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The Site of Spontaneous Ectopic Spike Initiation Facilitates
Signal Integration in a Sensory Neuron

Carola Stidele'> and “Wolfgang Stein?
'nstitute of Neurobiology, Ulm University, 89069 Ulm, Germany, and 2School of Biological Sciences, Illinois State University, Normal, Illinois 61790

Essential to understanding the process of neuronal signal integration is the knowledge of where within a neuron action potentials (APs)
are generated. Recent studies support the idea that the precise location where APs are initiated and the properties of spike initiation zones
define the cell’s information processing capabilities. Notably, the location of spike initiation can be modified homeostatically within
neurons to adjust neuronal activity. Here we show that this potential mechanism for neuronal plasticity can also be exploited in a rapid
and dynamic fashion. We tested whether dislocation of the spike initiation zone affects signal integration by studying ectopic spike
initiation in the anterior gastric receptor neuron (AGR) of the stomatogastric nervous system of Cancer borealis. Like many other
vertebrate and invertebrate neurons, AGR can generate ectopic APs in regions distinct from the axon initial segment. Using voltage-
sensitive dyes and electrophysiology, we determined that AGR’s ectopic spike activity was consistently initiated in the neuropil region of
the stomatogastric ganglion motor circuits. At least one neurite branched off the AGR axon in this area; and indeed, we found that AGR’s
ectopic spike activity was influenced by local motor neurons. This sensorimotor interaction was state-dependent in that focal axon
modulation with the biogenic amine octopamine, abolished signal integration at the primary spike initiation zone by dislocating spike
initiation to a distant region of the axon. We demonstrate that the site of ectopic spike initiation is important for signal integration and
that axonal neuromodulation allows for a dynamic adjustment of signal integration.
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Although it is known that action potentials are initiated at specific sites in the axon, it remains to be determined how the precise
location of action potential initiation affects neuronal activity and signal integration. We addressed this issue by studying ectopic
spiking in the axon of a single-cell sensory neuron in the stomatogastric nervous system. Action potentials were consistently
initiated at a specific region of the axon trunk, near a motor neuropil. Spike frequency was regulated by motor neuron activity, but
only if spike initiation occurred at this location. Neuromodulation of the axon dislocated the site of initiation, resulting in
abolishment of signal integration from motor neurons. Thus, neuromodulation allows for a dynamic adjustment of axonal signal

integration. j
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ectopic spike frequency in axon trunks is
controlled is often not clear. In most cases,
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it is even unclear where the ectopic spike
initiation zones (eSIZs) are located and
why they are there.

Here, we addressed whether spontane-
ous ectopic spiking is consistently generated
at a specialized axonal region, whether the
site of spike initiation is altered in different

- d intra /\ | conditions, and whether this affects signal
(soma) integration and neuronal function. Using
stn midgle . .
dgn —— voltage-sensitive dyes, we identified the pre-
st 60 APs 5ms cise location of AGR’s eSIZ in the axon
pasterior trunk. The eSIZ was consistently found near
axonal arborizations in the neuropil region
C of the stomatogastric ganglion (STG), in
motor son o C .. . .
ose vicinity to potential postsynaptic part-
OGNS STG Sth Gt ners. Indeed, AGR’s ectopic spike frequency
was influenced locally by gastric mill (GM)
p— motor neurons. This sensorimotor interac-
J0 = tion was state-dependent: focally applied
© /7700 stn post octopamine (OA), the invertebrate analog
§, AGR of norepinephrine, excited the AGR axon
S soma intra membrane and effectively shifted the eSIZ
anterior (soma) away from the site of synaptic input. In this
dgn iN=6 condition, sensorimotor interactions were
) o & ' 12 abolished. Our results thus demonstrate
posterior ; that the site of spike initiation is important
time [ms] AR X
for axonal signal integration and that neuro-
Figure1. AGR'sectopic APs are consistently elcited ata fixed location. 4, Schematic of the stomatogastric nervoussystemwith ~ modulation dynamically gates signal inte-

AGR and its axonal projections depicted in blue. Red circles represent the extracellular recording sites. Nerve names are italicized.
B, Averages (60 APs each) of AGR spike activity showing the spike conduction along 5 extracellular recording sites as depicted in 4,
plus an intracellular recording from the AGR soma. Intracellular AGR spikes from the soma were used as trigger. The AGR spike
occurred first on the stn posterior recording (indicated in bold), showing that AGR’s eSIZ was closer to the stn recording site than to
the soma. Scale bar: 40 mV. C, Analysis of the AP latency for 6 experiments. Data are mean == SD. The recording site where APs
occurred first was set to time 0. In all experiments, the AGR spike occurred first on the posterior stn recording. The larger SD on the
dgn and son recordings are attributable to slightly different positions of recording wells (and thus latencies) between experiments.
Nerves: son, superior esophageal nerve; stn, stomatogastric nerve; mvn, medial ventricular nerve; dgn, dorsal gastric nerve; dpon,

dorsal posterior esophageal nerve. CoG, Commissural ganglion.

but very little evidence exists that this potential mechanism for
plasticity is exploited in a more dynamic fashion.

We here demonstrate that axonal neuromodulation allows a
dynamic dislocation of the SIZ resulting in altered signal integra-
tion. For our studies, we use the axon of the anterior gastric
receptor (AGR) neuron (Combes et al., 1995), a single-cell mus-
cle tendon organ in the stomatogastric nervous system of crusta-
ceans. In the Jonah crab (Cancer borealis), part of the normal
activity repertoire of AGR is the generation of spontaneous tonic
spike activity in its axon trunk, far away from its sensory den-
drites (ectopic spike initiation) (Smarandache and Stein, 2007;
Smarandache et al., 2008; Hedrich et al., 2009). Ectopic AP initi-
ation is prevalent in at least some invertebrate and mammalian
axons, influencing the neurons’ signal processing abilities (Cala-
brese, 1980; Maranto and Calabrese, 1984; Pinault, 1990;
Meyrand et al., 1992; Bostock and Bergmans, 1994; Kiernan et al.,
1997; Bucher et al., 2003; Goaillard et al., 2004; Lang et al., 2006;
Papatheodoropoulos, 2008; Sheffield et al., 2011). Ectopic spikes
can be initiated by application of neuromodulators, such as
amines or peptides (for review, see Pinault, 1995; Bucher and
Goaillard, 2011), but some neurons spontaneously generate ec-
topic spike activity in the axon trunk (Maranto and Calabrese,
1984; Pinault, 1990; Daur et al., 2009; Sheffield et al., 2011). How

gration in axons.

