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SUMMARY

The sinus gland (a neurohaemal organ) and its nerve have been isolated
from the eyestalk of the crabs Cardisoma carnifex and Portunus sanguino-
lentus for studies correlating electrical responses recorded extra-cellularly
from the sinus gland with hormone release. The appearance of erythrophore
concentrating hormone (ECH) in the perfusate was followed by bioassay
on leg segments of Ocypode pallidula.

Electrical stimulation of the sinus gland nerve (175 pulses in trains of 5
at 5/s, every 10 s) results in significant amounts of hormone appearing in
the perfusate, provided that a propagated compound action potential is re-
corded from the sinus gland. Release is normally below assayable levels in
equivalent unstimulated control periods. A single preparation will release
in excess of the equivalent of 20 pg of synthetic ECH in response to the
standard routine of 175 stimuli. Many such secretory responses can be
obtained over periods extending to as long as 30 h.

Addition of tetrodotoxin (3 x io~7 M) rapidly abolishes propagated
electrical responses and secretion; the effects are reversible.

Perfusion with saline having 30% (7-5 mM) of normal (25 mMJ calcium
reduces hormone release to about 10%, while the electrical response is
often augmented. In 10% normal calcium, release is further decreased, and
in 1 % is indistinguishable from unstimulated release; electrical responses
are reduced. Reduced calcium salines also induce spontaneous unit poten-
tials, which persist in 30% calcium saline but subside after 10 min or
longer exposure to salines of lower calcium concentration. All the effects
of reduced calcium salines are reversible.

Inhibition of secretion without reduction of electrical responses in 30%
calcium saline provides evidence for a direct role of calcium in excitation-
secretion coupling. In salines that are more calcium deficient, failure of
terminal electrical responses may also contribute to reduction of secretion.

In the crab sinus gland, as in other neurosecretory systems, propagation
of action potentials to the terminals causes hormone release for which the
presence of external calcium is essential.

EXB 70
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INTRODUCTION

This paper reports experiments on the physiology of neurosecretion which exploit
the X organ-sinu9 gland system of the crab eyestalk. The aim is to provide evidence
that the roles of neuronal electrical responses and of extracellular calcium in linking
stimulation with secretion are sufficiently like those of other neurosecretory systems
to justify considering the sinus gland as a model for further analysis of neurosecretory
mechanisms. The sinus gland system offers some major advantages over other
neurosecretory systems that have been studied. These include: (i) the secretory
terminals are sufficiently large in certain species to permit intracellular electrical
recording (Cooke, 1967, 1971, 1977); further, a few terminals are individually identi-
fiable from preparation to preparation; (2) the neurohaemal structure (the sinus
gland), its axon tract (the sinus gland nerve), and the X organ (which includes a
major portion of the neuronal somata contributing terminals to the sinus gland) can
be isolated without the inclusion of non-neurosecretory elements other than neuroglia
and connective tissue; (3) a sensitive, rapid, and semi-quantitative bioassay for one
of the neurohormones secreted, the erythrophore concentrating hormone (ECH),
has been developed (Weatherby, 1976; Weatherby & Cooke, unpublished); (4) the
isolated neurohaemal system (terminals and axons) remains in a stable, viable con-
dition for periods extending to days as judged by electrical and secretory responsive-
ness to stimulation.

The X organ-sinus gland system was among the first neurosecretory systems to be
recognized as such (Bliss, 1951; Passano, 1951). However, there appear to have been
no previous studies on the mechanisms of hormone release from this system, although
there is extensive information on its morphology and histology and on endocrine
effects mediated by the system (reviews: Gabe, 1966; Carlisle & Knowles,

1959)-
The sinus gland is a dense aggregation of bulbous axon terminals surrounding

haemolymph channels; other than connective tissue and glial elements, there are no
other cell types present. The sinus gland nerve consists of purely neurosecretory
axons and represents the major, and probably the only, tract by which fibres enter
the sinus gland (Potter, 1956; cf. Bliss & Welsh, 1952; Bliss, Durand & Welsh 1954).
Each axon branches within the sinus gland to give rise to a number of terminals.
Histological (Potter, 1954, 1956, 1958), histochemical (Rehm, 1959) and electron
microscopical (Bunt & Ashby, 1967; Andrews, Copeland & Fingerman, 1971;
Smith, 1974; cf. Shivers, 1967; Weitzman, 1969; Andrew & Shivers, 1976) studies
provide evidence for at least five kinds of terminals distinguishable by their staining
reactions or characteristics of the granules they contain. The coincidence of this
number with evidence for biochemical (review: Kleinholz, 1976) and endocrino-
logical studies for elaboration of at least five separate hormones from the sinus gland
makes tempting the speculation that each morphologically distinct terminal type
stores and releases a particular hormone.

The five hormones thus far separated are: (1) the hyperglycaemic hormone, (2)
moult-inhibiting hormone, (3) a leucophore concentrating hormone (LCH), (4)
a distal retinal pigment light adapting hormone (DRPH), and (5) erythroph«
concentrating hormone (ECH) (review: Kleinholz, 1976). The latter two fronW
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» i m p have been characterized and synthesized (Fernlund & Josefsson, 1972;
Fernlund, 1974 a, b, and as cited in Kleinholz, 1976), and are both relatively small
peptides that are not inactivated by heating to 100 °C. The hyperglycaemic hormone
is a polypeptide that is destroyed by heating (Kleinholz, 1976). LCH is probably a
peptide. The moult-inhibiting hormone has not been characterized. ECH has striking
similarities to vertebrate neurosecretory peptides such as oxytocin and vasopressin.
In common with these, ECH is an octapeptide and has an aminoterminal pyroglutamic
acid and a carboxyterminal amide.

In these experiments, we have followed hormone release from isolated sinus gland-
sinus gland nerve preparations by assaying for ECH activity in perfusate. Synthetic
shrimp ECH is used as a quantitative standard. This material is active in a number
of widely different crustaceans (Fingerman, 1973). ECH activity of eyestalk extracts
for different species behaves similarly to the shrimp synthetic hormone in coluatfi
chromatography (Fingerman, Fingerman & Hammond 1974). While the synthetic
hormone has not been observed to affect other chromatophores (Fingerman, 1973),
there appears to be little information on whether red chromatophores may be caused
to contract by other hormones of the eyestalk in analogy to cross reactivity of assays
for the vertebrate neurohypophysial peptides. This possibility is relevant to evaluation
of the experiments reported here, because stimuli are given which are expected to
elicit release of all sinus gland hormones, while only ECH activity is assayed. How-
ever, the conclusions to be drawn from observations we report do not depend on
resolution of this question.

These experiments have examined whether action potentials propagated in the
neurosecretory axons lead to release of hormones from the terminals and whether
extracellular calcium is essential for such stimulation to cause release. These are
initial tests of whether this neurosecretory system conforms to predictions of the
calcium hypothesis.

The calcium hypothesis has been proposed in explanation of observations on
neurosecretion (Douglas & Poisner, 1964 a, b) and of neurotransmitter release (Katz
& Miledi, 1967a, b)\ it suggests that similar mechanisms may be involved (reviews:
Katz, 1969; Rubin, 1974). Briefly, this hypothesis proposes that depolarization of
nerve terminals (normally but not necessarily accomplished by the arrival of action
potentials propagated to them by axons) leads to a change of permeability of their
membrane, permitting the entry of extracellular calcium ion; this entry of calcium
in turn leads to release of the neurohormone or transmitter.

In neurosecretory systems, tests using elevated perfusate potassium as a depolarizing
stimulus have been the most extensively applied. A model for such experiments is
the study of Douglas & Poisner (1964 a) on isolated rat neurohypophyses. Uptake of
"Ca during elevated potassium stimulation has been observed (Douglas & Poisner,
19646; Ishida, 1967). The observation that removal of calcium inhibits hormone
release by elevation of potassium from the neurohypophysis has been confirmed in a
number of studies (e.g. Dicker, 1966; Daniel & Lederis, 1967; Ishida, 1967; Dreifuss
et al. 1971; Uttenthal, Livett & Hope, 1971). Other neurosecretory systems in which
inhibition of hormone release in response to elevation of extracellular potassium has

Si observed include the fish urophysis (e.g. Berlind, 1972), insect abdominal
rohaemal structures releasing diuretic hormone (Maddrell & Gee, 1974), corpora

5-2



128 I. M. COOKE AND OTHERS

cardiaca (e.g. Normann, 1974), and Aplysia bag cells releasing egg-laying h o r m «
(Arch, 1972).

