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Complex Intrinsic Membrane Properties and Dopamine
Shape Spiking Activity in a Motor Axon

Aleksander W. Ballo and Dirk Bucher

The Whitney Laboratory for Marine Bioscience and Department of Neuroscience, University of Florida, St. Augustine, Florida 32080

We studied the peripheral motor axons of the two pyloric dilator (PD) neurons of the stomatogastric ganglion in the lobster, Homarus
americanus. Intracellular recordings from the motor nerve showed both fast and slow voltage- and activity-dependent dynamics. During
rhythmic bursts, the PD axons displayed changes in spike amplitude and duration. Pharmacological experiments and the voltage depen-
dence of these phenomena suggest that inactivation of sodium and A-type potassium channels are responsible. In addition, the “resting”
membrane potential was dependent on ongoing spike or burst activity, with more hyperpolarized values when activity was strong. Nerve
stimulations, pharmacological block and current clamp experiments suggest that this is due to a functional antagonism between a slow
after-hyperpolarization (sAHP) and inward rectification through hyperpolarization-activated current (I;). Dopamine application re-
sulted in modest depolarization and “ectopic” peripheral spike initiation in the absence of centrally generated activity. This effect was
blocked by CsCl and ZD7288, consistent with a role of I;. High frequency nerve stimulation inhibited peripheral spike initiation for
several seconds, presumably due to the SAHP. Both during normal bursting activity and antidromic nerve stimulation, the conduction
delay over the length of the peripheral nerve changed in a complex manner. This suggests that axonal membrane dynamics can have a
substantial effect on the temporal fidelity of spike patterns propagated from a spike initiation site to a synaptic target, and that neuro-

modulators can influence the extent to which spike patterns are modified.

Introduction

Axon trunks are still commonly viewed as neuronal compart-
ments whose sole function is to reliably propagate action poten-
tials (spikes) from somatic and dendritic integration sites to elec-
trotonically distant synaptic targets. The potential role of axon
trunks in information processing and shaping of neuronal output
is often underappreciated, despite the fact that extrasynaptic ax-
onal regions can display dynamic properties that affect the reli-
ability and temporal features of spike conduction (Debanne,
2004; Sidiropoulou et al., 2006). These properties largely result
from rather complex intrinsic membrane properties that far ex-
ceed the commonly assumed minimal complement of voltage-
gated ion channels required for spike propagation.

In fact, it is now well established that the diversity of voltage-
gated ion channels that play a role in spike generation, spike
shape, and control of activity can be substantial (Baranauskas,
2007; Bean, 2007). However, because of the difficulty of obtain-
ing electrophysiological data from axons and the limited infor-
mation about the spatial distribution of channels, it is often not
clear whether their functional role lies primarily in spike initia-
tion at the soma and proximal axon, or whether they also con-
tribute to the dynamics of conduction and presynaptic transmit-
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ter release (Khaliq and Raman, 2006; Kole et al., 2007; Shu et al.,
2007; Shah et al., 2008).

That said, the temporal patterns of spikes generated at soma
and axon hillock can change during the conduction toward syn-
aptic terminals. Such changes include frequency-dependent
slowing or acceleration of conduction that result in changes of
interspike intervals (Manor et al., 1991; Meeks and Mennerick,
2007; De Col et al., 2008), spike failures (Grossman et al., 1979;
Miller and Rinzel, 1981; Debanne et al., 1997), and ectopic spike
initiation (Kepler and Marder, 1993; Ma and LaMotte, 2007;
Jiang et al., 2008).

Additional evidence that axon trunks have complex dynamic
properties and are involved in shaping neuronal output comes
from the finding that axonal excitability and spike conduction
can be affected by a number of neuromodulators in a variety of
vertebrate and invertebrate preparations. These modulators in-
clude serotonin (Meyrand et al., 1992; Mar and Drapeau, 1996;
Beck et al., 2002; Lang et al., 2006; Scuri et al., 2007), dopamine
(DA) (Bucher et al., 2003), Octopamine (Goaillard et al., 2004),
GABA (Sakatani et al., 1993, 1994; Sun and Chiu, 1999; Verdier et
al., 2003), and acetylcholine (Lang et al., 2003; Ding et al., 2004;
Zhang et al., 2004; Kawai et al., 2007), and they affect both central
and peripheral axons, in some cases even myelinated ones.

We have recently shown that the peripheral axon of the pylo-
ric dilator (PD) neuron in the stomatogastric nervous system
(STNS) of the lobster can initiate spikes in response to DA
(Bucher et al., 2003). We now show that the PD axon displays
complex membrane properties that affect spike shape and resting
membrane potential in an activity-dependent manner and most
likely the temporal fidelity of conducted bursts of spikes. In ad-
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matogastric ganglion (STG), and nerves con-
necting them. The PD neurons have their
somata in the STG. They are unipolar and have
a very complex central branching structure
(Bucher et al., 2007). A single 10- to 20-um-
thick neurite projects into the core of the STG,
gives off a number of secondary branches into
the synaptic neuropil, and continues on as an
axon that leaves the STG via the unpaired dvn.
From there they project through the paired lat-
eral ventricular nerves (lvn) which the dvn gives
rise to, and the pyloric dilator nerves (pdn)
which originate from the ventral lvn. The pdn
innervates the ventral pyloric dilator muscles in
the intact animal. The PD neurons are not bi-
lateral homologues and each innervates mus-
cles on both sides of the stomach. Therefore,
not only the unpaired dvn, but also each Ivn and
pdn contains both PD axons.
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exposing the bundle of axons.

During recordings, preparations were con-
tinuously superfused with cooled saline (12°C).
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Figure 1.

attenuated in the axon.

dition, we show that DA depolarizes the axon and present evi-
dence that it acts on the hyperpolarization-activated inward cur-
rent, Ij.

