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Intrinsic properties and extrinsic neurohormonal control of crab cardiac hemodynamics

J. L. Wilkens and B. R. McMahon

Regulatory Mechanisms Research Group, Department of Biological Sciences, University of Calgary, Calgary, Alberta
(Canada T2N IN4)

Abstract. This report provides the first direct measurements of the stroke volume and total cardiac output of
crustacean hearts, as recorded from a semi-isolated in vitro preparation. The responses to mechanical perturbations,
changes in preload and afterload, show that these hearts do not possess automatic compensatory Frank-Starling-like
mechanisms. Heart rate, reflecting the burst rate of the cardiac ganglion, is minimally affected by stretch. On the
other hand, these hearts are exquisitely responsive to the neurohormones of the pericardial organs. Serotonin, CCAP
and proctolin all produce positive chronotropic and inotropic effects, but the responses to each are unique. Two
FMRFamide peptides were positively chronotropic, but negatively inotropic.

Key words. Cardiac output; cardio-regulatory nerves; hemodynamics; neurohormones; pericardial organ; Crustacea.

Introduction

The heart of decapod crustaceans consists of a muscular
ventricle suspended by a three-dimensional array of alary
ligaments and arteries within the pericardial cavity (see
reviews by Maynard ?® and McMahon and Burnett 2%).
The ventricle is composed of striated muscle fibers which
are electrically coupled* °. The heart is neurogenic with
primary excitation arising from a small number of au-
torhythmic (pacemaker) neurons? 1% 26 Jocated in the
cardiac ganglion on the inner dorsal wall of the heart.
Muscle excitation is via a group of large ganglion cells
acting as motoneurones. The length of systolic contrac-
tion depends upon the duration of the ganglionic
burst*-7-18. The relationship between ganglionic burst
characteristics and strength of contraction has not been
determined. During systole part of the energy is stored in

the stretched elastic suspensory ligaments. During dias-
tole this energy acts to restore heart volurme and blood
enters the heart via the ostial valves. The heart receives
extrinsic input from the CNS via the paired cardio-regu-
latory nerves !4 1%:24.25:27 and via neurohormones re-
leased from the pericardial organs (PO’s) located on the
lateral walls of the pericardial cavity (see reviews by
Cooke '%; Cooke and Sullivan !?).

There is almost no knowledge concerning the mechani-
cal aspects either of heart function or of hemodynamics
within the open circulatory system 27 28, Of the relatively
few studies published to date, several show pressures
developed by the heart in vivo 5 846, There is only one
direct measurement of cardiac output®®, but this con-
firms the many estimates made utilizing the Fick princi-
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ple 2°. There are only two published values for blood flow
velocity in any crustacean artery > ©. These areas, howev-
er, are the object of intense study in our laboratories.
The focus of the present paper is to review our recent
work which examines the mechanical aspects of the deca-
pod crustacean heart. Specifically, we will identify the
intrinsic mechanical properties of the heart via a semi-
isolated heart preparation and illustrate modulation by
some PO neurohormones. The role of extrinsic control
via the CNS*% and control of cardiac distribution by
peptidergic 3® and aminergic neurohormones * will be the
focus of additional presentations at the associated satel-
lite symposium at Shimoda.

Methods

The preparation we have developed consists of a crab
heart, Carcinus maenas, suspended in the dorsal half of
the thorax by its alary ligaments, dorso-anterior arteries
and pericardial septum. Flow and arterial pressure are
measured via the cannulated sternal artery. Intraventric-
ular pressure is measured by a cannula inserted through
a hepatic artery. All other arteries are tied off. The in situ
heart maintained at 12—15 °C in an oxygenated saline
bath remains viable for up to 12 h. Immediately after
surgical isolation the heart continues to beat at rates
(60—90 bpm) with cardiac outputs (90130 ml/min/kg)
similar to those observed in settled intact animals. Dur-
ing the following 30 min the rates and outputs may de-
cline by 30-50%, but they remain stable at these new
levels for many hours.

