currents. Indeed, small
but consistent blockade of hKv2.1 was observed with
fluspirilene concentrations as low as 30 nM. These and
other antipsychotic agents are known to interact with
several distinct classes of voltage-dependent Ca2q chan-
nels resulting in functional block of these channels over a

w xconcentration range of approx. 100 nM–10 mM 6,12,18 .
In fact, diphenylbutylpiperidines such as pimozide and
fluspirilene are thought to represent a distinct class of

2q w xL-type Ca channel antagonist 11,20 . The present data
support a role for these antipsychotic agents as effective
blockers of hKv2.1. Interactions with hKv2.1 and possibly
other voltage-dependent Kq channels should be considered
when these drugs are employed in this concentration range.
It is possible that these compounds may recognize homolo-
gous binding domains in both the Ca2q channels and
hKv2.1 in a manner similar to that previously described for
the interaction of the Ca2q antagonist verapamil with the

q w xhuman cardiac K channel Kv1.5 16 .
Although their interaction with Ca2q channels has been

well described, comparatively little is known about the
mechanisms by which antipsychotic agents act to block
voltage-dependent Kq channels. A recent report has
demonstrated that the diphenylbutylpiperidines haloperidol
and fluspirilene can produce tonic block of Kq currents in
rat pheochromocytoma with IC values of approx. 10 mM50
w x14 . By comparison we find that fluspirilene is a far more
potent antagonist of the human brain Kq channel Kv2.1.
The blocking effects of fluspirilene were both time- and
frequency-dependent but independent of membrane volt-
age. Furthermore, the drug had no effect on the kinetics of
Kv2.1 current activation or deactivation. However, fluspiri-
lene produced a hyperpolarizing shift in the hKv2.1 inacti-
vation curve. This finding suggests that at least some of
the blocking effects of fluspirilene may be due to an
interaction with the inactivated state of the hKv2.1 chan-
nel. Further studies utilizing single channel recordings will
be necessary to determine the exact mechanism of action
of fluspirilene on hKv2.1.

In summary, we have described some of the functional
and pharmacological properties of the human Kv2.1 Kq

channel stably expressed in a glioblastoma cell line. mRNA
levels of hKv2.1 were abundant in human brain but virtu-
ally absent in various human cardiac tissues. Cells trans-
formed with hKv2.1 display currents with biophysical
properties that are generally similar to those previously
described for the transient expression of hKv2.1. A variety
of antipsychotic agents were shown to block hKv2.1 with
fluspirilene being the most potent in this regard. The
effects of fluspirilene were both time- and frequency-de-
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pendent and resulted in a hyperpolarizing shift in the
hKv2.1 steady-state inactivation relationship. Further phar-
macological studies utilizing stable expression systems like
the one described here should facilitate the development of
new agents which modulate hKv2.1 activity. Such com-
pounds could find use in the treatment of neurological
disorders.
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