Materials and Methods

Adult lobsters, Homarus americanus, were obtained from Commercial
Lobster (Boston, MA) and kept in aerated filtered seawater tanks at
10—12°C. Lobsters were anesthetized on ice for at least 15 min before
dissection. The STNS was removed from the stomach and placed into a
transparent Sylgard-lined (Dow Corning) dish in saline. The saline com-
position was as follows (in mm): 479.12 NaCl, 12.74 KCl, 13.67 CaCl,, 10
MgSO,, 3.91 Na,SO,, and 10 HEPES, pH 7.4-7.5. To block potentially
present Ca®" currents, in some cases Ca*>* was mostly replaced with
Mn?" (1.3 CaCl, and 11.62 MnCl,)

An outline of the ganglia and nerves that were kept intact is depicted in
Figure 1A (nomenclature after Maynard and Dando, 1974). They in-
cluded the paired commissural ganglia, the esophageal ganglion, the sto-

Intracellular PD axon recordings from peripheral nerve. 4, Intracellular recordings of the PD soma and axon along
with extracellular recording from the pdn during ongoing rhythmic pyloric activity. The schematic of the stomatogastric nervous
system indicates the somatic and axonal recording sites. The soma recording shows attenuated spikes, whereas the axonal
recording shows overshooting spikes. Spike amplitudes change over the course of the burst (white arrow) and ride on top of a
baseline depolarization that starts abruptly with the first spike (black arrow). B, Simultaneous intracellular recordings from the
somaand axon. The axon recording is from a site more proximal to the STG than used for the rest of this study. The bottom showing
only the voltage range around the baseline of the axon recording reveals a slow depolarization that likely represents the attenu-
ated remnant of the slow-wave oscillation seen in the soma recording (black arrows). €, Voltage attenuation from soma to axon.
In the same experiment as shown in B, centrally generated activity was blocked and the soma penetrated with a second
electrode. Steps of depolarizing and hyperpolarizing current injections show that voltage responses were substantially

steel wire electrode into a petroleum jelly well
(diameter ~1 mm) built around the distal part
of the pdn. Signals were amplified and filtered
using a differential AC amplifier (model 1700,
A-M Systems). Nerve stimulation was achieved
through the same electrode, using an isolated
pulse stimulator (model 2100, A-M Systems).

Intracellular recordings were obtained from
the PD axons in the dvn and/or the PD somata
in the STG, using sharp glass microelectrodes
filled with 0.6 M K,SO, + 20 mm KCl, or 3 m
KCL Electrode resistance was between 20 and
40 MQ. K,SO, is used in STG soma recordings
to avoid altering chloride conductances. In the
PD axon, we did not detect a difference between
the behavior of the membrane between recordings with either electrolyte,
and subsequently mostly used KCL. For unknown reasons, using capacity
overcompensation (“buzz”) to penetrate the axon membrane proved
difficult and, when successful, often yielded rather depolarized poten-
tials. Therefore, membrane penetration was achieved by tapping the mi-
cromanipulator (Leica) lightly with the back end of dissection forceps.
Because of the relative difficulty to penetrate the axon membrane even
with sharp electrodes, presumably because of the presence of glia cells, we
refrained from attempting patch clamp recordings. Signals were ampli-
fied using Axoclamp 2A and 2B amplifiers (Molecular Devices). The PD
axons were identified by the correspondence of their spike patterns with
the extracellular pdn recording.

Although almost the entire PD axon is sensitive to application of DA,
the most prevalent site of peripheral spike initiation in response to DA
application is the lower dvn, close to the split into the 2 lvn (Bucher et al.,
2003). We therefore wanted to obtain intracellular recordings from this
site. The dvn contains some 20 large-diameter (~10 wm) motor axons.
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applied to a petroleum jelly well around the
STG to block centrally generated bursting ac-
tivity. In addition, the following blockers
were bath-applied in different experiments: 5
mMm CsCl (Acros Organics), or 50-100 um
7D7288 (Tocris Bioscience) to block
hyperpolarization-activated inward current
(Iy1)> 0.4—4 mMm 4-aminopyridine (4-AP) to
block A-type K™ currents, 0.5-2 mm CdCl,
(Sigma) to block Ca’* currents, and 0.03—
0.5 mM ouabain (Sigma) to block the electro-
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DA (3-hydroxytyramine hydrochloride)
(Sigma) was bath-applied at 1 nm or 1 um. To
avoid degradation, 1 mum stock solutions were
always made fresh and kept in the dark on ice
for no longer than 1 h. The concentrations were
. chosen because DA is not directly released into
the peripheral nerves but present in the hemo-
lymph and effective at hormonal concentrations
(greater than nanomolar) (Bucher et al., 2003).

Results

Intracellular recordings from PD axons
during ongoing rhythmic

pyloric activity
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Figure 2.

taneous spike frequency. IF, Instantaneous spike frequency; adj., adjusted; max, maximum.

These axons run as a cohesive bundle for most of the length of the dvn,
but defasciculate near the dvn-lvn junction, which makes it difficult to
obtain mechanically stable intracellular recordings at this site. Intracel-
lular recordings from PD axons were therefore obtained slightly more
proximal to the STG. The length of the dvn varies substantially across
individuals. Therefore, recording sites varied between distances of 5 to 20
mm from the STG. Axon recordings showing interburst membrane po-
tentials more depolarized than —55 mV were discarded and recordings
showing spike amplitudes >3 SDs smaller than the mean were later
excluded from analysis.

The large electrode resistances that we needed for axon recordings
precluded switching rates in discontinuous current clamp that were suf-
ficient to inject current and simultaneously accurately monitor fast tran-
sients like spikes, even when electrode tips were coated with Sylgard to
reduce capacitance artifacts. Two-electrode recordings proved difficult
to obtain because of axon size and limited mechanical stability. Never-
theless, in 21 experiments we successfully obtained simultaneous record-
ings with two electrodes, <1 mm apart from each other. Most of these
recordings were used to characterize membrane responses to current
injection in the absence of centrally generated activity.

Data were acquired using a micro 1401 digitizing board and Spike2
version 6 software (CED), and analyzed using programs written in the
Spike2 script language. Plots were generated in Grapher (version 4,
Golden Software) and Statview (version 5, SAS Institute), final figure
mounting in Canvas 11 (ACD Systems). Statistical tests were performed
in Statview and included linear regression analysis, paired ¢ tests, and
repeated-measurement ANOVA. Statistical significance is indicated in
bar plots by asterisks (*p < 0.05; **p < 0.01, ***p < 0.001).

