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Role of the cardiac nerve in the
adaptive changes of heart rate
In response to an aversive stimulus
In Megalobulimus mogianensis
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The effect of an aversive stimulus represented by contact with a hot plate on the heart rate of Megalobulimus mogianensis was
evaluated with electrocardiogram recording in intact snails (N = 8). All stimulated animals showed an increase in heart rate, with
mean values ranging from 35.6 + 1.2 (basal heart rate) to 43.8 + 0.9 bpm (post-stimulation heart rate). The cardioacceleration
was followed by gradual recovery of the basal heart rate, with mean recovery times varying from 4.3 + 0.3 to 5.8 + 0.6 min.
Repetition of the stimulus did not affect the magnitude of variation nor did it influence the basal heart rate recovery time. To
investigate the role of the cardiac nerve in mediating the heart rate alterations induced by the aversive stimulus, denervated (N
= 8) and sham-operated (N = 8) animals were also tested. Although the aversive stimulus caused the heart rate to increase
significantly in both experimental groups, the mean increase in heart rate in denervated animals (4.4 + 0.4 bpm) was 57% of the
value obtained in sham-operated animals (7.7 + 1.3 bpm), indicating that the cardiac nerve is responsible for 43% of the
cardioacceleration induced by the aversive stimulus. The cardioacceleration observed in denervated snails may be due to an
increase in venous return promoted by the intense muscular activity associated with the withdrawal response. Humoral factors
may also be involved. A probable delaying inhibitory effect of the cardiac nerve on the recuperation of the basal heart rate is
suggested.
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All animals have the capacity to react to sudden envi-
ronmental stimuli. In snails, innocuous or noxious stimula-
tion applied to any exposed skin area usually produces an
immediate withdrawal response. Previous investigations
conducted in our laboratory revealed that specimens of
Megalobulimus mogianensis placed on a hot aluminum
plate at 52°C show stereotyped avoidance behavior con-
sisting of characteristic elevation of the anterior portion of
the body (1).

Withdrawal reflexes are associated with intense mus-
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cular activity. Since mollusks have an open circulatory
system and, therefore, large hemocoelic sinuses, the con-
traction of body wall musculature squeezes the hemo-
lymph and indirectly affects cardiac activity. Consequently,
behavioral responses are, in general, associated with con-
comitant changes in heart rate (2-4). Moreover, cardiac
activity is controlled in part by the nervous system (3,4) and
is a sensitive indicator of the animal’s perception of any
changes in its immediate surroundings (5).

A number of investigators have studied different as-
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pects of the withdrawal response evoked by a novel,
innocuous or noxious stimulus (1,4,6,7). Although the path-
ways that control defensive behaviors often share circuitry
with those that control cardiovascular function (8), litera-
ture on heart rate alterations associated with these behav-
iors is scarce. The effects of a strong mechanical stimula-
tion of the mantle on the heart rate of Helix aspersa was
studied by Bagust et al. (9). Dieringer et al. (10) investi-
gated the effects on heart rate of a noxious stimulus, in
which a few salt crystals were applied to the parapodia of
intact Aplysia californica submitted to cardiac denervation.
Weatherill and Chase (11) studied heart activity during
withdrawal reflexes in reduced preparations of H. aspersa.

Studies have been conducted in our laboratory to
determine the effects of different external and/or internal
factors and behavior on the heart rate of the terrestrial snail
M. mogianensis. These studies have also established the
relative contributions of intrinsic and neural control to heart
rate (2,3,12,13). Recently, we described the effects of a
brief jet of water delivered to the anterior portion of the
body-head on the heart rate of M. mogianensis (14).

The objective of the present investigation was to ex-
tend previous studies by determining both the effects of an
aversive stimulus (contact with a hot plate) on the heart
rate of these snails and the role of heart innervation in the
mediation of such alterations.

Adult specimens (79-185 g) of M. mogianensis Simone
and Leme (= M. sanctipauli sensu Romero and Hoffmann
non Pilsbry and lhering 1900) collected at Santa Rita do
Passa Quatro (21°40’S, 47°30’'W), State of Sao Paulo,
Brazil, were used. The animals were kept in a terrarium
and fed green leaves ad libitum once a day.

