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Opposite Regulation of Slick and Slack K™ Channels
by Neuromodulators
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Slick (Slo2.1) and Slack (Slo2.2) are two novel members of the mammalian Slo potassium channel gene family that may contribute to the
resting potentials of cells and control their basal level of excitability. Slo2 channels have sensors that couple channel activity to the
intracellular concentrations of Na ™ and Cl ~ ions (Yuan et al., 2003). We now report that activity of both Slo2 channels is controlled by
neuromodulators through Ge;-protein coupled receptors (GPCRs) (the M; muscarinic receptor and the mGluR1 metabotropic gluta-
mate receptor). Experiments coexpressing channels and receptors in Xenopus oocytes show that Slo2.1 and Slo2.2 channels are modu-
lated in opposite ways: Slo2.1 is strongly inhibited, whereas Sl02.2 currents are strongly activated through GqPCR stimulation. Differen-
tial regulation involves protein kinase C (PKC); application of the PKC activator PMA, to cells expressing channels but not receptors,
inhibits Slo2.1 whole-cell currents and increases Slo2.2 currents. Synthesis of a chimera showed that the distal carboxyl region of Slo2.1
controls the sensitivity of Slo2.1 to PMA. Slo2 channels have widespread expression in brain (Bhattacharjee et al., 2002, 2005). Using
immunocytochemical techniques, we show coexpression of Slo2 channels with the GgPCRs in cortical and hippocampal brain sections
and in cultured hippocampal neurons. The differential control of these novel channels by neurotransmitters may elicit long-lasting
increases or decreases in neuronal excitability and, because of their widespread distribution, may provide a mechanism to activate or
repress electrical activity in many systems of the brain.
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modulation by neurotransmitters

Introduction

In pioneering studies on the cellular basis of learning in Aplysia,
Eric Kandel called attention to the importance of a subtype of
potassium channels modified by neuromodulators. This class of
potassium channels may elicit a persistent change in neuronal
excitability, lasting longer than that which can be achieved by
voltage-dependent channels alone (Klein et al., 1982; Hochner
and Kandel, 1992). The extent to which these modulated potas-
sium conductances participate in controlling basal neuronal ex-
citability is currently the subject of investigation in many systems.
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Currently, the best characterized potassium channels that are
modulated by neurotransmitters are the KCNQ channels, which
carry the M-current (Brown and Adams, 1980; Cooper and Jan,
2003), and G-protein-gated inwardly rectifying K* channels,
which directly interact with G-proteins (Luscher et al., 1997; Mao
et al., 2004). Other reports suggest that four transmembrane K™
channels (Lesage et al., 2000; Talley et al., 2000; Bockenhauer et
al,, 2001; Lei et al., 2001; Chemin et al., 2003; Heurteaux et al,,
2004), and even voltage-dependent potassium channels
(Johnston et al., 2003), are modulated by neurotransmitters.
Here we demonstrate the differential modulation by neuro-
modulators of two closely related potassium channels, Slo2.1 and
Slo2.2, by functional coexpression of these channels and G-
protein coupled receptors (GqPCRs) in a heterologous system.
Using immunohistochemical techniques, we also demonstrate
that these channels and GqPCRs (the M; muscarinic receptor and
the mGluR1 metabotropic glutamate receptor) are coexpressed
in the same neurons in several regions of the brain. Slo2 channels
are members of the high-conductance Slo family of potassium
channels. Unlike Slol BK high-conductance channels that are
sensitive to both voltage and intracellular calcium (Atkinson et
al., 1991; Adelman et al., 1992; Butler et al., 1993; Tseng-Crank et
al., 1994), Slo2 channels have very low voltage sensitivity and are
activated by intracellular Na * and Cl ~ rather than Ca?".Indeed,
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although they belong to the large family of potassium channels
that contain six transmembrane domains per subunit, Slo2.1 and
Slo2.2 lack the canonical arrangement of gating charges found in
S4, which are associated with voltage-dependent gating in all
other family members.

Sodium-activated potassium channels were originally identi-
fied in cardiomyocytes in which they may provide protection
against ischemia, which is accompanied by an increase in intra-
cellular sodium (Kameyama et al., 1984; Luk and Carmeliet,
1990). However, they were also discovered in neurons (Dryer et
al., 1989) and may play a role during normal electrical activity
(Dryer, 1994). In the laboratory, these channels are usually stud-
ied under conditions of high intracellular Na*, but they are also
significantly active at normal Na™ and Cl~ concentrations
(Bhattacharjee et al., 2002, 2003; Yuan et al., 2003). In this paper,
we show that Slo2.2 channels are activated by neuromodulators,
whereas Slo2.1 channels are inhibited by neuromodulators acting
through GqPCRs; we also show that Slo2 channels and GqPCRs
are coexpressed in the same cell types in many regions of the
brain. Furthermore, we show that both Slo2 channels and
GQqPCR receptors are coexpressed in the cell soma and adjacent
areas in which they may modulate spatial integration and action
potential generation.

Materials and Methods

Xenopus oocyte expression. To obtain efficient expression of Slo2.1 (hu-
man) and Slo2.2 (rat) cDNAs and chimeric constructs, in Xenopus oo-
cytes, we used pOX, a vector we optimized for oocyte expression. The
chimera C1 was constructed by joining the Slo2.2 core to the Slo2.1 tail at
a conserved Stul site at residue 380 (Slo2.2) and residue 433 (Slo2.1). The
arrows in Figures 1 and 44 indicate the site of ligation. The M, receptor,
angiotensin receptor type IB (AT1B), and mGluR1 were also subcloned
into pOX. Capped cRNA was synthesized using the T3 mMessage mMa-
chine kit (Ambion, Austin, TX). Slo2.2 was linearized using NotI. cRNA
reactions were resuspended in nuclease-free water to a final concentra-
tion of 1.5 ug/ul. Oocytes were harvested from adult female Xenopus
laevis as described previously (Yuan et al., 2000). Defolliculated oocytes
were injected with ~75 ng of cRNA using a Drummond Scientific
(Broomall, PA) nanoinjector. Injected oocytes were incubated at 18°C in
ND96 medium (in mm): 96 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,, and 5
HEPES, pH 7.5 with NaOH. Oocytes were electrophysiologically ana-
lyzed 3-5 d after injection.