Pharmacological applications. Tetrodotoxin (TTX) (100 num, Sigma)
in saline was bath-applied to block spiking activity when needed, and

T T
60
max IF [Hz]
Activity-dependent changes in spike peak voltage. A, Peak voltage and instantaneous spike frequency as a function
of time over the course of a burst. Data are from 100 bursts in a single experiment. Single data points are superimposed with mean
values sorted by spike index (£=SDin xand y). spk, Spike. B, Peak voltage plotted as a function of instantaneous spike frequency,
from the same data as in A. Mean values show slight differences for the first (right arrow) and second (left arrow) halves of the

burst. €, Across experiments, the maximum difference in spike peak voltage was not dependent on the interburst membrane
potential (Vm). D, Across experiments, the maximum difference in spike peak voltage was dependent on the maximum instan-
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Figure 1A shows intracellular recordings
from the PD soma in the STG and the PD
axon in the dvn from two different experi-
ments. The soma recording shows the typi-
cal slow-wave membrane potential oscilla-
tion underlying the rhythmic pyloric motor
pattern (Harris-Warrick et al., 1992; Marder
and Bucher, 2007). The spike initiation site
in the STG is at some electrotonic distance to
the mostly passive soma and fast membrane
events like spikes are substantially attenuated
in intracellular soma recordings. In contrast,
PD axon recordings from the dvn displayed large spikes (Fig. 1A).
They also displayed a biphasic change in spike amplitude over the
burst, with larger amplitudes at the beginning and at the end (Fig.
1A, white arrow), and a substantial baseline depolarization during
the burst. The latter did not rise from a slow-wave oscillation, but
started abruptly with the first spike (black arrow).

T 1
120

PD axon recordings were obtained from sites electrotonically

separated from the central part of the neuron

Before analyzing spike shapes and axonal membrane properties,
we wanted to ensure that our axon recording sites were suffi-
ciently distant from the STG to exclude a contribution of central
cell compartments. Figure 1B shows simultaneous recordings
from the PD soma and the proximal axon. The first spike of the
burst recorded in the axon is preceded by a small depolarization,
presumably an attenuated remnant of the slow-wave depolariza-
tion seen in the soma recording (Fig. 1B, arrows). We blocked
impulse activity in the entire STNS and used two-electrode cur-
rent clamp of the soma and simultaneous recording of the PD
axon to estimate the length constant (n = 4). Figure 1C shows the
voltage responses in soma and axon to current injection into the
soma. The voltage response in the axon is substantially attenu-
ated. The mean length constant calculated from fits of exponen-
tial decay to the attenuation of both depolarizing and hyperpo-
larizing current steps was 1.50 mm (#0.32 SD), suggesting that
dvn recording sites >5 mm from the STG are at an electrotonic
distance of >3 length constants. Therefore, we are confident that
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neurons in the California spiny lobster,
Panulirus interruptus (Szucs et al., 2003).
Across experiments, instantaneous spike fre-
quency changed (mean * SD) from 39.2 +
10.3 Hz to 72.4 * 16.1 Hz, with a mean dif-
ference between minimum and maximum
instantaneous spike frequencies ranging
from 17.2 to 58.4 Hz (33.2 = 9.0 Hz).
Changes in spike amplitude followed this
pattern reciprocally (Fig. 2A), with an aver-
age difference between maximum and min-
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ranging from 0.9 to 16.0 mV. In five experi-

IF [Hz] ments, the axon did not display a biphasic
change in spike amplitude. These data were
excluded from quantification.

R2 adj. = 0.34 The change in peak voltage was corre-
p < 0.0001 lated with instantaneous spike frequency

(Fig. 2 B). In all 41 experiments analyzed, lin-
ear regressions were statistically significant
(adjusted R? values between 0.63 and 0.97,
all p values <0.0001). In some experiments,
the dependence of peak voltage on instanta-
neous frequency was slightly different for
spikes during increasing or decreasing fre-
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Figure 3.  Baseline depolarization over the course of the burst. A, Trough amplitude as a function of time over the course of a

burst. The inset indicates that trough amplitude was obtained as the difference between voltage minima between spikes and the
resting membrane potential. Data are from 100 bursts in a single experiment. Single data points are superimposed with mean
values sorted by spike index (==SD in x and y). spk, Spike. B, Trough amplitude plotted as a function of instantaneous spike
frequency, from the same data as in A. Average values show slight differences for the first (lower arrow) and second half of the
burst (upper arrow). C, D, Across experiments, the maximum trough amplitude was dependent on the maximum instantaneous
spike frequency and the interburst membrane potential. amp, Amplitude; IF, instantaneous spike frequency; Vm, membrane

potential; adj., adjusted; max, maximum.

in our experiments recording sites 5-20 mm from the STG were
sufficiently electrotonically separated from central compart-
ments of the neuron and our measurements do not reflect the
intrinsic membrane properties of central branches.

Spike shape analysis

We analyzed spike shape during ongoing pyloric activity in 46
preparations. The mean baseline membrane potential in these
preparations was —66.1 mV (£9.0 SD). The mean peak voltage
of the largest spike in the burst showed considerable variability
across preparations and ranged from —6.3 to +28.8 mV (+8.7 =
7.8 mV, mean = SD), but was overshooting in 40 of the 46 prep-
arations (87%). 100 consecutive bursts from each experiment
were analyzed. The mean pyloric cycle period was 0.99 s (£0.29
SD), the mean PD duty cycle was 0.35 (=0.05 SD), and the mean
number of spikes per burst was 20.4 (=3.4 SD). Each measure-
ment from the 100 bursts was sorted by index (spike number in
the burst), and each data point represents the mean value for each
spike index, plotted as a function of time after the first spike.

Reduction of spike amplitude was dependent on
instantaneous spike frequency

The PD neurons in H. americanus are parabolic bursters, i.e., their
instantaneous spike frequency increases toward the middle of the
burst and decreases toward the end (Fig. 2A), similar to the PD

quencies in the first and second half of the
burst (Fig. 2 B, arrows), suggesting an addi-
tional dependence on spike history.

Across experiments, the difference be-
tween maximum and minimum peak volt-
ages was not dependent on interburst
membrane potential (R?, 0.10, p = 0.34)
(Fig. 2C), but correlated with the maxi-
mum instantaneous spike frequency, with
larger differences occurring at higher max-
imum spike frequencies (Fig. 2D) (ad-
justed R*: 0.12, p < 0.05).

