to induce primarily chemotaxis and to
avoid significant cellular activation and
tissue injury. Intravascular aggregation
and passive sequestration of neutrophils
were excluded by (i) the very rapid plas-
ma clearance of microsphere [PHJFMLP
compared to the gradual accumulation of
neutrophils, (ii) different microscopic lo-
cations of microspheres and neutrophils,
and (iii) absence of pulmonary neutrophil
accumulation (and edema) when FMLP
spheres were injected without magnetic
targeting. This last observation also indi-
cates that lung injury should not occur as
a side effect of targeting to nonpulmo-
nary sites. The extravascular migration
of neutrophils toward microsphere frag-
ments indicates that chemotaxis is the
principal mechanism of cell accumula-
tion. Because FMLP can also produce
smooth muscle contraction (/5), vaso-
spasm might have contributed to the
initial intravascular phase of cell accu-
mulation. Magnetic targeting of suffi-
cient chemotactic peptide provides a
model for acute alveolar damage (/6)
that minimizes the systemic effects of
freely circulating initiators, such as co-
bra venom factor (/7) and zymosan-acti-
vated serum (/8). It also provides a rapid
in vivo test for pharmaceutical agents
that modulate chemotaxis (/9). Potential
therapeutic applications include restora-
tion of local neutrophil responses in pa-
tients with specific inflammatory, infec-
tious, neoplastic, metabolic, toxicologic,
thermal (20), and traumatic disease pro-
cesses (21), in which the generation of
chemotaxins is blocked, chemotaxins
are oxidatively degraded (22), or neutro-
phil responses are reversibly sup-
pressed. In most local infections, suffi-
cient chemoattractant is present; howev-
er, in life-threatening infections, such as
intra-abdominal abscesses with sepsis,
either receptor-specific (complement-
based) or nonspecific deactivation of
chemotaxis can occur (23). In some cas-
es, the very high local gradients of
FMLP produced by targeting may suc-
ceed in refocusing the chemotactic and
microbicidal activities of the patient’s
neutrophils if they retain a sufficient
fraction of their normal response to
FMLP (23). However, more commonly,
host cells will be almost completely
unresponsive, and restoration of local
inflammation may require the concomi-
tant transfusion of fresh donor granulo-
cytes.

DaviD F. RANNEY
Laboratory of Targeted Diagnosis and
Therapy, Department of Pathology,
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Coupling of Action Potential Activity Between

Unmyelinated Fibers in the Peripheral Nerve of Monkey

Abstract. Bidirectional coupling of action potential activity occurs between
unmyelinated fibers in the normal peripheral nerve of monkey. The site of coupling is
near the cutaneous nociceptive receptor associated with one of the fibers. This
coupling could be due to an electrical synapse and could provide the basis for the

flare associated with the axon reflex.

Somatosensory nerve fibers have gen-
erally been assumed to have no chemical
or electrical synapses with one another
outside the central nervous system.
However, cross talk between nerve fi-
bers, presumably due to electrical cou-
pling, has been observed in various
forms of nerve injury (/). This prompted
us to examine whether similar interac-
tions between fibers might occur in nor-
mal peripheral nerves.

Monkeys (Macaca fasicularis, 3.5 to
6.5 kg) were anesthetized with an intra-
venous injection of pentobarbital (3 to 6
mg kg~! hour™) or by inhalation of a
mixture of halothane and N,O (0.8 per-
cent and 67 percent, respectively). The
animals were paralyzed with pancuron-
ium to eliminate artifacts caused by mus-

cle twitching and were mechanically
ventilated to maintain the end-tidal pres-
sure of CO, at 32 to 40 torr. Recordings
from single fibers in the peripheral nerve
(superficial radial, ulnar, median, and
sural) were obtained from finely teased
nerve strands by the use of standard
techniques (2). The strands were cut
proximally so that only centripetally di-
rected action potentials were recorded
(Fig. 1a). Tripolar stimulating electrodes
were placed on the parent nerve proxi-
mal and distal to the recording site and
were insulated from surrounding tissue
with plastic (3). The preparation was
bathed in mineral oil. Action potentials
recorded at the recording electrode in
response to stimulation from the proxi-
mal electrode indicated coupling of ac-
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tion potential activity between nerve fi-
bers.

