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Air Ventilation by Recoil Aspiration in

Polypterid Fishes

EvrizaBeTH L. BRAINERD, KAREL F. L1EM, CRISTIAN T. SAMPER

High-speed x-ray cine films synchronized with intra-pleuroperitoneal pressure mea-
surements show that polypterid fishes aspiration breathe by the deformation and recoil
of their bony-scaled integument. Paleozoic amphibians arose from ancient air-
breathing fishes and retained piscine bony scales in V-shaped rows along the belly.
These scales resemble those of modern polypterid fishes and may have contributed to
inhalation by elastic recoil. The discovery that polypterid fishes breathe by recoil
aspiration is the first evidence for aspiration breathing in any lower vertebrate. The use
of recoil aspiration by polypterids shows that elastic storage in a stiff body wall can
contribute to inhalation in animals with limited capacity for active aspiration.

OST AIR-BREATHING FISHES, LACK-
ing the diaphragm or movable
ribs thought necessary for aspira-

tion breathing, use a buccal pulse pump to
fill their respiratory gas bladders (7). Aspira-
tion has never been demonstrated in air-
breathing fishes or amphibians, although its
use has been suggested (2) and refuted (3)
for the Amazonian fish Arapaima, and esti-
vating lungfish may ventilate tiny amounts
(<0.3 ml) of air by aspiration (4). We show
that polypterid fishes ventilate their lungs by
aspiration and that this is accomplished by
the deformation and recoil of their bony-
scaled integument. We call this novel venti-
latory mechanism “recoil aspiration.” The
discovery that polypterid fishes breathe by
recoil aspiration may affect our understand-
ing both of early tetrapod breathing me-
chanics and of the role of elastic storage in
ventilation.

The fundamental difference between pulse
pump and aspiration ventilation is that in
pulse pump systems air forces the lung to
expand, whereas in aspiration systems air is
sucked into the already expanding lung (5).
In fishes using a buccal pulse pump, such as
the bowfin, Asmia calva, the mouth cavity
expands to fill with air and compresses to
pump air into the lung. The lung begins to
fill only after the mouth is closed, and buccal
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cavity diameter decreases as lung diameter
increases (Fig. 1).

The use of aspiration to fill the lungs in
polypterid fishes is demonstrated by the
pattern of buccal and lung diameter change
shown in Fig. 1. Unlike Amia lung diameter,
Polypterus lung diameter increases rapidly
while the mouth is still open, and the buccal
and lung diameters increase simultaneously.
This pattern indicates that air is sucked into
the lungs through the open mouth, rather
than being forced in by a buccal pump. A
mouthful of air is usually pumped onto the
lungs at the end of inhalation, but this
buccal air contributes less to the total venti-
lated volume than does the aspirated air (6)
(Fig. 1, Polypterus, lung diameter increase
after mouth is closed). Sometimes, however,
the buccal air is simply expelled from the
opercular openings at the end of the air-
breath. X-ray cine films also show that po-
lypterid fishes exhale through the opercular
openings and inhale through the mouth:
they do not, as others have suggested,
breathe through the spiracles (7).

Aspiration breathing requires the genera-
tion of negative pressure in the body cavity
surrounding the lungs. We have measured
considerable negative pressures in the pleur-
operitoneal cavities of two polypterid spe-
cies, Polypterus senegalus and Erpetoichthys ca-
labaricus. X-ray cine films synchronized with
pressure measurements show that the most
negative pleuroperitoneal pressure occurs at
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Fig. 1. Inspiration kinematics. Dorsoventral diame-
ters of the buccal cavity and lung are shown during
inspiration for the pulse pumper, Amia calva, and
the aspiration breather, Polypterus senegalus. Solid
circles represent lung diamerer and open circles
buccal diameter. Diameters were measured from x-
ray cine films taken in lateral projection at a framing
rate of 100 frames per second for Polypterus and
150 frames per second for Amia. Specimen size: A.
calva, 27 cm; P. senegalus, 22 cm (length excluding
caudal fin). Time zero corresponds to the end of
expiration; only inspiration is shown. Note that in
Polypterus the lungs begin to fill as soon as the
mouth is opened and while the buccal cavity is still

expanding.