Relatively few studies have tested the predictions of the calcium hypothesis on
neurosecretion elicited by the more physiological method of stimulation, i.e. stimu-
lation of the axonal tract. Blocking of electrically elicited release of hormone by
removal of calcium has now been demonstrated for the neurohypophysis (e.g. Mikiten
& Douglas, 1965), for release of a cardioexcitor peptide from crab pericardial organs
(Berlind & Cooke, 1968, 1971) and release of a cardioexcitor (but not a hypoglycaemic
hormone) from cockroach corpora cardiaca (Gersch et al. 1970). With this latter
exception, we are not aware of any system in which the predictions of the calcium
hypothesis have not been met when tested.

The present observations show that in the isolated sinus gland system, hormone is
released when electrical stimulation of the axons elicits propagated electrical responses
of the sinus gland, and that the presence of calcium in the bathing saline is essential
for this secretion. Thus, the mechanisms linking neuronal activity and secretion
appear to be similar to those of most other systems studied and support the relevance
of the sinus gland as a model system for further study of peptide neurosecretory
mechanisms.

METHODS

Animals. The experiments were performed on isolated sinus gland-sinus gland
nerve preparations from Cardisoma carnifex (Herbst) and Portunus sanguinolentus
(Herbst). Large Cardisoma males, carapace width 9 cm, weight about 300 g, were
obtained from Fanning Island. They are terrestrial crabs and survive for months
kept in screened cages outdoors. They were supplied with pans of fresh and seawater
and fed laboratory rat pellets. Portunus are shallow water marine crabs reaching sizes
of 14 cm, measured laterally from spine to spine, and weights of 170 g. They were
trapped locally and held for short periods (less than two weeks) in a filtered, recircu-
lated seawater system and fed fish scraps twice a week. Ocypode pallidula Jacquinot
(until very recently O. laevis Dana), for the bioassay, were collected from local
beaches and held for up to a month in cages containing sand and providing access to
flowing seawater. They were fed fish food pellets. The experiments were performed
over a period of two years during nearly all months of the year.

Dissection. An eyestalk was cut from a crab and the exoskeleton removed with
minimal disruption of the underlying tissue. Further dissection was done under
chilled seawater in a petri dish with a blackened wax bottom. The sinus gland and
usually the distal portion of the sinus gland nerve can be seen by reason of their
iridescent white colour upon removing overlying muscles and connective tissue. By
fine dissection under a binocular microscope, the sinus gland nerve and sinus gland
are freed and transferred without bringing them through the liquid surface to a small
(7 mm diameter) depression in the bottom of the same chamber. Here the sinus
gland is pinned with cactus spines through fragments of adhering connective tissue.
Pretreatment of the paraffin with petroleum jelly results in a small volume of fluid
(ca. o-i ml) remaining in the chamber when the rest of the Petri dish is drained. The
chamber is then perfused with the normal saline at room temperature (2i-22^M
at about 0-5 ml/min by means of inflow capillary and drained by a paper wick to a
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Wlep trough in the wax. The time elapsed between removal of the eyestalk and
commencement of perfusion is usually less than 45 min. The normal perfusion fluid
is a modification of that developed by Dalton (1958). Its composition, in mM, is:
Na, 468; K, 17-6; Ca, 25; Mg, 17; Cl, 552; SO4( 9; it is buffered with 9 mM H3BO3>

adjusted to pH 7-4 with 0-5 N NaOH (Welsh, Smith & Kammer, 1968). Reduced
calcium salines are maintained osmotically equivalent by an appropriate increase
of NaCl.

Recording and stimulating arrangements. Recording and stimulating electrodes
consisted of saline-filled glass capillaries fitted with an internal and an external
silver wire. For stimulation, the cut end of the sinus gland nerve was drawn into the
capillary. Rectangular stimulus pulses of 0-3 ms duration were led from an electronic
stimulator via an isolation unit. A mechanical counter could be set to stop stimulation
after a selected number of stimuli. The recording electrode had a pore diameter of
50-70 fim. This was placed with the aid of a micromanipulator against the surface
of the sinus gland; its placement in each preparation was recorded in a sketch. The
leads were taken to a high input impedance, differential, a.c. preamplifier with gain
of 1000 and half-amplitude frequency response filters set for 0-3 and 10 kHz. The
output was taken to an oscilloscope and audiomonitor. An oscilloscope camera
recorded traces synchronized with the stimulus or vertical deflexions of an unswept
spot on continuously moving film.

Experimental routines. The experiments required that perfusion to the preparation
be halted for a given time (usually 5-7 min), the preparation being left undisturbed
in control periods or stimulated in experimental periods. Saline from the preparation
chamber was then collected for bioassay. When an experimental series was to begin,
perfusion was halted by redirecting the inflow pipette into the drain trough and
removing the wick. Fluid was removed from the chamber with a 50 fi\ syringe and
blunt needle, taking care not to lower the fluid level below the preparation. The
chamber was refilled and fluid removed in this manner twice, and then a control
period begun. This ensured that the perturbation to the preparation was similar
for all collection periods. After a timed interval, fluid was withdrawn in a similar
manner and the chamber refilled and fluid withdrawn twice more. The volume
withdrawn, usually about o-i ml, was measured and deposited in a vial. Saline was
then added to make a standard assay volume of 0-2 ml. Perfusion was restored to the
preparation chamber for at least 1 min between collection periods. Assays were
usually performed within 3 h. Collected perfusate activity is stable over periods in
excess of this.

The standard electrical stimulation routine was a series of 35 stimulus trains given
at 10 s intervals consisting of 5 stimuli at 5/s. Thus 175 stimuli were given in a period
just under 6 min. The five responses to the 1st, 10th, 20th, 30th, and 35th trains
were each photographed as superimposed traces from the oscilloscope. In some
experiments, spontaneous activity between stimulus trains was monitored with
continuously moving film. The preparation was left for 1 min after stopping electrical
stimulation before beginning collection of the perfusate and two rinses as described.

Cardisoma experiments, unstimulated control collection periods were made just
or to and just after the electrical stimulation period (allowing, as always, 1 min

perfusion between collections).
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Fig. i. Log dose vs. response curves for synthetic erythrophore concentrating hormone
(ECH) on Ocypode erythrophores. Individual observations were the averaged change of stage
of five erythrophorcs at i and at 3 min after introducing a o-j ml sample containing the total
weight of hormone indicated into an isolated leg segment. Numbers give the number of such
observations included in each averaged point and brackets indicate the standard deviation.
Minimum assayable hormone is ca. i pg, or a solution having a concentration of 5 x io~" M.

When the effect of altered salines was to be tested, the new saline was brought
through the perfusion tubing by allowing it to flow into the drain trough for 2 min
before being introduced to the preparation chamber. The preparation was then
perfused with the new saline for at least 1 min before halting perfusion for any assay
period.

The bioassay. The assay system will be described in detail elsewhere (see, also,
Weatherby, 1976). Isolated meropodite segments of the legs of Ocypode pallidula
are perfused with the normal saline causing red chromatophores to become stellate.
To perform an assay, perfusion is halted and the leg filled with the sample. A sample
volume of 0-2 ml is used, as this is very slightly in excess of that required to displace
all saline from the leg segment. The stages of five preselected chromatophores are
noted according to the 5 point scale of Hogben & Slome (1931) at 1 and 2 min;
stage 5 is fully stellate, stage 1 is completely punctate. No fractional scores are given.
The scoring of stages is unambiguous to an experienced observer. (Nevertheless, to
avoid subjectivity, assays were usually made by a worker unaware of the contents of
the vials.) The scores for the five chromatophores were averaged, and the stage change
used to compare with the dose-response curves (see Fig. 1), obtained by many assay
trials on many legs, of dilutions of a stock solution of Pandalus borealis synthetic
erythrophore concentrating hormone (Fernlund & Josefsson, 1972; Fernlui^
19746). The dose-response curve (for 2 min observations) for dilutions of an aqueous



Neitrosecretory and electrical responses of crab sinus gland 131

Pttract of Cardisoma sinus glands and of Ocypode sinus glands are practically super-
imposable on that of the synthetic hormone over a concentration range of four log
units. Although the chromatophore stages were chosen for unambiguous visual
recognition, the log dose vs. response plot approximates a straight line for a change of
up to two stages as observed at 1 min, and for changes of between 1 and 3 stages at
2 min. ECH concentrations causing faster or greater changes show evidence of saturat-
ing the response. Perfusate samples which caused saturating, indistinguishable
responses at 2 min (i.e. a chromatophore change greater than 3) usually exhibited
different degrees of chromatophore contraction at 1 min. Any individual assay of a
given concentration may vary as much as + one stage from the averaged assay
response. For individual assay legs, however, the dose-response curves generally
parallel that of the curve representing the averaged observations. Thus, when it is
possible to make assays on the same leg, as was the case for stimulated collections
in Fig. 2 and 4, the comparisons of relative activity between samples gain in confi-
dence. Since in most experiments only a single assay was made, only an order of
magnitude estimate of hormone present is available. However, the conclusions reached
in these experiments are based on very large differences in the assay responses which
were observed in several repetitions of each experiment. Results are expressed in
terms of change of chromatophore stage at 2 min produced by the perfusate collected
from the experimental chamber upon assay, unless otherwise stated.

