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SK3 is an important component of K* channels mediating
the afterhyperpolarization in cultured rat SCG neurones
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Our aim was to identify the small-conductance Ca**-activated K* channel(s) (SK) underlying
the apamin-sensitive afterhyperpolarization (AHP) in rat superior cervical ganglion (SCG)
neurones.

Degenerate oligonucleotide primers designed to the putative calmodulin-binding domain
conserved in all mammalian SK channel sequences were employed to detect SK DNA in a
¢DNA library from rat SCG. Only a single band, corresponding to a fragment of the nSK3 gene,
was amplified.

Northern blot analysis employing a PCR-generated nSK3 fragment showed the presence of
mRNA coding for SK3 in SCG as well in other rat peripheral tissues including adrenal gland
and liver.

The same nSK3 fragment enabled the isolation of a full-length »SK3 cDNA from the library. Its
sequence was closely similar to, but not identical with, that of the previously reported nSK3
gene.

Expression of the nSK3 gene in mammalian cell lines (CHO, HEK cells) caused the appearance
of a K* conductance with SK channel properties.

The application of selective SK blocking agents (including apamin, scyllatoxin and newer non-
peptidic compounds) showed these homomeric SK3 channels to have essentially the same
pharmacological characteristics as the SCG afterhyperpolarization, but to differ from those of
homomeric SK1 and SK2 channels.

Immunohistochemistry using a rSK3 antipeptide antibody revealed the presence of SK3
protein in the cell bodies and processes of cultured SCG neurones.

Taken together, these results identify SK3 as a major component of the SK channels
responsible for the afterhyperpolarization of cultured rat SCG neurones.
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As with many neurones, action potentials in sympathetic
ganglion cells are followed by a slow post-spike
afterhyperpolarization (AHP). Early ion substitution
experiments (Blackman et al. 1963) suggested that this
AHP reflected an increase in K* conductance and it is
now known that the K* channels involved open in
response to an influx of Ca* ions during the preceding
action potential (McAfee & Yarowsky, 1979; see Sah,
1996, for additional references and a review). These Ca’*-
activated K* channels have a small conductance (~2 pS
under physiological conditions; Selyanko, 1996) and are
blocked by apamin (Kawai & Watanabe, 1986), indicating
that they belong to the SK, subfamily of potassium
channels (for reviews see Haylett & Jenkinson, 1990; Sah,
1996; Vergara et al. 1998; Castle, 1999; Sah & Davies,
2000).

Recently, molecular cloning studies have revealed three
distinct genes (SK1, SK2 and SK3) that code for SK¢,
channel subunits in the CNS (Kohler et al. 1996; Joiner et
al. 1997; Bond et al. 2000). Northern blot analysis and in
situ hybridization studies have shown that SK channel
mRNA is widely distributed in both the brain and
peripheral tissues. These genes, and in particular SK1 and
SK2, have overlapping patterns of tissue expression
(Kohler et al. 1996; Stocker et al. 1999; Stocker & Pedarzani,
2000). In wvitro studies have shown that each SK channel
gene can form functional homomeric SK, channels when
expressed in either Xenopus oocytes or mammalian cell
lines (Kohler et al. 1996; Shah & Haylett, 2000). Further,
in the mammalian cell lines each of these channels is
sensitive to apamin (Shah & Haylett, 2000; Strobaek et al.
2000). Finally, SK1 and SK2 subunits have been shown,
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in vitro, to combine and form heteromeric channels with a
unique pharmacological profile (Ishii et al. 1997). It is
clear from these findings that native AHP currents might
be carried by a variety of different SK, channels, so that
there is a need for direct evidence to determine which
subunits are involved. This is addressed in the present
study in which our aim was to identify the molecular
components of channels mediating the AHP in rat
superior cervical ganglion (SCG) neurones. A preliminary
account of some of our findings has been given by
Hosseini et al. (1999).

