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Hydrostatic locomotionina
limbless tetrapod

James C. O’Reilly*, Dale A. Rittert & David R. Carriert:
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Caecilians are an ancient and enigmatic group of limbless,
burrowing amphibians found throughout most of the humid
tropics™”. Over the past 100 million years, the majority of caecilian
lineages seem to have retained a series of highly derived muscu-
loskeletal traits from a common ancestor. Among these features
are unusually oriented body wall muscles® and a vertebral column
that moves independently of the skin*~. Until now, these strange
characteristics have defied a satisfying functional explanation.
Our data suggest that the unique morphology of caecilians
enables them to power locomotion hydrostatically by applying
force to a crossed-helical array of tendons that surrounds their
body cavity. Using this system, the Central American Dermophis
mexicanus can generate approximately twice the maximum for-
ward force as similar-sized burrowing snakes that rely solely on
longitudinally oriented musculature of the body wall and verteb-
ral column for forward force production. Although many groups
of invertebrates use hydrostatic systems to move'™" and many
vertebrates use hydrostatic systems in localized body parts'>*,
caecilians are the first vetebrates known to use the entire body as a
hydrostatic system for locomotion.

Because caecilian ribs are not ventrally directed and cannot
support their bodies, previous workers have suggested that caeci-
ltans maintain body shape during locomotion by means of hydro-
static pressure generated by the unusually vertical muscles of their
body wall**'>%, To test this hypothesis, we monitored pleuroper-
itoneal pressures during vigorous locomotion by implanting air-
hiled catheters in the vestigial left lung of four specimens of
Dermophis mexicanus and recording pressure changes with a differ-
ential pressure transducer. We expected pleuroperitoneal pressure
to vary across different modes of locomotion, but to remain fairly
constant within each mode. However, to our surprise, in all four
subjects pleuroperitoneal pressure varied cyclically during concertina
locomotion. In this mode of locomotion, caecilians use movements
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Figure 1 An example of the temporal relationship among activity of the m.
transversus, pleuroperitoneal pressure and forward velocity of the head in a
Dermophis (40cm total length) performing concertina locomaotion. As the m.
ransversus becomes active, pressure rises and the head is thrust forward. This

pattern led us to the hypothesis that the vertically oriented muscles of the Dody
wall might be contributing to forward force production.
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Figure 2 This diagram illustrates how forward force production inDermophis was
measured and how the contribution of the vertebral column and associated
musculature () to total forward force {F,) was estimated. Muscles of the vertebral

column wouid have had to produce 440Ncm=2 of force to be abie to account
completely for the maximum thrust force measured.
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Figure 3 a, Anatomy of the left body wall of Dermophis mexicanus from an
internal perspective. The layers are depicted from deepest (ciosestio the viscera)
to mostsuperficial {closestto the skin) from leftto right. chf, crossed helical fibres:
Ihf, ieft-handed helical fibres; oes, m. obliquus externus superficialis; oi, m. obliquus
internus; ra, m. rectus abdominus; rhf, right-handed helica! fibres: rl: m. rectus
ateralis; f, transverse fibres; tra, m. transversus. b, Depiction of current working
model of Dermophis concertina locomotion and burrowing. The entire helix is
placed under tension by internal pressure generated by the transversus muscle.
As the obliguus muscles place tension on parts of the helix, it shifts from its
resting position of app'ruxfmately 80° to the long axis of the body, towards 54.44°,
As the helix extends, the now rigid outer body wall pushes on the head and aids
the.vertebral column musculature in generating forward directed force.
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Figure 4 Two Dermophis were induced to burrow on the apparatus illustrated in
Fig. 2. A fluid-filled catheter was surgically implanted in the pleuroperitoneal
cavity so that pressure could be measured simuitaneousiy. The maximum forces

achieved by these individuals were less than those achieved bafore surgery, buta
good correlation between pleuroperitoneal pressure and forward force was
ohserved.
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that resemble horizontal inchworming to move through straight-
sided tunnels. Stationary curves of the body are pressed against the
walls of the tunnel to create static points from which the rest of the
body can be pushed or pulled". In order to determine if the pressure
cycles were actively or passively generated, activity of the transversus
muscle was also recorded electromyographically. The m. transver-
sus was selected because it was the most easily accessed vertically
oriented body-wall muscle and it was the most likely vertical
muscle to be universally active during pressure increases. The
electromyography revealed that increases in pressure were corre-
lated with forward movement of the head and activity of the
transversus muscle (Fig. 1).

