
Accepted manuscripts are peer-reviewed but have not been through the copyediting, formatting, or proofreading
process.

Copyright © 2018 Ohura and Kamiya
This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International license, which
permits unrestricted use, distribution and reproduction in any medium provided that the original work is properly attributed.

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.

Research Article: New Research | Neuronal Excitability

Sodium Channel-Dependent and -Independent Mechanisms Underlying
Axonal Afterdepolarization at Mouse Hippocampal Mossy Fibers

Shunsuke Ohura1 and Haruyuki Kamiya1

1Department of Neurobiology, Hokkaido University Graduate School of Medicine, Sapporo 060-8638, Japan

DOI: 10.1523/ENEURO.0254-18.2018

Received: 29 June 2018

Revised: 25 July 2018

Accepted: 26 July 2018

Published: 9 August 2018

Author contributions: H.K. designed the experiments. S.O. performed the experiments. H.K. performed
the numerical simulation. S.O. and H.K. performed data analysis. H.K. wrote the manuscript. All the authors
approved the final version of the manuscript.

Funding: http://doi.org/10.13039/501100001691Japan Society for the Promotion of Science (JSPS)
KAKENHI 18K06514

Conflict of Interest: The authors report no conflict of interest.

This work was supported by JSPS KAKENHI grant number 16K15177 to HK.

Correspondence should be addressed to Haruyuki Kamiya, MD, PhD, Department of Neurobiology,
Hokkaido University Graduate School of Medicine, Sapporo, 060-8638, Japan. Phone: 81-11-706-5027; Fax:
81-11-706-7863; E-mail: kamiya@med.hokudai.ac.jp

Cite as: eNeuro 2018; 10.1523/ENEURO.0254-18.2018

Alerts: Sign up at eneuro.org/alerts to receive customized email alerts when the fully formatted version of this
article is published.



 

1 
 

Sodium channel-dependent and -independent mechanisms underlying 1 

axonal afterdepolarization at mouse hippocampal mossy fibers 2 

 3 

Shunsuke Ohura1 and Haruyuki Kamiya1 4 

 5 

1Department of Neurobiology, Hokkaido University Graduate School of 6 

Medicine, Sapporo, 060-8638, Japan 7 

 8 

Abbreviated title:  9 

Components of afterdepolarization in axon terminal 10 

 11 

Correspondence should be addressed to::  12 

Haruyuki Kamiya, M.D., Ph.D.  13 

Department of Neurobiology, Hokkaido University Graduate School of 14 

Medicine, Sapporo, 060-8638, Japan 15 

Phone: 81-11-706-5027  16 

Fax: 81-11-706-7863 17 

E-mail: kamiya@med.hokudai.ac.jp 18 



 

2 
 

Number of Figures: 6 Figures 19 

Number of Tables: 0 Table 20 

Number of Multimedia: 0 multimedia 21 

Number of words in Abstract: 250 words 22 

Number of words in Significance statement: 117 words  23 

Number of words in Introduction: 623 words 24 

Number of words in Discussion: 1522 words 25 

 26 

Acknowledgements:  27 

This work was supported by JSPS KAKENHI grant number 16K15177 to 28 

HK. 29 

Conflict of interest: The authors report no conflict of interest 30 

 31 

Author contributions: 32 

H.K. designed the experiments. S.O. performed the experiments. H.K. 33 

performed the numerical simulation. S.O. and H.K. performed data analysis. 34 

H.K. wrote the manuscript. All the authors approved the final version of the 35 

manuscript. 36 



 

3 
 

AAbstract 37 

   Action potentials propagating along axons are often followed by prolonged 38 

afterdepolarization (ADP) lasting for several tens of milliseconds. Axonal 39 

ADP is thought to be an important factor in modulating the fidelity of spike 40 

propagation during repetitive firings. However, the mechanism as well as the 41 

functional significance of axonal ADP remain unclear, partly due to 42 

inaccessibility to small structures of axon for direct electrophysiological 43 

recordings. Here, we examined the ionic and electrical mechanisms 44 

underlying axonal ADP using whole-bouton recording from mossy fiber 45 

terminals in mice hippocampal slices. ADP following axonal action potentials 46 

was strongly enhanced by focal application of veratridine, an inhibitor of Na+ 47 

channel inactivation. On the contrary, tetrodotoxin (TTX) partly suppressed 48 

ADP, suggesting that a Na+ channel-dependent component is involved in 49 

axonal ADP. The remaining TTX-resistant Na+ channel-independent 50 

component represents slow capacitive discharge reflecting the shape and 51 

electrical properties of the axonal membrane. We also addressed the 52 

functional impact of axonal ADP on presynaptic function. In paired-pulse 53 

stimuli, we found that axonal ADP minimally affected the peak height of 54 
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subsequent action potentials, although the rising phase of action potentials 55 

was slightly slowed, possibly due to steady-state inactivation of Na+ channels 56 

by prolonged depolarization. Voltage clamp analysis of Ca2+ current elicited 57 

by action potential waveform commands revealed that axonal ADP assists 58 

short-term facilitation of Ca2+ entry into the presynaptic terminals. Taken 59 

together, axonal ADP maintains reliable firing during repetitive stimuli and 60 

plays important roles in the fine-tuning of short-term plasticity of 61 

transmitter release by modulating Ca2+ entry into presynaptic terminals. 62 

  63 

Significance statement 64 

   Axonal action potentials are often followed by depolarizing or 65 

hyperpolarizing afterpotentials. This study illuminated the mechanisms of 66 

ADP in the hippocampal mossy fibers, where morphological as well as 67 

biophysical data were accumulated. We found that slow activating Na+ 68 

channels are partly involved in ADP. Capacitive components also 69 

substantially contribute to ADP, suggesting that axonal shape and electrical 70 

properties are optimized for high-fidelity propagation during repetitive 71 

stimuli. We also tested the roles of ADP in the activity-dependent tuning of 72 
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the presynaptic Ca2+ current. Action potential-driven Ca2+ entry into the 73 

axon terminals was facilitated by paired stimuli, possibly due to Ca2+ current 74 

facilitation by ADP. Therefore, ADP contributes to fine-tuning of transmitter 75 

release and ensures high-fidelity spiking of axons. 76 

   77 
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IIntroduction 78 

   The propagation of action potentials along axons is a fundamental 79 

process in the nervous system to reliably carry neuronal information to the 80 

target cells (Debanne et al., 2011; Kole and Stuart, 2012). Mechanisms 81 

enabling ultrafast and reliable spike signaling were studied extensively in 82 

various preparations of the central nervous system, including myelinated 83 

and unmyelinated axons. However, the mechanisms and functional 84 

consequences of axonal ADP, which often follows axonal action potentials 85 

and lasts for several tens of milliseconds, remain to be elucidated. Thus far, 86 

few studies have directly addressed the mechanisms for the generation of 87 

axonal ADP in the central nervous system, except for the calyx of Held axon 88 

terminals (Borst et al., 1995; Kim et al., 2010), which enable direct 89 

electrophysiological recording from the large axon terminals. 90 

As local application of the Na+ channel blocker tetrodotoxin (TTX) 91 

minimally affected ADP recorded from the calyx of Held axon terminals, the 92 

slow capacitive discharge of axonal membrane has been implicated in the 93 

generation of axonal ADP (Borst et al., 1995), as suggested in a previous 94 
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study on lizard myelinated motor axons using intra-axonal recordings 95 