Electrophysiology: Xenopus oocytes. Two-microelectrode voltage-
clamp recordings were obtained in ND96 plus 1-2 mm DIDS to block the
endogenous chloride conductances. Phorbol 12-myristate 13-acetate
(PMA) or receptor agonists were applied to the recording chamber either
directly or by continuous perfusion. For patch-clamp experiments, be-
fore recording, the vitelline membranes were mechanically removed.
Cell-attached recordings were done with ND96 in the bath and with a
pipette solution containing the following (in mwm): 80 K-gluconate, 80
Na-gluconate, 5 HEPES, and 2 MgCl,, pH 7.2 with KOH. Inside-out
patches were obtained perfusing the intracellular side of the membrane
with high Na-ClI solution containing the following (in mwm): 80 KCI, 80
NaCl, 5 HEPES, and 5 EGTA, pH 7.2 with KOH. In the experiments with
0 Na, NaCl was substituted by choline-Cl. In experiments performed
with low Na and low Cl ™~ solution, the bath contained the following (in
mwm): 20 NaCl, 20 KCI, 60 K-gluconate, 5 HEPES, and 5 EGTA. The
pipette solution was the same as the one described above for cell-attached
recordings. Pipette tip resistance ranged from 3 to 5 M(). Traces were
acquired using an Axopatch 200A (Molecular Devices, Palo Alto, CA),
digitized at 10 kHz, and filtered at 2 kHz. Data were analyzed using
pClamp 9 (Molecular Devices), SigmaPlot 5 (Jandel Scientific, Corte
Madera, CA) or Origin 6.0 (Microcal Software, Northampton, MA).
Drugs and pharmacological agents used in this study were purchased
from Sigma (St. Louis, MO).

Transient transfected HEK cells expressing the Slick (Slo 2.1) channel.
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The Slick pPCDNA3 construct, containing the full-length wild-type Slo2.1
sequence, was used to transfect HEK-293 cells. Transient transfection
was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
These HEK cells were cultured in DMEM supplemented with 10% fetal
bovine serum and penicillin—streptomycin (Invitrogen).

Stable cell line expressing the Slack (Slo 2.2) channel. The Slack-
HA.pCDNA3 construct, containing the full-length wild-type Slo2.2 se-
quence, was used to transfect HEK-293 cells. Transfection was performed
using the SuperFect Transfection Reagent (Qiagen, Valencia, CA). The
stable Slack-expressing HEK cell line was confirmed by patch-clamp re-
cordings and Western blot. These HEK cells were cultured in a modified
low-sodium DMEM supplemented with 10% fetal bovine serum and
penicillin—streptomycin (Invitrogen).

Electrophysiology: cells expressing Slick or Slack channels. Nystatin per-
forated patch-clamp recordings from Slick- or Slack-expressing HEK-
293 cells were obtained at room temperature (21-23°C) using the gigas-
eal patch-clamp technique (Hamill et al., 1981). Electrodes of 3—5 M{)
resistance were pulled from TW150F-6 micropipettes (World Precision
Instruments, Sarasota, FL) on a horizontal Flaming/Brown micropipette
puller (model P-87; Sutter Instruments, Novato, CA), fire-polished,
coated with dental wax, and filled with appropriate filling solutions.

Cells were bathed in a solution containing the following (in mm): 140
NaCl, 1 CaCl,, 5 KCl, 29 glucose, and 25 HEPES, pH 7.4. The pipette
solution contained the following (in mm): 100 K-gluconate, 30 KCI, 5
Na-gluconate, 29 glucose, 5 EGTA [2 Na,ATP, 0.2 GTP (for Slack re-
cordings)], and 10 HEPES, pH 7.3. All chemicals, unless otherwise stated,
were obtained from Sigma.

Signals were processed using an EPC-7 amplifier (Heka Elektronik,
Lambrecht, Germany). Series resistance was <20 M() for nystatin per-
forated patch-clamp recordings and compensated at 70—80%. An Ag—
AgCl electrode connected to the bath solution via a KCl-agar bridge
served as reference. All signals were digitized at 5 kHz, filtered at 2 kHz,
and stored on computer for off-line analysis. Data were collected using
pClamp 6.0 software (Molecular Devices). The membrane potential was
held at —70 mV and stepped to levels between —120 and +120 mV in 20
mV increments.

Immunohistochemistry. Adult rats were anesthetized with sodium pen-
tobarbital (60 mg/kg, i.p.) and perfused through the left ventricle with a
PBS solution (100 mm Na,HPO,/NaH,PO,, pH 7.4, and 150 mm NaCl)
containing 0.5% NaNO, and 1000 U heparin, followed by a phosphate
buffer (PB) solution (100 mm Na,HPO,/NaH,PO,, pH 7.2) containing
4% paraformaldehyde. Brains were removed, postfixed in 4% parafor-
maldehyde for 2 h at 4°C, rinsed twice with PB, and then placed either in
30% sucrose at 4°C for 24 h or immediately sliced sagittally on a vi-
bratome at 20 wm. Brains not sectioned were embedded in O.C.T. com-
pound (Tissue-Tek, Torrance, CA), rapidly frozen in acetone containing
dry ice, and stored at —80°C until cryostat sectioning. Sagittal (20 wm)
slices were collected in multiwell plates containing PBS. Slices were then
postfixed in 4% paraformaldehyde for 5 min, followed by two washes
with PBS (for 5-10 min on orbital shaker). Slices were then permeabil-
ized with a PBS solution containing 1% bovine serum albumin (BSA),
5% normal donkey serum, 0.2% glycine, 0.2% lysine, and 0.2% Triton
X-100 (blocking solution) for 1 h at room temperature or 4°C overnight
and were rinsed twice with PBS containing 1% BSA alone. At this point,
slices were processed for immunofluorescence.

