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Novel truncated isoform of SK3 potassium channel is a
potent dominant-negative regulator of SK currents:
implications in schizophrenia
H Tomita1,2,*, VG Shakkottai1,*, GA Gutman1,3, G Sun1, WE Bunney2, MD Cahalan1, KG Chandy1,w and
JJ Gargus1,4,w
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The small-conductance calcium-activated K þ channel SK3 (SKCa3/KCNN3) regulates electrical
excitability and neurotransmitter release in monoaminergic neurons, and has been implicated
in schizophrenia, ataxia and anorexia nervosa. We have identified a novel SK3 transcript, SK31B that utilizes an alternative first exon (exon 1B), but is otherwise identical to SK3. SK3-1B,
mRNA is widely distributed in human tissues and is present at 20–60% of SK3 in the brain. The
SK3-1B protein lacks the N-terminus and first transmembrane segment, and begins eight
residues upstream of the second transmembrane segment. When expressed alone, SK3-1B did
not produce functional channels, but selectively suppressed endogenous SK3 currents in the
pheochromocytoma cell line, PC12, in a dominant-negative fashion. This dominant inhibitory
effect extended to other members of the SK subfamily, but not to voltage-gated K þ channels,
and appears to be due to intracellular trapping of endogenous SK channels. The effect of SK31B expression is very similar to that produced by expression of the rare SK3 truncation allele,
SK3-D, found in a patient with schizophrenia. Regulation of SK3 and SK3-1B levels may
provide a potent mechanism to titrate neuronal firing rates and neurotransmitter release in
monoaminergic neurons, and alterations in the relative abundance of these proteins could
contribute to abnormal neuronal excitability, and to the pathogenesis of schizophrenia.
Molecular Psychiatry (2003) 8, 524–535. doi:10.1038/sj.mp.4001271
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Introduction
A neuronal action potential is followed by an afterhyperpolarization current (IAHP) which regulates
spike frequency.1,2 Fast, medium and slow components of IAHP are distinguished, the fast component
being mediated by large-conductance calcium-activated K þ channels, while small-conductance calcium-activated K þ (SK) channels are thought to be
responsible for the medium, and possibly the slow
components of this current.1,2 Functional SK channels are formed from the homo- or heterotetramericassociation of products of three related genes, SK1-
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SK3 (also known as KCNN1-KCNN3 and SKCa1–
SKCa3).3
Several lines of evidence have implicated the
SK3 channel in schizophrenia, and more recently
in anorexia nervosa4 and ataxia,5 although the results
are not conclusive. The SK3 gene is located on human
chromosome 1q216 in a region containing a major
susceptibility locus for familial schizophrenia7–9
and familial hemiplegic migraine associated with
permanent cerebellar ataxia.10,11 SK3 is expressed
abundantly in the regions implicated in schizophrenia12–17 including the hippocampus, the limbic
system and midbrain regions rich in monoaminergic
neurons.18–21 The SK3 channel functions as the
intrinsic pacemaker in rat dopaminergic neurons,20
and specific pharmacological blockade of SK channels abolishes the medium IAHP leading to bursting
action potentials and increased dopamine release,21–26
consistent with the dopamine model of schizophrenia. SK3 contains two polymorphic polyglutamine
repeats in its N-terminus. Multiple association studies find over-representation of longer alleles of the
second SK3 polyglutamine repeat in schizophrenia
patients,6,27–32 although other such studies have failed
to confirm this association.33–40 SK3-D, a rare truncation mutant of SK3 identified in a patient with
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schizophrenia,41 potently suppressed the entire
family of endogenous SK currents in mammalian
cells in a dominant-negative fashion.42 Such dominant-inhibitory behavior in dopaminergic pathways
of the nervous system should have functional consequences similar to pharmacological blockade of SK
channels:24,43 bursting action potentials and increased
dopamine release. Under the dopamine model of
schizophrenia, such changes would predispose to the
development of disease.12,14
Since the rare SK3-D allele suggested a powerful
mechanism of SK channel modulation and neuropathogenesis, we sought to determine if there exist
other more common SK3 transcripts that might
exhibit similar functional effects. Here, we describe
a novel SK3 transcript, SK3-1B, that is present in
normal human brain at B15–60%, the level of native
full-length SK3 mRNA. Like SK3-D, the SK3-1B
transcript encodes a truncated protein that silences
endogenous SK currents in a dominant-negative
fashion by altering the distribution of SK proteins.
Therefore, alterations in the abundance of this
common SK3-1B protein may produce effects functionally similar to those produced by the rare SK3-D
mutation.