Baseline depolarization during the burst was due to
summation and enhanced by an increase in spike duration
Due to summation of spikes at the high instantaneous spike fre-
quencies, a baseline depolarization of the PD axon membrane
occurred during the burst. Figure 3A shows a plot of the ampli-
tudes of voltage minima between spikes over the burst from one
experiment. For this analysis, the trough voltage between spike
peaks was subtracted from the interburst membrane potential
(Fig. 34, inset). Across experiments, the maximum amplitudes of
this baseline depolarization ranged from 1.9 to 15.0 mV (6.9 =
3.0 mV, mean * SD).

The trough amplitudes were correlated with instantaneous
spike frequency (Fig. 3B). In all 46 experiments analyzed, linear
regressions were statistically significant (adjusted R* values be-
tween 0.52 and 0.96, all p values <0.0001). In all experiments, the
dependence of trough amplitude on instantaneous frequency was
different for spikes during increasing or decreasing frequencies in
the first and second half of the burst (Fig. 3B, arrows), suggesting
an additional dependence on spike history.

Across experiments, the maximum trough amplitude was de-
pendent on both the maximum spike frequency (Fig. 3C) (ad-
justed R?, 0.34, p < 0.0001) and the interburst membrane poten-
tial (Fig. 3D) (adjusted R?, 0.37, p < 0.0001).

The spike repolarization time increased over the course of the
burst. Figure 4A shows multiple sweeps of all spikes in a single
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burstfromaPD axonrecording. Figure4B A
shows waveform averages of the first and
last spike from each of the 100 bursts from
the same experiment. Figure 4C shows a
plot of the spike duration at 1/6 of the am-
plitude of the first spike as a function of
time after the first spike in one experiment.
Across experiments, this duration ranged
from 4.0 to 8.3 ms (5.9 = 1.1 ms, mean *
SD), and the maximum spike duration in
the burst ranged from 5.7 to 11.4 ms
(8.5 = 1.5 ms, mean * SD). The average
increase in spike duration over the burst
was 2.6 ms (£1.1 SD).

The increase in spike duration was not
dependent on the maximum spike fre-
quency across experiments (Fig. 4D) (ad-
justed R?, 0.02; p = 0.17), but was greater
at more hyperpolarized interburst mem-
brane potentials (Fig. 4E) (adjusted R?,
0.35; p < 0.0001).

Because summation should depend on
spike duration, we tested whether the in-
crease in duration had an effect on baseline
depolarization during the burst. Across
experiments, the maximum trough ampli-
tude was correlated with the increase in
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increase in spike duration (Fig. 4F) (ad-
justed R?, 0.75; p < 0.0001).
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Changes in spike amplitude and
duration were dependent on interburst
membrane potential

Both the decrease of spike amplitude at
higher frequencies and the increase in
spike duration are consistent with channel
inactivation. Sodium channel inactivation
affects spike amplitude during repetitive
firing (Grossman et al., 1979; Brody and
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Yue, 2000), and K" channel inactivation, 0
particularly of A- or D-type channels, 80 -75
leads to broadening of spikes (Geiger and
Jonas, 2000; Kole et al., 2007; Shu et al.,
2007). Changes in spike shape should
therefore be dependent on the interburst
membrane potential. Across experiments,
we found a correlation between interburst
membrane potential and spike broadening
(Fig. 4E) but not spike amplitude (Fig.
2C). We therefore directly manipulated
the membrane potential by injecting cur-
rent through a second electrode (n = 4). Figure 5A shows single
bursts from the same recording at different membrane potentials,
and Figure 5B shows the corresponding multiple sweeps of all
spikes in each burst. The change in spike amplitude was more
severe at more depolarized membrane potentials. Spike duration
was longer at more depolarized potentials, but did not increase as
much as at hyperpolarized potentials. Both findings are consis-
tent with larger portions of inactivated channels at more depo-
larized potentials.

We tested whether the increase in duration could be due to the

Figure4.

Adjusted.

maximum trough amplitude [mV]
[=-]
l

— T T T 1 O

70 -65 -60 -55 0 2 4 6 8
interburst Vm [mV]

A duration [ms]

Increase in spike duration over the course of the burst. 4, Multiple sweeps of all spikes in asingle burst, aligned at the
peak. B, Averaged traces of the first and last spike from 100 bursts. €, Spike duration at 1/6 of the amplitude of the first spike from
100 bursts in a single experiment. Single data points are superimposed with mean values sorted by spike index (=SDinxand ).
D, Across experiments, the change in spike duration was not dependent on the maximum instantaneous spike frequency. E, Across
experiments, the changein spike duration was dependent on the interburst membrane potential (Vm). F, Across experiments, the
baseline depolarization under the burst maximum trough amplitude) was dependent on the increase in spike duration. adj.,

presence and inactivation of A-type K " channels. In P. interrup-
tus, the PD axons are immunoreactive for a shaker K™ channel
subunit (Baro et al., 2000) but axonal A-type K™ currents have
not been characterized. 4 mMm 4-AP reliably blocks A-type K*
currents in the central compartments of STG neurons, but there
are two technical caveats. In PD neurons, 4-AP transiently in-
duces a leak current (Kloppenburg et al., 1999; Johnson et al.,
2003) and 4 mm 4-AP also blocks up to 20% of delayed rectifier
currents in a voltage-dependent manner (Gruhn et al., 2005). In
our hands, 4 mm 4-AP in some experiments depolarized the PD
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current would be another possible mecha-
nism but experiments in which Ca®" in
the saline was replaced with Mn " did not
show an effect on spike duration (data not
shown).

The resting membrane potential was
dependent on activity
In addition to the short-term activity- and
voltage-dependent effects on spike shape,
‘ we found slower activity-dependent
mechanisms that affected the resting
membrane potential. Therefore, in the fol-
lowing the term “resting membrane po-
tential” will be used in parentheses. In the
experiments in which spike shapes were
analyzed, the interburst membrane poten-
tial was weakly but significantly correlated
with the strength of ongoing burst activity
(Fig. 6A). Linear regressions showed that
across experiments the interburst mem-
brane potential was more hyperpolarized
at higher burst frequencies (adjusted R*:
0.19; p < 0.01), higher spike frequencies
within the burst (adjusted R 0.12; p <
0.05), and higher overall spike frequencies
(number of spikes/cycle period; adjusted
R?0.14; p < 0.01).

