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Abstract 42 
 43 
Muscarinic acetylcholine receptors (mAChRs) inhibit small-conductance calcium-activated K+ 44 
channels (SK channels) and enhance synaptic weight via this mechanism. SK channels are also 45 
involved in activity-dependent plasticity of membrane excitability (‘intrinsic plasticity’). Here, 46 
we investigate whether mAChR activation can drive SK channel-dependent intrinsic plasticity in 47 
L2/3 cortical pyramidal neurons. Using whole-cell patch-clamp recordings from these neurons 48 
in slices prepared from mouse primary somatosensory cortex (S1), we find that brief bath 49 
application of the mAChR agonist oxotremorine-m (oxo-m) causes long-term enhancement of 50 
excitability in wild-type mice that is not observed in mice deficient of SK channels of the SK2 51 
isoform. Similarly, repeated injection of depolarizing current pulses into the soma triggers 52 
intrinsic plasticity that is absent from SK2 null mice. Intrinsic plasticity lowers spike frequency 53 
adaptation and attenuation of spike firing upon prolonged activation, consistent with SK 54 
channel modulation. Depolarization-induced plasticity is prevented by bath application of the 55 
protein kinase A (PKA) inhibitor H89, and the casein kinase 2 (CK2) inhibitor TBB, respectively. 56 
These findings point toward a recruitment of two known signaling pathways in SK2 regulation: 57 
SK channel trafficking (PKA) and reduction of the calcium sensitivity (CK2). Using mice with an 58 
inactivation of CaMKII (T305D mice), we show that intrinsic plasticity does not require CaMKII. 59 
Finally, we demonstrate that repeated injection of depolarizing pulses in the presence of oxo-m 60 
causes intrinsic plasticity that surpasses the plasticity amplitude reached by either manipulation 61 
alone. Our findings show that muscarinic activation enhances membrane excitability in L2/3 62 
pyramidal neurons via a downregulation of SK2 channels. 63 
 64 
 65 
 66 
 67 
 68 
Significance statement 69 
 70 
Small-conductance, calcium-activated K+ channels are solely activated by calcium transients – 71 
typically associated with spike burst firing – and mediate a slow outward current. Just as AMPA 72 
receptor subunits, SK channels show activity-dependent plasticity, and their functional 73 
downregulation enhances excitability and prevents curtailing of prolonged spike firing. Here, 74 
we show that this form of ‘intrinsic plasticity’ is promoted by the activation of muscarinic 75 
acetylcholine receptors (mAChRs), and requires the activation of protein kinase A (PKA) and 76 
casein kinase 2 (CK2). The activation of mAChRs enhances the plasticity amplitude obtained by 77 
co-application of a somatic depolarization protocol. These findings show that cholinergic 78 
signaling drives long-term enhancement of spike firing in cortical pyramidal neurons, and 79 
identify modulation of SK channels as an underlying mechanism. 80 
 81 
 82 
 83 
 84 
 85 
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Introduction 86 
 87 
Cholinergic signaling affects synaptic plasticity through the activation of muscarinic 88 
acetylcholine receptors (mAChRs; Bear and Singer, 1986; Kirkwood et al., 1999; Origlia et al., 89 
2006; Zhao and Tzounopoulos, 2011; Dennis et al., 2016). At synapses onto hippocampal CA1 90 
pyramidal neurons, activation of M1-type mAChRs enhances spine calcium transients and 91 
facilitates the induction of long-term potentiation (LTP). These effects are due to an M1 92 
receptor-driven inhibition of small-conductance calcium-activated SK-type K+ channels 93 
(Buchanan et al., 2010; Giessel and Sabatini, 2010). SK conductances are exclusively activated 94 
by calcium, and may curtail dendritic potentials (Cai et al., 2004). Blockade of SK channels by 95 
the selective inhibitor apamin enhances spine calcium transients and promotes LTP in the 96 
hippocampus (Ngo-Anh et al., 2005; Lin et al., 2008), while reducing the probability for LTP 97 
induction at parallel fiber to Purkinje cell synapses in the cerebellum (Belmeguenai et al., 2010). 98 
It seems that M1 receptor activation achieves effects similar to apamin application via its 99 
capability to downregulate SK channels. Apamin reduces a medium-fast component of 100 
afterhyperpolarization (mAHP) currents that has a time constant of about 200ms (Stocker et al., 101 
1999; Villalobos et al., 2004; see also Madison et al., 1987), suggesting a role of SK channels in 102 
moderately slow regularity processes. Nevertheless, SK conductances open rapidly within 1ms 103 
( ~10ms; Bond et al., 2004; Sah and Faber, 2002; Xia et al., 1998), which allows them to 104 
influence the peak amplitude of spine calcium transients and dendritic potentials. 105 
 SK channels can also be downregulated in a lasting manner upon synaptic or neuronal 106 
activation, causing an increase in membrane excitability and spike firing (Sourdet et al., 2003; 107 
Belmeguenai et al., 2010). The question arises whether or not mAChR activation can trigger 108 
such ‘intrinsic plasticity’. In layer 5 pyramidal neurons of rat cortex, SK channel plasticity is 109 
triggered by the activation of type 5 metabotropic glutamate receptors (mGluRs; Sourdet et al., 110 
2003). Like group I mGluRs (type 1 and 5), some mAChR types (M1, 3, and 5) couple to G q 111 
proteins. Thus, it is conceivable that mAChR activation indeed drives SK plasticity, and with it, 112 
intrinsic plasticity. The available evidence supports this possibility. While to the best of our 113 
knowledge mAChR-activated SK plasticity has not been reported yet, it has been shown that 114 
muscarinic signaling may upregulate excitability and spike firing over prolonged periods (e.g. 115 
Santini et al., 2009; Joshi et al., 2016), even lasting for 40min and more (Moore et al., 2009; 116 
Park and Spruston, 2012). Both mAChRs (the M1, M3, and M4 subtypes; Rossner et al., 1993) 117 
and SK channels (SK1,2 and 3 isoforms; Gymnopoulos et al., 2014) are expressed in layer 2/3 of 118 
the rat primary somatosensory cortex (S1). Using whole-cell patch-clamp recordings from L2/3 119 
pyramidal neurons in slices of mouse S1 cortex, we here show that in these neurons mAChR 120 
activation triggers intrinsic plasticity, and that this plasticity depends on the availability of SK2-121 
type K+ channels. We demonstrate that SK2 plasticity depends on the activation of PKA and 122 
CK2, and that combined muscarinic and depolarization-dependent activation enhances the 123 
overall amplitude of plasticity, without reaching synergistic effects above the sum of both 124 
manipulations alone. 125 
 126 
 127 
 128 
 129 
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 130 
Materials and Methods 131 
 132 
Pyramidal cell recordings ex vivo. Thalamocortical slices (350 m) including S1 cortex were 133 
prepared (orientation described in Agmom & Connors, 1991) from young adolescent mice of 134 
either sex (postnatal day P25-40) after isoflurane anesthesia and decapitation. This procedure is 135 
in accordance with the guidelines of the Animal Care and Use Committee of the University of 136 
Chicago. The slices were cut on a vibratome (Leica VT1000S) using ceramic blades. The slices 137 
were cut in a sucrose slicing solution containing the following (in mM): 185 Sucrose, 2.5 KCl, 25 138 
Glucose, 25 NaHCO3, 1.2 NaH2PO4, 0.5 CaCl2, and 0.5 MgCl2, bubbled with 95% O2 and 5% CO2. 139 
Following slicing, the slices were kept in artificial CSF (ACSF) containing the following (in mM): 140 
124 NaCl, 5 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3, and 10 D-glucose, bubbled with 141 
95% O2 and 5% CO2. The slices were allowed to recover for at least 1 h, and were then 142 
transferred to a submerged recording chamber superfused with ACSF at near-physiological 143 
temperature (31-34 C). Whole-cell patch-clamp recordings were performed under visual 144 
control using a 40X water-immersion objective mounted on a Zeiss Axioskop 2FS microscope. 145 
Patch pipettes (2.5-4.5 M ) were filled with internal saline containing the following (in mM): 9 146 
KCl, 10 KOH, 120 K-gluconate, 3.48 MgCl2, 10 HEPES, 4 NaCl, 4 Na2ATP, 0.4 Na3GTP, and 17.5 147 
sucrose, pH adjusted to 7.25. TBB (CK2 inhibitor) and oxotremorine-m (muscarinic agonist) 148 
were purchased from Tocris. H89 (PKA inhibitor) was purchased from Abcam. Patch-clamp 149 
recordings were performed in current-clamp mode (capacitance cancellation switched off) 150 
using an EPC-10 amplifier (HEKA Electronics). Membrane voltage and current were filtered at 3 151 
kHz, digitized at 10 kHz, and acquired using Pulse software (HEKA Electronics). After whole-cell 152 
patching in voltage clamp, series resistance was measured and bridge compensated once in 153 
current clamp. Before recording in current clamp, a bias current was applied to prevent 154 
spontaneous spike activity and to set baseline voltage to -70 mV. Intrinsic plasticity was 155 
monitored during test periods by injection of brief (500 ms) depolarizing current pulses 156 
adjusted to evoke 4-8 spikes. The amplitude of the current needed to achieve this spike output 157 
did not differ between WT and SK2 knockout mice (p>0.05) and also did not differ in the 158 
presence of H89 or TBB in the bath (p>0.05). The spike count was taken as a measure of 159 
excitability. Input resistance (Ri) was measured by injection of hyperpolarizing test currents 160 
(100 pA, 100 ms) and was calculated from the voltage transient toward the end of current 161 
injection. 162 
 163 
Genetically modified mice. SK2KO mice were originally described in Bond et al., 2004. They were 164 
generated on the C57Bl/6 background (mice were obtained from John P. Adelman, OHSU). 165 
T305D mice were originally described in Elgersma et al., 2002 (mice were obtained from Y. 166 
Elgersma, Erasmus MC, Rotterdam, The Netherlands), and were likewise generated on the 167 
C57Bl/6 background. All mice that were not genetically modified were C57Bl/6 mice. 168 
 169 
Data analysis. Data obtained from the pyramidal cell recordings ex vivo were analyzed using 170 
Pulsefit (HEKA Electronics), Igor Pro software (WaveMetrics) and R. For statistical analysis, we 171 
used the paired Student’s t-test and the Mann—Whitney U test, when appropriate. Baseline 172 
periods were an average of 5 minutes prior to stimulations, and post periods were calculated in 173 
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each group as an average of the relevant measurements 23-27 minutes following stimulation. 174 
Within group measures compared the difference between an individual cell’s baseline and post, 175 
using a paired Student’s t-test. Between group measurements of more than 2 groups used the 176 
Kruskal—Wallis test, and Mann—Whitney U tests were used to directly compare groups. In all 177 
figures, the values shown represent the mean  SEM. 178 
 179 
 180 
 181 
Results 182 
 183 
To monitor changes in the membrane excitability of L2/3 pyramidal neurons, we performed 184 
whole-cell-patch-clamp recordings in slices (350 m thick) from S1 cortex of P25-40 mice at 185 
near-physiological temperature (31-34 C). Excitability was measured in current-clamp mode by 186 
injecting brief depolarizing currents (500 ms) that were adjusted to evoke 4-8 spikes during the 187 
baseline. In the test periods before and after any experimental manipulation, these current 188 
steps were delivered at 0.05 Hz. The number of spikes evoked by these constant depolarizing 189 
currents was taken as a measure of excitability. Under control conditions, in the absence of 190 
drug application or electrical stimulation, the spike count remained stable (103  8% of baseline 191 

