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ABSTRACT

The activation of crab movement receptors and of crayfish move-
ment and stretch receptors was studied. It was found that the adequate
stimulus to movement receptors is a change of the length of the elastic
strand into which they send their distal processes. One group of
movement receptors responds to shortening of the strand; and another
group to its lengthening. A hypothesis is presented that accounts for
the differential sensitivity of these two groups of cells, and the differ-
ence between movement and position receptors in the same sense organ.
It was found that the movement receptors may be activated by nicotine
as well as by mechanical means; and that nicotine activation differs
in a significant manner from mechanical activation. The unusual spiking
pattern of movement receptors was examined using intracellular and
extracellular recording. The mode of activation by nicotine and the
intracellular recording data are combined to form a partial explanation
of the movement receptors' discharge pattern. Caffeine was found to
block the mechanical activation of movement receptors and it is concluded
that this is due to a direct effect on the mechanotransducer membrane.
Several drugs which affect the crayfish stretch receptor were found to
‘have no effect on movement receptors and conversely nicotine and
caffeine were found to have no effect on stretch receptors. Stretch re-
ceptors were subjected to the same mechanical stimuli used on the move-
ment receptors and the responses of the two types of end organs com-
pared. The similarities and differences of movement and stretch re-

ceptors are discussed.
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I. INTRODUCTION

The problem of how stimulus energy is converted by sensory
receptors into neural signals has been of interest for many years. Since
the work of Adrian and coworkers (1, 2, 3,4) on the responses of muscle
spindles and cutaneous touch and pressure receptors, a large amount of
information has accumulated relating to this problem, The earlier work
was limited to recording the spike responses of the afferent nerves and
comparing these responses to the parameters of the stimuli, Using
this approach certain salient features of the receptors became known,
most of which were recognized by Adrian and Zotterman (3,4). They
found, by recording from the afferents of single receptor units, that a
muscle spindle discharges at increasing frequency as the tension on the
muscle is increased; that the discharge is smoothly rhythmic except at
very low frequencies; and that, when the muscle was stretched to a
particular tension and maintained at that tension for a prolonged period,
the discharge frequency of the receptor rose abruptly at the onset of the
stretch but then fell to a lower value. This last, the phenomenon of
adaptation, was also observed by these authors in the touch receptors
and in the pressure receptors, identified as Pacinian corpuscles, of the
toe pad of the cat. The adaptation of the spindle, touch receptors and
pressure receptors differed in that the frequency of discharge of the
spindle decreased to a plateau value if the tension was maintained, but
did not drop to zero; whereas the discharge of the touch receptors sub-

sided completely after a very short time and that of the pressure re-



ceptors, although not stopping completely, became irregular. It was
observed that abrupt unloading of the muscle spindle caused the afferent
to go silent for a period of 0.75-1.3 seconds after which spikes again
appeared, the frequency rising to that characteristic of a resting

spindle -- about 6/sec. Primarily on the basis of this last, Adrian and
Zotterman reasoned that adaptation was not due to an increase in the
refractory period of the nerve but to a decrease in the sensitivity of

the end organ to the stimulus. A muscle spindle is thus capable of pre-
senting two kinds of information in its discharge: it will indicate the
speed of onset of the stimulus, since the maximum frequency of the
initial part of its discharge is determined by this factor; and it will indi-
cate the magnitude and duration of the stimulus during the later portion
of its discharge after adaptation has occurred. The pressure receptors
indicate the intensity of the stimulus by their frequency of discharge at
the onset of the stimulus, but adapt in such a brief time that little infor-
mation is given by them concerning the duration of the stimulus. Although
no detailed study was made of the touch receptors' characteristics, they
adapt so rapidly that it is unlikely that they signal more than the fact

that stimulation took place. It was not shown that they can indicate dura-
tion or intensity of stimulation.

Recording the spike discharges in the afferent fibers of a receptor
and comparing the form of these discharges with the stimuli did not yield
much information regarding the nature of the processes within the end
organs. The questions of why adaptation took place and why the spike

frequency was in some way a function of the intensity of the stimulus
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could not be answered from such a 'black box" approach. That the
answers to these questions have in part been revealed is the result of

a fortunate set of circumstances that have made three types of mech-
anoreceptors particularly useful in this connection. All three types

are so constructed and situated that it is possible under the proper con-
ditions to record electrical changes from very near the end organ of the

receptor. These three receptors are the vertebrate muscle spindle and

Pacinian corpuscle, and the crustacean stretch receptor. In all three

a potential has been observed, called the receptor potential, that is

antecedent to and apparently responsible for the triggering of the spike

discharge. The three types of receptor will be treated separately below.
The receptor potential of the muscle spindle was first recorded

by Katz (5), using an electrode placed on the afferent nerve very close
to its exit from the muscle mass. He found that when the muscle was
stretched the spike discharge set up was accompanied by a slow shift of

the baseline potential. Before the first spike of a discharge the potential
slowly shifted, then the first spike appeared followed by repolarization,

after which the slow shift once more manifested itself followed by another

spike and so on. The receptor potential had to pass a threshold value

to initiate a spike, and the frequency of spiking was proportional to the

magnitude of the receptor potential. Application of procaine to the pre-
paration abolished the spikes but did not greatly affect the slow potential.

