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The pentapepticle proctolin is colocalized with a conven- 
tional, conductance-increasing neurotransmitter in 3 of 5 ex- 
citatory motoneurons that innervate a posture-related tonic 
flexor muscle of the crayfish. It is released from these neu- 
rons in response to nerve impulses. Nanomolar concentra- 
tions of proctolin superfused on the tonic flexor muscle act 
postsynaptically to potentiate tension generated by a given 
level of depolarization. Proctolin alone has no detectable 
effect on muscle tension, nor does it alter the resting mem- 
brane potential of the muscle. Proctolin produces no de- 
tectable effect on the EPSPs of the 1 proctolinergic moto- 
neuron that was examined. 

Neurally released proctolin can be selectively depleted 
from severed motor axons following prolonged, low-fre- 
quency stimulation; EPSPs reflecting conventional transmit- 
ter release are unaltered by this procedure. After proctolin 
depletion, tension generated by the motoneuron is greatly 
reduced. 

Taken together, these results indicate that the peptide 
secondary transmitter in this neuromuscular preparation is 
an important contributor to the magnitude of tension gen- 
erated by the motoneuron, but since its effect is dependent 
on the depolarizing EPSPs of the conventional neurotrans- 
mitter, it does not contribute to the temporal aspects of ten- 
sion generation. These aspects are controlled exclusively 
by the conventional neurotransmitter. 

It has been established that many neurons release multiple trans- 
mitters, but much remains to be learned about synaptic trans- 
mission in such cases. For example, we do not know if the 
mechanisms of release are identical for all transmitters, and we 
know little of how the postsynaptic actions of each transmitter 
are coordinated. Because of such questions, and because the 
behavioral significance of multiple transmitters is often obscure, 
we are developing a model system for studying the mechanisms 
and functions of multiple neurotransmitters in excitation-con- 
traction coupling. 

The system we are studying, which consists of 5 excitatory 
motoneurons, 1 inhibitory motoneuron, and approximately 40 
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muscle fibers, is part of a well-described postural control system 
in the crayfish abdomen (Kennedy and Takeda, 1965; Wine et 
al., 1974). The muscles are “slow,” as opposed to twitch mus- 
cles, and the neurons fire tonically at various rates so that some 
degree of tension is usually present in the muscles. 

In previous work (Bishop et al., 1984) we used immunohis- 
tochemistry and high-performance liquid chromatography 
(HPLC) to show that 3 of the motoneurons contain the penta- 
peptide proctolin (H-Arg-Tyr-Leu-Pro-Thr-OH). All 5 excitato- 
ry motoneurons produce conventional, conductance-increasing 
EPSPs. We hypothesized that proctolin was being released dur- 
ing nerve activity and was contributing in some way to tension 
generation in these muscles. We knew that proctolin is released 
by certain insect motoneurons, where it produces sustained in- 
creases in muscle tension without concomitant changes in mem- 
brane potential (Adams and O’Shea, 1983). In this paper, we 
demonstrate neural release of proctolin by identified crayfish 
motoneurons and depletion by repetitive stimulation of axons 
that are separated from their cell bodies but are otherwise healthy. 
We also begin the analysis of the postsynaptic effects of proctolin 
by showing that it makes a powerful contribution to muscle 
tension without any measurable effect on the conventional EPSPs. 
The work was made possible by several advantageous features 
of this system, including parallel innervation of the muscle with 
proctolinergic and nonproctolinergic neurons, and the long-term 
survival of conventional transmission by axons that have been 
separated from their cell bodies. 

Materials and Methods 
Animals. Crayfish, Procambarus clarkii, were obtained from commer- 
cial suppliers and maintained in laboratory tanks. Locusts, Schistocerca 
gregaria, used for the bioassay were kindly supplied by Dr. Corey Good- 
man (Dept. of Biology, Stanford University). 