The variables we measure are heart rate (fy), stroke vol-
ume (V,), arterial pulse pressure (P,) and ventricular
pressure (P,). In chart records the flow traces do not
include a scale since V was calculated from the digitally
integrated area under flow waveforms. From these data
we calculate cardiac output (V,),

V, (ml - min~! - kg™ = f;; x V,

Neurohormones were delivered to the heart either into
the pericardial sinus by a perfusion cannula inserted
through the pericardial septum or by a fine tipped cannu-
la inserted directly into the ventricle through its ventral
wall. The responses were essentially the same by each
method, but the exact time of delivery was more precisely
known with the latter technique. The data presented here
are derived only from Carcinus meanas, but most of the
tests have also been repeated, with similar results, on in
situ hearts of the crayfish Procambarus bandingi.

Intrinsic attributes of cardiac regulation — fy, V, P,
and P,

The intrinsic variables which can be anticipated to be
important for determining the pumping action in the
heart include the output of the cardiac ganglion, the
contractility of the myocardium, the amount of tension
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stored in the alary ligaments, and the properties of the
ostial and cardioarterial valves.

External variables which might affect the heart would
include factors influencing diastolic filling, loosely
termed the preload, and factors which would affect sys-
tolic ejection, termed the afterload on the heart.

Preload. The preload, a concept taken from the ver-
tebrate literature, but also applied to molluscan
hearts 7- 313536 referring to venous return pressure and
stretch of heart, must be redefined for the decapod heart.
During diastole the heart fills passively as the relaxed
ventricle is enlarged by the elastic recoil of the alary
ligaments and anterior arteries. The alary ligaments are
made up of thin sheets of connective tissue which in some
species contain small bundles of striated muscle
fibers 3242 The function of these muscles is presently
unknown. One component of preload is the amount of
stress stored in the alary ligaments either passively in
response to systolic contraction or actively. End-diastolic
volume must depend on the amount of ventricular ex-
pansion produced by the ligaments. During preliminary
experiments in which the ventral alary ligaments were
tonically stretched V, was not changed. Conversely, the
importance of the ligaments in cardiac filling is seen
when the ligaments are progressively removed (fig. 1). As
the ligaments are cut, both V, and P, fall linearly indicat-
ing that each ligament contributes about equally to end-
diastolic volume. Ligament removal does not affect heart
rate, indicating that within the physiological operating
range during diastolic/systolic excursions the burst rate
of the cardiac ganglion is unaffected by stretch.

Variation in pericardial sinus pressure is another possible
component of preload. During diastole blood enters
through the valved ostia driven by the pressure gradient
between the pericardial sinus and the inside of the ventri-
cle. In intact aquatic and land crabs, increases in pericar-
dial sinus pressure occur during reversed ventilatory
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Figure 1. The effects of cutting the alary ligaments on cardiac perfor-
mance. Codes: V-It, both left ventrolateral ligaments cut; V-rt, both right
ventro-lateral ligaments cut; D-1t, both left dorso-lateral ligaments cut;
D-rt, both right dorso-lateral ligaments cut.
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Figure 2. The effects of ambient pressure (bath depth) on cardiac perfor-
mance. The return end of the arterial cannula always remained at the
same level as the heart. Data presented as mean + SEM, n = 5.

pumping when the transmural pressure gradient across
the gills and branchiostegal lungs moves from negative to
positive ¢ 3746, We attempted to simulate the resultant
increases in pericardial sinus pressure by raising the
height of the water column over the heart up to 15 cm, an
ambient pressure similar to that measured from the peri-
cardial sinus of intact crabs. None of the intrinsic vari-
ables, including V,, were affected by changes in ambient
pressure (fig. 2).
Finally, the vertebrate equivalent of increasing preload
by increasing venous return can be accomplished by di-
rectly perfusing the heart, although it should be remem-
bered that this is a highly artificial perturbation since the
ventricle normally fills passively via the ostia during alary
ligament induced diastolic expansion. We found that the
majority (6 of 10) of in situ ‘healthy’ hearts did not show
changes in fi; when perfused at rates up to 4-5 times the
extant V, (fig. 3), nor do they produce double contrac-
tions ' 21-22_ Of the four hearts which showed positive

perfusion rates in situ hearts often begin to beat irregularly and slowly.
Perfusate was delivered from a 26-ga syringe needle inserted through the
ventral wall of the heart. Perfusate did not leak around the input cannula
as ascertained by delivering pulses of saline colored with methylene blue.
Data shown as mean + SEM.

responses, two were in a weakened condition at the end
of a several-hour-long experimental session.

