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Summary

In many neurons, subthreshold depolarization in the soma can transiently increase action potential 

(AP)-evoked neurotransmission via analog-to-digital facilitation. The mechanisms underlying this 

form of short-term synaptic plasticity are unclear, in part, due to the relative inaccessibility of the 

axon to direct physiological interrogation. Using voltage imaging and patch-clamp recording from 

presynaptic boutons of cerebellar stellate interneurons, we observed that depolarizing somatic 

potentials readily spread into the axon, resulting in AP broadening, increased spike-evoked Ca2+ 

entry, and enhanced neurotransmission strength. Kv3 channels, which drive AP repolarization, 

rapidly inactivated upon incorporation of Kv3.4 subunits. This leads to fast susceptibility to 

depolarization-induced spike broadening and analog facilitation independent of Ca2+-dependent 

protein kinase C signaling. The spread of depolarization into the axon was attenuated by 

hyperpolarization-activated currents (Ih) in the maturing cerebellum, precluding analog 

facilitation. These results suggest that analog-to-digital facilitation is tempered by development or 

experience in stellate cells.
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Introduction

Short-term synaptic plasticity enriches the signaling capacity of a neural circuit endowing 

interconnected neurons greater flexibility in information processing (Abbott and Regehr, 

2004). Although short-term plasticity is known to result from use-dependent activity during 

repetitive spiking (Zucker and Regehr, 2002), recent evidence indicates that the strength of 

neurotransmission may also be subject to modulation by depolarizing potentials below 

threshold for spike initiation. Due to strong electrotonic coupling in many cell types, somatic 

subthreshold depolarization can spread into the axon reaching distant presynaptic 

specializations and transiently increasing AP-evoked synaptic transmission (Alle and Geiger, 

2006; Shu et al., 2006). This form of short-term plasticity is generally understood to result 

from inactivation of Kv1-type channels during prolonged depolarization of the axon initial 

segment (Kole et al., 2007) or more distal axon locations (Bialowas et al., 2015; Foust et al., 

2011; Shu et al., 2006; Zhu et al., 2011) leading to broadening of subsequent APs thus 

increasing spike-evoked neurotransmission at sites of release. However, synaptic 

depolarization also results in Ca2+-dependent enhancement of vesicular priming 

(Awatramani et al., 2005) and exocytosis (Christie et al., 2011) that may deplete the readily 

releasable pool. Whether these distinct mechanisms act in combination to modify AP-

evoked release is unclear (Rama et al., 2015).

In the cerebellum, GABA-releasing stellate cell (SC) interneurons are subject to analog 

control of neurotransmission. Depolarizing potentials that invade the SC axon increase 

residual Ca2+ and can drive asynchronous vesicular fusion (Bouhours et al., 2011; Christie et 

al., 2011; Glitsch and Marty, 1999). Somatic depolarization also increases AP-evoked Ca2+ 

entry (Christie et al., 2011; but see Bouhours et al., 2011) suggesting that AP duration may 

be subject to modulation in SC boutons. In the axons of excitatory neocortical and 

hippocampal cells, activity-dependent modification of AP duration is mediated through 

changes in Kv1 channel availability through slow accumulation of inactivation including 
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during subthreshold depolarization (Bialowas et al., 2015; Kole et al., 2007; Shu et al., 

2006). However AP duration is controlled primarily by Kv3-type channels at SC boutons, 

similar to other inhibitory interneurons (Rowan et al., 2016). Thus AP broadening in SC 

axons likely involves Kv3 channel modulation but, paradoxically, Kv3 channels are thought 

to be essential for maintaining AP waveform fidelity (Lien and Jonas, 2003; Whim and 

Kaczmarek, 1998). Interestingly, the extremely fast adaptive properties of inactivating Kv3 

subunits (Baranauskas et al., 2003) may confer a mechanism for ultra-rapid analog 

modulation of neurotransmission required for many network computations. Whether Kv3 

channels contribute to activity-dependent plasticity during analog signaling is currently 

unknown.

We used two-photon (2P) voltage-sensitive dye imaging and direct bouton patch-clamp 

recording to examine the mechanisms contributing to analog signaling in SC axons. We find 

that brief subthreshold somatic potentials spread throughout a large extent of the axon arbor, 

transiently inactivating Kv3.4 subunit-containing Kv3 channels that drive AP repolarization 

thus increasing the width of subsequent spikes. Spike broadening increases AP-evoked Ca2+ 

influx accounting for the analog enhancement of AP-evoked release. In the absence of AP 

broadening, somatic depolarization induces rapid synaptic depression suggesting interplay 

between opposing plasticity mechanisms to determine the effect of subthreshold activity on 

the strength of neurotransmission. Together, our findings indicate that rapidly inactivating 

Kv3 currents at sites of release allow for greater flexibility in activity-dependent modulation 

of neurotransmission multiplying the computational capacity of these neural elements.