Free-floating sections were processed for double labeling with either
chicken anti-Slack (800 ng/ml) or chicken anti-Slick (1.5 ug/ml) and
rabbit anti-mGluR1« (1;200; catalog #AB 1595; Chemicon, Temecula,
CA) or rabbit anti-mAChR1(1:200; catalog #AMR-001; Alomone Labs,
Jerusalem, Israel). After 48 h at 4°C incubation in primary antibody,
sections were washed three times 10 min each. Slack and slick were local-
ized with donkey anti-chicken cyanine 3 (Cy3) (Jackson Immuno-
Research, West Grove, PA) for 30 min at room temperature. Alexa Fluor
donkey anti-rabbit 488 (Invitrogen) was used to identify mGluR1, and
Alexa Fluor donkey anti-goat 488 was used to identify mAChR1. Sections
were mounted on gelatin-coated slides, air dried, and coverslipped with
2.5% DL-2-amino-5-phosphonovaleric  acid/1,4-diazabicyclo(2.2.2)
octane (PVA-DABCO). The antibodies for both Slick (Slo2.1) and Slack
(Slo2.2) were used in previous studies in which additional controls are
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reported (Bhattacharjee et al., 2002, 2003). Control sections were pro-
cessed through similar immunohistological procedures, except that pri-
mary or secondary antibodies were omitted. In all cases, the omission of
primary or secondary antibodies resulted in the lack of specific labeling,
confirming the specificity of immunocytochemical analysis.

Primary cell cultures. Primary hippocampal cultures were prepared
from embryonic day 1819 rat brains as described previously (Brewer et
al., 1993) and grown in Neurobasal medium supplemented with B27
(Invitrogen). Neurons were plated on coverslips coated with poly-p-
lysine (30 pg/ml) and laminin (2 ug/ml) at a density of 50,000 per well.
At 14 d in vitro (i.e.) cells were washed twice with 1 X PBS with 1% BSA,
fixed in 4% paraformaldehyde in PB, pH 7.4, for 20 min, and then
blocked with blocking solution for 1 h at room temperature or at 4°C
overnight. After adding the primary antibodies against Slick or Slack with
those against mGluR1 or mAChRI1, cultures were agitated either for 1 hat
room temperature or at 4°C overnight. Cultures were then washed three
times 10 min each, and fluorescent labeled secondary antibodies were
added for 30 min (chicken Cy3 at 1:400 for Slack and Slick; Alexa Fluor
488 donkey anti-rabbit at 1:400 for mGluR1 and mAChR1). Cover
glasses were then washed with 1X PBS with 1% BSA three times 10 min
each and then mounted on glass slides with anti fading 2.5% PVA-
DABCO solution. Images were taken immediately with a Zeiss
(Oberkochen, Germany) laser scanning microscope (LSM 510, LSM
META, or LSM NLO). DAB staining was performed on hippocampal
cultures to confirm the staining patterns. A variety of controls were per-
formed to determine whether there was any cross-reactivity between
antibodies: (1) chicken anti-Slick or -Slack primary antibodies were used
with donkey anti-rabbit Cy3 secondary antibodies; (2) chicken anti-Slick
or -Slack primary antibodies were used with donkey anti-goat Cy3 sec-
ondary antibodies; (3) primary antibodies were omitted and donkey
anti-chicken Cy3 secondary antibodies were used with either Alexa Fluor
488 donkey anti-rabbit or with Alexa Fluor 488 donkey anti-goat anti-
bodies. No staining was observed in any of these conditions.

Image acquisition and analysis. Sections were examined with a Zeiss
laser scanning microscope (LSM 510, LSM META, or LSM NLO) cou-
pled to a computer with Zeiss image acquisition and analysis software.
Images were acquired in the multi-track mode, because this function
permits several tracks to be defined as one configuration for the scan
procedure and this does not allow fluorescence to bleed into the other
channel. Images were acquired using C-Apochromat 40X/1.2 or 63X
objective (water correction) for brain slices as well as for hippocampal
cultures, and the optical thickness of the slices was constant for both
tracks. Alexa Fluor 488 has excitation/emission of 496/519, and Cy3 has
antibodies/emission of 550/570. Double-immunofluorescence images
were also displayed as dual-color merged images. We used Adobe Pho-
toshop (Adobe Systems, San Jose, CA) to sharpen images, adjust bright-
ness and contrast level, and compose final plates. The scale bar on hip-
pocampal images and brain sections represents 20 um.

Results

Slo2.1 and Slo2.2 channels have similar primary sequences
Four high-conductance potassium channels of the Slo family are
encoded in the mammalian genomes. All four genes are located
on different chromosomes, suggesting an ancient origin in evo-
lution. These channels share a common feature with the extended
gene family of voltage-dependent potassium channels in having
six homologous membrane-spanning domains per « subunit (S1
through S6), which surround the permeation pathway of the
channel. (Note that Slo1 and Slo3 have an additional membrane-
spanning domain, SO, as described below.) However, Slo family
channels differ in having a much larger carboxyl extension, which
is thought to be entirely cytoplasmic and involved with modula-
tion of channel function by cytoplasmic factors (Schreiber and
Salkoff, 1997; Vergara et al., 1998; Moss and Magleby, 2001; Bao
etal., 2002; Shi et al., 2002; Tang et al., 2004; Zeng et al., 2005). All
four of the encoded peptides are similar in length. The four
known genes fall into two subgroups defined by the closely re-
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Figure 1. A, Hydrophobicity plot of Slo family channels showing that the four Slo family
channels fit into two distinct subgroups. SI02.1 and Slo2.2 lack the extra membrane spanning
segment (S0) found in Slo1/Slo3. In both grouped pairs, the highest similarity (black shading) is
in the $1-56 membrane-spanning domains and in the immediately adjacent downstream
region. Hydrophobicity analysis used the Kyte—Doolittle program (Kyte and Doolittle, 1982).
Arrow indicates site of exchange in the construction of the 1 chimera (see Results). B, Align-
ment of residues in the 54 regions of the Slo2 channel from C. elegans, Slo2.2 (Slack) from
humans and rodents, Slo1 from humans and rodents, and the voltage-sensitive Shaker channel
from Drosophila. A string of positively charged amino acids occurring every three residues is
found in the S4region of voltage-dependent channels. Such charges at the appropriate interval
are shaded in red and indicated in the voltage (and calcium) dependent Slo1 channel and in the
voltage-dependent Shaker (Kv1) channel. Such a string of positive charges at the appropriate
intervalsis absentin Slo2 channels, and the overall region s six residues shorter than in voltage-
dependent channels.

lated paralogs, Slo2.1/Slo02.2 and Slo1/Slo3. These two groupings
are evident in the hydrophobicity plots shown in Figure 1 in
which Slo2.1/Sl02.2 clearly show greater similarity than
Slo1/Slo3.