Tests were made to examine whether the altered salines by themselves caused
chromatophore changes, or interfered with or changed the sensitivity to sinus gland
extract. The presence of tetrodotoxin (5 x io~7 M) did not change assay responses.
Salines having calcium reduced to less than 10% did interfere with the chromatophore
responses. However, since at least an equal volume of normal saline was added to the
perfusate withdrawn from the chamber, calcium in the assay sample was never less
than 50% normal. Assay responses were unaltered by reductions in calcium of this
magnitude. For reduced calcium experiments, dilutions of the assay aliquots from
periods in normal saline were made with the altered saline to be tested, thus making
the assay control and test samples the same with respect to their saline ionic composi-
tion.

Criteria for successful isolation of a sinus gland. Before performing any experimental
series on an isolated sinus gland, the preparation was tested by assaying hormone
release from an unstimulated period and a period of stimulation by the standard
regime at optimal voltage for recording an electrical response. Assays from unstimu-
lated controls were required to be less than a one-stage chromatophore change, and
from the stimulated period, at least a one stage greater change than the unstimulated
control. Twenty-nine of 40 Portunus sinus glands dissected and 60 of 71 Cardisoma
preparations met these criteria.

In experiments on the effects of reduced calcium salines, it was required that the
original criteria also be met after return of the preparation to normal saline following
the tests in altered calcium saline. Nineteen of 30 experiments with Cardisoma met
the criteria; six were excluded because the preparations began to show significant

«es of spontaneous release during exposure to the reduced calcium saline and
Uinued to release spontaneously after return to normal saline. Five trials were

excluded because stimulated release after return to normal saline was not assayed
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(2 cases) or did not reach significant levels. Of 17 preparations of Portunus tested m
reduced calcium salines, 5 met these criteria; most exhibited an increased level of
spontaneous hormone release during exposure to low calcium salines which did
not return to criterion levels on restoration of the preparation to normal saline.

RESULTS

Correlation of electrical responses toith hormone release

Electrically elicited hormone release. Isolated sinus gland preparations were routinely
tested before further experimentation for their ability to release hormone in response
to electrical stimulation. A stimulus intensity was selected that gave a maximal
propagated response recorded from the sinus gland. In 29 of the 40 Portunus prepar-
ations and 60 of 71 Cardisoma isolated sinus glands, hormone present after a period
of stimulation (175 stimuli in trains of 5 at 5/s every 10 s, in most cases) exceeded that
in saline from an unstimulated period of equal duration by at least one chromato-
phore stage when assayed. In the majority of the preparations there was undetectable
hormone activity or a level giving less than one chromatophore stage change when the
perfusate of the 'control', unstimulated period preceding the test period was assayed.
When higher unstimulated levels of release were present, there was usually a poor
electrical response; both may reasonably be attributed to damage in dissection.
Roughly half of those preparations which did not show increased release during
stimulation showed none or much lower amplitude of the compound electrical
response than was observed in the majority of preparations. These provide a control
group indicating an essential association between propagated electrical activity and
hormone release.

As a test for the possibility that stimulus current may be capable of releasing hor-
mone independently of stimulating axonal action potentials, nine Cardisoma pre-
parations were given the standard repetitive stimulation routine at high current
intensities with the electrode removed from the nerve but remaining in the o-i ml
bath with the preparation. Two of eight preparations tested with a current strength
of 400 fiA showed an increase in hormone present in the perfusate over unstimulated
control periods. Four preparations were tested with 1 mA pulses; two showed
hormone release giving just significant assay levels; one continued hormone release
in subsequent unstimulated periods, suggesting that damage may have occurred.
None of the preparations showed release in response to stimulus trains using current
strengths of 300 fiK or less. Current strengths used in the other experiments here
reported rarely exceeded this value and never exceeded 400 fiA..

We did not observe any propagated electrical activity or change in spontaneous
activity recorded from the sinus gland during periods in which current pulses were
passed into the bath, with the exception of one preparation tested at 1 mA which
exhibited increased spontaneous activity (but did not show detectable ECH release).
Our recording electrode, however, samples a very small part of the sinus gland popu-
lation of axons and terminals. Efforts to observe hormone release in the presence of
tetrodotoxin (TTX), whether by stimulation with the electrode on the nerve (s
further below) or in the bath, have never given evidence for release. This was true
one preparation which did show detectable release during passage of 1 mA current
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pulses into the bath in normal saline. Thus it seems likely that the few cases in which
strong currents released detectable hormone resulted from the induction of action
potentials, rather than direct effects on the release mechanism.

In each of the preparations used in these tests, the nerve was afterwards taken up
in the stimulating electrode and levels of ECH assayed following unstimulated and
stimulated periods with current strength much reduced to that giving just optimal
propagated electrical responses. Stimulated release reached much higher levels than
with the nerve not in the electrode. We conclude that at the current strengths used
in our experiments, electrical stimulation causes hormone release by initiating action
potentials in the neurosecretory axons, and not by a direct effect of electrical current.

Tetrodotoxin block of electrical and secretory responses. The conclusion that propa-
gated action potentials cause hormone release is strengthened by the outcome of the
experiments in which preparations were exposed to 3 x io~7 M tetrodotoxin (TTX).
Within 45 s of commencing TTX perfusion, all electrical activity, both spontaneous
and in response to stimulation of the sinus gland nerve, disappeared. Perfusate from
control and stimulated periods following the usual routine was collected and assayed.
In all six preparations examined, hormone release during stimulation in TTX saline
was not significantly different from unstimulated release. In all preparations, electrical
responses were again observable and significant levels of ECH activity were released
in response to stimulation when the sinus gland nerve was stimulated following an
hour's perfusion with TTX-free saline.

These observations are consistent with others indicating that action potentials of
sinus gland nerve axons are sodium-mediated (Iwasaki & Satow, 1971, 1973; Cooke,
1971, 1977). They strengthen our conclusion that hormone release in response to
sinus gland nerve stimulation in these experiments is the result of action potentials
propagated to the terminals and not due to a direct effect of the stimulus current.

Correlation of electrical and secretory response thresholds. A series of experiments
examined the correlation between hormone release from the isolated sinus gland and
electrical activity attributed to action potentials propagated by the neurosecretory
axons to and into the terminals. In six preparations, the amount of ECH activity
released to the perfusate during stimulation of the sinus gland nerve with the standard
regime (5 stimuli at 5/s, every 10 s for a total of 175, about 6 min) was determined for a
series of stimulus intensities and compared with the amplitudes of the electrical
responses recorded extracellularly from the sinus gland. In three of the six prepara-
tions, when the stimulus was adjusted for a just detectable electrical response,
subsequent assay showed no difference. In the experiment illustrated (Fig. 2), a
doubling of current above threshold led to a noticeable increase in the amplitude of
the recorded electrical activity and high levels of hormone release. The maximum
response is approaching or exceeding the limits of the linear assay range for 1 min
stage readings (see Methods). In all six experiments, stimulation at about twice
threshold gave near maximal electrical response and high levels of hormone release.