Materials and methods
50 RACE and determination of genomic organization
The sequence of the SK3-1B cDNA was extended by
5’-RACE (Rapid Amplification of cDNA Ends) with an
AP1 primer (Clontech, Palo Alto, CA, USA) and an
SK3-1B-specific primer (50 -CCTCCATCTCCACTCCCTCTGGGAGGG-30 ), using human adult Marathonreadyt cDNA (Clontech) as the template. Subsequently, a nested PCR was carried out using the
RACE product and an SK3-1B-specific primer (50 CCCCTCCTCCGTCTTGGGGC-30 ) and an AP2 primer
(Clontech). The longest product (338 bp) was purified
using a QIAQuickt gel extraction kit, ligated into PCR
2.1 vector and sequenced.
Preparation of total RNA and real-time quantitative
RT-PCR
Human total RNA master panel (Clontech) was
used to profile the expression pattern of SK3-1B.
Total RNA was isolated from nine brain regions
of human adult brain tissue using TRIZOL reagent
(Life Technologies, Inc.) as per the manufacturer’s
protocol. Total RNA (1 mg) was used as a template
for first-strand cDNA synthesis using poly-T primers
(TaqMan reverse transcription reagents, Applied
Biosystems). The mRNA for each SK3 transcript
was measured by real-time quantitative RT-PCR using
a Prism model 7700-sequence detection instrument
(PE Applied Biosystems). Forward and reverse primers, and TaqMant fluorescent probes were designed
by Primer Express version 1.5 (Applied Biosystems).
Forward primers were designed to anneal to sequences unique to the distinct initial exons of
the two SK3 transcripts. The sequences of for-

ward primers were 50 -TGTTATGGTGATAGAGACCGAGCTC-30 for SK3 and 50 -AGCCCCAAGACGGAGGAG-30 for SK3-1B. The reverse primers, designed
to anneal to sequences in the shared exon 2, were
50 -TGGACAGACTGATAAGGCATTTCA-30 for SK3
and 50 -GGCCAACGAAAACATGGAGT-30 for SK3-1B.
The TaqManTM fluorescent probes (50 -labeled with
6FAM, and 30 -labeled with TAMRA as a quencher),
designed to anneal to sequences between the forward
and reverse primers, were 50 -TGTACTCAAAGGACTCCATGTTTTCGTTGGC-30 for SK3 and 50 -TCCCAGAGGGAGTGGAGATGGAGGA-30 for SK3-1B. The
SK3 and SK3-1B amplification products were 92
and 76 bp, respectively. The threshold cycle, Ct,
which correlates inversely with the target mRNA
levels, was measured as the cycle number at which
the reporter fluorescent emission increased above
a pre-set threshold level. To obtain absolute quantification, standard curves were plotted for every assay
and were generated using defined concentrations
of SK3-1B in Image clone 4139388, and SK3 cDNA
cloned in pcDNA3.1 HisB. Standard curves for each
amplicon were plotted from eight different concentrations of standards, each run in triplicate. Concentrations were determined by spectrophotometry and
purity confirmed by agarose gel electrophoresis.
Purified clones were diluted to eight different
concentrations and stored in single-use aliquots at
201C, and the same diluted preparations were used
throughout.
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GFP constructs
Expressible constructs of the SK3 channel isoforms
were produced with C-terminal GFP fluorescent tags
to allow facile identification of expressing cells for
electrophysiological recording. By inserting in-frame
the SK3-1B coding region upstream to GFP in the
pEGFP-N1 expression vector (Clontech), we generated
SK3-1B-GFP. We also generated an SK3-1B construct
containing GFP driven by an internal ribosome entry
site (SK3-1B-IRES-GFP) by inserting the SK3-1Bcoding region into the pIRES2-EGFP expression
vector (Clontech). The generation of the GFP-tagged
Kv1.7 construct and the electrophysiological characterization of this tagged channel have been previously
described.44
Cell culture
PC12 cells and Jurkat T lymphocytes were obtained
from ATCC (Manassas, VA, USA). PC12 cells
were cultured in Dulbecco’s modified Eagle’s medium
containing 10% fetal calf serum and 2 mM glutamine
in a 371C humidified incubator with 5% CO2 and
split 1:10 twice weekly. Jurkat T lymphocytes
were cultured in RPMI containing 10% fetal
calf serum, 2 mM glutamine and RPMI vitamins.
Cells were split 1:4 every 2 days. Unless otherwise specified, all reagents were obtained from
Sigma.
Molecular Psychiatry

