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Abstract 30 

Neuronal excitability in the vertebrate brain is governed by the coordinated activity of 31 

both ligand- and voltage-gated ion channels. In the cerebellum, spontaneous action 32 

potential (AP) firing of inhibitory stellate cells (SCs) is variable, typically operating within 33 

the 5-30 Hz frequency range. AP frequency is shaped by the activity of somatodendritic A-34 

type K+ channels and the inhibitory effect of GABAergic transmission. An added 35 

complication, however, is that whole-cell recording from SCs induces a time-dependent 36 

and sustained increase in membrane excitability making it difficult to define the full range 37 

of firing rates. Here, we show that whole-cell recording in cerebellar SCs of both male and 38 

female mice augments firing rates by reducing the membrane potential at which APs are 39 

initiated. AP threshold is lowered due to a hyperpolarizing shift in the gating behavior of 40 

voltage-gated Na+ channels. Whole-cell recording also elicits a hyperpolarizing shift in the 41 

gating behavior of A-type K+ channels which contributes to increased firing rates. Hodgkin-42 

Huxley modeling and pharmacological experiments reveal that gating shifts in A-type K+ 43 

channel activity do not impact AP threshold, but rather promote channel inactivation 44 

which removes restraint on the upper limit of firing rates. Taken together, our work 45 

reveals an unappreciated impact of voltage-gated Na+ channels that work in coordination 46 

with A-type K+ channels to regulate the firing frequency of cerebellar SCs. 47 

 48 

 49 

 50 

 51 

 52 
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Significance Statement (120 of 120 words) 53 

The cerebellum is a brain region that fulfills critical roles in motor function in adults as well 54 

as being linked to neurodevelopmental disorders in the developing brain. Significant 55 

attention has been directed towards understanding connectivity within the cerebellum 56 

and how its neuronal circuits are regulated. Stellate cells are inhibitory GABAergic 57 

interneurons that make-up neuronal circuits that control the output from the cerebral 58 

cortex by regulating the firing properties of Purkinje cells. The strength of GABAergic 59 

inhibition of Purkinje cells is governed by the excitability of stellate cells which fire action 60 

potentials at a wide range of frequencies. Our study reveals an unappreciated role of 61 

voltage-gated sodium channels that work in coordination with A-type K+-channels to 62 

establish stellate cell firing rates.            63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 
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Introduction 71 

Cerebellar stellate cells (SCs) are GABAergic interneurons that exert inhibitory tone onto 72 

both Purkinje cells (PCs) and SCs to shape motor function in awake, behaving animals 73 

(Astorga et al., 2017; Gaffield & Christie, 2017). Investigations into the physiological 74 

activity of SCs both in vitro and in vivo have estimated their action potential (AP) firing 75 

rates to be in the range of 5 – 30 Hz (Armstrong & Rawson, 1979; Midtgaard, 1992; 76 

Hausser & Clark, 1997; Carter & Regehr, 2002), with some studies reporting even lower 77 

spontaneous rates (Jorntell & Ekerot, 2003; Liu et al., 2014). SCs are also highly sensitive 78 

to minimal amounts of synaptic input (Carter & Regehr, 2002; Jorntell & Ekerot, 2003), 79 

suggesting that the excitability of SCs is finely tuned to ensure that their target cells 80 

receive robust and reliable feedforward inhibition. 81 

 82 

Several molecular mechanisms have been shown to modulate the excitability of SCs. For 83 

example, elevations in cytosolic Ca2+ mediated by T-type voltage gated Ca2+ channels 84 

(VGCCs) have been shown to dynamically regulate the firing rates of SCs by modulation of 85 

somatodendritic A-type K+ channels (Molineux et al., 2005; Anderson et al., 2013). Firing 86 

rates are further controlled by neurochemical transmission. The inhibitory tone of GABAA 87 

receptors constrains AP firing (Hausser & Clark, 1997) whereas the prolonged 88 

depolarization by NMDA-type ionotropic glutamate receptors (Liu et al., 2014) activates 89 

axonal VGCCs (Christie & Jahr, 2008) and promotes GABA release (Glitsch & Marty, 1999; 90 

Duguid & Smart, 2004; Liu & Lachamp, 2006). To complicate matters, the firing rates of 91 
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SCs are also affected by patch-clamp recording conditions. The intrinsic excitability of SCs 92 

increases in a time-dependent manner in cell-attached recordings (Alcami et al., 2012). 93 

The molecular events that give rise to this increase in excitability are still not fully 94 

understood, although observations in other cell types have demonstrated that patch 95 

breakthrough during whole-cell recording can cause unintended changes to ion channel 96 

gating and activity, including an effect on voltage-gated Na+ channels (Fenwick et al., 97 

1982; Dani et al., 1983; Fernandez et al., 1984; Vandenberg & Horn, 1984; Townsend et 98 

al., 1997). Whether a similar mechanism accounts for increased firing in SCs in whole-cell 99 

recordings has yet to be investigated. 100 

 101 

Here, we have elucidated the molecular events responsible for the increase in excitability 102 

of SCs in whole-cell recording conditions. Using a combination of brain slice patch-clamp 103 

electrophysiology and Hodgkin-Huxley modeling, we show that shifts in the gating 104 

properties of voltage-gated Na+ channels cause an increase in SC excitability by promoting 105 

AP firing at more hyperpolarized potentials. These events occur concurrently with a 106 

hyperpolarizing shift in A-type K+ channel gating which reduces the number of channels 107 

available for activation, and thus contributes to increased AP firing. Taken together, our 108 

data identify an unappreciated role of voltage-gated Na+ channels that work in 109 

coordination with somatodendritic A-type K+ channels to upregulate SC excitability upon 110 

whole-cell recording.  111 

 112 
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Methods 113 

 114 

Ethical approval 115 

All experiments have been approved by the Animal Care Committee of McGill University 116 

and were performed in accordance with the guidelines of the Canadian Council on Animal 117 

Care. 118 

 119 

Animals 120 

Wild-type mice with a C57BL/6J background (RRID:IMSR_JAX:000664) were obtained from 121 

Jackson Laboratories (Bar Harbor, USA) and maintained as a breeding colony at McGill 122 

University. Both male and female wild-type mice were used for experiments and ranged 123 

from postnatal days 18 to 30.  124 

 125 

Slice preparation 126 

Mice were anesthetized with isoflurane and immediately decapitated. A block of 127 

cerebellar vermis was rapidly dissected from the mouse head and submerged in ice-cold 128 

cutting solution perfused with carbogen gas (95% O2, 5% CO2). Cutting solution contains 129 

(in mM): 235 sucrose, 2.5 KCl, 1.25 NaH2PO4, 28 NaHCO3, 0.5 CaCl2, 7 MgCl2, 28 D-glucose, 130 

1 ascorbic acid, 3 sodium pyruvate (pH 7.4; 305–315 mOsmol/L). The block of vermis is 131 
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then fastened to a platform, transferred to the slicing chamber and again submerged in 132 

ice-cold cutting solution, bubbled with carbogen throughout the remainder of the 133 

procedure. Thin slices of cerebellar vermis (300 μm) were obtained with a vibrating tissue 134 

sectioner (Leica VT1200; Leica Instruments, Nussloch, Germany). The slices were 135 

transferred to oxygenated artificial cerebrospinal fluid (aCSF) and held at room 136 

temperature (21°C-23°C) for at least 1 h before recordings were performed. aCSF 137 

contained the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3, 2 CaCl2, 1 138 