In 35 experiments, we blocked centrally
generated bursting activity. In all experi-
ments, the membrane potential depolar-

ized when spiking activity became weaker
and ceased (Fig. 6 B). This effect was slow
and a new steady state potential was only
reached after 268—865 s (460 *= 147 s,
mean * SD). Across animals, the mem-
brane potential changed from —64.8 = 5.5
mV to —57.6 * 4.5 mV SD (mean = SD)
(paired t test, p < 0.0001), depolarizing by
2.4-17.0 mV (Fig. 6C, 7.3 = 3.1 mV). In
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Figure 5.  Changes in spike shape are likely due to channel inactivation. A, Bursts from a PD axon recording at three different

interburst membrane potentials set by current injection through a second electrode. The change in spike amplitude is more
pronounced at more depolarized potentials. B, Multiple sweeps from the bursts shown in A. The change in spike duration is more
pronounced at more hyperpolarized potentials. , The 1st and 100th spike from a PD axon recording in response to 20 Hz
stimulation of the pdn, in control saline and 0.4 mm4-AP. In 4-AP, duration was increased but did not change as much between 1st
and 100th spike. Vm, Membrane potential. D, The increase of spike duration as a function of spike index in control saline (black)

and 4-AP (gray). dur, Duration; amp, amplitude.

axon by several mV when centrally generated activity was
blocked. We therefore used 0.4 mm, which had no effect on mem-
brane potential (mean = SD) (control: —56.6 £ 5.1 mV, 4-AP:
55.1 = 3.6 mV; n = 5; paired ¢ test, p = 0.39). We stimulated the
pdn to elicit 100 spikes at a frequency of 20 Hz. Figure 5C shows
thatin the presence of 0.4 mm 4-AP, the duration of the first spike
was larger than in control (7.9 * 2.4 ms vs 5.6 = 1.1 ms, mean *
SD; paired ¢ test, p < 0.05) but the 100th spike did not increase in
duration to the same degree. Figure 5D shows that the mean
increase in spike duration across all experiments as a function of
spike index was larger in control than in 4-AP, consistent with a
role of A-type K™ channel inactivation. The activation of a Ca**

10 of 35 experiments, the depolarization
caused low frequency irregular firing or
bursting, which is consistent with earlier
findings from extracellular recordings of
the isolated PD axon (Bucher et al., 2003).

In 17 experiments, we stimulated the
pdn after central activity had ceased and a
new steady state membrane potential had
been reached. We mimicked realistic
bursting by stimulating with trains of 19
pulses in a parabolic interval structure,
with a period of 1 s, and 350 ms train duration. During a 5 min
stimulus protocol, the interburst membrane potential hyperpo-
larized over the course of several minutes (Fig. 6 D). The average
“resting” membrane potential changed from —58.6 = 3.8 mV to
—63.4 = 4.1 mV (mean * SD) (paired t test, p < 0.0001), hyper-
polarizing by —2.0 to —13.0 mV (Fig. 6 E).

We also tested the dependency of interburst membrane po-
tential on strength of ongoing spiking activity. We stimulated the
pdn with single 10 s trains at tonic frequencies of 5, 10, 20, and 40
Hz. Figure 6 F shows that the hyperpolarization during the stim-
ulus train increased with increasing stimulation frequencies. In
addition, the axon membrane displayed a substantial SAHP that
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was also dependent on stimulation fre-
quency. Across 24 experiments, the mean
total changes in baseline membrane po-
tential were —0.4 mV for 5 Hz, —0.9 mV
for 10 Hz, —1.4 mV for 20 Hz, and —2.4
mV for 40 Hz (Fig. 6G). Repeated-
measures ANOVA (p < 0.0001) and sub-
sequent Fisher’'s PLSD post hoc tests
showed significant differences between
measurements ( p values between 0.004
and <0.0001).

We used 10 s/40 Hz pdn stimulations to
test whether the hyperpolarization during
stimulation and the following after-
hyperpolarization were affected by ouabain
and/or block of Ca>* currents. Ouabain is
an effective blocker of the Na */K " -pump in
the STNS (Hermann, 1981) and in our
hands eventually lead to the breakdown of
axonal membrane potential when we stimu-
lated the nerve repeatedly. However, it did
not noticeably block the sAHP (n = 3, data
not shown). CdCl, effectively blocks Ca*™-
currents in STG neurons, and therefore sub-
sequently calcium-dependent K *-currents
(Golowasch and Marder, 1992). We used
CdCl, concentrations ranging from 0.5 to 2
mM (n = 4), and also blocked Ca** currents
by replacing Ca*™ in the saline with Mn**
(n = 3). Both treatments did not effectively
block or substantially reduce the sAHP
(Data not shown).

Intrinsic axonal membrane properties
In 21 experiments, we penetrated the axon
membrane with two electrodes simulta-
neously, < 1 mm apart. We used these ex-
periments to characterize intrinsic mem-
brane properties in the absence of centrally
generated activity.

The PD axon displayed substantial depo-
larizing sag potentials in response to hyper-
polarizing current injections (Fig. 7A, left
trace, black arrow). These sag potentials were
blocked by 5 mm CsCl (n = 7, Fig. 7A, right
trace) or 100 um ZD7288 (n = 2, data not
shown). We conclude the presence of a
hyperpolarization-activated inward current
(I;;) in the PD axon. The axon membrane
also displayed rebound depolarization fol-
lowing hyperpolarizing current injection
(Fig. 7A, white arrow). In all experiments in
which I; was blocked (n = 9) this rebound
firing persisted and often was only slightly
weaker. In our experiments, rebound depo-
larization persisted when Ca*" was replaced
with Mn>* (n = 2), and in the presence of

TTX (n = 4), excluding a significant contribution of low threshold
Ca®" currents (Aizenman and Linden, 1999; Mitra and Miller,
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Figure 6.  The interburst membrane potential is dependent on the strength of bursting activity. A, Across experiments, the
interburst membrane potential (Vm) was dependent on burst frequency, spike frequency within the burst, and overall spike
frequency (spikes/cycle). B, PD axon recording showing depolarization in response to blocking centrally generated activity. adj.,
Adjusted. C, Change in “resting” membrane potential across experiments. Individual experiments are shown in gray, and mean
data points (==SEM) in black. The difference between means was significant (paired ¢ test; p < 0.0001; n = 35). D, PD axon
recording with centrally generated activity blocked, showing hyperpolarization in response to stimulation of the pdn mimicking
pyloric bursting activity. E, Change in “resting” membrane potential across experiments. Individual experiments are shown in
gray, and mean data points (== SEM) in black. The difference between means was significant (paired t test; p << 0.0001;n = 17).
F, PD axon recordings showing the response to stimulating the pdn with 10 s trains at 5, 10, 20, and 40 Hz. G, Hyperpolarization
in response to stimulation was dependent on frequency (repeated-measures ANOVA, p << 0.00071; Fisher's PLSD post hoc, p values
between 0.004 and <<0.00071). stim, Stimulation.

vation, and activation of the Na*/K " -pump (Powers et al.,
1999). Both replacing Ca** with Mn>" (n = 2) and bath appli-

2007) or TTX-sensitive persistent Na ¥ currents (Wu et al., 2005). cation of ouabain (n = 2) did not block SFA (data not shown).

