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Cardioacceleratory Neurons of the Isopod Crustacean, Ligia
exotica: Visualization of Peripheral Projection

onto the Heart Muscle

Akira Sakurai and Hiroshi Yamagishi*

Institute of Biological Sciences, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

ABSTRACT—Innervation of the heart muscle by the cardioacceleratory neurons was morphologically and
electrophysiologically examined in the isopod crustacean, Ligia exotica. Intracellular injection of neurobiotin
into the first and second cardioacceleratory neurons (CA1 and CA2) revealed their peripheral axonal projec-
tions. Inside the heart, the CA1 and CA2 axons ran along the trunk of the cardiac ganglion. Finely arborized
branches with many varicosities arose from the axon and projected over the heart muscle. Stimulation of
either the CA1 or CA2 axon caused an overall depolarization in the muscle of a quiescent heart. The ampli-
tude of the depolarization increased with increasing stimulus frequency. During stimulation, the membrane
resistance of the heart muscle decreased. In a beating heart, the cardioacceleratory nerve stimulation caused
multiple effects on the heart muscle activity and the heartbeat. The results suggest that the cardioacceleratory
neurons of Ligia exotica regulate the amplitude of the heartbeat (inotropic effect) and the heart tonus (tonotropic
effect) via the synaptic contacts on the heart muscle, while the heartbeat frequency (chronotropic effect) is
regulated via the synapses on the cardiac ganglion neurons.

INTRODUCTION

The neurogenic heartbeat of crustaceans is regulated by
extrinsic acceleratory and inhibitory nerves from the central
nervous system (CNS) (reviewed by Maynard, 1960;
Hagiwara, 1961). Many investigators have shown that the
impulses of these cardioregulatory nerves affect the heart-
beat via excitatory and inhibitory synapses on the cardiac
ganglion (CG) neurons (in decapods, Terzuolo and Bullock,
1958; Otani and Bullock, 1959; Shimahara, 1969a, b; Matsui
et al., 1973; Yazawa and Kuwasawa, 1984a; in a stomato-
pod, Watanabe et al., 1968, 1969; in isopods, Kihara and
Kuwasawa, 1984; Yamagishi et al., 1989; Sakurai and
Yamagishi, 1997).

In addition to the innervation of CG neurons, the
cardioregulatory nerves were suggested to innervate the heart
muscle on the basis of anatomical observations in decapods
with methylene blue (Alexandrowicz, 1932; Maynard, 1961).
Electrophysiological recordings of the excitatory (in a deca-
pod, Yazawa and Kuwasawa, 1984b) or the inhibitory (in iso-
pods, Delaleu and Holley, 1976; Yamagishi et al., 1989) junc-
tional potentials also suggest the innervation of the heart
muscle by the cardioacceleratory or cardioinhibitory nerves.
Recently, Tanaka and Kuwasawa (1991a, b) identified the
cardioacceleratory and cardioinhibitory neurons in the CNS

of an isopod Bathynomus doederleini. They showed morpho-
logically central projections of these cardioregulatory neurons,
but did not show their peripheral projections onto the heart
muscle. Thus, the morphology and physiology of the axonal
projections of individual cardioregulatory neurons into the heart
have not been thoroughly described.

In the isopod Ligia exotica, we have recently identified
the first and second cardioacceleratory (CA1, CA2) neurons
in the CNS and described their central projections and synap-
tic effects on CG neurons (Sakurai and Yamagishi, 1997). In
this study, we revealed morphologically their axonal projec-
tions onto the heart muscle by intracellular injection of neuro-
biotin. Innervation of the heart muscle by these neurons was
also examined electrophysiologically. Some of the results have
appeared in abstract form (Sakurai and Yamagishi, 1996).

MATERIALS AND METHODS

Animals and preparations
We used adult males and females of the littoral isopod Ligia ex-

otica (Roux), 6 to 22 mm in body length. They were collected on Pa-
cific coasts (Izu and Boso Peninsulas, Japan) and kept in the labora-
tory at ambient temperature. We used semi-intact heart preparations
that contained the thoracic ganglia and the heart as described in ear-
lier studies (Yamagishi et al., 1989; Sakurai and Yamagishi, 1997).