To record heart rate, three silver chloride electrodes
were implanted chronically into the visceral mass of the
animals according to the technique described by Romero
and Hoffmann (15). Forty-eight hours before the experi-
ments, each animal was prepared for electrocardiogram
recording and placed individually in a plastic container (29
x 29 x 14 cm) containing a wet cotton patch. Animals were
transferred to the experimental room kept at 25°C, about 3
h before the beginning of the experiments in order to obtain
a regular heart rate. Recordings were obtained with a
Nihon Kohden polygraph model RM-6100 (Nihon Kohden
Corporation, Tokyo, Japan).

The aversive stimulus employed in these experiments
was a thermal stimulus initiated by contact with an alumi-
num plate mounted on the surface of a 52 + 1°C water bath
(Fanem-Unitemp). The heart rate of completely extended
(still or in locomotion) snails was registered for roughly 3
min. Then, each animal was placed on the hot plate and
remained there until the anterior part of the head/foot lifted
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to @ minimum of 1 cm (1). After this time, it was quickly
removed from the thermal surface. This avoidance behav-
ior was so vigorous that it interfered with recordings while
the animal was on the hot plate and for some time after
removal. Thus, the heart rate post-stimulation was re-
corded 60 to 90 s after removal of the animal from the hot
plate. Heart rate data are reported as beats per min (bpm).

We first determined how the aversive stimulus caused
the heart rate to vary in a group of intact animals (N = 10).
The interference caused by the vigorous aversive response
extended until 90 s after stimulation and prevented several
measurements in several animals. For this reason, each
animal was submitted to six stimulations, from which the
first three legible recordings were used to calculate the
post-stimulation mean value. Several animals tended to
become inactive or retract into their shell after stimulation.
It was necessary to spray these animals with water to keep
them active or make them emerge from the shell between
stimulations (14). To prevent probable anticipatory cardiac
responses, a variable interval between stimulations corre-
sponding to the time until basal heart rate recovery was
employed. In order to determine the role of the nervous
system in mediating these heart rate alterations, two other
groups were tested: denervated animals (N = 8) submitted
to section of the cardiac nerve (16) and sham-operated
control animals (N = 8) submitted to the same surgical
procedure except that the nerve was localized but left
intact. Operated animals were submitted to experimental
protocols 8 to 14 days after surgery. Each animal was
submitted to 3 to 6 stimulations, from which the first three
legible recordings were used to calculate the post-stimula-
tion mean value. At the end of the experiments, each
animal was dissected to visually confirm that the nerve had
been severed. All experiments were performed between
October and April.

Data from repeated measures made on the same group
of animals under different conditions were analyzed statis-
tically using a one-way analysis of variance for repeated
measures followed by the Newman-Keuls comparison test.
Data from two measurements made on the same group of
animals were analyzed statistically by the two-tailed paired
Student t-test, whereas comparisons between two differ-
ent groups of animals were made by the two-tailed Student
test. All comparisons with a probability <0.05 were con-
sidered to be statistically significant.

Intact snails placed on the hot plate displayed an
aversive response consisting of a narrowing of all parts of
the head/foot followed by a stereotyped elevation of the
anterior portion associated with mucus secretion (1). All
stimulated intact animals showed an increase in heart rate
(P < 0.0001), with mean values ranging from 35.6 + 1.2
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bpm (basal heart rate) to 43.8 + 0.9 bpm (post-stimulation
heart rate). As shown in Figure 1, repeated stimulation did
not affect the magnitude of the increase in heart rate, with
values varying from 6.8 + 1.1 to 8.8 £ 0.8 bpm. Repeated
stimulations did not affect the basal heart rate recovery
time, whose mean values varied from 4.3 +0.3t0 5.8 + 0.6
min. To exclude the possibility that stimulation with water
interfered with the animals’ arousal levels between aver-
sive stimulations, statistical analysis was performed in a
subgroup of 5 animals in which we could obtain sequences
of three stimulations without the use of water. This analysis
showed that there was no significant difference between
the increase in heart rate elicited by these three stimula-
tions. The mean heart rates corresponding to the first,
second, and third stimuliwere 7.9+ 1.3,7.9+ 1.7, and 7.7
+ 1.3 bpm, respectively. The same finding was observed
for the time until basal heart rate recovery (4.4 £ 1.2, 5.0 +
1.0, and 4.6 £ 0.6 min, respectively).