In the absence of spikes there was no repolarization until the
stretch was released, The receptor potential, in the absence of

spikes, showed adaptation: it rose rapidly when the muscle was
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stretched and then fell slowly to a steady value proportional to the level
of steady stretch of the muscle. When the muscle was abruptly unloaded
the receptor potential fell to a value less than that which it had before
the application of stretch and then rose to its resting level. Thus in all
ways that could be observed, the amplitude of the receptor potential
behaved just as did the frequency of the spike discharge. Katz reasoned
that the receptor potential was the immediate consequence of the stretch
of the spindle endings and that it acted as a cathodal stimulus to the
more central portion of the sensory axon; the spike frequency would
thus be set by the magnitude of this potential, Further, adaptation was
a property of the receptor potential and not of the part of the nerve
where the spikes arose.

The crustacean stretch receptors behave in a manner similar to
the muscle spindle. These receptor organs were discovered by

Alexandrowicz (6) in the lobster, Homarus vulgaris. Every organ con-

sists of a pair of muscle bundles of unequal size, each with an associated
nerve cell. There are two of these organs at each abdominal joint, one
on either side of the middorsal line, and they span the joints in such a
manner that Alexandrowicz suggested they might be receptors for the
position of one segment on another. The dendrites of the sensory cells,
which are usually few in number and of large diameter, penetrate the
middle region of the muscle bundle with which the cell is associated and
the axon, emerging from the opposite pole of the cell, runs to the ven-
tral nerve cord. The microanatomy of stretch receptors, especially

their dendrites, was investigated by Florey and Florey (7). in the
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crayfish, Astacus fluviatilis, using methylene blue or silver staining.

They found that the structures of the terminal portions of the dendrites
of the two cells were different: the dendrites of SNl, the sensory neuron
of the thin muscle bundle, branched extensively and were quite long show-
ing a preferred orientation parallel to the fibers of the muscle; whereas
the dendrites of SN2 were shorter, less branched, and exhibited no ob-
vious orientation with respect to the muscle.

The two components of the receptor organ differ in their physio-
logical characteristics as well as structurally. The first physiological
findings regarding these receptors were those of Wiersma et al. (8,9);

using the crayfish, Cambarus clarkii. The stretch receptors in this

animal differ but slightly from those in the lobster and they were found
to indeed be sensitive to flexion of the abdomen and to direct stretch.
The thinner muscle and its sensory cell, collectively called RMI by
these authors, responded to stretch in a manner almost identical to the
muscle spindles invéstigated by Katz. Adaptation in this receptor is in-
complete; the spike discharge occasioned by stretching dropped in
frequency if a maintained stimulus was applied, and reached a steady
level characteristic of the degreé of stimulation. Under conditions of
maintained stretch an RMl might continue to discharge at a fairly con-
stant, regular rate for several hours. The frequency of the adapted dis-
charge was a function of the degree of stretch and the frequency before
adaptation appeared to be dependent on the rate at which the receptor was
stretched. It was shown that the muscular portion of the receptor is not

necessary for a response; but that stimulation of the motor nerve to the
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muscle causes a contraction that can elicit a discharge. Wiersma and
coworkers also found that the stretch receptors are stimulated by
acetylcholine (ACh) in concentrations as low as 10"8 gm/ml in stretched
preparations. This drug causes a silent RM to discharge and will
accelerate the discharge of an already active organ. High concentra-
tions of ACh do not block the response of the organ. The effect of ACh
is potentiated by eserine in low concentration but blocked by this same
drug applied at high concentrations. By clamping the organs very
close to the nerve cell, and by exposing fully relaxed organs to ACh,

it is possible to demonstrate that the drug still exerts its effect; show-
ing that the stimulation of the RM is a direct effect on the nerve cell
and is not mediated through a contraction of the muscular portion of the
receptor.

The fact that the RM's in both lobster and crayfish are separate
from the rest of the dorsal musculature, except for some connective
tissue, was taken full advantage of by Eyzaguirre and Kuffler (10,11,
12,13). The size of the sensory cells makes it possible to introduce
into their interiors microcapillary electrodes for the measuremsent of
the potential difference between the interior and exterior of the cells.
Such measuremeant, performed on RMIl, revealed a receptor potential
such as that found with extracellular recording in the vertebrate
muscle spindles. Graded stretch of the receptor gives rise to a
proportionately graded decrease of the resting potential of the cell;
and, when the potential has decreased to a certain value, spikes are

set up which invade, and may be recorded in, the soma. Each spike
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repolarizes the soma to the resting level following which the potential
again drops, producing another spike. As the degree of stretch is
increased, the rate of rise of the receptor potential also increases,
triggering the spikes at briefer intervals. Until rather high levels of
stretch are reached the threshold potential for spike initiation does
not change and each spike is followed by repolarization to the resting
level; but under conditions of strong stretch the repolarization phase
of each spike no longer reaches the resting potential, the average
internal potential declines, and the threshold voltage for spiking shifts
toward a lower voltage. Sudden release of stretch was observed to
produce an ®off" effect, a slight hyperpolarization of the soma, which
was especially prominent if the preceeding stretch was a strong one,
Eyzaguirre and Kuffler proposed that stretching the dendritic endings
of the nerve cells causes a proportional depolarization, which they
name "generator potential, " in these terminals that is conducted
electrotonically to the soma region and there initiates the spike, The
invasion of the soma by the spike then wipes out the depolarization
there; but it is once again reestablished by the persistent potential
change in the dendrites, which are not reached by the spike. They
offer no explanation for the mechanism of adaptation; but do state that
the "off" hyperpolarization is a manifestation of this process, un-
masked by the abrupt cessation of the excitatory process,

The larger of the two components of the stretch receptor organ,
RM2, acts in a somewhat different manner from RMI (9). If the ab-

domen of the crayfish is flexed to an extent which produces a steady
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discharge from RMIl, RM2 gives a burst of impulses of rapidly de-
clining frequency and quickly becomes completely silent. In isolation
it is found that RM2 responds to stretch of medium amplitude in the
aforementioned manner; but that if the stretch is increased to still
higher levels then it reacts similarly to RMl. In the intracellular
recordings of Eyzaguirre and Kuffler (10,12) it was shown that the
receptor potential of RM2 increases steeply at the onset of stretch,

its rate of rise and total amplitude being dependent on the rate of
stretch and the amplitude of stretch, and then decreases rather rapidly
if the stretch is maintained constant. If the constant level of stretch
is low the receptor potential decays below the spike threshold and only
if the steady stretch is quite large does the receptor potential remain
above the spike threshold after adaptation is complete. It is clear that
such behavior is merely a modification of that already described for
the vertebrate muscle spindle and the crayfish RMIl.