MgCl2, 25 D-glucose (pH of 7.4; 305–315 mOsmol/L). 139 

 140 

Electrophysiology 141 

Slice experiments were performed on an Olympus BX51 upright microscope (Olympus, 142 

Southall, UK) equipped with differential interference contrast/infrared optics. Whole-cell 143 

patch-clamp recordings were made from visually-identified stellate, granule or Purkinje 144 

cells in acute sagittal slices of cerebellar vermis. Stellate cells (SCs) were distinguished 145 

from misplaced or migrating granule, glial or basket cells by their small soma diameter (8–146 

9 μm), location in the outer two-thirds of the molecular layer and whole-cell capacitance 147 

measurement (4-12 pF). Granule cells were identified based on location in the granule 148 

layer (immediately less superficial to the Purkinje layer), small soma size and whole-cell 149 

capacitance measurement (1-3 pF). Purkinje cells were identified based on large relative 150 

size, location in the Purkinje monolayer and whole-cell capacitance measurement (25-35 151 
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pF). Patch pipettes were prepared from thick-walled borosilicate glass (GC150F-10, OD 1.5 152 

mm, ID 0.86 mm; Harvard Apparatus Ltd, Kent, UK) and had open tip resistances of 4–7 153 

MΩ when filled with an intracellular recording solution. Recordings were performed using 154 

a Multiclamp 700A amplifier (Molecular Devices, Sunnyvale, CA, USA) at a holding 155 

potential of -70 mV (stellate and Purkinje) or -80 mV (granule). Series resistance and 156 

whole-cell capacitance were estimated by cancelling the fast transients evoked at the 157 

onset and offset of brief (10 ms) 5 mV voltage-command steps. Access resistance during 158 

whole-cell recording (7–25 MΩ) was compensated between 60 and 80% and checked for 159 

stability throughout the experiments (~15% tolerance). Recordings where pipette offset 160 

changed by more than 3 mV were excluded. Liquid junction potential was not corrected 161 

for. The bath was continuously perfused at room temperature (21–23 °C) with aCSF at a 162 

rate of 1–2 mL/min. Currents were filtered at 5 kHz with an eight-pole low-pass Bessel 163 

filter (Frequency Devices, Haverhill, MA, USA) and digitized at either 25 or 100 kHz with a 164 

Digidata 1322A data acquisition board and Clampex 10.1 (pClamp, RRID:SCR_011323) 165 

software. For voltage-clamp recordings, the online P/N leak-subtraction suite in Clampex 166 

10.1 was used to assess voltage-gated responses. 167 

 168 

For recording voltage-dependence of activation of A-type K+ current ( ) a protocol was 169 

applied consisting of 500 ms steps evoked from a holding potential of -100 mV, ranging 170 

from -100 mV to +20 mV in 10 mV increments. An inactivation protocol was applied 171 

consisting of 500 ms prepulse steps ranging from -120 mV to -30 mV in 5 mV increments, 172 
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followed by a probe step to -20 mV to assess channel availability. For recording voltage-173 

dependence of activation of delayed rectifier K+ current ( ), a protocol was applied 174 

consisting of 1 s steps evoked from a holding potential of -50 mV, ranging from -50 mV to 175 

+40 mV in 5 mV increments. The holding potential of -50 mV was chosen in order to 176 

selectively inactivate , because of its relatively hyperpolarized V1/2 inactivation, and 177 

study a more isolated . For recording voltage-dependence of activation of Na+ current 178 

( ), a protocol designed to circumvent space-clamp errors in neurons was used (Milescu 179 

et al., 2010) consisting of a 5 ms suprathreshold step from -80 mV to -35 mV in order to 180 

evoke an action current, followed by a ~1 ms step to -60 mV, followed by 100 ms steps 181 

ranging from -80 mV to +30 mV in 5 mV increments. To measure steady-state channel 182 

availability, an inactivation protocol consisting of 100 ms steps ranging from -110 mV to -183 

20 mV in 5 mV increments, followed by a probe step to -20 mV. 184 

 185 

Recording solutions 186 

All chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA) unless otherwise 187 

indicated. Internal pipette solution for most current-clamp experiments as well as voltage-188 

clamp experiments, both whole-cell and nucleated patch, examining  in SCs contained 189 

(in mM): 126 K-gluconate, 5 HEPES, 4 NaCl, 15 D-glucose, 0.05 CaCl2, 1 MgSO4, 0.15 K4-190 

BAPTA, 2 Mg-ATP, 0.1 Na-GTP (adjusted to pH 7.4 with KOH, 300-310 mOsmol/L). 191 

experiments had external aCSF supplemented with 100 nM tetrodotoxin (TTX) to block 192 



 

10 
 

AP firing, as well as 5 mM 4-aminopyridine (4-AP) to limit the activity of -mediating 193 

channels. In one set of experiments, all K-gluconate in this internal solution was 194 

substituted for K-methanesulfonate to examine the effect of different anions on intrinsic 195 

membrane properties. Pipette solution for voltage-clamp experiments, both whole-cell 196 

and nucleated patch, examining  contained (in mM): 140 KCl, 10 HEPES, 2.5 MgCl2, 0.15 197 

K4-BAPTA (adjusted to pH 7.4 with KOH, 300-310 mOsmol/L). For these experiments, the 198 

external aCSF was supplemented with 5 mM TEA-Cl and 2 mM CsCl to block non- -199 

mediating K+ channels, and 100 nM TTX to block AP firing. Pipette solution for voltage-200 

clamp experiments examining  contained (in mM): 110 Cs-methanesulfonate, 5 HEPES, 201 

4 NaCl, 15 D-glucose, 0.05 CaCl2, 0.15 Cs4-BAPTA, 4 Mg-ATP, 0.1 Na-GTP, 10 TEA-Cl, 10 4-202 

AP (adjusted to pH 7.4 with CsOH, 300-310 mOsmol/L). Pipette solution for voltage-clamp 203 

experiments examining  in excised membrane patches contained (in mM): 140 CsCl, 10 204 

HEPES, 10 EGTA, 2 MgCl2, 2 Na2-ATP (adjusted to pH 7.4 with CsOH, 300-310 mOsmol/L). 205 

Free Ca2+ concentration for all current-clamp internal solutions was calculated to be ~100 206 

nM using MaxChelator freeware (Bers et al., 2010). For all experiments investigating , 207 

the external aCSF was supplemented with 100 μM CdCl2 and 1 μM Mibefradil 208 

dihydrochloride (Tocris Bioscience, Ellisville, MO, USA) to block voltage-gated calcium 209 

channels. Additional current-clamp experiments were performed in the presence of 210 

hyperpolarization-activated cyclic nucleotide-gated channel (HCN) blocker ZD 7288 in the 211 

aCSF (20 μM; Tocris Bioscience). Except where indicated, all experiments were performed 212 

in the presence of fast excitatory and inhibitory synaptic blockers: NMDA receptor 213 
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antagonist D-(-)-2-Amino-5 phosphonopentanoic acid (D-APV; 10 μM), AMPA/kainate 214 

receptor antagonist 2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-215 

sulfonamide (NBQX; 10 μM), and GABAA receptor antagonist bicuculline (BIC; 10 μM), all 216 

of which were purchased from Abcam (Cambridge, UK). 217 

 218 

Mathematical model 219 

A modified Hodgkin-Huxley type model was adopted from Molineux et al. (2005) and 220 

Anderson et al. (2010). The model consists of 5 ionic currents, including , , , T-type 221 