Materials and Methods

Dissection. Adult male crabs (C. borealis) were
purchased from the Fresh Lobster Company or
Ocean Resources and kept in tanks with artifi-
cial sea water (salt content ~1.025 g/cm 3 In-
stant Ocean Sea Salt Mix) at 11°Cand a 12 h
light/dark cycle. Before dissection, animals
were anesthetized on ice for 20—40 min. All
experiments were performed in vitro on iso-
lated nervous systems. The stomatogastric nervous system was isolated
from the animal following standard procedures (Gutierrez and Grashow,
2009), pinned out in a silicone lined (Wacker) Petri dish, and continu-
ously superfused (7-12 ml/min) with physiological saline (10°C-12°C).
Solutions and modulators. C. borealis saline was composed of the fol-
lowing (in mm): 440 NaCl, 26 MgCl,, 13 CaCl,, 11 KCl, 11.2 Trisma base,
5.1 maleicacid, pH 7.4-7.6 (Sigma Aldrich). High-divalent saline (HiDi)
contained 5 times the amount of Ca** and Mg>" than the regular saline
and was composed of the following (in mm): 440 NaCl, 130 MgCl,, 65
CaCl,, 11 KCl, 11.2 Trisma base, 5.1 maleic acid, pH 7.4—7.6. This saline
raises AP threshold in the stomatogastric nervous system, thereby sup-
pressing the spontaneous activity of many neurons, including AGR
(Daur et al., 2009) and reducing the activation of polysynaptic pathways
(Blitz and Nusbaum, 1999). OA hydrochloride (Sigma Aldrich) was dis-
solved in ultrapure water and stored as concentrated stock solutions
(10 mm) at —20°C. Immediately before an experiment, stock solutions
were diluted in saline to the desired concentration (50 um).
Neuromodulator application. Petroleum-jelly wells were used to isolate
the application site from the rest of the nervous system. OA was cooled to
10°C-12°C and either superfused to the whole stomatogastric nerve (stn)
or manually applied to the anterior part of the stn (close to the stn/son
junction; Fig. 1A). As a control, saline was applied at the same tempera-
ture 5 min before each neuromodulator application. Measurements were
taken in steady state (2-5 min after OA wash in). To prevent cumulative
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effects due to repeated modulator application, washouts were 10-20
minutes long with continuous superfusion of cooled saline.

To dislocate AGR’s eSIZ, high-divalent saline was superfused to the
entire stn. In some experiments, HiDi was also specifically applied to the
posterior stn, where the SIZ is located. This did not affect STG motor and
interneurons, and gastric mill activity could reliably be elicited by ventral
cardiac neuron (VCN) stimulation. AGR spike activity was monitored
extracellularly in the anterior part of the stn (close to the stn/son junc-
tion). This part was not affected by HiDi.

Extracellular and intracellular recordings. Standard techniques were
used for extracellular and intracellular recordings (Stein et al., 2005).
Because desheathing the STG influences the modulation of AGR’s ecto-
pic spiking (Goldsmith et al., 2014), most experiments were performed
using nondesheathed nervous system preparations and extracellular re-
cording techniques (exceptions were imaging and intracellular record-
ing/dye injection experiments). For extracellular recordings, we used
petroleum jelly-wells to electrically isolate a small part of the nerves from
the surrounding bath. One of two stainless-steel electrodes was placed
inside the well to record neuronal activity of all axons projecting through
a particular nerve. The other wire was placed in the bath as reference
electrode. Extracellular signals were recorded, filtered, and amplified
through an amplifier (AM Systems, Model 1700). The activity of AGR
was monitored on multiple extracellular recordings simultaneously,
namely, on the stn (anterior, middle, and posterior), the dorsal gastric
nerve (dgn), and the supraesophageal nerve (son; see Figure 1A). To
perform multiple recordings along the stn, the whole length of the nerve
(on average, 1.25 = 0.27 cm, N = 16) was divided in three parts of equal
length. Each recording well had an inner diameter of ~300—400 wm.
AGR is easily detectable on the dgn recording, as this nerve contains only
a few units. In addition, AGR is typically the largest unit on the stn, which
in total contains >50 units (Coleman et al., 1992). To identify AGR on
the different recording sites, we used APs recorded on the dgn or stn and
performed a time-correlation analysis (multisweep). AGR activity was
measured as instantaneous firing frequency (inst. ff.) as determined by
reciprocal of the interspike interval. GM neuron activity was monitored
either on a side branch of the dgn, exclusively containing GM axons, or
on the mvn (Fig. 1A).

To facilitate intracellular recordings and dye injections, we desheathed
the STG and visualized STG somata with white light transmitted through
a dark field condenser (Nikon). Intracellular recordings were obtained
from cell bodies using 20-30 M) glass microelectrodes (Sutter 1000
puller, 0.6 M K,SO, + 20 mMm KCl solution) and an Axoclamp 900A
amplifier (Molecular Devices) in current-clamp mode. Files were re-
corded, saved, and analyzed using Spike2 Software at 10 kHz (version
7.12; CED). For dye injections, electrode tips were filled with 10 mm
AlexaFluor-568 or AlexaFluor-488 (Invitrogen) in 200 mm KCI. Repeti-
tive negative current pulses ranging between —3 and —5 nA with pulse
durations of 1-2 s were used to iontophoretically inject the dye.

Extracellular axon stimulation. We used retrograde extracellular nerve
stimulation to activate all 4 GM neurons simultaneously. A petroleum-
jelly well was built around one of the branches, leaving the dgn that
contains exclusively axons of GM neurons. One of two stainless-steel
stimulation electrodes was placed inside the compartment, and the other
was placed outside. APs were elicited with 30 stimulus trains each of 25 or
40 Hz stimulation frequency, 10 s stimulus train, 10-20 s intertrain
intervals, and 1 ms pulse duration. Frequencies and pattern were selected
based on GM activity in vivo (Smarandache et al., 2008) and in vitro (this
study: 32 = 11 Hz, N = 16), which ranges between 10 and 40 Hz per
neuron. Stimulation durations reflect the mean gastric mill duty cycle
(55 £ 8%, N = 16) and gastric mill cycle period (15 = 95, N = 16).

In some experiments, gastric mill rhythms were elicited by activating
the VCN neurons. The VCN neurons were activated by stimulating the
dorsal posterior esophageal nerve (dpon) extracellularly with 10 consec-
utive stimulus trains of 15 Hz stimulation frequency, 6 s stimulus train,
4 sintertrain intervals, and 1 ms pulse duration (Beenhakker et al., 2004).

Voltage-sensitive dye preparation and application. For optical imaging,
the lipophilic voltage-sensitive dyes Di-4-ANEPPS (Fluhler et al., 1985)
and Di-4-ANNEPDHQ (Obaid et al., 2004) (both from Invitrogen) were
used. Stock solutions (5 mm) were prepared by diluting dyes in DMSO
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(Sigma-Aldrich) and stored in small quantities (2 ul) at —20°C, pro-
tected from light. Immediately before an experiment, Pluronic F-127
20% solution in DMSO (Biotium) was added 1:1 to the stock solution to
obtain a final concentration of 2.5 mm dye with 10% Pluronic. Dyes were
diluted further to a working concentration of 50 uM in saline. To facili-
tate access of the dye to the STG neurons and stn axons, the connective
tissue from the ganglion and the nerve was removed. A petroleum-jelly
well was built around the STG and stn, and 200 ul of either dye was
applied into the well. Other parts of the stomatogastric nervous system
were constantly superfused with chilled saline (10°C-12°C) during dye
application. After 30 min, the well was removed and washout started
for 15-20 min. During the remainder of the experiment, all parts of
the preparation were continuously superfused with chilled saline
(10°C-12°C).