 SEM; n=7; p=0.68; Fig. 1).  192 
 Bath application of the muscarinic agonist oxotremorine-m (oxo-m; 7 M) for 5 min 193 
caused a lasting increase in the spike count (147  14% of baseline  SEM; n=7; p=0.017; Fig. 1). 194 
With the recording chamber design, slice thickness and perfusion speed used, oxo-m (7 M) 195 
wash-out is complete after about 25 min (Rinaldo and Hansel, 2013). Thus, the lasting increase 196 
in excitability is likely due to intrinsic plasticity, and does not depend on the continuous 197 
presence of oxo-m in the bath. All three SK subunits (SK1, SK2, and SK3) are expressed in 198 
cortical pyramidal neurons (determined in rat; Gymnopoulos et al., 2013). In light of previous 199 
findings of a specific involvement of SK2 channels in intrinsic plasticity (Lin et al., 2008; 200 
Belmeguenai et al., 2010), we tested whether oxo-m bath application upregulates excitability in 201 
mice deficient of SK2 channels (SK2 null mice; Bond et al., 2004). Indeed, oxo-m (7 M) did not 202 
enhance the spike count in L2/3 pyramidal neurons from SK2 null mice (106  9% of baseline  203 
SEM; n=8; p=0.57; Fig. 1). 204 
 Intrinsic plasticity is triggered by repeated injection of depolarizing current pulses in 205 
cortical pyramidal neurons of intact rodents (Paz et al., 2009; Mahon and Charpier, 2012). To 206 
test whether SK2 channel plasticity can be elicited in a similar activity-dependent manner in 207 
L2/3 pyramidal neurons in slice, we applied a stimulus protocol, in which 10 depolarizing 208 
current pulses (50 ms duration) were delivered at 10 Hz, followed by 2 seconds of holding 209 
current. The depolarization amplitude was adjusted to evoke 1-3 spikes during each of these 210 
pulses, and was repeated 100 times for a total of 5 minutes of stimulation. Application of this 211 
depolarization protocol resulted in an increase in the spike count in pyramidal neurons from 212 
wild-type littermate controls (148  13% of baseline  SEM; n=14; p=0.003; Fig. 2) that was not 213 
seen in pyramidal neurons from SK2 null mice (105  8% of baseline  SEM; n=8; p=0.55; Fig. 2).  214 