The aversive stimulus caused the heart rate to in-
crease significantly in sham-operated (from 33.5 + 1.0 to
41.2 £ 1.3 bpm, P = 0.0002) and denervated (from 33.7 +
0.8t0 38.1 £ 0.9 bpm, P <0.0001) animals. Nevertheless,
Figure 2 shows that the increase in heart rate obtained in
denervated animals differed significantly from that ob-
tained in sham-operated animals (P = 0.011). The mean
increase in heart rate in denervated animals (4.4 £ 0.4
bpm) was 57% of the value obtained in sham-operated
animals (7.7 £ 1.3 bpm), indicating that the cardiac nerve is
responsible for 43% of the increase in heart rate induced
by the aversive stimulus. However, the time until heart rate
recovery did not differ significantly between groups (4.9
0.8 min in sham-operated and 4.3 + 0.4 min in denervated
animals).

The stimulation of M. mogianensis with an aversive
thermal stimulus induces a withdrawal reaction character-
ized by a stereotyped elevation of the anterior portion of
the fully extended head/foot. This is accompanied by mu-
cus secretion, after which the animals tend to retract into
the shell (1). The present results showed that the with-
drawal response is always associated with an increase in
heart rate followed by a gradual recovery to the basal heart
rate. Dieringer et al. (10) also reported that salt crystals
applied to the parapodia of A. californica elicited vigorous
escape activity accompanied by both mucus secretion and
an increase in heart rate. In contrast, Bagust et al. (9)
reported that strong mechanical stimulation of the mantle
of H. aspersa evoked a burst of activity in the intestinal
nerve accompanied by inhibition of the heart. Recently,
Weatherill and Chase (11) used a reduced preparation of
H. aspersa to observe that tactile stimulation of body
organs elicited coordinated responses of the heart whose
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most prominent feature was excitation often preceded by
transient inhibition.

The increase in heart rate during withdrawing reflexes
seems to be an adaptive strategy, since the blood must
deliver more oxygen to the tissues during these vigorous
muscular activities. This can be achieved through an in-
crease in cardiac output resulting from an increase in heart
rate.

Our results also showed that repetition of the aversive
stimulus affects neither the magnitude of the heart rate
increase nor the recovery time in a series of six stimula-
tions in intact snails. In contrast, Romero and Hoffmann
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Figure 1. Effect of repeated aversive stimulation on the heart
rate increase (HR, closed circles) and time until basal heart rate
recovery (RT, open circles) in intact specimens of Megalobuli-
mus mogianensis. A group of 10 snails was tested. Data are
reported as means + SEM for 6 to 9 legible recordings as
indicated to the right of each point in the figure. Heart rate data
are reported as beats per minute (bpm), and recovery time is
reported as min at 25°C.
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Figure 2. Heart rate (HR) increase and time until basal heart rate
recovery (RT) associated with an aversive stimulus in sham-
operated and denervated specimens of Megalobulimus mogian-
ensis. Data are reported as means + SEM for 8 specimens in
each group. Heart rate data are reported as beats per minute
(bpm), and recovery time is reported as min at 25°C. *P < 0.05
compared to denervated animals (Student t-test).
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(14) showed that repetition of an innocuous stimulus in-
duces a gradual decrease in the magnitude of the heart
rate increase in a series of three stimulations. Their find-
ings indicate that this behavioral response undergoes
early habituation, a form of learning common to all animals
(7). Although a decrease in the strength of the response
when a non-threatening stimulus is repeatedly presented
confers an adaptive advantage to the animal by reducing
energy expenditure (6), ignoring an aversive stimulus is
disadvantageous since it may result in harm or even death.