Bioassay for proctolin release. Proctolin release was monitored using 
an extremely sensitive and quantifiable bioassay, which depends upon 
proctolin’s ability to modify the myogenic oscillations of a subset of 
muscle fibers within the main extensor muscle of the locust hindleg 
(O’Shea and Adams, 198 1; O’Shea and Bishop, 1982). Proctolin, in 
femtomolar concentrations, increases the frequency of contractions in 
this small muscle bundle in a log-linear manner (O’Shea and Adams, 
198 1; Keshishian and O’Shea, 1985). In our experiments, a metatho- 
racic leg of immature adult female specimens of the locust S. gregaria 
was removed and dissected to expose the myogenic bundle in the prox- 
imal region of the femur. The exposed bundle was bathed in about 10 
~1 of isotonic physiological locust saline (O’Shea and Adams, 1981) 
and 4 ~1 aliquots of test solution (standards and muscle bath aliquots) 
in van Harreveld’s physiological solution (van Harreveld, 1936) were 
applied to the muscle. The small movements of the tibia produced by 
the myogenic fibers were monitored with a photoelectric movement 
detector. After each 4 ~1 sample application and response, the muscle 
was washed with about 5 ml of locust saline and allowed to return to 
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Figure I. Tonic flexor system, which 
helps control graded changes in abdom- 
inal posture. Dorsal view of nerve cord 
and tonic flexor muscle from 1 hemi- 
segment showing standard experimen- 
tal arrangement. Numbers indicate the 
soma positions of the 6 motoneurons 
that innervate the muscle. Darkenedso- 
mata, 1, 3, and 4, are immunoreactive 
with the proctolin antiserum (Bishop et 
al., 1984). The proctolin-immunoreac- 
tive excitatory motoneuron fl and the 
non-proctolin-immunoreactive excita- 
tory motoneuron f6 are stimulated se- 
lectively from the connective and root, 
respectively. Neural activity is moni- 
tored in the tonic flexor root and muscle 
tension is recorded. One or 2 intracel- 
lular electrodes are also usually placed 
in muscle fibers. (Modified from Clem- 
ent et al., 1983.) 
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its original frequency prior to the next application. Standard solutions 
in crayfish saline (van Harreveld’s physiological solution) produced sim- 
ilar bioactivity to standard solutions in locust saline. A standard was 
run regularly throughout the course of a given experiment and after 
each sample, showing proctolin-like bioactivity, to control for changes 
in bioassay sensitivity and to calibrate the response. Occasionally, as 
in the example used in Figure 5, the bioassay’s sensitivity would remain 
stable. 

The bioassay was quantified in Figure 5 by computing the ratio of 
contraction frequency before and after application of the test aliquot 
(O’Shea and Adams, 198 1). Contraction frequencies were based on the 
averaged means of 3 consecutive contraction intervals taken immedi- 
ately before each application of the aliquot, and the mean of 3 consec- 
utive contraction intervals taken at the peak of the response after ap- 
plication. Thus, a doubling of frequency would yield a ratio of 2; halving 
the frequency would give a ratio of 0.5. 

Neuromuscular preparation. The 6 tonic flexor efferents run together 
in a thin motor nerve that contains no other recordable axons (Wine et 
al., 1974). The nerve is easily accessible, and all 6 axons can often be 
discriminated physiologically on the basis of axon size, which is reflected 
in conduction speed and the amplitude of the extracellularly recorded 
impulses (Kennedy and Takeda, 1965; Wine et al., 1974). The cell bodies 
of the neurons also occur in widely separated parts of the ganglion, so 
that each neuron can be individually identified without ambiguity. The 
differing sizes and locations also mean that the neurons can be manip- 
ulated independently. The neurons are labeled fl to f6 according to 
increasing axon size: f5 is the peripheral inhibitor. The terminals of the 
motoneurons show considerable overlap, such that each muscle fiber is 
polyinnervated by at least 2 excitatory motoneurons and the peripheral 
inhibitor (Velez and Wyman, 1978a, b). In the intact crayfish, the ag- 
gregate firing of these neurons and a similar set of neurons to extensor 
muscles controls the angle of each abdominal joint. 

All of the neurons in this system produce conventional, conductance- 
increasing EPSPs in the muscle fibers. The conventional neurotrans- 
mitter in this system is probably L-glutamate (Evoy and Beranek, 1972; 
Hildebrand et al., 1974) but the largest motoneuron, f6, may use ace- 
tylcholine (Futamachi, 1972). The transmitter of f5, the peripheral in- 
hibitor, is probably GABA (Otsuka et al., 1966). 

All studies were performed on the tonic flexor muscles of the right 
second and third segments, which were exposed via a dorsal approach 
(Velez and Wyman, 1978a). The muscles of one of these segments, 
together with the hard posterior exoskeletal rib and a portion of the soft 
ventral and anterior exoskeleton, were removed along with the attached 
tonic flexor root and the anterior and posterior ganglia. The preparation 
was mounted dorsal side up in a 15 ml bath, with the exception of the 
preparation used for the timed EPSP study (Fig. 3A), which was mounted 
in a 1 ml bath to allow for quick solution changes. The connectives 
anterior and posterior to the tonic flexor root were severed to eliminate 
tonic activity in the motoneurons (Fig. 1). 