The response recorded with a small (50-70 /an diameter) pore electrode applied
to the surface of the sinus gland is in most cases predominantly monophasic as might
be anticipated in recording from terminals, (e.g. Figs. 2, 9). The small increment in
Pimulus intensity required to increase the propagated electrical response from just
detectable levels to maximal agrees with histological observations (Potter, 1956) of a
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Fig. 2. Electrical responses and hormone assays for different intensities of sinus gland
nerve stimulation. Superimposed responses (propagated compound action potentials) to a train
of stimuli at 5/s at the voltage indicated are shown in the frames at the top (scales: 2 m/s,
ist frame, 01 mV; others 05 mV). The graph plots chromatophore stage change (at 1 min)
in assays of fluid collected after standard patterned stimulation with 175 pulses vs. the stimulus
current (log scale) (all assayed on the same preparation). Point C is the average of all control
assay responses (fluid collected after 7 min in contact with the unstimulated preparation).
Propagated electrical responses and hormone release show similar thresholds and increase
with increasing stimulus current in parallel.

population of 'more than 200' axons of relatively uniform size (1-6/im diameter).
The responses to repeated stimuli, when superimposed, show fluctuations which vary
in discrete increments. The fluctuations are interpreted to represent varying contri-
butions to the compound potential of individual axons or terminals due to varying
latency or responsiveness. These fluctuations are within the range of amplitudes of
'spontaneous' potentials recorded by the pore electrode (see further below). There
was in many cases an increase in the amount of variability in the responses to indi-
vidual stimuli within the trains and a decrease in the amplitude of the compound
action potential with continuing stimulation in the 35-train standard routine. Obser-
vations made with intracellular electrodes show that individual terminal responses
consist of overshooting action potentials with a half-amplitude duration of the order
of 10 ms and in many cases an after hyperpolarization lasting hundreds of ms.
Individual terminals fail to respond consistently to repetitive stimulation at frequencies
exceeding 5/s. The intracellular observations will be presented in detail in a separate
paper (see brief reports in Cooke, 1967, 1971, 1977). The pore electrode thus appears
to sample electrical activity of a discrete population of axons and terminals ^
near the tip, and not a massed response of the sinus gland as a whole.
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Release following cessation of electrical stimulation. In the experiments with Cardi-
soma sinus glands, saline was assayed from an unstimulated control period just prior
to electrical stimulation and from an unstimulated period of equivalent duration
immediately following stimulation. In a majority of cases, these post-stimulus control
assays showed higher levels of hormone present than the pre-stimulus controls.
Although the level of hormone present in the pre- and most of the post-control periods
was less than enough to give a change of one chromatophore stage (as, for example,
in Fig. 4), there were enough observations in which the post-control amounts
of hormone reached significant levels to indicate a consistent trend.

Possible explanations are (1) that hormone is released into the internal blood sinuses
of the sinus gland and then continues to diffuse to the perfusate for some time
after cessation of stimulation; and (2) that spontaneous electrical activity persists
after a period of stimulation and results in hormone release. Both might con-
tribute.

Concerning the suggestion of delayed diffusion, we have noted that effects on
electrical activity of salines with reduced calcium appear within 30 s of the change
of bath (see later). However, the recordings are from surface terminals. Assayable
amounts of hormone (chromatophore change of more than one stage) have been
obtained from Portunus after 25 stimuli when the perfusate was in contact with the
preparation for just over 1 min. These observations are evidence against an important
barrier to diffusion of hormone at the surface of the sinus gland. However, they do not
exclude slow diffusion from the internal sinuses. If continued release after stimulation
is due to delayed diffusion, the amount of hormone appearing during a given time
after ceasing stimulation would be expected to be proportional to the amount released
during stimulation. Our data are not adequate to test this prediction. The timing of
the beginning of post-stimulus control perfusate collection would be critical and was
not precisely controlled in our experiments, and the levels of hormone to be assayed
are at the limits of the quantitative range of the assay.

A major contribution to continued hormone release after cessation of stimulation
by continuing electrical activity of the sinus gland can almost certainly be ruled out:
the heightened level of spontaneous electrical activity recorded immediately after
trains of stimuli has always been observed to decline to pre-stimulation levels even
before the collection of perfusate for the ' stimulated' period has begun. This electrical
activity is described below.

Spontaneous electrical activity. The fluid-filled capillary applied to the surface of the
sinus gland occasionally records brief electrical potential changes in the absence of
stimulation. Spontaneous activity appears to represent action potentials of single
axons or terminals as judged by the unique amplitude and shape of individual deflec-
tions. Such 'units' are sometimes seen to appear repetitively at a regular frequency;
more commonly, the recurrence of a recognizable unit is at apparently random inter-
vals. Unit potentials vary in amplitude from a size just detectable in the noise of the
trace to as large as 1-5 mV. In ten cases (see e.g. Figs. 3, 7 and 8) a fortuitous electrode
placement on the sinus gland detected tri-phasic potentials consisting of a rapid
biphasic response immediately followed by a slower monophasic deflection. In the
fcght of intracellular recordings to be reported separately (see also Cooke, 1977),
mis could reflect axonal conduction to a terminal of an action potential of normal
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Fig. 3. Sinus gland spontaneous unit activity. Recorded during an unstimulated period by
means of a capillary (50—70 fim) applied to the surface of the sinus gland, the rapid biphasic
potential is always followed by the slower, monophasic potential. By reason of their time-
courses, the rapid potential is interpreted as an axonal action potential and the slower potential,
a terminal action potential. The 'unit' is recognizable by its consistent complex form and
amplitude. The baseline was shifted following each sweep. Scales: 10 m/s, 200/*V. See also
Figs. 7, 8.

duration followed by an active depolarizing response of the terminal lasting about ten
times longer.

In normal saline, spontaneous electrical activity is infrequent in unstimulated
preparations. However, during the 9 s intervals between the repetitive trains of stimuli
used in our standard routine, increased levels of spontaneous activity were consis-
tently observed. A particularly active preparation is illustrated in Fig. 8. Such activity
consists of the appearance of 'unit' potentials of various amplitudes; usually at its
maximum the activity reaches rates of about 6 units of various sizes per second.
These observations are consistent with observations made in intracellular recordings
from single terminals, where a period of increased spontaneous action potentials is
frequently observed to follow repetitive stimulation. However, in neither case has the
spontaneous activity lasted longer than 30 s to 1 min.

Durability of hormone release in response to electrical stimulation. The Cardisoma
isolated sinus gland preparation is capable of releasing easily assayable amounts of
ECH hormone from numerous periods of stimulation and for many hours after
isolation. We have not studied in detail the time course of exhaustion of hormone
release, but six preparations not otherwise treated were tested for hormone release in
response to the standard routine of 175 repetitive electrical stimuli over a period of 7 h
or more. Five of the six gave six or more periods of stimulated release without any
evidence of a decline in the amount of hormone released. The sixth began to show
high levels of release in unstimulated controls after 4 h, interpreted to represent
deterioration of the preparation. One of the five showed some decline of stimulated
release, in the 7th period of stimulation, 9 h after dissection.

Six Cardisoma sinus gland preparations that had been used for other experiments
during the initial six hours after dissection were left perfusing overnight, and hormone
release in response to electrical stimulation was tested the following day, 24-31^
after dissection. With one exception (the same preparation which exhibited fatigue
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Fig. 4. Effects of reduced saline calcium on electrically elicited hormone release from a
single sinus gland preparation. The bare show the chromatophore change (at a min) when
fluid from the preparation chamber was assayed; empty bars, unstimulated; solid bars,
electrically stimulated; they are placed on the horizontal axis to represent the time (relative to
isolation of the preparation) that the assay aliquot was in contact with the preparation (usually
a 7 min period). Cross-hatching indicates the period in 10% (25 min) calcium saline. Re-
duction of saline calcium leads to reduction of hormone release in response to stimulation.
Comparison of assays with Fig. 1 indicates that hormone released in 10% calcium saline was
less than 10% that in normal saline. Electrical stimulation: 175 pulses of 0-3 m/s duration
as 35 trains of 5 at 5/8 every 10 8.

to repeated trials mentioned above), assays gave chromatophore responses within a
half stage of those seen initially. Although the electrical responses recorded were not
identical with earlier records, they were not noticeably reduced in amplitude. The
changes in form were not any greater than are often observed between periods of
stimulation given several hours apart during the same day. Stimulus intensities to
give threshold and maximum electrical responses were in all cases increased; they
are generally found to increase as a function of time since dissection.

These observations give us confidence that our preparations are in generally stable
condition for the duration of the experiments and are not subject to exhaustion of
releasable hormone by the number of tests used.