These above data indicate that the decapod heart shows
virtually no automatic adaptive responses to changes in
the preload.

Afterload. Any increase in peripheral resistance to blood
flow would increase the load on the contracting heart,
i.e., the afterload. The question arises as to whether the
decapod heart possesses the ability to autoregulate if
faced with perturbations in afterload, either on an acute
or a chronic basis. Changes in afterload could occur
during locomotion, following expansion of crop and gut
after feeding, during any condition which would alter
blood volume and pressure, or during bouts of reversed
ventilation when the resistance to blood flow through the
gills may increase 28-3%:49,

We increased afterload by connecting lengths of decreas-
ing diameter polyethylene tubing to the sternal artery
cannula. The resistance to flow through the stepped-
down lengths of tubing is expressed as the quotient of
perfusion pressure divided by flow. Heart rate was unaf-
fected by these increases in afterload, while stroke vol-
ume decreased in an exponential fashion (fig. 4). Arterial
pressure increased with increasing afterload. Cardiac
output and stroke work also decrease with a similar mag-
nitude to the fall in V..

Thus, this decapod heart possesses little or no autoregu-
latory capacity or ability to adjust its output to perturba-
tions in peripheral resistance to arterial blood flow. We
suggest that myocardial contractions directly follow the
neural output of the cardiac ganglion and that this gan-
glion is insensitive to changes in afterload.

Extrinsic neurohormonal factors affecting cardiac
performance

Since the heart shows no autoregulatory response to me-
chanically imposed perturbations, one must look to ex-
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trinsic control systems to understand how cardiac perfor-
mance is integrated with the whole organism. A variety
of aminergic and peptidergic hormones are stored and
released from the PO’s, and they are known to increase
heart rate and contractile force 1% 222344 35 well as reg-
ulate the cardioarterial valves2°. We have examined the
effects of the indoleamine 5-hydroxytryptamine (SHT)
(Wilkens, MacLeod and Lee, unpubl.) and of four pep-
tides*? on hemodynamic variables. The peptides include
crustacean cardioactive peptide (CCAP37), two FMR-
Famide related peptides F1 and F2 identified from crus-
taceans*! and proctolin3”38. Except for F1 and F2,
these peptides are structurally unrelated, as illustrated
below:
Proctolin (MW 648.82)

Arg-Tyr-Leu-Pro-Thr
F1 (MW 1065.57)

Thr-Asn-Arg-Asn-Phe-Leu-Arg-Phe-NH,

Ser-Asn-Arg-Asn-Phe-Leu-Arg-Phe-NH,

CCAP (MW 956.07)
Pro-Phe-?ys-Asn—Ala-Phe-Thr-Gly-(ijys—NH2

Serotonin (SHT )

5HT has both chronotropic and inotropic effects on car-
diac pumping performance. Figure 5 illustrates the re-
sponses of a single heart to a 10-min exposure to 1 mM
5HT. fy, V., and P, always increase in parallel and in this
example the latter two parameters are maintained with-
out adaptation for the duration of the stimulus. Heart
rate sometimes adapted despite the continued adminis-
tration of 5HT, but in the majority of cases remained
elevated for the duration of exposures of up to 30 min.
The EDs, for a 30-s exposure to SHT is 2.6 x 1077 M,
the time from application to peak f; is 54.2 + 5.8s
(mean +SD, n = 6) and the recovery time constant is
5.7 £ 2.0 min (n = 3).

