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The action potential (AP) is an electrical impulse elicited by depolarization of the neuronal membrane from
the resting membrane potential (around —70 mV). It propagates along the axon, allowing for rapid and distant
communication. Recently, it was claimed that two APs traveling in opposite direction will pass unhindered
through each other (penetrate) upon collision [Gonzalez-Perez et al. Phys. Rev. X 4,031047 (2014)]. We tested
this claim under carefully controlled conditions and found that we cannot reproduce penetration. Instead, APs
consistently annihilated upon collision. This is consistent with a vast body of literature.

DOI: 10.1103/PhysRevX.7.028001

In Ref. [1], Gonzalez-Perez et al. reported data on
collision of action potentials (APs) in the earthworm medial
axon and the lobster ventral cord [1]. They concluded that
colliding APs penetrate each other, and they suggested
that the AP is essentially a mechanical pressure wave in
the membrane, i.e., a soliton. This is a direct challenge
of the prevailing view of the AP as an essential electrical
phenomenon driven by membrane currents through
voltage-gated ion channels [2]. According to this view,
two colliding APs annihilate each other because each AP
leaves a trace of inactivated Na™ channels behind, prevent-
ing the other APs from passing. Because the results of
Ref. [1] are unexpected, we have tested their claim in the
earthworm medial axon, in the lobster peripheral nerve, and
in the frog sciatic nerve (for experimental procedures, refer
to Ref. [3]). We find the following results.

(1) In the earthworm medial axon, colliding action
potentials annihilate. We stimulated the earthworm
at either end and measured using one set of electrodes
placed close to the posterior end [Fig. 1(a)]. The
AP generated from either end arrives with different
delays at measurement electrodes [Figs. 1(b) and 1(c)].
When stimulating simultaneously at both ends
with increasing strength, the AP elicited from the
anterior end was recorded at lower stimulation voltages
[Fig. 1(d)]. Athigher stimulation voltages, the AP from
the posterior end now appeared, but at the same
time, the AP elicited from the anterior end disappeared,
indicating that it was annihilated by collision
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[Fig. 1(d)]. In the case of penetration, both action
potentials should have been seen.

APs in single axons are all-or-none types, and their
amplitudes are independent of the direction of
propagation. To establish that an AP in a single
axon is being studied, it is necessary to demonstrate
the all-or-none characteristic, i.e., that the AP
appears abruptly at one stimulation voltage and
keeps an unchanged amplitude at higher voltages
[Figs. 1(b) and 1(c)]. Unfortunately, Gonzalez-Perez
et al. did not present the reader with such evidence
[1]. Furthermore, we found that the amplitude of an
AP measured at the same particular point along the
axon is the same in both directions [Figs. 1(e) and
1()], which is expected if the velocity and shape of
the AP are independent of the direction of propa-
gation (which we establish below). In contrast, the
only example shown in Ref. [1] (their Fig. 6) in
support of penetration in the medial axon features
two signals of different amplitudes, shapes, and
durations.