In most imbless tetrapods, the longitudinally oriented muscu-
lature associated with the vertebral column powers forward
movement'*. However, the above observations led us to hypothesize
that the vertically oriented muscles of the body wall were helping to
power forward movement in Dermophis during concertina locomo-
tion. This hypothesis was tested by measuring the maximum
torward force the animals could generate and then calculating
whether or not the vertebral musculature alone could produce
this force. Two individuals were induced to push against a fixed
vertical surface from within a channel that was anchored to a force
plate (Fig. 2). Under these conditions, both individuals routinely
generated 15N of forward force and sometimes produced 20 N.
Given the posture of the animals and the cross-sectional area of the
muscles, we calculated that the longitudinal muscles of the vertebral
column would have to generate at least 200N cm ™2 to account for
the measured forces (Fig. 2); this is four times the maximum force
per cross-sectional area measured previously in any vertebrate
muscle”. Because the vertebral musculature alone could not
produce these forward forces, we concluded that the vertically
oriented muscles of the body wall must be assisting the vertebral
muscles in powering forward movement.

The vertical muscles of the body wall could produce a forward-
directed force by two different mechanisms. In the simpler, the body
wall muscles would pressurize the body fluid by reducing body
diameter. The pressurized fluid would then push directly on the
skull to drive it into the substrate. A second mechanism involves
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Figure 5 Peak p_réssure graphed against peak force for 45 thrusts for a single
Dermophis. Peak pressures from a Dermophis at rest (A)®, a chuckwalla lizard
(Sauromalus obesus) defensively inflated in a crack (B}, and a human perform-

ing the Valsalva manoeuvre (C} are included on the x-axis for reference, The

dashed diagonal lines represent the force that would be produced on a given
surface area as a function of the pressure on the x-axis using the eguation
pressure X area = force.
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placing tension on a crossed helix of connective tissue surrounding a
fluid-filled tube (in this case the pleuroperitoneal cavity) while the
fluid is under pressure. When tension is placed on such a helix, it
becomes rigid and changes shape until its constituent fibres are
oriented at 54.44°% causing the tube to elongate'®. In this second
system, the rigid outer body wall would push the skull into the
substrate. The two obliquely oriented body-wall muscles of
Dermophis are continuous with a crossed-fibre array of tendons
(Fig. 3a)’” that wind around the body cavity and are oriented
approximately 60° to the long axis of the body when the animal is at
rest. The completely vertical transversus muscle is in a position to
increase body pressure globally (Fig. 3a) so that. these obliquely
oriented muscles can extend the helix locally (Fig. 3b). Thus, the
anatomy of Dermophis is consistent with either of the proposed
mechanisms.

In order to distinguish between these two mechanisms, we
simultaneously measured forward force production and internal
pressure in two individuals as they attempted to burrow (Fig. 4).
These data allowed us to calculate whether or not the pressures
generated in the pleuroperitoneal cavity were high enough to
account directly for the forward forces (mechanism 1). The area
of the back of the skull in the two Dermophis was approximately
1 cm®, and the pressures measured would Pmduce only one-tenth of
the forces measured on a surface of 1 cm” (Fig. 5). Thus, even with
the help of the vertebral musculature, this simple mechanism
cannot explain the forward forces measured in Dermophis. This
leaves the second mechanism (extending helix pushing on the skull,
Fig. 3b) as the most viable explanation for the data gathered.

