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Cyclic AMP Only Partially Mediates the Actions of Serotonin at

Lobster Neuromuscular Junctions

Michael F. Goy® and Edward A. Kravitz

Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115

Serotonin (5-HT) has multiple physiological actions at lobster
neuromuscular junctions, including facilitation of transmitter
release from nerve terminals and an increase in the tone
and excitability of muscle fibers. These physiological effects
of 5-HT are accompanied by a rise in intracellular levels of
cAMP. We have used combined biochemical and physiolog-
ical approaches to investigate whether cAMP directly me-
diates the physiological actions of the hormone. Based on
the following lines of evidence, we conclude that the post-
synaptic increase in muscle tone occurs independently of
cAMP and that while the cyclic nucleotide does play a role
in the facilitation of transmitter release by 5-HT, there is also
a cAMP-independent component to this facilitation. (1)
Agents that mimic the action of 5-HT on cAMP levels (for-
skolin, IBMX, $Q20009, 8-bromo cAMP) fail to mimic the post-
synaptic actions of the amine. These agents do facilitate
transmitter release, although none of them has as large an
effect as does 5-HT. (2) When 5-HT is removed, presynaptic
facilitation decays as the sum of 2 exponentials with very
different time courses. The rate of the slower process is
similar to the rate of breakdown of cAMP, while the faster
process and the postsynaptic response decay significantly
more rapidly. (3) IBMX retards the breakdown of cAMP and
simultaneously retards the decay of the slower presynaptic
process, with little or no effect on the other responses. (4)
IBMX and forskolin potentiate the effect of 5-HT on cAMP
levels and selectively enhance the slowly decaying presyn-
aptic component with little or no effect on the other re-
sponses.

Serotonin (5-hydroxytryptamine; 5-HT), acting as a neurohor-
mone, can modulate the physiological properties of many types
of neurons and muscle cells (Twarog, 1960; Gerschenfeld and
Paupardin-Tritsch, 1974; Weiss et al., 1978; Drummond et al.,
1980; Aghajanian, 1981; Kandel and Schwartz, 1982; Kristan
and Weeks, 1983; Kravitz et al., 1985; Richardson et al., 1985;
Vanhoutte, 1985). We have been studying serotonergic modu-
lation of neuromuscular transmission in the lobster, Homarus
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americanus, using the dactyl opener muscle from the animal’s
walking leg as an experimental system. Our goal is to understand
the mechanisms that underlie synaptic modulation in this rel-
atively simple, homogeneous tissue.

The anatomy and physiology of the preparation are well char-
acterized. The muscle is innervated by 2 axons (Weirsma and
Ripley, 1952), one excitatory, using glutamate as its transmitter
(Kravitz et al., 1970; Kawagoe et al., 1982), and the other in-
hibitory, using gamma-amino butyrate (Takeuchi and Takeuchi,
1965; Otsuka et al., 1966). 5-HT, applied to isolated neuro-
muscular preparations, alters the properties of the nerve ter-
minals and also of the muscle fibers that they innervate. The
role of 5-HT seems to be to prime both nerve and muscle to
function more vigorously, thereby enhancing synaptic trans-
mission. The amine induces a 2- to 5-fold increase in release of
transmitter from excitatory terminals (Grundfest and Reuben,
1961; Dudel, 1965; Kravitz et al., 1980; Glusman and Kravitz,
1982). This facilitation comprises at least 2 components, dis-
tinguishable by their time courses (Glusman and Kravitz, 1982).
Facilitation of transmitter release has also been observed in
5-HT-treated inhibitory terminals (Kravitz et al., 1980). In ad-
dition, muscle fibers become more excitable. They develop a
sustained increase in tone when exposed to 5-HT, although no
appreciable change in resting potential or input resistance is
observed (Florey and Florey, 1954; Grundfest and Reuben, 1961;
Battelle and Kravitz, 1978; Kravitz et al., 1980). If the muscle
is depolarized following 5-HT application (for example by el-
evating extracellular K+ or by activating the excitatory nerve),
contraction is further enhanced; cells still maintain higher ten-
sion than depolarized control fibers (M. F. Goy and T. L. Schwarz,
unpublished observations), and often show repetitive Ca?*-de-
pendent action potentials (Kravitz et al., 1980). One mechanism
underlying the physiological changes induced by 5-HT in muscle
may be an increase in voltage-dependent inward current carried
by Ca?* ions, as suggested by voltage-clamp analysis (Kravitz
et al., 1980).

5-HT is not found in detectable amounts in lobster exoskeletal
muscle (Livingstone et al., 1981). However, it is widely distrib-
uted throughout the crustacean nervous system and, in partic-
ular, is found in high concentration in peripheral neurosecretory
structures in close contact with the circulation (Florey and Flor-
ey, 1954; Maynard and Welsh, 1959; Welsh and Moorhead,
1960; Cooke and Goldstone, 1970; Livingstone et al., 1981;
Beltz and Kravitz, 1983). Depolarization of these neurosecre-
tory structures results in the Ca?*-dependent release of 5-HT
(Sullivan et al., 1977; Sullivan, 1978; Livingstone et al., 1981),
and it is therefore generally believed that the amine reaches
peripheral targets (such as the exoskeletal muscles) via the he-
molymph. This idea is supported by the observation that low
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levels of 5-HT can be measured in hemolymph withdrawn from
living lobsters (Livingstone et al., 1980). In addition, the low
threshold concentration for the action of 5-HT at neuromuscular
Junctions (between 10-8 and 10~° M) is consistent with its sug-
gested hormonal role in these tissues.