Results

Subthreshold somatic depolarization invades the axon

We used voltage-sensitive dye (VSD) imaging to directly measure the extent to which 

subthreshold depolarizing potentials invade SC axons of juvenile mice (PND 15–21). Cells 

were filled with the VSD di-2-AN(F)EPPTEA (Acker et al., 2011) during whole-cell 

current-clamp recording and, after an equilibration period, fluorescence transients were 

collected from diffraction-limited points along the axon using non-scanning 2P excitation 

(Rowan et al., 2014). Depolarizing potentials evoked by current injection in the soma (24.6 

± 0.4 mV) from rest (−72.3 ± 0.3 mV) were resolved as an increase in fluorescence in the 

axon (Figure 1A and 1B) including locations several hundred microns from the soma 

indicating significant penetration into the arbor. To quantify voltage attenuation along the 

axon cable, we referenced the amplitude of the depolarizing potential to the peak of an AP 

measured at the same location in alternating (0.2 Hz) trials (Figure 1B and 1C). This 

procedure is necessary because VSDs are not uniformly distributed in the axon precluding 

direct comparison of peak fluorescence changes from multiple locations within and between 

cells (Peterka et al., 2011). In a separate set of control measurements at the soma, we 

ensured that the VSD linearly reported voltage changes across a physiologically relevant 

range of membrane potentials (Figure 1D). From our axonal VSD measurements, a 

monoexponential fit to the data points yielded an estimate of the length constant (θ) for 

subthreshold depolarization (100 ms) of 220 µm. Because SC axons project ~300 µm on 
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average (de San Martin et al., 2015), this result shows that somatic subthreshold potentials 

invade a significant portion of the SC axon arbor.

Rapid modulation of AP duration following subthreshold depolarization at boutons

Accumulating evidence indicates that, in axons, spike duration is subject to use-dependent 

modulation. For example, repetitive spiking can progressively drive spike broadening 

(Geiger and Jonas, 2000; Kole et al., 2007; Rowan et al., 2014; von Gersdorff and Borst, 

2002). Thus, rather than an invariant pulse, AP shape is malleable dependent on the history 

of preceding activity. To determine whether subthreshold activity at the soma can modify 

spike duration in the axon, we paired APs with or without preceding somatic depolarization 

in interleaved trials and measured spikes at presynaptic boutons with VSD imaging. We 

found that brief somatic depolarization (≤100 ms) resulted in significant broadening of the 

presynaptic spike (Figure 2A); an effect also observed at near-physiological temperatures 

(100 ms at 32°C; 128.0 ± 13.9% of control AP duration; p < 0.05; wilcoxon matched-pairs 

test; n = 8). Axonal spike broadening increased with the duration of somatic depolarization 

(Figure 2B) showing an initial rapid onset and then progressing more slowly for longer 

lasting potentials (i.e., >100 ms). Depolarization-induced AP broadening decayed after the 

subthreshold stimulus ended with spike width recovery occurring after approximately 300 

ms (Figure 2C) indicating a short-lived affect. Larger-amplitude somatic potentials were 

more effective at inducing spike broadening as expected for a voltage-dependent process 

(Figure 2D). However, we observed a weak correlation between spike broadening and 

distance from soma (Figure 2E). In contrast to effects on spike duration, AP peak amplitude 

was unaffected by subthreshold depolarization (Figure 2F). These results indicate that the 

spike repolarization rate at presynaptic sites of release is subject to ultra-rapid modulation 

induced by depolarizing potentials emanating from the soma, resulting in a short-term 

plastic alteration of AP duration.

Interestingly, when recording near the axon initial segment (AIS; 10.1 – 37.4 µm from the 

axon hillock), we found that AP duration was by unaffected by brief somatic depolarization 

(25.4 ± 0.7 mV) (Figure S1A). Increasing the duration of the depolarization failed to induce 

spike broadening in this region (1000 ms depolarization; 113.3 ± 7.9 % of matched control; 

p > 0.05; paired t-test; n = 5) indicating that AP duration in the AIS was resistant to rapid 

change by somatic subthreshold voltage activity. We also examined axon shafts that adjoin 

boutons for depolarization-induced spike broadening. Although somatic depolarization 

resulted in broader spikes in this region, the effect was slight and significantly less than that 

observed in boutons (Figure S1B and S1C). Thus, although somatic depolarization spreads 

across a large portion the SC axon, subthreshold activity-induced AP plasticity is governed 

in a compartment-specific manner, restricted largely to release sites.

Depolarization-induced AP broadening depends on Kv3 channels

Axons achieve a high degree of specificity in the control of excitability within their 

compartments dependent, in part, on the organization of ion channels that populate their 

membrane including Kv channels that direct spike repolarization rate (Debanne et al., 2011). 

In SCs, fast-activating Kv3 channels are particularly enriched at boutons and are the 

predominant Kv channel conductance setting spike duration (Laube et al., 1996; Rowan et 
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al., 2016; Southan and Robertson, 2000). To determine whether Kv3 activity is required for 

depolarization-induced spike broadening, we measured AP duration in boutons in the 

presence of low-concentration TEA (500 µM) (Baranauskas et al., 2003; Ishikawa et al., 

2003). As previously reported (Rowan et al., 2016; Rowan et al., 2014), TEA induced an 

increase in basal AP duration in boutons (126.9 ± 5.6 % of control AP duration; n = 9; p < 

0.05; paired t-test) indicating loss of Kv3 activity during spiking. Importantly, in this 

condition, somatic depolarization no longer induced spike broadening (Figure 3A). Using 

the Kv3 blocker 4AP or the Kv3 modulator BDS-1 (30 or 1 uM, respectively; Alle et al., 

