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Impulse-Coded and Analog Signaling in

Single Mechanoreceptor Neurons

Abstract. Although most sensory neurons convey temporally coded impulses to the
central nervous system, certain nonspiking receptors use only graded afferent
signals. Each of three large nerve fibers from the lobster oval organ, a mechanore-
ceptor subserving ventilation, carry both impulses and graded potentials. Thus, both
impulse frequency and receptor potential amplitude are available for information

transfer.

In a variety of sense organs, adequate
stimuli impinging upon the sensory re-
ceptor terminals are transduced into a
common type of membrane response,
the receptor potential, the characteris-
tics of which have been extensively doc-
umented (). It is a graded, nonpropagat-
ed potential limited in its electrotonic
spread by the passive cable properties of
the cell membrane. Usually an electrical-
ly responsive region separate from the
transduction site converts this analog
signal into a frequency-modulated train
of nerve impulses, which, in turn, relay
the sensory information to the central
nervous system.

However, studies on the thoracico-
coxal muscle receptor organ (the T-C
MRO) and other stretch receptors at the
base of the walking legs (2, 3), swimmer-
ets, and uropods (4) in decapod Crusta-
cea, and on certain invertebrate photore-
ceptors (5, 6) have shown that some
sensory neurons lack the usual spike-
initiating zone and electrically excitable
membrane, but have sufficiently large
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length constants to permit the electro-
tonic spread of the receptor potential
itself right into the ganglionic neuropil.
This ‘“‘slow” analog signal evidently
causes graded release of chemical trans-
mitter at identified synaptic zones, there-
by evoking corresponding postsynaptic
potentials (7) and consequent impulse
activity in associated motoneurons (8).
Several other examples of such graded,
nonspiking transmission have recently
been found, in both sensory and inter-
neuronal systems (3, 9). The experi-
ments reported here show that certain
sensory nerve fibers have both large
length constants and active spike-sup-
porting membranes and are capable of
carrying both the analog and impulse
signals over long distances. This raises
the possibility that single afferent fibers
can use both methods of transmission for
conveying sensory information.

The oval organ (I0) lies within the
ventilatory appendage (the second max-
illa) of all decapod crustaceans so far
studied, and its position and anatomy
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suggest that it is a proprioceptor capable
of monitoring the beat of the gill bailer
(the scaphognathite). It consists of a rich
arborization of dendrites arising from
three afferent fibers of large diameter,
supported by a conical array of connec-
tive tissue strands which span the region
of maximum flexion and extension near
the base of the gill bailer. The cell bodies
of the three sensory neurons lie centrally
in the subesophageal ganglion, adjacent
to the motoneurons innervating the ven-
tilatory muscles, as has recently been
revealed by cobalt backfills (11).

The nerve trunk of an isolated prepa-
ration from the lobster (12) (Fig. 1) was
removed from its sheath and securely
pinned to a Sylgard platform with cactus
spines, so that controlled stretching of
the connective tissue strands of the oval
organ caused no movement of the nerve
fibers beneath the recording electrodes.
The three sensory fibers were readily
distinguishable—both from other nerve
fibers in the same trunk and from one
another—by their large diameter and rel-
ative positions; they were labeled X, Y,
and Z in descending order of size (I3).
All other fibers were discarded except
two motor axons going to a muscle in-
trinsic to the gill bailer; these two axons
(MN1 and MN2 in Fig. 1), whose diame-
ters were similar to those of Y and Z,
served as controls.

Intracellular recordings from the indi-
vidual fibers, made 3 to 8 mm from the
oval organ, showed that each of the three
sensory fibers, but not the two motor
axons, responded to a ramp-and-hold
pull stimulus in a characteristic way.
Each response comprised, in differing
proportions, two distinct components:
overshooting action potentials and an
underlying graded potential (Fig. la).
The responses of fiber X had the fewest
spikes (one to six) and the largest graded
potentials, yielding depolarizations as
much as 35 mV from the resting mem-
brane potential in the unstretched state.
Fiber Y responded with a sustained,
slowly adapting discharge superimposed
upon a smaller graded potential. Fiber Z
showed the smallest graded potentials
but an intermediate degree of spike adap-
tation.

Addition of tetrodotoxin (TTX) to the
saline bathing a preparation undergoing
standard pulls at 1-minute intervals pro-
duced first a progressive diminution and
finally the complete disappearance of all
spikes, but left the graded potentials
unchanged (Fig. 1b). Thus, while the
overshooting action potentials evidently
depend on fast sodium channels (as in
the majority of known nerve cells), the
graded potentials are independent of
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spiking and involve other membrane
channels.