We next tested for an involvement of calcium-calmodulin-dependent kinase II ( CaMKII) 215 
in SK2 channel plasticity, because CaMKII is one of the most abundant activity- and calcium-216 
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sensors in neurons. To this end, we used CaMKII T305D mice (Elgersma et al., 2002), in which 217 
Thr305 is substituted by a negatively charged aspartate. This genetic manipulation prevents 218 
calcium/calmodulin binding and thus keeps CaMKII inactive (Rich and Schulman, 1998). Since 219 

CaMKII is located in dendritic spines and the postsynaptic density (PSD; Kennedy, 2000), this 220 
kinase is best activated by synaptic stimulation. We therefore altered the stimulation protocol 221 
by replacing injection of depolarizing current pulses with trains of synaptic stimulation (10 Hz 222 
stimulating pulses for 1 second, followed by 2 seconds no stimulation, repeated 100 times). An 223 
extracellular electrode was placed in layer 1 near the apical dendrite of the recorded cell, and 224 
stimulation strength was adjusted in order to evoke a postsynaptic spike more than 50% of the 225 
time. Under these activation conditions, intrinsic plasticity is efficiently triggered in wild-type 226 
controls (165  27% of baseline  SEM; n=7; p=0.048; Fig. 3). Synaptic stimulation also triggered 227 
intrinsic plasticity in T305D mice (148  21% of baseline  SEM; n=13; p=0.040; Fig. 3). Thus, 228 

CaMKII activation is not needed for this type of plasticity. 229 
Identifying SK2 as a mediator of intrinsic plasticity, we sought to determine if changes in 230 

plasticity may result from an internalization of SK2 channels that—in CA1 hippocampus—has 231 
been shown to depend on the activation of PKA (Lin et al., 2008). Bath application of the PKA 232 
inhibitor H89 (10 M) indeed prevented an upregulation of membrane excitability upon 233 
repeated injection of depolarizing current pulses (82  9% of baseline  SEM; n=6; p=0.12; Fig. 234 
4). An alternative pathway for SK channel plasticity—initially demonstrated in non-neuronal cell 235 
lines expressing SK2 channels—is the activation of CK2, which reduces the calcium sensitivity of 236 
SK2 channels (Allen et al., 2007). In CA1 hippocampal pyramidal neurons, M1 mAChRs may 237 
inhibit SK2 channels via CK2 activation (Giessel and Sabatini, 2010; but see Buchanan et al., 238 
2010). In addition, in cerebellar Purkinje cells, depolarization-triggered SK2 plasticity is CK2-239 
dependent (Belmeguenai et al., 2010). In the presence of the CK2 inhibitor TBB (2 M) in the 240 
bath, repeated injection of depolarizing current pulses did not cause an increase in excitability 241 
(105  12% of baseline  SEM; n=7; p=0.71; Fig. 4). These findings show that SK2-mediated 242 
intrinsic plasticity depends on the activation of PKA and CK2, and thus involves both a 243 
modification of the calcium-sensitivity of SK channels as well as SK2 channel trafficking. As an 244 
additional measure, we tested the effect of muscarinic activation during PKA inhibition. While 245 
PKA inhibitor H89 (10 M) was in the bath, transient application of oxo-m was unable to induce 246 
a change in excitability (92  11% of baseline  SEM; n=6; p=0.51; Fig. 4). However, when TBB 247 
(2 M) was in the bath, oxo-m was still able to enhance excitability (140  14% of baseline  248 
SEM; n=5; p=0.04; Fig. 4). The amplitude of the excitability increase was not different from that 249 
observed when oxo-m alone was bath applied without TBB (p=0.749). This illustrates that 250 
somatic stimulation capable of inducing changes in intrinsic plasticity converges with muscarinic 251 
activation upstream of SK2 channels onto signaling pathways that include the activation of PKA, 252 
but not those that include the activation of CK2. Neither H89 nor TBB alone caused changes in 253 
membrane excitability. This was measured by comparing the amplitude of depolarizing currents 254 
needed to adjust spike activity (4-8 spikes) during the baseline (control: 452.4  46.3 pA; n=36 / 255 
H89: 370.0  96.6 pA; n=12 / TBB: 480.0  114.0 pA; n=12 / for comparison, SK2-KO: 530.0  256 
64.6 pA; n=16 / all group comparisons: p>0.05). 257 