2011; Yeung et al., 2005), we obtained a similar result (AP width following depolarization 

98.4 ± 5.5% of control; n = 6; p > 0.05; paired t-test). This indicates that the plastic increase 

in AP duration following subthreshold depolarization was occluded by the functional loss of 

Kv3 channels. Occlusion was not due to attenuation of axosomatic coupling as we continued 

to observe spread of somatic depolarization into the axon in the absence of Kv3 current 

(amplitude of axonal potential in TEA 94.9 ± 22.5 % of control; p > 0.05; n = 5; paired t-

test). The average increase in spike width induced by somatic depolarization was similar to 

that induced pharmacologically in matched examples (AP width 116.0 ± 2.4 and 119.2 

± 5.1% of control by depolarization and Kv3 blockers, respectively; n = 11; p > 0.05; paired 

t-test), however, analog modulation of spike width at individual bouton sites was not 

correlated with the width change induced by Kv3 block (p > 0.05; n = 11; Pearson 

correlation) (Figure 3B). This may be reflective of underlying differences in the Kv3 

channels whose density and subunit composition vary amongst presynaptic sites throughout 

the axon (Rowan et al., 2016).

At SC boutons, Kv3 channels include the constituent subunits Kv3.1 and Kv3.4 (Rowan et 

al., 2016). We examined for the contribution of these subunits to depolarization-induced 

spike broadening using Kv3.1−/− and Kv3.4−/− KO mice. Somatic depolarization (22.1 ± 1.2 

mV, 100 ms) increased AP duration in boutons of Kv3.1−/− mice (Figure 3C) similar to that 

observed in wild-types (WTs) (AP width 119 ± 2.9 % and 117 ± 4.3 % of control, n = 29 

and 13; WT and Kv3.1−/− mice, respectively; p > 0.05; unpaired t-test). However, in 

Kv3.4−/− mice, APs were resistant to modulation following somatic depolarization (Figure 

3D) despite spread of the subthreshold potential into the axon with an efficacy comparable 

to both WTs and Kv3.1−/− mice (Figure 3E). Together, these results show that Kv3-mediated 

currents are necessary for the expression of depolarization-induced spike plasticity in SC 

axons and indicate that the unique biophysical features of Kv3.4 subunits underlie 

susceptibility to AP modulation.

Inactivating properties of Kv3 currents at boutons

We used axon-attached patch recording to characterize the response profile of 

pharmacologically-isolated Kv3 currents in SC boutons (Figure 4A). In WT mice, 

maximally depolarizing pulses (+50 mV; 200 ms) evoked fast-activating currents that 

showed transient inactivation (Figure 4B). Exponential fits to evoked currents yielded an 

average decay constant of t = 184 ± 69 ms. However, decay times varied considerably 

between recording sites (range 4 −489 ms; Figure 4D) indicating that inactivation rate is 

likely a heterogeneous feature of Kv3 currents across boutons perhaps related to differences 

in the subunit composition of channels at each particular bouton location. Notably, 
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inactivation was apparent at hyperpolarized membrane potentials (−50 mV; τ = 122 ± 106 

ms; n = 5; Figure 4C) below the threshold for somatic spike initiation (−39.5 ± 0.5 mV; n = 

5). This shows that the availability of Kv3 current can be influenced by inactivation even at 

hyperpolarized membrane potentials. In recombinant expression systems, homomeric 

channels composed of Kv3.1 subunits generate delayed-rectifier currents whereas Kv3.4-

containing channels show rapid A-type inactivation (Baranauskas et al., 2003). In Kv3.1−/− 

mice, we found that the inactivation rate of Kv3 current was not significantly different than 

that measured in WT animals (Figure 4B and 4D). However, in Kv3.4−/− mice, rapid 

inactivation was absent resulting in significant slowing of the current decay constant (Figure 

4B and 4D). From these results we conclude that Kv3.4-dependent inactivation during 

subthreshold depolarization results in use-dependent AP broadening explaining spike-width 

plasticity at SC release sites.

Analog facilitation results from Kv3 inactivation-induced spike plasticity

At presynaptic sites of release, spike repolarization rate is a key parameter determining the 

amount of Ca2+ influx during a spike because the AP is the command waveform directing 

voltage-gated Ca2+ channel (Cav) opening (Bischofberger et al., 2002; Geiger and Jonas, 

2000). Therefore, it is expected that AP broadening induced by inactivation of Kv3 current at 

SC boutons underlies depolarization-induced enhancement of AP-evoked Ca2+ entry 

(Christie et al., 2011). We directly examined for this using simultaneous voltage and Ca2+ 

imaging at boutons by including chromatically-compatible VSD and Ca2+ indicator dyes in 

the patch pipette (Rowan et al., 2014). Following somatic depolarization, we observed a 

significant enhancement of spike-evoked Ca2+ entry coincident with spike broadening (peak 

ΔF/F 110.0 ± 3.6% of control; p < 0.05; paired t-test; n = 7; Figure S2A). Indeed, the 

increase in AP-evoked Ca2+ entry following subthreshold depolarization linearly tracked the 

change in AP duration (Figure S2B) as expected from kinetic modeling of Cav channel 

gating (Li et al., 2007). Therefore, depolarization-induced spike plasticity results in 

enhancement of AP-evoked Ca2+ entry at sites of release.