One biochemical mechanism that often has been implicated
in the neurohormonal actions of 5-HT, especially in inverte-
brates, is cCAMP-dependent protein phosphorylation. In lobster
neuromuscular preparations, 5-HT elevates cAMP levels (Bat-
telle and Kravitz, 1978) and thereby alters the state of phos-
phorylation of a 29,000 Da protein (Goy et al., 1984). It is not
known, however, whether cyclic nucleotides are involved in any
of the physiological changes induced by the hormone. In the
studies reported here, we investigate this question using phar-
macological agents to simultaneously perturb cyclic nucleotide
metabolism and synaptic physiology. The results suggest that
cAMP plays a direct role in the facilitation of transmitter release
by 5-HT but that there is also a cCAMP-independent component
to this facilitation. The postsynaptic changes in muscle tone
induced by the amine do not appear to be directly mediated by
cAMP.

Materials and Methods

Lobsters (Homarus americanus), weighing approximately 0.5 kg, were
purchased locally and held in artificial seawater (Instant Ocean, Aquar-
ium Systems, Eastlake, OH) at 12-14°C. Walking legs were dissected in
cold lobster saline (462 mm NaCl, 16 mm KCl, 26 mm CaCl,, 8 mm
MgCl,, 11 mM glucose, 10 mm Tris-maleate, pH 7.4). The dorsal surface
of the dactyl opener muscle in the propopodite segment of the walking
leg was exposed by removing overlying exoskeleton, muscle, sensory
nerves, and connective tissue as described by Otsuka et al. (1966). For
cAMP measurements, the bundle containing the nerves innervating the
muscle was cut and removed at the point at which it contacts the surface
of the muscle. For physiological experiments the intact nerve bundle
was followed proximally into the adjacent segment of the leg (the car-
popodite) and dissected free of other tissues.

Tension measurement and intracellular recording. Isolated neuro-
muscular preparations were superfused continuously with lobster saline
at 12-14°C (approximately 3 ml/min). To determine muscle tension,
the distal end of the tendon was cut and fastened with silk thread to a
Grass FT03 force transducer. For intracellular recording, muscle fibers
were penetrated with 3-5 MQ glass microelectrodes filled with 4 m
potassium acetate. Potential changes were recorded differentially be-
tween the microelectrode and the bath, grounded through a silver/silver
chloride electrode. Force transducer and electrode outputs were ampli-
fied with high-impedance preamplifiers and recorded on magnetic tape
(Hewlett-Packard 3968A Instrumentation Recorder). Tension record-
ings, evoked electrical responses (following stimulation of the excitatory
nerve through a suction electrode, using 0.5-1 msec square pulses), and
miniature synaptic potentials (due to spontaneous release of transmitter
from excitatory nerve terminals) were digitized and analyzed with the
aid of a microcomputer.

To evaluate the decline in synaptic potential amplitude following
washout of 5-HT, the best fit of the equation

amplitude = ¢, exp(—1/7,) + ¢, exp(—1/1,) + ¢4

was determined by an iterative nonlinear curve-fitting program. The
constants (¢) represent the mean amplitude of the synaptic potentials
after the response has decayed completely (c,), and the contributions of
the slowly decaying (c,) and rapidly decaying (c,) components. The
constants 7, and 7, are the time constants for the slow and rapid pro-
cesses, and ¢ is the time after washout of the amine.

Tension responses were quantitated either by measuring the area
under the tension-time curve or by measuring the height of the maxi-
mum deflection from baseline tension. The former method was used
when 2 5-HT responses were compared with each other (last column
in Table 1). The latter method was used when the response induced by
a pharmacological agent was compared to the response induced by 5-HT
(middle column in Table 1).

cAMP measurements. The cAMP content of neuromuscular prepa-

rations was determined essentially as described previously (Goy et al.,
1984). All experiments included a 2 hr preincubation either in lobster
saline or, where indicated, in 0.5 mm isobutyl methylxanthine (IBMX),
followed by drug or hormone treatments as described in Results. At the
end of the incubation period, the muscle was frozen in methanol at
—80°C, cut free from the exoskeleton, and homogenized in 0.8 ml of
ice-cold 6% trichloroacetic acid (TCA). After 15 min at 4°C the ho-
mogenate was centrifuged for 5 sec in a Beckman Microfuge. The pellet
was washed with an additional 0.2 ml of ice-cold 6% TCA, centrifuged,
and the 2 TCA-soluble supernatant fractions were combined. The pellet
was dissolved in 1.5 ml of 1 N NaOH, and total protein was determined
(Lowry etal., 1951). The combined supernatant fractions were extracted
4 times with 4 ml of water-saturated ether, diluted in 0.05 M sodium
acetate (pH 6.2), and analyzed for cyclic nucleotide content by radioim-
munoassay (procedures and materials obtained from New England Nu-
clear).

Materials. Forskolin was obtained from Calbiochem; 5-HT creatinine
sulfate and 8-bromo cAMP from Sigma; IBMX from Aldrich; and
SQ20009 from Squibb. All other chemicals were reagent grade, obtained
from commercial sources.