(Barrett and Barrett, 1982). 96 

In this context, it should be noted that ADP has been demonstrated to 97 

exhibit clear dependency on the initial membrane potentials. Upon 98 

depolarization of the axonal membrane, the amplitude of ADP decreased and 99 

occasionally reversed in polarity (Begum et al., 2016; Sierksma and Borst, 100 

2017). This indicated that ADP not only consists of passive component, but 101 

also incorporates some active component due to the activation of 102 

voltage-dependent conductance. 103 

On the other hand, ADP was found to be largely suppressed by the 104 

application of low-concentration TTX to the same calyx of Held axon 105 

terminals (Kim et al., 2010). In this report, the author raised the possibility 106 

that certain subtypes of voltage-dependent Na+ channels mediate ADP. Na+ 107 

channels are functionally classified into at least three distinct subtypes: the 108 

transient-type (INaT), persistent-type (INaP), and resurgent-type (INaR). 109 

Involvement of slowly activating resurgent Na+ current (INaR) in axonal ADP 110 

was suggested in the study by Kim et al. (2010) because dialysis of a small 111 

peptide fragment of the β4 subunit of Na+ channels, which is an essential 112 
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molecular component for INaR, selectively enhanced ADP. As the reason for 113 

the controversial conclusion of these studies (Borst et al., 1995; Kim et al., 114 

2010) remains unclear, thorough investigation is needed to clarify the 115 

mechanisms underlying axonal ADP in the central nervous system. 116 

   The functional significance of axonal ADP must also be addressed. It was 117 

widely considered that ADP lowers the threshold of subsequent action 118 

potentials, thereby enhancing the fidelity of spiking during high frequency 119 

neuronal activity (Barrett and Barrett, 1982). Moreover, the prolonged time 120 

course of ADP was suggested to improve fine-tuning of presynaptic functions, 121 

such as action potential-driven Ca2+ entry and subsequent transmitter 122 

release, by affecting the voltage-dependent conductance shaping axonal 123 

action potentials such as Na+ and K+ channels. However, detailed analysis of 124 

the axon terminals of calyx of Held revealed that ADP minimally affects Ca2+ 125 

currents by balancing and cancelling out changes in the driving force and 126 

gating of voltage-dependent Ca2+ channels (Clarke et al., 2016). 127 

   In this study, we examined the mechanisms underlying axonal ADP at 128 

hippocampal mossy fibers, where it was reported that prominent ADP 129 

follows axonal action potentials (Geiger and Jonas, 2000). Whole-cell 130 
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recording from large axon terminals of hippocampal mossy fibers in 131 

combination with numerical simulation based on a realistic model of 132 

hippocampal mossy fibers (Engel and Jonas, 2005) was adopted to examine 133 

the ionic and electrical mechanisms underlying axonal ADP. We also closely 134 

investigated the influence of axonal ADP on action potential waveforms and 135 

Ca2+ current in presynaptic terminals in order to evaluate its functions for 136 

the activity-dependent tuning of presynaptic Ca2+ entry and subsequent 137 

transmitter release. 138 

 139 

 140 

MMaterials and Methods 141 

 142 

Animals and slice preparations 143 

C57BL/6J mice of either sex were used in this study, and were treated 144 

according to the guidelines for the care and use of laboratory animals of 145 

Hokkaido University. Transverse hippocampal slices of 300 μm thickness 146 

were prepared from p14-29 mice (number of animals = 46) as described 147 

previously (Kamiya, 2012; Ohura and Kamiya, 2018). Animals were 148 
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anesthetized with ether, and the brain was dissected in an ice-cold sucrose 149 

solution containing the following: 40 mM NaCl, 25 mM NaHCO3, 10 mM 150 

glucose, 150 mM sucrose, 4 mM KCl, 1.25 mM NaH2PO4, 0.5 mM CaCl2, and 151 

7 mM MgCl2. Transverse slices were cut using a VT1200S microslicer (Leica 152 

Biosystems, Germany). The slices were then exchanged in a NMDG-HEPES 153 

recovery solution containing the following: 93 mM NMDG, 2.5 mM KCl, 1.2 154 

mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM glucose, 5 mM 155 

Na-ascorbate, 2 mM Thiourea, 3 mM Na-pyruvate, 10 mM MgSO4, and 0.5 156 

mM CaCl2, and incubated for no longer than 15 min at 30-32°C (Ting et al., 157 

2014). Then the solution was exchanged with standard artificial 158 

cerebro-spinal fluid (ACSF) containing the following: 127 mM NaCl, 1.5 mM 159 

KCl, 1.2 mM KH2PO4, 26 mM NaHCO3, 10 mM glucose, 2.4 mM CaCl2, and 160 

1.3 mM MgSO4, and the slices were kept in an interface-type chamber 161 

saturated with 95% O2, and 5% CO2. The slices were incubated in the ACSF 162 

at room temperature for at least 1 hr before experiments. 163 

   164 

Electrophysiology  165 

Mossy fiber boutons (MFBs) were visually identified under a microscope 166 
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with IR-DIC optics (BX-51 WI, Olympus, Tokyo, Japan), as reported 167 

previously (Ohura and Kamiya, 2018; see also Geiger and Jonas, 2000; Alle 168 

and Geiger, 2006). Slices were continuously perfused at approximately 2 169 

ml/min with ACSF. In addition, the slice surface of the recording site was 170 

locally perfused with the drug-containing solution at approximately 0.2 171 

ml/min though a flow pipe with a 250-μm open-tip diameter connected to an 172 

electromagnetic valve system (Valve Bank, Automate Scientific, Barkley, CA). 173 

All recordings were made at room temperature (25 ± 1°C) with a patch clamp 174 

amplifier (MultiClamp700B, Molecular Devices, Sunnyvale, CA). Patch 175 

pipettes (typically 8-14 MΩ electrode resistance) were made from borosilicate 176 

glass with a microelectrode puller (Sutter P-97, Sutter Instruments, Novato, 177 

CA). Ca2+-free ACSF (an equal concentration of Mg2+ was replaced for Ca2+; 0 178 

mM CaCl2 and 3.7 mM MgSO4) was perfused in the bath and focally applied 179 

to minimize the synaptic input from the surrounding cells. In whole-cell 180 

current clamp recordings, the patch pipettes were filled with an intracellular 181 

solution containing the following: 140 mM K-gluconate, 10 mM KCl, 0.2 mM 182 

EGTA, 2 mM MgATP, and 10 mM HEPES, adjusted to pH 7.2. Electrical 183 

stimuli for 200 μs were given every 10 s at the granule cell layer of the 184 
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dentate gyrus, except for in experiments shown in Fig. 3E-I, in which stimuli 185 