In response to depolarizing current injections, the axon dis-  However, SFA was accompanied by a substantial reduction in
played spike frequency adaptation (SFA, n = 15, Fig. 7B). SFA  spike amplitude which was enhanced with larger current injec-
can be due to Ca**-activated K* currents, Na ™ channel inacti-  tions (Fig. 7B, black arrows). This is consistent with a role of Na ©
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rebound depolarization (white arrow) in response to hyperpolarizing current injection. The sag potential substantially reduced by CsCl, but the rebound to some degree persists. B, Spike frequency
adaptation and sAHP in response to depolarizing current injections. The top panel shows the instantaneous spike frequency for each spike. Black arrows indicate the reduction in spike amplitude. The
inset shows the sSAHP (white arrow) from the voltage and time range indicated in the response to the third square pulse (dashed box).
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Figure8. Sensitivity of the voltage-dependent rebound delay to 4-AP. A, Two-electrode current clamp records of the PD axon'’s responses to depolarizing steps after hyperpolarizing presteps of

different amplitude. The resting membrane potential was held at —60 mV, stepped to various hyperpolarized potentials up to —90 mV for 1, and then to —40 mV. In control saline, more
hyperpolarized presteps lead to larger delays in the onset of spiking. In 4-AP, this delay is substantially reduced. B, Plots of delay over the prestep potential for the same experiment shown in 4, for

control saline, 4-AP, and after 30 min wash.

channel inactivation. We also consistently observed an sAHP
(Fig. 7B, inset), comparable to the one in response to nerve stim-
ulations described in Figure 6, F and G.

We also obtained additional evidence for the presence of an
A-type K™ current. One of the effects of A-currents is a delayed
onset of spiking in response to depolarization. In 2 experiments,
we blocked I; with 5 mm CsCl, and then held the membrane
potential at —60 mV in current clamp, stepped it to a more hy-
perpolarized potential for 1 s to inactivate channels (to maxi-
mally —90 mV), and then to approximately —40 mV to elicit
spikes. Figure 8 A shows that in control saline the delay to the first
spike was larger with larger hyperpolarizing pre-steps, and that
this effect was blocked by 4 mm 4-AP. Figure 8 B shows the delay
to the first spike as a function of prestep voltage for one experi-
ment. The delay effect was clearly blocked by 4-AP and reap-
peared after a 30 min wash. 4 mm 4-AP slightly depolarized the
axon and the amount of current to hold the membrane potential
at —60 mV had to be changed, consistent with the observation
that 4 mm 4-AP induces a leak current in PD neurons (Kloppen-
burg et al., 1999; Johnson et al., 2003).

DA elicited peripheral spike initiation was due to modest
depolarization and dependent on the presence of I ;

We have shown previously that DA elicits peripheral spike initi-
ation in the PD axon (Bucher et al., 2003), but these findings were
based on intracellular soma recordings and extracellular nerve
recordings and gave no insight into the underlying mechanism.
Figure 9A shows an intracellular PD axon recording in which
bath application of I um DA caused a modest depolarization that
was sufficient to elicit spikes. Across experiments, both in 1 nm
(n=7>5)and 1 uM (n = 6) DA, we never observed more than a few
millivolts of depolarization (Fig. 9B), on average, 0.9 * 1.5 mV
and 6.8 = 4.5 mV for 1 nmand 1 uM, respectively. Together with
the finding that the small depolarization resulting from block of
centrally generated activity (Fig. 6 B) are often sufficient to elicit
spikes, our results suggest that the spike threshold of the axon is
very close to the “resting” membrane potential of the quiescent
axon. If modulation of voltage-gated ion channels underlies the
DA effect, the channels involved should activate around “resting”
membrane potential. The DA elicited depolarization persisted in
the presence of TTX (n = 3) and peripheral spike initiation per-
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sisted in the presence of Cd*" (n = 2) and
when Ca*" was replaced with Mn>" (n =
2). However, both 5 mm CsCl (n = 2) and -
50 uM ZD7288 (n = 3) blocked peripheral
spike initiation (Fig. 9C). It is therefore
likely that DA elicits peripheral spike initi-
ation predominantly by modulation of I ;. 0-

Peripheral spike initiation was inhibited
by the sAHP

The presence of Ij; and its modulation by
DA together with the hyperpolarizing ef-
fect of spiking activity (Fig. 6) suggests that E
there exists a “tug-o-war” that determines
the interburst or “resting” membrane po-
tential. The sAHP is balanced by inward
rectification through I, and depolariza- C
tion caused by DA activation of I ; is coun-

teracted by the sSAHP. We have previously

shown that DA-elicited peripheral spike .
initiation is inhibited by centrally gener-
ated bursts (Bucher et al., 2003). There-
fore, we tested whether the SAHP was suf- §
ficient to exert such an effect. Figure 10A
shows an intracellular PD axon recording
during a 10 s/40 Hz pdn stimulation in the &
presence of 1 uM DA. During stimulation,
there is a pronounced hyperpolarization
of the membrane potential. Following the 1
stimulation, the axon was silent for several -60-
seconds as the membrane potential slowly
depolarized again toward the spike thresh- &
old. Figure 10 B shows the mean duration
of this “gap” in spiking for all stimulus fre-
quencies and both 1 nM (n = 10) and 1 um
(n = 12) DA. The effects were quite vari-
able in magnitude across experiments, but
overall significant across different fre-
quencies (repeated-measures ANOVA; 1 nM: p < 0.0058; 1 uMm:
p < 0.0001). For both concentrations, the 40 Hz stimulation had
the largest effect (Fisher’s PLSD post hoc tests, p values between
0.0163 and >0.0001).

