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ABSTRACT  This paper reviews the cardiorespiratory morphology and
physiology of the living lungfishes, in the special context of their highly
effective use of both air and water for gas exchange. Particular emphasis is
placed on describing those features of the circulatory and respiratory systems
that distinguish Neoceratodus from the Lepidosirenidae (Protopterus, Lepido-
siren), and which, in turn, distinguish lungfishes from other aquatic verte-
brates. Morphological and physiological characters that represent the plesio-
morphic condition for the living Dipnoi are indicated (e.g., separate atrial
chambers, vertical septum in ventricle, pulmonary veins, conal valves, twist-
ing of bulbus cordis), as are those characters that may be shared derived
features of the Lepidosirenidae (e.g., paired lungs, reduced anterior gill arches,
well-developed spiral valve in conus). Morphological and physiological compar-
isons and contrasts with tetrapods are made to elucidate systematic relation-
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ships of the Dipnoi with other vertebrates.

The appearance of aerial respiration in an-
cestral fishes was a pivotal development in
the evolution of terrestrial vertebrates (Jo-
hansen, *70; Gans, "70a; Johansen and Burg-
gren, "80; Randall et al., ’81; Little, ’83). Since
extremely little information on this respira-
tory transformation can be gleaned from the
fossil record, physiologists interested in the
evolution of aerial respiration must be con-
tent with the study of extant animals occu-
pying a transitional position between an
aquatic and terrestrial lifestyle. While these
animals represent but a poor pseudophyletic
progression (cf. Gans, "70a), investigation of
the morphological and physiological adapta-
tions for air breathing shown by these ani-
mals has, nonetheless, contributed greatly to
our perception of how aerial respiration must
have arisen in ancestors of the tetrapods.

The purpose of this review is to describe
the cardiorespiratory adaptations for aerial
respiration of extant lungfishes and to place
these adaptations in the context of other ver-
tebrates. Although the Dipnoi are a relict
group only remotely related to other air-
breathing fishes and separate from the am-
phibians by hundred of millions of years of
independent evolution (Forey, this volume),
we contend that ancestors of the tetrapods
were probably very similar physiologically to
the modern lungfishes.
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AIR BREATHING IN FISHES—DIVERSE
“SOLUTIONS” TO A COMMON PROBLEM

The unique morphological and physiologi-
cal features for aerial respiration of lungfish
are best appreciated when compared with
those of other living fishes that breathe air.
Aerial respiration has arisen independently
numerous times in the evolutionary history
of fishes, frequently (but not always) as a
response to aquatic hypoxia (Bertin, ’58;
Gans, ’70a; Munshi, '76; Graham, '76; Ran-
dall et al., '81); yet it is not a common evolu-
tionary response to this environmental
stress, since fewer than 70 of the more than
4000 genera of living fishes contain species
that can actually breathe air (see Gans, "70b).
While the vast majority of air-breathing
fishes are tropical freshwater teleosts (see
Gans, '70a; Dehadrai and Tripathi, '76), aer-
ial gas exchange is remarkably prevalent
amongst phyletically ancient gnathostome
fishes (Burggren et al., '86), perhaps attest-
ing to the value for survival of this innova-
tive respiratory process. Whatever their
evolutionary history, however, air-breathing
fishes use a diverse range of structures to
exchange respiratory gases with air. Organs
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for air breathing (arising both de novo and as
adaptations of existing structures serving
other functions) include the skin, the alimen-
tary canal, the gills and structures derived
from them, and diverticula of the branchial
and buccal chambers, pharynx, and esopha-
gus (for reviews, see Johansen; ’70; Munshi,
76; Randall et al., ’81). Virtually all air-
breathing fishes still retain gills and gas-
permeable skin functional in aquatic gas ex-
change. Thus, many air-breathing fish are
so-called “facultative” air breathers, able to
subsist entirely on aquatic gas exchange, but
using the air-breathing organ (ABO) to facil-
itate respiration. Other fish are regarded as
“obligatory” air breathers that will eventu-
ally drown if denied access to air. However,
increasing metabolic rate or decreasing water
O, availability, for example, can make air
breathing obligatory for survival in fishes
that under different conditions would be only
facultative air breathers (Rahn et al., '71;
Johansen et al., '70; McMahon and Burg-
gren, '86).

