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Abstract

Serotonin and octopamine have opposite effects on a simple behavioral response, the crayfish’s
lateral giant escape reaction. Specifically, serotonin depresses the lateral giants’ responsiveness,
whereas octopamine enhances it. Both effects are largely confined to the disynaptic pathway from
the sensory afferents to the lateral giants, although, occasionally, small effects are also seen in the
monosynaptic pathway to the lateral giants. One specific locus of the octopaminergic effect is the
synapse between the afferents and the largest of the sensory interneurons in the disynaptic pathway,
interneuron A. Serotonin, however, does not have a consistent effect at this synapse. Although
serotonin and octopamine modulate the excitability of the escape response, neither monoamine
appears to significantly alter the rate at which this response habituates.

Much attention has recently been given to the modu-
latory actions of various monoamines on synaptic trans-
mission in the central nervous system and to the possible
behavioral roles of these actions. At present, however,
the only instance where a direct relationship can be seen
between a monoamine’s effect on a neuron and its effect
on a behavior is in an invertebrate: serotonin causes
transmission between the primary afferents and the gill
withdrawal motoneurons of Aplysia to be presynaptically
facilitated; this presynaptic facilitation in turn mediates
behavioral dishabituation of Aplysia’s gill withdrawal
reflex (Kandel et al., 1981). Although there are now many
other instances, both for vertebrates and invertebrates,
where monoamines are known to affect behavior (e.g.,
Ungerstedt, 1979; Davis et al., 1980; Livingstone et al.,
1980; Gelperin, 1981; Kravitz et al., 1981; Kupfermann
and Weiss, 1981; Willard, 1981; Horvitz et al., 1982), in
none of these instances can precise connections between
synaptic and behavioral effects yet be drawn. However,
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if we are to understand the natural functions of mono-
amines in nervous systems and of the modulatory types
of synaptic actions which these substances often seem to
mediate, we must develop a range of preparations in
which the behavioral roles of central monoaminergic
actions can be studied. With this goal in mind, we inves-
tigated the effects of two monoamines, serotonin (5-HT)
and octopamine, on the lateral giant (LG) escape reflex
of the crayfish. The neural circuitry underlying this
behavior has been exceptionally well analyzed (Krasne,
1969; Zucker, 1972a, b, ¢; Krasne and Wine, 1977; see
below); thus, the relationship between the behavioral
and neurophysiological effects of the monoamines, if any,
should be easy to determine. Serotonin and octopamine
seemed like promising candidates for study because they
are already known to have both peripheral and central
effects in crayfish (Grundfest and Reuben, 1961; Dudel,
1965; Livingstone et al., 1980; Jacobs and Atwood, 1981).
Moreover, many of the known effects of octopamine in
arthropods have led to the suggestion that octopamine
may be the arthropod analogue of epinephrine (Battelle
and Kravitz, 1978; Candy, 1978; Evans and O’Shea, 1978;
Hoyle and Dagan, 1978; O’Shea and Evans, 1979; Jacobs
and Atwood, 1981). If this were so, one might well expect
octopamine to affect a “flight” response like the cray-
fish’s escape reaction.