Coupling was observed in 33 in-
stances. In each case the coupling was
between two unmyelinated fibers (4).
Coupling between more than two fibers
was not observed. In the example shown
in Fig. 1, stimulation from the proximal
electrode resulted in an action potential
at a latency of 280 msec. Collision tech-
niques (Fig. 1, c to e) were used to verify
that this action potential was due to
coupling of action potential activity be-
tween two peripheral nerve fibers. In-
creasing the proximal electrode stimula-
tion intensity to twice the threshold in-
tensity did not result in additional action
potentials. However, delivery of two su-
prathreshold stimuli at the proximal site
(at intervals as short as 3 msec between
stimuli) resulted in two coupled action
potentials. In each of three fiber pairs
tested, collision techniques were used to

demonstrate that the action potentials
could propagate in either direction
across the coupling site (5). Therefore,
coupling can occur bidirectionally.

In 15 cases, we tested for a cutaneous
receptor with an action potential whose
shape was the same as that observed for
the coupled pair. In 13 of these cases, a
receptor was identified and each was
classified as a nociceptor on the basis of
a monotonically increasing response to
high-intensity mechanical and heat stim-
uli (6). Two types of evidence corrobo-
rated the conclusion that the cutaneous
receptor was associated with the coupled
action potential produced by stimulation
at the proximal site. Mechanical stimula-
tion of the receptive field (n = 13), but
not the surrounding skin, resulted in an
increase in the latency of the coupled
action potential from proximal electrode
stimulation (Fig. 2a). Electrical stimula-
tion at the proximal site (n = 2) resulted

in a subsequent decrease in response of
the receptor to heat stimuli (Fig. 2b).

Intracutaneous injection of a local an-
esthetic (procaine) into the receptive
field of seven fiber pairs tested abolished
the coupled responses for about 40 min-
utes (Fig. 1, fto g). These results suggest
that the site of coupling was at or near
the receptive field. As further support of
this hypothesis, the measured distance
from the recording electrode to the re-
ceptive field corresponded to the dis-
tance to the coupling site computed from
the collision data (7).

We found coupling in about 3 percent
of the unmyelinated fibers tested (8). The
true incidence of coupling is probably
higher since the demonstration of cou-
pling in this preparation depends on the
chance that one of the coupled fibers
occurs in the parent nerve and the other
occurs in the teased strand from which
the recording is obtained. It seems likely

Fig. 1. Demonstration of action potential coupling between unmyelin-

ated fibers in the normal peripheral nerve of the monkey. (a) Location
of recording electrode (RE), proximal stimulating electrode (PSE),
and distal stimulating electrode (DSE). All stimulus durations were
0.1 msec. (b) Electrical stimulation at the PSE resulted in an action
potential (AP) at a latency of 280 msec (arrow points to the AP). On
the right is the model we propose to explain the observation. The AP
reached the RE via coupling between the fibers labeled A and B. (c)
Stimulation at the DSE at 60 V led to stimulation of fiber B only. The
same AP occurred at a latency of 220 msec as a result of coupling
between the fibers. (d) When the voltage at the DSE was increased to
80 V, the same AP occurred at a latency of 46 msec, which
corresponded to the directly conducted AP. As depicted in the model,
the coupled AP was not observed as a result of collision. Near the
threshold for this directly conducted AP, the observed latency
alternated between 46 and 220 msec. Two AP’s were never observed.
(e) When the DSE (at 60 V) and PSE were activated simultaneously, a
single AP occurred at the 220-msec latency. Near the DSE threshold
for activation of fiber B, the observed latency alternated between 280
and 220 msec. Again, two AP’s were never observed. (f) A cutaneous
receptor was associated with this AP, which had characteristics of a
nociceptor (6). Intracutaneous injection of procaine (2 percent, 0.05
ml) at the receptive field eliminated the coupled activity after PSE
stimulation (13). (g) Forty minutes after this procaine injection, the
coupled response returned.
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that coupled fibers would tend to remain
together throughout their course in the
peripheral nerve, and, therefore, would
not often be teased apart.

Five different mechanisms could ex-
plain the observed coupling.

1) After stimulation at the proximal
site, the synchronous discharge of action
potentials in multiple unmyelinated
nerve fibers adjacent to the fiber from
which recordings are made could artifac-
tually alter the extracellular electric
fields and thus lead to excitation. From
this hypothesis, the site at which cou-
pling occurred would more likely be
along the course of the fiber in the parent
nerve, where the density of fibers is
greater, than at the terminal branches.
This is at variance with our finding that
the coupling site was at or near the
cutaneous receptor.