The Floreys proposed (7) that the explanation for this difference
between RMIl and RMZ2 lay in the anatomy of the dendrites. They
reasoned that if the adequate stimulus to the dendritic endings were
longitudinal stretch then the endings of SN1 would be oriented in such
a way as to be properly stretched by a very small extension of the
muscle; whereas the endings of SN2, since they point in all directions,
would first have to be pulled out parallel to the axis of the muscle and
then stretched. In this manner would the difference in threshold of the
two receptors be explained. In order to account for the rapid adapta~-

tion of the RM2 they invoked an unstable coupling between the endings
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of the SN2 and the muscle fibers such that when the muscle came to
rest at a new length the SN2 terminals would slide back to their original
orientation and would no longer be stimulated. It appears that a more
likely explanation for the differences between RMIl and RMZ is pre-
sented by Krnjevi¢ and van Gelder (14) who investigated the relation

of the tension in the muscle bundles to the firing frequency. Using

stretch receptors of Astacus fluviatilis they made direct measurements

of the tension in the muscle bundle using a strain gauge system, and
compared the tension so measured with the instantaneous firing fre-
quency of the receptors. They found that as the length of the muscle
bundle is increased in small steps the tension rises in a stepwise
manner; overshooting at each step and then decaying to plateau values
between increases in length., The authors state that the adapted firing
frequency is perfectly correlated with the plateau tension and that the
unadapted frequency at each step correlated closely with the overshoot
of the tension. There was little difference between the slow (RMl) and
fast (RM2) receptors except that RM2 required slightly higher tension
than RMI to attain the same firing rate, and RMZ2 did not maintain a
given tension well--apparently the muscle extended. There was a
slight undershoot in the measured tension on sudden relaxation which
alone could account for the electrical "off" effect noted by Eyzguirre
and Kuffler, Krnjevié and van Gelder state that since the changes in
measured tension comport so well with the accompanying changes in
output frequency it appears that the differences in response between

slow and fast receptors may be attributed almost entirely to the
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mechanical characteristics of the muscle bands. A further conse-
quence of these findings is that the amplitude of the receptor potential
in the RM's must be directly proportional to the tension of the band
since the spiking frequency is proportional to the tension and to the
amplitude of the generator potential. The mechanoreceptive portions
of the dendrites are linear transducers of tension up to the limit im-
posed by the potential difference across the membrane; and the
generator potential faithfully records changes of tension as well as
the level of steady tension. It is not unreasonable to suppose that the
vertebrate spindle endings share this property.

Although Adrian and Umrath (2) had found in their experiments
that the pressure receptive Pacinian corpuscles of the cat gave a
maintained irregular discharge under constant compression, later
work on this receptor proved them to have been in error, probably due
to the mechanism they used for stimulation. Alvarez-Buylla and
Ramirez de Arellano (15) measured the receptor potential of the
Pacinian corpuscle using an electromechanical system for stimulation.
In essence the stimulation consisted of compression of the corpuscle
by the tip of a small rod. The rod was moved by an electromagnetic
coil system which embodied sufficient stability to hold the stimulus
- quite constant at various intensities. They found that the receptor
potential was graded with the intensity of the stimulus and that it
adapted very rapidly to maintained compression. Furthermore, a
similar receptor potential appeared at the termination of a maintained

compression, the polarity of which was the same as that at the onset.
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The only difference between on and off response lay in the amplitude
of the potentials; the on potential was larger than the off potential for
a given size of stimulus. This property of the Pacinian corpuscle

was confirmed by Gray and Sato (16) who also found that there was
apparently a threshold for the receptor potential. Unless the stimulus
intensity was high enough no receptor potential was detectable with
external leads, but since they were not recording with intracellular
electrodes it is possible that responses to very low intensity stimuli
were undetectable in the noise of thgir records. More important than
this apparent threshold for the amplitude of the stimulus was the ob-
servation that the appearance of the receptor potential depended on the
rate at which the corpuscle was compressed, if the stimulus rose to
its final intensity too slowly there was no observable potential. In a
series of experiments Loewenstein and coworkers (17,18,19) demon-
strated that the properties of the Pacinian corpuscle set forth above
were characteristic of the terminal, unmyelinated portion of the
afferent fiber where it lay inside the capsular structure of the cor-
puscle. By stripping off as much as 99% of the capsule they were able
to demonstrate that the receptor potential, measured at the point where
the afferent leaves the capsule, is the result of a generator potential
set up by compression in the unmyelinated segment; and that any part
of the unmyelinated segment can evolve such a potential. The rapid
adaptation is also a characteristic of this unmyelinated segment: the
time course of the generator potential set up by a compression is

exactly the same whether the compression be immediately released or



-12-

maintained for several seconds. With this decapsulated preparation
it was shown that a given spot of the ending became refractory after
evolving a generator potential and that stimulation of two spots at
once produced summation of the generator potentials recorded when
either spot was stimulated alone. Loewenstein (20) proposes that the
transducer membrane of the unmyelinated ending is a patchwork of
receptor spots, each of which acts in an all-or-none manner when
stimulated. He attributes the graded nature of the receptor potential
to spatial summation, more of the spots being involved as the stimulus
is increased because the mechanical disturbance spreads over a
greater area. That each spot exhibits all-or-none behavior would ex-
plain the rapid adaptation of the receptor to a maintained stimulus and
the necessity for the stimulus to reach its full value at a greater than
minimal rate: the spots first involved by a slowly increasing stimulus
would be refractory by the time additional spots are stimulated, so
spatial summation would fail, In this work no threshold for stimulus
amplitude could be observed!