were delivered every 30 s. The liquid junction potential was estimated as -15 186 

mV using pCLAMP10 software and compensated for the holding potential. 187 

The series resistance and electrode capacitance were compensated before 188 

measurement. The recordings were adopted only when the resting 189 

membrane potentials were between -60 and -85 mV immediately after the 190 

break-in. The membrane potential was set to -80 mV manually by applying a 191 

small holding current if necessary (Geiger and Jonas, 2000). Input resistance 192 

was continuously monitored by injecting a hyperpolarizing current pulse (-10 193 

pA, 300 ms) in each sweep. MFBs with input resistance larger than 800 MΩ 194 

and series resistance lower than 70 MΩ were used for later analyses. The 195 

data were excluded if the series resistance changed by more than 20% of the 196 

initial value during the recording. In voltage-clamp experiments, pipettes 197 

were filled with an internal solution containing the following: 145 mM CsCl, 198 

2 mM MgCl2, 2 mM Na2ATP, 0.3 mM NaGTP, 5 mM Na2-phosphocreatinine, 199 

10 mM HEPES, and 10 mM EGTA, adjusted to pH 7.2. To record the Ca2+ 200 

current, ACSF containing 1 μM tetrodotoxin (TTX), 20 mM 201 

tetraethylammonium chloride (TEA), and 5 mM 4-aminopyridine (4AP) was 202 
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focally applied to the recording sites. To adjust the osmolarity of the solution, 203 

the concentration of NaCl in the ACSF was lowered by 20 mM. Leakage and 204 

capacitive currents were subtracted online using P/4 procedures. Series 205 

resistance (57.2 ± 3.3 MΩ, n = 7) was compensated by 50-70%. In some 206 

recordings, unclamped tail currents with a very slow time course appeared in 207 

an all-or-none manner, possibly reflecting spiking of the neighboring axons 208 

or boutons. These recordings with a time constant longer than 400 μs were 209 

excluded from analysis. Signals were filtered at 10 kHz with a 4-pole Bessel 210 

filter, and were digitized at 20 kHz with a DIGIDATA 1322A interface and 211 

16-bit resolution (Molecular Devices, Sunnyvale, CA). All data were acquired 212 

and analyzed offline with pClamp 10.7 software (Molecular Devices, 213 

Sunnyvale, CA) and Origin 8J or 2015 (OriginLab, Northampton, MA).  214 

 215 

SSimulation 216 

The simulated membrane potential (Vm) at the hippocampal mossy fibers 217 

was calculated according to the model suggested by Engel and Jonas (2005) 218 

based on the data recorded from mossy fiber boutons. The model basically 219 

assumed a Hodgkin-Huxley-type model (Hodgkin and Huxley, 1952) adapted 220 
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to channels in mossy fiber terminals, and K+ channels inactivation was 221 

implemented multiplicatively with parameters of recombinant KV1.4 222 

channels (Wissmann et al., 2003). Simulations were performed using 223 

NEURON 7.5 for Windows (Hines and Carnevale, 1997). The passive 224 

electrical properties of the axon were assumed to be uniform, with a specific 225 

membrane capacitance Cm of 1 μF cm−2, a specific membrane resistance Rm 226 

of 10,000 Ω cm2, and an intracellular resistivity Ri of 110 Ω cm. The 227 

structure of the mossy fiber was approximated by a soma (diameter, 10 μm), 228 

10 axonal cylinders (diameter, 0.2 μm; length, 100 μm), and 10 en passant 229 

boutons (diameter, 4 μm). The number of segments was 1 μm−1, and the time 230 

step was 5 μs in all simulations. The resting potential was assumed to be −80 231 

mV. The reversal potential of the leak conductance was set to −81 mV to 232 

maintain stability. Voltage-gated Na+ channels, K+ channels, and leakage 233 

channels were inserted into the soma, axon, and boutons, respectively. The 234 

Na+ conductance density was set to 50 mS cm−2 for the axon and boutons, 235 

and 10 mS cm−2 for the soma. The K+ conductance density was set to 36 mS 236 

cm−2 throughout all parts of the neurons. Action potentials were evoked by 237 

injection of depolarizing current into the 9th bouton (1 ms, 0.15 nA) or the 238 
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soma (2 ms, 0.2 nA) in the simulation shown in Fig. 4G and 4H, respectively. 239 

We carried out stimulation on the last (10th) bouton in a “pearl chain 240 

structure” to avoid sealed end effects. The equilibrium potentials for Na+ and 241 

K+ ions were assumed to be +50 mV and −85 mV, respectively. 242 

  243 

Statistics 244 

All data are expressed as the mean ± SEM. Statistical analysis was 245 

performed by non-parametric two-sided tests (Wilcoxon signed-rank test for 246 

paired data and Mann-Whitney U test for unpaired data), and a P-value of < 247 

0.05 was accepted for statistical significance. All statistical analyses were 248 

carried out using R software (version 3.4.1). 249 

 250 

Chemicals  251 

Veratridine was purchased from Sigma-Aldrich (St. Louis, MO, USA). 252 

Tetrodotoxin was purchased from Funakoshi (Tokyo, Japan). All other 253 

chemicals were purchased from Wako Pure Chemical (Tokyo, Japan). 254 
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RResults 255 

 256 

Slow ADP following axonal action potentials at hippocampal mossy fibers 257 

To characterize the detailed properties of ADP following action potentials, 258 

whole-cell current clamp recordings were made from large MFBs in mouse 259 

hippocampal slices (Fig. 1A). Long depolarizing current pulses (20-120 pA, 260 

500 ms) in the current clamp configuration constantly evoked single action 261 

potentials to increasing currents (Fig. 1B), as reported previously (Geiger 262 

and Jonas, 2000; Bischofberger et al., 2006). Input resistance and the time 263 

constant of MFBs were also measured from voltage responses to 264 

hyperpolarizing current injection of -10 pA for 300 ms. Input resistance and 265 

the decay time constant were 1.06 ± 0.06 GΩ and 36.4 ± 3.3 ms, respectively 266 

(n = 20), and were consistent with those reported in previous studies 267 

(Bischofberger et al., 2006; Szabadics and Soltesz, 2009). Action potentials 268 

were also evoked by extracellular stimulation at the granule cell layer of the 269 

dentate gyrus (Fig. 1C, left). The amplitude and half-width of action 270 

potentials evoked by stimulation of granule cells were 114.5 ± 2.4 mV and 271 

863 ± 34 μs, respectively (n = 20). Alternatively, injection of short current 272 
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pulses (500-800 pA for 1 ms) to the recorded bouton also elicited action 273 

potentials (Fig. 1C, right). The amplitude and half-width of the action 274 

potentials evoked by current injection were 113.8 ± 2.6 mV and 918 ± 26 μs, 275 

respectively (n = 6), which were not significantly different from those evoked 276 