Ca2+ current ( ) and nonspecific leak current ( ). The A-type K+ and T-type Ca2+ current 222 

were added in Molineux et al. (2005) to capture biphasic first spike latency profile. The 223 

resulting voltage equation associated with this model is expressed as 224 

, 225 

where  is the membrane capacitance per unit area and  is the applied current. The 226 

kinetics of the various ionic currents included in the model are as described below 227 

(Molineux et al., 2005; Anderson et al., 2010): 228 

(1) Fast activating Na+ current: 229 

, 230 
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with maximum conductance  and Nernst potential for Na+ . Its gating is governed 231 

by both the steady state activation function  232 

 

and the inactivation variable  satisfying the dynamic equation 233 

 

where  is the steady state inactivation function given by  234 

 

and   is its time constant described by the Lorentzian function  235 

 

(2) Delayed rectifier K+ current:  236 

, 237 

with maximum conductance  and Nernst potential for K+ . The gating of this current 238 

is governed by the activation variable  only, which satisfies the dynamic equation  239 

 

where  is the steady state activation function given by 240 
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and  is its time constant defined by 241 

 

(3) A-type K+ current: 242 

 

with maximum conductance  and Nernst potential . Its activation/inactivation 243 

kinetics are governed by the gating variables  and , respectively, each satisfying the 244 

dynamic equations  245 

 

and 246 

 

where  and  are, respectively, the steady state activation and inactivation 247 

functions given by 248 

            and     , (1) 

and  and  are their corresponding time constants that are independent of 249 

membrane voltage .  250 
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(4) Fast activating T-type Ca2+ current: 251 

, 252 

with maximum conductance  and Nernst potential for Ca2+ . Its gating is governed by 253 

the steady state activation function  254 

 

and the inactivation variable  satisfying the dynamic equation 255 

 

where  is the steady state inactivation function given by  256 

 

and   is its voltage-independent time constant. 257 

(5) Non-specific leak current: 258 

 

with constant maximum conductance  and Nernst potential . 259 

The model is thus described by a six-dimensional system representing the time-dependent 260 

membrane voltage  and the five time-dependent gating variables  and .   261 

Model parameter values 262 



 

15 
 

Simulations of the model using parameter values listed in Molineux et al. (2005) and 263 

Anderson et al. (2010) produced cycles of action potentials in the plane that 264 

did not match the activities at either baseline (0 min) or the activities after the increase in 265 

excitability (data not shown). To capture the dynamics of the increase in excitability, we 266 

first fitted the expressions of  and  to the steady state activation/inactivation 267 

kinetic data of  prior to and after the shift (seen in Fig. 6B,D), then used the full model to 268 

manually fit its numerical simulations to baseline data prior to the increase in excitability. 269 

This was done in two sequential steps: (i) by first capturing all features of the AP cycles in 270 

the plane at baseline, followed by (ii) matching the firing frequency obtained 271 

from the temporal profiles of membrane voltage. We will refer to this model associated 272 

with baseline data as the “baseline” model. To capture all features of the AP cycle after 273 

the increase in excitability (i.e, after 25 min), we identified the list of all parameters that 274 

need to be adjusted to produce these features in the plane and the higher 275 

firing frequency. Because our analysis revealed that the T-type Ca2+ current played a minor 276 

role in inducing the increase in excitability within the model, we left the kinetic 277 

parameters of activation/inactivation of  listed in Molineux et al. (2005) and Anderson et 278 

al. (2010) unchanged for both prior to and after the increase in excitability. The reversal 279 

potentials of Na+, K+ and Ca2+ were also left unchanged. As for the remaining parameters, 280 

they were estimated based on fitting and parsimony. The resulting model that produced 281 

the increase in excitability will be referred to hereafter as “revised” model. The list of all 282 
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parameter values for the baseline and revised models are provided in Table 1. Simulations 283 

were run in Mathematica 11.2 (Wolfram Mathematica, RRID:SCR_014448). 284 

Experimental design and statistical analysis 285 

Paired t-tests were used to compare electrophysiological data recorded at baseline and 286 

after 25 minutes (step-evoked AP frequency, AP threshold, AP cycle parameters, V1/2 287 

values for ). In the cases of  and  gating properties, a two-way mixed design 288 

ANOVA was used with Tukey’s post hoc test to compare patch configuration data 289 

(nucleated and whole-cell) between groups while comparing data over time (baseline and 290 

25 minutes) within each group. For each experimental group, recordings from a minimum 291 

of 5 cells from a minimum of 3 animals were collected. Analysis was not blinded. 292 

Voltage-dependence of activation for all current types was analyzed by first calculating 293 

conductance ( ) values from the peak currents elicited by each respective activation 294 

protocol using the formula: 295 

 

where  is the peak current of current type  (ie. , , ) evoked at membrane 296 

potential , and  is the reversal potential of current type . Conductance-voltage 297 

relationships for each current type were then fit to a Boltzmann function using the 298 

formula: 299 



 

17 
 

 

where  is the conductance at membrane potential  for current type ,  is the 300 

maximum conductance for current type ,  is the membrane potential where  is 301 

50% of , and  is the slope factor. Boltzmann fits were performed for each time point 302 

in each cell in order to calculate normalized conductance values. Summary conductance-303 

voltage relationships for each current type were calculated by averaging the normalized 304 

conductance values across all cells in the dataset. V1/2 values reported in the Results 305 

section for each current type were calculated by fitting the normalized conductance 306 

averages. 307 

 308 

Data are reported as mean +/- SEM. Significance was denoted with * p < 0.05, ** p < 0.01 309 

and *** p < 0.001. All fitting was performed with Origin 7.0 (Microcal Origin, 310 

RRID:SCR_002815). Statistical analyses were performed using SPSS 17.0 (SPSS, 311 

RRID:SCR_002865). 312 

 313 

  314 
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Results 315 

Action potential firing in cerebellar stellate and granule cells, but not Purkinje cells, 316 

increases during whole-cell recording 317 

To examine time-dependent changes in membrane excitability, whole-cell patch-clamp 318 

recordings were obtained from 3 types of visually-identified cerebellar neurons, namely 319 

stellate, granule and Purkinje cells (Fig. 1A-C). After obtaining the whole-cell current-320 

clamp configuration, negative current was injected into each neuron to maintain the 321 

membrane potential at -70 or -80 mV (see Methods). To assess membrane excitability 322 

following breakthrough, incremental depolarizing current steps were applied within the 323 

first minute (termed baseline), and then once every 5 minutes during a typical 25 minute 324 

recording (Fig. 1A-F). 325 

 326 

Under these conditions, both stellate and granule cells fired many more action potentials 327 

(APs) at the 25 minute time point (Fig. 1D,E). For example, in stellate cells (SCs), AP 328 

frequency evoked by a 16 pA current step at baseline was 9.8 ± 2.9 Hz versus 30.0 ± 5.6 Hz 329 

after 25 minutes (t = 4.73, p < 0.001; n = 11 cells) (Fig. 1A,D). In contrast, firing rates in 330 

Purkinje cells remained stable throughout the recording (Fig. 1C,F) but required larger 331 

step depolarizations to elicit APs. For example, AP frequency evoked by a 400 pA step at 332 

baseline was 59.1 ± 6.1 Hz versus 56.9 ± 4.2 Hz after 25 minutes (t = -0.88, p = 0.41; n = 7 333 

cells). The increase in AP frequency in SCs was not accompanied by a change in input 334 
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resistance (1011 ± 148 MΩ at baseline vs. 967 ± 137 MΩ at 25 min; t = -1.21, p = 0.26; n = 335 