1uM Dopamine

Figure 9.

The conduction delay between the central spike initiation site

and the peripheral axon terminals changed over the course of

the burst

The relatively complex membrane dynamics we describe here led
us to ask how reliably temporal patterns can be conducted along
the 45 cm of peripheral axon between the STG and the muscles.
Figure 11 A shows an intracellular PD axon recording from the
dvn and an extracellular recording of only this PD axon from the
pdn. Figure 11B shows sweeps of all intracellularly recorded
spikes in the burst aligned at the peak, and the corresponding
traces from the pdn recording with a constant offset from the first
to the last spike in the burst. Over this distance of ~4 cm, the
conduction delay changed substantially over the course of the
burst, decreasing and increasing in a complex pattern. Figure 11C
shows staggered multiple sweeps from an intracellular PD axon
recording during a 40 Hz extracellular stimulation of the pdn.
100 stimuli are shown aligned at the pdn stimulus time. Delay
initially decreases and then increases. Figure 11D shows the
change in delay for the first 2.5 s of 10 s pdn stimulations with 5,
10, 20, and 40 Hz as a function of time after the first stimulus (n =
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Dopamine-induced depolarization of the PD axon. A4, PD axon recording showing a slow depolarizing response to bath
application of T um dopamine. Centrally generated activity was blocked. B, “Resting” membrane potential (Vm) between control saline
and dopamine for different experiments (open circles/gray, 1 nw; closed circles/black, 1 pm). G, PD axon recording showing that 1 wm
dopamine elicited spikes on its own, but failed to do so in the presence of CsCl. After CsCl was washed, dopamine elicited spikes again.

28). In all cases, conduction delay changes in a biphasic way,
decreasing first and then decreasing. The total change and the
time course were dependent on stimulation frequency. Across
experiments, plotting conduction delay as a function of spike
peak voltage, spike duration, or trough voltage preceding the
spike did not show consistent dependencies.

Discussion

The peripheral motor axons of the PD neurons display voltage-,
activity-, and modulator-dependent dynamics, including
changes in spike shape and membrane potential, and DA-elicited
peripheral spike initiation. These properties are largely due to a
relatively rich complement of voltage-gated ion channels. Ephap-
tic interactions or changes in extracellular ionic composition due
to activity in neighboring axons (Katz and Schmitt, 1940) are
unlikely to play a significant role as the phenomena described
persist when centrally generated activity is blocked and only the
PD axons are stimulated. Axon trunks are still often thought to
contain only the minimal number of channel types required for
spike propagation (Hodgkin and Huxley, 1952; Connor, 1975).
However, a range of different conductances can be present in
distal nonsynaptic axonal regions, potentially lending computa-
tional power to the axon trunk (Debanne, 2004). Our results
argue that the effect that axonal membrane properties and mod-
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tial is affected in several ways. During
bursts, the high spike frequency in con-
junction with slowing repolarization times
lead to summation. All spikes after the first
are therefore generated from a membrane
potential more depolarized than the inter-
burst potential.

In addition, the interburst membrane
potential itself is dependent on activity.
Due to an sAHP, spike and burst activity
lead to hyperpolarization. The sSAHP is rel-
atively small in response to single bursts or
spike trains, but summates over rhythmic
activity. The PD neurons burst continu-
ously during the lifetime of an animal
(Marder and Bucher, 2007). In conse-
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afterward for different stimulus frequencies in both dopamine concentrations.

ulation have on spike conduction make axons conditional rather
than reliable carriers of information.

Changes in spike shape

Even in axons that contain only fast Na " and delayed rectifier K
channels, channel inactivation and refractory effects limit spike
conduction at higher frequencies (Miller and Rinzel, 1981). Na ™
channel inactivation is implicated in slowed conduction and
spike failures in a number of preparations (Chiu et al., 1979;
Grossman et al., 1979; Brody and Yue, 2000; Meeks and Menner-
ick, 2004; De Col et al., 2008). The spike amplitude reduction at
higher frequencies that we observed in the PD axons (Figs. 1 A, 2,
7B) is consistent with Na ¥ channel inactivation, and it may also
contribute to the SFA seen in response to depolarizing current
injection (Fig. 7B) (Powers et al., 1999).

Spike broadening can be due to K™ channel inactivation (Ma
and Koester, 1996). In cortical axons, A-type and D-type K™
currents have such an effect, which has mostly been discussed
with respect to consequences for presynaptic calcium influx (Gei-
ger and Jonas, 2000; Kole et al., 2007; Shu et al., 2007). However,
these channels are also expressed in nonsynaptic axonal mem-
brane. In the PD axons, even centimeters away from the proximal
spike initiation site and from distal synaptic terminals, 4-AP sen-
sitive currents affect spike width. A-type K" currents have also
been implicated in the control of spike failures at axonal branch
points (Debanne et al., 1997, 1999). We never observed spike
failures along the PD axon trunk, which branches twice between
our intracellular and extracellular recording sites (Fig. 1A). How-
ever, spike failures may still occur at the terminal arborizations
over the muscles.

10Hz 20Hz 40Hz

High frequency spiking suppresses dopamine elicited peripheral spike initiation. A, PD axon recording in the
absence of centrally generated activity and the presence of 1 pm dopamine. Black boxes indicate timing of 10 s trains of pdn
stimulations at different frequencies. stim, Stimulation. B, Quantification of the interval from the last stimulus to the first spike

potential would be >5 mV more hyperpo-
larized than the “resting” membrane po-
tential in a quiescent axon. Changes in
burst frequency and intensity would grad-
ually affect the interburst membrane po-
tential, with consequences for spike shape
and conduction velocity.

We did not succeed in identifying the
cellular basis of the sAHP. Most com-
monly, the SAHP in axons results from ac-
tivation of the electrogenic Na /K-
pump (Bostock and Grafe, 1985;
Beaumont et al., 2002; Kiernan et al., 2004;
Scuri et al., 2007). However, ouabain did
not block the sSAHP in the PD axon. Ca®"-dependent K™ chan-
nels are another possibility (Sah and Faber, 2002). To our knowl-
edge, only channels or currents underlying faster AHPs have been
described in axons (Lev-Ram and Grinvald, 1987; Knaus et al.,
1996). In our experiments, blocking Ca>" currents did not block
the sAHP. We did not test for Na**-dependent K™ currents.
Such currents have been found in axons (Koh et al., 1994; Bhat-
tacharjee et al., 2002) but are unlikely to be slow enough to gen-
erate an SAHP.

