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Summary

Small-conductance Ca%*-activated K* (SK) channels are widely expressed in neuronal tissues where
they underlie post-spike hyperpolarizations, regulate spike-frequency adaptation and shape synaptic
responses. SK channels constitutively interact with calmodulin (CaM), which serves as Ca2* sensor,
and with protein kinase CK2 and protein phosphatase 2A, which modulate their Ca?* gating. By
recording coupled activities of Ca2* and SK2 channels, we showed that SK2 channels can be inhibited
by neurotransmitters independently of changes in the activity of the priming Ca2* channels. This
inhibition involves SK2-associated CK2 and results from a 3-fold reduction in the steady-state
Ca?* sensitivity of channel gating. CK2 phosphorylated SK2-bound CaM but not KCNQ2-bound
CaM, thereby selectively regulating Ca2* gating of SK2 channels. We extended these observations
to sensory neurons by showing that noradrenaline inhibits SK current and enhances signaling of
primary afferent neurons in a CK2- dependent fashion. Hence, neurotransmitter-initiated signaling
cascades can dynamically regulate Ca2* sensitivity of SK channels and directly influence somatic
excitability.

Introduction

The small conductance, Ca2*-activated potassium (SK) channels are found in both neuronal
and non-neuronal tissues (Kéhler et al., 1996; Bond et al., 1999). Three homologous SK
channels, SK1-3, are expressed in the mammalian brain and display partially overlapping
distributions (Stocker et al., 1999). In many neurons throughout the nervous system, SK
channels regulate firing frequency by contributing to medium afterhyperpolarization (mAHP)
that follows action potentials (Bond et al., 2004; 2005; Storm et al., 1990), although other ion
channels, including M/KCNQ- and h-channels, also contribute to mAHPs (Gu et al., 2005).
SK channels are also important in regulating dendritic excitability (Cai et al., 2004), synaptic
transmission and plasticity (Ngo-Ahn et al., 2005; Faber et al., 2005; Hammond et al., 2006).
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Indeed, SK2 channel plasticity contributes to the increased EPSP underlying long-term
potentiation (LTP) (Lin et al., 2008) and facilitates hippocampus-dependent learning and
memory (Hammond et al., 2006; Stackman et al., 2002).

SK channels are activated by low concentrations of intracellular Ca?* ions (EC* of ~0.3-0.5
uM: Kohler et al., 1996) and sense Ca?* via binding of Ca* ions to calmodulin (CaM), which
is constitutively bound to the C terminus domain of the channel (Xia et al., 1998; Keen et al.,
1999). Recent evidence also indicate that native SK2 channel complexes are comprised of the
protein kinase CK2, a ubiquitous serine/threonine protein kinase, and the protein phosphatase
2A (PP2A) (Bildl et al., 2004), which serve opposing roles in regulating Ca2* gating of SK2
channels (Allenetal., 2007). The central role of these enzymes in regulating the Ca2* sensitivity
of SK channels suggests that Ca?* channel-independent pathways might modulate SK channel
functions by tuning their Ca?* gating.

Here, we provide evidence that SK channels can be modulated by transmitters, independently
of change in Ca2* channel activity, through CK2 and PP2A mediated modulation of their
apparent Ca* sensitivity. Hence, neurotransmitters can dynamically regulate Ca2* sensitivity
of SK channels and directly influence spike-frequency adaptation of peripheral and central
neurons.

Activation of SK channels in response to the opening of single Cav2.2 channels

We first recorded coupled activities of endogenous Ca2* and SK channels using perforated
outside-out microvesicles pulled-out from somatic membranes of sympathetic superior
cervical ganglion (SCG) neurons (Fig.1a). Single channel activities were elicited by stepping
from —70 to 0/+5 mV. Out of 12 microvesicles recorded, only 2 contained SK-like channel
activity, suggesting that native SK channels are not homogeneously distributed on the cell
surface of SCG neurons.

To increase the probability of obtaining Ca2* and SK channel coupling, cDNA coding for rSK2
channels was intranuclearly microinjected into SCG neurons and unitary currents were
recorded 2 days later. In these experiments, only microvesicles containing a single channel
activity with resolved openings were used. A representative recording of the combined
activation of an endogenous Cav2.2 channel together with a SK channel is shown in Fig.1c.
With external Ca2* and K* set at 20 and 10 mM respectively, single channel conductances for
Cav2.2 and SK channels were 16.8 + 1.2 pS (n = 6) and 8.9 £ 0.9 pS (n = 9). The SK channel
conductance recorded here was very similar to that of rSK2 expressed in oocytes (Hirschberg
etal., 1998). Ca?* channel activity was abolished by w-conotoxin GVIA (500 nM, n = 5; Fig.
1b) whereas activity of SK was fully blocked by apamin (300 nM, n =7, Fig. 1c). SK channels
activated ~3 ms after the onset of the Cav2.2 current and peaked < 19 ms after peak I¢, (inset
in Fig. 1c). On average, SK channel activated with a time constant of 12.9 £ 1.6 ms in response
to the opening of a single Cav2.2 channel (n = 7). This is in good agreement with previous
studies on rSK2 expressed in oocytes (Hirschberg et al., 1998;Kohler et al., 1996), predicting
time constants of activation of 20 ms and 6.3 ms in response to 1 and 10 uM intracellular
Ca?*, respectively. SK channel activity was not detected when no Ca2* channel was present
in the microvesicle or when Ca2* channels were blocked by w-CgTx GVIA (n = 4, Fig. 1d).