Preliminary pharmacological tests indicate that SHT
may bind to more than one class of SHT receptor. The
effects of SHT are reduced by up to 50% after the heart
has been pretreated by ketanserin, propranolol, or
MDL7222 (3-tropanyl-3,5-dichlorobenzoate [Research
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Biochemicals Inc.]), high affinity vertebrate SHT, SHT,
and 5HT, antagonists, respectively > %,

Peptides

The responses to the peptide neurohormones are much
quicker than those to SHT. The pentapeptide proctolin
produces greater inotropic than chronotropic effects
(fig. 6A). The threshold dose is <10 ~'! M. In this case
V, was increased by 90% within 6 beats after proctolin
arrived. The time to peak response is short (< 10 s) and
recovery following washout is complete in 3—4 min.

In contrast to proctolin, the nine amino acid CCAP ex-
erts strong positive chronotropic effects on the heart and
causes moderately increased amplitude and decreased
duration of P, waves (fig. 6B). CCAP has little effect on
V, and in this instance V, was reduced by 12 %. The time
to peak response is < 10s, while recovery following
washout is complete in 4 min. The threshold for f}; re-
sponses is < 1079 M.

The FMRFamide related octapeptides F1 and F2 were
tested at only two concentrations, 10 ~% and 10 ~¢ M.
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The responses to both were similar, those for F2 are
presented here. F2 produced positive chronotropic ef-
fects at both doses (fig. 7). P, was increased slightly at the
lower dose, while at 10 ~® M F2 dramatically reduced V_,
P, and P,. These reductions occurred in over half of the
hearts tested. A similar reduction in myocardial contrac-
tility was also observed in 2 of 12 hearts exposed to
< 1075 M proctolin. These reductions in contractility
and flow at high f;’s suggest either that high doses of
these peptides act at the CG to reduce the number and
frequency of impulses per burst which would reduce exci-
tation of the myocardium, or that they exert direct nega-
tive inotropic effects on the heart muscle.

In the absence of known antagonists for the peptide neu-
rohormones, we attempted to determine whether each
peptide binds to a unique receptor by testing the respons-
es when different peptides where applied singly and in
pairs. In the case of CCAP and F2, each applied at
10 8 M, the effects were similar in all cases (fig. 8). This
observation is open to at least two interpretations. Either
these two peptides bind to the same generalized peptide
receptor or they each trigger the same post-receptor reac-
tion(s). Either mechanism would explain the non-addi-
tive responses to paired presentation. It is hoped that
further tests will clarify this point.

Preliminary HPLC analysis of saline collected from the
pericardial sinus reveals that small quantities of SHT and
dopamine are continually released from the PO’s (un-
publ.). The concentrations recovered are in the picomo-
lar range, but indicate that the heart may be exposed to
small quantities of neurohormones at all times.

Conclusions

The neurogenic decapod crusteacean heart, when isolat-
ed from extrinsic neural or elevated concentrations of
neurohumoral input, is capable of pumping perfor-
mances similar to or slightly below those observed in
intact animals. These basal levels of performance should
be sufficient to supply the vascular needs of a settled
animal, i.e., the cardiovascular needs of routine
metabolism. The autonomous nature of the heart fulfills
the requirements of a fail-safe system.

The semi-isolated heart is, however, not capable of au-
toregulatory responses to external mechanical perturba-
tions of either preload or afterload and it is obviously not
able to show adaptive responses to environmental chal-
lenges such as hypoxia or the need to fuel increased
metabolism as during locomotor activity. To understand
how the heart responds to these demands we must under-
stand how it is cbntrolled by and résponds to the extrinsic
inputs from the central nervous system and from neuro-
hormones. We have outlined here some of the hemody-
namic responses to neurohormones released from the
pericardial organs. These observations allow us to identi-
fy and evaluate the intrinsic and extrinsic factors which
can affect cardiac performance and assess their potential
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influence in setting cardiac performance to suit the ani-
mal’s varying metabolic needs. A major challenge for the
future is to devise experiments which will allow us to
measure the extrinsic inputs to the heart in intact animals
during natural acclimatization.
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Intrinsic and extrinsic neural and neurchumoral control of the decapod heart