by stimulation at the granule cell layer (P = 0.700 and P = 0.422 for 277 

amplitude and half duration, respectively). 278 

In each stimulation mode of input stimulation or current injection, a 279 

small and prolonged ADP followed the action potentials in MFBs (Geiger and 280 

Jonas, 2000; Kamiya et al., 2002), as shown in Fig. 1C (arrowheads). The 281 

amplitude and decay time constant of ADP by stimulation of input fibers 282 

were 15.3 ± 1.3 mV and 41.6 ± 3.8 ms, respectively (n = 20), which were not 283 

significantly different from those evoked by current injection to the recorded 284 

boutons (13.0 ± 1.3 mV and 43.6 ± 5.5 ms), as shown in Fig. 1D (P = 0.494 for 285 

amplitude and P = 0.700 for decay time constant). As these data were 286 

recorded in Ca2+-free ACSF to minimize the influence of synaptically 287 

released transmitters (Ohura and Kamiya, 2018), ADP was considered to 288 

have originated intrinsically from the membrane properties of MFBs. 289 

Previous reports suggested that R-type Ca2+ channels contribute to ADP 290 
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in CA1 pyramidal neurons (Metz et al., 2005), and mossy fiber terminals 291 

contain R-type Ca2+ channels (Gasparini et al., 2001; Li et al., 2007). 292 

However, any possible contribution of R-type Ca2+ channels to ADP 293 

generation was omitted in the recording in Ca2+-free solution. To test for 294 

possible contribution of R-type Ca2+ channels in axonal ADP in the mossy 295 

fibers, we examined the effects of Ca2+-containing ACSF, and found no 296 

significant changes in action potentials or ADP generated by short current 297 

injection (P = 0.742 and P =0.742, respectively, n = 8, Fig. 1E, F). This 298 

suggests that ADP at mossy fiber terminals was not mediated by Ca2+ 299 

channel-dependent components. 300 

 301 

VVoltage dependency of axonal ADP 302 

To investigate the mechanisms underlying ADP, we first examined the 303 

voltage-dependency of ADP amplitude. For this purpose, membrane 304 

potentials were changed by injecting continuous currents into the recording 305 

MFBs. At positive membrane potentials relative to resting membrane 306 

potentials, the amplitude of ADP was decreased and the waveform was 307 

markedly altered (Fig. 2A, B). In these experiments, we measured 308 
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membrane potentials at 5 ms after the peak of the action potentials because 309 

the peak of ADP was evident at that time point. The ADP amplitude was 16.7 310 

± 1.6 mV in the control conditions at -79.1 ± 0.6 mV, and decreased to 7.5 ± 311 

1.1 mV at the depolarized conditions of -66.2 ± 0.9 mV (n = 14, P = 0.00012, 312 

Fig. 2C). The negative correlation of ADP with initial membrane potentials 313 

was also reported at presynaptic terminals of the calyx of Held (Sierksma 314 

and Borst, 2017) or cerebellar basket cells (Begum et al., 2016). 315 

 316 

SSodium channel-dependent component of axonal ADP 317 

It was reported that the slow reactivation of resurgent-type Na+ currents 318 

mediates ADP at the presynaptic terminals of the calyx of Held (Kim et al., 319 

2010). Focal application of 0.5 μM TTX to the recording site completely 320 

abolished both action potentials (from 108.9 ± 4.0 mV to 1.0 ± 0.4 mV, n = 6, P 321 

= 0.0313) and ADP (from 12.4 ± 1.2 mV to 0.4 ± 0.2 mV, n = 6, P = 0.0313), as 322 

shown in Fig. 3A. To test for possible contribution of Na+ channels to ADP, we 323 

examined the effects of TTX on ADP. For this purpose, brief current pulses of 324 

2000-4300 pA for 1 ms were injected to mimic the short depolarization of 325 

action potentials (103.7 ± 6.7 mV, n = 6) in the presence of TTX (Fig. 3A). The 326 



 

20 
 

peak amplitude of ADP was decreased to 10.3 ± 1.3 mV by TTX (n = 6), and 327 

the difference in ADP amplitudes between with and without TTX was 328 

significant (P = 0.0313), as shown in Fig. 3D. This suggests that 329 

TTX-sensitive Na+-channels partly mediate ADP at MFBs.  330 

On the other hand, a previous study revealed that veratridine, an 331 

inhibitor of sodium channel inactivation, markedly enhanced and prolonged 332 

ADP at the calyx of Held presynaptic terminals (Kim et al., 2010). Therefore, 333 

we examined the effects of veratridine on action potentials and ADP at 334 

hippocampal MFBs. Application of 1 μM veratridine had minimal effects on 335 

the action potentials (Fig. 3E, F). The amplitude and half-width of action 336 

potentials were 107.6 ± 6.0 mV and 1.02 ± 0.03 ms, respectively, in the 337 

control conditions, whereas they were 106.0 ± 7.4 mV and 1.07 ± 0.06 ms, 338 

respectively, after application of veratridine (n = 6). The differences were not 339 

significant (P = 0.563 and 0.688, Fig. 3G, H). However, the amplitude of ADP 340 

was significantly increased from 10.8 ± 1.5 mV to 13.5 ± 1.9 mV by 341 

veratridine (n = 6, P = 0.0313, Fig. 3I). During application of veratridine for 342 

10 min, 3 out of 6 recordings exhibited mild enhancement and prolongation 343 

of ADP, as shown in Fig. 3E, but the other 3 recordings accompanied multiple 344 
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spikes overlaying enhanced ADP (Fig. 3F). These results suggest that 345 

veratridine-sensitive Na+ channels contributed to the generation of ADP, 346 

although the amount varied among boutons. As ADP largely remained with 347 

TTX (Fig. 3B, D), a mechanism other than Na+ channels is involved in the 348 

generation of ADP. 349 

 350 

CCapacitive component of axonal ADP 351 

Next, we addressed the contribution of the component derived from slow 352 

capacitive discharge of the axonal membrane (Barrett and Barrett, 1982; 353 

Borst et al., 1995; David et al., 1995). As shown in Fig. 3A, brief current 354 

injection into the MFBs elicited prolonged depolarization resistant to the 355 

application of TTX. To measure the components of capacitive discharge, we 356 

evaluated the effects of 4-AP, which almost completely blocks potassium 357 

channels at MFBs (Alle et al., 2011), on TTX-resistant depolarization. 358 

Application of 2 mM 4-AP increased the amplitude of the slow depolarization 359 

component at 5 ms from 11.6 ± 0.9 mV to 26.0 ± 4.0 mV (n = 8, P =0.00781), 360 

as shown in Fig. 4A and 4B. The decay time constant was also increased by 361 

4-AP (from 30.9 ± 4.8 ms to 37.6 ± 6.1 ms, n = 8, P =0.00781, Fig. 4C). These 362 
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results suggest that delayed activation of voltage-dependent K+ channels 363 

curtails the repolarizing phase of the brief depolarization by TTX, and the 364 

voltage responses elicited in the presence of TTX and 4-AP most likely 365 

represent capacitive components due to axonal membrane discharge. This 366 

notion is supported by the findings that the time constant (37.6 ± 6.1 ms) was 367 

not significantly different from that observed in hyperpolarization elicited by 368 

stepwise negative current injection (37.7 ± 6.7 ms, n = 8) (P = 0.547, Fig. 4F). 369 