Resuits

Physiological effects of 5-HT

5-HT modulates both pre- and postsynaptic aspects of crusta-
cean neuromuscular physiology. This has been well-document-
ed in the American lobster, H. americanus (for a recent review,
see Kravitz et al., 1985). Some typical effects of the amine on
lobster physiology are illustrated in Figure 1. The prominent
increase in muscle tone (Fig. 1¢) represents an easily studied
postsynaptic response. In addition, 5-HT induces an increase
in the amplitude of excitatory junctional potentials (ejp’s), as
shown in Figure 1, a, b. This facilitation of synaptic potential
size results from an increase in the number of quanta released
when the action potential invades the terminal, rather than an
increase in the sensitivity of the postsynaptic membrane (Dudel,
1965; Wheal and Kerkut, 1976; Glusman and Kravitz, 1982).
Thus, the effects of 5-HT on ejp amplitude represent presynaptic
actions of the amine. 5-HT also facilitates transmitter release
from inhibitory nerve terminals (Kravitz et al., 1980). In this
communication we have not analyzed the effects of 5-HT on
inhibitory terminals, and all reference to presynaptic actions is
concerned only with actions on excitatory terminals.

The pre- and postsynaptic responses to 5-HT are dose de-
pendent. As seen in Figure 2, the threshold for both actions is
between 10-° and 3 x 1079 M (see also Dudel, 1965; Kravitz et
al., 1980; Glusman and Kravitz, 1982; Dixon and Atwood,
1985). The responses increase with increasing concentrations
up to 10-6-10-5 M, where they begin to saturate.

The actions of 5-HT on the preparation are relatively slow
and long lasting compared with the actions of the excitatory and
inhibitory transmitters. The postsynaptic response is typically
of shorter duration than the presynaptic response and often
begins to reverse even before the hormone has been washed out
of the preparation. The presynaptic response is generally main-
tained with little or no decrement for as long as the 5-HT is
present (up to 30 min). Note that when 5-HT is removed, the
enhanced ejp amplitude decays in a markedly biphasic manner
(Glusman and Kravitz, 1982; inset, Fig. 15). This suggests that
there are at least 2 distinguishable processes in excitatory nerve
terminals that occur at different rates during washout. In 17
representative experiments taken from our current studies, 107
M 5-HT induced a 4.4 + 0.3-fold increase in ejp amplitude
(mean + SEM). The slowly decaying process accounted for 68.6
+ 4.2% of this increase (mean + SEM) and decayed with a time
constant of 69.7 = 15.3 min (mean + SEM), while the rapidly
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Figure 1. Physiological responses to 5-HT by the lobster neuromus-
cular preparation. Simultancous measurements of spontaneous minia-
ture ¢jp’s, evoked ejp’s, and muscle tension were obtained in a single
experiment. a, Evoked synaptic responses (upper traces) and sponta-
neous miniature potentials (Jower traces) are compared in the presence
and absence of 10~7 M 5-HT. The ejp records are computer-averages
(10 consecutive responses evoked at 0.1 Hz) during exposure to control
saline or after 20 min in the presence of the amine. The miniature ejp
records are computer averages of 250 spontaneous events collected dur-
ing a 20 min control period, or during a 30 min interval beginning 4
min after amine treatment. The AC ripple in these traces results from
the small size of the spontaneous events relative to the 60 Hz noise,
which leads to increased probability of detecting an event when it occurs
on the rising phase of the noise. Calibration bar, 1 mV and 50 msec for
upper traces; 0.1 mV and 100 msec for lower traces. b, Time course of
the change in evoked synaptic potential amplitude during exposure to
and washout of 5-HT. Amplitudes were determined from averaged ejp’s
(10 per point, like those shown in a) and are plotted on the ordinate as
a function of time. 5-HT was applied as indicated by the horizontal bar.
Inset, Decline in ejp amplitude after washout of 5-HT, plotted on a
logarithmic scale. The muscle tension data in ¢ are derived from the
digitized output of the force transducer, sampled at 0.1 Hz (just before
each evoked ejp). Only relative tension is given, since the force trans-
ducer is uncalibrated and the baseline tension varies considerably from
experiment to experiment.
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Figure 2. Physiological responses as a function of 5-HT concentration.
Muscle tension and ejp amplitude are determined as in Figure 1. All
concentrations of 5-HT were tested in a single preparation in order to
avoid complication due to variations from preparation to preparation.
Tension (—0O-) is given in arbitrary units, which indicate relative ten-
sion above the baseline level. The ejp amplitude at the peak of the
response (—l—) is given as fold stimulation above the control value,
with the control determined as the mean amplitude of 100 synaptic
potentials evoked prior to 5-HT application.

decaying process accounted for 31.4 + 4.2% of the increase
(mean + SEM) and decayed with a time constant of 8.1 + [.8
min (mean = SEM). In these experiments the slowly decaying
component was observed consistently, while the rapidly decay-
ing component was erratic; its contribution was too small to
measure in 2 cases, while in 3 others it accounted for more than
50% of the total. The reason for this variability, also noted in
earlier studies (Glusman and Kravitz, 1982), is not known.

The time constants for both the rapidly and slowly decaying
processes also showed considerable variation in our experi-
ments. One factor that could influence our ability to measure
these parameters reproducibly from preparation to preparation
is the location of the intracellular microelectrode, since the rate
of washout of 5-HT from a superficial recording site might be
different from that at a site deep within the muscle. When prep-
arations are incubated with radioactive tracers (either 5-HT or
sucrose), the half-time of washout of these labeled compounds
from the tissue as a whole is 67 min (E. A. Kravitz and B. A.
Batelle, unpublished observations). This is comparable to the
time course of the rapidly decaying component, and thus vari-
ations in the rate of washout from different recording sites might
contribute to variations in its time constant. The rate of decay
of the slower component, however, is probably too slow to be
significantly affected by the rate of washout of the hormone.
Variations in this process may reflect seasonal or genetic dif-
ferences among animals.

