length ultraviolet light by spraying with
10 percent potassium hydroxide in meth-
anol and heating at 110°C. The maculo-
toxin fractions obtained after three ion-
exchange chromatograms gave spots at
Ry 0.31 and 0.12 with potassium hydrox-
ide in methanol. Elution from a non-
visualized plate with 3 percent acetic
acid showed that the only lethal com-
pound was located between Ry 0.3 and
0.4. A final CM-Sephadex C-25 column
chromatogram afforded 1.8 mg of pure
maculotoxin (0.006 percent, by weight,
from posterior salivary glands), which
showed only one spot, alone or mixed
with authentic tetrodotoxin (Sigma), on
thin-layer chromatography.

Pure maculotoxin was twice freeze-
dried with D,O then dissolved in 20 ul of
3 percent completely deuterated acetic
acid (CD;CO,D) in D,O. Its proton nu-
clear magnetic resonance spectrum
(JEOL; 100 Mhz) showed a singlet at
2.72 (CD,HCO,D), a doublet centered on
298 (J = 9.5 hertz), a multiplet with
peaks at 4.62 and 4.88, a large proton
peak at 5.39 (HOD), and a doublet cen-
tered on 6.14 parts per million (ppm)
(J = 9.5 hertz). This spectrum was iden-
tical with that of authentic tetrodotoxin
examined under the same conditions.
The pair of doublets at 2.98 and 6.14
ppm, which are the hallmarks of tetro-
dotoxin (8), were shown to be coupled
by double irradiation.

Our identification of tetrodotoxin as
the principal neurotoxin in the venom
glands of H. maculosa lengthens the list
(8) of diverse creatures in which this tox-
in occurs. The extraordinary ubiquity of
tetrodotoxin makes it unique in this re-
spect among animal neurotoxins. The
role played by tetrodotoxin in H. macu-
losa is perhaps more obvious than in oth-
er species, since H. maculosa uses its
venom to immobilize or Kill its prey of
small crayfish and crabs (/).
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Axial Differences in the Musculature of Uropeltid Snakes:
The Freight-Train Approach to Burrowing

Abstract. The shield-tailed snakes (family Uropeltidae) extend and widen the tun-
nels in which they live by alternately curving and straightening the anterior portion of
their vertebral columns within the skin, a burrowing method that proves to be most
effective for tunneling amid roots and rocks, as well as for producing tunnels wider
than the trunk through unpredictably heterogeneous substrates. The muscles of the
anterior portion of the uropeltid trunk are larger and thicker than those of the poste-
rior and are further modified by the inclusion of large amounts of myoglobin, numer-
ous mitochondria, and diverse other ultrastructural and enzymatic specializations,
which presumably represent adaptations for sustained work loads. The very much
thinner, serially homologous, but unmodified musculature of the posterior trunk oc-
cupies only a much smaller fraction of the cross-sectional area. This regional modifi-
cation increases the effectiveness of the posterior body for storing viscera and devel-
oping embryos.

Theoretical analysis has suggested
that reptiles living underground reflect
the conflict between the advantage of
traversing a relatively narrow tunnel (the
construction of which requires minimal

restructuring forced by the need to re-
duce the diameter of various com-
ponents, such as the feeding mechanism,
the ear, and the reproductive system (/).
This conflict is particularly important

energy per unit length) and the internal ~ when the animal is harvesting small, ran-

vertebra

white
muscle

Fig. 1. Sketch of a partly skinned speciment of Rhinophis drummondhayi showing the extent of
red and white zones of axial musculature. The insets show that the anterior (red) musculature
occupies a much larger fraction of the trunk’s cross section than does the posterior (white
muscle).
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domly distributed food resources (such
as worms or insect larvae), which re-
quire search down old and new tunnels
(2). Even then the energetic pattern is
not the only critical influence since the
body diameter will limit the size of or-
gans. The dimensional constraint is par-
ticularly critical for those organs that,
unlike lungs and liver, must maintain a
shape-dependent function, as does the
oviduct containing the serially arranged
developing young.

The advanced members of the endem-
ic family of shield-tailed snakes (Uropel-
tidae) of India and Sri Lanka (3) appear
to have resolved this problem in a unique
fashion that (i) increases the relative area
of the usable space (actually of the coe-
lom) within the overall cross-sectional
area of the trunk and (ii) produces a tun-
nel wider than the trunk. Those axial
muscles of the uropeltids joining the ver-
tebrae and the paired ribs, as well as the
muscles connecting this mass to the in-
tegument, appear to be drastically thick-
ened in the first fifth of the vertebral col-
umn (or to just posterior to the heart).
Not only are the vertebral and costal
skeleton and muscles much heavier (oc-
cupying more than 60 percent of the
cross section of the body near vertebra
15, compared to less than 25 percent
near vertebra 120, so that the coelom oc-
cupies about 6 percent and 50 percent,
respectively) (Fig. 1), but the fibers are
otherwise modified as well (Fig. 2). The
modification is most obvious in fresh
specimens in which the anterior muscle
mass is opaque and deep red, in contrast
to the almost translucent-to-clear-to-
whitish color of the serially homologous
posterior muscles. Both hypertrophy
and red color are seen at birth.