Two main structural features distinguish Slo2.1/Sl02.2 from
Slo1/Slo3. Slo2.1/Slo2.2 channels lack the typical arrangement of
positively charged residues in S4 associated with voltage-
dependent gating, which is found in all voltage-gated potassium
channels, including Slo1/Slo3 (Fig. 1 B). Indeed, the S4 region in
Slo2 channels appears to have six fewer residues overall com-
pared with S4 in voltage-sensitive channels and, thus, may have a
radically different orientation in the channel protein. Also,
Slo2.1/Sl02.2 lack the extra membrane spanning domain (S0)
near the N-terminal of Slo1/Slo3 that results in placing the
N-terminal outside of the cell (Meera et al., 1997; Schreiber et al.,
1998). Slo2.1/Sl02.2 paralogs have high amino acid sequence
similarity (74% identity in humans, which contrasts with the
lower Slo1 and Slo3 identity of ~43%), with highest similarity in
the membrane-spanning domains (Fig. 1). Slo2.1/Slo2.2 have
highly conserved mammalian orthologs. Rat and human Slo2.1
channels have >95% identity, and rat and human Slo2.2 chan-
nels have >91% identity (Bhattacharjee et al., 2003; Yuan et al.,
2003). Interestingly, the main sequence divergence between
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Slo2.1/Sl02.2 channels resides in the C ter- A
minus (Fig. 1), which we will show to be
important for their modulation by PKC. Slo2.1
Slo 2.1 and Slo2.2 share basic

functional properties

Expression of Slo2.1 and Slo2.2 channels

was tested in Xenopus oocytes using two-
electrode voltage clamp, 3-5 d after cRNA
injection (Fig. 2). Both channels produced
noninactivating outward K currents, B
with tails reversing at approximately —70

mV. Currents were blocked by extracellu- (|)
lar tetraethylammonium in a concentra-
tion range between 70 and 150 mm. Typi-
cally, Slo2.1 current amplitudes were
smaller than those of Slo2.2 (Fig. 2A).
Slo2.1 channels were also more difficult to
express than Slo2.2 channels, being ob- [4pA
served in only 25% of injected oocytes, 5s
thus making single-channel recordings
difficult to obtain. Consistent with a pre-
vious report (Bhattacharjee et al., 2003),

1pA101s

Vh=+50 mV

Figure2.
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Functional properties of Slo2 channels expressed in Xenapus oocytes. A, Whole-cell currents of Slo2 channels. Records

Slo2.1 currents showed faster kinetics of
activation than those of Slo2.2 (Fig. 2A).
Also consistent with previous reports
(Bhattacharjee et al., 2003; Yuan et al,
2003), both channels showed Na depen-
dence and were activated by the applica-
tion of 80 mm Na™ to the intracellular
surface of inside-out patches. The Na de-
pendence for the human clone of Slo2.1
was similar to that reported for rat Slo2.1
expressed in CHO cells (Fig. 2 B) (Bhatta-
charjee et al.,, 2003) and similar to that

were obtained with two-microelectrode voltage clamp. V, was —80mV, in 10 mV voltage steps. B, Human Slo2.1 cRNA expresses
a high-conductance Na-sensitive K * channel. Bi, Single-channel SI02.1 currents from an inside-out patch held at +50 mV and
perfused with 80 mm Na or 0 Na, as indicated. Symmetric (80 mm) K * was used in this experiment. Bii, Mean current-voltage
relationship of single channels from multiple patches (n = 5). The single-channel conductance in 80 mm symmetrical K * is 59 +
0.001 pS (mean = SE). C, Slo2 channels have shallow voltage dependence. Average current—voltage relationship for whole-cell
Slo2 currents at I/, of —60 mV (n = 23 for Slo2.1 and n = 13 for SI02.2). Open circles represent Slo2.1, and open triangles
represent 5102.2. Solid lines are the best fitof / = g X (V,, — V), whereg = g,,.. /(1 + exp(—(V,,, — V, ,/K))). Parameters for
the best fit were as follows: for Slo2.1, V,, = =23 = 9mV,K = 51 = 5mV, g,,,, = 0.087 = 0.002 mS; for Slo2.2, V, ,=
—15£8mV, k=48 = 6mV,g,,, = 0.14 = 0.02mS. Note that the slope factor s quite high, indicating low intrinsic voltage
sensitivity. D, Slo2 channels are active at negative potentials near the resting potential. Records elicited by ramps at indicated
voltages are shown. Because records were obtained in the cell-attached configuration, the resting potential (V, of approximately
—80mV) had to be taken into account to estimate the true membrane potential. [K *]in the pipette was 80 mu. Note that both
channels are active at potentials even more negative than the usual cell resting potentials.

reported for Slo2.2 (Yuan et al., 2003).

However, the mean single-channel con-

ductance for hSlo2.1 was 60 pS, which was smaller than the 140
pS described for rSlo2.1. This discrepancy might be partially ex-
plained by the fact that we used 80 mm symmetrical K ¥, instead
of 130 mM used previously (Bhattacharjee et al., 2003). Both cur-
rents showed very weak voltage dependence, reflected in the slope
values obtained from fitted I-V curves in Figure 2C, a fact con-
sistent with the lack of a conventional S4 voltage-sensing region
(Fig. 1B). Low voltage sensitivity is also evident in ramps ob-
tained from cell-attached patches. Single-channel openings can
be clearly distinguished at potentials even more negative than the
resting potentials of many cells (Fig. 2 D). Control recordings in
uninjected oocytes did not show any currents with the character-
istics described above. The low sensitivity to voltage permits Slo2
channels to affect the resting potential of a cell, potentially con-
trolling basal electrical excitability.