Dominant-negative suppression of SK channels
H Tomita et al

526

Transfection of constructs into PC12 and Jurkat cells
PC12 cells were plated in 12-well plates (5  105 cells/
chamber) for 12–24 h, and then transiently transfected using FuGenet 6 (Roche Molecular Biochemicals, Indianapolis, IN, USA) with the
DNA construct of interest in serum-free OptiMEM
medium (Life Technologies, Inc.) as per the manufacturer’s recommended protocol. Cells were plated
36 h following transfection for overnight growth
on glass coverslips and used for electrophysiological,
immunolabeling and confocal microscopy experiments 48 h post-transfection. Jurkat T lymphocytes were transiently transfected using Xtremegene-Q2 transfection reagent (Roche) as per the
manufacturer’s recommended protocol. Cells were
used for electrophysiological analysis 48 h following
transfection.
Immunostaining
Following washing with Dulbecco’s phosphatebuffered saline (DPBS), cells were fixed with 4%
paraformaldehyde for 20 min and washed 2  with
DPBS. Permeabilization and blocking was done
with 0.2% Triton-X-100 in 10% normal goat serum,
followed by a wash with DPBS. Permeabilized
cells were incubated with rabbit anti-SK3 antibody
(Alomone Labs, Jerusalem, Israel) in a carrier solution
containing 1% normal goat serum and 0.2 % sodium
azide for 4 h at 41C. Cells were subsequently washed
and incubated with 1 mg/ml Alexa-Fluor 594 (referred
to as Alexa-red)-conjugated goat-anti-rabbit-IgG
(Molecular Probes) for 1 h at room temperature.
The secondary antibody alone showed no signal
above background (data not shown). SK3 antibody
specificity was confirmed by preincubation of
the primary antibody for 1 h with the blocking
peptide supplied by the manufacturer (data
not shown). As an additional test of antibody
specificity, the anti-SK3 antibody was shown not
to react with SK3-1B protein, an isoform that lacks the
SK3 N-terminal epitope detected by the antibody
(data not shown). Cells were mounted in 50%
glycerol DPBS and stored in the dark prior to
microscopic analysis.
Confocal microscopy
Images were collected with an MRC-1024 laser
scanning confocal microscope (Bio-Rad, Hercules,
CA, USA) on an inverted Nikon Diaphot 200 stand
using a 100  oil-immersion objective (Nikon, Melville, NY, USA). Confocal sections through the cell
were taken by 1 mM increments of the focus motor.
Laser power was maintained at 30% for image
acquisition. Excitation wavelengths of 488 and
568 nM were used, and image collection was with
522/35 and 605/32 emission filters. Images were
processed with Confocal AssistantTM and AdobeTM
Photoshop 5.0.2. The Scion image 4.0.2 program
(Scion Corporation, Frederick, MD, USA) was
used to determine the pixel intensity of fluorescence
that tagged presumptive intracellular and membrane
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SK3 protein. Three axes were drawn through each
stained cell and pixel intensities were measured
along each of these axes. The cell margins were
defined as a rise of pixel intensity to 50% above
background. The length of the axes between the cell
margins was normalized to obtain the average
intensity profile for each cell. The mean of the scaled
intensity histograms was obtained for six native PC12
cells and six cells transfected with each GFP
construct. The average ratio of presumptive membrane to intracellular fluorescence was estimated
from these intensity histograms. The expression level
of each transfected construct was quantitated as mean
pixel intensity.
Electrophysiology
PC12 and Jurkat T cells were studied in the whole
cell configuration of the patch clamp technique
with a holding potential of 80 mV. We determined
SK and KV current amplitude in untransfected cells
or in cells transfected with SK3-1B-GFP, SK3-1BIRES-GFP or control constructs (GFP vector
alone, GFP-Kv1.7). We used strategies previously
employed for other types of K þ channels42,45–48 to
determine whether SK3-1B could selectively suppress
endogenous SK currents without affecting KV
currents. This approach relies on the tetrameric
structure of K þ channels49–52 and on the ability
of SK subunits to coassemble specifically with
other SK subunits.3 We overexpressed SK3-1B
in PC12 and Jurkat cells to ensure that the majority
of SK tetramers would contain at least one
SK3-1B subunit. Brightly GFP-positive cells were
identified under a fluorescence microscope to allow
the analysis of cells expressing high levels of
the channel constructs for electrophysiological studies. Control constructs were expressed at equivalently high levels as assessed by the intensity of the
GFP signal.
To activate SK channels, the pipette solution contained (in mM): 145 K þ aspartate, 2 MgCl2,
10 HEPES, 10 K2EGTA, and 8.5 CaCl2 (1 mM free
Ca2 þ ), pH 7.2, 290–310 mOsm. The external solution
contained (in mM): 160 K þ aspartate (aspartate
was used to minimize contributions of Cl current),
4.5 KCl, 2 CaCl2, 1 MgCl2, and 5 HEPES, pH 7.4,
290–310 mOsm. SK currents were elicited by 200-ms
voltage ramps from 120 to 40 mV applied every 10 s,
and slope conductance at 80 mV was taken as
a measure of the SK conductance. Block of the
SK current with apamin (BACHEM Bioscience
Inc., King of Prussia, PA, USA) or with Lei-Dab7
(gift from Jean-Marc Sabatier, University of Marseille)
was observed as a reduction in slope conductance at
80 mV. To demonstrate the Ca2 þ dependence of this
current, we used an internal solution containing
calcium-free KF. The amplitude of the KV current
was measured as the maximum current at 30 mV in
160 Na þ aspartate. Results obtained from untransfected and transfected cells were compared using
Student’s t-test.
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Results
SK3-1B lacks the N-terminus and S1 transmembrane
segment