Neurotransmitter-induced modulation of SK channels is independent from Ca2* channel

inhibition

Applying noradrenaline (NE, 1 uM) inhibited both Ca?* and SK channel activities in 75 %
(9/12) of microvesicles tested (Fig.1d). Taking the change in the peak of pseudomacroscopic
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currents as an index for inhibition (Fig.1d), Cav2.2 and SK currents were reduced by 64 * 4
% (n=5) and 57 £5 % (n = 4), respectively. We presume that the appropriate adrenergic
receptor(s)/transducing pathway(s) were lacking in the unresponsive microvesicles.

Cav2.2 channels are inhibited by GBy following NE application (lkeda, 1996), and therefore
it is unclear whether it is the Ca2* channel or the SK channel per se(or both) that are the target
(s) for modulation. We therefore replicated the above experiments in neurons pre-injected with
cDNA coding for the rat Cav2.3 channel subunit (o« 1E, rbEII) with a short N-terminal sequence
(GenBank: L15453), that is not inhibited by Gy (Bourinet et al., 1996; Page et al., 1998).
Activation of Ca2* channels was then recorded 2 days later in the presence of ®-CgTx GVIA
(500 nM) and nifedipine (1 uM) to block endogenous Cav2.2 and Cav2.1 channels,
respectively. Ca2* channels recorded under these conditions could be activated by stepping
from a holding potential of —70/=80 but not from —40 mV (n = 9), consistent with the
inactivation properties of Cav2.3 channels. NE (1 uM) reduced whole-cell Cav2.3 currents by
only 11 +2.8 % (n = 9, see Fig. 4a) whereas > 60 % inhibition was typically observed for
whole-cell Cav2.2 currents in sympathetic neurons (Ikeda, 1996; Delmas et al., 2000).
Accordingly, NE did not cause a significant change in single Cav2.3 channel activity when
tested using perforated microvesicles (2-6 % reduction in charge transfer; Fig.2a). Although
Cav2.3 channels displayed faster inactivation than Cav2.2 when Ca2* was used as a charge
carrier, they could promote activation of SK2 channels (Fig. 2b,c). However, it should be noted
that the rate of activation of SK2 channels was slower (t = ~23 ms) than with Cav2.2 channels,
possibly reflecting a smaller rise in Ca?* at the vicinity of the SK channel (Fig.2c).

The activity of Cav2.3-driven SK2 channels was strongly inhibited by bath application of NE
(1 pM) (Fig. 2b,c). Inhibition took 10-40 s to develop, plateaued within 4-5 min and reversed
within 6-13 min (Fig. 2d) and was best prevented by a cocktail containing the a4- and -
adrenergic receptor antagonists, prazosin (3 uM) and timolol (5 uM) (n = 5). On average,
pseudomacroscopic SK currents were inhibited by 69.3 + 7 % compared with only 12.5+ 4 %
for Cav2.3 currents (Fig. 2e).

We next examined whether other neurotransmitters exhibited the ability to modulate SK
currents. We found that somatostatin (Sst, 500 nM) inhibited SK currents by 32 + 6 %, whereas
bradykinin (BK, 200 nM) and angiotensin Il (AGII, 500 nM) caused no significant inhibition
of SK currents (Fig. 2e). Despite its inability to modulate SK current AGII produced stronger
inhibition (22 = 6 %) of Cav2.3 currents than Sst and BK (11-13 %); Fig. 2e).

Transmitter modulation of SK channels results from reduced Ca?* sensitivity of channel

gating

To examine whether the apparent Ca2* sensitivity of SK2 channels is altered during
neurotransmitter action, steady-state SK2 channel activity was recorded in microvesicles
‘artificially” loaded with different concentrations of free Ca2* using ionomycin (1-3 uM) added
to the patch pipette solution (Fig.3). When microvesicles were loaded with 1 uM Ca2*, NE
reduced mean p, from 0.64 + 0.06 to 0.27 + 0.07 (n = 5) (Fig. 3al). In contrast, NE had little
detectable effect on SK2 channel activity in microvesicles loaded with 3 pM free Ca2* (n = 7)
(Fig.3a2). Under these conditions, SK2 channels exhibited a high p, of 0.71 + 0.08, which was
not altered by NE. This observation suggested that change in the Ca?* gating of SK channel
by Ca2*-bound CaM could be responsible for the agonist action. Consistent with these results,
steady-state [CaZ*];-response curves for SK channels showed that the apparent ECs value was
shifted rightward from 0.42 + 0.06 to 1.37 + 0.1 uM in the presence of NE (Fig. 3b).
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CK2-mediated phosphorylation of calmodulin is involved in SK channel modulation

To test whether CK2-mediated phosphorylation of SK2-associated CaM is involved in the
change of apparent ECsp, steady-state Ca2* dose-response relationships were determined in
the continued presence of the specific CK2 inhibitor 4,5,6,7-Tetrabromo-2- azabenzimidazole
(TBB). Activation curves determined in 10 pM TBB-treated microvesicles yielded an apparent
ECsq value of 0.30 £ 0.05 uM (Fig. 3c, n = 6) in agreement with Allen et al., (2007). The
presence of TBB strongly reduced the effect of NE since steady-state [Ca2*];-response curves
in the presence of NE yielded an ECsgq value of 0.39 + 0.08 uM (Fig. 3c).