Despite the differences between muscle spindle and stretch recep-
tor on the one hand and the Pacinian corpuscle on the other with respect
to threshold, refractivity and adaptation, there remains a basic simi=
larity in the manner in which mechanical activity is converted to impulse
signals in all three (21,22). Mechanical stimulation elicits from the
terminal endings of the sensory neuron a potential change which is
graded in amplitude, the amplitude being proportional to the intensity

of the stimulus. Regardless of whether adaptation is slow or fast some
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part of the generator potential follows, in its amplitude, the intensity of
the stimulus; and in turn acts as a stimulus to the nerve fiber, setting
up spikes that travel to the CNS. The frequency of the spike discharge
in the nerve is proportional to the amplitude of the generator potential
and thus the duration of the discharge will indicate the duration of the
generator potential and the instantaneous frequency of the spikes will
mirror its instantaneous amplitude. In the receptors discussed above
the frequency of spiking may range up to several hundreds of impulses
per second and thus a single receptor unit can convey information about
a wide range of stimulus intensities. This wide response range and
high maximum frequency is characteristic of most receptor types that
have been investigated (3,4, 5, 9, 23, 24, 25, 26, 27).

The present work arises from the finding by Wiersma and
Boettiger (28) and Wiersma (29) that certain receptors in the leg joint
of various Decapod crustacea respond to stimulation in a manner which
one is hard put to fit into the scheme of meschanoelectric conversion
set forth above, The existence of these receptors was first found by
Barnes (30,31) who recorded the impulses set up in the leg nerves of
a number of Decapods by movement of the joints. He found that spikes
were present in the nerves only when the joints were in motion and that
no signals appeared if the joint was maintained in a given position. He
considered that the cessation of the discharge at the end of movement
was a rather remarkable example of adaptation and commeanted on the
rapid recovery from this adaptation: the discharge restarted as soon

as the movement was resum=d. Barnes dubbed these sensory units
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"movemsant receptors. "

In 1954 Burke (32) discovered in Carcinus maenas the sense

organ responsible for this movement response by tracing a bundle

of large fibers from the meropodite. The organ consists of an elastic
strand which spans the joint between the propodite and the dactylopodite,
running from the dorsal border of the closer muscle apodems= to a
point on the shell of the dactyl. Located at the proximal end of the
strand is a cluster of large nerve cells which send their axons into the
main leg nerve along with the axons of numerous smaller cells situated
more distally on the band. Similar "innervated strands" have been
described by Alexandrowicz (33) and Alexandrowicz and Whitear (34)
in the more proximal leg joints of various Decapods; and Wiersma (29)
has found them at carpopodite-propodite and meropodite-carpopodite
joints. According to Burke (32) the cells of the PD (propodite-
dactylopodite) organ are bipolar and lie in a mass of connective tissue
loosely bound to the elastic strand. Emerging from the distal pole of
each cell a long (~ 500 u) process runs distally and seems to end in
the fibers of the strand. The ultrastructure of the distal processes

of cells in the PD organ of Carcinus has been studied by Whitear {35)
with the electron microscope, and has been found to resemble that
found in cells of chordotonal organs. The distal processes of two
cells approach each other and enter a cylindrical scolopale which is
secreted by a non-nervous cell {or cells). The two distal processes
lie in close apposition, one on either side of the tubular scolopale.

Whitear was unable to find cells of any other structural type in the PD
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organ; the only variation on this plan of organization appeared in the
CP2 organ of Carcinus (36) where she observed many scolopales which
contained one normal looking distal process and one that seemed to be
degenerate.

The work on the physiological properties of these organs, begun
by Barnes, was continued by Burke (32). Recording apparently from
the whole PD nerve, he observed discharges to vibrations of 5 - 1000
cps, to passive and active movement and to maintained position at
either side. With the organ isolated from the leg and held in clamps,
he was able to show that discharges occurred both when the band was
stretched and when it was relaxed; and that under these conditions it
was still quite sensitive to vibration. On the basis of these data he
suggested that the mechanism of stimulation of the movement recep-
tors, as he too called them, was a transient deformation of the cell
membrane produced by some kind of viscous drag. He did not make
any speculations regarding the mechanism of activation of the position
receptors in the organ. Unfortunately Burke did no single unit recording
and so missed a number of very interesting features of these organs.

This deficiency was remadied by Wiersma and Boettiger (28)
and Wiersma (29) who made single unit recordings from the PD, CP

and MC organs of Carcinus maenas and a number of other Decapods.

In the PD organ of Carcinus, Wiersma and Boettiger found four distinct
types of receptors: units sensitive to movement of the joint in the
closing direction, units sensitive to movement in the opening direction,

units which responded with discharges proportional to the position of
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the joint towards fully closed and others to the position of the joint
toward fully opened. The position units reacted much as do spindle
organs and stretch receptors; when the joint reached a certain position
on the appropriate side of the arc they began to discharge slowly and
irregularly and at positions closer and closer to the proper side they
responded with higher and higher frequencies. The discharge of the
position receptors was maintained for long periods, some showing
slight adaptation and others no adaptation at all., Those that exhibited
no adaptation are probably the most nearly perfect position receptors
known (37): the frequency of their discharge is always a function of
the position; and the speed with which any position is approached does
not affect their output.