Slo2.1 and Slo2.2 channels are oppositely modulated by PMA

Because Slo2.1 and Slo2.2 have only slight voltage sensitivity, we
considered the possibility that these channels might be modu-
lated by factors in addition to Na* and Cl~, possibly involving
second-messenger systems. In considering this possibility, we no-
ticed that several putative PKC phosphorylation sites were iden-
tified previously that are unique to one or the other channel
(Bhattacharjee et al., 2003). Hence, we investigated whether
Slo2.1 and Slo2.2 channels were subject to PKC modulation. Both
Slo2 channels were expressed in Xenopus oocytes and exposed to

the specific and potent PKC activator PMA. Figure 3 shows that
the application of very low (nanomolar) concentrations of PMA
had profound and opposite effects on the amplitude of Slo 2.1
and Slo2.2 whole-cell currents. Slo2.1 whole-cell currents were
reduced by ~90% after addition of 60 nm PMA to the bath solu-
tion. In contrast, Slo2.2 whole-cell currents were substantially
increased after application of PMA (Fig. 3A). The inhibition of
Slo2.1 currents occurred at all voltages (Fig. 3B). Notably, oocyte
resting potentials were depolarized by ~20 mV after application
of PMA (from approximately —50 to —30 mV), suggesting that
the Slo2.1 current contributed to the cells resting conductance. In
contrast, Slo2.2 currents were increased approximately fivefold
by 160 nM PMA, and the application of PMA to Slo2.2-expressing
oocytes caused an increase in the cell resting potential of approx-
imately —15 mV. Slo2.1 currents were inhibited by PMA with an
IC,, of ~20 nMm, whereas the increase in Slo2.2 currents had an
ICs, of ~50 nMm (Fig. 3C). The inhibition of Slo2.1 currents at a
concentration of 20 nM PMA reached a maximal effect in 6-10
min (time constant, ~2 min; voltage test pulse at +20 mV) (Fig.

D). Stimulation of Slo2.2 took ~4 min to half-saturation. The
time course for PMA action observed here is consistent with
reports in the literature for the effects of PKC on several mem-
brane proteins and channels (Covarrubias et al., 1994; Boland
and Jackson, 1999). The experiments described above were un-
dertaken in the Xenopus oocyte expression system, but similar
results were seen when HEK-293 cells were used as the heterolo-
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(data not shown). Because DAG is a
second-messenger activator of PKC, this is
additional evidence of the involvement of
PKC. We thus conclude that the activation
of PKC had opposite modulatory effects
on Slo2 channels, activating Slo2.2 and in-
hibiting Slo2.1. Considering that Slo2.1
and Slo2.2 are high-conductance chan-
nels, even a minor fraction of these chan-
nels open at normal cell resting potentials
of cells might permit PKC regulation of
action potential threshold and basal cell
excitability. The differential modulation
by PKC of these two channels would thus
have opposite functional implications; in-
hibition of Slo2.1 would increase excit-
ability, whereas the stimulation of Slo2.2
would decrease it.

Slo2.2

=0

N W A O O

-

IS102.2, PMA / 1S102.2, PMA

o

1 10 100 1000
Log PMA (nM)

Transfer of inhibition by PMA to Slo2.2
by swapping Slo channel tails
Modulation of potassium channels by in-
tracellular factors often occurs through
the interaction of such factors with struc-
tural domains on the carboxyl oriented
“tail” of the channel. The tail of the chan-
nel describes the cytoplasmic region that
follows the membrane-spanning domains
of the pore-forming “core” of the channel
(Wei et al., 1994; Meera et al., 1997; Quirk
and Reinhart, 2001). We noticed that sev-
eral putative PKC phosphorylation sites
were identified previously as unique to
Slo2.1 and present on the tail of the chan-

> 60 nM PMA
>

Isl02.2, t/1Sl102.2, t=

0 2 46 810
Time (min)

+PMA

Figure3. Phorbol ester has opposite effects on Sl02.1and SI02.2 channels expressed in Xenopus oocytes and HEK cells. 4, Effect
of PMA on whole-cell records of Slo2.1 and Slo2.2. Top traces, Currents recorded before the addition of PMA; bottom traces,
currents recorded after the addition of 60 nm PMA for Slo2.1and 160 nm PMA for Slo2.2. B, PMA oppositely affects Slo2 currents at
allvoltages. Open symbols, Average current—voltage relationship before PMA exposure. Filled symbols, Current—voltage relation-
ship after treatment with 60 nm PMA for Sl02.1 (n = 9) and 160 nm PMA for Sl02.2 (n = 10). €, Dose—response curves for PMA.
Currentis plotted as a function of PMA concentration. Note the semilog scale for Slo2.1 (left) and Slo2.2 (right). Test pulses were at
20 mV. Solid lines show the best fit (sigmoidal) of dose—response curves. IC;, was 20 nw for Slo2.1and 50 nu for Slo2.2. The Hill
coefficient was similar in both cases (1.6). Although both channels are sensitive to PMA, Slo2.1 is more sensitive than Slo2.2. D,
Response of Slo2 channels to PMA develops in minutes. Left, Onset of inhibition for Slo2.1 exposed to 20 nm PMA; right, onset of
currentenhancement for Slo2.2 exposed to 60 nm PMA. Test pulses were at 20 mV. E, PMA decreases the amplitude of Slick (Slo 2.1)
currents and increases the amplitude of Slack (Slo 2.2) currents in HEK-293 cells. In nystatin perforated patch-clamp recordings,
whole-cell K conductances were evoked by voltage steps between —120 and 4120 mV in 20 mV increments from a holding
potential of —70 mV. Bath application of PMA (100 nm) produced a rapid decrease in Sl02.1 and increase in Slo2.2 currents

nel. If the PMA-induced inhibition of
Slo2.1 involved this region, a revealing
demonstration to support this would be to
construct a chimera, transplanting the tail
of Slo2.1 onto the core of Slo2.2. If the
hypothesis were correct, the action of
PMA should inhibit rather than enhance
the currents produced by this chimera. We
therefore constructed the chimera (C1)
that had the core of Slo2.2 and the tail of
Slo2.1 ligated in-frame at a junction point
immediately after the core (Figs. 1,4 A, ar-

(currents started to change in 3—5 min after PMA application).