The predominant form of the CK2 enzyme is a heterotetrameric complex consisting of two
catalytic a subunits and two regulatory B subunits (Litchfield, 2005). We compared the Ca2*
sensitivity and modulation of SK2 channels in neurons overexpressing the wild-type CK2p/
CK2a holoenzyme with those in neurons expressing a site-directed mutant of the catalytic
subunit of CK2a that is kinase inactive (CK2aK68M) (Penner et al., 1997; Vilk et al., 1999).
SK2 channels co-assembled with the CK2p/CK2a holoenzyme showed slightly reduced
Ca?* sensitivity compared to SK channels in neurons expressing CK2p alone (ECs values of
0.69 £ 0.08 and 0.49 + 0.06 UM, respectively) (Supplemental Fig.1). The rather modest
decrease in Ca?* sensitivity of SK channels in cells overexpressing CK2p/CK2a suggested
that SK channels were subjected to tonic protein phosphatase activity. Consistently, expression
of CK2B/CK2a. in conjunction with treatment with okadaic acid (200 nM for 1 hr), a specific
inhibitor of PP1 and PP2A, increased the ECsg value to 0.89 + 0.09 uM (n =4, data not shown).
The Ca?* sensitivity of SK channels assembled with the kinase dead CK2p/CK20K68M was
0.38 £ 0.08 uM (n = 13; Fig. 3d). Upon co-expression of SK2 with CK2/CK2aK68M, NE
failed to change the Ca2* response relationship significantly, with an ECsq value of 0.43 +0.07
pM (Fig. 3d).

To test whether modulation was mediated by SK2-associated CK2, we expressed the site-
directed K121A mutant of SK2, which has been shown to suppress SK2-bound CK2 activity
(Allen et al., 2007). The apparent Ca2* sensitivity of K121A mutants was left-shifted to 0.36
+0.08 M, consistent with tonic regulation of SK2 channel Ca2* sensitivity by CK2 and PP2A.
NE failed to change significantly the Ca2* response relationship of SK2 K121A channels,
yielding an apparent ECsg of 0.39 + 0.09 uM (Fig. 3e). In addition, the EQRK to AQAA SK2
mutant, which exhibits greatly diminished ability to bind PP2A (Allen et al. 2007), had a
Ca?* sensitivity shifted to the right (ECsg = 0.71 + 0.05 pM). Consequently, the effects of NE
were partly occluded with an apparent ECsq for Ca2* of 0.98 + 0.09 uM (Fig. 3e, n = 5;
P<0.05). These data support the idea that NE effects occur through SK2-associated CK2
phosphorylation and that SK2-associated PP2A tonically opposes these effects.

CK2 phosphorylates CaM complexed with SK2 but not KCNQ2 channels

To determine whether NE phosphorylates SK2-associated CaM, we performed
immunoprecipitations using a specific SK2 antibody (Fig. 3f). Two days after transfection of
fetal SCG cell cultures, [32P;] metabolically labeled cells were analyzed by
immunoprecipitation, western blotting and radiolabeling. Immunocomplexes precipitated by
the SK2 antibody contained low levels of 32P-CaM (Fig. 3f). NE markedly enhanced 32P-CaM
associated with SK2, whereas preincubation with TBB prevented this effect (Fig. 3f,g).
Specificity was monitored by parallel experiments in which we tested whether NE promotes
the phosphorylation of CaM when complexed with KCNQ2 (Kv7.2) subunits (Delmas and
Brown, 2005;Yus-Najera et al., 2002;Wen and Levitan, 2002). The results presented in the
bottom panel of Fig.3f show that CaM precipitated from Flag epitope-tagged KCNQ2
immunocomplexes was not phosphorylated, suggesting that NE phosphorylated CaM in a
CK2-dependent manner only when CaM was complexed with SK2 channels.
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To further demonstrate the essential role of CK2 phosphorylation of CaM in NE-mediated
changes in CaZ* sensitivity of SK channels we co-expressed SK2 with a site-directed mutant
of CaM (CaMT80A), which prevents CK2 phosphorylation (Bildl et al., 2004) (Fig. 4a).
Calcium concentration response relationship of CaMT80A-associated SK2 channels provided
an ECsg value of 0.37 + 0.08 uM (Fig. 4b). NE did not significantly affect the Ca2* sensitivity
of SK2 channels assembled with CaMT80A (ECsq = 0.45 = 0.09 uM, n=7) (Fig. 4b).

Modulation of SK2 channels reduces AHP and spike-frequency adaptation

We next examined the potential for noradrenergic modulation of SK-mediated whole-cell
currents using the amphotericin B-perforated patch method. Figures 5b1-b4 show
representative recordings from SCG neurons co-expressing Cav2.3 and SK2 subunits, in which
Nav and M/KCNQ K™ channels were blocked by TTX (200 nM) and linopirdine (10 uM),
respectively. Linopirdine, up to 200 uM, has been shown to have no effect on rSK2 (Dreixler
et al., 2000). Under these conditions, bath application of NE produced a slow decrease in peak
outward tail currents (IaHp) evoked by brief depolarizing voltage step to 0 mV (Fig. 5b1).
Similar results were obtained in the 8 cells tested, with a mean inhibition of 71 + 8 % (Fig.
5c¢,d). Application of apamin (100 nM) blocked 1aHp, thus identifying it as SK current, and
prevented further inhibition by NE (Fig. 5b2). NE inhibition was reduced to 35 £ 6 and 27
7 % in TBB-treated cells and CK2p/CK2aK68M-expressing cells, respectively (Fig. 5c,d).