Pharmacological effects of agents that perturb cAMP
metabolism

To investigate a possible role of cAMP in the physiological
actions of 5-HT, we have examined whether agents that alter
¢cAMP metabolism have parallel effects on the biochemical and
physiological properties of the preparation. In particular, we
wanted to test the hypothesis that cCAMP is the direct trigger for
the physiological changes induced by 5-HT, perhaps through
the well-known protein phosphorylation cascade. If this hy-
pothesis is correct, then manipulation of cAMP levels should
have predictable physiological consequences.
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Figure 3. The effects of pharmacological agents on the cAMP content
of the neuromuscular preparation. All muscles were preincubated 2 hr
in lobster saline, then exposed to 30 um forskolin (@), 0.5 mm IBMX
(b), or 0.2 mm SQ20009 (¢), for the times indicated on the abscissa. The
ordinates give the mean cAMP content, measured as described in Ma-
terials and Methods, for the number of determinations indicated in
parentheses. The control level (at zero time) is the mean of 25 deter-
minations. The error bars give the SEM or, in the case of duplicates,
the actual values of the 2 determinations. Because of low solubility, the
forskolin stock solution was made up in ethanol; thus all muscles ex-
posed to forskolin were also exposed to 0.2% ethanol. Control experi-
ments (not shown) indicate that ethanol alone has no effect on cAMP
levels, nor does it impair the ability of 5-HT to increase cAMP.

Effects of pharmacological agents on cAMP levels

Figure 3 shows the CAMP content of the dactyl opener muscle
following treatment with an adenylate cyclase activator (30 um
forskolin) or with either of 2 phosphodiesterase inhibitors (0.5
mm IBMX or 0.2 mm SQ20009). As expected, all of these agents
increase CAMP content, which reaches new steady-state levels
in 60 to 120 min. We have chosen the concentrations of these
drugs to fall within the standard range at which they produce
their pharmacological actions, but at a high enough dose that

Table 1. Effect of pharmacological agents on muscle tension and
responses to S-HT
A B
Increase in tension  Response to 5-HT in
induced by agent presence of agent
(as % of control (as % of control 5-HT

Agent 5-HT response) response)

IBMX, 5 x 10-4m 21+ 10@®m=10) 535+ 15.1 (n=10)
SQ20009,2 x 10*m 31.2+91(n=4) 68086 (n=4)
Forskolin, 3 x 105M 7.0x21(r=6) 96.1=x31 (n=2)

8-Bromo cAMP, 102m 125 £ 5.6 (n=3) 575+ 128(n=23)

Data were collected and analyzed as described in Materials and Methods. Each
entry comes from an experiment like those illustrated in Figure 4 (with the total
number of experiments given in parentheses). Values in the middle column represent
the tension response to the indicated pharmacological agent as a percent of the
initial response to 5-HT. Values in the last column represent the tension response
to a second 5-HT treatment (in the continued presence of the agent) as a percent
of the initial response. The mean and SE (or range, in the case of duplicates) are
given. If no pharmacological agent was added, the responses to 2 consecutive
exposures to 5-HT are nearly identical (data not shown).

they have greater effects on intracellular cAMP levels than does
5-HT. The increases range from 1.7-fold for SQ20009 to more
than 30-fold for forskolin. For comparison, incubation with 10-7
M 5-HT (in the absence of a phosphodiesterase inhibitor) causes
about a 1.3-fold increase in cAMP levels (see Fig. 9a).

Another compound often used to mimic the effects of internal
cAMP is §-bromo cAMP. This analog crosses the cytoplasmic
membrane and, because it is resistant to phosphodiesterase,
gradually accumulates inside cells. We have not directly mea-
sured internal levels of 8-bromo cAMP after adding it to the
extracellular medium, but we know that it accumulates intra-
cellularly to high enough concentrations to activate a protein
kinase that phosphorylates a cytoplasmic protein in these prep-
arations (Goy et al., 1984). A 60 min incubation with 1 mm
8-bromo cAMP produces phosphorylation approximately
equivalent to that produced by 10-¢ m 5-HT. For the experi-
ments in this paper we have used a 10-fold higher concentration
(10 mm) in order to ensure that the analog reaches significant
levels in the cytoplasm.

Effects of pharmacological agents on muscle tension

The agents described in the preceding section were tested for
the ability to mimic the postsynaptic actions of 5-HT. We mea-
sured muscle tension before, during, and after superfusion with
each substance at the concentration indicated above. Under
these conditions, as we have demonstrated, the drugs were all
more effective than 5-HT at influencing cAMP metabolism (or
protein phosphorylation). None, however, was able to produce
tension comparable to that of 5-HT, although small increases
in tension were observed in some experiments with 8-bromo
cAMP, forskolin, and SQ20009 (Fig. 4 and Table 1, column A).
It seemed possible, especially in light of this small increase in
tension, that these agents might be activating the contractile
apparatus of the muscle just as vigorously as 5-HT, but that
some additional effect of the drugs was simultaneously inhib-
iting the contraction. To control for this, we added 5-HT at the
end of each experiment (in the continuous presence of the phar-
macological agent being tested) and showed that the preparation
could still respond to the hormone (Fig. 4 and Table 1, column
B), although in some cases the size of the response to the second
application of 5-HT was slightly reduced.
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Figure 4. Effects on muscle tension of pharmacological agents that
perturb cAMP metabolism. 5-HT was used at 10-7 M, IBMX at 0.5 mm,
SQ20009 at 0.2 mm, forskolin at 30 um, and 8-bromo cAMP at 10 mm.
All agents were added to the superfusing saline during the intervals
indicated by the horizontal bars. For the experiment with forskolin,
0.2% ethanol was present throughout. At this concentration, ethanol
has no effect on muscle tension. Each result presented here is represen-
tative of 3 or more experiments (as indicated in Table 1).