By directing Ca2+ entry, spike width informs release probability (Borst and Sakmann, 1999; 

Sabatini and Regehr, 1996) thus the accompanying increase in AP-evoked Ca2+ influx 

following depolarization-induced spike broadening is the most parsimonious mechanistic 

explanation underlying analog facilitation. To assess this hypothesis, we measured release 

using presynaptic GABA receptor-mediate autoreceptor (pre-GABAAR) currents. Evoked in 

voltage-clamp mode following a brief somatic pulse (0.5–1.0 ms; +10 mV), these 

autoreceptor currents result from unclamped spikes in the axon driving GABA exocytosis 

and subsequent binding to pre-GABAAR expressed near the sites of release (Pouzat and 

Marty, 1999). As previously reported (Bouhours et al., 2011), the amplitude of pre-

GABAAR currents increased following somatic depolarization in WT mice (peak amplitude 

120.0 ± 5.9% of control; 100 ms depolarization to −50 mV; p < 0.05; n = 13; paired t-test; 

Figure 5A). This was accompanied by a reduction in the paired pulse ratio (PPR; Figure 5D) 

indicating that analog facilitation induced by somatic depolarization results from an increase 

in release probability.
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To determine whether the loss of depolarization-induced spike broadening abrogates analog 

facilitation, we measured autoreceptor currents in Kv3 subunit KO mice. Although somatic 

depolarization was effective at driving an increase in pre-GABAAR current amplitude in 

Kv3.1−/− mice comparable to WTs (Figure 5B-5D), we failed to observe facilitation in 

Kv3.4−/− mice which lack spike plasticity. Instead, subthreshold somatic depolarization in 

Kv3.4−/− mice resulted in synaptic depression (peak amplitude 90.9 ± 4.2% of control; p < 

0.05; n = 15; paired t-test) and concomitantly increased PPR (Figure 5D) as expected for 

weakened synapses (Zucker and Regehr, 2002). The amount of synaptic weakening induced 

by somatic depolarization in Kv3.4−/− mice was correlated with PPR, a measure of basal 

release probability, as observed in interleaved control trials (Figure 5E). Yet basal PPR did 

not differ between WT and Kv3 KOs (p > 0.05; 1-way ANOVA followed with Tukey’s 

multiple comparisons) indicating the absence of intrinsic differences in release efficacy in 

mutant mice. From these results, we conclude that depolarization-induced spike broadening 

is necessary for analog facilitation in SCs. However, in the absence of Kv3.4-dependent 

spike broadening, analog depression abounds pointing to a competing plasticity processes, 

likely through vesicle depletion by asynchronous release during the depolarizing stimulus 

(Christie et al., 2011).

Analog facilitation does not require Ca2+-dependent PKC activation

Residual increases in presynaptic Ca2+, such as those that occur during subthreshold 

depolarization (Awatramani et al., 2005; Bouhours et al., 2011; Christie et al., 2011), could 

activate protein kinase C (PKC) resulting in enhancement of release through changes in the 

readily releasable pool (Fioravante et al., 2011). In fact, blockade of PKC activity has been 

reported to abolish analog facilitation in SCs (Bouhours et al., 2011) however 

pharmacological tools to activate or inhibit Ca2+-dependent forms of PCK often lack 

specificity and selectivity (Brose and Rosenmund, 2002). To assess whether Ca2+-dependent 

PKC activity is involved in analog facilitation, we used mutant mice deficient for all three 

classical Ca2+-dependent isoforms of PKC (PKCα−/−, PKCβ−/− and PKCγ−/−). In triple KO 

(PKCαβγ
−/−) mice, enhancement of the pre-GABAAR current was comparable to that in WT 

mice (129.6 ± 10.4% of control; p ≤ 0.05; n = 17; paired t-test; Figure 6A) and displayed a 

reduction in PPR (86.9 ± 6.7% of control; p ≤ 0.05; n = 17; paired t-test; Figure 6B). Thus, 

activation of Ca2+-dependent PKC appears unnecessary for analog facilitation in SCs.

Analog signaling is developmentally regulated

Although spread of somatic depolarization has been observed in the axons of several neuron 

types (Alle and Geiger, 2006; Shu et al., 2006), this is not a universal signaling feature. For 

example, the axons of CA1 pyramidal cells appear uncoupled from the soma due to active 

attenuation by a K+-channel conductance (Apostolides et al., 2016). Surprisingly, in axonal 

VSD measurements from mature mice (≥ PND 42), we found that subthreshold 

depolarization (100 ms) spread less readily in SCs compared to juveniles (Figure 7A and 

7B). Furthermore, we failed to observe depolarization-induced AP broadening in mature 

animals (AP width 95.0 ± 2.4% of control; p > 0.05; wilcoxon matched-pairs test; n = 13; 

Figure 7C), a likely consequence of axonal filtering. Thus it appears that in the mature 

cerebellum, spike broadening and analog facilitation are not present suggesting the capacity 
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of SC axons to support these features is subject to regulation following experiential or 

developmental cues.