The implication of CK2 was confirmed using 2 new ATP site-directed inhibitors of CK2,
chosen among the most effective and selective compounds, namely 1,8-dihydroxy- 4-
nitroanthracene-9,10-dione (MNA) and 8-hydroxy-4-methyl-9-nitrobenzo[g]chromen-2- one
(NBC) (Meggio et al., 2004). One hour pre-incubation of cells with MNA and NBC reduced
NE inhibition of Iayp to 28 + 6 and 26 * 6 %, respectively (Fig. 5d). These values are
qualitatively the same as those for TBB and CK2p/CK2aK68M.

In some neurons, SK channels contribute to the mAHP that follows action potentials (APs)
(Maylie et al., 2003; Faber and Sah, 2007). Therefore, we investigated how NE affected AHP
in the absence of linopirdine in neurons coexpressing Cav2.3 and SK2 subunits. Figure 5e
illustrates the changes that NE produces on the AHP that follows a single AP elicited at ~-60
mV with a brief current injection. NE markedly reduced the amplitude of the AHP in control
neurons whereas TBB and expression of CK2aK68M greatly impeded NE action (Fig. 5e,f).
On average, NE reduced AHP peak amplitude from 21.7 £ 2t0 15.4 + 1.4 mV (P < 0.01) in
control neurons, and from 21.8 + 1.6t019.5+1.5mV (P>0.05)and 19.4+ 1t0 17.8 £ 0.9
mV (P > 0.05) in neurons treated with TBB or expressing CK2p/CK2uK68M, respectively
(Fig. 5f).

Noradrenergic modulation of native SK channels in nociceptive DRG neurons

Recently, SK channels have been shown to play a key role in controlling sensory pathways
including nociceptive inputs into the spinal cord (Bahia et al., 2005). In sensory dorsal root
ganglia (DRG), SK1 and SK2 are preferentially expressed in small nociceptive DRG cells,
whereas SK3 is expressed both in small and large cells (Bahia et al., 2005; Mongan et al.,
2005). Therefore, we tested whether NE, which has pronociceptive actions, regulates native
SK channels and spike-frequency adaptation in putative nociceptors (Fig. 6). We examined
NE responses in cultured small DRG neurons expressing Cav2.3 and bathed with ®-CgTx
GVIA (200 nM), nifedipine (1 uM), o- agatoxin IVA (200 nM) and amiloride (250 uM) to
block endogenous Ca2* currents (Coste et al., 2007). Application of NE for 2 min caused an
increase in the number of APs elicited by current step injection, which was associated with the
suppression of the AHP, essentially mimicking the effects of apamin (Fig. 6a). We quantified
the effects of NE on excitability by examining the relationship between injected current and
AP firing. NE increased by 1.5- to 3-fold the number of APs elicited over a range of injected
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current amplitudes (Fig. 6b). We confirmed that NE had no significant effects on either Cav2.3
or KCNQ/M currents recorded in such cells (Fig. 6¢1,c2), but inhibited apamin-sensitive K*
currents evoked by repolarizing voltage steps or ramps (Fig. 6¢3,c4). One hour pre-incubation
of DRG cultures with MNA (1 uM) reduced NE inhibition of | app from 41 to 14 % (Fig. 6d).
Most of the cells responding to NE were found sensitive to capsaicin (Fig. 6e).

Discussion

We have used perforated microvesicles from SCG neurons in order to simultaneously record
coupled activities of Ca?* channels and heterologously expressed SK2 channels, and to study
their regulation by neurotransmitters. We demonstrated that Ca2* influx produced by the
activation of either Cav2.2 or Cav2.3 channels permits a sufficient rise in intracellular Ca2* to
open expressed SK2 channels. Although we over-expressed SK2 subunits, SK3 and possibly
SK1, are natively expressed in rat SCG neurons (Hosseini et al., 2001) and can potentially form
multimeric channels with SK2 (Monaghan et al., 2004; Strassmaier et al., 2005). Therefore, it
is possible that some heteromeric channels are formed. Nevertheless, our findings provide the
first evidence that neurotransmitter-generated second messengers, independent of their effects
on Ca2* channels, can directly modulate SK2-containing channels. Thus, under conditions
where Cav2.3 channels showed little inhibition through adrenergic and somatostatinergic
receptors, SK2 channel activity was markedly reduced. There are precedents for the inhibition
of SK channels by a4- and B-adrenergic receptors in neurons of the preoptic area (Wagner et
al., 2001) and by somatostatin in medium spiny neostriatal neurons (Galarraga et al., 2007),
although it was not investigated whether inhibition was direct or subsequent to Ca%* channel
modulation. Direct inhibition of SK channel activation by the sigma receptor type 1 (cR-1)
was recently demonstrated in CA1 pyramidal cells of rat hippocampus (Martina et al., 2007).
Inhibition of the SK current in both SCG and DRG neurons caused a reduction in the
afterhyperpolarization (AHP) and spike frequency adaptation. NE inhibition of SK channel
activity in sensory neurons may be a mechanism underlying NE-induced ectopic firing and
sympathetically maintained pain (Pertovaara, 2006).