METHODS
Cloning of the nSK3 gene and stable cell expression

Degenerate oligonucleotides were designed to the amino acid
sequences KAEKHVH (primer sequence aargcigaraarcaygtnca) and
VHNFMMD (primer sequence gticayaayttyatgatgga), where r
represents a or g, y represents c or t, i represents deoxyinosine and n
represents a, t, g or c. These amino acid sequences were chosen
because they are absolutely conserved in all vertebrate SK/IK
channel genes found to date and are central to the putative SK
channel calmodulin-binding region identified by Xia et al. (1998).
Nested PCR reactions with these degenerate primers and
T7/M13-20 reverse primers were then used in 30-cycle PCR
amplifications (cycling parameters of 95°C for 30 s, 55°C for 30 s and
extension at 72°C for 1 min). These reactions amplified a single band
from a rat SCG ¢DNA (Unizap) library (kindly provided by Dr D.
Lipscombe, Department of Neuroscience, Brown University, RI,
USA). Sequencing of this band identified it as coding for a 600 bp 3’
fragment of the nSK3 gene. This fragment was then labelled by
random priming with a-[**PJdCTP using the Mega Prime DNA
labelling system (Amersham) to a specific activity of 10° d.p.m. ug™
and was subsequently used to probe the SCG ¢cDNA library. Positive
plaques (24 in total) were identified and replated at a lower density.
They were then rescreened with an a-[*PJdCTP-labelled 5 1.1 kb
fragment of #SK3 (obtained by PCR using rnSK3-specific
oligonucleotides) to select for full-length clones. Seven positive
plaques were isolated and single clones were excised into the
pBluescript vector. The sizes of the clones were initially determined
by FEcoRI-Xhol digestion. Three of the longest clones were
subsequently sequenced using the automated ABI Prism sequencer
and two provided full-length clones. For expression studies, the
largest of these cDNAs (clone 24a) was subcloned into the pcDNA 3.1
Zeo+ plasmid (Invitrogen) for transfection into mammalian cells.
Chinese hamster ovary cells (CHO cell line) or human embryonic
kidney cells (HEK 293 cell line) were stably transfected (by the
calcium phosphate method) with this construct and were then
selected for by adding Zeocin to the growth media (0.5-1.0 mg ml™).

Northern blot analysis

Total RNA was isolated from tissues (liver, dorsal root ganglion
(DRG), SCG, whole ventricle (right and left) and whole adrenal gland)
of male, adult Sprague-Dawley rats killed by inhalation of a steadily
rising concentration of CO,. RNA extraction was performedusing the
one-step acid guanidinium thiocyanate—phenol—chloroform extraction
method of Chomezynski & Sacchi (1987). For each tissue approximately
10 pug of the RNA was used for formaldehyde gel electrophoresis and
blotting onto a Hybond-XL nylon membrane (Amersham). After UV
crosslinking, the membrane was blocked and probed with an
a-[*PldCTP-labelled 1.1 kb BamH 1 fragment of mouse g-actin to
check the quality as well as relative abundance of the mRNA. The
membrane was then stripped and reprobed with a »SK3 1100 bp 5’
PCR fragment.
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Tissue culture

Maintenance of cell lines. HEK 293 and CHO cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) and alpha minimal
essential medium (alpha MEM), respectively, each supplemented
with 10% fetal calf serum (FCS) 2 mm L-glutamine, penicillin
(100 units ml™") and streptomyein (100 ug m1™"). For recording, cells
were plated on 35 mm Petri dishes and used within 2 days of plating.
For antibody staining the cells were plated on glass coverslips.

SCG neurones. SCG neurones were cultured from 17-day-old
Sprague-Dawley rats using the procedure described by Dunn (1994).
Briefly, superior cervical ganglia were removed from rats killed by
inhalation of a steadily increasing concentration of CO, (in
accordance with Home Office and Institution guidelines). The ganglia
were dissociated by incubation with collagenase followed by trypsin
and cultured in L-15 medium (Sigma L5520, supplemented with 10 %
FCS and 50 ng ml™" nerve growth factor (NGF)) for 5-7 days. For
electrophysiological recording the cells were plated on laminin-coated
35 mm Petri dishes (Falcon) and for antibody staining on poly-D-
lysine (0.1 mg ml™")-coated glass coverslips.

Antibody staining

Cultures of SCG neurones and HEK 293 cells were rinsed 3 times
with PBS and fixed with freshly prepared 4 % paraformaldehyde for
10 min at room temperature. After rinsing with PBS, cells were
permeabilized with methanol at room temperature for a further
10 min. After rinsing again with PBS, they were blocked with
blocking buffer (2% bovine serum albumin (BSA), 2% horse serum in
PBS) at room temperature for 60 min. The cells were then incubated
with a 1:200 dilution of rSK3 antipeptide antibody (Chemicon;
0.3 ug u1™") in blocking buffer at room temperature for 4 h. After
washing 3 times (10 min each) with PBS containing 0.1 % Tween-20,
they were incubated with a 1:100 dilution of goat anti-rabbit
secondary antibody (IgG fraction, conjugated to TRITC (tetramethyl
rhodamine isothiocyanate) fluorophore, Molecular Probes) in blocking
buffer. After three further washes with PBS—Tween-20 (as before),
and a final wash with PBS alone, the coverslips were mounted on
ethanol-cleaned slides using a small drop of antifade mount (Vector
Laboratories Inc.) and viewed under a Leica confocal microscope.