As expected from the passive nature of capacitive discharge, the time course 370 

of this component was voltage-independent (Fig. 4E). The amplitudes were 371 

26.0 ± 4.0 mV at -80 mV and 25.3 ± 3.9 mV at -70 mV, and the difference was 372 

not significant (P = 0.945). The decay time constant recorded at -80 mv (37.6 373 

± 6.1 ms) was not different from that at -70 mV (35.8 ± 6.1 ms, n = 8, P = 374 

0.813). 375 

To quantitatively evaluate the contribution of the capacitive component, 376 

we also carried out numerical simulation using the model described 377 

previously (Engel and Jonas, 2005). This was a realistic mossy fiber model 378 

incorporating the compartmental cable model mimicking the morphology of 379 

mossy fiber axons, as well as a Hodgkin-Huxley-type gating model of 380 
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voltage-dependent Na+ channels that was obtained experimentally and 381 

implemented with inactivation of voltage-dependent K+ channels. 382 

Hyperpolarization evoked by negative current injection was optimally fit 383 

with the sum of two exponentials, reflecting two electrical components of 384 

boutons and the connecting axons, and the time constant of the dominant 385 

component was 17.0 ms (Fig. 4G, left). The decay time constant for short 386 

current injection, in which both Na+ and K+ conductance was reduced to 0, 387 

was 15.0 ms (Fig. 4G, right). 388 

We also carried out simulation for passive propagation of the action 389 

potentials through a thin axonal cable from the nearby MFBs. For this 390 

purpose, we reconstituted the propagation of action potentials elicited by 391 

injecting stimuli at the soma, and calculated the voltage transients at the 392 

distal axons and the MFBs (Fig. 4H). Simulation demonstrated that the 393 

action potential of nearby MFBs (108.2 mV in amplitude) was passively 394 

propagated to the next MFBs (17.3 mV in amplitude). The spatial 395 

distribution constant of the passive propagation of transient signal, which 396 

we defined in this study as the distance that reduced the size of the transient 397 

signal to 1/e (37%) without any active conductance, was estimated as 53.6 μm, 398 
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and this value was similar with that reported for Purkinje cell axons 399 

(Zorrilla de San Martin et al., 2017). Therefore, the capacitive component of 400 

ADP may reflect the propagation of action potentials at upstream axons 401 

and/or MFBs. 402 

In the absence of active conductance, action potentials passively 403 

propagate and decay exponentially with distance. However, this spatial 404 

distribution of transient voltage changes is strongly filtered by the electrical 405 

cables of thin axons, and should be different from and shorter than those of 406 

steady-state responses indicated by the length constant, which represents 407 

the duration for decay of the size of steady-state responses to 1/e. 408 

These results suggest that the decay time course of ADP is mainly 409 

determined by the slow capacitive discharge of the axonal membrane 410 

following action potentials. Veratridine-sensitive Na+ channels and 411 

4AP-sensitive K+ channels additionally contribute to ADP to modulate the 412 

time course in mouse hippocampal MFBs. 413 

 414 

BBroadening of axonal action potentials by ADP 415 

Our previous study revealed short-term depression of axonal spikes, as 416 
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recorded by loose-patch clamp recording (Ohura and Kamiya, 2018). As 417 

application of veratridine selectively depressed the second spike with 418 

minimal effects on the first spike, we supposed that ADP following the first 419 

action potential affects the second action potential by steady-state 420 

inactivation of voltage-dependent Na+ channels. Thus, to examine the effects 421 

of ADP on activity-dependent modulation of action potentials, we first 422 

examined whether steady-state depolarization affects the action potentials 423 

(Fig. 5A, B). The amplitude of the action potential was measured from the 424 

baseline before stimulation because it was difficult to detect the threshold of 425 

propagating action potentials due to their smooth rising phase. The small 426 

depolarization preceding AP (13.4 ± 0.8 mV from control) caused no 427 

significant change in the peak amplitude (to 97.7 ± 2.9% of control) or the 428 

half-width of action potentials (to 97.8 ± 2.3% of control) (n = 14, P = 0.542 429 

and 0.326). The latency to the onset of action potentials was shortened to 430 

85.9 ± 5.7% of the control (n = 14, P = 0.00842). 431 

 We then examined how ADP affects the subsequent action potentials. 432 

For this purpose, we recorded consecutive action potentials in response to 433 

the paired-pulse stimuli at short intervals (Fig. 5C). The peak membrane 434 
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potential was slightly reduced to 96.8 ± 1.1% of the control at a 10-ms 435 

interval (n = 8, P = 0.0173, Fig. 5D), but was not significantly changed at 436 

longer intervals (to 99.7 ± 0.5%, 100.0 ± 0.2%, 99.8 ± 0.2% of the control at 437 

20-ms, 50-ms, or 100-ms intervals, respectively) (P = 1, 0.889, 0.674 for 438 

20-ms, 50-ms, 100-ms, n = 8, Fig. 5D). The peak reduction at the 10-ms 439 

interval was possibly due to incomplete recovery from the inactivation of Na+ 440 

channels (Engel and Jonas, 2005). We also examined the absolute value of 441 

the amplitude of action potentials. The amplitude of the second action 442 

potential was significantly reduced at 10-, 20-, and 50-ms intervals (to 86.8 ± 443 

2.3%, 91.0 ± 1.4%, 97.2 ± 0.6% of the control, P = 0.00195, 0.000479, 0.00352, 444 

respectively), and it almost recovered to the basal level at a 100-ms interval 445 

(to 99.5 ± 0.5%, P = 0.287979), as shown in Fig. 5D. These time courses of 446 

depression of the second action potentials were similar with those of ADP, 447 

which lasted for several tens of ms. 448 

We recently reported that axonal spikes recorded by loose-patch clamp 449 

recording were markedly depressed in response to paired-pulse stimuli 450 

(Ohura and Kamiya, 2018). As the derivative of action potentials was found 451 

to be proportional to the extracellularly recorded axonal spikes by the 452 
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loose-patch configuration (Meeks et al., 2005; Ohura and Kamiya, 2018), we 453 

calculated the first derivative of the action potential by whole-cell recording 454 

(Fig. 5E). The second amplitude of the derivative of action potentials (Fig. 455 

5F) was slightly lower than the first (88.4 ± 4.1%, 92.6 ± 1.5%, 96.4 ± 0.9%, 456 

97.8 ± 0.5% of control for 10-, 20-, 50-, and 100-ms intervals, respectively). 457 

The differences were significant (P = 0.00781, 0.00781, 0.00781, 0.00781, for 458 