Structural, proteomic, and functional studies have shown that the SK2 channel complex
contains the SK2 pore-forming subunits of the channel as well as constitutively bound CaM
that acts as the CaZ* sensor for the channels, and additionally contains CK2 and PP2A. In this
complex, CK2 phosphorylates SK2-bound CaM at threonine 80 and reduces the effective
Ca?* sensitivity of the channels. SK2-bound PP2A antagonizes the effects of CK2
phosphorylation. Therefore, although SK2 channels are gated solely by intracellular Ca2* ions,
they are multiprotein signaling complexes (Xia et al., 1998; Bildl et al., 2004; Allen et al.,
2007) in which the Ca2* sensitivity of the channels may be tuned in response to metabolic
signals and thereby alter the SK2 channel effects on membrane potential. Our data show that
the NE-induced inhibition of SK2 channel activity resulted from a threefold reduction in the
steady-state Ca2* sensitivity of SK2 channel gating, and that the decreased Ca?* sensitivity is
due to NE-initiated signals that dynamically regulate CK2 phosphorylation of SK2-bound
CaM. Importantly, we showed that NE promoted the selective CK2-mediated phosphorylation
of SK2-bound CaM, while sparing KCNQ/M-channel-bound CaM. This provides a likely
explanation for the absence of regulatory actions of NE on KCNQ channels (Gamper and
Shapiro, 2003). Moreover, the results show that even for a ubiquitously and highly expressed
signaling molecule such as CK2 that maintains an overall standing activity, exquisite
specificity may be endowed by the macromolecular composition of CK2-containing
multimeric complexes (Bildl et al., 2004; Allen et al., 2007) and/or their organization into
distinct membrane microdomains (Delmas and Brown, 2002; Delmas et al., 2002).

Our data show that NE may not result in global CK2 activation or mobilization of already
active CK2, but rather selective targeting of SK2-bound CK2. In this regard, the CK2
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holoenzyme is virtually inactive on CaM but can be activated by positively charged molecules,
such as polylysine and polybasic proteins (Arrigoni et al., 2004). Allen et al., (2007) have
recently demonstrated that the N-terminal domain of SK2 contains a cluster of positively
charged residues, and that lysine 121 (K121) activates CK2 to phosphorylate SK2-bound CaM,
only when the channels are closed. This state-dependence of CK2 activity to SK2-bound CaM
mediated by K121 suggests that the NE-induced regulation of SK2 channels by CK2 may be
affected by conformational changes that alter the relative position of K121 within the SK2
channel complex. While it is clear that NE inhibits SK2 channel activity by selectively
influencing SK2-bound CK2, the signal from the activated receptor to CK2 within the SK2
channel complex is not yet known. An attractive possibility is that NE signals, possibly through
phosphorylation of the intracellular terminal domains of SK2 that contain multiple protein
kinase acceptor sequences, by a distinct protein kinase to alter the relative proximity of the
K121 to CK2, thereby promoting phosphorylation of SK2-associated CaM.

SK channels are activated by elevations of intracellular Ca?* and exert a local repolarizing,
inhibitory influence on the membrane potential that affects membrane excitability and in many
cases this results in attenuation of Ca influx. Our results show that in DRG neurons NE
modulation of SK channel activity via CK2 influences somatic excitability, and this may be a
general mechanism in many central neurons where SK2 channels contribute to the AHP that
follows an action potential. In addition, emerging roles for SK2 channels have been described.
For example, in hippocampal pyramidal neurons, SK2 channels in the dendrites collaborate
with Kv4 channels to shape and limit the time course of local Ca2* plateau potentials (Cai et
al., 2004). In CA1 (Ngo-Anhetal., 2005) and amygdala (Faber et al., 2005) pyramidal neurons,
synaptically evoked Ca2* influx through NMDAr activates closely coupled SK channels in the
postsynaptic density, which reduces the magnitude of the AMPAr mediated depolarization
thereby shaping EPSPs and dynamically limiting the degree of voltage-dependent Mg?*
unblock of NMDAr and NMDAr-dependent Ca2* influx that is important for synaptic
plasticity. Moreover, in CA1 pyramidal neurons, the SK2 channel contribution to EPSPs is
abolished following the induction of LTP as a result of PK A-dependent phosphorylation, likely
occurring at three consecutive serine residues in the intracellular C-terminal domain of SK2
channels. This leads to internalization of spine SK2 channels, thereby contributing together
with increased AMPAr function to the increased EPSP that underlies LTP (Lin et al., 2008).
Interestingly, CK2 and CaM also interact with NMDAr and alter their properties (Lieberman
and Mody, 1999; Krupp et al., 1999; Chung et al., 2004). Given the close spatial arrangement
of NMDAr and SK2 channels within the PSD (lin et al., 2008), in response to transmitter
initiated intracellular signals CK2 may serve to coordinately tune the activities of these two
important and interactive synaptic channels. Therefore, transmitter mediated modulation of the
SK2 channel effective Ca2* sensitivity via CK2 may profoundly affect dendritic integration,
synaptic responses and synaptic plasticity.

Experimental procedures

Preparation of cell cultures and intranuclear cDNA microinjection

All animals were used in accordance with the European Community guiding in the care and
use of animals (86/609/CEE). Primary cultures of rat SCG and DRG neurons and intranuclear
microinjection of plasmids were as described (Delmas et al., 2002; Coste et al., 2007; Maingret
et al., 2008).

cDNAs and chemicals

Rat Cav2.3, CaM, flag-epitope tagged KCNQ2 and WT and mutant SK2 cDNAs were
subcloned into the eukaryotic expression vector pcDNA3. The HA-tagged CK2B, CK2a and
CK2aK68M cDNAs were subcloned in pRc/CMV vectors and described previously (Penner
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etal., 1997). TBB was obtained from Calbiochem, and all other drugs were from Sigma.
Transfection of fetal SCG neurons were performed with Lipofectamine 2000 (Invitrogen) and
cells were studied 48-72 hr after transfection.