In the TTX-treated preparations, spik-
ing never recovered, even after repeated
washing with fresh saline. The fibers
retained their full graded responsive-
ness, however, thus allowing an exami-
nation of the slow depolarizations free
from the superimposed active processes.
From the close correspondence between
the parameters of the stretch stimuli and
the resulting membrane depolarizations,
we conclude that the graded potentials
are receptor potentials, electrotonically
conducted along the large-diameter affer-
ent fibers. None of the three fibers dis-
played prominent dynamic components,
but the receptor potentials of Y and Z
showed adaptation to an extent typical of
other crustacean tonic mechanorecep-
tors (/4). In all three, the amplitude of
the static component, after adaptation,
showed a simple, almost linear relation-
ship with the amplitude of the stimulus
(Fig. 2¢), which fits the oval organ for a
role as a position or displacement recep-
tor.

a MN1, MN2 f X

Length constants (A) were calculated
from steady-state amplitudes of stretch-
evoked receptor potentials, recorded
simultaneously from two microelec-
trodes inserted several millimeters apart
in the same fiber. We assumed that the
fiber behaves as an infinite cable. Mean
and maximum values of A and the num-
ber of preparations of each fiber were:
X, 8.0 and 8.5 mm, N=3;Y, 7.2 and
10.2mm, N = 4;and Z,10.1and 10.7 mm,
N = 2. The values ranged widely, proba-
bly because of various degrees of dam-
age to the fibers by the dual impale-
ments. They are therefore likely to be
underestimates (2, 3).

By using an estimate of input resist-
ance calculated from the slope of volt-
age-current curves (obtained from TTX-
treated fibers), a high specific membrane
resistance of the order of 100 kilohm-cm?
is indicated. Thus both length constant
and membrane resistance of the oval
organ fibers are consistent with values
reported for other fibers conducting
graded signals over comparable dis-
tances (2, 3, 5-7).

1 second

Thoracic ganglion

It has not so far been possible to
record from the oval organ fibers within
the ganglionic neuropil. If we assume a
length constant of 1.0 ¢cm (or more),
however, receptor potentials evoked by
maximum pulls, though undoubtedly at-
tenuated over the distance between sen-
sory endings and ganglion (1 to 1.5 cm),
could arrive centrally with amplitudes of
12 mV or more. Graded potentials of
comparable amplitudes recorded periph-
erally and centrally in afferent fibers of
the crustacean T-C MRO and other non-
spiking sensory neurons can elicit strong
reflex activity in postsynaptic motoneu-
rons (4-8). Furthermore, in arthropods,
respiratory interneurons and locomotor
premotor interneurons communicate
with motoneurons by graded changes in
membrane potential ranging from 10 mV
to 2 mV or less (15, 16). Thus the recep-
tor potentials arriving at the central ter-
minals of oval organ fibers could be
expected to have significant postsynap-
tic effects over the physiological range of
the receptor. Preliminary experiments
have provided evidence of tonic reflexes
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Fig. 1 (left). Diagram of isolated preparation (not to scale) used for intracellular recording, with g 10
(a) typical responses (upper traces) to trapezoidal pulls (lower traces). A steel hook attaches the & z
sclerite (S) at the apex of the cone of connective tissue strands (CT) to a puller (P). The oval &
0

cuticle (O) at the base of the cone is securely pinned to the Sylgard lining of the bath. Upward
pull on the connective tissue strands stretches the dendrites (D) of fibers X, Y, and Z (only those
of fiber Y are shown). (a) Responses are recorded with microelectrodes inserted into fibers X,
Y, and Z; no responses are seen in the motor axons MN1 and MN2 which run in the same nerve trunk. (b) Recordings from two microelectrodes
inserted into another fiber Y taken before and after the addition of tetrodotoxin (bath concentration, 8 X 1077M). Responses are to successive
pulls delivered at 1-minute intervals. Distal electrode 3.6 mm, proximal electrode 5.8 mm from confluence of sensory dendrites. Fig. 2
(right). Intracellular responses of sensory fibers to increasing amplitude of stretch. (a) Responses of fiber X. (b) Responses of fibers Y (upper
traces) and Z (middle traces). Trapezoid pulls (lower traces) were delivered at 1-minute intervals. (c) Graph showing relationship between
amplitude of the adapted graded potentials (after 1 second of pull) and the amplitude of stretch [data are taken from the three fibers of a single oval
organ, from a different preparation from the one shown in (a) and (b)].
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in scaphognathite motoneurons which
could be due to the slow nonimpulsive
component of the oval organ input (/7).