Electrophysiology

Cell lines. Conventional whole-cell patch-clamp methods were used
to record currents from stably transfected CHO and HEK 293 cells
expressing rSK3 and rSK2, respectively. The bathing solution
contained (mn): NaCl 150, KCI 5, MgCl, 1, CaCl, 2, glucose 10 and
Hepes 10, and the pH was adjusted to 7.4 with NaOH. The pipette-
filling solution contained (mm): KCI 140, Hepes 10, K;HEDTA 5 and
either CaCl, 1.2 (free Ca™ 1 um) or no added Ca™ (free Ca™ < 10 nm).
The pH was adjusted to 7.2 with KOH. Free Ca™ concentrations were
calculated using stability constants from Martell & Smith (1974).
Patch pipettes were fabricated from 1.5 mm o.d. borosilicate glass
(Clark Electromedical), fire polished and coated with Sylgard resin.
They had resistances of 2—4 MQ when filled with the above solution.
Experiments were conducted at room temperature (24 °C).

Membrane currents were recorded with a List KPC7 patch-clamp
amplifier. Data were digitized at 5 kHz using a Digidata 1200
interface and pCLAMP 6.0 software ( Axon Instruments). Routinely,
cells (CHO or HEK 293) were held at —80 mV and current—voltage
relationships generated by applying 100 ms voltage steps to
potentials between —120 and +40 mV.

Recording the AHP from SCG neurones. For experiments on
isolated SCG neurones the bathing solution contained (mm): NaCl
118, KCI 3.8, CaCl, 2.5, MgSO, 1.2, KH,PO, 1.2, NaHCO, 25 and
glucose 11, and was gassed with 95 % 0,—5% CO, to maintain a pH of
7.4. Recordings were made at a temperature of 30-31°C using
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intracellular microelectrodes (90—140 M) pulled from 1.0 mm o.d.
glass and filled with 1 M KCl. Membrane potential measurement and
current injection were performed using a Neurolog NL102G
amplifier and the data acquired and analysed using a Digidata 1200
interface and pCLAMP 6.0 software. Single action potentials,
followed by AHPs, were evoked by injecting brief (20-40 ms) pulses
of depolarising current at intervals of 5 s.

Data analysis

In experiments on stably transfected cell lines the effects of blockers
were expressed as the current at 0 mV (CHO cells) or —20 mV (HEK
293 cells) in the presence of blocker as a percentage of that in its
absence. Similarly, in studies of the AHP in SCG neurones inhibition
was calculated from the reduction in the magnitude of the AHP,
measured at the time at which the inhibition was maximal (see Dunn,
1994). The resulting concentration—inhibition curves were fitted by
the Hill equation in the form:

y o 1G5,
100 [I]" 4 10y

where y is the percentage inhibition, [I] is the concentration of
inhibitor, ny is the Hill coefficient and 1C;, is the concentration of
blocker that reduces the current to 50 % of the control value. Curve
fitting was performed by the method of least squares minimization
(with points weighted by the inverse of their variance) using the
program CVFIT (written by Professor D. Colquhoun, University
College London; available from www.ucl.ac.uk/pharmacol/de.html),
which provides an approximate standard deviation for the parameter
estimates (see Colquhoun et al. 1974, for further explanation).
Comparison of the currents developed in the presence and almost
complete absence of free intracellular Ca™ suggested that under the
conditions used virtually all (>95%) of the current was due to
activation of SK channels (see Results). The curves were, therefore,
fitted assuming that complete inhibition of the current was possible.
This was in keeping with the observed results although the presence
of a small (< 10 %) non-inhibitable component cannot be excluded. It
would, however, scarcely affect the 1C;, values obtained. Where
appropriate, other values are quoted as the mean + S.E.M. with the
number of observations in parentheses.

Drugs and reagents

All oligos and materials used for tissue culture were obtained from
Gibeo except for Zeocin (Cayla, Toulouse, France) and L15 medium,
laminin, poly-D-lysine, collagenase and trypsin, which were obtained
from Sigma.

UCL 1848 (8,14-diaza-1,7(1,4)-diquinolinacyclotetradecaphanedium
di-trifluoroacetate), UCL 1684 (6,10-diaza-1,5(1,4)-diquinolina-
3(1,3),8(1,4)-dibenzenacyclodecaphanedium tritrifluoroacetate
hydrate) and UCL 1530 (8,19-diaza-1,7(1,4)diquinolina-3,5(1,4)-
dibenzenacyclononadecanephanedium) tetratrifluoroacetate hydrate)
were synthesized in the department of Chemistry, UCL as previously
described (Campos Rosa et al. 1998, 2000; Chen et al. 2000). Apamin,
gallamine, dequalinium and scyllatoxin were purchased from Sigma.
Hepes and HEDTA were from Calbiochem. All other reagents were of
Analar quality and obtained from Merck.