Optical imaging. For optical imaging, changes in fluorescence signal
were measured using the MiCam02 imaging system and BVAna Software
(version 13.07.04.8, SciMedia) with a high-resolution camera (6.4 X 4.8
mm actual sensor size). Spatial resolution was 48 X 32 pixels with 1.3 ms
temporal resolution and 28 s recording length. We used event-triggered
averaging of APs to improve the signal-to-noise ratio of the optically
recorded data, similar to Stidele et al. (2012). Because of AGR’s low firing
frequency (2-5 Hz), recordings were repeated 3 times on a given ROI to
gather enough data for averaging. Excitation (470 nm and 535 nm) was
provided by a LED-illumination system (PE-100, CoolLED) with 525
nm/50 nm bandwidth and 605 nm/70 nm bandwidth excitation
filters (Olympus). Fluorescence was detected with a 20X objective
(XLUMPlanFL N, NA 1.0, WD 2.0 mm, cc = water; Olympus) mounted
on an upright epifluorescence microscope (modified BX51, Scientifica).
Illumination during optical imaging was 5%-25% of the maximum LED
strength. The position of recording sites, and the AGR axon in the stn was
reconstructed with high-resolution pictures (384 X 256 pixels) and via
tracing the position of the motorized microscope stage (SlicePlatform
Pro 2000, Scientifica) and the associated software (LinLab, version 2).

Imaging data were collected for many locations along the axon trunk.
Specifically, imaging started at the anterior end of the stn and ended at the
anterior end of the STG, where the neuropil starts (Di-4-ANEPPS) or the
posterior end of the STG, where the motor nerves are leaving the gan-
glion (Di-4-ANNEPDHQ). After each recording trial, the objective was
moved to a more posterior recording site. Extracellular recordings of the
dgn and son were used to monitor AGR’s spike activity during optical
imaging and to perform time comparison analyses for identifying the
location of spike generation.

Calculation of conduction velocity. To determine the conduction veloc-
ity of AGR’s central axon, we measured the time difference of spike
occurrences between extracellular recordings at the anterior stn and the
son by averaging across multiple AGR APs (=60). We used the anterior
stn and son for calculating the conduction velocity because the AP is not
generated in between those recording sites but rather passes the record-
ing sites one after the other. The location of the recording sites was
photographed, and the distance was analyzed using Image] (National
Institutes of Health). Conduction velocity was calculated by dividing the
time difference between son and stn by the distance between recording
sites.

Data analysis, statistics, and figure preparation. Data were analyzed
using scripts for Spike2 (available on www.neurobiologie.de/spike2) and
by using built-in software functions. In some experiments, spike-
triggered averaging was used to improve signal quality of both extracel-
lular and optical imaging data according to Stidele et al. (2012). For spike
detection, a voltage threshold was used and the subsequent maximum or
minimum voltage deflection of the signal passing through this threshold
was used as trigger. In cases where extracellular stimulus artifacts or the
APs of other neurons obscured the neuron of interest, obscuring signals
were eliminated from recordings using a sliding average script in Spike2.
For analysis, AGR inst. ff. was normalized to the control frequencies
measured before stimulation and plotted as a function of the normalized
cycle period of the GM neurons (phase). Mean values of 10 consecutive
GM cycles were measured in each animal. AGR inst. ff. was binned over
phase with a bin size of 0.1, and the mean = SD of several animals was
plotted. One-way repeated-measures ANOVA was used to assess changes
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in AGR firing frequency in response to stimulation of the VCN or GM
neurons. Pairwise comparisons were performed using Holm-Sidak post
hoc tests with p < 0.05 significance level. All tests were computed in
SigmaPlot (version 12 for Windows, Systat Software) and significant
differences are indicated using *p < 0.05, **p < 0.01, and ***p < 0.001.
Nindicates the number of preparations. Final figures were prepared with
Corel DRAW Graphics Suite (version X7, Corel).

Results

Spontaneous ectopic spikes are consistently initiated at a
fixed location

AGR is a bipolar sensory neuron in the crustacean stomatogastric
nervous system (Fig. 1A) (Combes et al., 1995, 1997; Smaran-
dache and Stein, 2007; Daur et al., 2009). In C. borealis, part of
AGR’s normal activity repertoire is the generation of spontane-
ous tonic ectopic spike activity (in vivo and in vitro) (Smaran-
dache et al., 2008; Daur et al., 2009). Ectopic spiking occurs as
soon as sensory spikes from the periphery are absent (i.e., ectopic
spikes are present at rest and in-between bursts generated in
the periphery). Although it has been shown that ectopic spikes are
generated anterior to the AGR soma in the stomatogastric nerve
(stn) (Daur et al., 2009), it is unknown where in this several-
centimeters-long nerve ectopic spikes are initiated and whether
spike initiation consistently occurs at a fixed location across
animals.

To investigate whether the location where ectopic spikes are
initiated determines the function of these APs, we first studied
where in the stn spike initiation occurs. We used multiple extra-
cellular recordings along the AGR axon plus an intracellular
soma recording to compare the temporal spike occurrence be-
tween recording sites. Specifically, we recorded AGR activity in
the periphery on the dgn, at three sites along the stn (posterior,
middle, anterior) and close to the commissural ganglia on the
sons (Fig. 1A). We found that AGR’s spontaneous APs always
occurred first on the stn posterior recording site (Fig. 1B). APs
propagated orthodromically from the posterior stn toward the
anterior stn and son and antidromically toward the dgn. Across
preparations, spikes consistently occurred first on the stn poste-
rior recording site (N = 6; Fig. 1C), on average 1.12 = 0.9 ms
earlier than at the soma. Our data thus show that AGR’s ectopic
spikes were consistently initiated in a region comprising the pos-
terior part of the stn and the STG neuropil.

Identifying the location of AGR’s eSIZ in the axon using light-
induced activation of ectopic spiking

Extracellular electrophysiological methods have a rather limited
spatial resolution due to the size of the electrodes and the re-
quired space for electrode placement (>8 mm). Consequently,
time differences in AP latency between extracellular electrodes
cannot provide an adequate estimate of the spike initiation site.
One would ideally record simultaneously from multiple axonal
sites intracellularly, a challenging task because of the difficulty to
access the small-diameter axon. To overcome these experimental
restrictions of electrophysiology, we used an approach that en-
abled us to determine the site of AGR’s eSIZ with a spatial reso-
lution of 225 wm. We used voltage-sensitive dyes to optically
excite AGR’s axon membrane at specific spots along the stn to
artificially move the site of spike initiation away from the spon-
taneous (primary) eSIZ. A shift of the eSIZ resulted in a change in
spike arrival times between recording sites, which was used to
determine the location of the primary eSIZ. For this, the STG
and stn were stained with the voltage-sensitive dye Di-4-
ANNEPDHQ (Obaid et al., 2004). The excitation light (535 nm,
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605 nm/70 nm bandwidth) was focused with a pinhole such that
an area with a diameter of 225 wm was illuminated. We found
that illuminating the stained axons increased AGR firing fre-
quency (Fig. 2A). Excitatory side effects of lipophilic VSDs have
been reported previously (Stein and Andras, 2010; Preuss and
Stein, 2013), and while usually undesired, they were instrumental
in our efforts to locate the SIZ. We found that illumination
caused a change in AP latency (Adelay, Fig. 2B) between extracel-
lular recording sites indicating that a new eSIZ was generated at
the illuminated spot. This effect was reversible, i.e., when illumi-
nation was turned off the primary eSIZ became active again and
continued to generate APs at the primary location (Fig. 2Biii). We
moved the site of illumination posteriorly along the stn to create
new artificial spike initiation sites at various axonal locations.
Simultaneously, we recorded AGR spike occurrence extracellu-
larly on the dgn and son to detect changes in spike timing between
these recording sites. The location of the primary SIZ was reached
when illumination did not alter the timing of the APs compared
with control situations (Fig. 2C, red trace). All of our experiments
(N = 4) show that the eSIZ was located at the anterior border of
the STG neuropil (Fig. 2D). To compare the location of the eSIZ
across multiple experiments, we defined the anterior end of the
STG neuropil as position 0. Negative values correspond to posi-
tions posterior to the neuropil border, positive values to positions
in the stn. Across preparations, the position of the eSIZ varied
only slightly. In three preparations (Fig. 2D, 1-3), there was ex-
actly one location where illumination was ineffective in moving
the spike initiation site (indicated by arrow). Illumination of fur-
ther anterior or posterior spots resulted in clear changes in AP
latencies. In preparation 4, illumination of two successive spots
did not significantly alter AP latency, indicating that the eSIZ
extended to both illumination sites. On average, spike delays were
significantly different from control in areas outside of 225 and
—225 pum from the anterior neuropil border. Thus, the primary
eSIZ was consistently located at the anterior border of the STG
neuropil. Interestingly, the variability in the timing of the ectopic
spikes (“jitter”) increased with distance from the spontaneous
eSIZ (Fig. 2C). This may indicate that the location of spike initi-
ation is rather spatially restricted at the primary eSIZ, whereas at
more distant axon locations APs were elicited at multiple posi-
tions within the 225 wm that were illuminated.