The experimental chamber was usually perfused with aerated
physiological saline of the following composition (mM): NaCl 577, KCl
14, CaCl2 25, MgCl2 21, Na2SO4 4.5 and Tris 5 (Yamagishi and Ebara,
1985). pH was adjusted to 7.4 with HCl. In some experiments, saline
containing a higher concentration of CaCl2 (100 mM) and gamma-
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aminobutyric acid (GABA, 0.05 mM; Wako) was used to suppress the
spontaneous activities of CG neurons and the heart muscle mem-
brane (Sakurai and Yamagishi, 1997). Experiments were performed
at 22–26°C.

Histology
CA1 and CA2 neurons have their cell bodies in the second and

third thoracic ganglia, respectively, sending the axons to the heart
through the third roots of their own ganglia (Fig. 1) (Sakurai and
Yamagishi, 1997). The axons run alongside the anterior aorta down
to the heart. To label peripheral axons of the cardioacceleratory neu-
rons, neurobiotin tracer [N-(2-aminoethyl) biotinamide hydrochloride,

Vector labs.] was injected intracellularly (see Hidaka and Hashimoto,
1993; Sakurai and Yamagishi, 1997). Electrical current pulses (posi-
tive square pulses of 5–10 nA at 50% duty cycle) were injected into
the cell body of CA1 or CA2 neuron through a microelectrode filled
with neurobiotin solution (4% in 1 M KCl) at a frequency of 1–2 Hz for
30–60 min (cf., Fig. 1). In some experiments, neurobiotin was also
injected into the cell body of a CG neuron after the injection into a
cardioacceleratory neuron (cf., Fig. 1). The injection period for CG
neuron was about 30 min. After the injection, the preparation was
incubated in aerated physiological saline containing streptomycin (50
µg/ml) and penicillin (100 U/ml) for 18–24 hr at room temperature.
After the incubation, the heart was isolated and fixed in 4% paraform-
aldehyde in 0.1 M phosphate buffered saline (PBS, pH 7.4) for 5 hr at
4°C. After rinsing with PBS several times, the preparations were treated
with Triton-X 100 (2.0% in PBS) overnight, with H2O2 (0.3% in dis-
tilled water) for 1 hr, and then incubated in VECTASTAIN ABC Re-
agent (for 24–72 hr at 4°C). The preparation was rinsed with PBS
several times and was reacted with 0.02% diaminobenzidine (Sigma)
and 0.006% H2O2 in 0.05 M Tris-buffer (pH 7.4). The stained prepara-
tion was dehydrated in graded ethanol series, cleared by methyl sali-
cylate, and mounted on a glass slide for light microscopy.

Electrophysiology
Electrophysiological equipment was conventional. Glass capil-

lary microelectrodes filled with 3 M KCl (electric resistance, 15–40
MΩ) were used for recording intracellular electrical activity from the
heart muscle and neurons, and for electrical current injection. Intrac-
ellular activity of the heart muscle was recorded from the central re-
gion of the ventral heart wall. To measure changes in membrane re-
sistance of the heart muscle in response to the cardioacceleratory
nerve stimulation, repetitive hyperpolarizing current pulses (100 ms,
2 Hz) were injected into the heart muscle via a second microelec-
trode. Extracellular recordings of ganglionic nerve impulses were made
with a glass capillary suction electrode. For stimulation of the
cardioacceleratory axons, the third root of the second or the third
thoracic ganglion was transected at a site immediately proximal to
the longitudinal connective. The distal cut end of the third root was
sucked into a glass capillary suction electrode or hooked with an Ag-
AgCl wire. The axon was stimulated by repetitive voltage pulses (1–5
V, 0.3 ms) at 10–60 Hz. Mechanogram of the contraction of the heart
muscle was recorded by connecting a dorsal suspensory ligament of
the heart to a mechano-electrical transducer (Nihon Kohden TB612T)
with a nylon fiber.