11 cells) or resting membrane potential (-50.6 ± 1.3 mV at baseline vs. -52.2 ± 1.6 mV at 25 336 

min; t = -1.33, p = 0.23; n = 7 cells) suggesting that the increase in membrane excitability 337 

was primarily due to changes in the activity of active membrane conductances (i.e. ion 338 

channels). In contrast, the increase in step-evoked AP frequency in granule cells (Fig. 1B,E; 339 

16 pA step: 1.2 ± 1.2 Hz at baseline vs. 25.2 ± 6.7 Hz at 25 min; t = 4.07, p = 0.015; n = 5 340 

cells) was accompanied by a concurrent increase in membrane input resistance (44.5 ± 341 

13.4% increase, n = 3 cells). Given this, we focused the rest of our study on SCs to pinpoint 342 

the molecular events that give rise to the increase in membrane excitability. 343 

 344 

A closer examination of SC recordings revealed a decrease in spike latency in response to 345 

current injection (Fig. 2A) at all current step amplitudes tested (Fig. 2B). For example, the 346 

latency to first spike in response to a 16 pA current step at baseline was 89.9 ± 14.4 ms 347 

versus 37.1 ± 9.5 ms at 25 min (t = -6.68, p < 0.001; n = 11 cells). To measure the shift 348 

precisely, we used a 1 s current ramp protocol to monitor the membrane potential at the 349 

initiation of the AP upstroke. To ensure that the ramp protocol had no direct effect on 350 

spike threshold, the protocol began with a 5 pA ramp that increased 5 times in increments 351 

of 5 pA. The threshold for each cell was then calculated by averaging the value obtained at 352 

each ramp amplitude. For comparison, we also repeated these experiments on both 353 

granule (not shown) and Purkinje cells (Fig. 2D,E). As anticipated, SCs exhibited a shift in 354 

AP threshold starting at -39.7 ± 0.9 mV following breakthrough and hyperpolarizing to -355 
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48.2 ± 1.3 mV at 25 min (Fig. 2C,E; t = -15.74, p < 0.001; n = 12 cells). Granule cells 356 

exhibited an even more substantial hyperpolarizing shift in AP threshold (-35.9 ± 0.6 mV at 357 

baseline vs. -52.5 ± 2.1 mV at 25 min; t = -7.31, p < 0.001; n = 6 cells) whereas the 358 

threshold in Purkinje cells remained constant (-48.5 ± 1.5 mV at baseline vs. -49.5 ± 1.4 359 

mV at 25 min; t = -.073, p = 0.51; n = 5 cells) (Fig. 2E).  360 

To ensure that the excitability increase in SCs was present in physiologically relevant 361 

conditions, the temperature of the aCSF perfusion was raised to near-physiological level 362 

(33-34 °C) and current-clamp experiments were repeated. SCs at elevated ambient 363 

temperatures still exhibited hyperpolarizing AP thresholds that closely resembled those at 364 

room temperature (-37.4 ± 1.7 mV at baseline vs. -47.4 ± 1.9 mV at 20 min; t = 10.04, p < 365 

0.001; n = 5 cells). Lastly, since others have noted that internal anions can affect intrinsic 366 

membrane properties of neurons during whole-cell recording (Kaczorowski et al., 2007), 367 

we repeated current-clamp experiments in SCs using a K-methanesulfonate-based 368 

intracellular solution in place of the initial K-gluconate version. Although slightly 369 

hyperpolarized at baseline compared to gluconate, the presence of methanesulfonate did 370 

not prevent the decrease of AP threshold over the duration of patch-clamp recording (-371 

42.8 ± 1.1 mV at baseline vs. -51.0 ± 1.8 mV at recording endpoint; t = 6.14, p < 0.001; n = 372 

7 cells). 373 

 374 
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Modified Hodgkin-Huxley model predicts a dominant role for voltage-gated Na+ 375 

channels 376 

To better understand the change in excitability of SCs, we used a modified Hodgkin-Huxley 377 

model to examine the potential impact of ion channels that are likely to be involved. The 378 

model was based on a previous study that included a voltage-gated Na+ current ( ), a 379 

delayed rectifier K+ current ( ), an A-type K+ current ( ), a T-type Ca2+ current ( ) and a 380 

leak current ( ) (Molineux et al., 2005). The A-type K+ and T-type Ca2+ currents were 381 

specifically included in the model as they have been shown to play key roles in 382 

determining first spike latencies (Molineux et al., 2005; Anderson et al., 2010; Anderson et 383 

al., 2013). The model parameters were then adjusted to match observations of 384 

spontaneous AP firing at the beginning of SC recordings (see Methods). 385 

 386 

To provide an accurate experimental baseline to use as a template for modeling 387 

spontaneous AP firing, gap-free recordings from multiple SCs were made in the absence of 388 

injected current (Fig. 3 and 4A). In line with the previous current step and ramp 389 

experiments, spontaneous AP firing in all SCs increased significantly over 25 minutes (Fig. 390 

3A and 4A; 12.5 ± 3.2 Hz at baseline vs. 17.9 ± Hz at 25 min; t = 2.60, p = 0.041; n = 7 cells). 391 

The AP cycle, which was obtained from these data by taking the derivative of the 392 

measured voltage plotted against membrane potential (Fig. 3A and 4B), revealed two 393 

defining characteristics of time-dependent changes in AP shape: (i) a negative shift in AP 394 
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upstroke, indicating the hyperpolarization of spike threshold (Fig. 3B, yellow box; defined 395 

as dV/dt = 10 mV/ms); (ii) a reduction in the peak of the AP cycle where it intersects with 396 

the voltage-axis (Fig. 3B, green box). These measurements were compared over multiple 397 

SCs, demonstrating significant differences in AP threshold (Fig. 3C; -38.7 ± 1.3 mV at 398 

baseline vs. -44.5 ± 1.7 at 25 min; t = -11.25, p < 0.001; n = 7 cells) as well as AP maximum 399 

(Fig. 3C; -2.7 ± 2.4 mV at baseline vs. -11.5 ± 2.1 mV at 25 min; t = -4.41, p = 0.0045; n = 7 400 

cells). The change in after-hyperpolarization (AHP) minimum (Figs. 3B, light blue box) was 401 

variable across cells (3 examples in Fig. 3A), but this was not significant (Fig. 3C; -55.4 ± 1.3 402 

mV at baseline vs. -56.5 ± 1.5 mV at 25 min; t = -0.88, p = 0.41; n = 7 cells). Together, these 403 

findings identify three cardinal features that are observed during whole-cell recording 404 

from SCs: (i) an increase in spontaneous AP frequency, (ii) a hyperpolarizing shift of AP 405 

threshold and (iii) a hyperpolarizing shift in the AP maximum.  406 

 407 

To examine the potential impact of each ionic current, we systematically modified their 408 

activation and inactivation kinetic parameters in the baseline model and compared the 409 

resulting AP cycle with experimental data. For example, a symmetrical negative shift of 410 

both activation ( ) and inactivation ( ) functions of , obtained by decreasing both 411 

 and  by -2.5 mV, yielded a ~50%  increase in AP firing frequency but no change in 412 

the shape of the AP cycle (Fig. 4C). Likewise, shifts in either activation (Fig. 4D) or 413 

inactivation (Fig. 4E) functions of  separately showed substantial shifts in firing 414 
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frequency without altering the AP cycle shape or threshold. A negative shift in the 415 

activation function ( ) of , obtained by decreasing  by -2.5 mV, resulted in no 416 

change in AP firing frequency but produced a leftward extension of the AHP in the AP 417 

cycle (Fig. 4F). Shifting either the activation function (Fig. 4G) or inactivation 418 

function (Fig. 4H) of , obtained by decreasing each  and  separately by -2.5 419 

mV, had little effect on AP firing frequency (where only an ~20% increase in the former 420 

and a ~20% decrease in the latter were observed) and no effect on the AP cycle. Given 421 

this, we concluded that T-type Ca2+ channels are unlikely to contribute to the temporal 422 

increase in excitability of SCs. Although the A-type K+ channel may contribute to the 423 

increase in AP firing rates, other ion channels must be responsible for the hyperpolarizing 424 

shift in AP threshold. 425 

 426 

Modification of the model parameters defining  had a substantial impact on AP firing 427 

and the AP cycle profile (Fig. 5). Identical negative shifts in both activation and inactivation 428 

parameters resulted in a concomitant shift in the AP cycle upstroke as well as an increase 429 

in AP firing frequency, although a reduction in the AP maximum was absent (Fig. 5A). 430 