The manner in which Dermophis changes shape during burrow-
ing offers further evidence for the extending helix hypothesis.
During burrowing, the body of Dermophis decreases in diameter
only in the region between the point from where it pushes and the
head. This is consistent with the idea that the helix, already stiffened
Dy an increase in pressure generated throughout the body by the
transversus muscle, is being extended locally by the obliquus
muscles. If global pressure changes were directly pushing on the
skull, we would expect uniform changes in body diameter along the
entire body. |

These data shed new light on the significance of some of the most
divergent aspects of caecilian musculoskeletal anatomy. In order for
the entire body to function as a hydrostatic system that generates
pushing forces, the pleuroperitoneal cavity must be able to change
length. This is impossible in most vertebrates, as the tissues that
form the body cavity are tightly connected to the vertebral column.
However, the specialized trunk anatomy of caecilians, with a loose
connection of the skin and associated body wall musculature to the
vertebral column, allows them to alter the length of the body
cavity. This hydrostatic system appears to be more powerful than
a vertebral-driven system, as burrowing snakes of the genera
Farancia, Eryx and Lococemus are capable of generating only
about 50% of force produced by a Dermophis with the same
body cross-section (J.C.O’R., N. Kley, D.A.R. and A. P. Summers,
unpublished results). In light of these new data, it seems likely that
some of the oddest characteristics of caecilian musculoskeletal
anatomy have changed little over the past 100 million years because
they facilitate exceptional burrowing performance.

Methods

Concertina iocomotion experiments. After anaesthetizing specimens by
immersing them in 0.2% methanosulphonate (MS222), an air-filled catheter
{Intramedic polyethylene tubing, 1.14 mm internal diameter) was implanted in
their vestigial left lung; the catheter was then attached to an Omega PX170-
28DV pressure transducer. In two subjects, patch electrodes were implanted on
the mner side of the m, transversus. The activity of the other two vertical

muscles of the body wall {m. obliquus internus and m. obliquus externus} were
not monitored due to the difficulty of securing electrodes to them and small
number of individuals available for study, Patch electrodes were constructed
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from Dow Comning Silastic sheeting (500 wm thick) and Teflon-insulated,
multistranded, stainless-steel wire (280 wm diameter, California Fine Wire
Co.). Individual patches were approximately 4 mm X 4 mm. The bared por-
tions of the wires were approximately 1 mm long, and the bared wires were
separated from each other by approximately 1 mm. Animals were videotaped
while performing concertina locomotion in a straight-sided Plexiglas channel.
Movement of the head was digitized using Peak Performance 2D™ software
and an IBM-compatible computer. Pressure and electromyograms were
recorded using Bioware software and an IBM-compatible computer.
Estimation of forward force produced by vertebral musculature, Forward
force was measured using a custom-built force plate (Pharos Systemns, Inc.) We
estimated the maximum forward forces that could be generated by the
caecilian’s vertebral musculature based on the cross-sectional area of the
vertebral musculature and the posture exhibited by the animals as recorded on
video tape. The muscles along each side of the vertebral column are never active
simultaneously during concertina'®; thus the vertebral muscles act in series and
have 2 maximum physiological cross-section equal to the cross-section of the
musculature on one side. The cross-sectional area of one side of the vertebral
musculature in the two individuals for which forward force data are available is
~0.25 cm’. The most liberal estimation of force production by the vertebral
musculature assumes that the contraction of the vertebral musculature is
1sometric, a maximum isometric force production of 50 N per cm? of cross-
section”, and an average mechanical advantage of 1. This calculation yields a
figure for force production by the vertebral musculature of about 12.5N. The
maximum forward force of 18.7 N measured by us exceeds this by a substantial
margin. Furthermore, in reality the vertebral column was bent throughout all
burrowing attempts and the mechanical advantage was far less than 1. During
sequences in which vertebral posture and forward force were measured
simultaneously, the mechanical advantage of the vertebral musculature never
exceeded 0.25. ,9”1; the basis of these more realistic parameters, we estimate that
the animals used in this study would have to generate over 400 N of force per
cm” of muscle cross-section to achieve the maximum measured forward forces
if only the vertebral muscles were used.