RESULTS

Axonal branching of cardioacceleratory neurons inside
the heart

Intracellular injection of neurobiotin into the cell bodies of
CA1 and CA2 neurons revealed their peripheral axons inside
the heart. Figure 2A shows the stained CA1 axon running onto
the inner surface of the cut-opened heart. The thick CA1 axon
ran along the trunk of CG, in which CG neurons lie longitudi-
nally, down to the posterior end. Fine axons bearing many
varicosities arose laterally from the thick axon and arborized
over the heart muscle (Fig. 2B, C). Similar features were also
observed in the axonal branching of the CA2 neuron (Fig. 3A–
C). It seems that the projection patterns of the CA1 and CA2
axons inside the heart shown in Figs. 2 and 3 are different.
However, since their projection patterns inside the heart var-
ied from preparation to preparation, we could not detect any
significant differences between CA1 and CA2 neurons. In the
anterior region of the heart, the axons were deeply stained

Fig. 1. Schematic drawing of the central nervous system (CNS, dor-
sal view) and the heart (ventral view). Microelectrodes for tracer in-
jection into cell bodies of a cardioacceleratory neuron and a cardiac
ganglion cell were also shown. The heart is opened by longitudinal
incision of the ventral wall to expose the inner surface. The posterior
part of the CNS is omitted. The cell bodies of the first cardioacceleratory
(CA1) neurons are in the second thoracic ganglion (TG2), and those
of the second cardioacceleratory (CA2) neurons in the third thoracic
ganglion (TG3). Their peripheral axons, which are sent out through
the third roots of their own ganglia, run alongside the anterior aorta
down to the heart. AA, anterior aorta; CA1, the first cardioacceleratory
neuron; CA2, the second cardioacceleratory neuron; CG, cardiac gan-
glion; CGC, cardiac ganglion cell; TG1–4, thoracic ganglia.
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and most of the fine branches were seen. The axons in the
posterior region were faintly stained.

To examine the relationships between the peripheral
axons of the cardioacceleratory neuron and those of CG neu-
rons, double labeling of CG neurons and CA1 or CA2 neuron
was performed. Since CG neurons are electrically coupled,
the axons of all six CG neurons can be stained by intracellular
injection of neurobiotin into one of them (unpublished obser-
vation). Figure 4A shows the stained axons of both CG neu-
rons and CA1 neuron, projecting over the heart muscle. The
CG axons bore many varicosities and distributed evenly over
the heart muscle. As the CG axons appeared much thicker
and could be traced from their cell bodies, they could be dis-
tinguished easily from the CA1 axon. The CA1 axon went lat-
erally alongside the CG axon, and then separated from it at
various sites, and projected onto the heart muscle with vari-
cosities. A similar pattern of axonal pathways was observed
in the CA2 axon (Fig. 4B).

Membrane potential responses of the heart muscle to
cardioacceleratory nerve stimulation

To investigate the membrane potential responses of the
heart muscle to cardioacceleratory nerve stimulation, the heart
was arrested by perfusing saline containing a higher concen-
tration of CaCl2 (100 mM) and GABA (0.05 mM). Under these
conditions, the resting potential of the heart muscle was in the
range of –53 to –58 mV. Repetitive stimulation of the CA1 or
the CA2 axon caused an overall depolarization of the heart
muscle (Fig. 5A). The mean amplitude of the depolarization
caused by CA1 stimulation at 10, 20, 30, and 40 Hz were 0.88
± 0.05 (n = 6), 2.13 ± 0.35 (n = 8), 3.06 ± 0.37 (n = 8), and 4.13
± 0.25 (n = 24), respectively (mV; mean ± SE). The mean
amplitude of the depolarization evoked by CA2 stimulation at
10, 20, 30, and 40 Hz were 0.95 ± 0.14 (n = 6), 2.03 ± 0.20 (n
= 8), 3.28 ± 0.45 (n = 9), and 4.04 ± 0.27 (n = 21), respectively
(mV; mean ± SE). The amplitude of the depolarization in-
creased with increasing the stimulus frequency (Fig. 5B). No
noticeable differences were found between the depolarizing
responses of the heart muscle to the CA1 and CA2 stimula-
tion.