RESULTS
Isolation of the full-length clone

Degenerate oligos were used to perform nested PCR
amplifications on a rat SC( library yielding a single band
of ~600 bp, which, after sequencing, was identified to be
a fragment of the nSK3 gene. By subsequently using gene-
specific oligos an extended 7nSK3 fragment was cloned
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from the library and used in Northern blot analysis to
examine mRNA levels in SCG, DRG and other tissues. A
clear signal of ~4 kb in size was seen in mRNA isolated
from SCG, confirming that the SK3 mRNA is abundant
therein (Fig. 1). In contrast, only a weak signal was
observed in DRG, suggesting that other subunits may
underlie the apamin-sensitive AHPs reported to be
present in these cells (Luscher et al. 1994). Interestingly
we found mRNA for SK3 to be present in a number of
peripheral tissues in the rat, even where there was no
evidence of functional SK channel protein (see
Discussion).

To obtain a working clone of rSK3, 24 positive plaques
were isolated from the SCG library and the clone
containing the longest insert was selected for further
study. This clone contained a ¢cDNA of ~2.6 kb with in-
frame stop codons present at the 5 end and a reasonable
Kozak consensus sequence (the sequence for initiation of
transcription; see Kozak, 1987), making us confident in
identifying the start methionine. (This sequence has been
submitted to GenBank with accession number AF292389.)

Adrenal Gland
Heart (Ventricle)

SCG
DRG
Liver

v SRy rsK3

B-Actin
-

Figure 1. Northern blot analysis of mRNA for
rSK3 in rat tissues

rSK3 mRNA (a single band of ~4 kb in size) is
abundant in SCG but not in DRG. It is also highly
expressed in adrenal gland and, more surprisingly, in
liver and heart (upper panel). For each lane
approximately 10 ug of total RNA from each tissue
was loaded onto the gel, blotted, fixed and probed
with a **P-labelled SK3 gene fragment. The blot was
then stripped and re-probed with g-actin to compare
loading (lower panel).
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Figure 2. Alignment of predicted amino acid sequences from the rat SK3 gene (nSK3), the human
SK3 gene (hSK3, accession number NM_002249) and the rat SK?2 (accession number U69881) and

SK1 (accession number AF000973) genes
human and rat genes show greater similarity than originally reported, particularly at the amino-terminal

end. Putative transmembrane elements (S1—6) and the potassium channel pore-forming ‘P-loop’ are
indicated with bars. This alignment was made using the BLOSUM weight matrix with a gap open penalty

Boxes highlight amino acids that are conserved between rSK3 and one or more of the other sequences. The
of 8.0 and a gap extension penalty of 2.0.



J. Physiol. 535.2

SK3 channels underlie the AHP in SCG neurones 327

Table 1. The potency of blocking agents tested on the SCG AHP and on SK channels

Blocker SCG neurones rSK3 rSK2 hSK1

Apamin (nM) 2.3+ 0.7 1.44+0.2 0.08 +0.01F 70+1.7*
Seyllatoxin (nM) 114425 83+1.2 0.287 £ 0.013 ¢t 80 + 23 F
UCL 1848 (nm) 27+0.2 21403 0.12 4 0.04 1.14+04%
UCL 1684 (nm) 4.1+0.2¢% 58+ 0.3 0.36 + 0.08 T 08+0.2F

IC;, values for the inhibitory action of apamin, UCL 1848 and UCL 1684 on the AHP, human (h)SK1, rat
(r)SK2 or rSK3 channels were determined as described in Methods, except where specifically noted. The
pharmacology of block for the SCG AHP closely matches the profile of SK3 but not SK1 and SK2
channels. * From Shah & Haylett (2000). ¥ From Strebeek et al. (2000). I From Malik-Hall et al. (2000).

This clone thus represents the entire coding region of
K3 as well as a 297 bp 5" untranslated region (UTR) and
a 22 bp 3" UTR followed by a 19 bp poly-A tail. This
sequence is approximately 175 amino acids longer than
that initially reported by Kohler and colleagues and used
for their first expression studies (Kohler et al. 1996). This
extended sequence shows a high degree of identity with
the human SK3 gene reported by Chandy et al. (1998)
(Fig. 2) and is also very similar, although not identical, to
the sequence of rSK3 as updated by Kohler and colleagues
(GenBank accession no. U69884).