Our investigations into the role of the nervous system in
mediating heart rate alterations revealed that stimulation
by the aversive thermal stimulus induces significant in-
creases in heart rate in both sham-operated and dener-
vated animals. However, the mean increase in the dener-
vated animals was significantly lower than that observed in
shails with an intact cardiac nerve. In contrast, Dieringer et
al. (10) reported that although noxious stimulus induced
significant increases in heart rate in both sham-operated
and denervated specimens of A. californica, the heart rate
responses were not significantly different for the two groups.
Our present results showed that the cardiac nerve is
responsible for 43% of the increase induced by the aver-
sive stimulus in M. mogianensis. Weatherill and Chase
(11) concluded that cardiac responses during withdrawal
responses are mediated by the activation of central ner-
vous circuits in H. aspersa. Nevertheless, these investiga-
tors could not determine the percentage of nervous system
contribution to these cardiac alterations since their results
originated from reduced preparations in which the venous
return was maintained at a constant rate.

The nervous system simultaneously activates motor
behavioral patterns and correlated vegetative adjustments.
The associated neural and humoral control of bodily func-
tions by the vegetative nervous system has likely evolved
to regulate basic survival strategy in both vertebrates and
invertebrates (5). Thus, the increase in heart rate triggered
by neural activity represents the contribution of the ner-
vous system to the withdrawal response induced by aver-
sive stimulation. On the other hand, the increase in heart
rate observed in denervated animals is expected since the
aversive stimulus induces a vigorous narrowing of all parts
of the head/foot followed by the elevation of the anterior
part of the body. This intense muscular activity may gener-
ate an increase in cephalopedal hemocoel pressure and
consequently venous return, which is responsible for the
increase in heart rate (3). In support of this mechanism,
Romero and Hoffmann (14) demonstrated a significant
positive correlation between the time necessary for head
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retraction-protraction and the increase in heart rate in
denervated snails submitted to an innocuous stimulus.
Since noxious stimulation of the body wall may release
stress hormones into the hemolymph of A. californica
(17,18), humoral factors may also be involved in the in-
crease in heart rate observed in denervated snails submit-
ted to an aversive thermal stimulus.

Although aversive stimulus induces smaller increases
in heart rate in denervated animals, our results also show
that the recovery time associated with these increases did
not decrease compared to that of snails with intact cardiac
nerves. This finding indicates that the cardiac nerve prob-
ably has a delayed inhibitory effect, which may play a role
in the recovery of the basal heart rate. It is well-known that
mollusk cardiac nerves, which originate from the visceral
ganglion, contain inhibitory as well as excitatory fibers. In
their work on intact specimens of M. mogianensis, Romero
and Hoffmann (14) showed that the delivery of the first
innocuous stimulus (a jet of water) induced a heart rate
increase of 7.4 £ 1.2 bpm associated with a recovery time
of 15.5 + 1.8 min. Our present data showed a similar
increase in the heart rate of snails submitted to an aversive
thermal stimulus (8.7 £ 1.6 bpm) but a faster recovery of
the basal heart rate (5.7 £ 0.9 min). To promote a faster
basal heart rate recovery, an inhibitory effect via the car-
diac nerve is necessary. This conclusion agrees with that
of S-Résza and Salanki (19), who stated that “besides the
excitatory synaptic connections, inhibitory ones may also
exist to determine the time limitation of the response”.

Although both innocuous and aversive stimuli induce
heart rate increases of similar magnitude, it is remarkable
that the recovery time associated with an innocuous stimu-
lus is roughly three times greater than that associated with
an aversive one. A jet of water, similar to the rain after the
drought, has an alerting effect. It induces an increase in the
general activity level, which is reflected in the tendency of
snails to accelerate their movements after the withdrawal
reaction (14). On the other hand, the aversive thermal
stimulus may be similar to contact with a hot rock surface
(20); if a stimulus of this nature persists, it may threaten the
survival of a cold-blooded animal. The immediate lifting of
head-foot provides snails with temporary relief from the hot
surface. The ensuing fast decrease in heart rate would
lead to a decrease in fluid pressure within the hemocoel,
which would thereby reduce the resistance of withdrawing
the foot into the shell and permit rapid retraction of the
entire snail into the protective shell (9). In agreement with
the above statement, we observed that several snails
retracted into their shells after hot plate stimulation.
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