We next examined changes in membrane resistance of

Fig. 2. Axonal branching of the CA1 neuron in the heart. (A) Line drawing of the CA1 axon inside the heart. The peripheral axon of the CA1
neuron was labeled by intracellular injection of neurobiotin into the cell body. The inner surface of the heart was exposed by longitudinal incision
of the ventral heart wall. (B) Light micrograph of the CA1 axon in the designated area shown by the asterisk in A. (C) Varicosities of the CA1
axon. Scale bar: A, 500 µm; B, 40 µm; C, 20 µm.
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the heart muscle caused by the cardioacceleratory nerve
stimulation by injecting hyperpolarizing current pulses into the
heart muscle. As shown in Fig. 6, either CA1 (A) or CA2 (B)
stimulation caused a decrease of about 15% in the amplitude
of the membrane potential change induced by the injected
current.

Effects of cardioacceleratory nerve stimulation on elec-
trical activity and contraction of the heart muscle

CG neurons exhibited spontaneous bursting activity that
produces periodic bursts of excitatory junctional potentials
(EJPs) on the heart muscle (Fig. 7A1). Each EJP burst is over-
laid by a muscle action potential, which is composed of a few
spikes and a plateau potential (Holley and Delaleu, 1972;
Yamagishi and Hirose, 1997). The repetitive stimulation of the
CA1 axon caused an increase in the frequency (about 11%)
of the muscle action potential (Fig. 7A2), which was corre-
lated with the increase in the ganglionic burst frequency (cf.,
Sakurai and Yamagishi, 1997). The stimulation also caused
an increase in the amplitude of the plateau (about 15%) and a
decrease in the maximum hyperpolarization (about 7 mV) (Fig.
7A2). The CA2 stimulation caused similar effects on the heart
muscle; that is, the increase in the frequency (about 7%) and

in the plateau amplitude of the muscle action potential (about
15%), and the decrease in the maximum hyperpolarization
(about 6 mV) (Fig. 7A3).

We next examined the effects of the cardioacceleratory
nerve stimulation on the heartbeat (Fig. 7B1). The CA1 stimu-
lation caused an increase in the frequency (about 31%) and
the amplitude (about 14%) of the heartbeat, and the heart
tonus (about 8 mgw) (Fig. 7B2). The CA2 stimulation caused
the similar effects, increasing the frequency (about 21%) and
the amplitude (about 13%) of the heartbeat, and the heart
tonus (about 7 mgw) (Fig. 7B3).

DISCUSSION

Peripheral projection of the cardioacceleratory neurons
In this study, we demonstrated peripheral projections of

the cardioacceleratory neurons by intracellular injection of
neurobiotin. Inside the heart, the CA1 and CA2 axons ran along
the trunk of CG down to the posterior end, and many fine
axon branches arose from them (Figs. 2 and 3). The double
staining of both CG neurons and the cardioacceleratory neu-
ron revealed that the fine axons of the cardioacceleratory neu-
ron went along the CG axons and separated from them at vari-

Fig. 3. Axonal branching of the CA2 neuron in the heart. (A) Line drawing of the CA2 axon inside the heart. The peripheral axon of CA2 neuron
was labeled by intracellular injection of neurobiotin into the cell body. (B) Light micrograph of the CA2 axon in the designated area shown by the
asterisk in A. (C) Varicosities of the CA2 axon. Scale bar: A, 500 µm; B, 40 µm; C, 20 µm.

Downloaded From: https://bioone.org/journals/Zoological-Science on 21 Nov 2024
Terms of Use: https://bioone.org/terms-of-use



Acceleratory Innervation of Ligia Heart 23

ous sites (see Fig. 4). The fine axons of the cardioacceleratory
neuron bore a number of varicosities and arborized over the
heart muscle. It is well known that the varicosities of the nerve

Fig. 4. Axonal branching of CG neurons and the cardioacceleratory
neurons in the heart. Neurobiotin was injected into both CG neuron
and the cardioacceleratory neuron (A, CA1; B, CA2). In each of A
and B, a light micrograph (upper) and a camera lucida drawing (lower)
of the stained axons are shown. The arrowheads in the lower draw-
ings show the cardioacceleratory axons. Scale bar: 30 µm.