A developmental shift in axosomatic coupling may result from alterations in the active 

properties of the axon. Hyperpolarization-activated cation (HCN) channels are expressed in 

axons of cerebellar interneurons (Southan et al., 2000); currents through these channels (Ih) 

can affect axonal length constant near the resting potential (Mejia-Gervacio and Marty, 

2006). In voltage clamped mature SCs (−60 mV), we observed that the Ih blocker ZD 7288 

(20 µM) did not affect holding current (control, −18.1 ± 2.6 pA; ZD 7288, −19.6 ± 3.9 pA; p 

> 0.05; paired t-test), a result consistent with earlier work in less mature SCs (Mejia-

Gervacio and Marty, 2006). However, the voltage threshold for AP initiation was reduced in 

mature SCs following Ih block (Supplemental Figure 3) suggestive of a localized effect on 

membrane potential at the AIS where spikes originate. To evaluate a role for Ih currents in 

dampening the spread of somatic depolarization in mature animals, we applied ZD 7288 and 

found that the amplitude of axonal subthreshold potentials were larger and similar to that of 

juveniles (Figure 7A and 7B) indicating an age-related increase in Ih dependent axonal 

shunting. In following, we recovered depolarization-induced spike broadening in mature 

animals in the presence of ZD 7288 (Figure 7C and 7D) indicating that Ih current prohibits 

subthreshold-induced AP broadening in mature animals. Thus, spike plasticity can be tuned 

by the active features within the axon to regulate axosomatic integration of subthreshold 

activity.

Discussion

We find that somatic subthreshold depolarization spreads throughout a large extent of the SC 

axonal arbor in juvenile mice. At release sites, this depolarization rapidly inactivates Kv3.4 

subunit-containing channels resulting in a short-term reduction in the availability of Kv3-

mediated current. Because AP duration is determined by the K+ conductance local to a 

bouton, APs at release sites preceded by subthreshold activity are broader and result in 

increased spike-evoked Ca2+ entry and a greater amount of transmitter release. Analog 

facilitation is subject to regulation by Ih currents that filter voltage spread in the axon, and 

competes with synaptic depression (uncovered in the absence of spike-width plasticity) to 

determine the net effect on neurotransmission. Thus, in young SCs, the combination of 

strongly spreading subthreshold depolarization with fast-inactivating presynaptic Kv3 

channels drives a rapid form of analog-to-digital plasticity at sites of release.

Spread of subthreshold depolarization in axons of cerebellar SCs

Our results show that SC axons are electronically coupled to the soma similar to other 

neuron types in hippocampus and neocortex (Alle and Geiger, 2006; Foust et al., 2011; Shu 

et al., 2006). As the SC axon arbor is quite compact (de San Martin et al., 2015), somatic 

depolarization will spread through a substantial portion of the axon reaching a majority of 

presynaptic sites before full attenuation. We did not analyze voltage spread under passive 

conditions. Nonetheless spread of a brief depolarization into the SC axon was in line with 

the predicted length constant for a passive DC signal (Johnston and Wu, 1995) given 

realistic SC axon geometry and membrane properties (Abrahamsson et al., 2012; Rowan et 
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al., 2014). This is surprising, as SC axons express low-voltage activating K+ channels 

(Rowan et al. 2016) which can truncate the spread of subthreshold depolarization in axons 

(Apostolides et al., 2016). Similar to dendrites of neocortical pyramidal neurons (Schwindt 

and Crill, 1995), SCs express a persistent Nav conductance (Mann-Metzer and Yarom, 2002) 

that may counterbalance this effect, helping boost the spread of somatic depolarization 

throughout the axonal arbor (de San Martin et al., 2015). However, spread of subthreshold 

depolarization is unaffected by Nav block in hippocampal granule cells (Alle and Geiger, 

2006) indicating that analog signaling is passive in other cell types.

Interestingly, relative to juvenile animals, we find that axosomatic coupling in SCs is 

reduced in the maturing cerebellum. Axonal dampening manifests as a function of axonal 

HCN channel activity reducing the spread of somatic excitability into the axon. Similarly, an 

active K+ conductance limits the passage of somatic depolarization into axons of CA1 

pyramidal cells (Apostolides et al., 2016). The exact mechanism underlying the increase in 

HCN influence in SCs is unclear but could involve changes in conductance density by 

developmental regulation of channel expression density, or enhancement of its conductance 

through cyclic nucleotide signaling (Beaumont and Zucker, 2000; Ingram and Williams, 

1996) as HCN channels are already expressed in SC axons in juvenile animals but, 

interestingly, have little effect on the somatic membrane conductance (Mejia-Gervacio and 

Marty, 2006). Similarly, we found Ih currents do not contribute to somatic resting membrane 

potential in mature SCs in contrast to other interneuron types (Maccaferri and McBain, 

1996) though these currents can affect membrane potential locally at axonal locations (Kim 

et al., 2007; Southan et al., 2000). In keeping with this possibility, we observed an effect of 

HCN channels on AP threshold suggesting a localized role in the proximal SC axon, 

expressed near the site of spike initiation, similar to that observed in the principal neurons of 

the auditory brainstem (Ko et al., 2016). Previous investigations have shown that significant 

alternations in intrinsic neuronal excitability occur during early postnatal development 

(Desai et al., 1999; Leao et al., 2005; Moody and Bosma, 2005), during aging (Huguenard et 

al., 1988; Kaczorowski and Disterhoft, 2009), and following learning (Schreurs et al., 1998; 

Sehgal et al., 2013). Thus, in axons, active membrane properties combine with passive 

features to endow unique axosomatic coupling properties that are subject to change 

depending on cell type, age and experience.