Expression studies

Since the pharmacology of the homomeric SK1 channel
expressed in mammalian cell lines may differ from that in
Xenopus oocytes (Kohler et al. 1996; Shah & Haylett,
2000; Strebeek et al. 2000; Grunnet et al. 2001), we have
examined the properties of the full-length »SK3 gene
stably expressed in CHO cells. In this mammalian-
derived cell line whole-cell patch-clamp recordings using a
1 p free calcium concentration in the pipette typically
activated 0.5-2nA of current at 0 mV (Fig. 34). As
would be expected for an SK channel the current was not
voltage activated and reversed close to the predicted
potassium equilibrium potential (£, —85 mV; Fig. 7TA-C).
In experiments on transfected cells but with a calcium-
free pipette-filling solution (Fig. 3B), and in wild-type
cells with 1 gm Ca® in the pipette (Fig. 3C), the current
observed was much smaller (16 + 2 pA (rn=4) and
16 £ 1 pA (n=3), respectively) suggesting that more
than 97% of the current seen in transfected cells was
attributable to Ca’ activation of SK3 channels. The Ca™*-
activated K™ current developed rapidly after patch
rupture as indicated by a fall in input resistance during
the first minute of recording. It was usually possible to
obtain recordings that were stable for up to 20 min
although some cells showed either run-up or run-down.
Cells were only used for pharmacological studies if the
currents remained steady for at least 4 min prior to the
application of drugs and in all such recordings the
current had stabilized within 10 min of patch rupture
(approximately 25 % of all cells met these criteria).

Similar currents were observed with a HEK 293 cell line
stably expressing nSK?2. Because wild-type HEK 293 cells
possess an endogenous outwardly rectifying current that

at more positive potentials might have contaminated the
Ca*-activated current, we measured the inhibition of
current by pharmacological agents with the membrane
potential stepped to —20 mV (rather than 0 mV as with
CHO cells).

Pharmacology

We found that rSK3 channels expressed in CHO cells
were blocked by apamin at concentrations that also
inhibited the AHP recorded from rat SCG neurones
(Fig. 4). However, these actions of apamin were only
slowly reversible, taking many minutes to wane. Though
this limited the amount of information that could be
obtained, parts of the concentration—inhibition relation-
ships for the two actions were established as shown in
Fig. 4C. These homomeric SK3 channels were also blocked

A SK3 1uM Ca®

P

40 mV
-80 mV E’
_I1 nA

50 mS
B SK3 Calcium Il=ree

T

C wild type CHO 1uM Ca*

Figure 3. Expression of the full-length »SK3 gene
in CHO cells produces high levels of SK channel
current

Large voltage-independent currents are seen when
the patch pipette contains 1 uM free calcium (4).
These currents are not observed when calcium is
omitted (B). Wild-type cells do not show any
endogenous SK current when 1 u free calcium is
included in the pipette (C'). The inset shows the pulse
protocol used in these experiments. Currents were
recorded 1—2 min after patch rupture.
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A control
apamin (3 nM)
— | 0.5 nA
50 ms
B C 100 -
80 -
apamin (3 nM) g 60 - L)
g 40 4 %
X 20 -
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—110 mV Y T T |
200 ms 0.1 1 10 100
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by other potent inhibitors of the AHP such as scyllatoxin,
UCL 1684 (Campos Rosa et al. 1998, 2000; Dunn, 1999)
and UCL 1848 (Benton et al. 1999; Chen et al. 2000). Each
of these agents acted quickly and their effects reversed
much more rapidly than those of apamin so that recovery
was complete within 4—7 min of washout. As illustrated
for UCL 1848 in Fig. 5Cand for scyllatoxin in Fig. 6C, the
concentration—inhibition curves for SK3 and the AHP
accord well (although exact correspondence is not to be
expected because of the different quantities being
measured). Here it is important to note that the block of
SK3 channels by these agents is not voltage dependent, as
shown in Fig. 7 for apamin, UCL 1684 and UCL 1848. The
same holds for scyllatoxin block (data not shown), so
voltage dependencies do not distort the comparison with
AHP inhibition.

A control UCL 1848 (10nM)  wash

Figure 4. SK3 current and the AHP are blocked
by apamin with comparable potency

A, SK3 current recorded from a transfected CHO cell
in the absence (control) and presence (after 8 min
exposure) of apamin (3 nM). B, 3 nM apamin causes a
similar degree of inhibition of the AHP as measured
by intracellular recording from a rat SCG neurone;
each trace is the mean of 3 successive action
potentials. The cell was exposed to apamin for 5 min
and had a resting membrane potential of =57 mV.