the end of exhalation, just as the mouth
begins to open for inhalation. In P. senegalus,
this pressure has a mean magnitude of
—5.7 + 1.44 mmHg and a mean duration
of 289 = 41 ms (%1 standard deviation,
n = 37 air-breaths from four individuals,
size range 20 to 24 cm, length excluding
caudal fin). In E. calabaricus, the mean mag-
nitude is —4.5 + 1.5 mmHg, and the mean
duration is 318 * 45 ms (n = 16 air-breaths
from three individuals, size range 25 to 34
cm). In comparison, pleural cavity pressure
during inhalation in resting humans is about
—6 mmHg (8). Negative pressures of such
magnitudes and durations are not seen in the
body cavity of the pulse pumper Amia, which
instead generates large positive body cavity
pressures during air ventilation (9).

How can negative inspiratory pressures
be generated without a diaphragm or mov-
able ribs? Polypterid fishes are encased in a
suff scale jacket in which the scales are
articulated by peg and socket joints into
continuous scale rows (10). The timing of
the production and resolution of negative
pressure in relation to exhalation and inhala-
tion indicates that these fishes exhale actively
and then inhale by passive recoil of the scale
jacket. If inhalation were actively produced,
one would expect to see negative pressurc
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Fig. 2. Synchronized pleuroperitoneal
cavity pressure and dorsoventral body
diameter in Polypterus. The points rep-
resent mean values for six air-breaths
from one 22-cm individual, and the
bars represent =1 standard error. As in
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Fig. 1, time zero corresponds to the
beginning of mouth opening, which is
also the time at which the most nega-
tive pleuroperitoneal pressures were
measured and the body diameter
reached its minimum. Experimental
methods: dorsoventral body diameter
was measured from lateral projection x-
ray cine films (100 frames per second)
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toral girdle and the first dorsal spine.
Pleuroperitoneal cavity pressures were

read from the analog pressure trace at 5-ms intervals corresponding to each frame and half-frame.
Pressures were recorded synchronously with the x-ray films. For pressure transducer implantation,
fishes were anesthetized in a solution of tricane methanesulfonate. The pleuroperitoneal transducer was
implanted through a small hole in the ventral integument and pushed through the hypaxial muscle
layers to produce a tight seal around the lead wires. Pressures were measured with Millar Microtip SPR-
249 pressure transducers and amplified with Millar TCB-500 transducer control units (14). Zero
pressure corresponds to the ambient pressure at the level of the transducer.

only during inhalation. Instead, negative
pressure is generated as the fish exhales and
the scale jacket is deformed, and is resolved
as air flows in to fill the lungs and the scale
jacket returns to its original shape (Fig. 2).
A sharp drop in pressure is seen just before
the mouth begins to open for inhalation,
and although we cannot rule out a direct,
active component to this sudden dip, body
diameter does show a small corresponding
decrease that may account for the pressure
drop. We conclude that the scale jacket is
actively loaded upon exhalation and passive-
ly recoils to power inhalation (11) (Fig. 3).
This ventilatory mechanism is not unknown
among other vertebrates. Lampreys venti-
late water by actively compressing their car-
tilaginous branchial basket, which then re-
coils to its original shape to draw in water
(12).

The discovery of recoil aspiration in po-
lypterids has important consequences for
our understanding of the ventilation me-
chanics of early amphibians. Paleozoic am-
phibians retained ventral, bony scales from
their air-breathing fish ancestors (13). These
V-shaped scale rows are similar to the rhom-
boid scale body armor of polypterid fishes,
and presumably both are derived from a
distant, armored, gnathostome ancestor.
The presence of recoil aspiration in polyp-
terids suggests that the ventral scales of early
amphibians may have contributed to aspira-
tion ventilation in these forms.

The use of recoil aspiration by polypterid
fishes demonstrates that a stiff body wall
capable of storing energy can contribute to
inhalation in animals with limited capaciry
for active aspiration. The discovery of this
novel ventilatory mechanism suggests that it
would be worthwhile to review the role of

Fig. 3. A diagrammaric summary of the recoil
aspiration model for polypterid ventilation. (a) A
generalized polyprerid showing the scale jacker.
{b) During the initial phase of exhalation, the
lung wall musculature contracts and pleuroperi-
toneal pressure begins to drop. (€) As the lungs
are actively deflated, air is forced ourt through the
opercular openings. The fluids and organs in the
pleuroperitoneal cavity cannot change volume,
and thus the ventral scale jacket is drawn inward
to compensate for the change in volume produced
by exhalation. This deformation stores elastic
energy in the scale jacker, which results in nega-
tive pressure being generated in the pleuroperi-
toneal cavity. (d) During inhalation, air is sucked
into the lungs as the scale jacker recoils to its
original shape (e).

elastic storage during inhalation in a variety
of vertebrates.