T. Yazawa and K. Kuwasawa

Department of Biology, Tokyo Metropolitan University, Minami-ohsawa 1-1, Hachioji-shi, Tokyo 192-03 (Japan)

Abstract. The intra-cardiac nervous system of the decapod heart is composed of large and small ganglionic cells
(LGCs and SGCs) and axons of extrinsic cardio-acceleratory and -inhibitory neurons (CAs and Cls). Candidate
neurotransmitters for the neurons have been determined by pharmacological, cytochemical and immunocytochemical
tests. SGCs may be cholinergic, LGCs and CAs are probably dopaminergic, and CIs are GABAergic. Serotonin and
octopamine were cardio-excitatory neuromodulators of the heart. Proctolin, crustacean cardio-active peptide
(CCAP), red pigment concentrating hormone (RPCH), and FMRFamide also had modulatory actions on the heart.
Proctolin was the most potent peptide, which acted primary on the cardiac ganglion. Insect adipokinetic hormones

had little effect on the heart.

Key words. Decapod heart; cardiac ganglion; cardio-acceleratory neuron; cardio-inhibitory neuron; neurotransmit-

ters; neurohormones; neuropeptide.

Introduction

Since Carlson ® reviewed studies on invertebrate hearts, a
considerable number of papers on the neuroanatomy,
physiology and pharmacology of crustacean hearts have
been published. Those include studies of various cardio-
active substances. Cooke’, however, concluded in his
review that the neurotransmitters are not established.
The neuronal constituents of the intra-cardiac nervous
system are small and large ganglionic cells (SGCs and
LGCs, respectively) composing the cardiac ganglion it-
self, and axons of cardio-acceleratory and -inhibitory
neurons (CAs and Cls, respectively) running from the
central nervous system to make synaptic contact with the
ganglion and myocardium. Activities of the neural con-
stituents and the myocardium are modulated by neuro-
hormones which are liberated by the neuro-secretory tis-
sue, the pericardial organ, into the blood of pericardial
sinus. Serotonin, octopamine and proctolin are major
peurchormones found in the pericardial organ (see
Cooke and Sullivan® for review).

In this report, we will describe effects of a variety of
putative neurotransmitters and humoral substances on
the heart of hermit crabs, and propose the most likely
candidates for natural neurotransmitters of extrinsic in-
hibitory and acceleratory axons and of intrinsic LGCs
and SGCs. Preliminary studies have appeared else-
where 3 %4,

Materials and methods

Giant marine hermit crabs (4niculus aniculus and Dard-
anus crassimanus) were treated as reported before > %4,
As far as the present report is concerned, there was no
significant difference between the two species.

Electrophysiological and pharmacological methods were
the same as those described previously °°. Filtered natu-
ral seawater and artificial seawater (NaCl 526, KCI 11,
CaCl, 18, MgCl, 24 [in mM], and Tris-buffer 5 mM at
pH 7.4) were used as the perfusion medium for prepara-
tions.

The following chemicals were used: acetylcholine, at-
ropine, scopolamine, pilocarpine, hexamethonium,
nicotine, picrotoxin, serotonin, dopamine, l-nor-
adrenaline, yohimbin (Wako); arecoline, carbamyl-
choline, muscarine, muscimol, octopamine, ergonovine,
chlorpromazine, apomorphine (Sigma); methacholine
(Nakarai); d-tubocurarine (Tokyo Kasei); phentolamine
(Ciba Geigy); haloperido! (Dai-Nippon); fluphenazine
(Yoshitomi, gift); methysergide (Sandoz); crustacean
cardio-active peptide (CCAP) (KosmoBio-Bachem
AQG); red pigment concentrating hormone (RPCH)
(Funakoshi-PLJ); adipokinetic hormone II of Schistocer-
ca gregaria (AKH-II), adipokinetic hormone I of
the cockroach (AKH-I), FMRFamide, proctolin (Sig-
ma).