Effects of pharmacological agents on ejp amplitude

In contrast to their inability to enhance muscle tension signif-
icantly, all of the drugs that elevate CAMP were able to increase
the amplitude of the ejp’s (Fig. 5 and Table 2). The observation
that the amplitude of spontaneous miniature ejp’s does not in-
crease in parallel with that of the evoked ejp’s (Table 2) indicates
that neither the size of the quantum nor the sensitivity of the
postsynaptic membrane to the transmitter is being affected and
suggests that the drugs cause an increase in evoked release of
transmitter. This supports the idea that these drugs are acting
presynaptically in the same way that 5-HT does and indicates
that CAMP can act as an intracellular messenger to enhance
transmitter release from crustacean motor nerve terminals.
However, although all of the drugs tested consistently in-
creased the amplitude of the evoked synaptic potential, none of

Table 2. Effect of pharmacological agents on the amplitude of
evoked ejp’s and spontaneously occurring miniature ejp’s

Evoked ejp Miniature ejp
amplitude amplitude

Agent (% control) (% control)

5-HT, 10" M 440 £ 30 (n=17) 97.8 = 0.9 (n=15)

1004 = 04 (n=2)
100.7 £ 0.7 (n=2)
995+ 18 (n=23)
998 (n=1)

Data were collected and averaged by computer, as described in Materials and
Methods. Each entry in this table comes from an experiment like those illustrated
in Figure 5 (with the total number of experiments given in parentheses). For evoked
synaptic potentials, the amplitude of 20 averaged records at the peak of the response
to each pharmacological agent is given as a percent of the amplitude of 20 averaged
control records. For miniature ejp’s, the average amplitude of 200-1000 events
collected over 10-30 min of exposure to each pharmacological agent (during the
period when evoked synaptic potentials were showing their maximum increase)
is given as a percent of an equivalent number of events collected during control
periods. The mean and SE (or range, in the case of duplicates) are given. For
forskolin, data were obtained in the presence of 0.2% ethanol and are compared
with control values obtained under identical conditions.

IBMX, 5 x 10 M
SQ20009,2 x 10~4m 221 + 36 (n = 4)
Forskolin, 3 x 10°M 155+ 15(n=4)
8-Bromo cAMP, 102M 229 + 12(n=2)

139 +4 (n=4)

them had as large an effect as 5-HT (Fig. 5 and Table 2). This
discrepancy is particularly remarkable for forskolin, which caus-
es much larger increases in cAMP content than 5-HT, yet pro-
duces, on average, an increase in ejp amplitude less than one-
sixth that of the hormone (Table 2). A possible explanation for
these results is that cAMP might mediate only part of the pre-
synaptic response and that 5-HT might have an additional,
cAMP-independent effect on transmitter release. Since the pre-
synaptic action of 5-HT has 2 distinguishable components, we
attempted to test the cAMP dependence of each.

Comparison of physiological and biochemical time courses

As mentioned above, and shown in Figure 1, the 2 presynaptic
components are defined in terms of the rate at which they decay
following washout of 5-HT. The more rapidly decaying com-
ponent has returned to contro! levels within 10-20 min after
washout, whereas the slowly decaying component requires 2-3
hr for complete reversal. The time course of the 5-HT-induced
¢AMP changes is too slow to correlate well with the former but
does approximate the latter. It is also too slow to correlate well
with the time course of the postsynaptic response. As shown in
Figure 6 (open symbols) at 15 min after washout of 5-HT, cAMP
levels have declined only 10% from the peak response, and at
90 min they are still 30% above the control level. Of the 3
processes under consideration, only the slowly decaying com-
ponent of the presynaptic response is still active 90 min after
washout.

As a more direct test of the idea that cCAMP mediates the
slowly decaying presynaptic response to 5-HT, but not the rap-
idly decaying presynaptic or the postsynaptic responses, we
compared the effects of IBMX on cAMP levels and physiology
following washout of the amine. Since IBMX inhibits the en-
zyme that metabolizes cAMP, it is expected to block or retard
the breakdown of the cyclic nucleotide after 5S-HT has been
removed, and hence to block or retard the decay of any phys-
1ological process that depends on CAMP. Figure 6 confirms that
IBMX has the predicted biochemical effect; the inhibitor dra-
matically prolongs the time course of the 5-HT-induced increase
in cCAMP levels (filled symbols).

The physiological effects of IBMX are consistent with the idea
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of pharmacological agents that perturb
cAMP metabolism. Each data point is
the mean amplitude of 10 consecutive
€jp’s, as in Figure 1. 5-HT was used at
107 M, IBMX at 0.5 mm, SQ20009 at
0.2 mm, forskolin at 30 uM, and 8-bro-
mo cAMP at 10 mm. All agents were
added to the superfusing saline during
the intervals indicated by the horizontal
bars. For the experiment with forskolin,
0.2% ethanol was present throughout.
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At this concentration, ethanol has no 0.0
effect on ejp amplitude. Each result pre- 0
sented here is representative of 2 or more
experiments (as indicated in Table 2).

that cAMP is primarily (or exclusively) associated with the slow-
er component of the presynaptic response. The evidence sup-
porting this is as follows. (1) In 10 out of 10 experiments in
which IBMX was applied during the washout of 5-HT, the
phosphodiesterase inhibitor had no noticeable effect on the time
course of the postsynaptic change in muscle tone (see, for ex-
ample, Figs. 4b and 8b). (2) In 8 of these experiments we also
monitored synaptic potential amplitude. Here, in contrast to
the lack of postsynaptic effect, we consistently observed an
IBMX-dependent decrease in the rate of washout of the pre-
synaptic response. (3) This effect of IBMX appears to be pri-