10-, 20-, 50-, and 100-ms intervals, n = 8). The time course was consistent 459 

with that of axonal spikes recorded by loose-patch clamp recordig (Ohura 460 

and Kamiya, 2018).  461 

We also examined the changes in duration of action potentials by paired 462 

stimuli. Repolarization was slightly slowed and the half-width of the action 463 

potentials was prolonged at short intervals (113 ± 5, 110 ± 2, 104 ± 1% of the 464 

control at 10-, 20-, and 50-ms intervals, P = 0.00781, 0.00781, 0.00781, 465 

respectively), but the difference was not significant at a 100-ms interval (102 466 

± 1% of control, P = 0.148), as shown in Fig. 5G, H. These findings were 467 

consistent with the previous study demonstrating activity-dependent 468 

broadening of action potentials by cumulated inactivation of potassium 469 

channels (Geiger and Jonas, 2000). 470 
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 471 

FFacilitation of presynaptic Ca2+ current by ADP 472 

Lastly, we examined whether ADP modifies the presynaptic Ca2+ current, 473 

which directly controls transmitter release and short-term plasticity. 474 

Pharmacologically-isolated Ca2+ currents (Fig. 6A) exhibited a typical time 475 

course of slow activation followed by fast tail currents, as in the previous 476 

study (Bischofberger et al., 2002). The current-voltage (I-V) relationship was 477 

also similar with that reported previously. Ca2+ currents were activated from 478 

approximately -40 mV and reached a maximum amplitude of 134 ± 15 pA at 479 

10 mV (n = 7), as shown in Fig. 6B. The voltage-dependency of the activation 480 

of Ca2+ current was also estimated by measuring tail currents and plotted 481 

against the voltage (Fig. 6C). The steady-state activation data were fitted by 482 

a Boltzmann function with a slope factor of 10.4 mV and midpoint potential 483 

of -7.0 mV. These profiles of presynaptic Ca2+ currents in the MFBs were 484 

consistent with those reported in previous studies (Bischofberger et al., 2002; 485 

Li et al., 2007).  486 

To explore the influence of ADP on the presynaptic Ca2+ influx, 487 

voltage-clamp recordings of Ca2+ currents were made using voltage 488 
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commands mimicking the action potential waveforms recorded by 489 

paired-pulse stimuli shown in Fig. 5C. The charge transfer of Ca2+ currents 490 

was measured as the integrated area under the curve. The half-width of Ca2+ 491 

currents was also measured as the duration between the time points of the 492 

half and peak heights. The Ca2+ currents elicited by the second action 493 

potential voltage-commands with ADP at 10 ms were slightly facilitated 494 

compared with those elicited by the first action potential commands at 115.2 495 

± 8.5% of the control, and the half-width increased to 117.8 ± 7.7% (n = 7). 496 

These effects depended on the intervals of paired stimuli, and were abolished 497 

at a 100-ms interval (to 103.0 ± 2.7% for the charge and to 102.1 ± 0.6% for 498 

the half-width). We considered this Ca2+ current facilitation by paired-pulse 499 

action potentials to be due to the broadening of action potentials, as shown in 500 

Fig. 5G, or facilitation of Ca2+ channels by prolonged depolarization during 501 

ADP. To investigate these possibilities, mock action potential-like voltage 502 

commands mimicking broadening of action potential but lacking ADP were 503 

applied to measure Ca2+ currents for comparison (Fig. 6D). In these 504 

recordings, Ca2+ currents were not facilitated (to 91.2 ± 3.3% and 104.6 ± 505 

2.6% for 10-ms and 100-ms intervals, respectively, n = 7). At a 10-ms interval, 506 
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the difference in the facilitation of Ca2+ current between with and without 507 

ADP was significant (P = 0.0156). The half-width of the Ca2+ current was 508 

unaffected by mock action potentials with ADP (to 102.2 ± 2.8% and 102.1 ± 509 

2.0% for 10 ms and 100 ms intervals, respectively, n = 7). These results 510 

suggest that slight broadening of action potentials minimally affects Ca2+ 511 

entry, but ADP itself facilitates it, possibly by a similar mechanism to those 512 

recently reported at presynaptic terminals of cerebellar Purkinje cells 513 

(Zorrilla de San Martin et al., 2017). Although the underlying mechanisms 514 

remain to be elucidated, ADP following preceding action potentials 515 

modulates Ca2+ entry into the presynaptic terminals by the second action 516 

potential, and may affect the short-term facilitation of transmitter release. 517 

   518 
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DDiscussion 519 

In this study, we examined the mechanisms underlying the prominent 520 

ADP following axonal action potentials using direct whole-cell recordings 521 

from hippocampal mossy fiber terminals in mice. We found that the axonal 522 

ADP was generated predominantly by slow capacitive discharge of the 523 

axonal membrane reflecting passive propagation of action potentials. Slow 524 

activating Na+ channels also partly increase the capacitive component of the 525 

axonal ADP. On the other hand, voltage-dependent K+ channels curtail the 526 

initial phase of ADP by accelerating repolarization. Furthermore, we also 527 

examined the functional consequences of axonal ADP in the regulation of 528 

presynaptic functions. We found that prolonged subthreshold depolarization 529 

of axonal ADP facilitates the presynaptic Ca2+ current, thereby possibly 530 

modulating short-term synaptic plasticity. 531 

 532 

Components of axonal ADP 533 

Action potentials recorded from the soma were often followed by ADP 534 

lasting for several tens of ms, and were considered to regulate the fidelity of 535 

successive neuron firing during repetitive stimuli (Schwartzkroin, 1975; 536 
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Storm, 1987). In addition, ADP is also known to be accompanied by action 537 

potentials propagating along axons. Thus far, axonal ADP was observed in 538 

several preparations allowing for direct recording from the axon and 539 

terminals such as in lizard motor axons (Barrett and Barrett, 1982), calyx of 540 

Held axon terminals (Borst et al., 1995), and hippocampal mossy fiber 541 

terminals (Geiger and Jonas, 2000). Therefore, the mechanisms of axonal 542 

ADP have been studied thoroughly, but remain somewhat controversial 543 

(Borst et al., 1995; Kim et al., 2010; Sierksma and Borst, 2017). 544 

Regarding the mechanisms of axonal ADP, it has been widely accepted 545 

that the slow capacitive discharge of propagating action potentials 546 

contributes substantially to ADP (Barrett and Barrett, 1982), as expected 547 

from the cable properties of axons. As focal application of TTX minimally 548 

affected ADP at calyx of Held axon terminals (Borst et al., 1995), axonal ADP 549 

may be caused by, at least in part, a passive component due to capacitive 550 

discharge. In accordance with this notion, we found that the time course of 551 

slow repolarization of capacitive components, as measured in TTX and 4-AP 552 

conditions, was almost comparable to that of ADP. 553 

On the other hand, ADP also demonstrated clear voltage-dependency, as 554 



 

