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Nervous Control of the Heart during Thoracic

Temperature Regulation in a Sphinx Moth

Abstract. Heating the thorax of the sphinx moth, Manduca sexta, evoked
pulsations of the heart in the abdomen. These pulsations were of relatively high
rate and amplitude, and traveled from the abdomen into the thorax. While heat
was continuously applied exclusively to the thorax, thoracic temperature often
stabilized and abdominal temperature increased sharply. Thoracic heating of
moths with transected nerve cord, however, did not evoke these responses. It is
inferred that the heart in the abdomen responds to overheating of the thorax

through neural influence.

Descriptive knowledge of the insect
circulatory system dates back to Har-
vey (/) and has recently been reviewed
(2, 3). This circulatory system is an
open one, although blood is pumped by
a pulsatile vessel, the heart. In some in-
sects, the heart is segmentally innervated

from the ventral nerve cord (4), but that
of saturniid moths, for example, is
thought to be exclusively myogenic (5).

The heart is a muscular tube extend-
ing along the middorsal line of the
abdomen into the thorax (Fig. 1). The
so-called alary muscles’ are laterally
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attached. Segmentally arranged pairs
of ostia allow inflow of blood, and
ostial valves prevent outflow (6, 7).

In the sphinx moth, Manduca sexta,
blood circulation is involved in the
stablization of thoracic temperature
during free flight over a wide range of
ambient temperatures (8). It was not
known if thoracic temperature was reg-
ulated, or if stabilization was achieved
automatically by the pumping of the
heart in the abdomen at its own tem-
perature-dependent rate. This rate might
be rapid when the abdomen is hot and
slow when the abdomen is cool, as it is
at low ambient temperature. I now re-
port, however, that the pumping of the
heart in the abdomen is modulated in
response to thoracic temperature.

The moths used in this study were
supported by their wings from a frame
of balsa wood so that their bodies were
freely suspended. Heat was directed
onto the thorax with a narrow beam
of light from an incandescent lamp.
During thoracic heating, both the heart
pulsations and the body temperatures
were simultaneously and continuously
recorded. The latter were measured with
40-gauge copper-constantan thermocou-
ples implanted in the thorax, as well as
in the second and fifth abdominal seg-
ments (Fig. 1). The leads from the
thermocouples were connected to a
multichannel potentiometric recorder.

Thor.=27.0C
Abd, =265°C

il Thor=39.0C
(17 Abd, =260C

Thor.= 405C
Abd. = 260C

Thor.= 44.5C
Abd.= 31.6C

Fig. 1. Body temperatures and abdominal heart recordings from the same run during the application of heat exclusively to the
thorax of a moth. Heating of the thorax was initiated at minute 0. Lines on the sagittal view of thorax and abdomen point from
the positions of the implanted thermocouples to the respective temperatures recorded from that area during the 25 minutes of heat
application to the thorax. The approximate position of the electrodes, which were implanted laterally along the abdominal heart to
record heart pulsations, is indicated by X. The specific times at which the abdominal heart pulsations were recorded are indicated
by 4, B, C, and D. The same moth, when dead, was again heated in a similar manner. The initial rate of temperature increase in
the thorax was the same as in the live moth; however, after 12 minutes of thoracic heating, the dead moth had a thoracic tem-
perature of 53°C; abdominal temperature did not exceed 26°C during this time.
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The pulsations of the heart were
monitored simultaneously in the thorax
and in the abdomen by silver electrodes
implanted on each side of the heart.
The electrodes were wired to a pair
of Biocom impedance converters, the
signals of which were recorded on sep-
arate channels of a polygraph. The
movements of the heart, observed
through the transparent integument, co-
incided with the polygraph records. The
impedance measurements recorded the
-timing of the heart pulsations as well
as their relative amplitude.

The frequency, amplitude, and dura-
tion of continuous pulsations of . the
heart increased when the thorax was
heated to 40° to 43°C, even though
the abdominal temperature initially did
not change and remained relatively low
(Fig. 1). In moths with heated
thoraxes, the pulses usually moved
from the tip of the abdomen into the
thorax. These pulses were always at
the same frequency in the thorax and
in the abdomen, even though the tem-
peratures of thorax and abdomen were
made to differ by more than 20°C.
Individual pulses in the abdomen were
usually recorded a few milliseconds be-
fore those in the thorax.