Materials and Methods

Procambarus clarkii, measuring 8 to 10 cm from ros-
trum to telson, were used in these experiments. The
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monoamines were injected directly into the abdominal
nerve cord’s circulatory system via cannulation of the
ventral artery. Prior to cannulation, crayfish were cooled
to approximately 5°C in dechlorinated tap water and
their chelipeds were autotomized. In order to prevent
clotting, an animal’s blood was first replaced with cold,
aerated crayfish saline (A. Kramer, personal communi-
cation). The animal was then pinned out dorsal side up
in a Sylgard-lined dish, and a dorsal dissection for can-
nulation of the ventral artery and recording from the
LGs was performed (Brown and Sherwood, 1981). The
cannula was a blunted 23 gauge hypodermic needle joined
to a length of polyethylene tubing (inside diameter, 0.023
inch; outside diameter, 0.038 inch) which was attached
to a gravity-fed solution administration apparatus (Trav-
enol Minidrip). The cannula was inserted into the de-
scending artery (which feeds directly into the ventral
artery) through a small incision in the bulbous arteriosis
and secured with a fine thread of surgical silk. The
perfusate flowed at a rate of approximately 50 ml/hr. A
three-way stopcock (Becton-Dickinson, No. 3157, or
Hamiton HV valve, No. 8673) permitted the experimen-
ter to switch rapidly between perfusing solutions. The
experimental solutions were normal crayfish saline (Van
Harreveld, 1936) and saline containing one of the mono-
amines, either DL-octopamine hydrochloride (Sigma
Chemical Co.) or 5-HT creatinine sulfate (Sigma). Early
experiments were carried out with bicarbonate-buffered
saline like that used in previous work on the crayfish’s
escape system in this laboratory. In later experiments,
10 mM Trizma or 20 mMm HEPES, with pH adjusted to
7.3 and isotonicity maintained by reducing the Na* con-
centration of the saline, were used. (HEPES gave the
superior buffering.) For the most part, all three buffers
gave the same results. However, transmission from the
sensory afferents to interneuron A (see below) appeared
to be depressed at the decreased levels of pH which
develop in bicarbonate-buffered 5-HT solutions. There-
fore, the 5-HT experiments reported on this interneuron
were all done with Trizma or HEPES buffer.

During experiments the animal was immersed in cir-
culating, aerated saline kept at 12 to 16°C. The perfusing
solutions were also aerated but were kept at room tem-
perature.

Before recording, the abdominal nerve cord was sev-
ered, usually at the connective between the first and
second abdominal ganglia, to prevent known descending
inhibition (Krasne and Wine, 1975) or other possible
descending effects from interfering wth the LGs’ excita-
bility. During this operation, care was taken not to
damage the underlying ventral artery. Also, the abdom-
inal roots innervating the phasic flexor muscles were cut
to prevent muscular twitching. The LGs were impaled
with intracellular electrodes just rostral to the septal
junction in either the third or fourth abdominal ganglion.
The electrodes contained 3 M KCI and had impedances
of 5 to 20 megohms. Hook electrodes were used to stim-
ulate the second root of the same ganglion in which the
LGs were penetrated, ipsilateral to the penetration. In
certain experiments (described under “Results”) wire
electrodes were placed on the cord’s ventral surface to
record the action potential of an identified sensory in-
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terneuron, interneuron A, and this interneuron’s afferent
input was stimulated via hook electrodes on the second,
third, and fourth roots of the last abdominal ganglion.

The general experimental protocol was as follows.
Shocks were delivered to second roots in blocks of 10, at
rates of 5 sec to Yeo sec alternating with 3-min rest
periods. At the end of some stimulus blocks the perfusate
was switched from normal saline to monoamine-contain-
ing saline, or vice versa. The size of the evoked EPSP in
monoamine-containing saline could thus be compared to
that in normal saline for a stimulus of fixed intensity
delivered on an unchanging schedule. The data presented
below are all based upon comparisons between drug and
control conditions in the same preparations.

Results

The afferent side of the neuronal circuitry underlying
the LG escape response is shown, somewhat simplified,
in Figure 1A. Brief shocks delivered to axons of sensory
hair afferents on the dorsal surface of the crayfish’s
abdomen give rise to a compound EPSP in the LGs
(Krasne, 1969). The first two components of this EPSP,
termed « and 8, are illustrated in Figure 1B. The «
component is believed to arise from monosynaptic elec-
trical input from the sensory afferents to the LGs. The
B8 component is believed to arise from disynaptic input
to the LGs via a population of sensory interneurons
(some of them identified) that receive chemical synaptic
input from the primary afferents and make electrical
synapses onto the LGs (Zucker, 1972a).