Effect of reduced calcium salines on electrically elicited hormone release

Effects on hormone release. A major premise of the calcium hypothesis is that entry
of extracellular calcium into secretory terminals is a necessary prelude to release of
the secretion. In a series of experiments, the isolated sinus gland preparation was held
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Fig. 5. Electrically elicited hormone release vs. saline calcium concentration. Assay
results of 19 trials are plotted against calcium concentration (log scale); assays from unstim-
ulated controls in normal and in the reduced calcium salines are also shown. 9 , Individual
trials; • , second exposure of preparation to reduced calcium saline; A, average (excluding
• ) . Reduction of calcium leads to reduction of stimulated ECH release.

in saline of reduced calcium concentration long enough (20-30 min) to obtain un-
stimulated and stimulated collections of perfusate to be compared with assays of
similar periods before and after recovery from exposure to the reduced calcium saline.
Salines having 30, 10, or 1% of the normal calcium concentration (25 mM) were
tested on different preparations. In a few cases, two altered salines were tested on the
same preparation. The assay results of an experimental test of 10% calcium are shown
in Fig. 4.

The assay responses of the 19 acceptable (see Methods) tests of reduced calcium
saline are plotted against the saline calcium concentration (log scale) in Fig. 5. It
will be seen that hormone release in response to electrical stimulation is reduced when
the saline calcium concentration is lowered and, in saline having 1% of normal
calcium, is indistinguishable from spontaneous release.

To demonstrate that the reduction of hormone release occurred in every trial with
reduced calcium saline, the assay results of the same 19 experiments are replotted
as shown in Fig. 6. Here the score observed on assay of the perfusate collected after
stimulation in the reduced calcium saline minus the score from the preceding stimu-
lation in normal saline is plotted against the calcium concentration (log scale). There
is a reduction of hormone release in every case; on average, the reductions amount to
an assay difference of one or more chromatophore stages.
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Fig. 6. Difference in hormone release in reduced calcium and normal saline for each trial.
Also plotted are the differences in assays of unstimulated control periods in normal and re-
duced calcium saline, and of stimulation after return to normal saline minus stimulation
before exposure to reduced calcium saline ('Recovery'). Second trials are excluded from
averages. Symbols as in Fig. 5. Hormone release in reduced calcium saline is in every test
less than in normal saline.

In order to be certain that reduction in homone release observed in reduced
calcium saline was not the result of exhaustion of the releasable hormone stores of the
sinus gland or of deterioration of the preparation, the preparations were returned to
normal saline after each trial in reduced calcium saline and tested for the amount of
ECH activity released in response to the standard stimulation regime. As mentioned
in Methods, it was a condition for accepting a reduced calcium experiment as valid
that, on return to normal saline, the preparation meet the critiera of low levels of
unstimulated hormone release (assay less than 1 chromatophore stage change) and
stimulated release exceed unstimulated by a chromatophore stage change of at
least one. Eleven of 30 experimental runs were rejected because the necessary tests
were not completed or these criteria were not met. Of the 19 trials accepted, assays
of the stimulated period following return to normal saline were greater or within a
half chromatophore stage of those before exposure to low calcium saline with four
exceptions. The observations are shown as a separate set of points in Fig. 6. In all
but one experiment (a 30% calcium trial), the sinus glands released more hormone on
stimulation after return to normal saline than they did in reduced calcium saline.

Assays of perfusate collected during unstimulated periods in the reduced calcium
Balines generally gave greater chromatophore changes than assays from unstimulated
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control periods in normal saline from the same preparation (see Figs. 5, 6). The
amounts of hormone were in most cases at the limits of reliable detection, and hence
only the consistency of the observation lends it significance. Possible correlation
with spontaneous electrical activity is considered in the next section.

Experiments on isolated sinus gland preparations of Portunus in reduced calcuim
salines gave results consistent with those for Cardisoma. However, only 5 of 17
experiments can be considered complete; many of the preparations increased their
level of unstimulated hormone release during exposure to low calcium saline and
continued high spontaneous release rates after return to normal saline. Effects on
spontaneous and propagated electrical activity of low calcium on the Portunus pre-
parations were also comparable to those observed in Cardisoma (see below.)

Effects of reduced calcium salines on electrical activity. The electrical activity that
could be monitored extracellularly from the surface of the sinus gland, both that
occurring spontaneously and that in response to stimulation, was recorded during
the same periods that perfusate was being collected for assay in the experiments
with reduced calcium salines described above. Since the reduced calcium salines
affect spontaneous and propagated electrical activity in characteristic ways, the
question arises whether the effects on hormone release are secondary to effects on
electrical activity.

The first change observed on commencing perfusion of an isolated sinus gland with
saline of reduced calcium concentration is a commencement or a marked increase in
the level of spontaneous activity (Figs 7, 8). In normal saline, as mentioned previously,
spontaneous activity is absent (as was the case in both the preparations illustrated)
or very infrequent. Between 30 s to 1-5 min after beginning perfusion with a low
calcium saline there was in every experiment a very marked increase in the frequency
and number of individual units firing 'spontaneously'. It reaches a maximum within
5-10 min of beginning the low calcium perfusion and then usually declines. In the
case of 30 % normal calcium, spontaneous activity continues at levels greater than in
normal saline (see e.g. Fig. 8). In 10% normal calcium, the activity declines sharply,
with occasional episodes of high activity; in half of the preparations it ceased com-
pletely within 16-21 min of starting the low calcium perfusion. In the others, it
continued at low levels. In 1% calcium, the increased levels of activity are more
pronounced, but the activity declines more abruptly and ceases completely within
5-20 min.

As mentioned earlier, unstimulated control periods in reduced calcium salines gave
consistently greater assay responses than perfusate of unstimulated control periods
in normal saline. The control collection periods were begun 1 min after beginning
perfusion with the low calcium saline and hence coincide with the period during which
spontaneous activity is at a maximum. The increased release may thus reflect secretory
responses to electrical activity occurring before full equilibration of low calcium
saline within the tissue has resulted in inhibition of release. Consistent with this
suggestion is the finding that in 30% calcium, spontaneous activity continues and
unstimulated assays taken later in a trial consistently give significant assay responses.
Our stimulated assays in 30% calcium indicate that a reduced but significant hormone
release response is maintained at this calcium concentration. In the salines having io0/
or 1 % normal calcium, the later unstimulated assays were no greater or were le
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Fig. 7. Spontaneous activity during exposure to saline with reduced (10% normal) calcium.
Each trace represents ca. 2 s continuous recording at the time (min) indicated since beginning
perfusion with 2-5 mM calcium saline. This preparation showed very infrequent spontaneous
activity in normal saline (not shown). At 3 min, a triphasic, large unit is recorded (compare
Figs. 3, 8, other preparations). At 4 min (note decreased gain), this unit is firing regularly,
and other units, including another triphasic one, have appeared. After 5 min, the number of
units has increased, and the monophasic portion of the large triphasic unit is failing. At 7 min,
it has disappeared; the number and rate of firing of units was about maximal for this test.
A new triphasic unit is present. After 8 min, activity has declined sharply, though the tri-
phasic unit of the 7 min trace continues to fire. After 9 min in low calcium little spontaneous
activity remains. Scales: 01 s; 500 /*V (retouched).

than the earlier ones. In eight preparations placed in nominally zero calcium saline,
unstimulated controls showed reduced or no change in spontaneous hormone release
compared with levels in normal saline.

Four of five preparations in which triphasic unit potentials (see, e.g. Fig. 3) could
be observed showed characteristic changes in these during exposure to 10 or 1 %
calcium salines (as in the preparation giving the records of Fig. 7, see at 3 min). It will
be recalled that such potentials have been interpreted as representing an axonal
followed by a terminal action potential. As exposure to the reduced calcium saline
continues, the ' terminal' potential first shows an increase in duration (4 min, Fig. 7)
and then disappears from the records (5 min); the remaining 'axonal' potential
ceases suddenly without any decline in amplitude a few minutes later (8 min). One
preparation showed persistence of a triphasic unit without alteration of form for
18 min after commencing 10% calcium saline perfusion; it then ceased, together
with other spontaneous activity.