REFERENCES AND NOTES

1. D.J. Randall, W. W. Burggren, A. P'. Farrell, M. §.
Haswell, The Evolution of Air-Breathing in Vertebrates
(Cambridge Univ. Press, Cambridge, 1981); K. F.
Liem, Am. Zool. 28, 793 (1988); B. McMahon, J.
Exp. Biol. 51, 407 (1969).

SCIENCE, VOL. 246



. A. P. Farrell and D. J. Randall, Can. J. Zool. 56,
939 (1978).

. P. H. Greenwood and K. F. Liem, J. Zool. London
203, 411 (1984).

. J. P. Lomholt, K. Johansen, G. M. O. Maloiy,
Nature 257, 787 (1975).

. C. Gans, Forma Functic 3, 61 (1970).

. Polypterid fishes have small heads in relation ro their
long bodies and lungs. The volume of air that buccal
pumping can contribute to total ventilation is limit-
ed by the size of the buccal cavity. Volumes estimat-
ed from x-ray films combined with silicone casts of
fresh specimens indicate that the maximum possible
percentage of ventilation from buccal pumping is
24 «+ 3% in Erperoichthys calabaricus and 40 = 5% in
Polypterus senegalus (=1 standard deviation, n = 3
specimens of cach species). With an elliptic cylinder
as a model for the lungs, a rough calculation on the
Polypterus air-breath in Fig. 1 shows that for an
increase in the minor axis of the ellipse from 4 to 8
mm due to aspiration and from 8 to 10 mm due to
buccal air, the contribution from buccal pumping is
approximately 30%.

7. A. M. Abdel Magid, Anim. Behav. 14, 530 (1966);

10.
11

Nature 215, 1096 (1967); J. S. Budgett, Proc. Zool.
Soc. London 15, 323 (1901).
. J. B. West, Respivatory Physiology—The Essentials
(Williams & Wilkins, Baltimore, ed. 2, 1979).
. E. L. Brainerd and K. F. Liem, unpublished data.
D. M. Pearson, Zool. J. Linn. Soc. 72,93 (1981).
Polypterid fishes do not have ribs surrounding the
body cavity; their only ribs are dorsal ribs that do

12.

13.

14.

not extend ventrad below the lateral line (10). Since
deformation during exhalation occurs in the belly, it
seems unlikely that the ribs are involved in storing
energy for recoil aspiration. The ribs may, however,
be involved in stiffening the body laterally, thus
allowing only dorsoventral deformation. Manipula-
tion of unpreserved, dead specimens shows no ten-
dency for recoil in the body wall after the integu-
ment has been removed. Passive recoil of the scale
jacket was observed by compressing live and slightly
anesthetized polypterids. Deeply anesthetized and
dead specimens have no muscle tonus and thus
become soft and flaccid. Recoil was observed in
dead specimens, however, when pressure was ap-
plied to the sides of the specimen to hold the scale
jacket in its natural alignment.

D. J. Randall, in The Biology of Lampreys, M. W.
Hardisty and I. C. Potter, Eds. (Academic Press,
London, 1972}, vol. 2.

A. S, Romer, Vertebrate Paleontology (Univ. of Chica-
go Press, Chicago, 1966).

J. L. van Lecuwen and M. Muller, Neth. J. Zool. 33,
425 (1983).

. We thank F. A. Jenkins for his help and support

throughout this work, E. Otten for discussions on
energy storage, and C. Gans and D. Carrier for
discussions on ventilation mechanics. Thanks to L.
Meszoly for preparing Fig. 3 and to H. §. Kim and
E. H. Wu for assistance with some of the experi-
ments. Supported by an NSF grant to K.F.L.

11 July 1989; accepted 26 October 1989

22 DECEMBER 1989

REPORTS

1595