The manner in which the mechanical stresses produced by
movement are coupled to the excitable membrane of the movement
receptors so as to produce unidirectional responses is not at all clear.
It was noted by Wiersma and Boettiger (28) that a number of thin elastic
fibers cross the angle between the main strand of the PD organ and the
closer tendon, and that since the angle between strand and tendon de-
creases when the strand is stretched by closing, and increases when
the strand is relaxed by opening, the tensions of main strand and thin
fibers are in opposite phase. Wiersma (29) has observed that the CP
organs of Carcinus do not, particularly in older animals, usually
respond equally well to both directions of movement. There are two
organs at the CP joint and one usually responds best to flexion; the other

to extension. Wiersma calls attention to the fact that both these organs
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are being relaxed during the movements to which they are preferentially
sensitive.

The movement units displayed a wide range of thresholds; the
most sensitive responding to very slow movements of the order of one
degree per second, with others responding only to more rapid move-
ments. The most sensitive movement units are almost entirely unaf-
fected by the position of the joint and respond identically near the fully
opened and fully closed positions; whereas the less sensitive units
may respond better toward one side or the other, usually toward the
end of the movement in the direction to which they respond. The range
of speed to which an individual unit responds with an increase in fre-
quency is rather restricted: when the speed of movement exceeds the
threshold of a unit it begins to discharge irregularly at a low frequency
and as the movement is made more rapid the discharge becomes more
regular and may rise in frequency to about 40 - 50 /sec. Further in-
creasing the speed of the movement, by as much as tenfold, does not
produce a smooth rise of the frequency of discharge but may cause the
appearance of double or triple spikes, the doublets or triplets recurring
at about 40 - 50 per sec. The incidence of doublet or triplet firing is not,
so far as is known, a smooth function of the movement speed; leading one
to conclude that a single movement receptor is a poor indicator of abso-
lute speed of movement. Wiersma and Boettiger referred to the maxi-
mum frequency attainable by a movemeant receptor unit as the "saturation
frequency”; and Wiersma (37) has stated the opinion that this frequency

is determined by an intrinsic timing process within the cell. He has
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reached this conclusion as the result of examining two characteristics
of the movement receptors: the way in which the discharge frequency
increases between threshold and saturation, and the timing of the
multiple firings at saturation. In the records from Carcinus move-
ment receptors there is an occasional missing spike in an otherwise
regular train at saturation. The interval left by the failure of a single
spike is nearly twice the interval characteristic of the saturation fre-
quency. At lower discharge frequencies the intervals between spikes
appear to be integral multiples of the saturation interval. Wiersma
feels that such behavior can only be explained by a cyclic change of
excitability of the cell that makes firing more probable at certain
times than at others, That the doublets and triplets recur at the same
interval as single spikes, and that the frequency within a doublet or
triplet is quite high support such a belief. Since the frequency in the
multiple discharge is high, perhaps 150/sec., the refractory period
of the cells cannot be so long as to account for the low saturation fre-
quency.

A timing mechanism such as Wiersma proposes would be a radi-
cal departure from the common sort of spike generating mechanism
already known to exist in other types of sensory receptors. The form
of the generator potential in movement receptors may be quite unusual,
and the relation of the generator potential amplitude to stimulus intensity
may also be atypical. Alternatively, the unique character of the discharge
of movement receptors may have its foundation in the coupling between

generator potential and spike initiation.
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The purpose of the present work is to investigate both the
mechanical aspect of the stimulation of movement receptors in an at-
tempt to account for unidirectional sensitivity, and the mechanism of
spike generation within single cells as a test of Wiersma's hypothesis
concerning impulse timing. For the sake of comparison a series of
experiments was performed on crayfish stretch receptors subjected to

the same kind of stimulation used on the movement receptors.
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II. METHODS

Experiments were performed on the shore crab, Pachygrapsus

crassipes (Randall), and the crayfish, Procambarus clarkii (Girard);

both obtained from commercial dealers. Until used the crabs were
kept in glass aquaria through which artificial sea water at approximately
15 degrees C. was constantly circulated. The water was filtered through
fiberglass and charcoal on each circuit through the pumping system.
The artificial sea water was made up according to the formula.* given
by Tyler (38), the salts being dissolved in distilled, deionized water.
For this purpose the metal chelating agents in Tyler's formula were
omitted. Crabs survived in this environment for as long as two months
with little overt sign of deterioration, although it appeared that the
response of the sense organs were not as good after a week as they had
been when the animals were newly caught. For this reason new crabs
were procured at two week intervals when possible. The crayfish were
kept in concrete tanks in running tap water. Here too some degeneration
of the sense organs seemed to take place, but the experiments reported
on these animals were all performed on fresh batches.