A BLAST search of GenBank with the human SK3
AJ251016 cDNA sequence identified a novel human
SK3 EST (accession no. BF306047) derived from
rhabdomyosarcoma cells. We sequenced the entire
1406 bp insert in the IMAGE clone no. 4139388
corresponding to this EST and found it to represent a
novel transcript, henceforth referred to as SK3-1B.
Using 50 RACE on human brain mRNA with an SK3-1Bspecific primer, we amplified and sequenced a 338 bp
product and determined the approximate transcription
start site of SK3-1B. The composite 1658 bp SK3-1B
cDNA sequence has been deposited in GenBank
(accession no. AY138900) and contains 377 bp of 50
noncoding sequence and a 1254 bp open reading frame.
Comparison of the SK3-1B cDNA sequence with
published genomic sequences53 (Accession nos:
AF336797, AC034149, AC027645, AC025385) re-

vealed the intron–exon organization of SK3-1B
(Figure 1a). SK3 and SK3-1B both utilize exons 2–8
and differ only at the 50 end (Figure 1a). Whereas SK3
reads through the entire first exon (exon 1A) and then
splices into exon 2,53 SK3-1B utilizes a novel exon
(exon 1B) located 712 bp downstream from exon 1A,
which splices to exon 2 (Figure 1a, b). Exon 1B
sequence has been deposited in GenBank and assigned accession no. AY138901. The splice donor and
acceptor sites at the boundaries of the intervening
sequences between exons 1, 1B and 2 are shown in
Figure 1b. Exon 1A encodes the 50 noncoding
sequence, the entire N-terminus and the S1 transmembrane domain of SK3, while exon-1B encodes only the
50 noncoding sequence of SK3-1B; the initiation codon
for the SK3-1B isoform is contained in exon 2.
The putative protein products of SK3 and SK3-1B
are shown in Figure 1c. The SK3 protein (736
residues) is made up of a long N-terminus containing
two polymorphic polyglutamine repeats, six transmembrane segments (S1–S6) and a C-terminus tightly
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Figure 1 Genomic organization, splice junctions and putative protein products of SK3 and SK3-1B. (a) Exon–intron
organization of the SK3 locus showing the location of exon 1B. The SK3 and SK3-1B cDNAs are shown below (not to scale).
(b) 50 and 30 boundaries of the introns that lie between exons 1, 1B and 2. The AUG shown in the SK3-1B protein was
determined by the NetStart1.0 (www.cbs.dtu.dk/services/Netstart) program (score 0.590; score 40.5 being significant) to be a
reasonable translation initiation codon. There are no in-frame potential translation start sites upstream. An in-frame AUG
that corresponds more closely to the Kozak consensus sequence (score 0.752) lies 132 bp downstream to the AUG shown, and
if utilized would produce an ORF of 1122bp. (c) Putative protein product of SK3 showing transmembrane segments, the
calmodulin (CAM)-binding site in the C-terminus, and the polyglutamine repeats in the N-terminus. An arrow indicates the
presumed start site of SK3-1B.
Molecular Psychiatry
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SK3-1B is widely expressed in the human brain
TaqMant quantitative RT-PCR was used to determine
the abundance of SK3 and SK3-1B transcripts in total
RNA derived from tissues pooled from multiple
human donors (Clontech). Each cDNA sample was
analyzed 3–9 times and the mean copy number (7SD)
per microliter of cDNA determined (Figure 2).
We have arbitrarily divided the expression levels
into three groups (defined by horizontal lines in