Following return of the preparations to normal saline, the sequence of changes in
spontaneous activity and in the form of the characteristic potentials occurs in reverse»Ier. There is a period of increased spontaneous activity before the eventual return

infrequent or no spontaneous activity. The time course for recovery is of the order
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Fig. 8. Spontaneous activity during exposure to saline with 30% normal calcium and
following trains of electrical stimulation. Activity increases during the first 4 min in 7-5 mM
calcium saline and then remains approximately the same. At least three units having a slow
monophasic component (interpreted to represent a terminal action potential) can be disting-
uished at 4 min. The same units are present and show little change of form after 35 min in
reduced calcium (compare Fig. 7). On return to normal saline (R), spontaneous activity
ceased within 1 min. S shows spontaneous activity following the 20th train of standard
patterned electrical stimulation of the sinus gland nerve. It was recorded an hour after return
to normal saline with unchanged electrode placement. Certain units appear to be the same as
those seen during 30% calcium perfusion, though slightly changed in form. Scales: o-i s; 500
fiV (not retouched).

of two or three times as long as for the onset of the effects of the low calcium
salines.

Records from a preparation tested in 30% calcium saline that exhibited triphasic
unit potentials are shown in Fig. 8. The significant differences to observations in
10% calcium or 1% calcium are (1) that the level of unit activity increases (from
practically none, in this case) and then remains stable for the duration of 30%
calcium exposure, rather than ceasing, and (2) units which show triphasic potentials
retain the same wave form for over 35 min rather than in most cases gradually losing
the monophasic portion. Restoration of normal saline results in almost immediate
silencing of spontaneous activity. Records are included in the figure of spontaneous
activity appearing between trains of electrical stimuli applied to the sinus gland
nerve as recorded with the same placement of the recording electrode. Minor changes
in waveform of otherwise similar unit potentials to those observed during 30% calciuA
perfusion may be the result of a slight change in the recording situation over timv
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Fig. 9. Sinus gland electrical responses to nerve stimulation in reduced calcium saline.
Each frame shows superimposed the propagated, compound action potentials in response to
the 20th of 35 trains of 5 stimuli at 5/3; trains were given every 10 s. The sinus gland nerve was
stimulated with a suction electrode at optimal voltage. The middle frame shows the response
recorded after ca. 15 min in the saline with calcium reduced to the percent indicated. Frames
above and below show responses in normal saline before and after. Separate traces, where
seen, are responses to the first stimulus of the train. In 30 % of normal calcium, the response
shows reduced latency (ca. 30%) and increased amplitude; in 10% calcium, reduced latency,
reduced amplitude and increased variability; in 1% calcium, the response is depressed. The
effects are reversible. Scales: 2 ms 2 mV.

(1 h), different sites of initiation of the activity, or an effect of the change in calcium
concentration.

Changes in the propagated responses to stimulation recorded from the sinus gland
during treatment with reduced calcium salines in almost all tests include a reduction 9
conduction time (Fig. 9). In 30% calcium, there was increased definition of the peak
of the response, and, in about half the preparations, increased amplitude, interpreted
as reflecting reduced variability in response and conduction time and thus better
summation of individual responses. Preparations in 10 or 1 % calcium saline in most
cases showed a reduced latency, 'peakier' response to the first few stimuli, after
which the compound potential in some preparations declined and became quite
variable from stimulus to stimulus. The records in Fig. 9 are taken after this initial
decline and are representative of the electrical responses observed during the majority
of the period during which perfusate collection is made. After reintroducing normal
saline, a number of the preparations exhibited, for an hour or more, propagated

«onses of greater amplitude than those recorded before introduction of reduced
ium saline.

. L number of the preparations showed little change in the amplitude of the response
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to stimulation during exposure to reduced calcium saline. These cases may represent
an electrode placement that monitors predominantly axonal and not terminal action
potentials. This suggestion is supported by experiments (on Portunus preparations)
in which activity was monitored simultaneously by two extracellular electrodes, one
placed on the sinus gland nerve and one on the sinus gland. The responses recorded
from the sinus gland nerve showed, in all reduced calcium salines, decreased latency,
increased definition of the peak of the compound potential, and in many cases,
increased amplitude; amplitude decreases were not observed. At the same time,
responses monitored from the sinus gland were often reduced, as previously described
for the Cardisoma preparations.

In summary, reduced calcium salines produced variable effects on the propagated
electrical responses to stimulation. The variability may be the result of different
electrode placements; the pore electrode monitors a very small part of the terminal
population. The changes observed include enhancement of the compound action
potential (most often seen in 30% calcium, never in 1 %), little change in amplitude,
or decrease in amplitude (most often seen in 1 % calcium saline, never in 30%).

The extent of reduction of hormone release by low calcium salines was not clearly
correlated with whether or not the propagated electrical responses were reduced. As
shown previously (Figs. 5, 6), in all preparations providing adequate data, low
calcium salines produced a significant reduction in hormone released in response to
electrical stimulation.

DISCUSSION

Neuronal control of neurosecretion. The present observations add another neuro-
secretory system to those in which it has been shown that hormone release is under the
control of action potentials propagated to the terminals by the axons of the neuro-
secretory neurons. The others include the vertebrate neurohypophysis (e.g., Mikiten
& Douglas, 1965; Ishida, 1970; Dyball, 1971; Dyball & Dyer, 1971; Dreifuss et at.
1971), the insect brain-corpora cardiaca system (e.g. Kater, 1968; Normann & Duve,
1969; Gersch, et al. 1970), Aplysia bag cells (Kupfermann, 1970), and crab pericardial
organs (e.g. Cooke, 1964; Berlind & Cooke, 1970). Although the evidence presented
in this paper applies strictly to the release of erythrophore concentrating hormone
(ECH), the broader conclusions can probably be generalized to the entire sinus gland
system, for the following reasons. Propagated electrical responses to sinus gland nerve
stimulation have not been observed to vary noticeably or in any systematic way with
the location of the extracellular recording electrode. Intracellular recordings do suggest
that individual terminals may have different electrical characteristics, such as greater
or smaller resting potentials, tendency to spontaneity, and different sensitivity to
withdrawl of extracellular calcium. However, they all show overshooting, long
duration (10 ms) responses (action potentials) to stimulation of their axons and no
evidence of synaptic interaction (Cooke, 1967, 1971, 1977). Their differences have
not to this point been attributable to topographic location in the sinus gland. In
histological preparations, terminals having different staining characteristics (and on a
number of lines of indirect evidence, assumed to represent terminals storing different
hormones) are grouped in locations which are consistent from preparation to ^ B
paration (Potter, 1956). Therefore, if terminals storing different hormones had very



Neurosecretory and electrical responses of crab sinus gland 145

different electrical characteristics, both extracellular and intracellular recordings
which have been made from different sites on the sinus gland should have indicated
this.

Unlike most of the other neurosecretory systems that have been studied, histology
and electron microscopy (e.g. Potter, 1956; Bunt & Ashby, 1967; Weitzman, 1969;
Andrews et al. 1971) reveal no non-neurosecretory neuronal elements in the sinus
gland. There is no morphological evidence for synaptic (electrical or chemical) inter-
action among elements of the sinus gland (Andrews et al. 1971). Hence, there is no
need to consider and exclude the possible participation of non-secretory elements in
the hormone release process or interaction among terminals in order to conclude that
hormone release from each terminal can be signalled by electrical activity of its axon.
Our assay system measured a hormone whose physiological effectiveness (at least in
the case of the assay crab, Ocypode) may be presumed to involve its occasional rapid
(within seconds) release to the circulation in large amounts. Caution should guide
the extension of the conclusions to the control of release of hormones, such as moult
inhibiting hormone, whose physiological role presumably requires release in very
small amounts over periods of months.

The physiological role of ECH in Cardisoma is unclear. Cardisoma has a heavy,
opaque exoskeleton, and red chromatophores are sparsely present underlying the
transparent, flexible membranes of the leg joints. Total amounts of ECH activity
per sinus gland in Cardisoma are the same, within limits of our assay, as found in, for
example, Ocypode, which exhibits colour matching to its background.

Although colour change is apparently unimportant in Cardisoma, ECH is stored in
large amounts, and its release is controlled neurally as shown in this work. It seems
safe to presume that ECH is serving an important physiological role other than, or in
addition to, control of red chromatophores. It would be interesting to know the extent
to which red chromatophores respond to other hormones of the sinus gland.

In isolated preparations, release of ECH activity normally occurs when electrical
currents stimulate axonal action potentials in the sinus gland tract which propagate to
and produce active electrical responses of the sinus gland terminals. Addition of TTX
to the saline rapidly obliterates all electrical activity recordable, both spontaneous
and in response to sinus gland nerve stimulation; no ECH release is detectable in the
presence of TTX. The TTX effects are reversible. These observations strengthen
our conclusion that propagated action potentials are the normal signal for hormone
release from sinus gland terminals. They also confirm previous reports that sinus
gland axons exhibit typical sodium-mediated action potentials (Iwasaki & Satow,
1971, 1973; Cooke, 1971, 1977).

