phases of the prothoracic glands and cor-
pora allata to epidermal secretions dur-
ing embryonic molts in Oncopeltus.
These activity phases were marked by
glandular volume expansion (secretion),
followed by contraction (quiescence),
phenomena typical of glandular activity
in postembryonic development (I8). Us-
ing chromatographic and radioimmuno-
assay methods, Lageux et al. (19) detect-
ed well-defined peaks of ecdysone titer
in Locusta migratoria embryos that cor-
related with cuticular apolysis, an in-
dication of hormonal regulation of em-
bryonic molting. Because of the mutual
interaction between prothoracic gland
and corpora allata functions during in-
sect larva development (I8), JH may
well assume a parallel indispensability
during embryonic ecdysis.

Kaplanis et al. (20) found that M. sex-
ta eggs 0 to 24 hours old were devoid of
molting hormone, whereas older eggs
yielded relatively large quantities of 26-
hydroxy-a-ecdysone. These data and
ours reveal an apparent correlation be-
tween the appearance of molting hor-
mone and juvenile hormone in M. sexta
embryos (5, 20). The major embryonic
molting hormone differs chemically from
that found in larvae (2/) and pupae (22);
we see an analogous situation with JH,
where the major constituents of embry-
onic JH’s (0 and I) are distinct from
those of larval (5) (JH II, lesser amount
of JH I) and adult female (5) (JH II and
JH III) JH in M. sexta. It is noteworthy
that JH 0, biochemically the most unusu-
al of the JH’s, occurs in M. sexta only in
the ontogenetically primitive stages.

It appears that embryonic develop-
ment in insects requires a functioning en-
docrine system, similar to that de-
manded for postembryonic develop-
ment. However, in embryos of M. sexta,
structural alteration in the respective
hormones could imply that biosynthetic
enzyme systems of differing precursor
specificities are present. Whether the
structural differences are in fact obligato-
ry during embryogenesis or simply re-
flect a fortuitous biosynthetic occurrence
has yet to be resolved.
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Swelling of Nerve Fibers Associated with Action Potentials

Abstract. Swelling of nerve fibers during the action potential was demonstrated by
three different methods. Generation of a propagated nerve impulse in a crab nerve
produced an outward movement of 50 to 100 angstroms of the nerve surface and a
rise in swelling pressure on the order of 5 dynes per square centimeter. In squid giant
axons, the amplitude of the observed outward movement of the surface was small.

We have demonstrated a small move-
ment of the nerve surface associated
with the propagation of an action poten-
tial. In spite of reports by previous inves-
tigators (/) on this subject, to our knowl-
edge the existence of such changes has
never been substantiated. In particular,
there has been no unequivocal demon-
stration whether it is a swelling or a
shrinkage. Obviously, extremely small,
transient movements of soft tissues (2)
have escaped reliable measurements.
Using three independent methods, two
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optical and one mechanoelectrical, how-
ever, we have succeeded in obtaining
evidence for the occurrence of a rapid and
transient swelling of the crab nerve ac-
companied by excitation. A preliminary
experiment on squid giant axons in-
dicated the existence of a similar me-
chanical change at the surface.

One of the methods used was to modu-
late the intensity of the light transmitted
from a source to a photodetector by the
movement of a small object placed on
the nerve (Fig. 1A). The light source was
a 100-W quartz-iodine lamp (Osram).
The light from the lamp was led to the
surface of a nerve by means of a bundle
of four plastic fiber optics (each 0.12 um
in diameter). In most cases, claw nerves
of the crab Callinectes sapidus were
used. The chamber in which optical mea-
surements were carried out was so de-
signed that a small tension could be ap-
plied to the nerve. A small (about 3 mg)

Fig. 1. (A) The method of detecting a small
movement of the light-obstructing target on a
crab nerve associated with production of ac-
tion potentials. (B) Transient decrease in the
light intensity (an upward movement of the
target) produced by nerve stimulation. (C) Ex-
tracellularly recorded action potential. Brief
stimulating pulses were delivered at the time
marked by the beginning of the time marker.
The temperature of the preparation was 21°C.
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piece of platinum (‘‘target’’) was placed
in the middle of the de-sheathed portion
of the nerve. The light beam, partially
blocked by the target, was led to a pho-
todetector (Pin-10, United Detector
Corp.) with a bundle of fiber optics about
0.5 mm in diameter. The nerve, as well
as the tips of the fiber optics, was kept
beneath the surface of the seawater in
the chamber. The output of the photo-
diode was amplified with a capacity-
coupled amplifier, and a transient change
in the light intensity was recorded with
a signal averager (model SW71B, Nicolet
Instrument). Stimulating current pulses
about 0.1 msec long were delivered to
the nerve near one end; the action poten-
tials induced were recorded extra-
cellularly near the other end.