1) N 1 v L v T

50 100 150 200 250

time {min)

marily on the slower of the 2 presynaptic components. The most
convincing demonstration of this is shown in Figure 7a. In this
particular experiment, the decay of the slower component was
completely blocked by IBMX, whereas the rapidly reversing
component was unaffected. The remaining 7 experiments gave
similar results, although the block of the slow component’s de-
cay was not always as complete as that shown in Figure 7a. In
order to determine the average effect of IBMX on the 2 pre-
synaptic components, we added all 8 experiments together, as
described in the legend to Figure 7. The time constant of the
slow component of this composite response (shown in Fig. 7b)
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Figure 6. IBMX inhibits the breakdown of cAMP after 5-HT is re-

moved. Isolated neuromuscular preparations were preincubated for 2
hr in 0.5 mMm IBMX, and then exposed to 10-¢ m 5-HT (as indicated
by the horizontal bar). The cAMP level was determined in individual
preparations at the times indicated (—M-). Then (after 15 min exposure
to the amine) either 5-HT (—M—) or both 5-HT and IBMX (—0-)
were removed by extensive washing, and the cAMP level was deter-
mined in individual preparations at intervals over the next 2 hr. Each
point is the mean of 2 to 6 determinations, and the error bars indicate
the SEM, or the range in the case of duplicate measurements.

increases by more than 10-fold, from 30.8 min in the absence
to 332.4 min in the presence of IBMX. This 1s in good agreement
with the effects of IBMX on the time course of CAMP metab-
olism shown in Figure 6.

After averaging the data, the time constant determined for
the faster component also increases slightly in the presence of
IBMX, from 2.7 to 8.2 min. It is possible that this reflects an
involvement of CAMP in the more rapid presynaptic process as
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well. However, compared with the effect of IBMX on 5-HT-
stimulated cAMP levels (Fig. 6), the effect on the time constant
of the rapid component is relatively insignificant.!

In one experiment, we subjected a preparation to 2 sequential
exposures to 5-HT during a single prolonged treatment with
IBMX (Fig. 8). Both responses in the presence of IBMX were
similar to the control response in the absence of IBMX, except
that the decay of the slower presynaptic component was con-
sistently retarded. The fact that the more rapid presynaptic com-
ponent and the postsynaptic response decayed normally and
could be evoked repeatedly shows that their decay is a true
reversal, and not an artifact of fatigue or damage to the muscle
or nerve. The failure of the slow component to decay, and the
fact that the third exposure to 5-HT initiates primarily the rap-
idly decaying presynaptic component, is consistent with the idea
that in this experiment the phosphodiesterase inhibitor has kept
the levels of CAMP high enough to activate a significant fraction
of the slow component and has left little room for further ac-
tivation of this component by subsequent 5-HT treatments.

Agents that potentiate cAMP accumulation

In other systems, IBMX and forskolin generally amplify the
effects of hormones on intracellular levels of cCAMP, an effect
that in turn potentiates those physiological processes that de-
pend on cAMP. Thus, potentiation by these drugs is often cited
as evidence for the involvement of cCAMP in a particular phys-
iological response (Greengard, 1976; Seamon and Daley, 1983).
We have used the properties of these drugs as a final test of the
physiological role played by cAMP in the lobster preparation,
Figure 9 demonstrates that forskolin and IBMX dramatically
increase the ability of 5-HT to stimulate the level of cAMP in
lobster nerve-muscle preparations. Under normal conditions

! Therefore, we feel that it more likely results from unrelated side effects of
IBMX, such as its well-known ability to release Ca>* from intracellular storage
sites. This interpretation would be consistent with the recent observation that
intra-axonal injection of inositol tris-phosphate (which also releases Ca?* from
intracellular storage sites) induces a rapid, transient facilitation of transmitter
release from crayfish motor terminals (Dixon and Atwood, 1987.

0 50 100 150 200 250 300 350

time (min)

IBMX selectively retards the decay of one component of presynaptic facilitation after 5-HT is removed. a, Each point gives the mean

amplitude of 10 consecutive ejp’s, at a stimulus rate of 0.1 Hz, obtained in a single experiment. IBMX (0.5 mm) and 5-HT (10~ M) were added to
the superfusing saline during the intervals indicated by the Aorizontal bars. b, Pooled results from 8 separate experiments. The schedule of exposure
to 5-HT (10-7 M) and IBMX (0.5 mM) was exactly the same in all 8 experiments, and is indicated by the horizontal bars. Within each experiment,
each data point was obtained as the mean amplitude of 10 consecutive ejp’s evoked at 0.1 Hz. The experiments were then individually normalized
by dividing each data point in the sequence by the value of the highest point obtained during the initial response to 5-HT. This scaling factor gave
each experiment equal weight, by defining the peak value of the control 5-HT response as 1. The experiments were then pooled by simple addition,
so that each point in the composite time course represents the sum of the weighted contributions of all 8 experiments. The composite data were
then mathematically fit as the sum of 2 exponentials (see Materials and Methods) to give the time constants reported in Results.
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Figure 8. Multiple exposures to 5S-HT during IBMX treatment. Each
point in a gives the mean amplitude of 10 consecutive ejp’s, at a stimulus
rate of 0.1 Hz. Muscle tension from the same experiment is plotted in
b. IBMX (0.5 mm) and 5-HT (10-7 m) were added to the superfusing
saline during the intervals indicated by the horizontal bars.