C, concentration—inhibition relationships for block of
the AHP (@) and of SK3 current (A). Each point is the
mean of 3 observations and the vertical bars indicate
the s.E.M. The fitted lines were drawn using the Hill
equation with ny constrained to unity for the SK3
values, for consistency with our observations (Figs 5,
6 and 8) with other SK3 blockers. The 1C;, values
obtained thereby are given in Table 1.

In contrast to the pharmacology of the SK3 current, the
block of either SK2 (Fig. 5C, Table 1) or SK1 channels
(Table 1) correlates poorly with AHP inhibition. This is
best seen by comparing the rank order of potencies and
the IC;, values for four selective SK channel blockers;
apamin, scyllatoxin, UCL 1848 and UCL 1684 (Table 1).
All four agents caused a half-maximal block of SK2
channels at concentrations that would produce little or no
reduction in the AHP. The distinction is clearest with
scyllatoxin, which has an IC;, for SK2 block that is 40-
fold lower than that for inhibition of the AHP (IC;, values
of 0.29 ws. 11 nM). Similarly, the 1C;, values for apamin,
UCL 1848 and UCL 1684 are 29-fold (0.08 vs. 2.3 nM), 23-
fold (0.12 ws. 2.7 nM) and 11-fold (0.36 ws. 4.1 nM) lower,
respectively. A second revealing comparison can be made
of the relative potencies of these compounds in inhibiting

Figure 5. UCL 1848 blocks rSK3 and the AHP
with similar potency but exhibits a marked
selectivity for rSK2

A, the effect of 10 nm UCL 1848 on SK3 current
recorded from a stably transfected CHO cell.
Block was maximal after 3 min exposure to UCL
1848 and the current recovered after 4 min
washout. B, inhibition of the AHP by 2 nym UCL

I 05nA 1848. The superimposed traces show the mean of

3 action potentials and AHPs recorded from a rat
SCG neurone before (control), at the end of a 70 s
application of 2 nMm UCL 1848 and 4 min after
washout when recovery was almost complete. The
resting membrane potential of the cell was

—59 mV. C, concentration—inhibition curves for
inhibition by UCL 1848 of rSK2 current (A),
rSK3 current (0) and the AHP (O). Each point is

_ 80

260
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g 40
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the mean of 3—5 observations and vertical bars
indicate the s.E.M. Continuous lines are best fits of
the Hill equation to the data and the IC;, values
have been included in Table 1.
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Figure 6. The effect of scyllatoxin on SK3
current and the AHP A

A, SK3 current recorded from a transfected
CHO cell immediately before (control) and
after 3 min exposure to 30 nM scyllatoxin.
Recovery was complete 2 min after washout.
B, 30 nM scyllatoxin caused a similar degree
of inhibition of the AHP recorded from a rat
SCG neurone. Each trace is the mean of 3
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successive action potentials and AHPs
recorded before (control), after 3 min
exposure to scyllatoxin and 7 min after B
washout. The traces before and after
application of scyllatoxin are almost
identical. The membrane potential of this cell
was —57 mV. C, concentration—inhibition
curves for block of SK3 current (O) and the
AHP (0) by scyllatoxin. The fitted lines were
drawn using the Hill equation and the
estimates of IC,, are given in Table 1. Each
point is the mean of 3—4 observations and the
vertical bars indicate the S.E.M.

SK1 and SK3 currents and the AHP. As can be seen from
Table 1, there is an ~100-fold difference in the potencies
of scyllatoxin and UCL 1684 on SK1 channels (IC;, values
of 80 vs. 0.8 nM), but only a 2- to 3-fold difference is found
in either SK3 or AHP block. Further, while apamin is a
less active blocker of SK1 channels than either UCL 1684
or UCL 1848 (which are approximately 7—9 times more
effective), the reverse order of potency is seen with the
SCG AHP, SK3 and SK2 channels, i.e. apamin is more
potent than either of the UCL compounds.