Some preparations were denervated 4 months prior to the experiment 
by exposing the motor root from the ventral side of the animal and 
severing the root as close to the muscle as possible. Long periods for 
denervation were necessary, since peripheral portions of cut crayfish 
motor axon degenerate very slowly. After 4 months, however, miniature 
endplate potentials could no longer be detected in muscle fibers. In such 
denervated preparations, tension leveled off within 10 min after ex- 
posure to high (3.2 x normal) KCl-containing saline, whereas innervated 
or reinnervated preparations continued to show a tension increase for 
over 30 min. This was an additional criterion for accepting a muscle 
as denervated. (The slow leveling of tension in innervated preparations 
may be due to the continuous, gradual release of neurotransmitter from 
presynaptic sites in response to the elevated KC1 in the saline.) 

Experimentalprocedures. Motor axons were stimulated and recorded 
with suction electrodes. Selective stimulation of the proctolin-immu- 
noreactive motoneuron fl could be achieved by stimulating the con- 
nective posterior to the tonic flexor motor root, since fl is the only tonic 
flexor motoneuron with an axon in the posterior connective. Selective 
stimulation of the non-proctolin-immunoreactive excitatory motoneu- 
ron f6 was possible because it has the largest-diameter axon and hence 
the lowest firing threshold among the motoneurons (Fig. 1). 

Mechanical tension of the whole muscle was recorded with a strain- 
gauge transducer comprising 2 symmetrically mounted strain gauges 
(BLH Electronics) and a Wheatstone bridge. Muscles were mounted 
under enough tension (about 75 mg) to take up any slack. This level 
was then taken as the baseline, or resting tension. Conventional tech- 
niques were used for recording intracellularly from muscle fibers with 
microelectrodes (3 M KCl; 10-20 MB). In some studies involving fl 
stimulation, the more lateral muscle fibers were dissected away. These 
fibers are not innervated by fl, and since they add drag to the muscles 
that are, their removal greatly enhanced the amount of tension that was 
generated (Velez and Wyman, 1978a). 

Appropriate concentrations of proctolin (Sigma) were made from a 
stock solution of lo-’ M. In some experiments, the preparation was 
continuously superfused with solutions at a rate of 8.2 ml/min, while 
in others, the preparation was washed with at least 100 ml of solution 
just prior to experimentation. In the timed EPSP study in Figure 3A, 
the 1 ml bath was perfused with 10 ml of control or proctolin-containing 
saline at a rate of 15 ml/min. Experiments were originally performed 
at 14°C which corresponds to the temperature most commonly cited 
in the tonic flexor muscle literature. Similar results, however, were 
obtained at room temperature (2 1°C). (Only small differences in mag- 
nitude were noted at the higher temperature.) For convenience, there- 
fore, experiments requiring lengthy recording periods without accom- 
panying perfusion were performed at room temperature. Thus, the data 
in Figures 2B-5 were obtained at room temperature. 

For experiments on release, a Vaseline well was constructed around 
the preparation so that the solution bathing the muscle could be reduced 
to 75 ~1. The preparation was occasionally washed with fresh crayfish 
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Figure 2. Superfused proctolin enhances neurally induced tension. A, Effects of bath-applied proctolin on short-duration, fl-evoked tension. 
Proctolin almost doubled the tension developed in response to a 4 set, 40 Hz train of motor impulses without changing the duration of the tension 
or affecting resting tension. B, Effects of bath-applied proctolin on long-duration, fl-evoked tension. Proctolin more than quadrupled the maximum 
tension achieved bv stimulation at 16.7 Hz. Most of the increase occurred in the first 50 sec. C, Dose-response curve for the effect of proctolin on 
muscle tension as measured in A (n = 3 for each point). 

saline by raising the level of fresh saline maintained in the surrounding 
dish above the Vaseline well while perfusing it with 100 ml. Neurons 
were selectively stimulated for 5 min at 10 Hz. Four microliters of the 
75 ~1 bath were removed near the muscle fibers before and after neural 
stimulation and applied immediately to the locust bioassay. 

Results 
Increased tension produced by superfused proctolin 
When synthetic proctolin was added to the bath in nanomolar 
concentrations, it enhanced neurally induced tension increases 
in the tonic flexor muscles. In the experiment shown in Figure 
2A, motoneuron fl was stimulated at 45 set intervals with 4 
set bursts at 40 Hz. In the control condition, each burst pro- 
duced a peak tension of 30 mg above baseline. The effect of 
proctolin (1 O-8 M) had 3 notable features. First, it had no effect 
on resting muscle tension: the baseline was not reset after proc- 
tolin was added to the bath. Second, it increased the rate of 
tension increase, so that the amount of tension after 4 set of 
stimulation had reached 53 mg, an increase of 77%. Finally, the 
duration of tension was not increased by proctolin, because the 
initial stage of the falling phase was faster in proctolin. 