We also found slow inward rectification in response to hyper-
polarizing current injections. Iy; has been found in a number of
axons (Baker et al., 1987; Eng et al., 1990; Beaumont and Zucker,
2000; Soleng et al., 2003; Boyes et al., 2007; Luo et al., 2007; Jiang
et al., 2008). A role for I;; in balancing the sAHP has been sug-
gested before for peripheral axons (Birch et al., 1991; Grafe et al.,
1997; Kiernan et al., 2004) and presynaptic terminals (Beaumont
etal.,2002). In the PD axon, this “tug-of-war” between sAHP and
inward rectification is likely to be critical for the observed depen-
dence of interburst membrane potential on ongoing activity. Any
change in this balance, for example by modulation of either sSAHP
or Iy;, would shift the interburst membrane potential in opposite
directions.

In addition, changes in interburst membrane potentials
would affect spike shape and spike shape dynamics, as we dem-
onstrated with DC current injections (Fig. 54, B). The inactiva-
tion and activation curves for both Na © and A-type K™ currents
overlap around resting membrane potential (Connor et al., 1977;
Harris-Warrick et al., 1998). Therefore, how many channels are
available and how substantial the effect of inactivation is for spike
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shape over the course of a burst depends A
on the interburst potential.

10

Neuromodulation of axons mV
The dynamic properties of axons and their 04
involvement in shaping neuronal output
potentially make them a target for neuro- =101
modulation. Serotonin can increase spike
reliability in mammalian and leech axons -20
(Mar and Drapeau, 1996; Lang et al, PD
2006). GABA changes conduction velocity axon -301
in spinal and optic nerve axons in the neo-  (dvn) .
natal rat (Sakatani et al., 1993, 1994), and 40 i
blocks spike conduction in branches of
sensory axons (Verdier et al., 2003). Ace- -50
tylcholine increases axonal excitability in
some unmyelinated axons (Armett and -60 ! “ It
Ritchie, 1960, 1961; Lang et al., 2003). I

In the STNS of the crab, serotonin elic- -70 1

its peripheral spike initiation in the axon
of a motor neuron (Meyrand et al., 1992),

and octopamine causes spike initiation in pdn wmw»»l._

the axon of a modulatory projection neu-
ron (Goaillard et al., 2004). In H. america-
nus, the peripheral PD axon initiates spikes
in response to low concentrations of DA
(Bucher et al., 2003). DA has rich and di- C
verse actions on virtually all identified

. 100
voltage-dependent currents in the central #*
compartments of STG neurons (Harris- g ]
Warrick et al., 1998; Kloppenburg et al., & 754

1999; Peck et al., 2001, 2006; Johnson et al., =
2003, 2005; Gruhn et al., 2005). In the PD ]
axons, it predominantly seems to act by 50
increasing I;; (Fig. 9C). .

We excluded the possibility that TTX- i
sensitive persistent Na* currents or low 25
threshold Ca®" currents play a crucial

| |
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Figure 1. Changes in conduction delay. 4, A single burst from a PD axon recording in an experiment in which the other PD

al,, 1999; Beck et al., 2001; Brown et al.,  peyron signal was missing on one of the pdns. B, Multiple sweeps of the recordings shown in A. Traces are aligned at the peaks of
2001; Jackson et al., 2001; Lohr et al., 2001;  the intracellular spikes. Sweeps of the pdn recording are plotted with an offset and in order, with the extracellular spikes that
Tamse and Yamoah, 2002; Le et al., 2006;  correspond to the intracellular ones shown in black. Note the change of delay over the course of a single burst. €, Offset multiple
Zhang et al., 2006; Tippens et al., 2008). In  sweepsfrom an intracellular PD axon recording during a 40 Hz extracellular stimulation of the pdn. One hundred stimuliare shown
the PD axons, such currents are not in- alignedatthe pdn stimulus time. Delay initially decreases and then increases. D, Plot of the change in conduction delay over 2.5

volved in the DA-induced depolarization of pdn stimulations with 5, 10, 20, and 40 Hz (n = 28). stim, Stimulation.

or in the rebound firing properties, but we

cannot exclude the possibility that they are present. We also can- ~ role at I.OW‘?Y rhythm frequencies and serve to rescue baseline
not exclude the possibility that DA may have additional targets, ~ tension in the muscles (Bucher et al., 2003).

particularly outward currents. It may enhance or decrease K™

In addition, DA-induced depolarization and increased I;; may

currents, i.e., either partially counteract or support axonal depo-  affect the temporal fidelity of axonal spike conduction. Changes

larization through Iy; activation. in spike amplitude, duration, and interburst membrane potential
can all affect conduction velocity (Miller and Rinzel, 1981; Kepler
Functional implications and Marder, 1993; Debanne, 2004; De Col et al., 2008). Figure 11

Due to the low spike threshold and the relatively modest DA-  shows that conduction velocity during repetitive spiking changes
induced depolarization, the sSAHP is sufficient to explain the in-  in a complex manner, probably both dependent on instanta-
hibition of peripheral spike initiation by centrally generated  neous frequency and preceding spike patterns. Because DA af-
bursting activity (Fig. 10). As previously suggested, peripheral  fects interburst membrane potential and therefore also spike
spike initiation during the interburst intervals may only play a  shape, the degree to which the centrally generated pattern is
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changed during the conduction over several centimeters of pe-
ripheral nerves is probably dependent on the presence of DA. We
did not find simple correlations between spike shape parameters
and conduction velocity. Therefore, a detailed analysis and phar-
macological dissection of the contributions of different ion chan-
nels and their effects on spike shape and interburst membrane
potential to the temporal fidelity of axonal conduction will be
needed (Ballo and Bucher, in preparation).

Ultimately it is not clear whether changes in conduction ve-
locity matter for the pyloric dilator muscles. However, mem-
brane dynamics resulting from a complex complement of ionic
conductances interacting at different time scales are likely to be a
common phenomenon in axons and will affect temporal fidelity
in many systems.
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