Taken together, these observations confirm that the
pharmacology of the expressed rSK3 channel closely

Figure 7. Block of SK3 current by apamin, UCL
1848 and UCL 1684 is not voltage dependent

Current—voltage relationships showing control curves
and partial block of r'SK3 current by apamin (4),
UCL 1684 (B)and UCL 1848 (C). In each case the
inhibited current reverses close to the predicted value
of Ex (=85 mV). D, the block by these compounds

(m, apamin; @, UCL 1848; A, UCL 1684) was not
significantly voltage dependent. Current in the
presence of blocker, as a percentage of control, has
been plotted as a function of membrane potential
(Vi)

vm (m

control scyllatoxin wash
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C 50 ms
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_ 80
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resembles that of the AHP whereas that of the SK1 and
SK2 channels is very different. We extended this
analysis by comparing the block of SK3 channels and of
the AHP by other agents with a wider range of potencies.
The results are shown in Fig. 84. Each of these agents
inhibited the AHP in SCG neurones as well as the current
carried by the expressed SK3 channels. Furthermore, the
1C;, values are well correlated (r=0.99 + 0.21) over the
entire 100000-fold range, with a slope close to unity
(1.06 £ 0.05; Fig. 8B). This is clearly in keeping with the
idea that SK3 channels determine the pharmacology of
block for the AHP in SCG neurones.
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Immuno-staining of SCG neurones

Finally, we have studied the distribution of these channels
in a preparation of cultured SCG neurones. This is
particularly important given that Northern blot mRNA
levels do not seem to correspond to levels of functional
protein for several tissues. We have used a commercially
available antibody (Chemicon) that produces strong
staining in our stable HEK 293 cell line expressing the
rSK3 gene (Fig. 94). Furthermore, this staining is at or
near the cell membrane. No such signal was detected
when this antibody was applied to a similar HEK cell line
stably expressing SK2 (Fig. 9B), or when the anti-SK3
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Figure 8. The pharmacology of AHP block
matches that of rSK3 block for a wide range of
compounds

A, concentration—inhibition curves for block of r'SK3
current in transfected CHO cells by UCL 1684 (),
UCL 1530 (A), dequalinium (O) and gallamine (O).
Each point is the mean of 3 observations and the
vertical bars indicate the s.E.M. The lines were drawn
by fitting the Hill equation to the data with ny = 1.
The IC;, values were: UCL 1684 5.8 + 0.3 nM,

UCL 1530 195 + 34 nM, dequalinium 920 + 140 nM
and gallamine 97.5 + 0.7 uM. B, correlation between
log IC;, for block of rSK3 current (ordinate) and of the
AHP (abscissa). The regression line shows a close
correlation (r=0.99 + 0.21) between the potency of
the compounds in the two test systems with a slope
close to unity (1.06 + 0.05). IC;, values for inhibition
of the AHP in SCG neurones for UCL 1530,
dequalinium and gallamine are taken from Dunn et
al. (1996); all other values are shown above and in
Table 1. With the exception of UCL 1530, the error in
each point was less than the size of the symbol.
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antibodies were replaced with normal rabbit serum (data
not shown).

A clear signal was also seen when SCG neurones were
stained with the same anti-SK3 antibody. The staining is
specific to neurones and does not show up on
neighbouring fibroblasts (see Fig. 9Cand D). These results
indicate that the SK3 mRNA detected in our Northern
blot does reflect expressed protein in the SCG neurones.
Further, whilst it must be remembered that these are
cultured neurones and the same may not apply to cells in
vivo, it is interesting that SK3 protein appears to be in
both the cell bodies and processes (Fig. 9C).

DISCUSSION

We used PCR with degenerate oligonucleotides as a
starting point for determining the molecular components
that might underlie the AHP in sympathetic cells. By this
route we identified and cloned the rat gene for SK3. Our
sequence extends by approximately 175 amino acids that
first reported by Kohler and colleagues (Kohler et al.
1996) but is now in close though not exact agreement with
their sequence as updated in GenBank (accession no.
U69884). Northern blot analysis confirmed that the SCG
shows a clear signal for "SK3 mRNA. However it has to be
kept in mind that mRNA levels do not always correspond
to levels of functional protein and SK proteins are no
exception. For example, we see a substantial signal in
liver, in keeping with recent evidence for the presence of
mRNA for SK3, and SK3 immunoreactivity (albeit
mainly intracellular) in rat liver (Barfod et al. 2001).
However, electrophysiological studies, and measurements
of the binding of labelled apamin, show no evidence for
SK channel expression in rat hepatocytes isolated from
males of normal weight, as used in the present work
(Burgess et al. 1981; Cook & Haylett, 1985; Takanashi et
al. 1992). This has been reported only in the liver of old,
obese, female rats (Yamashita et al. 1996) though the
hepatocytes of most other mammalian species do exhibit
a calcium-activated potassium permeability (see Burgess
et al. 1981, for references). Also in keeping with the work
of others (Imbert et al. 1996), we find that SK3 mRNA
can be detected in both heart (Fig. 1) and skeletal muscle
(data not shown) of adult rats even though extensive
study of these tissues has provided little evidence for SK,
function under physiological conditions. Interestingly,
Pribnow et al (1999) reported a similar dissociation
between mRNA levels and protein expression in
experiments with L6 myoblasts and differentiated L6
myotubes: both produce high levels of SK3 mRNA, but
only the myotubes appear to produce functional SK3
protein.