In spite of considerable morphological and
physiological diversity of air-breathing or-
gans in fishes, these structural adaptations
for air breathing are conceptually rather
simple and not particularly effective by the
standards of gas-exchange organs of tetra-
pods. The “effectiveness” of a particular res-
piratory system such as a gas bladder or lung
depends greatly upon the source (and there-
fore gas content) of blood perfusing it and the
consequent fate of blood draining it. In cro-
codilians, birds, and mammals, for example,
the lungs are perfused exclusively by sys-
temic venous blood that is relatively deoxy-
genated and high in carbon dioxide. In almost
all nondipnoan fishes that breathe air, how-
ever, the blood supply to the ABO consists
only partially of deoxygenated blood drain-
ing from the systemic tissues, with the re-
mainder (and sometimes the major portion)
consisting of blood that has most recently
passed through a gas-exchange organ rather
than the systemic tissues (Fig. 1). This situa-
tion can arise either when the ABO is down-
stream and in series with the gills (Fig. 1D,E)
or in parallel with the gills (Fig. 1B,C). In
either situation, some proportion of the cir-
culation of blood to the ABO is “wasted,”
because little additional respiratory gas
transport can be achieved by that proportion
of oxygenated blood that has been shunted
directly back into the afferent circulation to
the ABO.
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Why does the ABO (and for that matter the
gills) of many air-breathing fish (e.g., Fig.
1B,D,E,F) receive blood that has already been
partially oxygenated? In essence, the venous
circulation of the ABO of most fishes is ar-
ranged just as that of any other systemic
vascular bed, with the anatomical confluence
of the efferent vessel from the air-breathing
organ and the central systemic veins occur-
ring well before the heart. This leads to sub-
stantial, if not complete, admixture of
oxygenated blood from the ABO with deoxy-
genated blood from the systemic vascular
beds on the venous side before the heart in
almost all nondipnoan fishes.

As a direct consequence of the heart receiv-
ing a homogeneous venous input, in most air-
breathing fishes there has been little selec-
tion for specializations leading to separate
blood streams within the atrium and ventri-
cle. Only with the evolution of an ABO with
completely separate venous drainage di-
rectly to the atrium will any subsequent ad-
aptation involving division of the heart or
central arterial circulation confer any selec-
tive advantage to respiration. When prefer-
ential distribution of oxygenated blood to the
tissues and deoxygenated blood to the ABO
is facilitated by central cardiovascular divi-
sion, gas exchange becomes more effective
and can more readily be matched to chang-
ing internal and external conditions (see re-
views in Johansen and Burggren, '85).

In considering the general phylogenetic
progression in living vertebrates, there is a
clear physiological progression toward a di-
vided circulation with a separate, indepen-
dently perfused circuit for gas exchange
(Johansen, ’85). The value is recognizing such
a physiological progression, albeit in phylo-
genetically distant vertebrate lineages, is
that it is strongly suggestive of the physio-
logical transformations that we believe must
have occurred in the actual ancestors of par-
ticular vertebrate lines as they evolved into
terrestrial, air-breathing animals. In this
context, the lungfishes are of vital impor-
tance, for they display morphological and
physiological characters for respiration and
circulation that were almost surely shared
by the ancestral tetrapods going onto land.