Spike plasticity in SC boutons depends on inactivating Kv3 channels

Our measurements in SCs revealed that APs broaden at release sites following brief, 

subthreshold depolarization. This short-term plastic alteration of AP duration depends on 

Kv3.4 subunit-containing Kv3 channels. Currents mediated by Kv3 channels are known to be 

strongly recruited during AP repolarization and therefore are the predominant K+ 

conductance setting spike width in many axons (Alle et al., 2011; Ishikawa et al., 2003), 

including SCs, where their variable expression density contributes to near synapse-by-

synapse differences in AP duration (Alle et al., 2011; Ishikawa et al., 2003; Rowan et al., 

2016). Importantly, Kv3 channels can regulate their availability through rapid open-state, N-

type inactivation when incorporating Kv3.4 subunits (Fineberg et al., 2012; Rudy and 

McBain, 2001) and Kv3.4 subunit-containing channels have a hyperpolarized activation 

range (Baranauskas et al., 2003) making them particularly amenable to use-dependent 
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inactivation by subthreshold potentials. Kv3.4 channels recover from inactivation on the 

order of hundreds of ms to several seconds depending on voltage and the phosphorylation 

state of the channel (Beck et al., 1998; Ritter et al., 2012). This time course is in line with 

the short-lived effect of AP broadening after brief depolarizations at SC boutons. It follows 

that in Kv3.4−/− mice, we find that inactivating Kv3 currents are absent in SC boutons and 

depolarization-induced AP broadening is abolished, strongly implicating these subunits in 

spike plasticity. Notably, the involvement of Kv3-mediated currents in use-dependent spike 

plasticity has not previously been reported and may relate to the distribution pattern of Kv3.4 

in the CNS. Kv3.1 subunits are also constituent components of Kv3 channels in SC axons 

(Rowan et al., 2016) but are resistant to N-type inactivation (Rudy and McBain, 2001). 

Therefore, depolarization-induced spike broadening at individual boutons will depend on 

both the amplitude and duration of the subthreshold potential and the variable composition 

and expression density of Kv3 channels at each presynaptic location. In contrast to AP 

duration, we report that analog depolarization does not affect the amplitude of single APs 

pointing to the absence of an effect on Nav channels. However, a reserve of Nav channels 

may protect the amplitude of individual spikes. SCs fire repetitively at high frequencies like 

many other interneuron types (Lien and Jonas, 2003; Rudy and McBain, 2001). Therefore, if 

subthreshold depolarization is sufficient to inactivate some axonal Nav channels in SCs, a 

reduction in AP amplitude is plausible during repetitive firing if a Nav reserve is required to 

maintain maximal rates of AP output (Madeja, 2000).

Similar to dendrites (Sjostrom et al., 2008), axons increase their computational capability 

through heterogeneous compartmentalization of their active properties (Debanne et al., 

2011). Axons not only transmit but also transform electrical information dependent on 

previous or ongoing activity (Sasaki, 2013). Here, we report that rapid spike plasticity 

induced by somatic subthreshold depolarization appears specific to boutons in SCs. This is a 

likely consequence of the preferential localization of Kv3 channels at release sites. In 

contrast to boutons, AP repolarization is determined by Kv1-mediated currents in the AIS of 

SCs rather than Kv3 (Rowan et al., 2014) and is resistant to rapid depolarization-induced 

spike broadening. Like the AIS of pyramidal cells in the neocortex where Kv1 inactivation 

underlies spike broadening (Kole et al., 2007), the SC AIS may require prolonged 

depolarization (e.g., >5 s) to induced spike plasticity however we did not investigate this 

possibility. In contrast, APs are progressively prolonged in the SC AIS during repetitive 

spiking in a Kv1-dependent manner, presumably due to accumulating inactivation as 

observed in mossy fiber boutons of the hippocampus (Geiger and Jonas, 2000; Rowan et al., 

2014). Conversely, at SC boutons, APs are resistant to spike-dependent broadening during 

the same repetitive stimuli due to the predominance of a Kv3 conductance (Rowan et al., 

2014). Therefore, the distribution as well as the unique biophysical properties of Kv1 and 

Kv3 channels at the AIS and boutons of SCs, including voltage-dependent inactivation and 

deactivation, equip these subcompartments with distinct modalities of plasticity to 

independently tune spike duration dependent on the specific type of preceding activity. 

Furthermore, the unique biophysical features of Kv3 channels at SC release sites, namely the 

inclusion of rapidly-inactivating Kv3.4 subunits, confers a fast form of depolarization-

induced spike plasticity unlike that of neocortical and hippocampal excitatory cells 

(Bialowas et al., 2015; Shu et al., 2006; Zhu et al., 2011).
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Analog modulation of release in SC axons

Short-term facilitation of release occurs following subthreshold depolarization at many 

presynaptic specializations (Alle and Geiger, 2006; Awatramani et al., 2005). At the small en 
passant boutons of SCs, we show that presynaptic AP broadening following depolarization 

results in an increase in spike-evoked Ca2+ entry. Previous recordings from ‘giant’ calyceal 

terminals and mossy fiber boutons show a linear correlation between AP width and the 

resultant Ca2+ current integral (Bischofberger et al., 2002; Borst and Sakmann, 1999). 