gous system. In nystatin perforated patch-clamp recordings, bath
application of PMA (100 nm) produced a rapid decrease in Slick
whole-cell K* currents and an increase in Slack currents (Fig. 3E).
In Xenopus oocytes, the PMA effects on Slo2.1 and Slo2.2 were
not reversed after 10 min of wash, suggesting a long-lasting effect
of phosphorylation by PKC. PMA effects on both channels were
almost completely eliminated by preincubation (8—12h)in 1 um
staurosporin, a kinase blocker highly effective for PKC (n = 15).
Also, modulatory effects were not seen in control experiments
using 4-aPMA, an inactive analog of PMA, in concentrations up
to 200 nMm (n = 2). Additional evidence implicating PKC was
achieved by experiments using the membrane permeant analog
of diacylglycerol (DAG), 1-oleoyl-2-acetyl-sn-glycerol (OAG).
Results of these experiments adding 30—40 uMm OAG to the bath
instead of PMA produced essentially the same results as PMA

rows). The C1 construct expressed large

currents similar to currents from Slo2.2
channels, albeit with faster activation kinetics (Fig. 4B). Like
Slo2.2, C1 displayed shallow voltage dependence, sensitivity of
gating to intracellular Na, and high unitary conductance (Fig.
4B, C). However, the effect of PMA on C1 was strikingly similar
to that of Slo2.1 and unlike that of Slo2.2 (Fig. 5). Application of
20-50 nM PMA to oocytes expressing C1 currents caused signif-
icant inhibition (Fig. 5A4). Application of 20 nM PMA reduced the
C1 current ~75% (Fig. 5B). Similar results were obtained from
cell-attached patches (Fig. 5C). The cell-attached patch record-
ings shown in Figure 5C show a patch with three channels at —40
mV. After addition of 40 nm PMA, the activity diminished dra-
matically. The diminished current was mainly the result of low-
ered open-state probability (NPo); single-channel conductance
was unaffected. When currents were evoked by linear ramps from
—80 to +80 mV, PMA reduced C1 single-channel openings at all
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Figure 4.  5102.2/Sl02.1 chimeric channels express well and retain basic properties. 4, Chi-

mera (CT). (1 was constructed with the Sl02.2 core and the Sl02.1 tail. Site of ligation is indi-
cated by arrow (see Materials and Methods). B, C1 has weak voltage dependence. Currents
elicited by 10mV step pulses from a holding potential of —60 mV are shown to the left. Average
current—voltage relationship is shown on the right (n = 9). Best-fit parameters were similar to
those of Sl02.1 and Slo2.2. Current expression levels were usually much higher than those of
S102.1 or SI02.2 channels. €, C1 chimera is a high-conductance Na-activated K * channel. Gi,
Currents from an inside-out patch expressing C1 channels. Single-channel currents were con-
tinuously recorded at +40 mV in the presence or absence of 80 mm intracellular Na. Gii, Mean
|-V relationship from n = 14 patches. The unitary conductance was 79 == 0.002 pS (mean =
SE), similar to Slo2.2 (88 pS).

voltages. Similar results were obtained in several cell-attached
patches, consistent with experiments using the two-
microelectrode technique. Cell-attached experiments done as a
control with Slo2.2 showed an opposite result; currents greatly
increased after 1 min of PMA application (Fig. 5D). As with
Slo2.1 and Slo2.2, incubation of the Cl-injected oocytes in stau-
rosporine prevented the action of PMA (n = 6). The inactive
PMA analog 4-aPMA, had no modulatory effect on C1 currents
(n = 2). Thus, all results support the conclusion that the PMA
sensitivity by Slo2.1 is mediated by its C-terminal tail. The con-
verse chimera (Slick core and Slack tail) was synthesized but had
very low and inconsistent expression, and we were unable to
determine whether PMA affected the level of current. However,
we constructed a second chimera whose functional properties
further supported the general hypothesis that the cytoplasmic tail
altered modulation by PMA. This construct had the core of Slack
(Slo2.2) with the tail of Slo1 ligated at the same restriction site
used to construct the C1 chimera. This construct expressed large
currents (Fig. 5E). However, these currents showed no response
to PMA, neither increasing nor decreasing after PMA application
(Fig. 5E). Thus, to summarize, the Slo2.1 channel is negatively
regulated by PMA, the Slo2.2 channel is positively regulated by
PMA, the chimera having the core of Slo2.2 and tail of Slo2.1 is
negatively regulated by PMA, and, finally, the chimera having the
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core of Slo2.2 and tail of Slol is insensitive to PMA. Together,
these results support the hypothesis that domains in the tail
markedly influence the modulatory response of the channel to
PMA and that negative regulation by PMA is likely to be attrib-
utable to domains in the Slo2.1 tail.

To determine whether PKC phosphorylation plays a major
role in C1 inhibition and consequently in Slo2.1 inhibition, we
took advantage of the high levels of single-channel expression of
C1 and compared the effect of PMA with that of PKC directly
applied to the intracellular surface of the channel. Figure 6 Ai—Aiii
illustrates an experiment in which we applied PKM (a constitu-
tively active form of PKC) (Pontremoli et al., 1990) to the cyto-
plasmic face of the channel in inside-out patches. First, we dem-
onstrated single-channel activity from C1 in a cell-attached
patch, with ramps from —80 to +80 mV. Two channels are
clearly seen in the patch (A7). The patch was then excised to a bath
solution with low concentrations of Na * and C1 ~ (20 and 40 mm,
respectively), similar to those present in the egg cytoplasm (Coo-
per and Fong, 2003) (Aii). Under these conditions, the two chan-
nels remained active at a level comparable with that seen in the
cell-attached configuration. Finally, the intracellular side of the
patch was perfused with 0.1 U/ml PKM (containing 200 M ATP-
Mg). After treatment and return to the bath solution, channel
activity in the patch diminished dramatically (Aiii). This result
could be seen clearly in a continuous recording obtained from a
test voltage of +40 mV (Fig. 6 B). After 1-2 min of perfusion with
PKM, the activity of the channel decreased by six times (NPo
diminished from 0.6 to 0.1). Inhibition of single-channel activity
by PKM was also seen in three other patches. In such experi-
ments, channel rundown is a potential factor to be considered.
However, we noted that rundown, when it occurred, usually de-
veloped very fast (<1 min). Thus, we took care to use membrane
patches that had stable recording properties for several minutes,
with no apparent rundown. Control experiments with direct ap-
plication of PMA to the intracellular surface of excised patches
did not show any effect.