In summary, our results show that the spontaneous eSIZ was
spatially restricted and consistently located near the anterior end
of the STG neuropil.

Confirming the location of AGR’s eSIZ using optical imaging

Because optical excitation of axonal spike initiation is a novel
technique developed by us and had never been used before, we
wished to confirm our findings using a different approach. To
this end, we used optical imaging with voltage-sensitive dyes
along the axon to determine the timing of ectopic APs along
the axon. For optical imaging to be successful, the object of
interest has to be in focus. The AGR axon can be found ven-
trally in the STG, and it leaves the STG neuropil ventrally to
enter the stn (Goeritz et al., 2013). However, whether the AGR
axon is consistently found ventral, medial, or dorsal in the stn
is unknown. We thus first determined the dorsoventral posi-
tion of AGR’s axon in the stn. To do this, we injected a fluo-
rescent marker (AlexaFluor-488) into the AGR soma and
traced the axon in the stn with a counterstaining of Di-4-
ANEPPS (Fig. 3A). The stn contains ~56 large-diameter axons
(Coleman et al., 1992). These axons were easily recognizable
after staining with the voltage-sensitive dye, but they were
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Identifying AGR's eSIZ via light-induced activation of ectopic spiking. A, AGR instantaneous firing frequency (inst. ff., top) and original recording of AGR activity on the dgn (bottom).

lllumination of the stn after bath application of the VSD Di-4-ANNEPDHQ increased AGR inst. firing frequency. The length of the illuminated area was 225 um. B, Overlay of multiple AGR APs before,
during, and after illumination (60 APs each). During illumination, the spike delays between dgn and stn recordings changed (depicted as Adelay), indicating that the eSIZ moved to a different
location. €, Comparison of AGR spike latency on the son relative to the dgn when different areas of the stn were illuminated. Traces are overlays of 60 APs each. The eSIZ traveled with the optical
stimulus; and only when the STG neuropil was reached, no change in latency compared with control (blue trace, top) was found. Right, Composite photo of AGR (AlexaFluor-568) and STG and stn
(Di-4-ANNEPDHQ). White box represents the area of spike initiation. n, Neuropil. Scale bars, 100 em. D, Deviation of AP latency on the son during illumination of different stn areas (225 wm
each). Shown are four experiments (gray) plus average (green, mean == SD). Gray box represents the location of the STG neuropil. Position zero represents the anterior border of the STG,
with negative values corresponding to more posterior areas and positive values to more anterior areas (stn). *Areas where illumination caused a significant change to control (one-way
ANOVA, p < 0.001, F 3 ;5 = 132.177, Holm-Sidak post hoc test with p << 0.05, N = 4). Arrows indicate areas without significant change to control.

distributed across several vertical focal planes (4-6 clearly
distinguishable focal planes with a total axon bundle diameter
of ~25 um). The AGR axon was always found in the most
ventral part of the axon bundle (N = 6).

To identify the location of AGR’s eSIZ, we compared AP la-
tencies of optically recorded APs to an extracellular recording of

the same APs on the dgn. We stained the stn with the fast voltage-
sensitive dye Di-4-ANEPPS and performed optical recordings at
different sites along the AGR axon, starting at the anterior stn
(close to the stn/son junction). In contrast to the dye we used for
light-induced activation of ectopic spiking (Di-4-ANNEPDHQ),
Di-4-ANEPPS has little to no excitatory effect when illuminated
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Figure 3.  Confirming the location of AGR's eSIZ using optical imaging. A, Z-stack of photos showing axons projecting through the stn for 5 different focal planes (left represents dorsal; right
represents ventral, 8 wm steps). Photos were taken at the anterior stn (top, 4386 m away from the STG neuropil) and posterior stn (bottom, 527 pum from away from neuropil). The stn was
desheathed and stained with Di-4-ANNEPS. The AGR axon was visualized via intrasomatic AlexaFluor-488 injection. The AGR axon (arrow) was consistently found in the most ventral part of the axon
bundle. All axons in the —30 wum focal plane are out of focus (i.e., this focal plane was more ventral than the axon bundle). Scale bars, 50 um. B, Optical recordings of AGR’s spike activity in the stn
(3.3 mm anterior of the STG neuropil). Left, High resolution picture. Different ROls were selected (Bi—iii, axons 1-3; r, Rectangular region) and the change in fluorescence of all pixels within a given
ROl was analyzed. Right, Averaged optical signals (opt, averages of 84 APs) triggered on the extracellular AGR AP on the dgn (top). In the example shown, traces from axon 1 (i) and the rectangle (r)
showed that fluorescence changes correlated with the AGR AP on the dgn recording. As control, when the fluorescence signal of axon 1 was subtracted from the rectangle (Biv), no peak remained,
indicating that those regions contained the AGR axon. The conduction delay between the optical recordings and the dgn is depicted in red. Vertical scale bars: 0.1% fluorescence change. C, Optical
imaging along the stn. Left, Composite photograph of STG and stn after staining with Di-4-ANNEPS, showing the location of three selected optical recording sites (blue squares). Right, Averaged
optical signal (top) and extracellular dgn recording (bottom) for the three depicted recording sites. The delay between the optical recording and the dgn (red) is largest at the most posterior recording
site (bottom). White rectangle represents the area where the eSIZ can be expected. n, Neuropil. Horizontal scale bar, 150 pm. Vertical scale bars, 0.1% fluorescence change. D, Time difference
between optical and dgn recordings as a function of the imaging position along the stn for three preparations. The delay increases toward position 0 (anterior end of the STG neuropil) showing that
AGR's eSIZ lies either close to the STG neuropil or within it.
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and provides a good signal-to-noise ratio
for optical recordings in STG neurons
(Stidele et al., 2012; Preuss and Stein,
2013). Several imaging sessions were re-
corded at each location, resulting in 200—
400 APs that were then averaged. We
initially analyzed the change in fluores-
cence for individual axons in the most
ventral layer of the axon bundle (Fig. 3Bi—
iii). In all cases, exactly one axon showed a
peak in fluorescence that was time-locked
to the AGR AP on the extracellular re-
cording (Fig. 3Bi, axon 1). Our analysis
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i . AGR soma
the AGR AP in 3 of 5 preparations. In 2
preparations, the signal-to-noise ratio of
the optical signal was not sufficient to de- Figure 4. The AGR axon possesses neurites in the anterior STG neuropil. A, Example stainings of four AGR somata and axons.

tect the AGR AP at all locations of the stn.
When comparing the time difference be-
tween AP occurrence on the optical re-
cording and the extracellular dgn
recording, the longest time difference be-
tween the optical and the extracellular re-
cording site reveals the site of spike
initiation. This is the case because ectopic
APs travel orthodromically and anti-
dromically starting at the site of initiation.