 258 



 

 7 

 Finally, we asked whether the amplitude of intrinsic plasticity changes when activity-259 
dependent and muscarinic application are co-applied. We therefore applied our somatic 260 
depolarization protocol (10 Hz, 1 sec on/2 sec off, for 5 min), while oxo-m (7 M) was applied in 261 
the bath. This protocol caused a significant increase in spike count (212  20% of baseline  262 
SEM; n=9; p=4.9x10-4; Fig. 5) that was larger than either manipulation alone (148  13% and 263 
147  14% for somatic and oxo-m, p=0.035 and 0.044, respectively), but did not exceed the 264 
arithmetic sum of excitability changes observed after these manipulations (mathematically 195 265 

 13%, comparison to actual combination observed yields; p=0.49). This result suggests that 266 
oxo-m application (at a near-maximally effective concentration, see Dennis et al., 2016) and 267 
repeated depolarization alone, respectively, do not achieve saturation of SK2 channel plasticity, 268 
respectively, and that there are no synergistic activation effects either. However, muscarinic 269 
activation may help to enhance intrinsic plasticity under conditions of elevated activity and may 270 
in this way contribute to effect maximization. Somatic depolarization also caused an increase in 271 
input resistance (126.2  5.0% of baseline; n=14; p<0.001) that was not observed with statistical 272 
significance with oxo-m application (113.8  12.0%; n=7; p=0.21). Somatic depolarization in the 273 
presence of oxo-m caused a change in input resistance that was in the range of that seen with 274 
somatic depolarization alone (122.1  3.4%; n=9; p=0.004). 275 
 To further classify the effect of somatic depolarization and muscarinic activation, we 276 
examined the effects of these conditions on metrics within individual responses to injection of 277 
depolarizing current pulses. We first measured the instantaneous firing rate of the first 4 spikes 278 
within responses, both before and after somatic/synaptic tetanization. The firing rate was 279 
calculated for spikes 1-4 of an individual sweep, and averaged over the baseline and post 280 
periods of each recording. The somatic depolarization group saw a significant increase in the 281 
average initial firing rate following stimulation (29.7 Hz  3.5 increasing to 40.8 Hz  3.2, rate  282 
SEM; n=13; p=0.002; Fig. 5E). Similarly, the synaptic depolarization group saw a significant 283 
increase in the average initial firing rate following stimulation (39.0 Hz  5.0 increasing to 57.2 284 
Hz  7.2, rate  SEM; n=6; p=0.02; Fig. 5E).  285 

We then sought to measure spike frequency adaptation within individual sweeps. 286 
Frequency adaptation causes an attenuation of spike firing toward the end of the depolarizing 287 
pulse. This parameter was measured by calculating the number of spikes within the first 250 ms 288 
of depolarization, and dividing it by the total number of spikes in each sweep. Therefore, a ratio 289 
of 1 would indicate all spiking takes place in the early phase (first 250 ms) of a pulse, and a ratio 290 
of 0.5 would indicate spiking is uniform throughout the 500 ms of depolarization. As before, 291 
baseline and post values were averaged from every sweep within the cell. The somatic 292 
depolarization group saw a significant downward shift in spike attenuation (-0.053  0.024, shift 293 
in attenuation  SEM; n=14; p=0.045), indicating an increase in later phase firing. The synaptic 294 
stimulation group likewise saw a significant downward shift in attenuation (-0.096  0.035, shift 295 
in attenuation  SEM; n=7; p=0.034). Lastly, we looked at each group of cells which did not have 296 
a drug in the bath for the whole experiment. When we plotted their shift in spike attenuation 297 
against their increase in intrinsic excitability, we found a strong correlation between these two 298 
factors (R2=0.8945, p=3.8x10-4). Given the connection between SK channels and late phase 299 
firing, this result offers additional support that our observed changes in excitability are strongly 300 
dependent on changes in SK2 channel function and/or expression levels. Unexpectedly, SK2 null 301 
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mice showed a higher attenuation ratio during the baseline (0.82  0.03; n=16) than wild-type 302 
littermate controls (0.72  0.02; n=36; p=0.039). This effect could result from an increase in 303 
spike frequency during the early phase of the depolarization phase as a consequence of the 304 
complete absence of SK2 channels in these mice. Alternatively, it is conceivable that 305 
compensatory mechanisms with different adaptation kinetics surfaced in SK2 null mice. Neither 306 
H89 (0.77  0.04; n=12; p=0.374) not TBB (0.76  0.05; n=12; p=0.501) changed the baseline 307 
adaptation ratio as compared to wild-type controls. 308 
 309 
 310 
Discussion 311 
 312 
The main finding of this study is that activation of muscarinic acetylcholine receptors in L2/3 313 
cortical pyramidal neurons triggers intrinsic plasticity, and that it does so in an SK2 channel-314 
dependent way. Due to their role in the mAHP, SK channels are particularly efficient in 315 
regulating membrane excitability over several hundred milliseconds (Sah, 1996; Stocker et al., 316 
1999; Pedarzani et al., 2001; Edgerton and Reinhart, 2003). This feature puts these channels 317 
into a position to control plateau potentials (Cai et al., 2004). In addition, their functional 318 
downregulation promotes the occurrence of spike bursts, rather than just individual spikes 319 
(Ohtsuki and Hansel, 2018). 320 
 Our findings on the cellular mechanisms involved in SK channel plasticity align well with 321 
previous observations made in studies using transfected non-neuronal cell lines and pyramidal 322 
neurons in CA1 hippocampus. SK2 plasticity may arise from PKA-dependent channel 323 
internalization (Lin et al., 2008), or from CK2-dependent changes in calcium-sensitivity (Allen et 324 
al., 2007). As intrinsic plasticity was prevented upon bath application of the PKA inhibitor H89 325 
as well as the CK2 inhibitor TBB, it seems that both regulatory pathways are involved in SK 326 
plasticity in L2/3 cortical pyramidal neurons as well. While no detailed information on the 327 
cellular localization of the players involved in SK2 plasticity is available—including mAChRs, PKA, 328 
CK2 and SK2 channels themselves—our observations suggest that they are located sufficiently 329 
close to each other to engage in such modulatory interaction. As in these recordings, 330 
membrane excitability was assessed during the test periods before and after tetanization by the 331 
somatic injection of depolarizing current pulses, we can conclude that the plasticity location in 332 
these experiments is in or near the soma. (Note, however, that SK2 plasticity may also 333 
selectively occur in neuronal dendrites; see Ohtsuki et al., 2012.)  334 