The effect of proctolin was even more dramatic when longer 
periods of stimulation were used. An example in which moto- 

neuron fl was stimulated at 16.7 Hz until a plateau level of 
tension was reached is shown in Figure 28. In the control con- 
dition, a plateau of 9 mg was obtained after 148 set of neural 
stimulation. In 1 O-8 M proctolin, this same length of stimulation 
produced 39 mg of tension, a 333% increase, due largely to a 
dramatic increase in the rate of tension development within the 
first 50 set of neural stimulation. (A tension plateau was not 
reached in this preparation, even after 240 set of stimulation, 
at which point tension began to deteriorate for unknown rea- 
sons.) 

A dose-response curve for the proctolin effect, as measured 
in Figure 2A, is shown in Figure 2C. Threshold for the response 
was 5 x 10-l’ M proctolin, with the maximum effect occurring 
at 2.5 x 1O-9 M proctolin. Desensitization of the response oc- 
curred after proctolin concentrations reached 5 x 1O-8 M. 

The time course of the response of superfused proctolin was 
estimated in the following way. The neuromuscular preparation 
was maintained in a 1 ml bath. The bath volume was changed 
10 times in the course of 40 set with either control saline or 
saline containing 1O-8 M proctolin. The motoneuron was stim- 
ulated for 3 set at 33.3 Hz 1 min after the start of the saline 
perfusion and each min thereafter, until no tension change could 
be detected. Figure 3A shows the results of this experiment. 
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Figure 3. Absence of presynaptic proctolin effect for motoneuron fl. A, Effect of proctolin perfusion on fl-evoked (3 set stimulation at 33.3 Hz) 
tension (top truce) and summated EPSPs (bottom trace). Tension doubled after 5 min in proctolin. The proctolin effect was eliminated after 15 
min in wash. No detectable change in EPSPs occurred with either proctolin application or wash. B, Example of an experiment comparing unfacilitated 
EPSPs (generated by a 0.5 Hz stimulus) before and after application of saturating amounts of proctolin. EPSPs in proctolin appeared identical in 
shape and size to control EPSPs. However, tension produced by a 5 set, 40 Hz stimulus in the same preparation (C) was doubled in the presence 
of proctolin. D, Results from 13 experiments (100 EPSPs each) showing amplitudes of unfacilitated EPSPs in control and proctolin-containing 
salines. Values were normalized as percentages of the mean EPSP amplitude in control saline. Mean EPSP amplitude in control saline: 100 + 13%; 
in proctolin: 104 + 14%. 

Application of 1O-8 M proctolin produced a gradual increase in 
tension, which peaked at 5 min and was eliminated 12 min after 
washing with control saline. 

Normal EPSPs during superfusion 
In insects, proctolin acts postsynaptically (Adams and O’Shea, 
1983). To determine proctolin’s site of action in our crayfish 
preparation, we looked first at the summated EPSPs associated 
with the tensions generated in the time-course experiment de- 
scribed in Figure 3A. We found no apparent change in EPSP 
amplitude that could account for the change in tension. 

This same conclusion was reached when we compared EPSP 
amplitudes in response to 0.5 Hz stimulation of the fl moto- 
neuron in control saline to those obtained in 5 x 1O-9-1O-8 M 

proctolin saline, in which the proctolin response is saturated. 
In these studies, only the 9 most medial muscle fibers were used; 
more lateral fibers, which are not generally innervated by fl 
(Velez and Wyman, 1978a), were removed. Experiments were 
performed on 7 of the 9 remaining fibers. Figure 30 summarizes 

the results of 13 experiments. The proctolin condition did not 
differ significantly from the control condition (2-tailed t test; 
p = 0.76). The shape of the EPSP was also unchanged by proc- 
tolin (Fig. 3B). Since the low frequency of stimulation used in 
these experiments produced no measurable tension, the occur- 
rence of proctolin-enhanced tension was confirmed for each 
preparation using a 40 Hz, 5 set stimulation (Fig. 30. 