AGR axons either possessed one (Ai i), two (Aiii), or three neurites (Aiv) that projected into the STG neuropil. Ai, Double staining
of AGR via intrasomatic injection of AlexaFluor-568 plus staining of all neuronal membranes with Di-4-ANNEPS. Aii~iv, Intraso-
matic AlexaFluor-568 injection. The position of the neuropil and STG neurons was reconstructed using bright-light pictures of the
STG. Aiv, Inset, Two neurites leaving the AGR axon in higher magnification. Scale bars: 100 wm; inset, 20 wm. n, Neuropil. B,
Two-dimensional reconstruction of AGR neurite origin in the STG. Blue circles represent the positions where neurites originated at
the AGR axon. Shown are 33 neurite positions collected from 20 preparations, plotted as a function of the normalized neuropil
length ( y-axis) and width (x-axis). For better visualization, a schematic of the locations of the neuropil and the STG neurons was
added to the plot. Orange represents the average position of AGR’s soma. Dashed gray line indicates the half-length of the neuropil
(0.5). €, Representation of AGR neurite origin in the STG, using only the most anterior neurite in each AGR neuron. Data were sorted
by neurons with 1, 2, or 3 neurites branching off the AGR axon. Gray area represents the location of the neuropil. D, Distribution of
the most anterior neurite in the STG neuropil. Bin size: 0.1 normalized neuropil length. Of the 20 AGR axons shown, only two had

For example, the time difference between
the optical and extracellular recordings
would be very small if the two recording sites were approximately
at the same distance from the initiation site, but on opposite sides
of it. Our approach does not require orthodromic and anti-
dromic spikes to travel at the same velocity. The time difference
between recordings gets longer as the optical recording is moved
toward the initiation zone, and it is longest when the optical
signal is measured at the spike initiation site itself (because the AP
is immediately detected on the optical recording, but still has to
travel all the way to the extracellular dgn recording). We found
that the AP latency between the optical recording and the dgn
recording continuously increased from anterior optical record-
ing sites to more posterior recording sites (i.e., when the objective
was moved closer to the posterior part of the stn) (Fig. 3C). Across
preparations, the AP latency was highest near the anterior end of
the STG (Fig. 3D), indicating that spontaneous ectopic spiking
was initiated nearby. Optical recordings were not continued fur-
ther posteriorly as the AGR axon enters the STG neuropil and

neurites in the lower half of the neuropil.

long-term illumination of the STG neuropil with this dye has
been shown to change neural activity and to cause permanent
phototoxic damage (Stein and Andras, 2010; Preuss and Stein,
2013). Hlumination of the stn, in contrast, did not change the
AGR firing frequency or the activity of the STG circuits in any of
our experiments. Likewise, the latency between the dgn and a
second extracellular recording site (the son) remained unchanged
independently of which part of the stn was illuminated. Thus,
application of Di-4-ANEPPS and illumination of the axonal
membrane affected neither the eSIZ nor its spike frequency.
The spatial resolution of optical imaging is not determined by
the field of view, but rather by the temporal resolution of the
camera and how far APs travel during each camera frame. To
assess the spatial acuity of our experiments, we calculated the
conduction velocity of the AGR axon in the stn. On average, we
found that spikes propagated with an average conduction veloc-
ity of 0.90 = 0.11 m/s (N = 24). At this speed, APs travel ~1.2



Stédele and Stein e Signal Integration in the Axon

mm per frame (at 1.3 ms per frame), which is three times the field
of view of the camera (field of view is 400 pwm at a magnification
0f20X). The average length of the stn from the anterior end of the
STG neuropil to the stn/son junction was 12.5 = 2.7 mm (N =
16). The average distance between the AGR soma and the ante-
rior end of the STG neuropil was 0.86 £ 0.35 mm (N = 13).
Because AGR’s ectopic APs were not generated in the soma (Fig.
1C), the eSIZ must have been located between the AGR soma and
up to 1.17 mm away from the anterior border of the STG neuropil
(<10% of the length of the stn; depicted in Fig. 3C, squared area),
which confirms the results we obtained with light-induced acti-
vation of ectopic spiking (Fig. 2D).

AGR’s spontaneous eSIZ is located in close vicinity to

axonal neurites

The STG neuropil is an area of extensive synaptic communica-
tion, densely packed with dendrites and axons of pyloric and
gastric mill motor and interneurons, as well as projection and
sensory neurons (Kilman and Marder, 1996; Christie et al., 1997;
Skiebe and Ganeshina, 2000; Bucher et al., 2007). The fact that
ectopic spikes were consistently initiated in or near the neuropil
could be due to a functional necessity, namely, allowing a “local”
control of ectopic firing frequency. Goeritz et al. (2013) have
shown that AGR possesses between 1 and 3 neurites that branch
off the main axon in the STG neuropil and make putative synap-
tic contacts onto STG motor neurons. In particular, synaptic
connections between AGR and the GM neurons have been sug-
gested. However, all previous studies failed to provide evidence
for synaptic input from the GMs or other STG neurons in intra-
somatic AGR recordings, most likely because the STG was
desheathed (Goldsmith et al., 2014). We hypothesized that ecto-
pic spikes are initiated near the branch points of the AGR neu-
rites, in close vicinity to putative synaptic inputs. To test this, we
revisited the anatomy of the AGR axon by iontophoretically in-
jecting fluorescent dyes into the AGR soma. As reported previ-
ously (Goeritz etal., 2013), we found that AGR possesses between
1 and 3 primary neurites leaving the central axon in the STG (Fig.
4A; average: 1.65 = 0.81 neurites, 11 with 1 neurite, 5 with 2
neurites, and 4 with 3 neurites, N = 20). Because detailed infor-
mation about where in the neuropil these branches originate is
not available, we determined the origin of the neurites by nor-
malizing the length and width of the neuropil for comparison
across animals (length: posterior border = 0, anterior border =
1; width: left = 0, right = 1; average length: 454.33 = 133.82 um,
width: 301.14 * 99.10 wm, N = 20). In all cases, AGR had at least
one primary neurite in the STG neuropil. Although the origins of
these neurites were rather distributed within the neuropil (Fig.
4B), we found that in 18 of the 20 stained AGR neurons at least
one neurite originated in the anterior half of the STG neuropil
(Fig. 4C) where the eSIZ is located.

AGR’s ectopic spiking is influenced by STG motor neurons

We have previously reported that AGR’s ectopic firing frequency
can be altered by gastric mill activity (Goldsmith et al., 2014).
Specifically, AGR’s frequency increases during the bursts of the
lateral gastric protractor neuron and decreases during the lateral
gastric interburst. This effect can only be observed when the STG
remains undesheathed, a condition that impedes intracellular re-
cordings from STG neurons. It is unknown whether this altera-
tion of the AGR firing frequency occurs locally at the eSIZ and by
which neurons it is mediated. Figure 5A shows the change in AGR
firing frequency when a long-lasting gastric mill rhythm was
started by stimulation of the mechanosensory VCN pathway
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(Beenhakker et al., 2004). Our analysis revealed that the AGR
frequency increased consistently during the activity phase of the
protractor motor neurons (such as the GM neurons; Fig. 5B; N =
16). To test whether the alteration of AGR firing frequency oc-
curred at the eSIZ, we measured the time delays of the AGR AP
occurrence at the stn and dgn recording sites before and during
VCN stimulation. A shift in the SIZ during VCN stimulation
should manifest itself in a shift of the relative timing between the
two recordings. In none of our experiments this was the case (Fig.
5C), indicating that the alteration indeed occurred electrotoni-
cally close to the eSIZ.