Fig. 5. Membrane potential responses of the heart muscle to
cardioacceleratory nerve stimulation. Spontaneous activities of CG
and the heart muscle were suppressed by perfusion of saline con-
taining 100 mM calcium and 0.05 mM GABA. (A) Depolarizing re-
sponses of the heart muscle to the cardioacceleratory nerve stimula-
tion. The CA1 (left trace) and CA2 (right trace) axons were individu-
ally stimulated at 40 Hz for the periods shown by the horizontal bars.
The resting potential of the heart muscle was –57 mV. Records were
obtained from the same preparation. (B) The relationships between
the stimulus frequency (Hz) and the maximum amplitude of the depo-
larizing response (mV; mean ± SEM, n = 6–24) to the CA1 (open
circle) and CA2 (open square) stimulation.

terminals provide most of the synaptic input to the muscle
fibers (Atwood and Cooper, 1995). Our observations strongly
suggest that the cardioacceleratory neurons directly innervate
the heart muscle in Ligia exotica.

Inside the heart, most of the fine axon branches of CA1
and CA2 neurons were stained locally in the anterior region
(see Figs. 2 and 3). This localization was probably due to the
scarce diffusion of the tracer molecules to the distal fine pro-
cesses, since the distance from the CNS to the heart is very
long (more than 10 mm). We showed previously that the pat-
terns of central projection of CA1 and CA2 neurons were dif-
ferent (Sakurai and Yamagishi, 1997). However, we could not
detect any difference between their projection patterns onto
the heart muscle.

Some investigators have shown the pathways of the
cardioregulatory nerves inside the hearts of crustaceans by
the nerve staining method with methylene blue (Alexandrowicz,
1932, 1934, 1952, 1954; Maynard, 1961; Kihara and Kuwa-
sawa, 1984; Yazawa and Kuwasawa, 1984a). However, the
axonal pathways of individual cardioregulatory neurons can-
not be determined by this method alone. Recently, Tanaka
and Kuwasawa (1991a, b) identified the cardioregulatory neu-
rons in the CNS of the isopod Bathynomus doederleini by in-
tracellular injection of Lucifer yellow. They described the cen-
tral projections of the cardioregulatory neurons, but failed to
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Fig. 6. Changes in the membrane resistance of the heart muscle
induced by cardioacceleratory nerve stimulation. In each record, up-
per trace, intracellular recording from the heart muscle; lower trace,
relative amplitude (%) of the membrane potential response of the heart
muscle to the injected current. To measure changes in the membrane
resistance of the heart muscle, repetitive square pulses of hyperpo-
larizing current were applied to the heart muscle via a second elec-
trode. The CA1 (A) and CA2 (B) axons were individually stimulated
at 60 Hz for the periods shown by the horizontal bars. Spontaneous
activities of CG and the heart muscle were suppressed by perfusion
of saline containing 100 mM calcium and 0.05 mM GABA.

Fig. 7. Effects of the cardioacceleratory nerve stimulation on the
activity and contraction of the heart muscle. (A) Intracellular activity
of the heart muscle (upper trace) and impulse activity of CG (lower
trace) recorded from the beating heart (1). The impulses were re-
corded extracellularly from an axon branch of CG. The CA1 (2) and
CA2 (3) axons were individually stimulated at 60 Hz. Dotted lines
show maximum hyperpolarization (–63 mV) of the control. (B) Me-
chanical recording of the heartbeat (1). The CA1 (2) and CA2 (3)
axons were individually stimulated at 60 Hz. Dotted lines show the
maximum systolic (upper) and diastolic (lower) levels of the control.
The records in A and B were obtained from different preparations.

trace their peripheral projections onto the heart muscle. Visu-
alization of the peripheral cardioacceleratory axons inside the
heart is thus the first morphological evidence for the periph-
eral projection of identified cardioregulatory neurons.