Proctolin amplifies tension increases in depolarized denervated 
muscles without afleeting membrane resting potential 
The lack of any major effect of proctolin on EPSPs is a good 
indication that proctolin is acting postsynaptically in this sys- 
tem, even though we fail to see a proctolin effect on resting 
muscle tension. To test this further, we applied proctolin to 
denervated muscle fibers. As shown in Figure 4A, proctolin had 
no effect on a resting, denervated muscle, but when the muscle 
was depolarized with high-KC1 (3.2 x the normal concentration) 
saline to produce a sustained tension 23 mg above resting ten- 
sion, the addition of 1O-6 M proctolin caused a dramatic tension 
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Figure 4. Postsynaptic action of bath-applied proctolin. A, Tension response of denervated tonic flexor muscle to bath-applied proctolin: 1, in 
normal saline; 2, in normal saline with proctolin; 3, in normal saline; 4, in high (3.2 x normal)-KC1 saline; 5, in high-KC1 saline with proctolin; 6, 
after wash in normal saline. B, Proctolin (lo-* M) produced no observable change in membrane potential after 5 min yirst bar); membrane potentials 
were unchanged 15 min after proctolin was washed from the bath (second bar). Values are normalized as percentages of the initial membrane 
potential. 

increase. In addition to its large amplitude, the increase was 
notable for its slow time course, consistent with the time course 
of proctolin activity in normal innervated preparations (Fig. 
3A). 

It is consistent with these results that proctolin did not de- 
polarize the resting membrane potential (Fig. 4B). In 7 separate 
muscle fibers, the resting membrane potential was measured 
either before and 5 min after perfusion of 1 O-8 M proctolin (Fig. 
4B, first bar; n = 5) or before and 15 min after the same amount 
of proctolin had been washed from the preparation (Fig. 4B, 
second bar; n = 3). Membrane potentials were not significantly 
changed with either procedure. Membrane potentials in these 
experiments ranged between -80 and - 110 mV. 

We can summarize the above results as follows: superfused 
proctolin acts postsynaptically to potentiate tension in a de- 
polarized muscle. Proctolin alone does not change the resting 
potential of the muscle nor produce tension. In the next section, 
we show that proctolin is released from motoneurons in re- 
sponse to nerve impulses. 

Proctolin release by neuronal stimulation 

We previously used a proctolin bioassay combined with HPLC 
to demonstrate the presence of proctolin in homogenates of the 

tonic flexor muscle (Bishop et al., 1984). We determined in that 
study that all bioactivity in the homogenate was due to proctolin. 
In the present study, we used the bioassay to monitor release 
of the peptide in response to selective stimulation of proctolin- 
immunoreactive motoneurons. We used the response to an iden- 
tical stimulation of a non-proctolin-immunoreactive motoneu- 
ron, f6, as a control. 

The unique features of motoneuron fl (proctolin-immuno- 
reactive) and motoneuron f6 (non-proctolin-immunoreactive) 
that were described in Materials and Methods allowed us to 
stimulate them selectively and separately, while monitoring for 
proctolin release with the bioassay. Evidence for proctolin re- 
lease from fl is shown in Figure 5A. Application of a bath aliquot 
(upward arrow) from a resting muscle produced little increase 
in the frequency of the bioassay’s myogenic rhythm. However, 
when a bath aliquot was taken immediately after fl stimulation 
at 10 Hz for 5 min (which is well within the range of the tonic 
activity for fl in an unstimulated, isolated abdomen), it produced 
an increase in the myogenic rhythm that was qualitatively in- 
distinguishable from that of authentic proctolin. 

In Figure 5B, bioactivity is expressed in terms of a bioassay 
ratio that reflects an increase in myogenic rhythm as a number 
greater than 1 (see Materials and Methods for details). In this 
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Figure 5. Proctolin release and depletion by neural stimulation. A, Response of the locust extensor tibiae bioassay to a 4 ~1 aliquot of 5 x lOA 
M proctolin (top), to an aliquot from the resting muscle bath (middle), and to an aliquot from the muscle bath after 5 min of fl stimulation at 5 
Hz (bottom). Upward arrows indicate aliquot application; downward arrows indicate bioassay wash. B, Comparison of bioassay response to bath 
aliquots after stimulation of the non-proctolin-immunoreactive motoneuron f6 (open bars without error bars) and after stimulation of the proctolin- 
immunoreactive motoneuron fl (solid bars). Motoneurons were stimulated at 10 Hz for 5 min. C, Bioactivity in response to 3 sequential periods 
of stimulation of the motoneuron fl at 10 Hz for 5 min. Bioactivity significantly decreased after each period. 
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Figure 6. Use-associated tension reduction for proctolinergic motoneuron fl. A, Plot of tension as a function of elapsed time of 5 Hz stimulation. 
Tension, in response to the 3 set, 33.3 Hz test stimulus, was gradually reduced as the amount of use (5 Hz stimulation) was increased (lower graph; 
n = 3 for each point). EPSPs were unchanged (fop graph; each point represents the averaged maximum EPSP amplitude of 3 trials). Tension was 
restored with the addition of proctolin to the bath. Inset: Example of tension and EPSP response before and after 45 min of fl stimulation of 5 
Hz; EPSP amplitude was unchanged, but tension was reduced by 36%. B, Use-associated tension reduction as a function of the test stimulus 
frequency in the same preparation used in A. Tension (n = 3 for each point) in response to 3 set pulses was measured before 45 min of 5 Hz 
stimulation of fl (solid line) and after stimulation in control saline (lower broken line) and 5 x 1O-9 M proctolin-containing saline (upper broken 
line). 