5-HT depresses LG EPSPs. When perfused through
the crayfish’s ventral artery in concentrations of 107 to
107® M (lower concentrations have not yet been tried), 5-
HT depressed the EPSPs evoked in the LGs by constant
intensity second root shocks. This result is illustrated in
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Figure 1. A, Schematic diagram of the neural circuitry un-
derlying the lateral giant (LG) escape response. The sensory
neurons (SN) form chemical synapses with the sensory inter-
neurons (SI) as well as direct electrical synapses with the LGs.
The sensory interneurons also form electrical synapses with
the LGs. The squares denote populations of neurons; the circle
denotes an identified neuron. B, Record of a compound EPSP
evoked in the LGs by stimulating the sensory neurons’ axons.
The contributions due to the monosynaptic and disynaptic
pathways diagrammed in A are labeled « and 8, respectively.
Calibration: horizontal, 4 msec; vertical, 4 mV.
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Figure 2. The LGs fired on the first and second trials
during the control run in normal saline; by the 10th trial,
the EPSP had declined to a subthreshold level. This
decline reflects the normal habituation of the LG re-
sponse (Krasne, 1969; Zucker, 1972b). During the 5-HT
run, the EPSP was so depressed that the LGs failed to
fire even on the first trial, and on subsequent trials, the
EPSP amplitudes continued to decline. When the drug
was washed out of the artery with normal saline, the
LGs’ responsiveness returned.

The time course of serotonin’s effect on the LGs is
illustrated in Figure 3. The amplitudes of the « and 8
components of the EPSP have been graphed separately
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Figure 2. Effect of 5-HT on the LGs’ responsiveness. The
LGs were stimulated with second-root shocks of constant in-
tensity at /s sec in blocks of 10 stimuli/block. Shown are the
LGs’ responses on the 1st, 2nd, and 10th trials of each block.
During the Control and Wash trials, normal saline was perfused
through the crayfish’s ventral artery; during the 5-HT trials,
10~ M serotonin was perfused through the artery. On some
trials the L.Gs gave a spike, which was truncated at the top of
the oscilloscope screen.
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in this figure. Serotonin began to depress the LGs’ excit-
ability, as indicated by the decline in the 8 component’s
amplitude, within 3 min after switching perfusates. With
continued 5-HT perfusion, spiking in the LGs was com-
pletely suppressed, and #’s overall amplitude declined
further. After 20 min of washout with normal saline, the
LGs recovered approximately their original level of ex-
citability,

As Figure 3 indicates, 5-H'T’s major effect was upon
the disynaptic 8 component of the LGs’ EPSP; the
monosynaptic « component was frequently unaffected.
In several such instances, 5-H'T’s lack of an effect on the
a component was further verified by measurements of
a’s size as a function of stimulus intensity (Fig. 44).
This lack of an effect on « rules out changes in the input
impedance of the LGs or in the size of the afferent volley
as a major cause of the serotonergic effect in such in-
stances. Occasionally, however, 5-HT did depress o’s
size, although the drug’s effect on a was always much
smaller than its effect on 8. As described below, octopa-
mine can also have small effects upon the size of the «
component. When effects on « were seen, stimulus-
response plots such as that presented in Figure 4B for
octopamine indicated that the stimulus threshold for o
did not change, whereas o’s amplitude with a supramax-
imal stimulus did. Therefore, the small changes in «
which were occasionally seen were not due to changes in
the spike threshold of the afferent fibers; rather, they
reflected changes either in transmission between primary
afferents and the LGs or in the LGs’ input impedance.