Perforated microvesicles

The bath solution for recording perforated microvesicles consisted of: NMG* 105 mM,
CaCl, 20 mM, KCI 10 mM, MgCl, 1.2 mM, HEPES 10 mM, 4-AP 0.5 mM, charybdotoxin
100 nM, o and B dendrotoxins (300 nM each), TTX 250 nM and glucose 11 mM (pH 7.3).
Sylgard-coated pipettes had resistances of 4-8 MQ when filled with a pipette solution
consisting of (mM): K* acetate, 110; KCI, 30; Hepes, 10 (adjusted to pH 7.3 with KOH) and
ampho-B (0.05-0.07 mg/ml in DMSO). Retracting the pipette after on-cell patch causes a small
vesicle of membrane to remain attached to the pipette, which has its extracellular surface
exposed to the bath. Note that the tip of the pipette should not be exposed to air, which would
cause the vesicle to open.

Single channel currents were recorded with an Axopatch 200B amplifier (Axon Instruments),
filtered at 2 KHz and acquired at 20-50 ps intervals. Voltage-independent leak currents were
corrected offline by subtracting null current traces. Sweep currents were evoked every 3-6 s.
Transitions between open and closed states were detected by setting the threshold at 50 % of
the open channel level. The level of inhibition of SK current was unchanged using 2.5 mM
[Ca?™], instead of 20 mM (n = 4).

Whole cell Ca?* currents

The bath solution contained (mM): NMG™* 115, CaCl, 5, KCI 3, MgCl, 1.2, HEPES 10, 4-AP
0.5 and glucose 11 mM (pH 7.3). For recording of Ca2* currents in SCG neurons pipettes had
resistances of 3-3.5 MQ and filled with (in mM): CsCl, 30; Cs acetate, 110; MgCl>, 1 and
Hepes, 10 (pH 7.3 with CsOH) and 0.1 mg/ml ampho-B. For recording of DRG neurons,
pipettes had resistances of 2 MQ and filled with (in mM): 109 NMDG, 14 CsCl, 10 Hepes, 11
EGTA, 1 CaCl,, 0.1 phosphocreatine, 4 MgATP and 0.2 NazGTP (pH 7.3). Cell membrane
capacitance and series resistance compensations were applied. Currents were corrected for leak
and residual capacitive currents using the leak subtraction procedure (P/6) of pPCLAMP8
software.

Whole-cell AHP and Iapp

The bath solution contained (mM): NaCl 140, CaCl, 2, KCI 3, MgCl, 1.2, HEPES 10 and
glucose 11 (pH 7.3 with NaOH). The internal solution consisted of (mM): K* acetate, 90; KClI,
40, Hepes, 20 and MgCl,, 1.2 (pH 7.3 with KOH) and 0.02 mg/ml ampho-B.

Immunoprecipitation

Cultured SCG neurons were harvested and lysed in Tris buffer (50 mM Tris-HCI, 200 mM
NaCl, 20 mM NaF, 1 mM NagVQOy, 0.5 % Triton X-100, pH 7.4) and complete protease
inhibitor cocktail (Roche Diagnostics). The cell lysate was incubated at 4°C overnight with
either of the following antibodies: rabbit anti-CaM antibody (Invitrogen), polyclonal SK2
antibody raised against residues 538-555 and mouse anti-flag antibody (Invitrogen). After
incubation with protein G-Plus agarose (Santa Cruz biotechnology) for 2 hr, the mixture was
centrifuged for 10 s and the supernatant was removed. After washing the agarose beads,
immunoprecipitated proteins were eluted in 2x Laemmli sample buffer containing 4 % -
mercaptoethanol (30 min, 37 °C) followed by centrigugation. Equal amounts of protein were
loaded onto each lane, separated on SDS-8-12 % polyacrylamide gel and transferred to
immunoblot polyvinylidene difluoride membrane. The membrane was blocked in 10 % dry
milk for 1 hr and incubated with the relevant primary antibody for 2—4 hr. The membrane was
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then washed and incubated with the horseradish peroxidase-conjugated 1gG (Zymed) for 1hr
at room temperature. The signal was detected using an ECL-chemiluminescence method as
described in the manufacturer’s protocol.

Autoradiography

For metabolic labeling, SCG neurons were serum-deprived for 12 hr and phosphate-deprived
for 2 hr. They were then incubated with 100 uCi/ml of carrier-free [32P]orthophosphoric acid
([32P;]) (900 Ci/mmol) in minimal essential culture medium for 4 hr at 37 °C. When indicated,
TBB and calphostin were added to the culture medium for 1 hr. Subsequently, the cells were
stimulated at 37 °C with NE. After phosphate-buffered saline washes, the reaction was stopped
with 10 % (w/v) trichloroacetic acid. Cells were then harvested and immunoprecipitation was
processed as above. Immunopellets were suspended in SDS sample buffer, resolved by SDS-
PAGE (8-12 %) and assayed for 32P radioactivity by phosphorimaging.

Statistics and analysis

The [Ca2*];i-p, curves were fitted with the Hill equation of the form Y =Y pa[Ca2*]; "H/
(ECso"H + [Ca2*];"H), where Y is the normalized p,, ECsq the concentration of Ca2* that
produces half-maximal activation of SK channels and ny the Hill coefficient. The amount of
CaCl, and EGTA in the patch pipette required to yield the free [Ca2*]; indicated (0.1-10 puM)
was calculated as described (Fabiato and Fabiato, 1979). Results are presented as mean +
S.E.M. of n experiments. Statistical comparisons were analyzed using Student’s t test or
ANOVA and P < 0.05 was considered statistically significant. All experiments were made at
room temperature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Coupling activity and concurrent inhibition of Cav2.2 and SK channels

(a) Schematic diagram of an outside-out perforated microvesicle using amphotericin B in the
patch pipette (see methods).