The optical signal in Fig. 1, B and C, is
an example of the records obtained after
averaging 128 trials. A transient reduc-
tion in the light intensity was associated
with the production of a propagated
nerve impulse. The magnitude of the dis-
placement was calculated by measuring
the output (d-c) voltage of the photo-
diode as a function of the distance be-
tween the nerve surface and the fiber op-
tics. (The two bundles of fiber optics
were held together and moved with a
heavy-duty micromanipulator.) The opti-
cal signals obtained were produced by a
transient upward movement of the tar-
get, bringing about an increased obstruc-
tion of light. The peak value of the dis-
placement was 40 to 80 A. From the la-
tency and duration of the optical signals,
the displacement of the surface of the
nerve was estimated to be roughly simul-
taneous with the action potentlal at the
site of the target.

In one series of experiments, we used
an optical sensor (Fotonic, model
KD1104, Mechanical Technology, Inc.)
in conjunction with an oscilloscope. This
sensor consists of a bundle of fiber optics
for transmitting light from the source to
the light-reflecting target and another
bundle for carrying light from the target
to the photodiode; all the fibers are thor-
oughly mixed at the sensing end. Mea-
sured with this sensor, the intensity of
the light detected by the photodiode
changed with the distance between the
target and the sensing tip. Again, the
nerve under study was placed in a cham-
ber filled with seawater in such a manner
that the lower surface of the nerve was
pressed against the bottom of the cham-
ber. A small piece of platinum (approxi-
mately 3 mg) was placed on the curved
top of the nerve and used as the light-
reflecting target. The light source and the
photodetector were the same as those
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Fig. 2. (A) Measuring a

small change in the
swelling pressure of the
nerve fibers during ac-
tion potentials; £, and
E, represent electrodes
used for stimulating the
nerve and for recording
electric responses ex-
tracellularly. (B) Me-
chanical and (C) electri-
cal responses of crab
nerve fibers. The ar-
rows indicate when T

7x10-2 dyne

brief stimulating shocks
were delivered. The
preparation was main- (¢}
tained at 21° to 22°C.

described. When crab nerves were ex-
amined by this method, clear signs of
swelling of the nerve fiber during ex-
citation were observed. The upward
movement of the nerve surface obtained
by this method varied between 50 and
100 A. This finding is consistent with
that obtained with the first (light-modula-
tion) method.

The appearance of an upward move-
ment of the target on the nerve indicates
that a positive pressure is developed in-
side the nerve fibers during excitation.
An attempt was made to detect this pres-
sure change by using a piezoelectric
transducer, a bender element (model
R050, Gulton) (Fig. 2A). Near the end of
an about 8-mm-long movable portion of
the bender, a loop of bristles was at-
tached. A small disk (0.01 cm? was
glued at the lower end of the loop. A
heavy-duty micromanipulator was used
to lower the loop slowly to the surface of
the nerve. The chamber was essentially
the same as that already described. The
bender was connected first to a voltage-
follower (model ADS1S5, Analog De-
vices). The output of the follower was
led to a capacity-coupled amplifier and,
finally, to a signal averager.

Figure 2, B and C, shows two examples
of the records obtained with a piezoe-
lectric bender. The upward deflection of
the upper trace represents the appéar-
ance of an upwardly directed force on
the order of 2 X 1072 to 8 X 1072 dyne.
Since the area of contact between the
nerve and the loop of bristles was about
0.01 cm?, we estimated the increment of
the pressure observed at the peak of
nerve excitation to be between 2 and 8
dyne/cm2. From these observations, we
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concluded that the result obtained by the
piezoelectric method is consistent with
those acquired with the optical methods.

We are concerned primarily with the
reliability of our optical and mechano-
electric techniques. All three methods
we have used yielded consistent results,
both in time course and in magnitude,
which indicates the occurrence of swell-
ing of nerve fibers associated with the
development of an action potential. The
results we obtained disagree with those
described by previous investigators; the
reason for this disagreement will be dis-
cussed elsewhere.

Further experimental studies are re-
quired in order to clarify the significance
of the phenomenon of swelling described
in this report, which might be compared
to swelling of polyelectrolyte gels and of
charged membranes studied by a number -
of physical chemists (3).
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