33 
 

shown in Fig. 2, which is different from the passive nature of the capacitive 555 

component. Therefore, involvement of voltage-dependent conductance in the 556 

generation of ADP is reasonable. In support of this notion, veratridine, which 557 

has complex effects on Na+ channels but mainly exerts its facilitating action 558 

by inhibiting inactivation (Ulbricht, 1998), robustly enhanced ADP and it 559 

sometimes became overlaid with multiple spikes. On the contrary, blocking 560 

Na+ channels with TTX partly reduced ADP. These results were consistent 561 

with the contribution of some slowly activating voltage-dependent Na+ 562 

channels to the generation of ADP, as reported in the calyx of Held axon 563 

terminals (Kim et al., 2010). 564 

Previous studies demonstrated that slowly activating sodium channels, 565 

such as persistent-type INaP (Yue et al., 2005; D’Ascenzo et al., 2009; Kole, 566 

2011; Ghitani et al., 2016) or resurgent-type INaR (Raman and Bean, 1997), 567 

different from transient-type INaT responsible for generation of action 568 

potentials, are involved in ADP. We previously reported that ADP in the 569 

granule cell soma in the dentate gyrus, which was reported to highly express 570 

INaR (Castelli et al., 2007), was markedly enhanced by veratridine (Ohura 571 

and Kamiya, 2018). This implies that ADP in hippocampal mossy fiber 572 
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terminals may also be mediated by resurgent-type INaR. Direct testing for the 573 

presence of INaR in future studies will help to reveal the contribution of 574 

specific Na+ channels to ADP at hippocampal mossy fibers. 575 

We also found that voltage-dependent K+ channels sensitive to 4-AP are 576 

involved in the shaping of ADP. It was previously demonstrated that 577 

repolarization of action potentials at the MFBs is regulated by KV1 (Geiger 578 

and Jonas, 2000) and KV3 (Alle et al., 2011) voltage-dependent K+ channels. 579 

K+ currents elicited by action potential waveform commands are sensitive to 580 

4-AP, and were fully suppressed at 1 mM (Alle et al., 2011). We confirmed 581 

that 4-AP at 2 mM substantially delayed the repolarization of “mock” action 582 

potentials elicited in the presence of TTX, and the time course of residual 583 

components were voltage-independent, as shown in Fig. 4E. These results 584 

suggest that voltage-dependent K+ channels are also involved in the early 585 

phase of ADP to shorten the prolonged depolarization. This is consistent with 586 

the finding that ADP at the calyx of Held axon terminals is also negatively 587 

controlled by Kv1.1/1.2-type K+ channels to prevent multiple spikes during 588 

ADP (Dodson et al., 2003). The contribution of KV7 should be examined in a 589 

future study as it was found to alter the somatic ADP in pyramidal cells (Yue 590 
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and Yaari, 2004; Gu et al., 2005; Brown and Randall, 2009) and is present on 591 

hippocampal mossy fibers (Martinello et al., 2015). 592 

Taken together, we consider ADP at hippocampal mossy fibers to consist 593 

of passive and active components. Passive capacitive discharge dominates 594 

and determines the time course of ADP. As active components, possible slow 595 

activating voltage-dependent Na+ channels sensitive to veratridine and TTX 596 

partly amplify the slow capacitive component. Voltage-dependent K+ 597 

channels sensitive to 4-AP also participate in shaping the early phase of ADP 598 

at hippocampal mossy fibers. 599 

This interpretation may clarify the voltage-dependency of axonal ADP 600 

(Fig. 2). In several previous studies, the voltage-dependency of axonal ADP 601 

upon changes in membrane potentials was reported, and “apparent” reversal 602 

potentials also varied between different preparations (Begum et al., 2016; 603 

Sierksma and Borst, 2017). The differential contribution of capacitive 604 

mechanism, as well as Na+ and K+ channel-dependent mechanisms, may 605 

explain the complex voltage-dependency of axonal ADP. Our study clarified 606 

that sodium channel-dependent and -independent mechanisms underlie ADP 607 

at hippocampal mossy fibers. 608 
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 609 

RRole of ADP in activity-dependent modulation of axonal action potentials 610 

The functional consequence of ADP on subsequent axonal action 611 

potentials was examined thoroughly in previous studies. It was reported that 612 

ADP plays pivotal roles in ensuring reliable firing upon multiple stimuli 613 

(Borst et al., 1995; Kim et al., 2010), as well as in modulating firing patterns 614 

(Bean, 2007; Sierksma and Borst, 2017). In this study, we examined 615 

activity-dependent modulation of the action potential waveform by ADP of 616 

preceding action potentials. ADP exhibited minimal effects on the peak of 617 

successive action potentials, except at very short intervals of 10 ms when 618 

Na+ channels are not fully recovered from inactivation by the preceding 619 

action potentials (Brody and Yue, 2000; He et al., 2002; Engel and Jonas, 620 

2005). However, peaks of the calculated first derivatives of action potentials, 621 

which are considered to reflect the maximal rate of the rising phase of action 622 

potentials, demonstrated paired-pulse depression for up to 100 ms. This is 623 

consistent with our previous observation that axonal spikes recorded 624 

extracellularly using loose-patch clamp recording had paired-pulse 625 

depression following a similar time course (Ohura and Kamiya, 2018) 626 
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because extracellularly recorded axonal spikes are theoretically proportional 627 

to the first derivative of action potentials (Meeks et al., 2005). 628 

Furthermore, activity-dependent broadening of action potentials (Geiger 629 

and Jonas, 2000) was detectable even in paired-pulse protocols in this study. 630 

As suggested, accumulated inactivation of KV1-type voltage-dependent K+ 631 

channels may cause activity-dependent broadening of action potentials at 632 

hippocampal mossy fibers. A similar mechanism may underlie ADP, although 633 

the magnitude of broadening is much smaller. 634 

 635 

RRole of ADP in facilitation of the presynaptic Ca2+ current 636 

The shape of the presynaptic action potential determines the calcium 637 

influx to the presynaptic terminals, and thereby modulates transmitter 638 

release from the presynaptic terminals. Broadening of action potentials 639 

during repetitive stimuli was reported to enhance the calcium influx into 640 

presynaptic terminals (Geiger and Jonas, 2000; Bischofberger et al., 2002). 641 

Even in the paired-stimuli conditions, mild broadening of action potentials 642 

was observed, but it minimally affected the Ca2+ current elicited by “mock” 643 

action potentials without ADP, as shown in Fig. 6D. Although it is unclear 644 
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why the Ca2+ current was not facilitated by paired-pulse, the positive effects 645 

of spike broadening may be counteracted or cancelled by residual 646 

inactivation of Ca2+ channels at short intervals. Slight changes in action 647 

potential rise times may also contribute to this apparent discrepancy. 648 

On the other hand, Ca2+ currents elicited by voltage-clamp commands of 649 

the recorded action potentials with ADP were slightly but significantly 650 

facilitated. Recently, direct recording from Purkinje cell axon terminals 651 

revealed that prior subthreshold depolarization facilitated Ca2+ currents 652 

(Zorrilla de San Martin et al., 2017). Although the detailed biophysical 653 

mechanism awaits future investigation, a similar mechanism may underlie 654 

the paired-pulse facilitation of Ca2+ currents observed in this study. 655 

  656 

FFunctional implications 657 

Axonal ADP following action potentials is a fundamental and important 658 

upstream process of transmitter release, which accordingly affects 659 

short-term synaptic plasticity. In this study, we found that the axonal ADP 660 

may facilitate presynaptic Ca2+ currents elicited by action potentials. As it 661 