Likewise, a differential left-shift in favor of the activation function (given by -5 mV for 431 

activation and -2.5 mV for inactivation) produced a ~80% increase in AP firing frequency, 432 

but was unable to generate a reduction in AP maximum (Fig. 5B). In contrast, a differential 433 

left-shift in favor of inactivation resulted in a ~100% increase in AP firing as well as 434 
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reproducing the profile of the AP cycle similar to that observed experimentally (Fig. 5C). 435 

Taken together, the model suggests that hyperpolarizing shifts in the gating properties of 436 

 alone can account for the increase in firing rate as well as the characteristic AP cycle 437 

changes exhibited by SCs during patch-clamp recording.  438 

 439 

 440 

Stellate cell excitability is accompanied by gating shifts in , but not  441 

To directly test the prediction of the model, we used customized activation and 442 

inactivation voltage-clamp protocols to isolate two subtypes of K+ current,  and  (Figs. 443 

6 and 7, see Methods). Since it can be problematic to accurately measure voltage-gated 444 

ion channel activity in highly ramified structures such as neurons, we repeated 445 

experiments in nucleated patches where a more faithful voltage-clamp control can be 446 

achieved. In whole-cell recordings, we observed a significant time-dependent shift in the 447 

voltage-dependence of both activation and inactivation of  (Fig. 6B,D). From Boltzmann 448 

fits of conductance-voltage relationships, V1/2 activation of  shifted from -25.8 ± 2.4 mV 449 

at baseline to -39.1 ± 2.6 mV after 25 minutes (F = 7.07, p < 0.001, Tukey’s post-hoc test; n 450 

= 7 cells), while V1/2 inactivation changed from -80.7 ± 2.8 mV at baseline to -95.3 ± 4.6 mV 451 

at 25 minutes (t = -11.91, p < 0.001; n = 7 cells). Plotting the normalized changes in V1/2 452 

measurements between baseline and after 25 minutes for individual cells yielded a 453 

comparable result (Fig. 6E; ΔV1/2 activation: -15.7 ± 2.7 mV; ΔV1/2 inactivation: -16.2 ± 1.5 454 
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mV). Since the changes in V1/2 activation and V1/2 inactivation are very similar, this 455 

produced a hyperpolarizing shift in the window current of about -11 mV with the midpoint 456 

moving from -62.5 mV to -73.5 mV (Fig. 6F). Interestingly, the shift in the voltage-457 

dependence of activation of  was completely lost in nucleated patches suggesting that 458 

the time-dependent change in the gating properties of  is probably mediated by a 459 

cytoplasmic signaling pathway, such as phosphorylation (Fig. 6G,H). The V1/2 activation 460 

was -19.6 mV at baseline and -19.3 mV after 25 minutes of recording (F = 0.07, p = 0.96, 461 

Tukey’s post-hoc test; n = 6 patches), which was slightly more depolarized than 462 

measurements in whole-cell recordings (Fig. 6H; F = 3.31, p = 0.038, Tukey’s post-hoc test), 463 

possibly reflecting the improvement in voltage-clamp control. 464 

 465 

In contrast to , there was no significant time-dependent change in the voltage 466 

dependence of   activation in whole-cell recording, nor in nucleated patches (Fig. 7A-D; 467 

F = 3.88, p = 0.081, 2-way mixed design ANOVA). In whole-cell configuration, V1/2 468 

activation at baseline was -17.7 mV compared to -17.5 mV at 25 minutes (n = 8 cells), 469 

while the voltage-dependence of activation in excised patches (n = 6) was -3.6 mV at 470 

baseline compared to +2.6 mV at 25 minutes. There was, however, a significant difference 471 

in V1/2 values between measurements made in whole-cell and nucleated patches (F = 472 

23.42, p < 0.001, 2-way mixed design ANOVA), suggesting that the recording configuration 473 

(whole-cell vs. patch) affects  gating.  474 
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 475 

 exhibits hyperpolarizing shifts in both activation and inactivation 476 

Due to space clamp issues, it is not possible to record the fast gating of  in SCs with 477 

conventional voltage-clamp protocols. The main problem is the inability to accurately 478 

record Na+ channel activity in distant processes such as axons. To circumvent this, we 479 

adapted a protocol using a depolarizing prepulse step to inactivate Na+ channels distant 480 

from the recording electrode which was followed shortly afterwards with a second test 481 

step to record Na+ channels close to the cell soma (Milescu et al., 2010). Using this 482 

approach, we reliably resolved well-clamped, albeit smaller,  responses in SCs to profile 483 

their activation and inactivation properties (Fig. 8A-D). Performing this protocol over a 25 484 

minute period revealed that SC Na+ channels undergo a hyperpolarizing shift of -7.8 mV in 485 

their activation (Fig. 8A,B; -32.4 ± 1.5 mV at baseline vs. -40.2 ± 1.6 mV at 25 min; t = -486 

9.10, p < 0.001; n = 11 cells) and a similar hyperpolarizing shift in steady-state inactivation 487 

(Fig. 8C,D; -49.3 ± 0.7 mV at baseline to -57.4 ± 1.0 mV at 25 min; t = -8.95, p < 0.001; n = 488 

11 cells). This finding is in agreement with the hyperpolarizing shift in Na+ channel gating 489 

predicted by the modified Hodgkin-Huxley model applied to stellate AP firing (Fig. 5).  490 

 491 

Interestingly, we also observed a reduction in peak  current density that developed 492 

over the duration of the experiment (Fig. 8E; -75.5 ± 8.4 pA/pF at baseline vs. -45.1 ± 6.7 493 

pA/pF at 25 min; t = 6.64, p < 0.001; n = 11 cells). To test whether this was due to a 494 
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reduction in  current density or a consequence of the hyperpolarizing shift in 495 

inactivation, we compared peak currents from the first step of the inactivation protocol 496 

(Fig. 8F; -110 mV to -20 mV probe). At this voltage, all SC Na+ channels are available for 497 

activation both at baseline and after a 25 minute recording. According to this measure, 498 

there is no difference between Na+ current density before and after 25 minutes and this 499 

reduction reflects the shift in steady-state inactivation alone (Fig. 8F,G; peak current: -500 

2012.3 ± 149.1 pA at baseline vs. -1984.5 ± 162.8 pA at 25 min; t = 0.43, p = 0.68; n = 11 501 

cells). 502 

 503 

Pharmacological block of K+, Ca2+ or HCN channels has no effect on AP threshold 504 