Depolarization-induced prolongation of AP width results in a similar linear increase in Ca2+ 

influx in SCs. Thus, increases in AP-evoked Ca2+ entry following spike broadening must 

strongly contribute to the analog facilitation at SC boutons as evidenced by the absence of 

release strengthening in mutant mice lacking Kv3.4 inactivation and spike-width plasticity.

Subthreshold depolarization also directly opens voltage-gated Ca2+ channels increasing 

residual Ca2+ levels at the release sites of cerebellar molecular layer interneurons (Bouhours 

et al., 2011; Christie et al., 2011; Pugh and Jahr, 2011). Although analog facilitation has 

been attributed to PKC activity induced by this residual Ca2+ transient (Bouhours et al., 

2011), genetic deletion of all Ca2+-dependent PKC isoforms had no effect on depolarization-

induced release strengthening. Moreover, in the absence of Kv3.4-dependent spike 

broadening, somatic depolarization results in synaptic depression. Synaptic depression has 

been linked to an activity-dependent reduction in AP amplitude at the terminal release sites 

of cerebellar Purkinje cells (Kawaguchi and Sakaba, 2015). However, in SCs, spike 

amplitude was not significantly reduced by somatic depolarization and analog depression 

was closely correlated with release probability arguing against this possibility. Because 

elevation of residual Ca2+ during subthreshold depolarization can drive asynchronous 

neurotransmission (Christie et al., 2011; Christie and Jahr, 2008; Glitsch and Marty, 1999), 

analog depression may be best explained by depletion of vesicles from the readily releasable 

pool. Therefore, the effect of somatic depolarization on the strength of neurotransmission 

will likely depend on the interplay between Ca2+-dependent enhancement of release during 

AP broadening and the synaptic weakening through a reduction in vesicle pool size.

Experimental Procedures

Experimental Procedures are described in detail in the Supplemental Experimental 

Procedures. All animal procedures were approved by the Max Planck Florida Institute for 

Neuroscience Animal Care and Use Committee.

Acute slice preparation

All experiments were performed on acute cerebellar slices prepared from juvenile or mature 

mice (postnatal day [PND]15–21 or ≥ 42, respectively). Brain slices (200 µm) were 

sectioned in the parasagittal plane using a vibrating blade microtome in an ice cold sucrose-

based cutting solution and immediately incubated at 34°C for 30 min and then at room 

temperature (RT; 23–25°C) in normal ACSF thereafter.
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Voltage imaging from SC Axons

The voltage-sensitive dye di-2-AN-(F)EPPTEA (30 mM; L. Loew; University of 

Connecticut Health Center) was included in the intracellular solution and allowed to diffuse 

throughout the SC axon for ≥ 0.5 hours. Voltage imaging was performed with non-scanning 

two-photon illumination from single diffraction-limited points on the axon. All imaging was 

performed with a two-photon laser scanning microscope (Ultima; Bruker Corp.) with 

excitation provided by a mode-locking Ti:sapphire laser (Chameleon Ultra II; Coherent Inc.) 

at 1020–1040 nm.

Bouton patch clamp in SC axons

Tight-seal presynaptic channel recordings in SCs were performed under continuous two-

photon laser scanning imaging to guide fluorescently labeled pipettes to identified axonal 

sites of interest after volume dye filling through a somatic recording electrode. Kv3 channel 

currents were pharmacologically isolated using a patch pipette solution including blockers 

for Nav, HCN, Kv7, and Kv1 channels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spread of somatic subthreshold depolarization into the axon
(A) 2P maximum intensity image of a SC with a VSD recording site on the axon demarcated 

in the inset. The cell was filled with the VSD di-2-AN(F)EPPTEA by patch pipette.

(B) A somatically evoked AP or subthreshold depolarization recorded at the soma using 

electrophysiology and the corresponding voltage response measured at the axon using VSD 

imaging from the recording site depicted in the image above. Traces are the average of 35 

interleaved trials. To infer the amplitude of the subthreshold potential at the axon, the peak 

VSD fluorescence response induced by the depolarization was compared relative to that of 

an AP measured at the same location.

(C) The relative amplitudes of somatically-elicited potentials measured along the axon are 

plotted against the distances of the recording sites from the soma. An exponential fit to the 

data yielded an estimate of the length constant for spread of subthreshold depolarization into 

the axon (λaxon). Axonal measurements were grouped from many cells.

(D) VSD measurements from the somatic membrane to a series of voltage steps applied in 

voltage-clamp mode during whole-cell recording. The change in VSD fluorescence was 

linearly proportional to the change in membrane potential across a physiologically relevant 

range.
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Figure 2. Presynaptic AP broadening induced by somatic depolarization
(A) Somatically-evoked APs measured at an axonal bouton using VSD imaging. In 

interleaved trials, the spike was immediately preceded by somatic subthreshold 

depolarization (100 ms, 23.9 ± 4.8 mV at the soma). For the summary plot, mean AP width 

(± SEM) is shown in black and individual bouton measurements in gray (*p < 0.05; paired t-

test).

(B) The relationship between depolarization-induced AP broadening at boutons and the 

duration of the preceding somatic subthreshold stimulus was fit with a bi-exponential 

function.