We then tested whether the GM motor neurons contributed
to the local influence because they were active in phase with the
increase in AGR ectopic firing frequency and had previously been
indicated to possess putative synapses with AGR (Goeritz et al.,
2013). We retrogradely activated GM neurons with extracellular
stimulation. Intracellular recordings were not feasible without
desheathing the ganglion. As already mentioned, desheathing
impedes the alteration of AGR’s firing frequency (Goldsmith et
al., 2014). There are four GM neurons in the STG of C. borealis,
and they innervate their target structure (gastric mill muscles) via
projections in several small side nerves leaving the dgn. These
small nerves exclusively contain GM axons, typically two or three
of them, which allowed us to activate multiple (but not all) GM
neurons simultaneously. We used trains with 25 and 40 Hz stim-
ulation frequency (see Materials and Methods). Figure 5D shows
an original recording of the stn (with AGR spikes) and 40 Hz GM
stimulation (top trace depicts the AGR firing frequency). When-
ever the GM neurons were activated, AGR firing frequency in-
creased, indicating that AGR’s ectopic spiking is indeed affected
by STG motor neuron activity. This increase occurred consis-
tently and was significant only during the activity phase of the
GM neurons (Fig. 5E; N = 8). The increase was frequency depen-
dent: 40 Hz GM stimulation elicited significantly larger responses
for phases 0.1-0.4 than 25 Hz stimulation. Although we cannot
exclude contributions of other neurons, activating the GMs was
sufficient to elicit an increase in AGR firing frequency.

Similar to the VCN stimulation, direct activation of the GM
neurons had no effect on the relative timing of the AGR APs on
the extracellular recordings (Fig. 5F). This indicated that the
GMs affected AGR spike frequency by altering the spontaneous
eSIZ in the neuropil.

Potential functional relevance of small changes in AGR

firing frequency

We were curious whether small changes in AGR firing frequency
are functionally important and able to affect postsynaptic target
neurons. However, the consequences of AGR activity are difficult
to study because AGR is part of a closed-loop system. AGR inner-
vates several identified projection neurons in the paired commis-
sural ganglia (Hedrich et al., 2009), including the commissural
projection neuron 2 (CPN2) (Norris et al., 1994). These projec-
tion neurons activate the GM motor neurons in the STG, which
in turn affect AGR firing (Fig. 5). We thus performed open-loop
experiments in which we measured the effects of changes in AGR
firing on projection neuron activity and the gastric mill motor
circuit. In the first case, we performed simultaneous intracellular
recordings of projection neurons and AGR somata without on-
going gastric mill activity (i.e., open loop). For the analysis, we
focused on CPN2 because its effects on the STG motor circuits
are well characterized (Norris et al., 1994). Without sensory stim-
ulation or spontaneous gastric mill activity, CPN2 is typically
active at very low firing frequencies (Beenhakker and Nusbaum,
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was no change in spike delays between dgn, stn anterior, and son before and during GM stimulation.

2004; Beenhakker et al., 2004). We found that small changes in
AGR firing frequency caused an increase in CPN2 spike activity.
In the experiment shown in Figure 6A, we injected a slow depo-
larizing DC current ramp into the AGR soma to alter AGR spike
activity. An increase in AGR frequency of <1 Hz caused a con-
comitant increase in CPN2 activity. To further scrutinize the in-
fluence of AGR on CPN2, we modified AGR firing frequency via
intracellular current pulse injections, ranging from 1 to 5 Hz in 1
Hz steps. Each frequency was maintained for at least 30 s, and
frequency levels were applied in random order. Figure 6B shows
that the mean CPN2 spike activity determined over 30 s increased
significantly with AGR firing frequency.

Finally, we tested whether small changes in AGR firing fre-
quency influenced the downstream motor circuits in the STG.
For this, we elicited a gastric mill rhythm via VCN stimulation
and again altered AGR frequency in 1 Hz steps. We averaged the
cycle period of 10 consecutive cycles of the gastric mill rhythm at
each AGR frequency to describe changes in motor output. We
found a significant increase in cycle period with AGR firing fre-
quency (Fig. 6C). Between AGR firing frequencies of 2—4 Hz,
cycle period increased at a rate of 9%/Hz. Together, our data
indicate that even small changes in AGR frequency impact post-
synaptic projection neurons and motor circuits, supporting the
idea that the changes in AGR frequency elicited by GMs/VCN
stimulation are functionally relevant.

The location of spike initiation is important for

signal integration

Our data indicate that the location of the eSIZ facilitates signal
integration and allows the rhythmic alteration of the ectopic AGR

firing frequency in vitro. Consequently, a dislocation of the eSIZ
should abolish signal integration. We tested this hypothesis by
reducing axon excitability in the stn with application of HiDi
exclusively to the eSIZ (see Material and Methods). It has previ-
ously been described that HiDi raises spike threshold, inactivates
AGR’s eSIZ, and causes a secondary and more distant eSIZ to
become active (Daur etal., 2009). Figure 7A shows an experiment
in which HiDi was bath-applied to the eSIZ in the stn. AGR firing
frequency dropped in response to HiDi application, causing the
site of spike initiation to change and spikes to be generated more
posteriorly in the dgn (Fig. 7B). This was the case in six of nine
experiments (Fig. 7C). In the remaining three experiments, spik-
ing in AGR was suppressed and no secondary eSIZ was activated.
To test whether dislocating the eSIZ affected the rhythmic alter-
ation of AGR’s firing frequency, we elicited a gastric mill rhythm
in HiDi via VCN stimulation. Here, we used VCN stimulation
rather than direct stimulation of the GM neurons to prevent
an accidental direct activation of the eSIZ in the dgn (as GM
stimulation was performed by stimulating a side branch of the
dgn). Figure 7D shows AGR’s ectopic spike activity after VCN
stimulation in normal saline (top) and when the stn was
bathed in HiDi (bottom). In saline, AGR’s firing frequency
increased during every GM neuron burst. In contrast, after a
shift of the eSIZ to the dgn in HiDi, rhythmic alteration of
AGR firing frequency was absent. This was consistent for all
preparations tested (Fig. 7E).