The role of CK2 in the acute modulation of SK channels by M1 mAChRs has been subject 335 
of controversy. While Giessel and Sabatini (2010) reported that M1 receptors inhibit SK 336 
channels via CK2 activation, Buchanan et al. (2010) showed that CK2 receptors are not involved, 337 
but that instead PKC activation downregulates SK channels (see also Maylie and Adelman, 338 
2010). Our findings show that CK2 is mechanistically able to downregulate SK2 channels, but 339 
that – at least under our conditions – this is not a consequence of mAChR activation. It remains 340 
possible, however, that such a regulatory action is more efficiently driven by the specific 341 
activation of M1 receptors. Finally, we observed that inhibition of CaMKII does not affect 342 
intrinsic plasticity, similar to previous findings in Purkinje cells (Belmeguenai et al., 2010). Our 343 
experiments do not rule out a possible role for PKC in SK channel plasticity as suggested by 344 
Buchanan et al. (2010).  345 
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 Intrinsic plasticity does affect behavioral learning. While no data are available for types 346 
of learning that specifically involve the neocortex, hippocampus- and/or amygdala-dependent 347 
forms of learning, such as spatial learning in the Morris water maze, contextual and cued fear-348 
conditioning as well as trace eyeblink conditioning are impaired upon SK2 overexpression 349 
(Hammond et al., 2006; McKay et al., 2012). Thus, SK2 regulation to an optimal level constitutes 350 
a critical component in learning tasks. Intrinsic plasticity may serve functions in learning that go 351 
beyond a role that is merely complementary to its synaptic counterpart (Marder et al., 1996; 352 
Hansel et al., 2001; Triesch, 2007; Debanne, 2009). In a recent perspective paper (Titley et al., 353 
2017), we have argued that purely synaptic theories of learning are insufficient to explain the 354 
integration of neurons into functional ensembles that in the context of learning become 355 
‘mnemic traces’ (Semon, 1904), or memory engrams. In this interpretation, intrinsic plasticity 356 
may provide a mechanism to enhance the probability of neuronal spike firing upon activation, 357 
via lowering the spike threshold and/or altering the frequency versus input (F-I) function. SK 358 
channel plasticity efficiently serves this purpose. In addition, it enhances temporal precision of 359 
spike firing in response to synaptic input (Sourdet et al., 2003) and adjusts pauses in spike firing 360 
(Grasselli et al., 2016). Muscarinic inhibition of SK channels, both transiently and long-lasting, 361 
may thus drive the participation of individual neurons in memory engrams. It is conceivable 362 
that this consequence of cholinergic signaling provides the cellular mechanism to link arousal 363 
and attention to the emergence of functional neuronal ensembles. Enhanced spike firing rate is 364 
expected to increase the signal-to-noise ratio of neuronal activity, because the standard 365 
deviation of spike counts typically increases only as the square root of the mean spike count 366 
(Heggelund and Albus, 1978; Softky and Koch, 1993). An ensemble-promoting effect is also 367 
suggested by reports that show that in hippocampus and visual cortex cholinergic modulation 368 
enhances the power of gamma frequency oscillations and response synchronization among 369 
interconnected neurons (Rodriguez et al., 2004; Betterton et al., 2017). Notably, attention and 370 
cholinergic signaling can also inhibit pyramidal neurons (Gulledge and Stuart, 2005) and reduce 371 
interneuronal correlations (Cohen and Maunsell, 2009; Runfeldt et al., 2014; Eggermann et al., 372 
2014). This range of even opposing effects might well be related to differences in types of 373 
neurons studied, local concentration of acetylcholine reached, distinct ensembles affected (e.g. 374 
distinct center-surround effects) and / or activation of inhibitory networks (Müller and Singer, 375 
1989). Cellular physiological studies as well as electrical and optical recordings from intact 376 
animals will be required to assess the conditions under which these different consequences of 377 
cholinergic signaling take place.  378 
 379 
 380 
 381 
 382 
 383 
References 384 
 385 
Agmom A, Connors BW (1991) Thalamacortical responses of mouse somatosensory (barrel) 386 
cortex in vitro. Neuroscience 41: 365-379. 387 
 388 



 