has been demonstrated that somatic depolarization also affects transmitter 662 
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release from MFBs in a Ca2+-independent manner (Scott et al., 2008), Ca2+ 663 

current facilitation as well as Ca2+-independent facilitation of transmitter 664 

release may be involves in the activity-dependent short-term plasticity at 665 

synapses. Simultaneous recording from both presynaptic MFBs and 666 

postsynaptic pyramidal cells (Vyleta and Jonas, 2014; Midorikawa and 667 

Sakaba, 2017) to quantitatively correlate presynaptic Ca2+-signaling with 668 

postsynaptic EPSPs will clarify the detailed functions of axonal ADP for the 669 

short-term plasticity at hippocampal mossy fiber synapses. 670 

   671 
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FFigure Legends. 813 

 814 

Figure 1. Prominent ADP following action potentials at MFBs in mouse 815 

hippocampal slices. A, IR-DIC image of the recorded bouton (arrow) and CA3 816 

pyramidal cell (arrowhead). Scale bar represents 5 μm. B, Whole-cell 817 

recordings confirmed typical membrane potential responses of MFBs with 818 

single action potentials in response to the current injection (-20 to 120 pA 819 

pulses for 500 ms, 20 pA each step). C, Action potential of MFBs evoked by 820 

input stimuli at the granule cell layer (left) and current injection at the 821 

recorded boutons (right). The arrowheads represent the peaks of ADP. D, 822 

Summary data of the amplitude of ADP elicited by input stimuli (open 823 

column; n = 20) or by current injection (closed column, n = 6). E, Effects of 824 

Ca2+-containing ACSF on action potentials elicited by current injection. F, 825 

Summary of ADP amplitude in the absence (open column) and presence 826 

(closed column) of Ca2+ (n = 8). 827 

 828 

Figure 2. Dependency of ADP on initial membrane potentials. A, Action 829 

potentials were recorded at control (black) and depolarized (red) membrane 830 
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potentials by injecting constant currents into the recorded boutons. Although 831 

the peak of action potentials was unaffected by changes in initial membrane 832 

potentials, the amplitude and the time course of ADP were significantly 833 

altered by changes in the membrane potentials. BB, Superimposed traces 834 

illustrate the voltage-dependency of ADP. C, Summary data for ADP 835 

amplitude recorded at control and depolarized initial membrane potentials 836 

(n = 14). 837 

 838 

Figure 3. Involvement of Na+ channels in axonal ADP. A, Action potentials 839 

evoked by input stimuli (black) were completely suppressed by application of 840 

0.5 μM TTX (red). Large current injection into the recorded MFB elicited 841 

“mock” action potentials with similar time courses of action potentials and 842 

ADP (blue). B, Superimposed control (black) and “mock” action potentials 843 

(blue) demonstrated that TTX-sensitive components overtook the 844 

TTX-resistant slow ADP, suggesting that TTX-sensitive Na+-channels partly 845 

enhance ADP. C, DD, Comparison of control and “mock” action potentials (CC) 846 

and ADP (D) amplitude (n = 6, *P < 0.05). E, FF, Effects of focal application of 847 

1 μM veratridine, an inhibitor of Na+ channel inactivation, on ADP. 848 
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Veratridine enhanced and prolonged ADP (EE). In some cases, multiple action 849 

potentials (F) were overlaid, as shown in the right panel. G, HH, II, Summary 850 

data for the effects of veratridine on the amplitude (G), half-width (H) of 851 

action potentials, and the amplitude of ADP (I) (n = 6, * P < 0.05). 852 

 853 

Figure 4. Contribution of capacitive slow discharge in the axonal ADP. A, 854 

“Mock” action potentials (black) elicited by large current injection into MFBs 855 

in the presence of TTX were prolonged by the addition of 2 mM 4-AP (red), 856 

leaving the capacitive components of the axonal membrane. B, C, Summary 857 

data for the amplitude (B) and decay time constant (C) of ADP (n = 8, * P < 858 

0.05). D, Time constant of MFBs measured by hyperpolarizing current 859 

injection (-10 pA, 300 ms). E, Comparison of decay time course of capacitive 860 

components at different initial membrane potentials of -80 and -70 mV. FF, 861 

Summary data for decay time constants of hyperpolarization (D) and the 862 

capacitive component of ADP at -80 mV (E). G, Simulated membrane 863 

potentials in the mossy fiber model by Engel & Jonas (2005) in response to 864 

hyperpolarizing current injection into distal MFBs (left). Brief large current 865 

injection elicited a similar response to those observed in A (right) when gNa 866 
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and gK were omitted from the distal axons shown in red. See Methods for 867 

details. HH, Simulation of passive propagation of upstream action potentials 868 

to distal axons where gNa and gK were omitted. 869 

 870 

Figure 5. Broadening of axonal action potentials by the preceding ADP. A, 871 

Effects of changes in initial membrane potentials on action potentials elicited 872 

by stimulation of input fibers recorded at depolarized (red) or resting (black) 873 

membrane potentials. B, Summary data for the relative peak, half-width, 874 

and latency of action potentials (n = 14). C, Superimposed traces of 875 

paired-pulse responses at 10-, 20-, 50-, and 100-ms intervals. D, Summary 876 

data for the paired-pulse ratio of action potential amplitude measured from 877 

the onset of the second action potential (n = 8). E, First derivatives calculated 878 

from paired-pulse responses are shown in C and F, Summary data for the 879 

paired-pulse ratio of the first derivative waveform (n = 8). G, Expanded 880 

traces of the 1st (black) and 2nd (red) action potentials at different 881 

inter-spike intervals. H,  Summary data for the paired-pulse ratio of the 882 

action potential half-width (n = 8). 883 

 884 
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FFigure 6. Facilitation of presynaptic Ca2+ influx by the axonal ADP. A, Ca2+ 885 

currents in MFBs evoked by voltage steps from -80 mV to -70 ~ 50 mV for 20 886 

ms. B, The averaged I-V relationships of presynaptic Ca2+ currents at MFBs. 887 

Current amplitudes were measured at the end of the voltage steps. C, 888 

Voltage-dependency of activation of Ca2+ currents as shown by the 889 

amplitudes of tail currents. Data were normalized to the maximal value in 890 

each experiment and were fitted using a Boltzmann function (n = 7). D, 891 

Voltage-clamp recording of Ca2+ currents using voltage commands mimicking 892 

the action potential waveforms elicited by paired-pulse stimuli (red). For 893 

comparison, “mock” action potential-like voltage commands mimicking 894 

broadening of action potentials by 10% in accordance with data in Fig. 5H, 895 

but lacking ADP, were applied (blue). Superimposed Ca2+ currents evoked by 896 

the 1st and 2nd voltage commands are shown in the right panels. E, FF, 897 

Summary data for the paired-pulse ratio of charge transfer (E) and 898 

half-width (F) of Ca2+ currents (n = 7, * P < 0.05).  899 