Excitatory synapses on the heart muscle
The cardioacceleratory nerve stimulation caused an over-

all depolarization of the muscle of a quiescent heart (see Fig.
5). The depolarizing response was accompanied by a de-
crease in the membrane resistance of the heart muscle (see
Fig. 6). These results strongly support the idea that the
cardioacceleratory neurons make excitatory synaptic contacts
on the heart muscle. Kihara and Kuwasawa (1984) suggested
that, in the isopod Bathynomus doederleini, cardioacceleratory
axons might induce a depolarization of the heart muscle. In
hermit crabs, Yazawa and Kuwasawa (1984b) recorded dis-
crete EJPs from the heart muscle in response to the cardio-
acceleratory nerve stimulation. In the present study, we failed
to record the discrete EJPs corresponding one-to-one to the
cardioacceleratory nerve stimuli. However, Yamagishi and
Hirose (1992) did record discrete EJPs in response to the
stimulation of the cardioregulatory nerve in juveniles of Ligia
exotica. Since myocardial cells of adult animals are relatively
larger than those of juveniles, it is more difficult to record the
discrete EJPs evoked on the adult heart muscle. It is likely
that the overall depolarization represents the electrical spread
of the summated EJPs evoked at sites distant from the re-
cording site.

In our preceding study, we have shown that the synaptic
effects of CA1 and CA2 neurons on CG neurons are different,
suggesting that they have different functional roles in regula-
tion of the heartbeat frequency (Sakurai and Yamagishi, 1997).
In this study, no noticeable differences were found between
the slow depolarizing responses of the heart muscle to CA1
and CA2 stimulation (Fig. 5). This suggests that CA1 and CA2
neurons have similar functional roles in regulation of the heart
muscle in adult Ligia.

Acceleratory effects on heart muscle activity
Repetitive stimulation of the cardioacceleratory axon

caused an increase in heartbeat frequency (see Fig. 7B). In
adult Ligia, CG acts as a pacemaker of the heartbeat (Yama-
gishi and Hirose, 1997). We showed previously that stimula-
tion of the CA1 or CA2 axon causes an increase in heartbeat
frequency via their excitatory synapses on CG neurons
(Sakurai and Yamagishi, 1997). Therefore, the frequency of
the muscle activity increased following the increase in the burst
frequency of CG (see Fig. 7A).

The cardioacceleratory nerve stimulation also caused an
increase in the plateau amplitude of the action potential and a
decrease in the maximum hyperpolarization of the heart
muscle (Fig. 7A). During the stimulation, the amplitude of the
heartbeat and the heart tonus increased (Fig. 7B). The de-
gree of mechanical tension of the skeletal and heart muscles
of crustaceans is dependent on the absolute value of mem-
brane potential (Orkand, 1962; Brown, 1964; Holley and
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Delaleu, 1972). Therefore, the changes in the plateau ampli-
tude of the action potential and in the maximum hyperpolar-
ization of the heart muscle may result in the changes in the
amplitude of the heartbeat and in the heart tonus.

In the hearts of decapods and stomatopods, the heart
muscle is driven by the summated EJPs produced by bursts
of the ganglionic impulses (reviewed by Prosser, 1973). In
those animals, the amplitude and duration of the contraction
of the heart muscle can be regulated by modulating the spike
frequency and duration of ganglionic burst. In contrast, in the
isopods, the EJPs evoked by ganglionic burst were overlaid
by an active membrane response of the heart muscle (Holley
and Delaleu, 1972; Yamagishi and Hirose, 1997). Little changes
were seen in the number of intraburst spikes of CG in response
to cardioacceleratory nerve stimulation (see Fig. 7A). There-
fore, the amplitude of the heartbeat in Ligia must be regulated
by the cardioacceleratory neurons via modulation of the ac-
tion potential of the heart muscle. We conclude that the cardio-
acceleratory neurons of Ligia exotica regulate the heartbeat
frequency (chronotropic effect) via the synaptic contacts on
CG neurons, and the amplitude of the heartbeat (inotropic
effect) and the heart tonus (tonotropic effect) via the neuro-
muscular junctions on the heart muscle.
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