To test the hypothesis that the shift in Na+ channel gating is primarily responsible for the 505 

increase in SC excitability, we examined whether pharmacological block of  with 4-506 

aminopyridine (4-AP) attenuates the hyperpolarizing shift in AP threshold. As expected, 507 

block of  with bath application of 2 mM 4-AP resulted in a more depolarized inter-spike 508 

membrane potential at baseline compared to control cells (Fig. 9B). 4-AP, however, did 509 

not attenuate the shift in AP threshold (Fig. 9A) which hyperpolarized from -40.7 ± 0.9 mV 510 

at baseline to -48.6 ± 0.9 mV after 25 min (t = -9.37, p < 0.001; n = 5 cells). Interestingly, 2 511 

mM 4-AP also attenuated the after-hyperpolarization (AHP) of the AP (Fig. 9B) which may 512 

reflect pharmacological block of delayed rectifier K+ channels. In keeping with this, block 513 

of  with 2 mM external tetraethylammonium (TEA) had the expected effect on AP shape 514 
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at baseline but did not attenuate the shift in AP threshold (Fig. 9C,D). AP threshold 515 

observed in 2 mM TEA hyperpolarized from -37.2 ± 0.4 mV at baseline to -47.5 ± 1.4 mV 516 

after 25 min of recording (t = -8.99, p < 0.001; n = 5 cells) (Fig. 9C,D). Since 517 

hyperpolarization-activated cyclic nucleotide-gated (HCN) channels (which mediate the 518 

mixed cation current ) and voltage-gated Ca2+ channels (VGCCs) have also been shown 519 

to affect excitability of molecular layer interneurons (Saitow & Konishi, 2000; Anderson et 520 

al., 2010; Anderson et al., 2013), we tested the effect of the selective  blocker, ZD 7288 521 

(20 μM) and nonselective VGCC blocker CdCl2 (200 – 300 μM) on AP threshold (Fig. 9E-H). 522 

In each case, the hyperpolarizing shift in AP threshold was unaffected by either ZD 7288 or 523 

CdCl2. The AP threshold with 20 μM ZD 7288 was -38.2 ± 1.3 mV at baseline and 524 

hyperpolarized to -46.8 ± 1.3 mV at 25 min (t = -10.13, p < 0.001; n = 6 cells). Likewise, the 525 

threshold shifted from -38.1 ± 0.8 mV at baseline with CdCl2 to -47.7 ± 1.3 mV after 25 min 526 

of recording (t =-7.69, p = 0.0015; n = 5 cells). Taken together, these data demonstrate 527 

that , ,  and VGCCs do not contribute to the hyperpolarization of AP threshold of SCs, 528 

consistent with our hypothesis that the primary mechanism for the shift is mediated by 529 

Na+ channels. 530 

 531 

Revised Hodgkin-Huxley model recapitulates the increase in stellate cell excitability 532 

Based on the voltage-clamp data, we revised the Hodgkin-Huxley model to match the 533 

observed changes in  and  (see Methods section). To do this, we targeted only their 534 

activation/inactivation properties without altering their conductances. Specifically,  535 
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was shifted by -7 mV and  by -8.5 mV, while  was shifted by -14 mV and  by -16 536 

mV (Table 1), which reproduced well the observed increase in excitability of SCs (Fig. 10A-537 

D). With respect to the changes in the AP cycle described earlier (Fig. 3), the revised model 538 

captures all the cardinal features seen in the experimental recordings (Fig. 10A,B). 539 

Specifically, the AP threshold of the revised model hyperpolarized by -5.8 mV from -38.7 540 

mV to -44.5 mV, which agrees well with the -6.0 mV hyperpolarization observed 541 

experimentally. The simulated AP maximum hyperpolarized by -8.4 mV from 3.9 mV to -542 

4.5 mV, which is comparable to the hyperpolarization of -8.8 mV measured 543 

experimentally. Finally, the AHP minimum observed in the revised model depolarized by 544 

+1.8 mV from -60.1 mV to -58.3 mV, which is within the margin of error of the 545 

experimental results (Fig. 3C). The fact that these specific adjustments are able to closely 546 

capture the dynamics observed experimentally further supports the dominance of in 547 

driving the increase in SC excitability, with an additional role for in further modulating 548 

AP firing. 549 

 550 

  551 
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Discussion 552 

The present study advances our understanding of the neurophysiology of cerebellar SCs in 553 

two important ways. First, we identify a predominant role of voltage-gated Na+ channels 554 

in upregulating the excitability of cerebellar SCs following membrane patch breakthrough. 555 

Under these conditions, the threshold for AP initiation is shifted to more hyperpolarized 556 

membrane potentials due to changes in the activation and inactivation properties of Na+ 557 

channels. Since similar shifts in gating behavior are observed in other central neurons by 558 

physiological stimuli, such as NMDAR activation (e.g. (Xu et al., 2005)), it is possible that 559 

Na+ channels are targeted in a comparable manner in SCs to upregulate AP firing. Second, 560 

we report hyperpolarizing shifts in both the activation and inactivation properties of A-561 

type K+ channels that contribute to the time-dependent increase in firing rates observed in 562 

SCs but do not participate in the hyperpolarizing shift in AP threshold. Previous work has 563 

established that depolarizing shifts in A-type K+ channel inactivation are triggered by 564 

elevations in cytosolic Ca2+ due to T-type Ca2+ channel activity in SCs (Molineux et al., 565 

2005; Anderson et al., 2010; Anderson et al., 2013). Given this distinction with the present 566 

study, it is likely that different signaling events are at play to regulate the gating behavior 567 

of A-type K+ channels in cerebellar SCs.   568 

 569 

 570 

 571 
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Increased membrane excitability following whole-cell recording is not unique to stellate 572 

cells 573 

SCs are not the only neuronal cell type that undergo functional changes after the 574 

establishment of the whole-cell patch-clamp configuration. In fact, early patch clamp 575 

studies of voltage-gated ion channels noted time-dependent changes in both activation 576 

and inactivation properties including changes to voltage-gated Na+ channels (Fenwick et 577 

al., 1982; Fernandez et al., 1984; Vandenberg & Horn, 1984; Marty & Neher, 1985). The 578 

mechanism(s) underlying these changes has remained largely unexplored and thus 579 

ignored - as has been the case for cerebellar SCs. In the cerebellum, the increased firing 580 

rate we have observed in granule cells (GCs) (cf. Fig. 1) may be attributed to the cell’s 581 

buffering capacity for cytosolic Ca2+ which is further compromised when GCs lack the 582 

calcium binding protein, calretinin (Gall et al., 2003). Similarly, Alcami and colleagues also 583 

linked a rise in intracellular Ca2+ to an increase in firing rates of SCs (Alcami et al., 2012) 584 

suggesting that there may be overlapping signaling pathways at play in both cell types (see 585 

below). A distinction with SCs, however, is that we have observed an increase in the input 586 

resistance of GCs following patch breakthrough. Whether the change in membrane leak is 587 

due to the activity of other ion channels, such as TASK-1 (Millar et al., 2000) or HCN 588 

channels (Zuniga et al., 2016), in GCs remains to be studied. Why the excitability of SCs 589 

and GCs increases after patch breakthrough whereas Purkinje cells remain stable is not 590 

clear. It is tempting to speculate that the smaller soma of SCs makes their subcellular Ca2+ 591 

stores more susceptible to perturbation during whole-cell recording compared to Purkinje 592 
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cells. It is also possible that SCs are mechanosensitive which is in keeping with the 593 

observation that SC excitability increases during cell-attached recordings, particularly in 594 

recordings with a tight seal (Alcami et al., 2012). As discussed below, the events that are 595 

initiated by membrane patch breakthrough suggest that voltage-gated Na+ channels may 596 

be impacted by several endogenous signaling pathways in SCs. 597 

 598 

Expression and regulation of Na+ channels in cerebellar stellate cells 599 

Cerebellar molecular layer interneurons (MLIs) are thought to express several Na+ channel 600 

pore-forming subunits that include Nav1.1, Nav1.2 and Nav1.6 (Schaller & Caldwell, 2003), 601 

however, more recent data suggest that the Nav1.2 protein is expressed only on 602 

presynaptic terminals of granule cells (Jarnot & Corbett, 2006; Martinez-Hernandez et al., 603 