Octopamine enhances LG EPSPs. Octopamine’s effect
upon the evoked EPSPs in the LGs was the opposite of
5-HT’s: in concentrations of 1072 to 107 M (lower con-
centrations have not yet been used), ocotopamine en-
hanced the EPSPs’ size. This result is illustrated in
Figure 5. A stimulus which evoked only a subthreshold
response from the LGs during the control run caused the
LGs to spike during the octopamine run (trial 1). More-
over, on subsequent trials in octopamine, the EPSPs
were all larger than on the corresponding control trials.
Octopamine’s enhancement of the LGs’ excitability was
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Figure 3. Time course of 5-HT’s effect. In this graph, the amplitude of the « and 8 components of the LGs’ EPSP have been
plotted over the course of a single experiment (the same experiment as that of Fig. 2). The data from all 10 trials of each stimulus
block are shown. The solid circles represent the o component, the open circles represent the 8 component. Arrows arising from
certain of the 8 symbols indicate the LGs fired on those trials.
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Figure 4. A, a component size as a function of stimulus
intensity in 5-HT and normal saline. Second-root shocks were
applied at /0 sec. Open circles represent data from an experi-
ment in which normal saline was perfused through the ventral
artery; solid circles represent data from an experiment in which
5 x 107" M 5-HT was perfused through the artery. Both exper-
iments were performed on the same preparation. 5-HT had no
effect on the amplitude of « at any stimulus intensity. B, «
component size as a function of stimulus intensity in octopa-
mine and normal saline. The protocol in these experiments was
as above. The open symbols represent data from a normal saline
experiment; the solid symbols represent data from an experi-
ment in which 5 X 107" M octopamine was perfused through
the artery. Octopamine did not affect o’s threshold; it did,
however, cause an increase in «’s size to suprathreshold, in-
cluding supramaximal, shocks.

reversed when the perfusate was switched back to normal
saline.

The time course of the octopaminergic effect is illus-
trated in Figure 6. In this experiment (different from the
experiment of Fig. 5), the LGs fired on only the first trial
of the control block. Within 3 min after switching to
octopamine, the overall size of the 8 component of the
EPSP was enhanced. The LGs then began to respond to
the stimuli with spikes, and by approximately 24 min
after switching to octopamine, the LGs were spiking on
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almost every trial (stimulus block 7). When normal saline
was reintroduced in the cannula, the LGs began to spike
less frequently, and after 20 min they had returned
approximately to their control level of excitability. As
was the case for 5-HT, octopamine’s major effect was on
the 8 component of the EPSP. Occasionally, octopamine
had a slight effect on the « component as well, as
exemplified in Figure 6.

The monoamines do not significantly alter rate of ha-
bituation. When we inspected graphs of the monoamines’
effects on the 8 component of the EPSP, such as those
of Figures 3 and 6, we thought it possible that 5-HT and
octopamine might affect the rate at which the LGs’
response habituated, in addition to its average amplitude.
Two types of experiments were done to test this possi-
bility. In both, the EPSPs were kept subthreshold so
that we could measure the monoamines’ effects on EPSP
size throughout an experiment. In one type of experiment
constant intensity stimuli were given and EPSP ampli-
tudes were plotted as a percentage of the EPSP’s size on
the initial trial of each stimulus block. Thus analyzed,
there were, at most, only minor differences in habituation
between monoamine and control conditions. These ex-
periments, however, left open the possibility that either
a floor effect (in 5-HT’s case) or a ceiling effect (in
octopamine’s case) might have limited the amount of
habituation that could be seen. We therefore carried out
a second series of experiments in which stimulus inten-
sity was adjusted so that the size of the EPSP evoked on
the first trial of each stimulus was kept approximately
constant during saline and monoamine perfusion. There
appeared to be no significant differences between the
monoamine and control data in these experiments either.

Effect of the monoamines on the largest first-order
sensory interneuron in the LG circuit. The effects of 5-
HT and octopamine were largely limited to the disynap-
tic pathway between the sensory afferents and the LGs
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Figure 5. Effect of octopamine on the L.Gs’ responsiveness.
The LGs were stimulated with second-root shocks of constant
intensity at /s sec. During the Control and Wash trials, normal
saline was perfused through the ventral artery; during the Oct
trials, 5 X 107* M octopamine was perfused through the artery.
The truncated EPSP record for Trial I under octopamine
represents an LG spike.
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Figure 6. Time course of octopamine’s effect. Conventions are those of Figure 3. These data are from an experiment in which
2 X 107" M octopamine was perfused through the ventral artery; otherwise the protocol was the same as in the experiment of

Figure 2.