Figure 2a, b), abundant (41000 copies/ml cDNA),
intermediate (100–1000 copies/ml cDNA) and low
(o100 copies/ml cDNA). SK3 is expressed abundantly
in adult and fetal brain and uterus, at intermediate
levels in skeletal muscle, spleen, thymus, adrenal
gland, thyroid, kidney, testis, trachea, and at low
levels in bone marrow, fetal and adult liver, heart,
lung, placenta, salivary gland and prostate (Figure
2a). SK3-1B is present abundantly in the adult brain,
at intermediate levels in fetal brain, cerebellum and
uterus, and at lower levels in all the other tissues
studied (Figure 2b). The ratio of SK3-1B/SK3, displayed as a percentage, is shown in Figure 2c and 2f.
In the brain SK3-1B is present at between 20 and 60%
of the level of SK3, and at significantly lower levels in
most other tissues.

Bu

complexed to calmodulin. In contrast, the putative
SK3-1B protein (418 residues) begins in the same
reading frame as SK3, but at the first methionine
residue encoded by exon 2, eight residues upstream of
the S2 transmembrane segment. It therefore lacks
SK3’s N-terminus and S1 segment (Figure 1b).
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Figure 2 Distribution of SK3 and SK3-1B mRNA in human tissues determined by TaqmanTM quantitative RT-PCR. (a–c)
Pooled human tissues. (d–f) brain regions from a single donor. SK3 (a, d) and SK3-1B (b, e) mRNA copy number per microliter
cDNA expressed as mean7SD. (c, f) SK3-1B/SK3 ratio displayed as a percentage. The horizontal lines in (a) and (b) show the
arbitrary division into abundant, intermediate and low expression levels. TA: Ventral tegmental area. *No detectable
transcript.
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TaqManTM RT-PCR was also performed on SK3 and
SK3-1B products amplified from total RNA isolated
from different brain regions of a single human donor
(Figures 2d–f). SK3 was highly expressed in the
olfactory bulb, putamen, prefrontal cortex, and in
dopaminergic neurons in the ventral tegmental area
and substantia nigra, and at lower levels in the
caudate, amygdala, hippocampus and cerebellum
(Figure 2d), findings consistent with published
expression data 6,18,19. SK3-1B was present in all these
regions although at lower levels than SK3 (Figure 2e).
The ratio of SK3-1B/SK3 in the different brain areas of
this donor varied from 20 to 60% (Figure 2f). The high
ratio of SK3-1B/SK3 in the pooled brain sample is
consistent with the overall levels found in the single
donor brain regions (cf Figure 2c with f).
SK3-1B-GFP selectively suppresses endogenous SK
currents in PC12 cells in a dominant-negative manner
GFP-tagged SK3 produces calcium-activated apaminsensitive potassium currents when expressed in COS-

7 cells,54,55 whereas SK3-1B-GFP exhibited no channel function when expressed alone (data not shown).
Since the SK3-D truncation mutant42 and an Nterminal SK2 fragment47 were both reported to
suppress SK currents in mammalian cell lines,
presumably by coassembling with endogenous SK
subunits into nonfunctional tetramers, we tested
whether SK3-1B could exhibit similar dominantinhibitory activity. In support of this idea, protein
fragments of KV and IK K þ channels corresponding to
the region contained in SK3-1B have been shown to
suppress KV and IK currents.45,46 We chose the rat
pheochromocytoma cell line, PC12, as our experimental system since these cells natively express SK3
currents,53 as well as KV currents that would serve as
an internal control. Two SK3-1B constructs were
used: SK3-1B-GFP and SK3-1B-IRES-GFP. As controls, we expressed GFP alone or an unrelated GFPtagged channel (GFP-Kv1.7). The expression level of
each construct was quantitated as mean pixel intensity. SK3-1B-GFP was expressed at a slightly lower
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Figure 3 Dominant negative suppression of endogenous SK currents in PC12 cells by SK3-1B. SK and KV currents in
untransfected PC12 cells. Activation of SK current in PC12 with 1 mM Ca2 þ in the internal solution; KV currents are visible at
depolarized potentials. (a) SK but not Kv current is blocked by 100 nM apamin. (b) In the absence of internal Ca2 þ in the
pipette solution, SK currents are not visible but Kv currents remain unchanged. SK3-1B-GFP (c) and SK3-1B-IRES-GFP (d)
suppress SK but not Kv currents. GFP- (e) and GFP-Kv1.7 (f) do not affect SK and KV currents. All SK recordings were done
with symmetric (160 mM) K þ as internal and external recording solutions. KV current amplitude was determined with an
external solution containing 160 mM Na þ aspartate.
Molecular Psychiatry
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level (mean pixel intensity 108) than GFP-Kv1.7
(mean pixel intensity 180) or GFP vector alone (mean
pixel intensity 174).
Figure 3a demonstrates the endogenous SK3 and KV
currents in PC12 cells. Current traces were elicited by
voltage ramps from 80 to 40 mV. At potentials more
negative than –40 mV, an inward SK3 current was
seen if the pipette contained 1 mM free calcium
(Figure 3a), but was absent when calcium was omitted
from the pipette solution (Figure 3b). The calciumactivated inward SK3 current was selectively blocked
by apamin (100 nM), a potent peptide blocker of SK
channels (Figure 3a). The outward apamin sensitive
KV current observed at potentials more positive than
0 mV was unaffected by the internal calcium concentration (Figure 3a,b). The amplitudes of the SK3 and
Kv currents varied from cell to cell and are summarized in Figure 4.
Expression of GFP-tagged SK3-1B (SK3-1B-GFP) in
PC12 cells abolished the native SK3 current without affecting the endogenous Kv current (cf Figure 3c
with a). Untagged SK3-1B in a bicistronic vector
containing GFP under translational control of an IRES
element (SK3-1B-IRES-GFP) had a similar suppressive effect (Figure 3d). To control for possible artifacts
due to transfection and GFP overexpression, patch
clamp experiments were performed on PC12 cells
transfected with the GFP vector alone. SK currents
in GFP-transfected cells were sensitive to apamin and
of comparable amplitude to untransfected cells
(cf Figure 3e with a). Patch-clamp experiments
were also performed on PC12 cells transfected with
a GFP-tagged voltage-gated potassium channel, Kv1.7,
only distantly related to SK channels, to ensure that