Regional differentiation of body mus-
culature also is evident at the cytological
and molecular levels. The electron mi-
crograph (Fig. 2A) shows that this ante-
rior musculature has fibrils that are sepa-
rated by regular clefts containing numer-
ous mitochondria. The mitochondria are
large and elongated and have dense
cristae. The triads of the transverse
tubular system are located at the level of
the junction of A and I bands (Fig. 2C,
arrow). The neighboring Z lines are ar-
ranged in regular, straight lines. These
muscles contain fat droplets. The poste-

Fig. 2. Electron micrographs of costocutane-
ous muscles of Rhinophis drummondhayi
from Namunukula, Sri Lanka. (A) Red
muscle, x4,600; (B) white muscle, X4,600;
(C) triad structure in the red muscle, X 56,000;
(D) triad structure in the white muscle,
% 56,000.
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rior muscle (Fig. 2B) has fibrils inter-
spersed with less regular clefts and has
only few mitochondria. The mito-

chondria are small and short and have -

very dense and thick cristae. The triads
(Fig. 2D, arrow) are rare, though the sar-
coplasmic reticulum is well developed.
The Z lines frequently have an irregular
zigzag appearance. No lipid droplets
were seen in the white muscle.

The color difference is due to the pres-
ence of approximately 2 g of myoglobin
per 100 g in red muscle and its almost
complete absence from white muscle.
Red muscle also exhibits higher activi-
ties of malate and isocitrate dehy-
drogenases and of both glutamic-oxalo-
acetic and glutamic-pyruvic transami-
nases. Glycolytic enzymes do not show
regional differentiation (Table 1). The
cytological and biochemical character-
istics of the anterior musculature are
similar to those of mammalian muscle
adapted for endurance exercise (4). Ap-
parently, the axial and integumentary
muscles contain mainly oxidative ‘‘red”’
muscles in the anterior zone with a serial
transition posteriorly to an arrangement
of glycolytic ““white’’ fibers.

The arrangement of the red muscle is
directly associated with the peculiar
method of tunnel formation shown by
uropeltids (Fig. 3). When extending a
tunnel system by forming new branches,
these snakes form the anterior vertebral
column into a sequence of hairpin turns
pressing the external loops against the
tunnel wall (5). The zone in firm contact
with the tunnel walls (Fig. 3) absorbs the
reaction forces imposed when driving
the tip of the uniquely pointed head into
the substratum. As soon as the cephalic
cone has penetrated to about the level of
the anterior vertebrae (at which level the
trunk has achieved full diameter) the
straightened neck is again thrown into a
new set of curves. The lateral extent of
these not only provides a transmission
base for the reaction forces of the next
push but in itself tends to widen the tun-
nel beyond the diameter of the neck.

The exertion of lateral forces on to the
tunnel wall is enhanced by the loose con-
nection between the axial mass and the
integument. The multiple curves in the
vertebral ‘column are formed within the
loose envelope of the anterior skin which
widens but does not itself curve (6). This
loose connection between axial mass and
integumentary envelope allows a smooth
widening of the anterior body and
achieves a more regular widening of the
tunnel.

The concentration of the machinery
for widening the initial divot formed by
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the penetrating head has several advan-
tages. (i) As the propulsive machinery is
concentrated in the anterior portion of
the trunk, only a miinimal fraction of the
cross-sectional area of the posterior
trunk must be allocated for support and
propulsion; the remainder is reserved for
storage. (ii) The tunnel formed is consid-

pressure on the sides of the body and
possibly damaging entrained tissues
when the animal is temporarily swollen
because of a large meal or when it con-
tains a series of embryos near term (7).
(iii) The burrowing method provides an
ideal tunneling device for an unpredict-
ably inhomogeneous substratum. The

erably wider than the widest part of the
trunk. This limits the risk of exerting

initial divot driven by the head is quite
narrow and will be deflected by roots or

Fig. 3. Tunnel penetration pattern of an advanced uropeltid. (A) The snake has curved its ante-
rior vertebral column within the integumentary envelope and stems its sides against the walls,
thus widening the tunnel diameter and providing a base from which to penétrate farther. The
head is next forced into the soil forming a tunnel extension of narrow diameter (B) that is
widened (C) as the posterior portions of the vertebral column are pulled anteriorly and curved
against the tunnel wall in order to form a base for further penetration. Dark areas between the
snake and the tunnel wall indicate the zone of the snake in firm contact with the wall.

Table 1. Comparison of proteins from red (anterior) and white (posterior) muscle. Concentra-
tions of myoglobin were estimated spectrophotometrically for Rhinophis phillipinus; absorption
maxima of oxymyoglobin are 581 and 544 nm; its oxyhemoglobin has maxima at 578 and 541
nm. Relative activities of the enzymes were estimated from rates of staining on starch gel elec-
tropherograms: The designation ++ + indicates high activity; ++, moderate activity; +, weak
activity; —, activity not detected.