(no added drugs), 10-7 m 5-HT increases the level of cAMP in
these tissues by about 1 pmol/mg protein. In contrast, in the
presence of 0.5 mM IBMX, 107 M 5-HT increases cAMP by
about 10 pmol/mg protein, while in the presence of 30 um for-
skolin the increase is about 100 pmol/mg protein.

We tested the ability of these drugs to potentiate either the
pre- or the postsynaptic responses of nerve-muscle preparations
to a test dose of 5-HT. The effect of 10-” m 5-HT on ejp am-
plitude in the absence and presence of 30 uM forskolin is shown
in Figure 10a. Both the rapidly and slowly decaying components
of the response are visible in this experiment, and it is apparent
that forskolin potentiates the slowly decaying component, with
no potentiation (in fact, a slight inhibition) of the rapidly de-
caying component. A similar result is obtained with IBMX (Fig.
10b). In contrast, it is clear from the results presented in Figure
4 and Table 1 that neither forskolin nor IBMX potentiates the
postsynaptic response to 107 m 5-HT. This concentration of
5-HT is sufficiently below saturation (Fig. 2) such that poten-
tiation should have been observed, had it occurred. Thus, in
the presence of potentiating drugs, once again only 1 of the 3
physiological actions under consideration (the slowly decaying
component of the presynaptic response) shows a correlation with
cAMP levels.
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Figure 9. Forskolin and IBMX potentiate the effect of 5-HT on cAMP
levels. Muscles were exposed to a control solution or to 107 M 5-HT
for 15 min after a 2 hr preincubation in normal saline (q), a 2 hr
preincubation in saline plus 0.5 mm IBMX (), or an 80 min preincu-
bation in saline plus 30 um forskolin (¢). Each bar is the mean of the
number of determinations given in parentheses. The error bars indicate
the SEM, or the range in the case of duplicate measurements. Ethanol
(0.2%) was present in the saline of all muscles exposed to forskolin.
Control experiments (not shown) demonstrate that ethanol does not
affect cCAMP by itself, nor does it potentiate the effect of 5-HT.

Discussion

5-HT exerts a complex set of modulating influences in lobster
neuromuscular preparations. Excitatory and inhibitory nerve
terminals and muscle fibers are all involved, and many of the
hormone-induced changes are prolonged. In this communica-
tion we have investigated possible links between the 5-HT-
induced changes in junctional physiology and the parallel 5-HT-
induced increases in the levels of cAMP.

The physiological focus has been on the enhancement of trans-
mitter release from excitatory nerve terminals and on the in-
crease in tone of the muscle fibers. cAMP-linked modulation
of similar physiological processes has been seen in many other
animal species. cCAMP has been associated with enhanced re-
lease of secretory products in a variety of tissues, including insect
and vertebrate salivary glands (reviewed by Berridge, 1982),
mammalian anterior pituitary (reviewed by Labrie et al., 1982),
adrenal chromaffin cells (reviewed by Weiner, 1979), vertebrate
sympathetic nerve terminals (reviewed by Weiner, 1979), ver-
tebrate motor nerve terminals (reviewed by Bowman, 1981;
Dunwiddie and Hoffer, 1982), and molluscan sensory nerve
terminals (reviewed by Kandel and Schwartz, 1982). In addi-
tion, CAMP has been implicated in modulation of contractility
in many types of muscle. In vertebrates, catecholamines, acting
through beta-adrenergic receptors, produce cCAMP increases that
are suggested to be involved in the positive inotropic response
of cardiac muscle (Tsien, 1977; Lindner et al., 1978; Osterrieder
et al.,, 1982; Reuter, 1983; Kameyama et al., 1985), the relax-
ation of many types of smooth muscle (Conti and Adelstein,
1980; Dubey et al., 1981; Kerrick and Hoar, 1981), and changes
in the contractility of both fast and slow skeletal muscle (re-
viewed by Rodger and Bowman, 1983). In invertebrates, cAMP
has also been implicated in regulation of muscle tone and con-
tractility in several different species (Weiss et al., 1979; Kohler
and Lindl, 1980; Fujiwara and Kobayashi, 1983; Evans, 1984).

The results presented in this paper suggest that of the 3 phys-
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Figure 10. Potentiation by forskolin and IBMX of 5-HT’s effect on ejp amplitude. The data in a and b are each representative of several similar
experiments. Every data point gives the mean amplitude of 10 consecutive ejp’s, at a stimulus rate of 0.1 Hz. a, Forskolin (30 um) and 5-HT (10~
M) were added to the superfusing saline during the intervals indicated by the horizontal bars. Ethanol (0.2%) was present throughout the experiment.

b, IBMX (0.5 mm) and 5-HT (107 M) were added as indicated.

iological actions of 5-HT that we have analyzed (2 distinguish-
able presynaptic effects, and a third postsynaptic effect), only
one of the presynaptic responses appears to be c(AMP dependent.
The other physiological actions apparently are not directly me-
diated by this cyclic nucleotide. The evidence supporting this
may be summarized as follows. (1) Agents that mimic the action
of 5-HT on cAMP levels fail to mimic the 5-HT-induced con-
traction (Fig. 4). (2) In contrast, every agent that increases CAMP
levels does enhance transmitter release (Fig. 5; see Enyeart, 1981,
for related studies at the crayfish neuromuscular junction). Since
these agents all act by very different mechanismes, it is unlikely
that this facilitation results from nonspecific pharmacological
side effects. (3) However, none of these agents has as potent a
facilitating action as 5-HT, even though some of them increase
cAMP much more powerfully than the amine. When the 2 com-
ponents of the presynaptic response to 5-HT are analyzed sep-
arately, only the slowly decaying component appears likely to
depend on cAMP metabolism (see Dixon and Atwood, 1987,
for a preliminary report of related studies at the crayfish neu-
romuscular junction); agents that potentiate the cCAMP response
potentiate this component (Fig. 10), and agents that block the
breakdown of cAMP block the decay of this component when
5-HT is washed out of the preparation (Fig. 7). These agents do
not increase the magnitude or greatly affect the time course of
the faster presynaptic component or of the postsynaptic response
(Figs. 4, 7, 8, 10). (4) Finally, the time course of the change in
cAMP levels following exposure to 5-HT parallels that of the
slowly decaying presynaptic physiology, but not that of the post-
synaptic response or of the rapidly decaying presynaptic com-
ponent (compare Figs. 6 and 1).