(Fig. 14). The first synapse in this pathway, the chemical
synapse between the afferents and the sensory interneu-
rons, is the locus both of habituation of the escape
reaction (Zucker, 1972b) and of inhibition that prevents
undesirable effects of reafference during escape reactions
(Bryan and Krasne, 1977a, b). It therefore seemed a
likely locus for the monoamines’ effects upon the S8
component’s size. Accordingly, we tested 5-HT's and
octopamine’s effects upon the size of the stimulus re-
quired to fire the largest, first-order sensory interneuron
in the LG circuit, interneuron A (A) (Zucker, 1972a).
Interneuron A’s spike can be unambiguously identified
in extracellular recordings from the ventral surface of
the five to six abdominal connectives (Krasne and Lee,
1977). Axons of the sensory neurons which constitute
A’s afferent input were stimulated with single 0.1-msec
shocks at /30 sec via hook electrodes placed under second,
third, and fourth roots of the last abdominal ganglion
(where A’s cell body and dendrites are located). We
determined the threshold for inducing A to fire to this
stimulus, as indicated by the appearance of A’s extracel-
lularly recorded spike, both in normal saline and in
monoamine-containing saline. (For the interneuron A
experiments, the concentrations of the monoamines were
107 to 107* M.) As expected, octopamine lowered the
stimulus threshold for A. This result was obtained in all
six experiments carried out with octopamine. Moreover,
the average percentage decrease of A’s threshold (18 +
5.8% SEM) was about the same as that of the LGs (12
+ 4.9% SEM), whose threshold was also tested in all but
one of these experiments. 5-HT, however, did not con-
sistently affect A’s stimulus threshold. Of eight experi-
ments, there was no change in A’s threshold in three
experiments, a small increase in three, and a decrease in
two. The mean percentage change was —2 + 3.8% SEM
(threshold increases counted positive). By contrast, the
threshold of the LGs rose in all of the experiments but
one where the 5-HT (which oxidizes readily) had been
in solution for 5 hr. Excluding this experiment, the mean
rise of the LG threshold was 28 + 7.6% SEM.

Discussion

Because the LGs are the command neurons for one
type of tailflip escape response (Wiersma, 1938; Wine

and Krasne, 1972; Olson and Krasne, 1981), our results
necessarily imply that 5-HT and octopamine have op-
posite modulatory effects upon this behavior; specifically,
5-HT decreases the probability of an LG response,
whereas octopamine increases it.

The discovery of monoaminergic effects on this neu-
rophysiologically well understood behavior promises fur-
ther advances relevant to a number of important prob-
lems, such as the relationship between behavioral and
neural modulation, the natural biological uses of central
monoamines, the organization of monoaminergic sys-
tems, and the interactions of separate monoaminergic
systems with each other and with non-monoaminergic
systems in the mediation of behavior. Before the cray-
fish’s LG system can begin to yield insights into these
problems, however, several questions, discussed below,
require answers.

Cellular actions mediating the monoamines’ effects.
Perhaps the most important question to be answered is
whether the effects of 5-HT and octopamine on the LGs’
responsiveness are in fact mediated by “modulatory”
synaptic actions (cf. Kupfermann, 1979). Intracellular
experiments on interneuron A, along the lines of those
previously used to examine other sorts of plasticity
within the LG system (Zucker, 1972b; Bryan and Krasne,
1977a, b), may establish whether neuromodulatory ac-
tions underlie octopamine’s effects. Further analysis of
5-HT’s effects, however, must await localization of its
site of action. The serotonergic effect is mostly confined
to the disynaptic pathway to the LGs from the sensory
afferents, but it seems to be absent at the synapse be-
tween the afferents and interneuron A. We therefore
presume that 5-HT causes transmission to be depressed
either at the synapse between sensory interneurons and
the L.Gs or at the synapse between afferents and sensory
interneurons other than A.