experiment, stimulation of motoneuron fl produced a bioassay 
ratio approximately equivalent to 20 fmol of proctolin. Identical 
stimulation of motoneuron f6 produced no significant change 
in the bioassay ratio. Twenty minutes after stimulation, the 
proctolin concentration in an aliquot taken from just above the 
muscle was still about half the original value-the decline was 
probably the result of diffusion away from the muscle. Thus, an 
efficient mechanism for inactivating or removing proctolin is 
lacking in our preparation. 

Significant increases in bioactivity were detected in response 
to stimulation of motoneuron fl in each of the 4 experiments 
that were conducted. In a separate experiment, in which proc- 
tolinergic motoneurons D and f4 were stimulated, a significant 
increase was also detected. In no experiment (n = 3) was any 
significant increase in bioactivity due to proctolin release from 
f6 detected, even after several sequential stimulation periods. 

The results shown in Figure 5B allow us to estimate a lower 

limit for the amount of proctolin released per nerve impulse. 
In this experiment, bioactivity approximately equivalent to 4 
~1 of 5 x 1O-9 M proctolin saline, or 20 fmol of proctolin, was 
recovered after 5 min of stimulation at 10 Hz, or 3000 nerve 
impulses. This gives 6.7 x 10ml* mol, or about 4 x lo6 mole- 
cules, of proctolin per impulse. If each of the 40 muscle fibers 
has 10 terminals from fl, then each terminal was releasing 10,000 
molecules of proctolin per impulse. If the number of terminals 
is 100 per muscle fiber, the figure drops to 1000 molecules per 
impulse. These figures represent lower limits because it is un- 
reasonable to assume that all released proctolin was recovered. 

Depletion of proctolin by repeated stimulation 
If the above release experiment is extended to include 2 addi- 
tional periods of fl stimulation separated by washes, the amount 
of proctolin-like bioactivity declines sharply after each subse- 
quent period of stimulation (Fig. 5c). There was no apparent 



1776 Bishop et al. - Peptide Cotransmitter for Crayfish Tonic Muscle 

A 

Figure 7. Absence of use-associated 
tension reduction for non-proctolinergic 
motoneuron f6. A, Tensions generated by 
a 3 set stimulation of motoneuron fl dif- 
fered significantly after 20 min of use (5 
Hz stimulation) at each of the 3 test stim- 
ulus frequencies examined (n = 3 for each 
point). Tensions generated under identi- 
cal circumstances by motoneuron f6 were 
unchanged at each frequency. B, Tension 
and EPSP records (in response to 3 set, 
25 Hz test stimulus) for motoneurons fl 
and f6 before and after a 20 min period 
of 5 Hz stimulation. EPSPs remained un- 
changed for both motoneurons; tension 
was decreased only for motoneuron fl 
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recovery from this reduction; levels were still low after 2 hr. 
Our interpretation of these results is that proctolin is being 
permanently depleted from the severed axons in response to 
stimulation. This interpretation is consistent with the idea that 
proctolin, like other peptide transmitters (Lundberg, 1981) is 
synthesized in the cell body and transported to the terminals 
for release. In contrast, conventional transmitters may be re- 
cycled by mechanisms located in the terminals and thus are not 
subject to use-associated depletion. Indeed, we found that the 
same paradigm that reduced proctolin release had no effect on 
conventional EPSPs. For example, as shown in Figure 6A (upper 
graph), EPSPs retained normal amplitude even after 45 min of 
continuous stimulation at 5 Hz, which evokes 27,000 impulses. 
This confirms previous conclusions concerning the stability of 
conventional neurotransmission in severed crayfish axons (Hoy 
et al., 1967; Bittner, 1977). Taken together, these results indicate 

2.5 m 

-& ~----kc 

that proctolin can be selectively depleted from the severed motor 
axon by stimulation, leaving the conventional neurotransmitter, 
as reflected in conventional EPSP amplitude, unchanged. 