Although these results taken together are consistent with the
idea that changes in cCAMP metabolism mediate one, and pos-
sibly only one, of the multiple effects of 5-HT in this preparation,
several reservations should be mentioned. First, we have taken
as the simplest hypothesis the idea that cAMP directly triggers
one component of presynaptic facilitation, a hypothesis that is
consistent with all of our data. However, more complex inter-
pretations are possible. For example, rather than triggering the
response itself, CAMP might in some way inhibit the breakdown
of a different second messenger that is the real signal that triggers
the response. Experiments to rule out hypotheses of this sort

must await the development of an in vitro model, where all the
biochemical components of the system can be controlled. Sec-
ond, the responses that we believe are not directly triggered by
cAMP might nevertheless involve cAMP in some indirect way.
This is important with regard to both muscle tension (since
8-bromo cAMP, forskolin, and SQ20009 have small effects on
this parameter) and to the fast component of presynaptic facil-
itation (since IBMX causes a slight retardation of the washout
of this component after removal of 5-HT). Third, although we
have tried to document the ways in which cAMP metabolism
correlates (or fails to correlate) with pre- and postsynaptic phys-
iology, our cAMP measurements are made on a preparation
that contains both nerve terminals and muscle fibers, and the
relative changes in cyclic nucleotide levels in each tissue cannot
be independently determined. Because the muscle fibers con-
stitute the vast majority of the tissue mass, our measurements
most likely reflect changes in this tissue compartment. Thus,
the observation that forskolin dramatically increases CAMP con-
tent without significantly increasing tension provides strong evi-
dence that the postsynaptic response is not directly mediated
by cAMP. However, we also believe that the pharmacological
agents do alter nerve terminal CAMP levels, since they change
nerve terminal physiology. Moreover, the physiological effects
of these agents are consistent with the idea that the level of nerve
terminal cAMP is proportional to the level of total tissue cAMP.

The modulation of transmitter release from excitatory motor
nerve terminals in the lobster is analogous to the modulation
oftransmitter release from sensory nerve terminals that has been
studied in the abdominal ganglion of the mollusc Aplysia cali-
fornica. In both systems 5-HT causes an increase in transmitter
output, and in both systems cAMP is probably involved in at
least part of the enhancement. The molluscan preparation pro-
vides one of the best studied and best understood examples of
synaptic modulation by 5-HT. In this preparation, Kandel and
colleagues have shown that 5-HT causes an increase in cAMP
in individually dissected sensory neurons (Bernier et al., 1982).
They have also shown that cAMP inhibits an outward K+ cur-
rent involved in repolarizing the cell body membrane during
the action potential (Klein and Kandel, 1980; Siegelbaum et al.,
1982), thus broadening the spike. As a result, voltage-dependent
Ca?* channels in the cell body (and, by extrapolation, in the
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nerve terminals) remain open longer during regenerative elec-
trical activity, more Ca?* enters, and by this mechanism release
of transmitter is thought to be enhanced (Klein and Kandel,
1980). This effect of 5-HT can be mimicked by phosphodies-
terase inhibitors (Klein and Kandel, 1978) and by intracellular
injection of CAMP (Brunelli et al., 1976) or the catalytic subunit
of the cAMP-dependent kinase (Castellucci et al., 1980). Fur-
thermore, the actions of 5-HT can be antagonized by intracel-
lular injection of an inhibitor of the kinase (Castellucci et al.,
1982).

Although the crustacean neuromuscular preparation has not
been analyzed in the same detail, it is nevertheless evident that
it shows several qualitative differences from the molluscan prep-
aration. Intracellular recordings from the axon of the excitatory
nerve innervating the crayfish dactyl opener muscle reveal that
5-HT depolarizes the axonal membrane and produces a small
increase in membrane conductance, probably to Na~* ions, but
does not produce a decrease in K+ conductance similar to that
observed in Aplysia sensory neurons (Dixon and Atwood, 1985).
Also, in addition to possible changes in surface membrane chan-
nels, the crustacean studies suggest that intracellular mecha-
nisms may play a role in the amine-induced modulation of
transmitter release (Glusman and Kravitz, 1982; Dixon and
Atwood, 1985, 1987). Furthermore, in contrast to the single
mechanism reported for Aplysia, 5-HT appears to enhance
transmitter release by 2 distinguishable mechanisms in crus-
tacean motor nerve terminals, only one of which involves cAMP.
Finally, 5-HT has a third (postsynaptic) action in Crustacea that
is also cAMP independent and that appears to involve changes
in membrane calcium channels. This latter observation offers
the prospect of investigating a potentially novel biochemical
mechanism for modulation by 5-HT. The favorable properties
of this neuromuscular preparation for studies of muscle bio-
chemistry (a relatively homogeneous tissue composed primarily
of muscle fibers, and available in large quantities) should greatly
facilitate such studies.
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