 10 

Allen D, Fakler B, Maylie J, Adelman JP (2007) Organization and regulation of small conductance 389 
Ca2+ -activated K+ channel multiprotein complexes. J Neurosci 27: 2369-2376. 390 
 391 
Bear MF, Singer W (1986) Modulation of visual cortical plasticity by acetylcholine and 392 
noradrenaline. Nature 320: 172-176. 393 
 394 
Belmeguenai A, Hosy E, Bengtsson F, Pedroarena CM, Piochon C, Teuling E, He Q, Ohtsuki G, De 395 
Jeu MT, Elgersma Y, De Zeeuw CI, Jörntell H, Hansel C (2010) Intrinsic plasticity complements 396 
long-term potentiation in parallel fiber input gain control in cerebellar Purkinje cells. J Neurosci 397 
30: 13630-13643. 398 
 399 
Betterton RT, Broad LM, Tsaneva-Atanasova K, Mellor JR (2017) Acetylcholine modulates 400 
gamma frequency oscillations in the hippocampus by activation of muscarinic M1 receptors. 401 
Eur J Neurosci 45: 1570-1585. 402 
 403 
Bond CT, Herson PS, Strassmaier T, Hammond R, Stackman R, Maylie J, Adelman JP (2004) Small 404 
conductance Ca2+ activated K+ channel knock-out mice reveal the identity of calcium-405 
dependent afterhyperpolarization currents. J Neurosci 24: 5301-5306. 406 
 407 
Buchanan KA, Petrovic MM, Chamberlain SE, Marrion NV, Mellor JR (2010) Facilitation of long-408 
term potentiation by muscarinic M1 receptors is mediated by inhibition of SK channels. Neuron 409 
68: 948-963. 410 
 411 
Cai X, Liang CW, Muralidharan S, Kao JP, Tang CM, Thompson SM (2004) Unique roles of SK and 412 
Kv4.2 potassium channels in dendritic integration. Neuron 44: 351-364. 413 
 414 
Cohen MR, Maunsell JH (2009) Attention improves performance primarily by reducing 415 
interneuronal correlations. Nat Neurosci 12: 1594-1600. 416 
 417 
Debanne D (2009) Plasticity of neuronal excitability in vivo. J Physiol 587: 3057-3058. 418 
 419 
Dennis SH, Pasqui F, Colvin EM, Sanger H, Mogg AJ, Felder CC, Broad LM, Fitzjohn SM, Isaac JT, 420 
Mellor JR (2016) Activation of muscarinic M1 acetylcholine receptors induces long-term 421 
potentiation in the hippocampus. Cereb Cortex 26: 414-426. 422 
 423 
Edgerton JR, Reinhart PH (2003) Distinct contributions of small and large conductance Ca2+ -424 
activated K+ channels to rat Purkinje neuron function. J Physiol 548: 53-69. 425 
 426 
Eggermann E, Kremer Y, Crochet S, Petersen CC (2014) Cholinergic signals in mouse barrel 427 
cortex during active whisker sensing. Cell Reports 9: 1654-1660. 428 
 429 
Elgersma Y, Fedorov NB, Ikonen S, Choi ES, Elgersma M, Carvalho OM, Giese KP, Silva AJ (2002) 430 
Inhibitory autophosphorylation of CaMKII controls PSD association, plasticity, and learning. 431 
Neuron 36: 493-505. 432 



 

 11 

 433 
Giessel AJ, Sabatini BL (2010) M1 muscarinic receptors boost synaptic potentials and calcium 434 
influx in dendritic spines by inhibiting postsynaptic SK channels. Neuron 68: 936-947. 435 
 436 
Grasselli G, He Q, Wan V, Adelman JP, Ohtsuki G, Hansel C (2016) Activity-dependent plasticity 437 
of spike pauses in cerebellar Purkinje cells. Cell Reports 14: 2546-2553. 438 
 439 
Gulledge AT, Stuart GJ (2005) Cholinergic inhibition of neocortical pyramidal neurons. J 440 
Neurosci 25: 10308-10320. 441 
 442 
Gymnopoulos M, Cingolani LA, Pedarzani P, Stocker M (2013) Developmental mapping of small-443 
conductance calcium-activated potassium channel expression in the rat nervous system. J 444 
Comp Neurol 522: 1072-1101. 445 
 446 
Hammond RS, Bond CT, Strassmaier T, Ngo-Ahn TJ, Adelman JP, Maylie J, Stackman RW (2006) 447 
Small-conductance Ca2+ -activated K+ channel type 2 (SK2) modulates hippocampal learning, 448 
memory, and synaptic plasticity. J Neurosci 26: 1844-1853. 449 
 450 
Hansel C, Linden DJ, D’Angelo E (2001) Beyond parallel fiber LTD: the diversity of synaptic and 451 
non-synaptic plasticity in the cerebellum. Nat Neurosci 4: 467-475. 452 
 453 
Heggelund P, Albus K (1978) Response variability and orientation discrimination of single cells in 454 
striate cortex of cat. Exp Brain Res 32: 197-211. 455 
 456 
Joshi A, Kalappa BI, Anderson CT, Tzounopoulos T (2016) Cell-specific cholinergic modulation of 457 
excitability of layer 5B principal neurons in mouse auditory cortex. J Neurosci 36: 8487-8499. 458 
 459 
Kennedy MB (2000) Signal-processing machines at the postsynaptic density. Science 290: 750-460 
754. 461 
 462 
Kirkwood A, Rozas C, Kirkwood J, Perez F, Bear MF (1999) Modulation of long-term synaptic 463 
depression in visual cortex by acetylcholine and norepinephrine. J Neurosci 19: 1599-1609. 464 
 465 
Lin MT, Lujan R, Watanabe M, Adelman JP, Maylie J (2008) SK2 channel plasticity contributes to 466 
LTP at Schaffer collateral-CA1 synapses. Nat Neurosci 11: 170-177. 467 
 468 
Madison DV, Lancaster B, Nicoll RA (1987) Voltage clamp analysis of cholinergic action in the 469 
hippocampus. J Neurosci 7: 733-741. 470 
 471 
Mahon S, Charpier S (2012). Bidirectional plasticity of intrinsic excitability controls sensory 472 
inputs efficiently in layer 5 barrel cortex neurons in vivo. J Neurosci 32: 11377-11389. 473 
 474 
Marder E, Abbott LF, Turrigiano GG, Liu Z, Golowasch J (1996) Memory from the dynamics of 475 
intrinsic membrane currents. Proc Natl Acad Sci USA 93: 13481-13486. 476 



 