It is important to determine how widespread are 5-
HT’s and octopamine’s effects in the escape circuit be-
cause it is commonly believed that monoaminergic sys-
tems affect the nervous system’s state rather broadly.
That the monoamines must act on loci other than the
afferent-to-sensory interneuron synapse can be inferred
from 5-HT’s apparent lack of effect upon A’s threshold,
and also from both monoamines’ occasional effects upon
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the o component of the LG EPSP; but it remains to be
seen whether 5-HT and octopamine have other, perhaps
major effects upon motor elements in the LG system.
Although we have no information on the effects of these
two monoamines on the phasic motor system, their ef-
fects on the separate tonic motor system of the crayfish
have been well studied (Livingstone et al., 1980; Kravitz
et al., 1981). 5-HT has mixed effects but generally serves
to enhance tonic flexion, whereas octopamine depresses
tonic flexion and enhances tonic extension. At first
glance these results might appear to be somewhat incon-
sistent with those reported here. However, the tonic and
phasic motor systems do not necessarily function in
parallel; in fact, tonic flexion is inhibited by LG-evoked
phasic flexion of the abdomen (Kuwada and Wine, 1979).
Hence, the contrapuntal effects of octopamine and 5-HT
on the crayfish’s LG escape response and on its posture
may be viewed as synergistic, and may imply that these
monoamines have widespread effects on the neural cir-
cuitry mediating escape behavior.

Finally, in several instances where monoamines are
known to have neuromodulatory actions, “second mes-
sengers,” e.g., CAMP, appear to mediate these actions
(Bloom, 1975; Drummond et al., 1980; Enyeart, 1981;
Kandel et al., 1981). Whether a second messenger me-
diates either the effect of 5-HT or that of octopamine on
the LG escape reflex remains to be determined.

Natural delivery mode of the monoamines. Careful as-
says of lobster hemolymph indicate that the levels of 5-
HT and octopamine circulating in free form are less than
107® M, and it is likely that a similar result would hold
true for the crayfish. This is too low a concentration to
produce the previously described central effects of 5-HT
and octopamine in these animals (Livingstone et al.,
1980; Kravitz et al., 1981). The effects of 5-HT and
octopamine on the LGs are present, but relatively small,
at 107% M. Thus, although we have not yet determined
threshold concentrations, it seems unlikely that these
effects will persist at 1078 M. This suggests that both the
previously described central effects of the monoamines
in lobsters and crayfish and those described here may be
due not to their release into the blood, but, rather, to
their release at central synapses (Kravitz et al., 1981; cf.
Bailey et al., 1981 for related data). In support of this
notion, an endogenous system of 5-HT-containing neu-
rons has recently been discovered in the lobster’s abdom-
inal nerve cord (Beltz and Kravitz, 1983). Moreover, we
have recently found monoaminergic-like terminals in the
region of afferent terminals within the crayfish’s sixth
abdominal ganglion (unpublished data). Some of these
terminals resemble those identified as octopaminergic
and others, those identified as serotonergic in the lobster
(Livingstone et al., 1981).

Behavioral significance of the monoamines’ effects. We
suspect that the effects described here mimic ones nor-
mally resulting from activity in central monoaminergic
pathways whose function is to set the level of excitability
for the escape response. Thus, 5-HT might mediate the
suppressive effects of restraint and feeding upon the
escape response (Krasne and Wine, 1975; F. B. Krasne,
unpublished data). Consistent with this hypothesis,
transmission from sensory afferents to interneuron A is
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not suppressed during either restraint-induced (Krasne
and Wine, 1975) or feeding-induced (unpublished data)
inhibition of the LG response. By analogy with Aplysia
(Kandel et al., 1981), octopamine might be expected to
mediate sensitization of the escape response. Behavioral
sensitization of this response has yet to be demonstrated,
but, spurred by the present results, we have begun at-
tempts to do so. These or other natural roles for 5-HT
and octopamine in crayfish escape behavior remain to be
established; however, if such roles can be found, the
crayfish’s escape response should constitute a valuable
model system for studying the functions of monoamines
in the central nervous system’s mediation of behavior.
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