Proteins Red muscle White muscle
Concentration
Myoglobin 1.81 + 0.52 g/100 g* < 0.01g/100g
Relative activity
Dehydrogenases
Glycerol-3-phosphate (E.C. 1.1.1.8) ++ +
Lactate-11 (E.C. 1.1.1.27) + +
Lactate-2t (E.C. 1.1.1.27) +4++ +++
Lactate-31 (E.C. 1.1.1.27) + -
Malate (E.C. 1.1.1.37) +++ ++
Malate (E.C. 1.1.1.40) + +
Isocitrate (E.C. 1.1.1.42) +++ ++
Phosphogluconate (E.C. 1.1.1.44) + +
Transferases :
Glutamate-oxaloacelate-11 (E.C. 2.6.1.1) +++ +
Glutamate-oxaloacelate-2t (E.C. 2.6.1.1) ++ +
Glutamic-pyruvic (E.C. 2.6.1.2) ++ +
Adenylate kinase (E.C. 2.7.4.3) ++ ++
Creatine kinase (E.C. 2.7.3.2) ++ ++
Phosphoglucomutase (E.C. 2.7.5.1) ++ ++
Glucosephosphate isomerase (E.C. 5.3.1.9) + +
Hydrolases )
Leucyl-proline dipeptidase (E.C. 3.4.13.9) + +
Valyl-leucine dipeptidase-11 (E.C. 3.4.11) ++ -
Valyl-leucine dipeptidase-2t (E.C. 3.4.11) ++ ++
Leucyl-glycyl-glycine peptidase (E.C. 3.4.11) ++ ++
Umbelliferyl-acetate esterase (E.C.3.1.1.1) ++ ++
Adenosine deaminase (E.C. 3.5.4.4) + +

*Mean of 20 specimens * standard deviation; range, 0.89 to 2.91.
creasing anodal mobilities of their products.

tLoci are numbered in order of de-
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rocks. When it passes close to such ef-
fectively nondeformable and non-
displacable objects, the opposite wall of
the tunnel will be compressed unevenly
so that the final tunnel achieves its full if
meandering diameter by extra asymmet-
ric compression of the softer zones.

Whereas the posterior body mus-
culature is capable of throwing the trunk
into undulations, analysis of films shows
clearly that (i) relatively little continuous
force is exerted by this zone and (ii) this
posterior half of the body is relatively in-
active in propulsion. Furthermore, the
shield-tailed snakes do not use their
caudal tip to stem (that is, to absorb) the
reaction forces obtained as their head
starts to enter and extend crevices; thus
they differ from worm snakes, families
Typhlopidae and Leptotyphlopidae. The
posterior vertebrae are relatively shal-
lower than the anterior, which indicates
that this portion of the trunk is not
equipped to absorb major or continuous
forces.

Consequently, the uropeltid body may
be conceived of as analogous to a freight
train. All its propulsive machinery is
concentrated in the anterior portion,
while the posterior trunk serves mainly
for the indirectly powered transport of
the viscera. In the same way that the ca-
boose provides terminal protection for a
string of freight cars, the uropeltid’s
modified caudal shield protects the
snake’s distal end (8). Movement along
the tunnel is unidirectional; thus uropel-
tids cannot burrow backward and have
trouble backing up unless the tunnel is
smooth and well formed.

The adaptive pattern here shown is not
only interesting as an ecological re-
sponse to a particular set of environmen-
tal conditions but also documents the
fact that the adaptive response of muscle
is not restricted to mere hypertrophy or
reduction. In this case, it involves a gen-
eral modification of the enzyme system
and fibrillar arrangement within regional
groupings of muscles, though it is prob-
able that the evolutionary change ac-
tually involved a simultaneous loss of
oxidative capacity in the posterior por-
tion of the trunk and its enhancement in
the anterior.
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Intercellular Communication in Insect

Development Is Hormonally Controlled

Abstract. Cellular coupling in the insect epidermis changes in a characteristic way
during metamorphosis. In vitro, B-ecdysone mimics the initial phase of these
changes by increasing electrical coupling. Both adenosine 3',5'-monophosphate (cy-
clic AMP) and Ca®* reverse natural and B-ecdysone~-stimulated changes, which sug-
gests that ecdysone could work on communication through changes in cyclic AMP
and Ca®" levels. The transient changes in intercellular communication before meta-
morphosis may reflect the timing of the signals that trigger proliferation and the
generation of new spatial patterns in the epidermis.

Growth regulation in a developing tis-
sue requires that the component cells
communicate with each other. Over
short ranges, the transmission of growth-
regulating and morphogenetically impor-
tant molecules through specialized mem-
brane junctions has been proposed as a
likely means of intercellular communica-
tion (/). The cytosol of normal nonex-
citable cells is connected by permeable
pathways that traverse the plasma mem-
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brane at gap junctions (2) that remain
open throughout the cell cycle (3) and, in
postembryonic tissues, allow the inter-
cellular transfer of molecules with mo-
lecular weights less than 1000 (¢). The
pathway is an obvious candidate for the
transmission of cell division initiators
and the feedback regulation of growth in
multicellular tissues (/).

In the insect, cell growth is periodic
and under hormonal control (5). The in-
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