dominant-negative suppression by SK3-1B was
specific (Figure 3f). In these cells, a large Kv1.7
current was seen, which was inward at –40 to 0 mV,
and outward beyond 0 mV, consistent with the Nernst
potential for potassium. Despite the presence of
this substantial Kv current, the amplitude of the
apamin-sensitive SK currents (seen at potentials more
negative than 40 mV) was indistinguishable
from controls. The scatter plot in Figure 4 summarizes
the data and demonstrates that SK3-1B-GFP and
SK3-1B-IRES-GFP selectively suppress endogenous
SK currents without affecting KV currents (means7SEM in Figure 4 legend). Together, these results
indicate that SK3-1B suppresses native SK currents in
PC12 cells specifically and in a dominant-negative
fashion.
SK3-1B suppresses other SK channels in a
dominant-inhibitory manner
We next determined whether SK3-1B could suppress
SK2 channels. We chose the human Jurkat T lymphocyte line for these experiments because they express
SK2 channels and no other SK channels, along with
voltage-gated Kv1.3 channels that could serve as an
internal control.47,56,57 Using the electrophysiological
protocol described above for PC12 cells, we measured
SK2 and Kv1.3 currents in Jurkat cells. The inward
SK2 current, detected at potentials more negative
than –40 mV, was blocked by Lei-Dab7 (Figure 5a), a
highly specific SK2 peptide inhibitor.55 Consistent
with the Nernst potential for potassium, the Kv1.3
current was inward between 40 and 0 mV, and
outward beyond 0 mV, and was unaffected by LeiDab7 (Figure 5a). The native SK2 current was

Figure 4 Scatter plot showing the effect of SK3-1B-GFP and SK3-1B-IRES-GFP on endogenous SK and Kv currents in PC12
cells. SK currents (mean7SEM) in untransfected (open squares; 6.2471.57 nS, n ¼ 22), SK3-1B-GFP-transfected (open
triangles, 0.6870.08 nS, n ¼ 11; p ¼ 0.018) and SK3-1B-IRES-GFP-transfected PC12 cells (open circles; 1.170.03 nS, n ¼ 12;
p ¼ 0.024). Kv currents (mean7SEM) in untransfected (filled squares; 707.947147.7 pA, n ¼ 15), SK3-1B-GFP-transfected
(filled triangles; 475.96761.78 pA, n ¼ 15; p40.05) and SK3-1B-IRES-GFP-transfected PC12 cells (filled circles; 560.37775.9
pA, n ¼ 14; p40.05). The data were analyzed by a Student’s t-test between the respective transfected cell population and the
untransfected PC12 cells.
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Figure 5 Dominant negative suppression of endogenous SK2 currents in Jurkat T lymphocytes by SK3-1B. (a) SK2 and
Kv1.3 currents in untransfected Jurkat T lymphocytes; SK2 but not Kv1.3 is blocked by 100 nM Lei-Dab7. (b) SK2 and Kv1.3
currents in SK3-1B-GFP-transfected Jurkat T lymphocytes; no SK2 current is observed (n ¼ 4), while the Kv1.3 current
resembles that in untransfected cells. (c) SK2 and Kv1.3 currents in GFP-transfected Jurkat T lymphocytes (n ¼ 4). All
experiments were done with symmetric (160 mM) K þ as internal and external recording solutions.