Threshold for appearance of hormone in the saline corresponds with threshold for
recording an electrical response (see Fig. 2), and the amount of hormone release
increases sharply as the amplitude of the electrical response is augmented by increasing
the stimulus intensity. The population of neurosecretory axons and terminals must be
relatively homogeneous with respect to its responsiveness to electrical stimulation, as
might be expected from the histology (Potter, 1956), since correlation of hormone
release and electrical response did not depend on the location on the sinus gland of the

tfording electrode. Doubling of stimulus intensity was often sufficient to increase
e compound response from threshold to maximal. We conclude that action potentials
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propagated to and into the terminals of the sinus gland cause the release of neurc^
hormones.

' Spontaneous' release. Release of hormone in the absence of axonal stimulation is
normally undetectable or at very low rates. Some evidence for increased spontaneous
release following repetitive stimulation was obtained; it could represent delayed
diffusion of material released into the internal haemolymph spaces or a neurosecretory
equivalent of the increased rate of spontaneous quantal neurotransmitter release
observed at some synapses after activity (e.g. del Castillo & Katz, 1954; Miledi &
Thies, 1971).

A high rate of spontaneous hormone release is considered abnormal; it was usually
associated with poor electrical responsiveness and could, in many cases, be related to
trauma in the course of isolation or placement of electrodes. A number of preparations
especially of Portunus, became 'leaky' after exposure to reduced calcium salines.
Finally, deterioration of a preparation with time after dissection was apparently
signalled by increasing spontaneous hormone release. This may represent fatigue
(for lack of ATP) of calcium sequestering or expelling mechanisms (Thorn, Russell &
Vilhardt, 1975). However, it should be emphasized that the Cardisoma preparations
were generally remarkably durable: those that were tested responded with electrical
activity and hormone release more than 30 h after isolation. Glycogen seen in suppor-
tive cells (Weitzman, 1969) may supply a source of metabolic energy; the saline
included none.

The role of calcium in neurosecretion. The sinus gland neurosecretory system has
been shown in these experiments to conform to the general predictions of the calcium
hypothesis: hormone release in response to electrical stimulation is reduced compared
with release in normal saline when calcium is decreased in the perfusing saline. The
amount of hormone released in response to a given regime of stimulation is a positive
function of the saline calcium concentration (Figs. 5, 6). A significant reduction is
produced by a saline having 30 % of normal calcium concentration, and release is not
detectably greater than unstimulated release in saline having 1% normal calcium.
These findings are essentially similar to those in several other neurosecretory systems
that have been examined, as reviewed in the Introduction.

The sinus gland preparation, however, provides more detailed information on the
effects of reduced calcium saline on propagated electrical activity than is available
for any other neurosecretory system. The complex, compound potentials recorded
by an extracellular electrode applied to the surface of the sinus gland comprise both
axonal and terminal responses (Fig. 9). Reduced calcium salines were found to produce
a variety of changes ranging from enhancement (primarily in 30% normal calcium
saline) to marked reduction of responses (primarily in 1 % normal calcium saline).

Examination of spontaneously occurring triphasic ' unit' potentials, which we have
interpreted as including a distinct component attributable to a terminal action
potential, suggests that terminal potentials persist in 30%, and sometimes in 10%,
calcium, but not in 1 % calcium saline. We have not had enough examples to allow
forceful generalizations. Recordings with two extracellular electrodes show that
axonal conduction persists in the reduced calcium salines.

Studies employing intracellular recording from Cardisoma sinus gland terming
(Cooke, 1977, and unpublished) support the above interpretations, though the
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r of observations is limited. Reduction of saline calcium leads to spontaneous
action potentials and to alterations of form, most prominantly in the falling phase.
In all those tested in 30 or 10% calcium, spontaneous activity and responsiveness to
axonal stimulation persisted. In about half those tested in 1 % or nominally calcium-
free saline full action potential responses continued; the remainder ceased to show
spontaneous or stimulated action potentials. In some of these, stimulation of the sinus
gland nerve resulted in a small response interpretable as the electrotonically spread
axonal action potential. The persistence of terminal responses in tetrodotoxin (unlike
axonal conduction) and other evidence has led to the conclusion that the terminal
action potential in many terminals includes a major component of inward calcium
current (Cooke, 1971, 1977).

The available evidence indicates that in the sinus gland neurosecretory system,
calcium plays a duel role in the physiology of neurosecretion: it participates directly
in generating the ionic currents contributing to the terminal action potentials and at
the same time, its entry results in hormone release. Evidence that these roles are
separable comes from the experiments in 30% calcium. At this calcium level there is
no evidence for decrement of electrical responses, yet hormone release is signifi-
cantly inhibited. Additional inhibition of hormone release when calcium is further
reduced may well reflect linked effects on terminal electrical responses and stimulus-
secretion coupling.

In experiments to be reported separately, reduction of calcium is found to inhibit
hormone release in response to elevation of saline potassium. Such stimulation
causes release by depolarizing terminals directly without requiring terminal action
potentials. The experiments thus support a direct role of calcium in hormone release
mechanisms, as has been shown in many other systems.
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72-02421A1, a grant from the University of Hawaii Research Council, and grants
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assistance, and Carol Kosaki and Brenda Lum for assistance in preparation of the
MSS.

REFERENCES

ANDREW, R. D. & SHIVERS, R. (1976). Ultrastructure of neurosecretory granule exocytosis by crayfish
sinus gland induced with ionic manipulations. J. Morph. 150, 253-278.

ANDREWS, P. M., COPBLAND, D. E. & FINGERMAN, M. (1971). Ultrastructural study of the neuro-
secretory granules in the sinus gland of the blue crab Caliintctci sapidus. Z. Zellforsch. mikrosk. Anat.
113, 46i-47i-

ARCH, S. (1972). Polypeptide secretion from the isolated parietovisceral ganglion of Aplysia californica.
J. gen. Phytiol. 69, 47-59.

BERLIND, ALLAN (1972). Teleost caudal neurosecretory system: release of urotensin II from isolated
urophyses. Gen. comp. Endocr. 18, 557-560.

BERLIND, A. & COOKE, I. M. (1968). Effect of calcium omission on neurosecretion and electrical activity
of crab pericardial organs. Gen. comp. Endocr. 11, 458-463.

BERLIND, A. & COOKE, I. M. (1970). Release of a neurosecretory hormone as peptide by electrical

Kimulation of crab pericardia] organs. J. exp. Biol. 63, 679-686.
LIND, A. & COOKE, I. M. (1971). The role of divalent cations in electrically elicited release of

neurohormone from crab pericardial organs. Gen. comp. Endocr. 17, 60—72.



148 I. M. COOKE AND OTHERS

BLISS, D. E. (1951)- Metabolic effects of sinus gland or eyestalk removal in the land crab, Gecarchm
lateralit. Anat. Rec. m , 502-503.

BLISS, D. E. & WELSH, J. H. (1952). The neurosecretory system of brachyuran Crustacea. Biol. Bull.
mar. biol. Lab., Woodt Hole 103, 157-169.

BLISS, D. E., DURAND, J. P. & WELSH, J. H. (1954). Neurosecretory systems in decapod Crustacea.
Z. Zdlfortch nukrosk. Anat 39, 520-536.

BUNT, A. H. & ASHBY, E. A. (1967). Ultrastructure of the sinus gland of the crayfish Procambarus clarkH.
Gen. comp. Phytiol. 9, 334-342.

CARLISLE, D. B. & KNOWLES, F. (1959). Endocrine Control in Crustaceans. Cambridge University Press.
COOKE, I. M. (1964). Electrical activity and release of neurosecretory material in crab pericardial organs.

Comp. Biochem. Pkysiol. 13, 353-366.
COOKE, I. M. (1967). Potentials recorded intracellularly from neurosecretory terminals. Am. Zool. 7,'

732-733-
COOKE, I. M. (1971). Calcium dependent depolarizing responses recorded from crab neurosecretory

terminals. Proc. int. Union .physiol. Sci., 9, 119.
COOKE, I. M. (1977). Electrical activity of neurosecretory terminals and control of peptide hormone

release. In Peptides in Neurobiology (ed. H. Gainer), ch. 12. New York: Plenum (in the Press).
DALTON, J. C. (1958). Effects of external ions on membrane potentials of a lobster giant axon. J. gen.