It can be inferred from the heart
pulsations (Fig. 1) that the flow of
blood through the heated thorax was
relatively strong. When the heat input
to the thorax was not excessive, the
temperature of the thorax often sta-
bilized. This stabilized thoracic tem-
perature was always lower than that
observed during thoracic heating of
dead moths. Since the thorax of the
moth shown in Fig. 1 was deliberately
overheated, the rate of heat transfer
from thorax to abdomen was probably
maximum; the temperature of the sec-
ond abdominal segment rose up to 8°C
in the dorsum and 11°C in the ventrum
(Fig. 1). However, when the ventral
nerve cord was transected (posterior to
the second abdominal segment) and the
thorax was heated as before, the in-
jcrease in abdominal temperature was
only 2° to 3°C, as in dead moths.

Transection of the nerve cord im-
mediately reduced the frequency of the
heart pulsations. In operated moths, in
contrast to normal ones, heating of the
thorax did not evoke either increased
rates or amplitudes of pulsation of the
heart in the thorax or in the abdomen.
Unlike the situation observed in un-
operated moths with high thoracic
‘temperatures, the pulses of the heart in
operated moths sometimes moved from
thorax to abdomen.
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Four out of seventeen unoperated
moths failed to show increases of heart
rate, pulse amplitude, abdominal tem-
perature, or stabilization of thoracic
temperature in response to thoracic
heating. It is inferred, in these cases,
that the ventral nerve cord, or nerves
innervating the heart or its alary mus-
cles were damaged by one of the many
implanted thermocouples or electrodes.

A number of anatomical features of
sphinx moths contribute to tempera-
ture regulation. The thick layer of
thoracic scales (9) and the hollow
space (7) between thorax and abdo-
men (Fig. 1) aid in the retention of
heat in the thorax, and should there-
fore be useful whenever the moths are
flying in low (<15°C) air tempera-
tures, when blood flow from the abdo-
men to the thorax appears to be nearly
cut off (8).

The blood from the thorax flows un-
der and around the ventral diaphragm.
This membrane, extending along the
midventral line of the abdomen, un-
dulates laterally and posteriorally (3,
6). It aids in stirring and propelling
the blood which collects in the heart
after passing through the hemocoel,

where heat is lost by convection and-

evaporation (9, 10). The blood ap-
pears to have cooled maximally by the
time it has entered the heart (Fig. 1).
It is then impelled into the thorax
where the pulsatile vessel loops through

the flight musculature (7, 11). This
loop should act as a cooling coil.

It can be concluded that the pump-
ing of the heart is affected by impulses
from the thorax via the ventral nerve
cord. This affords a mechanism for
control of the movement of heated
blood from the well-insulated thorax
into the poorly insulated abdomen, and
allows the abdomen to serve as a radi-
ator where heat from the thorax is un-
loaded via the blood.

BERND HEINRICH
Department of Zoology, University of
California, Los Angeles 90024
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Junctional Membrane Permeability:

Restoration by Repolarizing Current

Abstract. In cells of the Chironomus salivary gland, junctional membrane con-
ductance, depressed by various chemical treatments, is restored to its normal
high level by currents passed inward through nonjunctional cell membrane.

The high membrane permeability at
the junction of a variety of cells is de-
pressed by cell injury (I/-3), by intra-
cellular injection of Ca%+ (3), by an-
isotonic media (3) or media free of Ca
and Mg (4), by media in which propio-
nate substitutes for C1— (2) or Lit sub-
stitutes for Na+ (4), by low temperature
(5), by chemical metabolic inhibitors
(6), and by electric current going out-
ward through the nonjunctional mem-
brane (7). Under most, if not all, of
these conditions depolarization takes
place at various rates and to various de-
grees. Thus the question arose whether
repolarizing (inward-going) current,
applied at times of low junctional per-
meability (uncoupled state), will restore

high junctional permeability. I have
examined this question for three of
the aforementioned conditions of un-
coupling and found that restoration in-
deed takes place.

Salivary glands of mid-fourth instar
larvae of Chironomus thummi were iso-
lated in a physiological solution [nor-
mal medium (8)] and then exposed
continuously to one of the following un-
coupling media: dinitrophenol (DNP)
medium, medium free of Ca and Mg,
and medium free of Ca and Mg but
with Li (8). Two adjacent cells I and
II (Fig. 1) were impaled, each with
one voltage-recording (E;, Ejy; filled
with KCl) and one current-recording
microelectrode [iy, ify; filled with KCl,
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