Direct action of PMA-stimulated PKC on the channel may
produce a long-lasting effect. Presumably, after PMA treatment
of an oocyte, C1 channels would be phosphorylated and remain
inhibited, even after patch excision. To test this hypothesis,
single-channel activity was first recorded in the cell-attached
patch configuration. The oocyte was then exposed to 40 nm PMA.
After 1-2 min of exposure, channel activity was almost com-
pletely inhibited (Fig. 6C). This low state of activity remained
significantly lower than in the pretreated cell-attached condition
and persisted for at least 5 min. After excision of the patch, the
low level of activity persisted at a similar level (Fig. 6Ciii). These
experiments suggest that, at least in part, the inhibitory effect of
PKC may be attributable to a direct phosphorylation of the Slo2.1
tail. However, we cannot rule out the possibility that there is an
accessory protein associated with the channel that is the target of
PKC-stimulated phosphorylation.

Slo2.1 and Slo2.2 channels are modulated

by neurotransmitters

Activation of PKC is an integral part of the signaling cascade
elicited by neurotransmitter stimulation of Ge-coupled protein
receptors. We noted that Slo2 channels are expressed in many
regions of the brain in which Gay,-coupled protein receptors are
present (Pontremoli et al., 1990; Hoffman and Johnston, 1998;
Marinissen and Gutkind, 2001; Brady and Limbird, 2002; Cooper
and Fong, 2003; Kroeze et al., 2003; Breitwieser, 2004; Rashid et
al., 2004). Examples include hippocampal neurons of the CAl
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Average current—voltage relationship before and after addition of 20 nm PMA (n = 8). €, Inhibition of C1 single channels by PMA.
Continuous recordings from cell-attached patches were obtained at —40 mV before and after the application of 40 nm PMA.
Records are shown at compressed (i) and expanded (i) time scales. Before exposure to PMA, three active channels can be seen in
the patch indicated as 0,—0;. PMA caused inhibition in ~2 min. NPo (measured for 10 s intervals) decreased from 1.2 t0 0.028.
Giii, Single-channel recordings obtained with ramps from —80to +80 mV from a holding potential of 0 mV before (left) and after
(right) 40 nm PMA. D, Slo 2.2 single-channel activity is increased by PMA. Cell-attached recordings at +10 mV are shown at
compressed (/) and expanded (i) time scales. After applying 40 nu PMA for 2 min, additional Sl02.2 channels are active. Before the
application of PMA, four levels of unitary conductance can be seen (0,-0,) and NPo was 1.1. After treatment with PMA, five levels
of unitary conductance were observed (0,—05) and NPo increased to 3.8. The recruitment of Slo 2.2 channels by PMA is also
illustrated with histograms obtained for 40 s intervals (iii). E, Control experiments with Slo1 tail grafted to the Slack core show no
effect of added PMA. Current traces show the Slack/Slo1 chimera currents in control conditions and in the presence of 60 nm PMA
aslabeled. Currents were elicited from a V;, of —90 mV, with test pulses ranging from —110to +70 mVin 10 mV steps. The effect
of PMA (60 nm) was measured after 6 min of the application of the drug. The graph at the right shows the mean normalized
current—voltage relationships of the Slack/Slo1 chimera in control conditions (filled squares) and in the presence of 60 nm PMA
(open squares) for five oocytes in each condition.
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tionships are shown in Figure 7B. Similar
experiments were also performed with
ATI1B and mGluR1. In each case, the re-
sults were consistent with those obtained
with the M, receptor (data not shown).
(Angiotensin II was used to stimulate the
AT1B receptors, whereas mGluR1 receptors
were stimulated by the agonist 1-amino-
cyclopentane-1,3-dicarboxylic acid.)
Receptors of these types are known to be
expressed in hippocampus, in which they
are likely to modulate neuronal excitabil-
ity (Mannaioni et al., 2001; Ireland and
Abraham, 2002). In control experiments,
application of the above agonists to oocytes
injected only with Slo2 channels did not
have any effect. Also, the expression of the
receptor alone either with or without the
agonists did not produce currents larger
than endogenous background currents.

Slo2 channels and Gey,-coupled protein
receptors are coexpressed in the CNS

To gain additional evidence for the hy-
pothesis that Slo2 channels are regulated
through activation of the M,; and
mGluRla receptors in vivo, as well as in
our reconstituted system, we undertook
coimmunostaining experiments on rat
brain sections, as well as on primary cell
cultures of neurons derived from the hip-
pocampus. The goal of these colabeling
experiments was to verify that both recep-
tors and channels could be expressed in
the same types of identified cells. Both
Slo2.1 and Slo2.2 are very widely ex-
pressed throughout the CNS (Bhattachar-
jeeetal., 2002, 2005). Figure 8 shows some
examples of colocalization. For example,
Slo2.1 is expressed in neurons of the pre-
frontal cortex, in which mAChR1 recep-
tors are also strongly expressed (Levey et
al., 1991). Clear colocalization of recep-
tors and Slo2.1 channels can be observed
(Fig. 8A). The Slo2.2 channel is less widely
expressed in cortex but is found in certain
neurons of frontal cortex (Bhattacharjee
et al., 2002). Figure 8 B shows colocaliza-
tion of Slack (Slo2.2) with mAChRI1 in a
subset of neurons of layer V of frontal
cortex. In hippocampus, the Slick

region, in which Slo2.1 channels are abundant (Bhattacharjee et
al., 2003). Conceivably, in some cells, Slo2 channels and Ga-
coupled receptors may be coexpressed and functionally coupled
(Fisahn et al., 2002). To test whether such functional coupling
was possible, we coexpressed Gay, receptors and Slo2 channels in
the Xenopus oocyte expression system. Examples of such experi-
ments are shown in Figure 7, in which we reconstituted the func-
tional coupling between both Slo2 channels and the M, receptor.
As might be expected from the results obtained with PMA, stim-
ulation of the M, receptors by 5-40 uM oxotremorine (a specific
agonist of the M, receptor) inhibited Slo2.1 currents, whereas it
augmented Slo2.2 (Fig. 7A). The average current—voltage rela-