In fibers Y and Z, the spikes superim-
posed upon the receptor potentials also
reflect the stimulus parameters. For ex-
ample, the number of spikes evoked by a
step pull of constant duration is propor-
tional to the pull amplitude over at least a
major part of the response range of both
Y and Z (Fig. 2b). Their frequency in-
creases during the dynamic phase (ramp)
of a constant velocity pull and varies
with its velocity. The threshold ampli-
tude of fiber Y is lower than that of fiber
Z, both with rapid pulls of graded ampli-
tude (Fig. 2b) and in the responses to
large pulls at low velocities. At supra-
threshold amplitudes, fiber Z fires initial-
ly at higher frequencies than Y, but
adapts more rapidly, probably because
of the apparently faster decline of its
underlying receptor potential (Fig. 2b).

Thus, at least fibers Y and Z are
capable of conveying sensory informa-
tion normally, by means of trains of
impulses, in addition to that coded in the
graded potentials. The brief, highly pha-
sic discharge of one or at most a few
spikes in fiber X is not likely to have
much significance for encoding ampli-
tude, but it probably has other functions.
For example, it may provide timing cues
about the onset or phase of, or distur-
bances to, rhythmic movements of the
gill bailer (10, 15).

We believe this is the first report of a
sensory receptor whose afferent fibers
carry both spikes and graded depolariza-
tions, over a distance of 1 cm or more,
into the central nervous system. Similar
dual signaling is known in molluscan
photoreceptors (/8), amacrine cells of
the vertebrate retina (/9), and in moto-
neurons of the lobster' stomatogastric
ganglion (20); it may be present in a
range of cell types in vertebrate and
invertebrate nervous systems. The lob-
ster oval organ may thus prove to be a
useful model for studying the cellular
properties of such neurons.
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Inhibition of Idiotype—Anti-Idiotype Interaction for

Detection of a Parasite Antigen: A New Immunoassay

Abstract. Described in this report is an immunoradiometric assay of general
applicability that is based on a new principle: the inhibition of the interaction
between monoclonal antibodies by an antigen. The advantages of this assay are that
it measures concentrations of single epitopes, purified antigen is not required, and
the ’reagem‘s can be obtained in unlimited amounts and are homogeneous. Its
features are particularly attractive when the antigen has not been purified and is a
minor component of a complex mixture of molecules.

A monoclonal antibody (3D11) was
recently produced in BALB/c mice against
a 44,000-dalton membrane protein (Pb44)
of sporozoites of Plasmodium berghei, a
rodent malaria parasite (I, 2). This anti-
body (of the immunoglobulin IgGl, «
chain isotype), injected intravenously
into mice protects the animals against
infection with sporozoites.

Here we report the isolation of a sec-
ond monoclonal antibody against the
idjotype of 3D11, and describe an immu-
noassay based on the specific inhibition
of the interaction between the two mono-
clonal antibodies by Pb44. This assay
has been named 4i, which stands for
inhibition of idiotype-anti-idiotype inter-
action, It does not require purified anti-
gen and should have general applicabil-
ity.

The monoclonal antibody to 3D11 was
obtained by injecting BALB/c mice at
various skin sites with 3D11 cross-linked
with rabbit IgG by treatment with glutar-
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aldehyde (3). A total of 1 to 2 mg of
protein was given per mouse over a
period of 10 weeks. The spleen cells of
two animals were used for fusion with
the plasmacytoma cell line SP2 (4) as
described in (5). We screened the super-
natants of the cultured cells for an activi-
ty that would inhibit the reaction be-
tween PL-labeled 3D11 and a conven-
tional rabbit antiserum to the 3D11 idio-
type (6). From a total of 700 wells
originating from two fusions we found
one supernatant that contained antibod-
ies with the desired properties. The cells
from the positive well were expanded
and cloned by limiting dilution. The re-
sulting hybridoma (2D12) was: injected
intraperitoneally into pristane-treated
mice to obtain ascites fluid. A monOcIo-
nal antibody (IgG2a «k chain) was pres-
ent in this fluid at concentrations of 210 4
mg/ml.

We next studied the effect of the Pb44
antigen on the 3D11/2D12 interaction.
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