Pkysiol. 41, 529-542.
DANIEL, A. R. & LEDEBIS, K. (1967). Release of neurohypophysial hormones in vitro. J. Physiol., Land.

190, 171-187. •
DEL CASTILLO, J. & KATZ, B. (1954). Statistical factors involved in neuromuscular facilitation and

depression. J. Physiol., Lond. 124, 575-585.
DICKER, S. E. (1966). Release of vasopressin and oxygen from isolated pituitary glands of adult and

newborn rats. J. Physiol., Lond. 185, 429-444.
DOUGLAS, W. W. & POISNER, A. M. (1964a). Stimulus-secretion coupling in a neurosecretory organ

and the role of calcium in the release of vasopressin from the neurohypophysis. J. Physiol., Lond.
17a, 1-18.

DOUGLAS, W. W. & POISNER, A. M. (19646). Calcium movement in the neurohypophysis of the rat and
its relation to the release of vasopressin. J. Pkysiol., Lond. 17a, 10-30.

DREIFUSS, J. J., KALNINS, I., KELLY, J. S. & RUF, K. B. (1971). Action potentials and release of neuro-
hypophysial hormones in vitro. J. Physiol., Lond. ai5, 805-817.

DYBALL, R. E. (1971). Oxytocin and ADH secretion in relation to electrical activity in antidromically
identified supraoptical paraventricular units. J. Physiol., Lond. 314, 245-256.

DYBALL, R. E. & DYER, R. C. (1971). Plasma oxytocin concentration and paraventricular neurone
activity in rats with diencephalic islands and intact brains. J. Physiol., Lond. 316, 227—235.

FERNLUND, P. (1974a). Structure of the red-pigment-concentrating hormone of the shrimp, Pandalus
borealis. Biochim. biophys. Ada 371, 304-311.

FERNLUND, P. (19746). Synthesis of the red-pigment-concentrating hormone of the shrimp, Pandalus
borealis. Biochim. biophys. Ada 371, 312-322.

FBRNLUND, P. & JOSEFSSON, L. (1972). Crustacean colour-change hormone: amino acid sequence and
chemical synthesis. Science, N.Y. 177, 173-175.

FINGERMAN, M. (1973). Behaviour of chromatophores of the fiddler crab Uca pugilator and the dwarf
crayfish Cambarellus shufeldu in response to synthetic red pigment-concentrating hormone. Gen.
comp. Endocr. 20, 589-592.

FINCERMAN, M., FINGERMAN, S. W. & HAMMOND, R. D. (1974). Comparison of red pigment-concen-
trating hormones from the eyestalks of the fiddler crab, Uca pugilator, and the prawn, Palaemonetes
vidgaris, with synthetic red pigment-concentrating hormone of Pandalus borealis. Gen. comp. Endocr.
23, 124-126.

GABE, M. (1966). Neurotecretion, 872 pp. Oxford: Pergamon.
GERSCH, M., RICTER, K., BOHM, G.-A. & STORZEBECHER, J. (1970). Selektive AusschUttung von Neuro-

hormonen nach elektrischer Reizung der Corpora Cardiaca von Periplaneta americana in vitro.
J. Insect Physiol. 16, 1991-2013.

HOGDEN, L. & SLOME, D. (1931). The pigmentary effector system. Proc. R. Soc. B 108, 10-53.
ISHIDA, A. (1967). The effect of tetrodotoxin on calcium-dependent link in stimulus-secretion coupling

in neurohypophysis. Jap. J. Physiol. 17, 308-320.
ISHIDA, A. (1970). The oxytocin release and the compound action potential evoked by electrical stimu-

lation of the isolated neurohypophysis of the rat. Jap. J. Physiol. ao, 84-96.
IWASAKI, S. & SATOW, Y. (1971). Sodium- and calcium-dependent spike potentials in the secretory

neuron soma of the X-organ of the crayfish. J. gen. Pkysiol. 57, 216-238.
IWASAKI, S. & SATOW, Y. (1973). Electrical characteristics of the membrane in neurosecretory neuroj

In Neuroendocrme Control (ed. K. Yagi and S. Yoshida), pp. 85-109. New York: Wiley.
KATER, S. (1968). Cardioaccelerator release in Periplaneta americana (L.) Science, N.Y. 160, 765-7?
KATZ, B. (1969). The Release of Neural Transmitter Substance, 60 pp. Liverpool: Liverpool University

Press.



Neurosecretory and electrical responses of crab sinus gland 149
KATZ, B. & MILEDI, R. (1967a). A study of synaptic transmission in the absence of nerve impulses.

Jf. Pkysiol., Land. 19a, 407-436.
KATZ, B. & MILEDI, R. (19676). The release of acetylcholine from nerve endings by graded electric

pulses. Proc. R. Soc. B 167, 23-38.
KLEINHOLZ, L. H. (1976). Crustacean neurosecretory hormones and physiological specificity. Am. Zool.

16, 151-166.
KUPFERMANN, I. (1970). Stimulation of egg laying by extracts of neuroendocrine cells (bag cells) of

abdominal ganglion of Aplyria. J. Neurophysiol. 33, 877-881.
MADDRELL, S. & GEE, J. (1974). Potassium-induced release of the diuretic hormones of Rhodnus prolixut

and Glossina austeni: Ca dependence, time course and localization of neurohaemal areas. J. exp. Biol.
61, 155-171-

MIKITEN, T. M. & DOUGLAS, W. W. (1965). Effect of calcium and other ions on vasopressin release from
rat neurohypophyses stimulated electrically in vitro. Nature, Lond. vyj, 30a.

MILEDI, R. & THIES, R. (1971). Tetanic and post-tetanic rise in frequency of minitaure end-plate
potentials in low-calcium solutions. J. Phytiol., Lond. aia, 245-257.

NORMANN, T. (1974). Calcium-dependence of neurosecretion by exocytosis. J. exp. Biol. 61, 401—409.
NORMANN, T. C. & DUVE, H. (1969). Experimentally induced release of a neurohormone influencing

hemolymph trehalose level in Calliphora erytkrocephala (Diptera). Gen. comp. Endocr. ia, 449—459.
PASSANO, L. M. (1951). The X organ-sinus gland neurosecretory system in crabs. Anat. Rec. I l l , 502.
POTTER, D. D. (1954). Histology of the neurosecretory system of the blue crab, Callinectet tapidut. Anat.

Rec. iao, 216.
POTTER, D. D. (1956). Observations on the Neurosecretory System of Portunid Crabs. Ph.D. Thesis,

Harvard University.
POTTER, D. D. (1958). Observations on the neurosecretory system of portunid crabs. In 2nd Int. Symp.

Neurotekretion (ed. W. Gargmann, B. Hanstrfim, E. Scharrer and B. Scharrer), pp. 113-118. Berlin:
Springer.

REHM, M. (1959). Observations on the localization and chemical constitution of neurosecretory material
in nerve terminals in Carcinus mamas. Acta Histochem. 7, 88—106.

RUBIN, R. P. (1974). Calcium and the Secretory Process. New York: Plenum.
SHIVERS, R. R. (1967). Fine structure of crayfish optic ganglia. Univ. 0/Kansas Science Bull. 47, 677-733.
SMITH, G. (1974). The ultrastructure of the sinus gland of Carcinus maenas (Crustacea: Decapoda).

Cell Tiss. Res. 155, 117-125.
THORN, N. A., RUSSELL, J. T. & VILHARDT, H. (1975). Hexosamine, calcium, and neurophysin in

secretory granules and the role of calcium in hormone release. Ann. N. Y. Acad. Set. 348, 202-216.
UTTENTHAL, L. O., LIVETT, B. G. & HOPE, D. B. (1971). Release of neurophysin together with vaso-

pressin by a Ca++ dependent mechanism. Phil. Trans. R. Soc. B a6l, 379-380.
WEATHERBY, T. M. (1976). Beach crab erythrophores as a rapid assay for neurosecretion. Pac. Set. 30,

215.
WEITZMAN, M. (1969). Ultrastructural study on the release of neurosecretory material from the sinus

gland of the crab, Gecardnus lateralis. Z. Zellforsch. mxkrosk. Anat. 94, 147—154.
WELSH, J. H., SMITH, R. I. & KAMMER, A. E. (1968). Laboratory Exercises in Invertebrate Physiology,

appen. iv, pp. 191-197. Minneapolis: Bergess.