The pulmonary circulation and the lung
itself are crucial components of cardiorespir-
atory design in which the lungfishes appear
both highly derived compared with other
fishes and more closely affiliated with char-
acters found in modern tetrapods. The follow-
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Fig. 1. Schematic representation of the flow of oxy-
genated (white) and deoxygenated (black) blood through
the circulation of various air-breathing fishes. A. Gen-
eral arrangement of typical strictly aquatic fish breath-
ing with gills. B. Air-breathing organ (ABO) derived
from pharyngeal or opercular mucosa—e.g., Monopterus,
Ophiocephalus, Electrophorus, Amphipnous, Periopthal-
mus, Anabas. C. Gills, buccal mucosa, or chambers ex-
tending from the opercular cavity serving as ABO—e.g.,
Clarias, Saccobranchus. D. Intestinal tract used as
ABO—e.g., Hoplosternum, Plecostomus, Ancistrus, Mis-
gurnus. E. Air bladder serving as ABO-—e.g., Polypterus,
Calamoichthys, Amia, Lepisosteus. F. A lung homolo-
gous to that of tetrapods serving as ABO-—e.g., Neocera-
todus, Lepidosiren, Protopterus. (From Johansen, '70.)

ing discussion deals with both the
morphology and physiology of gas exchange
in the Dipnoi.

THE CARDIORESPIRATORY INNOVATIONS OF
THE LUNGFISHES

With respect to circulatory and respiratory
characters, Neoceratodus appears less highly
derived from the plesiomorphic condition for
lungfishes than either Lepidosiren or Protop-
terus. The Lepidosirenidae have many char-
acters in common with tetrapods, in most
instances likely representing convergence.
This relationship appears to hold not only for
morphological characters but also for what
we presume to be the much more evolution-
arily labile physiological processes.
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The pulmonary venous circulation

The site of entry of oxygenated blood from
the ABO into the central venous circulation
is of crucial importance, for it portends fur-
ther cardiovascular specialization. In Neocer-
atodus, the pulmonary vein from the single
lung joins the systemic venous circulation
prior to the heart at the level of the sinus
venosus (Fox, ’65) or left ductus Cuvieri
(Satchell, *76). This shows a clear tendency
for a more central termination of the pulmo-
nary vein than of the veins draining the ABO
of any phyletically ancient fish or teleost.
Interestingly, a very similar arrangement of
venous drainage from the gas bladder occurs
in Amia, while in Polypterus and Calamo-
ichthys the pulmonary vein enters the sys-
temic circulation slightly more distally at
the level of the hepatic vein (Purser, ’26).

The greatest degree of separation of venous
blood from the ABO and systemic blood from
the tissues in any living fish is evident in
Protopterus and Lepidosiren. In these genera
the paired pulmonary veins draining the
lungs fuse to form a single pulmonary vein
lying dorsal and slightly lateral to the large
vena cava. After passing anteriorly in the
dorsal wall of the sinus venosus, the pulmo-
nary vein empties directly into the left side
of the atrium, rather than into the central
systemic veins as in other fishes. Conse-
quently, in Lepidosiren and Protopterus, ox-
ygenated pulmonary blood and deoxygenated
systemic blood are kept completely separate
during passage to the heart. Thus, in com-
parison with Neoceratodus and other fishes,
the central venous circulation of Protopterus
and Neoceratodus much more closely resem-
bles the condition in all tetrapods, where the
pulmonary vein drains directly into a dis-
tinct left atrium.

Although beyond the scope of this paper, it
is interesting to note that the systemic veins
of the Dipnoi also show characters absent in
other fishes (except Latimeria—Rosen et al.,
’81) but present in tetrapods, most notable
being the prominent posterior vena cava and
large sinus venosus (Goodrich, *30).

The heart and pericardium

Detailed accounts of the cardiac morphol-
ogy of the Dipnoi have been given by Lankes-
ter (1878), Spencer (1898), Robertson ('13),
Goodrich (’30), Bugge (’61), and Johansen et
al. (68). Generally, the hearts of living lung-
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Fig. 2. Sagittal section through the heart of Protopte-
rus aethiopicus. The arrow shows where the vena pul-
monalis ends behind the pulmonalis fold. A. Probe in
vena cava posterior; B. Probe in vena pulmonalis; C.
Pulmonalis fold; D. Oblique fold separating the aper-
tures of the two ducti Cuvieri; E. Probe in the right