Use-associated tension decreases 

Our results with superfused proctolin suggest that proctolin de- 
pletion should be accompanied by a decrease in the ability of 
the motoneurons to generate muscle tension. We tested the con- 
sequence of proctolin depletion on muscle tension with a prep- 
aration like the previous ones, except that the bath had a larger 
volume and was continuously perfused with fresh saline to pre- 
vent released proctolin from accumulating. Muscle tension and 
EPSPs were monitored simultaneously while stimulating fl for 
5 min intervals at 5 Hz. This lower frequency of stimulation 
was chosen for most experiments in order to avoid the larger 
muscle contractions that can dislodge the intracellular recording 
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Figure 8. Absence of use-associated tension reduction in saturating amounts of proctolin. A, Magnitude of tension generated by a 3 set, 3 1.8 Hz 
test stimulus, in control saline and lo-* M proctolin before and after 20 min of fl stimulation at 5 Hz (n = 3 for each bar): a sienificant decrement 
in tension occurred only in control saline. >, Examples of tension generated by a 3 set test stimulus, before and after 20’min if fl stimulation at 
5 Hz at the same frequency (25 Hz) in control (top truces) and proctolin saline (middle truces), and at a higher frequency (28.6 Hz) in control saline 
(bottom truces). Use-associated tension reduction occurred for both frequencies in control saline, but not in saturating amounts of proctolin. 

electrode; similar results were produced with 10 Hz stimulation. 
After each 5 min period of stimulation, the preparation was 
allowed to relax for about 5 min and was then stimulated with 
a 3 set train at 33.3 Hz to produce a facilitated and summated 
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Figure 9. Summary of cotransmission in the crayfish tonic flexor mo- 
tor system. Each muscle fiber is innervated by at least 1 non-proctoli- 
nergic motoneuron and 1 proctolinergic motoneuron, which also contain 
a conventional conductance-increasing transmitter. Both conventional 
and peptide transmitters are released in response to nerve impulses. 
The proctolin pool can be depleted from the severed motor axon by 
extended nerve stimulation, suggesting that the cellular machinery that 
supplies the peptide to the nerve terminal is incapacitated by the sev- 
ering operation. The conventional neurotransmitter pool is undisturbed 
by extended nerve stimulation of the severed axon, suggesting that it 
continues to be replenished. Both transmitters act postsynaptically to 
promote tension generation in the muscle. Proctolin cannot depolarize 
the resting membrane potential and can only induce tension after de- 
polarization by the conventional transmittter. Thus, proctolin serves to 
amplify tension generated by depolarization due to the conventional 
neurotransmitter. The mechanism underlying proctolin’s amplification 
of tension is unknown. 

compound EPSP in the muscle and an associated tension in- 
crease, the peak amplitudes of which were measured. The first 
and last tension traces in the series are shown in the inset in 
Figure 6A, together with their associated EPSPs and a plot of 
each measure as a function of elapsed time. 

The results show a marked decline in the amplitude of muscle 
tension, with no change in tension duration or EPSP amplitide. 
(The same level of tension could still be elicited after 45 min 
by increasing the frequency of neural stimulation to 38 Hz, 
which produced a significantly larger EPSP.) The time course 
of the decline is somewhat slower than that seen when proctolin 
release was measured (Fig. 5c), perhaps because of the lower 
rate of stimulation, which might be expected to give less deple- 
tion. Tension was restored in this experiment with the addition 
of proctolin (Fig. 6A, last point on lower graph). 

Since the test stimulation frequency in the above experiment 
was at the high end of the physiological range, a series of fre- 
quencies, including some in the range seen during normal tonic 
activity (520 Hz), were examined before and after proctolin- 
depleting activity (Fig. 6B). The drop in tension occurred at all 
frequencies and actually showed a more pronounced effect at 
the lower frequencies, where all measurable tension was elim- 
inated. In all cases, tension was restored with the addition of 
proctolin. This experiment, in various forms, was repeated 10 
times. In all cases, a significant tension reduction occurred dur- 
ing 20 min of activity, with no associated change in EPSP am- 
plitude. No tension reduction occurred without stimulation. As 
with proctolin depletion, tension reduction was maintained for 
at least 2 hr. 

I f  this decrease in tension is truly due to proctolin depletion, 
motoneurons without proctolin would not be expected to show 
similar use-associated decreases. Therefore, the same paradigm 
was applied to motoneuron f6, which does not contain proctolin, 
and the effects compared to those for fl in the same preparation 
(Fig. 7A). Tension produced by f6 did not decline significantly 
after 20 min of stimulation at 5 Hz, while tension produced by 
fl did. Because of the differing amounts of tension produced by 
the 2 neurons, 3 different frequencies were used; a reduction in 
tension was seen at every frequency for fl and at no frequency 
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for f6. Figure 7B shows the same results in a different experiment 
and also shows that the EPSPs are unchanged for each moto- 
neuron. (Tension and EPSP measurements were taken before 
and after a 20 min period of 5 Hz stimulation. The experiment 
was performed in 5 x lo- lo M proctolin, which is a subsaturating 
amount, to allow the generation of approximately comparable 
levels of tension by the 2 motoneurons using the same stimu- 
lation frequency of 25 Hz.) 