(Slo2.1) channel is expressed in both CA1 and CA3 regions, in
which it colocalizes with the mAChR1 receptor (Fig. 8C,D)
(Levey etal., 1995; Bhattacharjee et al., 2005). Finally, mGluR1
receptors are expressed in hippocampus (Shigemoto et al.,
1997). Figure 8 E demonstrates coimmunolabeling of Slo2.1
with mGluRlea in cultures of hippocampal neurons. The ob-
served pattern of staining is consistent with colocalization of
Slo2.1 and mGluR1 at the plasma membrane. In general, in
this and previous studies, Slo2.1 and Slo2.2 channels appear to
be most prominently localized in the soma and initial seg-
ments in which they conceivably could play an important role
in the integrative properties of neurons.
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Figure 6.  Comparison of the effects of PMA and PKM on C1 channels. 4, The activity of (1
chimeric channels in inside-out patches is reduced by PKM. Records were obtained with the
ramp protocol shown at the bottom of the figure. A, Cell-attached patches. Aii, Cell-attached
patches excised in low NaCl solution. Aiii, Reduced single-channel activity after perfusion of the
cytoplasmic surface with 0.1 U/ml PKM. B, Reduction of single-channel activity after PKM ap-
plication seenin continuous recordings frominside-out patches held at +-40 mV. Effects of PKM
were clearly seen after 2 min of perfusion of 0.1 U/ml PKM. NPo values are 0.6 before and 0.1
after 2 min of application of PKM. C, Reduced activity of (1 channels from oocytes treated with
PMA persists in excised patches. Records were obtained with the ramp protocol shown in the
figure. Ci, Single-channel activity in cell-attached patches. Gii, Qocytes were treated with 40 nm
PMA, and inhibition of channels in cell-attached patches was observed. Giii, Single-channel
activity observed in excised patches of PMA-treated oocytes remains low, indicating that PMA
promotes a long-lasting modification of the channel, independent of possible cytosolic factors.

cell-attached + PMA

-| W

Discussion

Slo2 channels became known only as a result of the genomic
sequencing projects, first in Caenorhabditis elegans and then in
mammals. As a consequence of their relatively recent appearance,
they are less well studied than other types of potassium channels.
Slo2 channels are particularly interesting candidates with regard
to their modulation by M; and mGluR1 receptors or potentially
by other Ga-coupled receptors. Our results raise many interest-
ing questions regarding the physiology of Slo2 channels. It re-
mains to be established whether Slo2 currents account for any
portion of the current activated or inhibited through muscarinic
receptors in vivo. Conceivably, Slo2 channels could express a
component of the m-current not attributable to the KCNQ fam-
ily of potassium channels. Another area that now remains to be
explored is the likelihood that both Slick and Slack are coex-
pressed in the same cells, especially in neurons that are positive
for M;, mGluR1, or other receptors linked to activation of PKC.
In such cells, the two Slo2 channels may form heteromultimers.
Preliminary findings from coexpression studies of the two Slo2
channels in heterologous systems indicate that Slick and Slack
can indeed form heteromultimers and that, in heteromultimeric
channels, the Slick subunit has a dominant effect with regard to
modulation through the M, or mGluR1 receptor. Thus, hetero-
multimers are inhibited during receptor stimulation (our unpub-
lished results). These and other questions remain to be studied in
future experiments.

The high conductance of Slick and Slack and their low voltage
sensitivity makes these channels ideal candidates for controlling
overall cell excitability through their contribution to the resting
cell conductance. The extent to which they contribute to resting
cell conductance remains to be determined. However, current
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Figure 7.  Opposite modulation of $02.1 and Sl02.2 channels by M, receptor activation in
Xenopus oocytes. A, $102.1and SI02.2 currents recorded from oocytes coinjected with channel
and M, receptor cRNA. Currents are shown before (reference) and after the addition of 30 um
oxotremorine. Sl02.1 (left) is reduced whereas Slo2.2 (right) is enhanced by oxotremorine ap-
plication. Effects are attributable to stimulation of the M, receptors by oxotremorine because no
effects by oxotremorine were observed in oocytes injected with the Slo2 channels alone (data
not shown). B, Average current-voltage relationship in oocytes coinjected with Slo2.1 and
Sl02.2 cRNAs and the M, receptor. Slo2.1 currents are shown by circles (n = 4), and Slo2.2
currents are shown by triangles (n = 4). Reference conditions are shown by open symbols, and
30 pm oxotremorine is shown by filled symbols.

components that are active at rest need not be very large to have a
major impact on the overall excitability of the cell. This is because
total cell resting conductance is usually small and represents only
a tiny fraction of the overall cell membrane conductance during
peak electrical activity. A crucial factor is their contribution to the
critical balance of inward and outward currents at the action
potential threshold. Although both Slick and Slack require high
sodium and chloride ion concentrations to be fully activated, they
show substantial activity when expressed in heterologous systems
in which they are exposed to physiological concentrations of
these ions. Neuromodulator control of Slick and Slack currents
has the potential to either decrease or increase action potential
threshold. A second point regarding the effectiveness of channels
in controlling overall cell excitability is their subcellular localiza-
tion. Slick and Slack appear to be most concentrated in the region
around and adjacent to the cell body in which incoming synaptic
potentials are integrated via spatial and temporal summation.
Modulation of passive membrane conductance in this region
could conceivably play a crucial role in action potential genera-
tion or failure. However, although the staining colocalizes at the
cellular level, much of the staining appears to be intracellular, and
it remains to be determined whether the channels and receptors
are indeed coexpressed on the cell surface. Thus, although the
staining pattern reflects cellular coexpression, the physiological
significance of this coexpression is as yet unclear and remains to
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be determined. A second possible reason for controlling resting
conductance by neuromodulators in this region has to do with
the dense packing of cells in the hippocampus and other brain
regions. Sustained activity of densely packed mammalian central
neurons is followed by a substantial transitory elevation of exter-
nal K* concentration (Filippov and Krishtal, 1999). This phe-
nomenon may require a mechanism whereby the resting mem-

(Colocalization of Slack and Slick with Ger,-coupled receptors. Top 12 panels show colocalization of Slick or Slack with
mAChR1 in sections of rat cortex (A, frontal cortex; B, layer V of frontal cortex) and in hippocampus (C, CA1 region; D, CA3 region).
E shows colocalization of Slick with mGluR1cx in cultures of hippocampal neurons. Slick and Slack immunoreactivity was localized rent in
with Cy3 (red), and receptor immunoreactivity was visualized using Alexa Fluor 488 secondary antibody (green). On the overlaid
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brane conductance can compensate for
changes in the driving force of these ions.
Overall, Slick and Slack through their
modulation via the M; and mGluR1 re-
ceptors have the necessary properties to
effect long-lasting changes on neuronal
excitability, which could translate into
major behavioral changes (Klein et al.,
1982; Hochner and Kandel, 1992).
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