The setup for stimulation and recording is shown diagram-
matically in fig. 1. In order to achieve controlled stimulation of the
mechanoreceptors a special system was devised and assembled based

on an electromechanical transducer built to specification by the Stephens

*The artificial sea water is constituted as follows: NaCl-590 g. ; KCl-
16.5 g. ; MgC1,-308 g. ; CaCl,-28.4 g. ; NapS0,4-93. 6 g. ; NaHCO3-5.1¢g.;
H,0 g. s. p. 25 L.
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Tru-Sonic Corp. This device employs the field magnet assembly of a
high compliance 12-inch loudspeaker. A bifilar coil is wound on a

light aluminum tube and mounted in the field of the magnet in such a

way that the tube moves back and forth as the proper currents are sent
through the windings. Attached to one end of the tube, and coaxial with
it, is a three-inch long bar of aluminum; through the end of which extends
an insect pin at right angles to the bar. With the transducer in place
for stimulation of a PD organ this pin extends downward perpendicularly
into a tiny hole in the shell of the dactyl of the crab leg; and as the bar
is moved back and forth the dactyl is flexed and extended. When the
transducer is used for stimulation of an isolated sense organ, either

PD organ or crayfish stretch receptor, the aluminum bar is replaced
with a spring loaded clamp. One end of the isolated organ is held in
this clamp, the other end in a second clamp which is mounted on a
micrometer drive. The peak to peak intensity and frequency of the
stimulus are controlled through the transducer, and the average tension
with the micrometer drive.

The current to drive the transducer is supplied by a push-pull
transistorised amplifier driven by a Hewlett-Packard model 202A Low
Frequency Function Generator which delivers sinusoidal, triangular or
rectangular waveforms at very low distortion. The response of the en-
tire stimulating system extends from DC up to several tens of cycles per
second with the output excursion of the transducer reaching two centi-
meters peak to peak. The two centimeter excursion is more than suffi-

cient to move the dactyl of the crab leg through its whole arc, thus
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Figure 1

Block diagram of apparatus. 1, waveform generator; 2, power amplifier;
3, transducer with arm and pin attached; 4, input probe of cathode follower;
5, cathode follower preamplifier; 6, main scope; 7, monitor scope;

8, audio system. The insert depicts the way the transducer is set up for
stimulation of isolated organs. 3, transducer with spring clamp attached;

9, second spring clamp on micrometer drive mount.
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eliminating the need for any system of levers, and the mechanical play
which is the inevitable consequence of such a system. Obviously this
excursion was vastly more than enough for stimulation of the RM's or
the PD organ in isolation. Where appropriate the input waveform to the
power amplifier is displayed on the second beam of the oscilloscope along
with the record of the activity of whatever sense organ is under test.
The recording system consisted of a Medistor Instrument Corp.
type A32b cathode follower preamplifier for microelectrode recording,
or a Tektronics type 122 preamplifier for recording from axons. Either
of these could be used to drive a Dumont DC coupled oscilloscope for
photography, a Heathkit DC coupled oscilloscope for visual monitoring
and an audio amplifier-loudspeaker system for audible monitoring. The
oscilloscope used for photography was a dual beam model, the second
beam was driven by the stimulus waveform as stated above. Intra-
cellular recordings were made with an electrode system that is a modi-
fication of that used by Woodbury and Brady (39). A 0. 003-inch diameter
platinum wire is inserted into the barrel of a standard 3M KCI filled
glass capillary microelectrode until it lodges firmly in the tapered
portion, whereupon the tip of the electrode is broken off and the wire
with this tip portion attached is slid out of the barrel. The other end
of the Pt wire is clipped into the probe clamp of the cathode follower,
and the indifferent lead therefrom is connected to a heavy gauge Pt wire
inserted into the saline bathing the preparation. Using the electrode
checker built into the cathode follower the impedence of each electrode

was measured and only those with impedences between 15 and 75 megohms
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were used. The probe was held in a Zeiss micromanipulator which
allowed maneuvering the electrode into position and lowering the tip onto
the cell to be impaled. The small mass of the tip portion of the electrode
and the high compliance of the thin Pt wire resulted in the lowest attainable
drag on a moving cell. When recording from axons the Tektronics pre-
amplifier was substituted for the cathode follower. The axon(s) was lifted
on a Pt hook electrode connected to one side of the differential input of

the preamp, the other side of which was connected to the bathing saline,
also through a Pt wire. A third Pt wire grounded the bath.

To record from the axon of a stretch receptor was relatively
easy. The abdomen was cut off a crayfish and the ventral part of the
shell along with the flexor musculature was removed. Careful removal
of the medial extensor muscles revealed the RM's, which could then be
placed between the clamps of the stimulating apparatus along with a two-
to three-centimeter length of the afferent nerve which was picked up on
the Pt hook electrode. To record from the axons of the PD organ, one
of the walking legs of the crab was pinched at its base causing it to be
autotomized. The shell of the meropodite was then removed on one side
and the muscles in the meropodite removed. The leg nerve was cleaned
and split with fine needles according to the method of Wiersma (40).

Each subbundle was picked up on the Pt hook electrode and the dactyl
moved back and forth by hand. By listening for the characteristic re-
sponse of the PD bundle this group of fibers could be isolated and then
split further if desired to yield recordings containing one or only a very

few active units. When the desired degree of purity of response was
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achieved, the resulting nerve filament was cut at its proximal end and
lifted out of the water to give monophasic recording. The recordings
from the PD organ of the crayfish chelipid were made in exactly the
same manner.