Calculation of potential force using hydraulic model. In 2 simple hydraulic
system, the amount of force produced by a given pressure will be directly
proportional to the area over which the pressure is applied. Applied over a
surface area of 1 cm®, the approximate surface area of the back the head of the
individuals used, the pleuroperitoneal pressures measured cannot account for
the forward forces measured. For example, 100cm H,0 = 9,785Pa and
lem® =1 X 107* m?, thus the amount of force produced by 100 cm of H,0
on lcm? =9,785Pa X (1 X 10"*m?) = 0.98 N. The same pressure would
have to be applied over 10 cm” to produce the measured pushing forces (Fig. 5).

Received 8 October 1996; accepted 13 February 1997,

Nussbaum, R. A, & Wilkinson, M. Herpet, Monogr. 3, 1-42 (1989).

Hedges, 5. B., Nussbaum, R. A. & Maxson, L, R, Herpet. Monogr. 7, 64-76 (1993).
Nussbaumn, R. A. & Naylor, B. G. J. Zool. 198, 383398 (1582).

Schnurbein, A, E von Morphel. Jakrb. 75, 315330 (1935).

Gaymer, R, Nature 234, 150--151 (1971).

Gans, C. Nature 242, 414415 (1973).

AN G

(1993).

8. Wake, M. H. in The Skull Volume 3 (ads Hanken, §. & Hall, B. K.} 197240 (University of Chicago
Press, Chicago, 1993).

8. Summers, A, P. & O’Reilly, . C. Zool J. Linn. Soc. {in the press).

10. Wainwright, S. A., Biggs, W. 12, Currey, |. D, & Gosline, ]. M. Mechanical Design of Grganisms (Wiley,
New York, 1976),

11. Wainwright, S. A. Naturwissenschaften 57, 321-326 (1970).

i2. Chapman, G. J. Exp. Zool. 194, 249-270 (1975).

13, Kier, W. M. & Smith, K. K. Zeal. | Linn. Soc 83, 307-324 (1989).

14. Bitter, D. A. & Nishikawa, K. C. [, Exp. Biol, 198, 20252040 (1995).

15. Ganrs, C. Biornechanics. An Approach to Vertebrate Biology {University of Michigan Press, Ann Arbor,
1974).

i6. Carrier, D, R, & Wake, M. H. J. Morphol. 226, 289295 (1995).

17. Gray, J. J. Exp. Biol, 23, 101--120 (1946).

18. Jayne, B. C. J. Exp. Biol. 140, 1-33 {1988), :

19. Hochachka, P. W, Muscles as Molecular Machines {CRC Press, Boca Raton, 1994}.

20, Deban, 5. M., D’REi]l}', J. €. & Theimer, T. J. Exp. Zodl, 270, 451-459 (19594).

21, Comroe, . Physiology of Respiration (Yearbook Medical, Chicage, 1974).

Acknowledgements. We thank C. Pell (Biodesign Laboratory, Duke University) for discussion of
hydrostatic systems, T. Theimer for lustrating the skull of Dermophis for Fig. 2, R. O'Reilly for the
ather ilfustrations and design of the figures, D. Jackson for equipment, and St. Lindstedt, K. Nishikawa,

M. Wake and M. Wilkinson for comments. R. Maclnnes (Glades Herp Inc., Bt Myers, FL) made it possible
to procure living Derrnophis. This research was supported by a National Science Foundation grant to D.R.C,

Correspondence should be addressed to J.C.O'R. (e-mail: oreilly@nauvax. uce.nau.edu),

272

Ducey, P. K., Formanowicz, D. R., Boyet, L., Mailloux, J. % Nussbaum, R. A. Herpetologica 49, 450457

NATURE| VOL 386120 MARCH 1997