We have shown that SK3 channels are present on both
the cell body and the processes of SCG neurones. Using
selective agents we have also demonstrated that the
pharmacology of these channels is essentially identical to
that of the neuronal AHP. A comparison of the block of
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the AHP by apamin, scyllatoxin, UCL 1684 and UCL
1848 with that of homomeric SK2 or SK1 channels
reveals a quite different pattern to the one seen with SK3
(Table 1). Furthermore, our preliminary results for
apamin, gallamine and dequalinium block of SK3
channels expressed in a second mammalian cell line (HEK
293 cells, see Hosseini et al. 1999) agree well with those
reported here for CHO cells, as does the limited SK3
expression data in oocytes (Kohler et al. 1996; Ishii et al.
1997). Taken together, the present findings strongly
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suggest that SK3 subunits form an important molecular
component of the channels that underlie the AHP in rat
SCG  neurones. Moreover, they largely or wholly
determine the pharmacological characteristics of the
native channels. Our results do not, however, rule out
either the possible involvement of additional, auxiliary,
subunits (e.g. see Wadsworth et al. 1994, 1997) or some co-
assembly with other SK subunits. Indeed, preliminary
Western blot experiments (using antibodies to the
C-terminal regions of SK1 and SK2 that we are presently

B

Figure 9. Anti-SK3 antibodies specifically recognize the SK3 protein and stain both cell bodies

and processes in SCG neurones

A, HEK cells (high magnification) stably transfected with the nSK3 gene show strong membrane staining
for the SK3 protein. B, no specific staining is seen in HEK cells similarly transfected with »SK2. Both
stably transfected cell lines produced large calcium-dependent currents in whole-cell patch-clamp
experiments. O, application of the anti-rSK3 antibody to SCG cells (shown at low magnification) reveals
membrane staining in the neurones but not the surrounding fibroblasts (an example of which is
highlighted by the arrow in both C'and D). D, bright-field image of the cells shown in C.
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characterizing) suggest that these protein subunits are
present in the whole ganglion (R. Hosseini & G. W. J.
Moss, unpublished observations). Thus more work will be
needed to determine whether or not SK1 and SK2 are
present in the neurones and contribute to the AHP
current. However, if these genes are expressed in the SCG
neurones, and if the subunits do co-assemble with SK3,
our results show that their presence does not seem to
greatly affect those properties of the channels that we
have examined.

Our work adds to the considerable progress that is now
being made in relating cloned SK channels to their native
counterparts. It appears likely that the SK4 gene (also
referred to as IK1) is responsible for the charybdotoxin-
sensitive potassium channels in red blood cells and
T lymphocytes (Logsdon et al. 1997; Jensen et al. 1998;
Vandorpe et al. 1998; Khanna et al. 1999). In the Jurkat
cell line, SK2 mediates the apamin-sensitive currents
(Jager et al. 2000), as in cochlear hair cells (Dulon et al.
1998). In cultured and denervated skeletal muscle it has
been found that the native SK channels correspond to
homomultimers of SK3 (Pribnow et al. 1999).

Though in the present study the primary comparison is
between the pharmacology of the rat SCG AHP and that
of heterologously expressed rat SK3 channels, two of the
compounds used (dequalinium and UCL 1530) have
previously been tested for their blocking action on
isolated SCG neurones prepared from adult guinea-pigs
(Dunn et al. 1996). The potencies observed were similar to
those seen with rat tissue, suggesting that guinea-pig SCG
neurones also express SK3 channels. Similarly, in bullfrog
sympathetic neurones (Goh et al. 1992), the slow component
of the AHP is blocked by scyllatoxin with an IC;; of
7.5 nM, which is of the same order as that seen in the
present work (11.4nM in SCG; 8.3 nM with expressed
SK3), again suggesting the involvement of SK3 channels.
Further, while our preliminary report provided the first
evidence for a role of SK3 in neuronal AHPs (Hosseini et
al. 1999), recent work by Pedarzani et al. (2000) suggests
a similar function for the channel in dorsal vagal
neurones. Thus, SK3 channels may be important in the
control of the excitability of several kinds of neurone.
However, it is interesting that the sympathetic ganglion
cells studied in the present work appear to be quite
different from hippocampal pyramidal neurones, where
the apamin-sensitive AHP is probably mediated by SK1
and/or SK2 channels (Stocker et al. 1999). These
differences are likely to be important for the regulation
of neuronal activity and also for therapeutic strategies
targeting the SK channel family in neurones.
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