(b) Activation of a Cav2.2 channel (16.3 pS) in the absence or presence of o-CgTx GVIA (500
nM). Bottom traces represent ensemble currents averaged from 92 (control) and 37 (o-CgTx
GVIA) consecutive single channel sweeps (including nulls).

(c—d) Two different perforated microvesicles pulled-out from 2 different neurons
overexpressing rSK2 subunits. (¢) Simultaneous activation of a Cav2.2 channel (17.3pS) and
an apamin-sensitive SK channel (8.2 pS). Bottom traces: corresponding ensemble-averaged
currents in the absence (78 sweeps) or presence (47 sweeps) ofapamin (300 nM). Red trace:
isolated SK current. Inset: kinetics of activation of native Cav2.2 and SK channels were
extended at fast time resolution. The times indicated represent onset to onset and peak to
peak of the currents. (d) As in (c) but in the presence or absence of NE (1 uM) and of ©»-CgTx
GVIA (500 nM). Bottom traces: shown are ensemble-averaged currents with and without NE
(60 sweeps each) and NE-inhibited current (difference current). Experiments made in the
continued presence of 4-AP (0.5 mM), charybdotoxin (100 nM), a. and  dendrotoxins (300
nM each) and TTX 250 nM.
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Fig. 2. SK channels, but not priming Ca2.3 channels, are inhibited by neurotransmitters

(a—e) Recording conditions were as in Fig. 1, except that ®-CgTx GVIA (500 nM) and
nifedipine (1 uM) were present throughout. () Neuron expressing Cav2.3 channels. Activation
of a Cav2.3 channel (~15 pS) in the absence and presence of NE (1 uM). Bottom traces:
corresponding ensemble currents averaged from 72 (control) and 80 (NE) consecutive single

channel sweeps.

(b—d) Data from the same microvesicle excised from a neuron expressing Cav2.3 and SK2
channels. (b) Activities of a Cav2.3 channel (~15.3 pS) and a SK channel (7.9 pS) in the
presence or absence of NE (1 uM), after washing out NE and in the presence of apamin (300
nM). (c) Corresponding ensemble-averaged currents in the presence (72 sweeps, ~3.5 min)
and absence (89 sweeps) of NE. Bottom traces: NE-sensitive K* current and K* component
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blocked by apamin. Note their similar shape. (d) Open probability (py) versus time from the
SK channel shown in b. p, was averaged from 3 successive single channel sweeps (including
nulls).

(e) Summary of the effects of NE (1 uM, n =7), Sst (500 nM, n = 8), BK (200 nM, n = 6) and
AGlI (500 nM, n=5) on the apamin-sensitive K* current (black bars) and on the Cav2.3 current
(grey bars). Inhibition was measured from ensemble currents as in ¢. **, P < 0.01; ***, P <
0.001, relative to BK and AGII applications.
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Fig. 3. Transmitter inhibition of SK channels via reduced Ca2*
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sensitivity of channel gating

(a) Left panels: shown are SK pg plotted against time in perforated microvesicles loaded with
either 3 uM (al) or 1 uM (a2) free CaZ* in the presence or absence of NE (1 uM). po was
calculated from 6 s-periods during 360 s-recording. V, = +5 mV. Right panels: corresponding
activities of single SK channels collected at the time indicated by arrows.

(b) Steady-state Ca2* response relationships for SK channels in the absence (o) or presence
(o) of NE (1 pM). Relative p, was measured at +5 mV and was plotted as a function of
[Ca2*];. Experiments obtained as in (a). Data points are the mean + S.E.M. with 5-8
experiments per Ca2* concentration. Solid lines represent best fits of a single Hill equation,
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giving EC5q 0f 0.42 £ 0.06 and 1.37 + 0.1 uM for control and NE conditions, respectively. **,
P <0.01.

(c) Left panel: steady-state Ca2* response relationships for SK channels in the absence (o, data
from b) or presence (V) of TBB (10 uM, 1 hr pre-treatment). Hill equations yield ECs of
0.40£0.05and 0.31£0.08 pM, respectively (n = 4-8). Right panel: the effect of NE application
on Ca2* response relationships for SK channels exposed to TBB (0, n = 6). ECsq was 0.39 +
0.09 uM. The dashed line represents the Ca2* response relationship for SK channels exposed
to NE in the absence of TBB (data from panel b). The top traces illustrate single SK channel
activities obtained with 1 uM [Ca2*]; in TBB-treated vesicles with and without NE. Scale as
in (a).

(d) Steady-state Ca2* response relationships for SK channels from neurons expressing CK2p/
CK20K68M, in the presence (e, n = 11) or absence (0, n = 13) of NE. The respective ECsg
values were 0.43 = 0.07 and 0.38 + 0.08 pM.

(e) Steady-state Ca2* response relationships for SK channels from neurons expressing K121A
(o) and AQAA (©) SK2 mutants, in the absence (open symbols) or presence (filled symbols)
of NE. ECsgq values were 0.36 £ 0.08 (n = 6) and 0.71 £ 0.05 uM (n = 5) for K121A and AQAA
mutants in the absence of NE and 0.39 £ 0.09 (n =5) and 0.98 £ 0.09 uM (n = 5) in the presence
of NE, respectively.