The action potential propagation velocity in the
earthworm medial axon is the same in both direc-
tions. Gonzalez-Perez et al. claim that propagation
velocity is systematically lower in one direction
(antidromic) than in the other (orthodromic) (their
Fig. 7). However, they measured the velocity using
the time delay from stimulation until AP arrival at a
single set of measurement electrodes [mono record-
ing, Figs. 1(h) and 1(i)]. This method underestimates
the velocity because the delay between stimulation
and initiation of the action potential will corrupt the
measurement. Moreover, the method cannot be used
for comparing velocities in the two directions
because the delays in either end will not be identical,
and two different stretches of axon are being
measured, which might support different velocities
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FIG. 1. Action potentials annihilate upon collision. (a) Experimental setup: Pairs of stimulation electrodes for generating APs in both
ends, and pairs of recording electrodes are also placed towards both ends. (b) Stimulation of the anterior end of increasing strength and
recording at the posterior end (consecutive traces, stimulation strength indicated) evokes APs to illustrate single same-fiber activation by
(1) the threshold phenomenon and (2) the amplitude independence of stimulation strength (collectively known as the all-or-none
phenomenon). (c¢) Similar to (b) with stimulation in the posterior end and single APs traveling in opposite directions (posterior
recording). Note that the threshold is higher in the posterior than in the anterior end, and the latency is shorter when stimulating
posteriorly. (d) Simultaneous stimulation in both ends with increasing strengths first evokes anterior AP until the strength is
suprathreshold for generating APs in both ends (1.4 V). Here, the APs propagate from both the anterior and posterior ends and collide in
the middle. Since the anterior and posterior APs never appeared together in the same recording, annihilation occurred. This was
observed for all earthworms (n = 14). (e) Anterior (black lines)/posterior (blue lines, time-reversed) overlaid APs stem from the same
nerve fiber as verified by their similarity in peak-to-peak amplitude (ordinate location of red dots, ratio = 96%). (f) Amplitude ratios for
the population (PA/AP) are close to 100%. (g) Velocities based on the accurate method (using two sets of electrodes, i.e., dual recording)
in the anterior-posterior (A-P) direction plotted against velocities in the reverse direction, i.e., posterioranterior (P—A) (n = 10
earthworms). A—P and P—A velocity are the same according to a Kolmogorov-Smirnov test. (h) Apparent velocities using only one set of
recording electrodes, as in Ref. [14], in the anterior end (i.e., mono recording). The velocity was estimated as the distance divided by
time from stimulation to arrival, thus ignoring the impulse width and AP-generation delay, resulting in a disparity in velocities.
(i) Velocities using the reverse configuration (recording in the posterior end), giving opposite disparity in velocities, which illustrates the
methodological flaw of using mono recording.
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independently of the direction. We measured the
propagation velocity using the time difference (and
distance) between two sets of measurement electro-
des [dual recording, Figs. 1(a) and 1(g)]. The results
show that the velocity is the same in both directions
(within the accuracy of the measurement), and
markedly higher (18.4 4+ 0.8 m/s in the anterior-
posterior direction; 18.9 &+ 1.1 m/s in the posterior-
anterior direction) than reported by Gonzalez-Perez
et al. (2.8-9.7 m/s). A velocity of 18-19 m/s at
room temperature is in agreement with the literature
[4-8]. When recalculating our data according to
Ref. [1], the velocity always appears to be lower in
the direction where the stimulation and measurement
electrodes are closer together [Figs. 1(h) and 1(i)]
because the measurement is dominated by the delay.
Thus, the mono recording method of Gonzalez-
Perez et al. is flawed. We conclude that antidromic
and orthodromic pulses are approximately equally
fast. While this is not necessarily the case in other
preparations (for instance, if measurements are made
close to a large electrotonic load such as the cell
soma), our experiment implies that, in the prepara-
tion used here, action-potential amplitudes should be
independent of direction (see also above).

(4) In uninterrupted axonal bundles, colliding com-
pound action potentials annihilate. Gonzalez-Perez
et al. presented collision experiments (their Figs. 9
and 10) carried out in the ventral cord of the lobster.
This experiment depends on the ability to identify
single action potentials from giant fibers in the very
complex recordings (Figs. 9 and 10). However, the
data in their Fig. 9 show increased amplitude of the
deflections with increasing stimulation strength
(compare 1 and 2 V), inconsistent with single action
potentials. Instead, these might be compound action
potentials from nongiant fibers, which undergo
complex synaptic connections within the intervening
ganglia, making collision experiments impossible.
Nevertheless, collision experiments can be carried
out using compound action potentials, provided that
uninterrupted axonal bundles are used and all axons
are stimulated. We carried out collision experiments
using peripheral nerves from the lobster walking
legs and frog sciatic nerve, which do not contain
ganglia. The results demonstrated annihilation in
both species (see Ref. [3]).

(5) Annihilation has been reported in dozens, probably
hundpreds, of publications over the course of more than
65 years. Space does not permit citing all these papers,
but annihilation has formed the basis for the so-called
collision test, which has been widely used to map out
axonal connections [9-12], also in earthworms [13].

We conclude that both our experiments and multiple

previous reports show that action potentials annihilate upon
collision, in agreement with the view of the action potential

as a propagating membrane depolarization driven by mem-
brane currents through voltage-dependent ion channels.
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