2013). This latter finding agrees with our experiments using the Nav1.2-selective inhibitor, 604 

Phrixotoxin-III, which has negligible pharmacological effect on SC excitability (Alexander & 605 

Bowie, unpublished observation). Based on antibody staining, both Nav1.1 and 1.6 606 

subunits are expressed in MLIs (Kalume et al., 2007), however, their subcellular 607 

distribution is distinct (Lorincz & Nusser, 2008). The Nav1.6 subunit is almost exclusively 608 

expressed at the axon initial segment (AIS), a region of the axon close to the cell body 609 

where action potentials are initiated. In contrast, Nav1.1 is expressed throughout the 610 

axon, though it is also found in the proximal AIS (Lorincz & Nusser, 2008). Given this 611 

arrangement, both Nav1.1 and Nav1.6 subunits may contribute to the Na+ channel 612 

currents we have recorded from SCs. Whether these subunits are also expressed in the 613 
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dendrites has not be formally investigated, although SC dendrites are apparently devoid of 614 

Na+ channels (Myoga et al., 2009). It is curious that the expression pattern of the delayed 615 

rectifier K+ channel subunits, Kv1.1 and 1.2, overlap with Nav1.6 subunits, but yet, are not 616 

subject to modulation following patch breakthrough (cf. Fig. 9). This observation suggests 617 

that the signaling pathway(s) that promotes gating shifts in Na+ channels is tightly 618 

compartmentalized from other ion channels, such as Kv1.1 and 1.2, even within the AIS.     619 

 620 

Gating shifts in Na+ channel activation and inactivation, as observed in the present study 621 

(cf. Fig. 8), may, in principle, be mediated by a number of mechanisms that include direct 622 

binding by cytosolic Ca2+, binding of the Ca2+-calmodulin complex and/or changes in the 623 

phosphorylation state of the Na+ channel (Cantrell & Catterall, 2001; Van Petegem et al., 624 

2012). Regulation of recombinant Nav1.6 channels has primarily focused on the effect of 625 

channel phosphorylation where protein kinase A (PKA) stimulation (Chen et al., 2008) and 626 

p38 mitogen-activated protein kinase (Wittmack et al., 2005) both cause a reduction in 627 

peak Na+ channel current. In the latter case, the reduction in current density did not affect 628 

channel gating (Wittmack et al., 2005), unlike the present study (cf. Fig 8) but was due to 629 

the internalization of Nav1.6 channels (Gasser et al., 2010). In contrast, inhibition of 630 

glycogen-synthase kinase 3β (GSK3β) causes a decrease in recombinant Nav1.6 responses 631 

(Scala et al., 2018) suggesting that phosphorylation sustains channel activity in HEK 293 632 

cells. Likewise, in medium spiny neurons of the nucleus accumbens, regulation of GSK3β 633 

activity impacts firing rates in a Nav1.6-dependent manner (Scala et al., 2018) suggesting 634 
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that phosphorylation and dephosphorylation events may be critical in fine-tuning 635 

neuronal output. Much less is known about the regulation of Nav1.1 channels, although, 636 

earlier recombinant studies and more recent proteomic work has identified putative 637 

phosphorylation sites which often overlap with sites identified for Nav1.2 channels (Smith 638 

& Goldin, 1998; Berendt et al., 2010). Interestingly, forskolin activation of PKA causes a 639 

hyperpolarizing shift in both the activation and inactivation curves for recombinant Nav1.1 640 

(Liu & Zheng, 2013) as observed in the present study on cerebellar SCs. An identical gating 641 

shift is observed in hippocampal CA1 pyramidal cells, probably mediated by Nav1.2 642 

channels, that is triggered by NMDA receptor activation and the activity of CM kinase II 643 

(Xu et al., 2005). Given the similarity in how Nav1.1 and Nav1.2 channels are regulated by 644 

phosphorylation, it would be interesting to test if a NMDA receptor-mediated signaling 645 

pathway could induce a similar shift in the gating behavior of Na+ channels in cerebellar 646 

SCs. Likewise, experiments using dynamic clamp to test the effect of a Nav channel gating 647 

model on SC excitability would be interesting to test in future studies. 648 

 649 

Multiple families of voltage-gated ion channels control stellate cell excitability 650 

Although SCs express a variety of voltage-gated ion channels, somatodendritic A-type K+ 651 

channels are an important regulator of their firing rates (Molineux et al., 2005; Anderson 652 

et al., 2010; Anderson et al., 2013). Specifically, AP firing rates are regulated by Kv4.2/4.3 653 

subunits whose basal activity is fine-tuned by elevations in cytosolic Ca2+ mediated by the 654 

Ca2+ channel subunits, Cav3.2 and 3.3 (Anderson et al., 2010). Both ion channel families 655 



 

35 
 

form a signaling complex through the modulatory protein, KChIP3, which contains an E-F 656 

hand and thus is able to act as a Ca2+ sensor that couples the activity of Ca2+ channels to 657 

the regulation of K+ channels (Pongs & Schwarz, 2010). Elevations in intracellular Ca2+ 658 

selectively promote depolarizing shifts in steady-state inactivation of A-type K+ channels 659 

and, in doing so, attenuate membrane depolarization and AP firing (Anderson et al., 2010; 660 

Anderson et al., 2013). In contrast, our data establish that A-type K+ channels contribute 661 

to an increase in AP firing of SCs via a hyperpolarizing shift in channel activation and 662 

inactivation (cf. Fig. 6). Although the formation of the whole-cell recording is likely to 663 

elevate cytosolic Ca2+ in SCs, as discussed above, the shifts A-type K+ channel gating 664 

observed in this study are probably not reliant on KChIP3 modulation. Finally, although 665 

other voltage-gated ion channels may be involved in controlling SC excitability, 666 

pharmacological block of many of these channels (Fig. 9) reveals that they do not impact 667 

AP threshold. Consequently, our work identifies a predominant role of voltage-gated Na+ 668 

channels in upregulating the firing rates of cerebellar SCs. 669 

  670 
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Legends 840 

Table 1:  Parameter values of ionic currents included in the baseline and revised models 841 

Whenever two values are provided for a given parameter, the first corresponds to the 842 

baseline model (before the increase in excitability at baseline) while the second shown 843 

between parentheses corresponds to the revised model (after the increase in excitability 844 

at 25 min).  845 

 846 

Figure 1:  Stellate and granule cells, but not Purkinje cells, exhibit excitability increases 847 

during whole-cell recording (A) Example SC current-clamp recording (patch # 150129p2) 848 

applying a 10 pA step protocol shortly following breakthrough and after 25 minutes. (B,C) 849 

Same for granule cell (patch # 150324p2) and Purkinje cell (patch # 141010p5) examples 850 

using 10 pA and 150 pA current steps, respectively. (D) Summary SC action potential 851 

frequency over 25 minute recording for multiple step amplitudes (n = 11 cells). (E,F) Same 852 

for granule (n = 6 cells) and Purkinje cells (n = 6 cells).  853 

 854 

Figure 2:  Excitability increase is underpinned by decrease in spike latency and 855 

hyperpolarization of AP threshold (A) First APs fired by a SC in response to 10 pA current 856 

step at 3 different time points: 1 min, 10 min, and 25 min after breakthrough. The spike 857 

latency in response to the step decreases substantially over the course of the recording. 858 