(C) The decay of depolarization-induced spike broadening (100 ms) at boutons, fit with a 

mono-exponential function.

(D) APs measured at a bouton using VSD imaging immediately following somatic 

subthreshold depolarization (100 ms) of varying amplitude. For boutons, the change in AP 

width induced by somatic depolarization is plotted against the amplitude of the preceding 

depolarization measured at the soma.

(E) AP broadening induced by somatic depolarization (100 ms) is plotted against the 

distance of the bouton recording site from the soma. Data are grouped from many cells.

(F) AP amplitude at boutons is unaffected by somatic depolarization (p > 0.05; wilcoxon-

matched pairs test).

See also Figure S1.
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Figure 3. Depolarization-induced AP broadening at boutons requires Kv3 channels
(A) APs paired with or without somatic depolarization measured at a bouton in control (top) 

or following application of the Kv3 blocker TEA (bottom). The summary plot shows the 

effect of TEA on depolarization-induced AP broadening. Data are represented as mean (± 

SEM) with individual data points in gray (*p < 0.05; paired t-test).

(B) For individual boutons, the increase in AP duration induced by somatic depolarization is 

plotted against the width change induced by Kv3 inhibition at the same site (circles, 4-AP 

[30 µM], n = 4; triangles, BDS-1 [1 µM], n = 3; squares, TEA [500 µM], n = 5). Dashed line 

shows unity.
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(C) Averaged traces from a VSD bouton recordings in a Kv3.1−/− mouse. In alternating 

trials, APs were preceded by somatic depolarization. Summary on the right (*p > 0.05; 

paired t-test).

(D) APs measured in Kv3.4−/− mice prior to and immediately after somatic depolarization. 

Summary shows the absence of depolarization-induced spike broadening (ns; p > 0.05; 

paired t-test).

(E) Measurement of subthreshold potentials in the boutons of Kv3.1−/− and Kv3.4−/− mice. 

On the right, comparison of the effective spread of somatic depolarization in WT and Kv3 

subunit KO mice (p > 0.05; 1-way ANOVA with Tukey’s multiple comparisons test).
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Figure 4. Inactivating Kv3 currents in boutons
(A) Axonal patch recording obtained using 2P fluorescence-targeted recording and cartoon 

depiction of the experimental recording configuration.

(B) Representative Kv3 current traces from three bouton recordings for WT, Kv3.1−/−, and 

Kv3.4−/− mice during a maximally activating depolarizing pulse (+50 mV). An exponential 

was fit to the current decay for each trace and is shown in red.

(C) Kv3 current trace from a WT mouse to a subthreshold depolarizing pulse (−50 mV).

(D) Summary plot of Kv3 current weighted decay constants from bouton patches in WT and 

Kv3 KO mice. Significance (*p < 0.05) was determined with 1-way ANOVA with Tukey’s 

multiple comparisons test.
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Figure 5. Analog facilitation depends on inactivating Kv3 currents
(A) AP-evoked GABAA autoreceptor currents evoked by unclamped spikes were measured 

at the soma in interleaved trials either to a spike alone or with a preceding depolarizing pulse 

(100 ms).

(B) Comparison of pre-GABAAR currents in WT and Kv3 subunit KO mice.

(C) Summary plot showing the effect of somatic depolarization on synaptic efficacy in Kv3 

subunit KO mice. Mean data ±SEM are in black with individual data points in gray. 
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Significance (*p < 0.05) was determined with 1-way ANOVA with Tukey’s multiple 

comparisons test.

(D) Depolarization-induced changes in PPR (inter-stimulus interval, 50 ms) of spike-evoked 

pre-GABAAR currents.

(E) Relationship between basal PPR and depolarization-induced synaptic weakening in 

Kv3.4 KO mice.

See also Figure S2.
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Figure 6. Analog facilitation in mice lacking Ca2+-dependent PKC isoforms
(A) Pre-GABAAR currents in PKCαβγ

−/− mice evoked by unclamped spikes preceded by 

somatic depolarization.

(B) Responses to paired pulse stimulation from the same neuron are shown normalized to 

the peak of the first response.
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Figure 7. Developmental regulation of subthreshold voltage signaling in axons
(A) In mature mice (≥ PND 42), measurement of subthreshold potentials in boutons evoked 

by somatic depolarization in control and after bath application of the HCN blocker ZD 7288 

(20 µM).

(B) Summary plot of the relative amplitudes of subthreshold potentials at two developmental 

stages (PND 15–21 and ≥ PND 42). All recording sites were <100 µm from the soma. Mean 

data ±SEM shown in black with significance (*p > 0.05) determined by 1-way ANOVA 

followed by Tukey’s multiple comparisons test. Somatic depolarization; juvenile, 24.7 ± 2.9 

mV, n = 8; mature, 22.1 ± 2.1 mV, n = 13 (p > 0.05; unpaired t-test).

(C) APs with and without preceding somatic depolarization measured at two different 

boutons in mature mice: on the left, in control conditions and, on the right, with the HCN 

channel blocker ZD 7288.

(D) Plot showing the change in AP width following subthreshold depolarization in mature 

animals (> PND 42) in control and with the HCN blocker ZD 7288. All recordings were 

performed at 32°C in this figure.

See also Figure S3.
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