2) Antidromic invasion of adjacent re-
ceptors could result in the release of
chemicals around the receptor of the
coupled fiber and thus activate this fiber.
As the intensity of stimulation from the
proximal (or distal) electrode is in-
creased above threshold, more fibers
would be activated, a larger release of
chemicals would occur, and thus more
than one action potential would be ex-
pected. However, only one action poten-
tial was observed when the intensity of
the stimulus from the proximal electrode
was increased by a factor of 2 above
threshold. Suprathreshold stimulation
from the distal electrode also resulted in
one coupled action potential. One could
argue that, after the first action potential,
the receptor is refractory, thus prevent-
ing other action potentials from occur-
ring. However, two suprathreshold stim-
uli, 3 msec apart, at the proximal site
resulted in two coupled action poten-
tials. Therefore, the refractory period is
short.

3) Stimulation of sympathetic efferents
at the proximal site could result in a
cutaneous smooth muscle contraction
that activates the nociceptors. However,
coupling involving low threshold mecha-
noreceptors would also be expected. In
addition, the observation of bidirectional
coupling is not consistent with this hy-
pothesis.

4) Peripheral nerve fibers could have a
branch at the cutaneous receptor which
runs back along the course of the nerve
for long distances. Although there is no
anatomical evidence to support this mor-
phology, this hypothesis is consistent
with the observed neurophysiological
findings.

5) A bidirectional synapse (either
chemical or electrical) could occur be-
tween unmyelinated nerve fibers near
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the cutaneous receptor. Bidirectional
chemical synapses have been reported in
invertebrates but not in mammals (9).
Electrotonic coupling between cells in
the nervous system has been reported
both for vertebrates and invertebrates
(10) and is thought to be associated with
gap junctions. There is some evidence
that gap junctions may occur in tooth
pulp where coupling between myelinated
fibers has been reported (11).
Heretofore, neuronal interactions
have been presumed to occur only within
the central nervous system and ganglia
of the autonomic nervous system. Our
finding of coupling between unmyelinat-
ed peripheral nerve fibers indicates that
interactions occur in the peripheral ner-
vous system. The function of this inter-
action is not clear. One noteworthy pos-
sibility is that it provides a basis for the
flare response. The flare is part of the
axon reflex and has been thought to
result from antidromic invasion of axon
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Fig. 2. Evidence that a cutaneous nociceptor
is associated with the coupled fiber. (a) Proxi-
mal stimulating electrode (PSE) stimulation
every 10 seconds resulted in an action poten-
tial at the recording electrode after a latency
of 308 msec. The latency increased substan-
tially after mechanical stimulation of the re-
ceptive field with a stiff nylon probe (35 g,
0.57 mm diameter) immediately preceding tri-
al 4. The mechanical stimulation evoked 32
action potentials. (b) A laser thermal stimula-
tor (I4) was used to apply heat stimuli (47°C
for 1 second) to the receptive field every 30
seconds. Three seconds before the heat stim-
ulus of trial 3, the PSE was stimulated at 50
Hz for 1.5 second at a strength sufficient to
elicit the coupled action potential. The re-
sponse to heat was suppressed for two trials.
Total response to heat per stimulus is plotted.

branches after nociceptor activation. Al-
though free nerve endings have been
observed in the dermis and around capil-
laries (/2), no axonal connection be-
tween these endings has been described.
The finding of coupling involving noci-
ceptors suggests that these two types of
free nerve endings could be coupled.
Another possibility is that sympathetic
efferents are coupled to nociceptors.
This idea is of interest in view of the
occasional occurrence of certain chronic
pain states, such as causalgia or reflex
sympathetic  dystrophy, which are
marked by excessive sympathetic activi-
ty in the region affected. Further experi-
ments will be needed to estimate better
the true incidence of coupling and to
determine its functional significance.
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Do Frogs Communicate with Seismic Signals?

Abstract. Male white-lipped frogs exhibit conspicuous behavioral responses to
calling conspecific males that are nearby but out of view. Since the calls often are
accompanied by strong seismic signals (thumps), and since the male white-lipped
frog exhibits the most acute sensitivity to seismic stimuli yet observed in any animal,
these animals may use seismic signals as well as auditory signals for intraspecific

communication.