(B) Summary plot of spike latencies for multiple step amplitudes over the course of a 25 859 
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minute recording (n = 11 cells). (C) Example current-clamp responses evoked by ramp 860 

protocol at baseline (left) and after 25 minutes (right) in a SC (patch # 150129p2). (D) 861 

Same for an example Purkinje cell (patch # 141010p5). (E) Summary plot depicting change 862 

in AP threshold over time in stellate (n = 11 cells) and Purkinje cells (n = 6 cells).  863 

Figure 3:  Defining the hallmark membrane features of stellate cell excitability increase 864 

(A) (left panels) Spontaneous AP firing traces from 3 example SCs at baseline (black) and 865 

after 25 minutes (blue) (patch #s 150129p2, 181111p6, 181109p3). (right panels) AP cycles 866 

for each cell calculated from voltage-time data at baseline (black) and 25 minutes (blue). 867 

(B) AP cycle plot of an example SC with y-axis expanded. Colored rectangles designate 868 

quantities of interest (yellow - AP threshold; green – AP maximum; light blue – AHP 869 

minimum). (C) Summary comparison of these 3 features measured from individual AP 870 

cycles (n = 7 cells). 871 

 872 

Figure 4:  Simulating ,  and  shifts predicts little contribution to excitability 873 

increase (A) Example SC current-clamp recording depicting spontaneous AP firing at 874 

baseline (black) and after 25 minutes (blue) (patch # 181111p5). (B) AP cycle calculated 875 

from current-clamp data from (A) at baseline (black) and 25 minutes (blue). (C,D,E) 876 

Simulated spontaneous firing and AP cycle from baseline model (black) and after making 877 

symmetric and asymmetric shifts in and (blue). (F) Same for  after shifting 878 

(blue). (G,H) Same for  after shifting either  or .  879 
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 880 

Figure 5:  Simulated  shifts suggest primary role for sodium channel in excitability 881 

increase Simulated spontaneous firing (upper panels) and AP cycles (lower panels) from 882 

baseline model (black) and after either symmetric (A) or asymmetric (B,C) shifts in  883 

and . 884 

 885 

Figure 6:   exhibits shifts in both activation and inactivation during 25 minute 886 

recording (A) Example voltage-clamp traces of currents at baseline during activation 887 

protocol (patch # 171024p3). (B) Summary plot of voltage dependence of activation of 888 

at baseline (white circles) and after 25 minutes of recording (blue circles; n = 7 cells). (C) 889 

Example voltage-clamp traces of currents evoked during inactivation protocol (patch # 890 

171127p3). (D) Summary plot of voltage dependence of inactivation of at baseline 891 

(white circles) and after 25 minutes of recording (blue circles; n = 7 cells, same as in B). (E) 892 

Normalized V1/2 activation (left) and inactivation (right) compared to delta shift after 25 893 

minute recording for each cell (white circles), along with summary mean delta for each 894 

measure (blue circles). (F) Zoom-in of Boltzmann fits for both voltage-dependence of 895 

activation and inactivation at baseline (black lines) and at 25 minutes (blue lines) from B 896 

and D, respectively, depicting symmetrical translocation of window current. (G) 897 

Example voltage-clamp traces of  currents during activation protocol observed in a SC 898 

nucleated patch (patch # 180510p3). (F) Summary plot of voltage-dependence of 899 
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activation of  at baseline (white circles) and 25 minutes (blue circles; n = 6 patches). 900 

Dashed line depicts baseline activation curve measured in whole-cell configuration from 901 

(B).  902 

 903 

Figure 7:   voltage-dependence of activation remains stable over patch-clamp 904 

recording in both whole-cell and nucleated patch configurations (A) Example whole-cell 905 

voltage-clamp traces of delayed rectifier K+ current at baseline during activation protocol 906 

evoked from -50 mV holding potential (5 mV increments, up to +20 mV; patch # 907 

180521p2). (B) Summary plot of voltage dependence of activation of delayed rectifier K+ 908 

current at baseline (white circles) and after 25 minutes of recording (blue circles; n = 8 909 

cells). (C) Example voltage-clamp traces after excising a nucleated patch of delayed 910 

rectifier K+ current at baseline during activation protocol evoked from -50 mV holding 911 

potential (5 mV increments, up to +20 mV; patch # 180510p3). (D) Summary plot of 912 

voltage dependence of activation of delayed rectifier K+ current at baseline (white circles) 913 

and after 25 minutes of recording (blue circles; n = 6 cells). Dashed line depicts baseline 914 

activation curve measured in whole-cell configuration from (B). 915 

 916 

Figure 8:  Na+ current stellate cells exhibits shift in both activation and inactivation 917 

properties, but not current density (A) Example voltage-clamp traces of Na+ currents 918 

evoked with a prepulse protocol (patch # 170222p4). (inset) Zoom-in of portion of traces 919 
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depicting strong voltage-clamp of Na+ currents evoked after prepulse. (B) Summary plot of 920 

voltage-dependence of activation of Na+ current at baseline (white circles) and at 25 921 

minutes (blue circles; n = 11 cells). (C) Example traces from a Na+ inactivation protocol 922 

(patch # 170222p4). (D) Summary plot of voltage-dependence of inactivation at baseline 923 

(white circles) and at 25 minutes (blue circles; n = 11 cells). (E) Summary current density-924 

voltage plot (data used to construct conductance-voltage plots in B and D) of sodium 925 

responses at baseline (white circles) and at 25 minutes (blue circles). (F) Example peak 926 

sodium current traces evoked by a -110 mV to -20 mV probe at baseline (black) and at 25 927 

minutes (blue) (patch # 171108p3). (G) Summary graph of peak sodium currents evoked 928 

from a holding potential of -110 mV at baseline (grey) and at 25 minutes (blue). 929 

Figure 9:  AP threshold hyperpolarization persists with pharmacological blockade of , 930 

,  and  (A) (left panel) Example traces recorded at baseline and after 25 minutes of 931 

action potentials evoked by a current ramp protocol (25 pA over 1 s) in a SC. (right panel) 932 

Summary AP threshold data for control conditions (black open circles; n = 6 cells) and in 933 

the presence of 2 mM TEA in the aCSF (red open circles; n = 5 cells). (B) Superimposed first 934 

APs evoked by ramp protocol in control (black) and external TEA (red) conditions. TEA 935 

scaled to control (patch # 181008p8). (C,D) Same as A and B, but in the presence of 2 mM 936 

4-AP (green lines; n = 5 cells) (patch # 181015p7). (E,F) Same as A and B, but in the 937 

presence of 20 μM ZD 7288 (blue lines; n = 6 cells) (patch # 181018p2). (G,H) Same as in A 938 

and B, but in the presence of 200 - 300 μM CdCl2 (purple lines; n = 5 cells) (patch # 939 

181024p4). 940 
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 941 

Figure 10:  Voltage-clamp-informed model recapitulates the dynamics of current-clamp 942 

experimental data (A) AP cycle calculated from experimental SC current-clamp recording 943 

at baseline (black) and 25 minutes (blue). (C) Same current-clamp recording data as above, 944 

presented as voltage vs. time at baseline (black) and 25 minutes (blue). (B) Simulated AP 945 

cycle of baseline (black) and revised (blue) models after modifying all gating parameters 946 

based on values measured experimentally in voltage-clamp in SCs. (D) Simulated firing 947 

properties of baseline (black) and revised (blue) models. 948 
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