suppressed by SK3-1B, while the control Kv1.3
current was unaffected (Figure 5b). This effect was
specific since transfection of the GFP vector alone had
no effect on either current (Figure 5c). The ability of
SK3-1B to suppress channels composed of SK3 and
SK2 subunits suggests a potent form of negative
dominant inhibition that may affect an entire subfamily of K þ channels, a channel family known to
play a key role in regulating neuronal electrical firing
frequency.
Dominant-negative suppression by SK3-1B sequesters
native SK3
We performed immunolabeling and confocal microscopy experiments on PC12 cells to discern whether
SK3-1B’s dominant inhibitory effect was due to
its ability to alter the subcellular localization of native
SK3. A Nomarski image of a PC12 cell is shown in
the upper panel of Figure 6a. Endogenous SK3 protein

was identified in this cell with an antibody that reacts
only with the N-terminus of the full-length SK3
protein20 followed by a fluorescent (Alexa-594
conjugated) red secondary antibody. SK3 staining
exhibited an annular pattern consistent with
cell membrane expression (Figure 6a, middle
panel). Using Scion image software, we determined
the pixel intensity of presumptive membrane and
intracellular SK3 fluorescence, and the average
intensity histogram is shown in the lower panel of
Figure 6a.
The subcellular localization of endogenous SK3
changed significantly following transfection of SK31B-GFP (cf Figure 6b with a). In cells expressing SK31B-GFP (Figure 6b, upper panel), native SK3 exhibited a red intracellular speckled pattern with diminished fluorescence intensity at the cell periphery
(Figure 6b, middle panel). The average intensity
histogram of SK3 fluorescence (Figure 6b, lower
Molecular Psychiatry
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Figure 6 Altered sub-cellular expression pattern of native SK3 in PC12 cells transfected with SK3-1B. (a) Untransfected
PC12 cells immunolabeled with anti-SK3 antibody; Nomarski image (upper panel), annular SK3 staining pattern (middle
panel), intensity histogram of SK3 fluorescence (lower panel). Pre-incubation with blocking peptide abolished staining
confirming the specificity of the antibody (data not shown). (b) SK3-1B-GFP-transfected cells stained for SK3; SK3-1B-GFP
(upper panel), intracellular speckled SK3 staining (middle panel), intensity histogram of SK3 fluorescence (lower panel). The
anti-SK3 antibody does not react with SK3-1B, which lacks the SK3 N-terminus (data not shown). (c) GFP-vector transfected
cell; GFP (upper panel), annular SK3 staining (middle panel), and intensity histogram of SK3 fluorescence resembles that of
untransfected cells (lower panel). (d). GFP-Kv1.7-transfected cell: GFP-Kv1.7 (upper panel), annular SK3 staining (middle
panel) and normal intensity histogram (lower panel). The average intensity histograms shown are based on data derived from
six cells.

panel) was strikingly different from that of the native
channel in untransfected cells. The sharp peaks
evident in untransfected PC12 (lower panel, Figure
6a) reflect the predominantly annular distribution
of the native SK3 channel protein. In contrast, in SK31B transfected cells, a greater proportion of the
native SK3 protein is located intracellularly (lower
panel, Figure 6b). To control for nonspecific effects
we used the same constructs used in the electrophysiology studies: GFP vector alone (Figure 6c)
or GFP-tagged Kv1.7 (Figure 6d). These control
constructs were expressed at a higher level (mean
pixel intensity 170–180) than SK3-1B (mean pixel
intensity: 108). Although GFP- and GFP-Kv1.7 transfected cells showed some degree of intracellular
speckling (middle panels, Figure 6c, d), the pattern
was predominantly annular and the average intensity
Molecular Psychiatry