 12 

 477 
Maylie J, Adelman JP (2010) Cholinergic signaling through synaptic SK channels: it’s a protein 478 
kinase but which one? Neuron 68: 809-811. 479 
 480 
McKay BM, Oh, MM, Galvez R, Burgdorf J, Kroes RA, Weiss C, Adelman JP, Moskal JR, Disterhoft 481 
JF (2012) Increasing SK2 channel activity impairs associative learning. J Neurophysiol 108: 863-482 
870. 483 
 484 
Moore SJ, Cooper DC, Spruston N (2009) Plasticity of burst firing induced by synergistic 485 
activation of metabotropic glutamate and acetylcholine receptors. Neuron 61: 287-300. 486 
 487 
Müller CM, Singer W (1989) Acetylcholine-induced inhibition in the cat visual cortex is mediated 488 
by a GABAergic mechanism. Brain Res 487: 335-342. 489 
 490 
Ngo-Anh TJ, Bloodgood BL, Lin M, Sabatini BL, Maylie J, Adelman JP (2005) SK channels and 491 
NMDA receptors form a Ca2+ -mediated feedback loop in dendritic spines. Nat Neurosci 8: 642-492 
649. 493 
 494 
Ohtsuki G, Piochon C, Adelman JP, Hansel C (2012) SK2 channel modulation contributes to 495 
compartment-specific dendritic plasticity in cerebellar Purkinje cells. Neuron 75: 108-120. 496 
 497 
Ohtsuki G, Hansel C (2018) Synaptic potential and plasticity of an SK2 channel gate regulate 498 
spike burst activity in cerebellar Purkinje cells. iScience 1: 49-54. 499 
 500 
Origlia N, Kuczewski N, Aztiria E, Gautam D, Wess J, Domenici L (2006) Muscarinic acetylcholine 501 
receptor knockout mice show distinct synaptic plasticity impairments in the visual cortex. J 502 
Physiol 577: 829-840.  503 
 504 
Park JY, Spruston N (2012) Synergistic actions of metabotropic acetylcholine and glutamate 505 
receptors on the excitability of hippocampal CA1 pyramidal neurons. J Neurosci 32: 6081-6091. 506 
 507 
Paz JT, Mahon S, Tiret P, Genet S, Delord B, Charpier S (2009). Multiple forms of activity-508 
dependent intrinsic plasticity in layer V cortical neurones in vivo. J Physiol 587: 3189-3205. 509 
 510 
Pedarzani P, Mosbacher J, Rivard A, Cingolani LA, Oliver D, Stocker M, Adelman JP, Fakler B 511 
(2001) Control of electrical activity in central neurons by modulating the gating of small 512 
conductance Ca2+ -activated K+ channels. J Biol Chem 276: 9762-9769. 513 
 514 
Rich RC, Schulman, H (1998) Substrate-directed function of calmodulin in autophosphorylation 515 
of Ca2+/calmodulin-dependent protein kinase II. J Biol Chem 273: 28424-28429. 516 
 517 
Rinaldo L, Hansel C (2013) Muscarinic acetylcholine receptor activation blocks long-term 518 
potentiation at cerebellar parallel fiber-Purkinje cell synapses via cannabinoid signaling. Proc 519 
Natl Acad Sci USA 110: 11181-11186. 520 



 

 13 

 521 
Rodriguez R, Kallenbach U, Singer W, Munk MH (2004) Short- and long-term effects of 522 
cholinergic modulation on gamma oscillations and response synchronization in the visual 523 
cortex. J Neurosci 24: 10369-10378. 524 
 525 
Rossner S, Kues W, Witzemann V, Schliebs R (1993). Laminar expression of m1-, m3- and m4-526 
muscarinic cholinergic receptor genes in the developing rat visual cortex using in situ 527 
hybridization histochemistry. Effect of monocular deprivation. Int J Develop Neurosci 11: 369-528 
378.   529 
 530 
Runfeldt MJ, Sadovsky AJ, MacLean JN (2014) Acetylcholine functionally reorganizes neocortical 531 
microcircuits. J Neurophysiol 112: 1205-1216. 532 
 533 
Sah P (1996) Ca2+ -activated K+ currents in neurones: types, physiological roles and 534 
modulation. Trends Neurosci 19: 150-154. 535 
 536 
Sah P, Faber ES (2002) Channels underlying neuronal calcium-activated potassium currents. 537 
Prog Neurobiol 66: 345-353. 538 
 539 
Santini E, Sepulveda-Orengo M, Porter JT (2012) Muscarinic receptors modulate the intrinsic 540 
excitability of infralimbic neurons and consolidation of fear extinction. Neuropsychopharmacol 541 
37: 2047-2056. 542 
 543 
Semon R (1904) Die Mneme als erhaltendes Prinzip im Wechsel des organischen Geschehens. 544 
(Leipzig: Wilhelm Engelmann). 545 
 546 
Softky WR, Koch C (1993) The highly irregular firing of cortical cells is inconsistent with temporal 547 
integration of random EPSPs. J Neurosci 13: 334-350. 548 
 549 
Sourdet V, Russier M, Daoudal G, Ankri N, Debanne D (2003) Long-term enhancement of 550 
neuronal excitability and temporal fidelity mediated by metabotropic glutamate receptor 551 
subtype 5. J Neurosci 23: 10238-10248. 552 
 553 
Stocker M, Krause M, Pedarzani P (1999) An apamin-sensitive Ca2+ -activated K+ current in 554 
hippocampal pyramidal neurons. Proc Natl Acad Sci USA 96: 4662-4667. 555 
 556 
Titley HK, Brunel N, Hansel C (2017) Toward a neurocentric view of learning. Neuron 95: 19-32. 557 
 558 
Triesch J (2007) Synergies between intrinsic and synaptic plasticity mechanisms. Neural Comput 559 
19: 885-909. 560 
 561 
Villalobos C, Shakkotai VG, Chandy KG, Michelhaugh SK, Andrade R (2004) SKCa channels 562 
mediate the medium but not the slow calcium-activated afterhyperpolarization in cortical 563 
neurons. J Neurosci 24: 3537-3542. 564 



 