In many neuron types, ectopic spiking can be elicited in re-
sponse to neuromodulator application (for review, see Pinault,
1995; Bucher and Goaillard, 2011). There are several examples for
such neuromodulator actions in the stomatogastric nervous sys-
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Figure6.  Changesin AGR firing frequency affect postsynaptic neurons and circuits. A, Intra-
cellular recordings of CPN2 (top) and AGR (bottom). An increase in AGRinst. ff. (middle trace) of
~0.5 Hz led to a concomitant increase in CPN2 activity. B, Across animals, mean CPN2 spike
frequency increased significantly with higher AGR inst. ff. (one-way repeated measures ANOVA,
p < 0.001, F 4 15) = 32.840, Holm—Sidak post hoc test with p << 0.05, N = 5). The pairwise
comparison revealed significant differences between 2, 3,4, and 5 Hz, respectively. Mean CPN2
activity was determined by averaging epochs of 30 s at each AGR frequency. C, Analysis of the
change in gastric mill cycle period during stepwise (randomized) AGR firing frequency changes.
Ten consecutive gastric mill cycles in each animal were normalized to the mean cycle period
(one-way repeated measures ANOVA, p << 0.001, F, 5, = 26.860, Holm=Sidak post hoc test
with p < 0.05, N = 7 animals). The pairwise comparison revealed significant differences
between 2, 3, and 4 Hz, respectively.

tem (Meyrand et al., 1992; Combes et al., 1997; Bucher et al.,
2003; Goaillard et al., 2004 ), where eSIZs are activated in the axon
trunk. The functional consequences of the elicited ectopic APs
are often discussed with reference to their effects on the postsyn-
aptic targets. We hypothesized that eliciting ectopic spiking by
neuromodulation may also dislocate the SIZ to dynamically ad-
just signal integration.

The AGR axon projects through an area of a few hundred
micrometers that has previously been suggested to be a target for
neuromodulators, and in particular for OA, which elicits local
ectopic spiking in the axon of a projection neuron (Goaillard et
al., 2004). This area is located in the anterior stn (close to the
stn/son junction) and can be easily recognized because of its wider
diameter (Fig. 1A). Extrinsic application of OA increases AGR’s
tonic firing frequency (Daur et al., 2009), although it is unclear
how OA modulation affects the eSIZ. We applied OA (50 um,
similar to Goaillard et al., 2004; Daur et al., 2009) to the anterior
stn. AGR spike activity was monitored extracellularly on the dgn,
on three sites along the stn (posterior, middle, and anterior), and
on the son. We found that AGR’s tonic spike frequency in-
creased during OA application (Fig. 8A), indicating that OA
increases the excitability of the axon membrane at the appli-
cation site. The minimum effective concentration was 10 uMm
(saline: 3.52 = 0.52 Hz; OA 1 pum: 3.89 £ 0.65 Hz, p = 0.28; OA
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Figure 7.  Shifting AGR’s spontaneous eSIZ prevents signal integration. 4, Change in AGR

inst. ff. after HiDi saline application to the stn (gray bar). Rectangle represents the area used for
conduction delay analysis in B. B, Average (60 APs) change in conduction delay between dgn,
stn anterior, and son before (top) and after HiDi application (bottom). In saline (control), APs
occurred first on the stn anterior recording (indicated in bold), whereas in HiDi APs were gener-
ated in the dgn. ¢, Conduction delays between dgn and stn anterior before and during HiDi
application for all experiments (N = 6). Positive values indicate that the spike first appeared on
the dgn. Across animals, there was a significant shift of AGR’s eSIZ toward the dgn (p << 0.001,
paired t test, N = 6). D, AGRinst. ff. after VCN stimulation in control condition (saline, top) and
during HiDi saline application to the stn (bottom). The extracellular recording of a dgn side
branch shows the activity of the GM neurons. In HiDi, no rhythmic alteration of the AGR inst. ff.
was present despite the fact that the GM neurons were rhythmically active. E, Phase analysis of
AGR'sinst. ff.in response to VCN stimulation in HiDi for 6 preparations. No significant differences
were found (p = 0.23, one-way repeated measures ANOVA, F g 45) = 2.84, N = 6).

10 wM: 5.48 = 1.23 Hz, p < 0.001; OA 50 um: 5.74 = 0.91 Hz;
P <0.001, repeated-measures ANOVA, F; ;5 = 21.46, Holm-
Sidak post hoc test, N = 6). The increase in firing frequency
was always accompanied by a shift in the eSIZ toward the
application site. Figure 8B shows the AGR spike occurrence at
the different recording sites during OA application. When OA
was applied to the anterior stn, APs appeared first at the ante-
rior stn and then propagated toward the other axonal sections.
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In all preparations tested, application of A
OA to the anterior stn consistently relo-
cated the eSIZ from the neuropil toward
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effects of the GM neurons on the AGR ~ OAwasappliedintoa petroleum
axon. The fact that global OA application
did not cause a shift in the eSIZ indicates

-jelly well at the stn anterior. B, Averages (60 APs each) of the AGR spike activity showing the spike
occurrence at 5 extracellular recording sites along the AGR axon. The site of OA application is indicated in bold. APs occurred first on
the stn anterior. C, Average conduction delays between dgn and stn anterior before and during OA application to the stn anterior for
11 experiments. Negative values indicate that the spike first appeared on the stn anterior. Across animals, there was a significant

that axon.al exc1tf1b1hty was glpbally and it of AGR's SI7 toward the site of OA application (p < 0.001, paired t test, N = 11). D, AGR inst. ff. and original recording of the
rather uniformly increased. This contrasts dgn after VCN stimulation during OA application to the stn anterior. After dislocating AGR’s eSIZ to the stn anterior with OA,
to the application of OA at a distant axon rhythmicalteration of AGR inst. f. was absent despite the fact that the GM neurons were bursting. E, Phase analysis of normalized
region that causes a local increase in excit-  AGRff. in response to VCN stimulation during OA application to the stn anterior for 4 experiments. No significant differences were
ability and concomitantly a dislocation of ~ found (p = 0.16, one-way repeated measures ANOVA, Fq ,,) = 2.843, N = 4). F, Averages (60 APs each) of AGR spike occurrence
the SIZ. Together, our results thus indi- atdifferent recordingsites during OA application to the whole stn (including the eSIZ). OA application did not dislocate the eSIZ. APs
cate that a shift of the eSIZ away from still arrived first at the stn posterior. G, Phase analysis of AGR inst. ff. in response to VCN stimulation when OA was applied to the

the neuropil region precludes signal
integration.

Discussion

Recent studies have suggested that size and location of SIZs are
involved in regulating neuron excitability and in defining re-
sponses to synaptic inputs and membrane potential changes
(Kuba et al., 2006, 2010; Grubb and Burrone, 2010). Although
fine-tuning neuronal responses via modification of the location
where spikes are initiated is an elegant mechanism to increase
neuronal flexibility, so far only slow homeostatic adaptations
have been demonstrated (Grubb and Burrone, 2010; Kuba et al.,
2010). Here we present a dynamic mechanism to increase the
flexibility repertoire of neural networks via a rapid shift in the site
of spike initiation. Using ectopic AP generation in the single-cell
muscle-tendon organ AGR, we show that axonal neuromodula-

whole stn. AGR ff. of phases 0.1-0.6 (during GM bursts) was significantly increased compared with phases 0.7-1.0 (during GM
interburst; one-way repeated measures ANOVA, p << 0.001, Fg 5, = 39.641, Holm—Sidak post hoc test with p << 0.05, N = 4).

tion shifts the location of spike initiation away from the primary
zone. This shift has functional consequences in that it prevents
signal integration from synaptic partners. Furthermore, the abil-
ity of the GM motor neurons to change AGR’s ectopic firing rate
represents a local interaction between sensory and motor systems
at an early stage of sensory processing.

Ectopic spike initiation, local feedback, and neuromodulation
AGR has been identified in the STG of several crustacean spe-
cies (Combes et al., 1993; Combes et al., 1995). In the crab, C.
borealis, AGR is a bipolar neuron with a several-centimeters-
long peripheral axon that innervates protractor muscles. Or-
thodromic AGR APs are generated near the innervated



Stédele and Stein e Signal Integration in the Axon

muscles and propagate actively toward the AGR soma, which
is located in the STG. APs continue through the active soma
and along the several-centimeters-long central axon to up-
stream projection neurons in the commissural ganglia.