Intracellular recording from the RM's was not a great deal
more difficult than recording from their axons. The only difference in
the procedure was that once the RM was mounted in the clamps a micro-
electrode was pushed into the cell body under direct microscopic control
in transmitted light. Since the muscle bundle of the RM was prone to
slip out of the way of the electrode tip, a small glass hook, maneuvered
by a second micromanipulator, was used to support the RM until pene-
tration was achieved, after which the hook was moved out of the way.
To reach the PD organ for intracellular recording, the distal half of
the shell of the propodite was cut away on the ventral side. The intact
bridge of shell on the dorsal side served to support the articulation of
the dactyl. The exposed fibers of the closer muscle were then removed
with great care revealing the PD organ lying just ventral to the nerve
emerging from the dactyl. Figure 2 is a diagrammatic view of the pre-
paration as it looks at this stage of the dissection. The PD bundle was
then separated from the nerve trunk and the portion of this trunk in the
dissection field was removed. The leg was then pinned down in a wax
bottomed dish and the microelectrodes inserted in transmitted light.
Here too the great mobility of the elastic strand necessitated the use of
the glass hook. Light was supplied through a lucite tube built into the

wooden block on which the preparation dish rested, and a slab of lucite
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Figure 2
Diagrammatic drawing of the PD organ in situ: 1, pin connecting
transducer to dactyl; 2, dactyl; 3, elastic strand; 4, nerve trunk
from dactyl; 5, cell mass of PD organ; 6, opener muscle; 7, pro-
podite; 8, closer tendon exposed by removal of distal fibers of
closer muscle; 9, region where thin fibers fan out from elastic

strand; 10, closer muscle.






=27=

embedded in the wax in the bottom of the dish permitted the light to reach
the preparation.

In experiments on the crayfish receptors van Harreveld's solu-
tion (41) was used as the bathing saline. For the crab receptors artificial
sea water was used as the saline. For this purpose the formula cited
above was employed, but the deionized water was distilled once more in
an all-glass apparatus since it was found that the response of the organs
disappears in the sea water made from ordinary deionized water, usually
within 5 - 10 minutes. Isolated PD organs lasted in the specially pre-
pared sea water for as long as four hours. It is presumed that traces
of copper or nickel passed by the deionizer may have been sufficient to
kill the cells and that these traces were removed by the extra glass
distillation. The saline solutions were kept in the refrigerator until
just before use and were ordinarily at a temperature of 15 - 20 degrees
C. during the experiments. For the experiment on the effect of tem-
perature on the saturation frequency of the movement receptors, saline
solution at 10 degrees C. was poured into the dish containing the leg, the
air conditioner in the room was shut off, and the preparation allowed to
warm up. As these experiments were performed in July it did not take
more than 35 - 40 minutes for the temperature of the preparation to
increase the desired amount. The temperature of the saline in the dish
was measured with a mercury thermometer and the response of the
organ photographed at increasingly higher temperatures up to 25 degrees
C., at which temperature the response of the organ usually ceased ir-

reversibly.
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For the experiments on the pharmacological properties of the
receptors the drugs were made up in the desired concentrations in the
appropriate saline solution and kept in the refrigerator at all times when
not actually in use. All concentrations, except for those of nicotine,
are expressed in grams per milliliter; nicotine in the liquid alkaloid
form was used and its concentration is in milliliters alkaloid per milli-
liter saline. Nicotine solutions were made up fresh at about weekly
intervals since the drug decomposes even at lowered temperatures.

Drug solutions were applied with a medicine dropper drawn
out to a fine tip. The tip was lowered into the bathing saline and the
bulb squeezed as gently as possible. Even with extreme care a discharge
was often provoked from the movement receptors by the application of
the drugs. As a control, saline solution was applied in the same manner
as were the drugs and an identical discharge was obtained. Apparently
the discharge caused at the moment of the application of a drug was due to
the agitation of the fluid. Such discharges were disregarded in the inter-
pretation of the records. No attempt was made to control or determine
the final concentration of any drug at the receptor; the drug solutions
were added to an undetermined volume of saline at various distances
from the receptor organs. It is felt that for the present purpose a knowl-

edge of the final concentrations is unnecessary.
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III. RESULTS

Controls

Since the stimulus parameters are indicated in the following
records by the input voltage to the power amplifier of the stimulating
apparatus, it was felt necessary to compare this input with the resulting
excursion of the transducer. For this purpose a light aluminum vane
was affixed to the bar on the transducer, which was arranged so that
the vane interrupted a beam of light falling on a photocell. Movement
of the vane changed the fraction of the surface of the photocell that was
illuminated and the output voltage of the photocell was thus closely pro-
portional to the position of the vane. Figure 3(a) is a record of the ex-
cursion of the transducer measured in this manner: the upper beam
displays the input voltage to the power amplifier and the lower beam
displays the output voltage of the photocell. At the highest rates of stimu-
lation used in these experiments this correspondence may not be so good
as shown due to the inertia of the moving parts of the system; and in
fact when the system is fed a rectangular waveform a damped oscillation
follows each switch of position. However, the output circuit of the am-
plifier provides a high degree of negative feedback and the damping
factor of the amplifier is quite high, so it is felt that the inaccuracies
that might be introduced by such distortion are insignificant in the in-
terpretation of the data.

Although Wiersma and Boettiger (28) have stated that opening

the propodite of Carcinus has little effect but for increasing the sensi-
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Figure 3
(a) Input to power amplifier compared with output excursion of
transducer. Input-upper trace; output-lower trace. (b) Activity
in whole PD nerve before dissection of propodite. (c) As above
but after the shell of the propodite has been opened and the hypo-
dermis removed. (d) As in (b) and (c) but after the distal portion

of the closer muscle has been removed.