(f) Upper panel: autoradiograph and immunoblot of SK2 immunoprecipited from transfected
fetal SCG neurons. CaM phosphorylation level was tested with and without NE (1 pM, 30 min)
in cells pre-treated with 10 uM TBB or calphostin (Calph., 200 nM), an inhibitor of PKC, for
1 hr. The arrow indicates the expected size of CaM (~17 kDa). Lower panel: autoradiograph
and immunoblot of flag-KCNQ2 immunoprecipited from transfected fetal SCG neurons (left
panel). CaM phosphorylation level was tested with and without NE (1 pM, 30 min). Shown
on the right is a western blot with the SK2 antibody performed on whole cell lysates prepared
from cells transfected (2) or not (1) with SK2 cDNA. The arrow indicates the expected size of
SK2 (~50 kDa).

(9) Quantification of the incorporation of 32P into SK2-bound CaM. Densitometric analysis
was made from experiments as in f, plotting the change in the 32P-CaM signal relative to the
signal obtained for CaM labeling in control cells (set to 1). Cells were treated as follows: 1,
Control; 2, NE for 30 min; 3, TBB applied for 1 hr and NE applied for 30 min before cell lysis.
** P <0.01.
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Fig. 4. Reduced modulation of CaMT80A-associated SK channels

(a), Activity of a CaMT80A-bound SK channel in the absence or presence of NE (1 uM)
collected in a microvesicle loaded with 1 uM free Ca2*. Sweeps were separated by 60 s.

(b) Steady-state Ca2* response relationships for SK channels in the absence (o) or presence
(@) of NE (1 uM). Relative p, was measured at +5 mV and was plotted as a function of
[Ca?*];. Solid lines represent best fits of a single Hill equation, giving ECs of 0.37 + 0.08 and
0.45 £ 0.09 uM (n = 7) for control and NE conditions, respectively. P > 0.05.
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Fig. 5. Transmitter inhibition of SK channel-mediated AHP involves CK2

(a-f) Neurons expressing rCav2.3 and SK2. (a) The effects of NE (1 uM) on whole-cell
Ca?* currents, primarily made up of Cav2.3, evoked by a 10 ms-test pulse to 0 mV. Recordings
were made using the perforated patch configuration with a CsCl-based pipette solution and in
the continued presence of -CgTx GVIA (250 nM), nifedipine (1 M) and TTX (250 nM).
(b) Whole cell | app Was measured using the perforated patch configuration using a KAc/KClI-
based internal solution in response to 20 ms-depolarizing voltage pulse to 0 mV. In addition
to 0-CgTx GVIA, nifedipine and TTX, linopirdine (10 pM) was added to the bath solution to
suppress KCNQ/M tail current. NE-induced I app inhibition before (b1) and after (b2) apamin
(100 nM) application. NE inhibition in a neuron pre-treated with TBB (10 uM for 1 hr) (b3)
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and in a neuron expressing CK2p/CK2aK68M (b4). Currents were evoked every 10 s; 13
superimposed traces are shown in each panel. Scale bars: 100 pA.

(c) Inhibition of apamin-sensitive peak Ionp Obtained from experiments as in b, depicted as a
function of time (n = 5-8 cells).

(d) Graph summarizing NE-mediated inhibition of the apamin-sensitive | app in control
neurons (Ctr, n = 8), in CK2p/CK2aK68M-expressing neurons (K68M, n = 6), in neurons pre-
treated for 1 hr with TBB (10 uM, n = 5), MNA and NBC (1 pM, n = 5) and in neurons
expressing the SK2 K121A mutant. **, P < 0.01 respective to control.

(e,f) ®-CgTx GVIA (250 nM) and nifedipine (1 uM) throughout, no linopirdine added. (e)
Single action potentials evoked by brief pulses (5 ms) showing reduced NE-mediated AHP
inhibition in neurons treated with TBB (10 uM) or expressing CK2p/CK2aK68M. Apamin
(200 nM) was added at the end of each experiment. (f) Plot showing the effect of NE on AHP
amplitude in each individual cell (open symbols) for these 3 groups. Black symbols indicate
averaged results (**, P < 0.01, paired t-test).
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Figure 6. Inhibition of native SK current increases the somatic excitability of small sensory neurons
(a—c), Cultured DRG neurons were bathed with -CgTx GVIA (200 nM), nifedipine (1 uM),
w-agatoxin IVA (200 nM) and amiloride (250 uM).

(a), Asmall DRG neuron (37 pF) was studied under perforated patch current clamp, and voltage
responses were recorded from a 25 pA current pulse applied for 400 ms. Voltage sweeps are
shown before or after 1.5 min application of NE (10 uM). Note that AHP was strongly
suppressed by NE (arrows). Right panel: histogram showing the number of APs (mean + SEM,
n = 8) elicited during a 400 ms-duration 25 pA-current pulse in control (1) and in the presence
of either NE (2) or apamin (300 nM, 3). (b), Number of APs (mean + SEM) evoked during
400 ms-current pulses versus amplitude of injected currents in the absence (o) or presence (o)
of NE. (c), Recording of Cav2.3 current (c1, patch ruptured), native KCNQ/M K™ current
(c2, perforated patch) and native SK current (c3,4, perforated patch) in small DRG neurons in
the presence or absence of NE. Linop.: linopirdine 10 uM; Apamin, 300 nM. In c4 the ramp
speed was - 100 mV/s. (d) Graph summarizing apamin and NE-mediated inhibitions of |aqp
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evoked as in c3 in DRG neurons pretreated or not with MNA (1 uM). n =5-7; ** P < 0.01;

ns, not significant. (e), Capsaicin (1 pM)-induced TRPV1 inward current in the cell illustrated
in a. Holding potential, =60 mV.
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