 14 

 565 
Xia XM, Fakler B, Rivard A, Wayman G, Johnson-Pais T, Keen JE, Ishii T, Hirschberg B, Bond CT, 566 
Lutsenko S, Maylie J, Adelman JP (1998) Mechanism of calcium gating in small-conductance 567 
calcium-activated potassium channels. Nature 395: 503-507. 568 
 569 
Zhao Y, Tzounopoulos T (2011) Physiological activation of cholinergic inputs controls associative 570 
synaptic plasticity via modulation of endocannabinoid signaling. J Neurosci 31: 3158-3168. 571 
 572 
 573 
 574 
Figure Legends: 575 
 576 
 577 
Figure 1. Muscarinic signaling induces changes in intrinsic excitability through SK2 channels. A, 578 
Differential interference contrast (DIC) image of patch-clamp recording from a layer 2/3 579 
pyramidal neuron in a slice prepared from S1 cortex, scale bar = 10 m. B, Test protocol for 580 
intrinsic plasticity. A stable period of 5 minutes of baseline was collected where 500 ms pulses 581 
were delivered at 0.05 Hz, eliciting 4-8 spikes. Following this is a 5 min induction protocol, 582 
where oxo-m (or electrical stimulation in later figures) is applied to the slice. Following 583 
induction, cells are monitored with the same test pulses used in baseline. C, Example traces of 584 
baseline and post-induction for ACSF wash-on (control), oxo-m wash-on, and oxo-m wash-on in 585 
SK2KO cells. D, Time graph for changes in spiking relative to baseline for all three groups. oxo-586 
m/ACSF wash on occurs from minute 5-10. E, Bar graph of each groups change in spiking 587 
relative to baseline. oxo-m significantly increased from baseline (p=0.017), while ACSF and oxo-588 
m in SK2KO mice did not (p=0.68 and 0.57, respectively). Additionally, the increase observed in 589 
oxo-m was significantly greater than the changes observed in the ACSF and SK2KO oxo-m 590 
groups (p=0.021 and 0.042, respectively). 591 
 592 
 593 
Figure 2. Induction of intrinsic plasticity through somatic depolarization is SK2 dependent. A, 594 
Protocol for inducing changes in intrinsic plasticity, modeled off of Mahon & Charpier, 2012. As 595 
before, a test pulse of 500 ms is repeated at 0.05 Hz in order to induce 4-8 spikes. Following a 5 596 
min baseline, the induction protocol injects depolarizing current at 10 Hz (50 ms pulses), 597 
evoking 1-3 spikes per pulse for 1 second, followed by 2 seconds of holding current. This 3 598 
second sequence is repeated 100 times for a total of 5 minutes, and then test pulses identical 599 
to baseline are again delivered to monitor for changes in excitability. B, Example traces of WT 600 
neurons and SK2KO neurons before and after the induction protocol. C, Time graph for changes 601 
in spiking relative to baseline, induction protocol occurs from minute 5-10. D, Bar graph for 602 
change in spiking relative to baseline. WT significantly increased from baseline, while SK2KO did 603 
not (p=0.0028 and p=0.55, respectively). The increase observed in WT cells was significantly 604 
greater than the changes observed in the SK2KO group (p=0.044). 605 
 606 
 607 
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Figure 3. Induction of intrinsic plasticity is CaMKII independent. A, Example traces of WT 608 
neurons and T305D neurons before and after the induction protocol. The induction protocol 609 
was modified from somatic depolarization where an extracellular stimulus was used in lieu of 610 
somatic stimulation (further details in text). B, Time graph for changes in spiking relative to 611 
baseline, induction protocol occurs from minute 5-10. C, Bar graph for change in spiking relative 612 
to baseline. WT and T305D both significantly increased from baseline (p=0.048 and 0.040, 613 
respectively). The comparative increase between these two groups was not significantly 614 
different (p=0.27). 615 
 616 
 617 
Figure 4. The role of PKA and CK2 in regulating SK2 channels in intrinsic plasticity. A, Example 618 
traces for cells treated with H89, a PKA inhibitor that was present in the bath for the duration of 619 
the experiment. B, Time graph for changes in spiking relative to baseline. Either somatic 620 
depolarization or oxo-m was applied from minute 5-10. C, Example traces for cells treated with 621 
TBB, a CK2 inhibitor that was present in the bath for the duration of the experiment. D, Time 622 
graph for changes in spiking relative to baseline. Either somatic depolarization or oxo-m was 623 
applied from minute 5-10. E, Bar graph for depolarization-induced changes in spiking relative to 624 
baseline. Both H89 and TBB bath application prevented intrinsic plasticity. F, Bar graph for oxo-625 
m –induced changes in spiking relative to baseline. H89, but not TBB, prevented intrinsic 626 
plasticity. *p<0.05. 627 
 628 
 629 
Figure 5. Intersection of somatic and muscarinic activation. A, Example trace of a cell that 630 
received somatic depolarization while oxo-m was in the bath. B, Time graph for changes in 631 
spiking relative to baseline, somatic and oxo-m stimulation occurs at minute 5-10. C, Bar graph 632 
for change in spiking relative to baseline. Combined stimulation was significantly different from 633 
baseline (p=4.9x10-4), and significantly different from somatic or oxo-m stimulation alone 634 
(p=0.035 and 0.044, respectively). D, Diagram for how somatic depolarization and muscarinic 635 
pathways overlap and interact with SK2 channels. E, Difference in initial firing rate for somatic 636 
and synaptic induction protocols. Both groups increased their firing rate per sweep from 637 
baseline to post (p=0.002 and 0.020, respectively). F, Spike attenuation ratios for somatic and 638 
synaptic induction protocols. The spike attenuation ratio is a ratio of the spiking that takes 639 
place in the first half of the sweep, and decreases for both somatic and synaptic cell groups 640 
(p=0.045 and 0.034, respectively). G, Shift in attenuation ratio is strongly correlated to change 641 
in intrinsic excitability. All cells from groups which had ACSF in the bath during baseline and 642 
post are plotted, indicating a strong connection between firing later in sweeps and intrinsic 643 
plasticity (p=3.8x10-4). 644 
 645 
 646 
 647 