&5

v g

¥

L e At % l‘ A
v fobige < rolghia Bve uhey
o M o F','" t ) -




-3]-

tivity of the PD organ to vibrations, some early poor results with

Pachygrapsus PD organs prompted control experiments to test the ef-

fects on the organ of exposing it to saline solutions. Natural sea water,
filtered through fiberglass, was the first saline used and in it the re-
sponse from the movement receptors lasted on the average 20 minutes.
A saline solution with ionic composition based on Schlatter's (42)

analysis of the blood of P. crassipes was tried as was Carcinus physio-

logical saline. Both gave even worse results than natural sea water;
responses were seldom present after about 5 minutes. After trying

still other saline solutions it was foundthat the artificial sea water
solution used by Tyler (38) worked beautifully: movement receptors
lasted for as long as four and a half hours and typically for three hours.
Figure 3(b) is a record of the PD response taken from the whole nerve
in the meropodite before the propodite was opened. It shows a number
of unidirectional movement units and, not very clearly, a few small
spikes of position units. The propodite was opened and the hypodermis
removed after which the preparation was soaked in fresh saline for

15 minutes, at the end of which time record 3(c) was made. Although
the number of responding units is smaller it is clear that movement
units are still responding in their typical manner. The entire distal
mass of the closer muscle was then removed and record 3(d) was made.
Here it can be seen that still fewer units are responding and that the
more sensitive units seem to have been lost; note that the stimulus speed
is highér than in record (c). The response was recorded monophasically

in all three records with the proximal end of the nerve cut and floating
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free. The flexion of the nerve trunk which was inevitable during the
two steps of the dissection must undoubtedly have injured some of the
nerve fibers and it is also likely that the spatial relationship of the
electrode to the responding fibers changed from record to record. The
preferential lcss of the high sensitivity units may be explained by the
observation, made many times, that these units are the most sensitive
to mechanical damage: indeed if the dactyl is moved very rapidly,
recording from a high sensitivity unit usually reveals a sudden high
frequency discharge followed by silence. It must be stressed that the
units that continue to respond do so in an entirely normal manner and
that once the dissection is complete those units still responding will
continue to do so in an unaltered fashion for several hours. Further-
more these records were made early in the series of experiments and
as the experimenter's dissection technique improved with time the num-
ber of sensitive units which would respond after complete opening of the
propodite and removal of the closer muscle became progressively
greater. From the results of these control experiments it would appear
that neither the dissection nor the bathing solution materially affected

the response of those units that were left after these procedures.

Mechanical factors in the stimulation of movement receptors

Although Wiersma (29) has stated that shortening of the elastic
strand is almost certainly the stimulus for most movement receptor
cells in the CP organs of Carcinus, it was decided to recheck this con-

clusion with the PD of Pachygrapsus. The responses to passive opening
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and closing were first recorded and then the strand shortened and
lengthened by hand with fine forceps. The response to lengthening con-
tained impulSes identical to those elicited by closing, and similarly for
shortening and opening. Yet the response of the PD organ may also be
affected by other factors. The influence of the elastic fibrils crossing
the angle between strand and closer tendon was investigated in two ways:
the first was to cut these fibrils in situ and record the response of the
organ; the second was to remove the organ from the leg and stretch and
relax it directly under controlled conditions. Cutting the fanning fibrils,
as I will call the thin elastic fibrils, produced no change in the response
of units in the PD, either to opening or to closing. To achieve controlled
stimulation of the organ in isolation, the ends of the strand were placed
in the clamps of the stimulating apparatus as described in Methods.

The response of the organ was picked up from a length of the PD bundle
that was removed with the organ and the length of the organ adjusted
with the micrometer mounted clamp until no position responses could

be detected. According to Wiersma and Boettiger (28), this lack of
position unit discharges indicates that the strand is near its resting
length. Despite the great mechanical stresses that must have been
placed on the receptor by this procedure, responses were found when
the strand was shortened and lengthened. An example is shown in

fig. 4(a) of the response of such a preparation. Examination of the
record shows that with constant velocity stretch and relaxation of the
elastic strand the movement receptors responded in a wholly normal

manner. There are at least four units responding to extension of the
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Figure 4
(2) Bidirectional response of an isolated PD organ. (b) Response

of a single opening unit in the isolated organ.
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band and at least three others to shortening. Clearly the fanning
fibrils are unnecessary for the production of unidirectional response
in either direction. Figure 4(b) shows the response of a sensitive
unit which responded to shortening of the strand. The cell fires with
practically constant intervals between spikes and ceases to respond
immediately when the movement reverses direction. Burke (32) re-
corded from the PD organ in isolation, but it cannot be ascertained
from his records whether the movement receptors reacted in a normal
manner. The experiment described above leaves no doubt that the move-
ment receptors do behave as usual if the PD organ is removed from the
leg.

The only remaining factor that might influence the response
of the movement receptors is rotation of the organ about its long axis.

That such rotation occurs in Pachygrapsus as well as in Carcinus (28,

37) seems possible, even in isolation rotation could occur due to spiral
orientation of the fibers of the strand, and experiments were performed
to test the effect of such rotation on the responses of the movement re-
ceptors. An apparatus was constructed with a spring clamp mounted

in a teflon bearing in such a manner that the clamp could be rotated about
its own long axis. The distal end of the elastic strand was clamped while
in its normal orientation and cut distal to the point of clamping. The end
of the propodite, along with the dactyl, was then removed and the pre-
paration carefully adjusted so that the axis of the clamp was parallel to
that of the elastic strand and the length of the strand changed as little

as possible (fig. 5). The rotating clamp apparatus was mounted on a
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Figure 5
Diagrammatic view of the setup for rotation of the elastic strand.
The propodite (1) has its distal end cut off to expose the distal
stump of the closer tendon (2). The elastic strand (3) is held in a
spring clamp (4) which is mounted on shaft (5). The shaft has
attached to its opposite end a pulley (8) and runs in a teflon bear-
ing (7) supported rigidly through a rod (6). A rubber band (9)

runs to a second pulley, not shown, which is rotated by hand.
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micrometer drive in order that the length of the strand could be changed
at will to check the response of the organ to stretch and relaxation.

The response was recorded in the meropodite while the organ was ro-
tated in one direction or the other and while it was stretched an