histogram data from multiple cells (lower panels,
Figure 6c, d) were similar to untransfected cells
(lower panel, Figure 6a). We estimated the ratio of
presumptive membrane to intracellular SK3 fluorescence from the intensity histograms. The ratio in
SK3-1B-GFP-transfected PC12 cells (1.170.09;
mean7SEM) was significantly different (po0.001)
from that in untransfected cells (1.7270.08) or in
cells transfected with GFP vector (1.9870.09) or GFPKv1.7 (1.7670.09). These results taken together with
the electrophysiological analysis suggest that SK3-1B
achieves dominant-negative inhibition of endogenous
SK currents in PC12 and Jurkat cells by decreasing the
abundance of functional channels in the plasma
membrane, possibly by selectively coassembling with
and sequestering native SK protein in intracellular
compartments.
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Discussion
We have identified a novel SK3 transcript, SK3-1B,
that is generated by alternate utilization of a novel
exon, exon 1B, instead of exon 1. Quantitative RT-PCR
experiments revealed SK3-1B expression in the brain
at levels 20–60% of those of SK3. The SK3-1B mRNA
encodes a 418 amino-acid-long truncated protein that
begins just upstream of the second transmembrane
span, S2, and is identical to SK3 from that point to the
C-terminal end. SK3-1B did not produce functional
channels, but instead specifically suppressed endogenous SK currents in vitro (SK3 current in PC12 cells
and SK2 current in Jurkat cells) in a family-wide
dominant-negative fashion without affecting native
KV currents. Immunolabeling and confocal microscopy studies suggest that SK3-1B’s dominant-inhibitory activity is due to decreased numbers of
functional SK channels in the plasma membrane,
possibly due to trapping of native SK proteins in
intracellular compartments. In both regards, the
dominant-inhibitory activity of SK3-1B resembles
that of the truncated SK3 mutant, SK3-D, isolated
from a patient with schizophrenia.42 These results
further suggest a potent, family-wide, dominantnegative mechanism whereby variations in the levels
of SK3-1B may in a consolidated manner modulate
the number of functional SK channels in cells.
The human genome initiative has highlighted the
importance of alternate transcripts in contributing to
much of human genetic diversity and complexity,58,59
and this is likely to be reflected in physiological
systems. Some previously described disease-associated mutations in K þ channels have come to be
recognized to be pathogenic because they produce
truncated nonfunctional dominant inhibitory subunits. Such mutations in KCNQ1 (KvLQT1)60 and
KCNH2 (hERG)61 genes were recognized to produce
dominant ‘channelopathies’ underlying Long QT
syndromes. Similar mutants that truncate KCNQ2
and KCNQ3 are responsible for benign familial
neonatal convulsion (BFNC) types 1 and 2.62 More
recently, physiological, naturally occurring mRNAs
that encode ‘non-functional’ channel variants have
shown the same potential for dominant-negative
regulation of channel function. Native cardiac transcripts encoding truncated versions of the human
KCNQ1 channel selectively suppress KCNQ1 currents
in a manner analogous to SK3-1B.63,64 Similarly, native
transcripts encoding nonfunctional variants of several
other types of channels have been reported to silence
their functional counterparts. These include
KCNQ2,65 Kv8.1,66 Kv9.1 and Kv9.2,67 and Cav2.2.68
Such transcripts have also been seen in nonchannel
signaling proteins like lymphoid enhancer factor,69 the
chemokine receptor CCR5,70 the estrogen receptor71
and protein kinase PKR72. Thus, dominant negative
regulation of multimeric proteins by non-functional
variants may be a general mechanism for the regulation of protein function with a proven potential to
cause disease when perturbed.60–62,69

Modulation by SK3-1B of functional SK channel
expression in the brain is likely to have significant
effects on electrical excitability. Since the family of
SK channels plays an important role in defining the
excitability profile of a neuron, the potential value of
a dominant-negative regulatory SK3-1B subunit for
both homeostasis and plasticity is apparent. SK3 is
abundantly expressed in monoaminergic neurons
where it plays a key role as the intrinsic pacemaker20,25,26 and in monoamine secretion.24,43 In a
fashion analogous to pharmacological blockade of SK
channels,73 suppression of SK currents in monoaminergic neurons by SK3-1B should reduce the amplitude of the IAHP, resulting in increased spike frequency
and neurotransmitter release. Variation in the levels
of functional vs suppressive SK3 subunits may
provide a potent endogenous mechanism to titrate
neuronal firing rates. As a result of this, alterations in
the relative abundance of these SK transcripts and
their encoded protein products may contribute to
abnormal neuronal excitability. Excess SK3-1B, in
turn, would be predicted to affect dopaminergic
pathways in the brain in the manner implicated in
current biological models of schizophrenia.12,14
Further, SK3 has recently been implicated in anorexia
nervosa4 and ataxia,5 and alterations in the SK3/SK31B balance may contribute to the pathogenesis of
these diseases as well.
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