White-lipped frogs (Leptodactylus al-
bilabris) inhabit the Luquillo Mountains
and adjacent lowlands of Puerto Rico,
where males of the species often are
found calling from moist ground. We
observed that isolated calling males
(those stationed far from calling conspe-
cific males) often drastically alter their
calling patterns in response to remote,
very light footfalls, indicating acute sen-
sitivity to substrate-borne vibrations
(seismic stimuli). Therefore, we decided
to study the seismic sense of the animal
both physiologically and behaviorally.
Knowing that the American bullfrog
(Rana catesbeiana) derives acute seis-
mic sensitivity from its saccule and la-
gena (1), we focused our physiological
studies on the white-lipped frog’s audi-
tory-vestibular nerve. There we found
acute seismic sensitivity, with individual
axons exhibiting linear transfer ratios as
large as 20,000 spikes per second (axon
firing rate) per cm/sec? (substrate vibra-
tion amplitude) and 70 spikes per second
per 107 %m for dorsoventral sinusoidal
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vibration of the whole animal (2). Each
seismic axon exhibited band-pass prop-
erties and could be characterized in part
by a frequency (best vibratory frequen-
cy) approximately at the point of the
passband’s peak transfer ratio. We found
these clustered in two groups, one rang-
ing from 20 to 160 Hz, the other ranging
from 220 to 300 Hz (Fig. 1a).

Field experiments were carried out
during June of 1983 to determine the
ability of the male white-lipped frog to
detect seismic stimuli in its natural habi-
tat. We placed a vertical geophone and a
cardioid microphone approximately 1 m
from isolated, calling frogs (3). This was
done between 1800 and 2130 hours in
remote areas of the Luquillo Mountains
where there was virtually no automobile
traffic or other forms of human activity.
A calling, isolated white-lipped frog typi-
cally emits 40-msec chirps at a rate of
approximately 4 per second. This call
probably serves as an advertisement of
the male’s location (4). Using a stereo-
phonic system with headphones to moni-

tor and record simultaneously the micro-
phone and geophone responses, we im-
mediately noticed a transient geophone
response (a ‘‘thump’’) at the onset of
each chirp. Analysis of the recorded
waveforms verified this observation,
showing transient vertical (Rayleigh)
waves with peak accelerations in the
neighborhood of 2 cm/sec? (1 m from the
frog) concomitant with each chirp (Fig.
1b). Analysis with fast fourier transforms
revealed that the power in each thump
was distributed over frequencies below
150 Hz, extending down to at least 10 Hz
(the low-frequency corner of our geo-
phone response) (3), but confined pre-
dominantly between 20 and 70 Hz (Fig.
1c). The thump spectrum thus corre-
sponded well to the lower range of seis-
mic sensitivity in the frog’s ear (Fig. 1a).
Subsequent studies of Rayleigh waves,
which are conducted along substrate sur-
faces, in the same soils in Puerto Rico
and a variety of similar soils in California
have shown that the waveform and spec-
trum of the frog thump are typical of
vertical geophone responses to impul-
sive seismic stimuli (for example, taps on
the soil surface with a rubber mallet).
The frequency range of the airborne
acoustical power in the recorded chirps
was distinctly higher than that of the
substrate-borne thumps, being from
about 1.0 to 2.3 kHz (Fig. 1d). The
carrier frequency of each chirp began
near 1 kHz and then increased in about
15 msec to its final level of approximate-
ly 2.3 kHz (Fig. le).

Among 11 calling frogs studied (at 11
different sites) five produced thumps and
six did not. For 8 of the 11 frogs, we
were able to identify the substrate from
which they were calling. Four of these
were thumpers and were found to be
directly on mud; four were nonthumpers
and were found to be perched either on
grass or on loose, gravelly substrate.
Two of these nonthumpers, observed in
the act of calling, were found to have
their gular pouches suspended above the
ground as a result of the dense grass. The
typical posture of the calling frog from
muddy substrate is prone, with its gular
pouch pressed against the substrate. We
were unable to produce thumps by play-
ing recorded airborne chirps through a
loudspeaker positioned either above the
ground or directly against it. Thus the
thump appears not to be a consequence
of acoustical coupling of the call itself to
the ground, but possibly a consequence
of the motion of the gular pouch during
the explosive onset of the chirp. This
conjecture is supported by the consistent
concomitancy of the onset of the Ray-
leigh wave and the rising phase of the
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