AGR s part of a sensory feedback loop that controls the gastric
mill rhythm (Daur et al., 2009). The same projection neurons in
the commissural ganglia, which receive input from AGR (He-
drich et al., 2009), activate the GM motor neurons, which then
evoke contractions of the gastric mill powerstroke muscles.
Changes in tension of the muscles innervated by AGR in turn
influence AGR firing. However, AGR is not always peripherally
activated during muscle contractions: only when muscle tension
exceeds a certain threshold are spikes initiated in the periphery
(Smarandache et al., 2008). To our knowledge, our study is the
first to demonstrate that intermediary to this long-loop feedback,
local interactions between sensory axons and motor systems ex-
ist. The GMs alter the spike activity AGR generates at the eSIZ in
the STG neuropil (Fig. 5). As the final stage of neural processing,
motor neurons convey the ultimate motor programs for the ex-
ecution of behaviors to the muscles. We found an unforeseen role
of motor neurons, namely, the regulation of spike initiation in a
sensory neuron. Motor neurons are thus not just passive recipi-
ents of motor commands. Rather, they appear to be an integral
component of adjusting motor output by influencing sensory
axons. Although not discovered in other systems yet, it is conceiv-
able that such interactions are also present in other animals.

With regard to regulating AGR firing, axonal neuromodula-
tion provides an interesting functionality. OA can shift the site of
spike initiation away from the site of sensorimotor interaction
(Fig. 8). When this happens, local influences exerted by the motor
neurons are abolished. Axonal modulation by neuromodulators
might thus represent a convenient way of mediating state-
dependent interactions between sensory and motor systems in
that some modulatory conditions enable local feedback and oth-
ers disable it. Neuromodulators are well known to elicit state-
dependent actions (for review, see Stein, 2009; Brezina, 2010;
Harris-Warrick, 2011; Lee and Dan, 2012) and gating of neuronal
information has been shown in several systems. For example, in
Aplysia, spike propagation in the sensory neuron B21 is gated by
soma membrane potential (Evans et al., 2003). In cortex, there
are indications that microdomains can be established by neuro-
modulation in subcellular compartments, such as dendritic
spines (Lur and Higley, 2015). Similarly, at the output side of
neurons, APs can be shunted by presynaptic inhibition on the
sensory terminals, effectively gating signal transmission (Stein
and Schmitz, 1999; Cattaert et al., 2001; Barriere et al., 2008;
McGann, 2013; Fink et al., 2014). To our knowledge, our study is
the first to show that motor neurons influence ectopic spiking in
the axon trunk and that a modulator-induced dislocation of the
site of spike initiation alters this signal processing. In the case of
AGR, the alteration of ectopic spiking via GM neurons represents
an early point of interaction between the sensory and motor sys-
tem, far away from dendritic input and output structures. This
interaction can be gated by OA application at a distal site of the
axon. Our results indicate that the whole AGR axon in the stn is
endowed with OA receptors. However, it remains unclear
whether OA is locally released or present as a circulating hor-
mone. Minimally, our results present a proof of principle that
dislocation of the site of AP initiation via neuromodulation can
gate signal integration in axons. Because many axons are en-
dowed with ionotropic and metabotropic receptors for trans-
mitters and neuromodulators that are nonuniformly
distributed along the axon trunk (Swadlow et al., 1980;
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Lorincz and Nusser, 2008; Vacher et al., 2008; Nusser, 2009;
Lujan, 2010), it is conceivable that dislocation of the site of AP
initiation via axonal neuromodulation represents an under-
studied mechanism for plasticity.

Motor neuron influence on AGR ectopic spiking

Goeritz et al. (2013) showed that AGR neurites contain putative
chemical synapses and that the GM motor neurons are potential
synaptic partners of AGR. The GM neurons are part of the gastric
mill motor circuit that drives mastication of food. We found that
spontaneous ectopic spike initiation in AGR is influenced by the
GM neurons (Fig. 5D-F). GM activation increased AGR’s firing
frequency without affecting the location of the eSIZ. Whether this
effect is mediated chemically or electrically is not clear. Although
the GM neurons excite the gastric mill muscles via acetylcholine
(Marder, 1976), it appears that they only interact via gap junc-
tions within the STG (Nusbaum and Beenhakker, 2002). Fast
synaptic actions on AGR seem unlikely, however, because of the
rather slow changes in AGR firing frequency. Rather, slow
metabotropic actions or weak electrical connections may elicit
the observed interaction. In any case, alteration of ectopic spikes
requires that the input can be integrated and is electrotonically
close to the site of spike initiation. This is reflected in the finding
that the GM-induced increase in AGR firing frequency could
only be observed when the eSIZ in the neuropil was active (Figs.
7E, 8E). We used antidromic stimulation to activate the GMs.
Antidromic activation of neurons in this system, however, does
not always replicate the synaptic actions resulting from their or-
thodromic activation (Mulloney and Selverston, 1972). This is
because APs only passively invade the STG neuropil, making neu-
rotransmitter release a function of the baseline membrane poten-
tial. Because the GM neurons were at rest in our experiments, our
results may underestimate the comparable effects occurring dur-
ing the actual motor rhythm, when the GMs are bursting due to
their depolarized membrane potential during a gastric mill
rhythm.

Spontaneous spike initiation always occurred within =250
um of the anterior border of the STG neuropil (Fig. 2). AGR’s
axon trunk possesses at least one neurite in this area (Fig. 4). The
diameter of the neurites is small compared with the main axon
trunk. Morphological inhomogeneities, such as branch points,
and rapid changes in axon diameter cause impedance mis-
matches that affect the current flow and conduction velocity (for
review, see Bucher and Goaillard, 2011). Specifically, a decrease
in diameter results in reduced capacitance and lower rheobase.
Hence, morphological inhomogeneities, such as axon ramifica-
tions, cause local excitability changes with the result that AP gen-
eration at or in close vicinity to neurites is favored. Similarly,
heightened excitability may favor alteration of ectopic spiking by
synaptic input. Naturally, there may be additional factors influ-
encing axonal excitability at the spike initiation site, such as the
density and repertoire of voltage-gated channels.

Axon modulation by OA

OA modulates many physiological processes in invertebrates
(Roeder, 1999), including STG motor patterns (Flamm and
Harris-Warrick, 1986). It is present in the stn (Barker et al., 1979),
albeit in a different species (Panulirus interruptus). Goaillard et al.
(2004) demonstrated that local application of OA to the anterior
part of the stn activates ectopic spiking in a descending projection
neuron (MCNS5). This part of the stn contains synaptic structures
with dense core vesicles (Kilman and Marder, 1996), indicative of
neuronal modulator release at this site. We found that the AGR
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axon was also sensitive to OA in this part of the stn, with similar
sensitivities as described for MCN5 (micromolar range). Local
OA application to the anterior stn excited the AGR axon, effec-
tively inactivating the initiation zone at the STG and shifting
it toward the application site (Fig. 8B). However, we also found
that, when applied globally to the stn, OA excited the primary
eSIZ near the STG, increasing its spike frequency, but maintain-
ing the influence of the motor neurons (Fig. 8G). Thus, global
versus local modulation of an axon may allow for a dynamic
adjustment of signal integration.
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