Additional evidence that the decline in tension is due to the 
depletion of proctolin, rather than to postsynaptic factors such 
as desensitization or a decline in excitation-contraction cou- 
pling, was obtained by repeating the stimulation paradigm while 
bathing the muscle in 10m8 M proctolin, which is a saturating 
dose. There was no significant reduction in tension under this 
condition (Fig. SA). Figure 8B shows the same result in a sep- 
arate experiment, and also shows that proctolin has not satu- 
rated the muscle’s ability to produce tension, since greater, ac- 
tivity-reducible tension can be generated in control saline by 
stimulation at a higher frequency. 

Discussion 
The present and previous results lead to the following conclu- 
sions about the role of proctolin in this system. Proctolin is 
synthesized in the cell bodies of 3 of the 5 motoneurons and 
transported down their axons to the neuromuscular terminals, 
where it is released by nerve impulses. Every muscle fiber in 
the system receives input from at least 1 proctolinergic neuron, 
as well as from at least 1 non-proctolinergic neuron. The same 
neurons that release proctolin also release a conventional neuro- 
transmitter, which produces conductance-increasing, depolar- 
izing EPSPs in the muscle fibers. Proctolin alone has no de- 
tectable effect on muscle membrane potential or tension, nor 
does it, for at least 1 excitatory motoneuron, affect conventional 
synaptic transmission. Instead, it affects some stage of the ex- 
citation<ontraction coupling mechanism to markedly amplify 
the tension generated by a given level of depolarization. 
We do not know the cellular mechanism of proctolin’s action, 
but since the peptide is incapable of initiating tension in a resting 
muscle, it presumably acts by amplifying the effects of depo- 
larization. (See summary in Fig. 9). There is no efficient mech- 
anism for inactivating or removing proctolin in our preparation. 
This is probably due to the removal of the serum, where in- 
activating enzymes for proctolin have been detected in other 
systems (Steele and Starratt, 1985). In the intact preparation, 
neurally-released proctolin is probably rapidly inactivated. 

To generate muscle tension in this system, there is an absolute 
requirement of depolarization beyond the resting level. Only 
the conductance-increasing EPSPs of the conventional neuro- 
transmitter can therefore initiate tension, and a cessation of 
conventional neurotransmission causes tension to drop rapidly 
to zero, even in the presence of large amounts of proctolin. Thus, 
conventional neurotransmission exerts exclusive control over 
tension onset and offset, while proctolin and the conventional 
neurotransmitter jointly determine the magnitude of tension. 

What, then, do these results suggest about the functional sig- 
nificance of dual transmission in this system? Here, proctolin 
appears to meet a need for efficient production of tension by 
providing a means ofgenerating tension with less neural activity. 
A given motoneuron in this system may fire 1 million im- 
pulses/d; thus, the use of proctolin seems particularly adaptive. 

Postural muscles, such as these, must maintain a given po- 

sition for long periods, but also need to adjust rapidly to chang- 
ing conditions. Proctolin’s greatest contribution is probably to 
maintained tension, since the peptide’s response reaches a max- 
imum only after tens of seconds (Fig. 2B). However, short-term 
stimulations (3 set and less) were also significantly amplified by 
the peptide (Fig. 6B) and an effect of proctolin on rapid postural 
abdominal adjustments involving the use of these muscles has 
not been ruled out. 

The above description of proctolin’s action differs from that 
of its action in insects, where proctolin causes tension increases 
in resting muscle fibers and prolongs the tension produced by 
neural stimulation (Adams and O’Shea, 1983). Both of the dif- 
ferences can be simply explained by assuming that insect mus- 
cles are somewhat depolarized relative to crayfish muscles, or 
that the depolarization-tension curve is shifted. In the crayfish 
muscle, tension requires that the muscle be depolarized from 
the rest potential. Hence, the duration of tension is set by the 
stimulus duration and time constant of the membrane. When 
a muscle achieves more tension for a given level of depolariza- 
tion, the initial stage of the falling phase will be faster in proc- 
tolin, as was seen in Figure 2. 

In summary, our results indicate that proctolin in the crayfish 
tonic flexor nerve-muscle preparation is an important secondary 
neurotransmitter and a contributor to the magnitude of tension 
generated by the depolarization of the conventional neurotrans- 
mitter. The preparation used in this study may henceforth serve 
as an excellent model system for understanding the coordination 
of multiple transmitters. 
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