ductus Cuvieri; F. Anterior unpaired part of the atrium;
G. Distal section of the bulbus cordis; H. Spiral fold in
the transverse section of the bulbus cordis, which has
been opened; 1. Atrioventricular aperture; J. Atrioventri-
cular plug; K. Ventricular septum; L. Ventricular apex;
M. Left auricular lobe. (From Bugge, '61.)
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Fig. 3. Schematic sagittal sections through the heart of Protopterus and Neoceratodus.
Hearts are shown from a ventral aspect. (From Jollie, *73, after Goodrich, ’30.)
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fishes are much more complex than the typi-
cal piscine heart, which functions only to
propel deoxygenated systemic venous blood
to the gills (Fig. 1A). The most notable spe-
cializations of the dipnoan heart are its more
extensive S-folding, giving it an external ap-
pearance much more like that of a urodele
amphibian, and the extensive internal sep-
tation, tending to subdivide the atrial and
ventricular chambers.

In all three genera of lungfishes, the single
atrium is partially divided into a larger right
and smaller left side by a partial septum
termed the pulmonalis fold, which arises
from a deformation of the atrial wall caused
by the overlying pulmonary vein, and by a
unique structure termed the atrioventricular
“cushion” (Goodrich, '30) or atrioventricular
“plug” (Bugge, ’61). The sinus venosus, con-
veying systemic venous blood, enters the
atrium on its right side via a valved sino-
atrial aperture. The pulmonary veins enter
the atrium to the left of the pulmonalis fold,
with this opening guarded by a tissue fold
purportedly serving a valving function. Of
the living lungfishes, Lepidosiren shows the
greatest degree of atrial subdivision, possess-
ing an almost complete interatrial septum.
The atrioventricular orifice is not valved as
in other fishes or in amphibians, but rather
is guarded by the atrioventricular plug (Figs.
2, 3). This plug is raised out of the a-v orifice
during atrial systole and lowered into it dur-
ing atrial diastole, and thus it serves a valv-
ing function preventing regurgitation of
blood into the atrium from the ventricle.

The dipnoan ventricle typically is com-
posed of spongy, highly trabeculate myocar-
dium (Fig. 2), resembling the construction of
the ventricular walls of amphibians. In all
three genera of lungfishes, a vertical septum
arising from the dorsal and ventral walls of
the ventricle anatomically divides much of
the ventricular lumen, particularly toward
the apex of the heart (Figs. 2, 3). Once again,
Lepidosiren shows the greatest degree of ven-
tricular septation, while Neoceratodus shows
the least (Johansen et al., '68). In all three
genera, the arrangement of the ventricular
septum with respect to the pulmonalis fold
and atrioventricular plug is such that oxy-
genated blood on the left side of the atrium
will tend preferentially to flow into and to
collect in the left side of the ventricle prior to
gjection into the bulbus cordis. Deoxygenated
blood from the right side of the atrium will
flow toward the right side of the ventricle. In
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amphibians, there is during diastole a heter-
ogeneous distribution of atrial blood within
the ventricle (which, with the exception of
the ventricle of Siren, lacks any septation).
The ventricular walls are highly trabeculate
and act to trap and immobilize blood during
ventricular filling. Together, these features
minimize intraventricular mixing of oxygen-
ated and deoxygenated blood prior to systolic
ejection (Shelton, *76). Effective separation of
blood in passage through the heart occurs in
Protopterus, Lepidosiren, and, to a lesser ex-
tent, Neoceratodus (see below), a condition
doubtlessly aided by mechanisms compara-
ble to those operating in amphibians.

In all lungfishes the heart is surrounded
by a tough, semi-rigid pericardium through
which the central veins enter and the bulbus
cordis exits. Although teleost fishes lack a
stiff pericardium, it is a highly characteristic
feature of all elasmobranchs, and its integ-
rity is essential for normal cardiovascular
function in sharks (Johansen, ’65; Shabetai
et al., ’85). The condition of the pericardium
in most actinopterygians is unknown.

The bulbus cordis

Separation of systemic and pulmonary
blood streams passing through the heart will
not assist preferential channelling of oxygen-
ated and deoxygenated blood distally in the
arterial tree unless laminar streaming of dis-
crete blood flows can be maintained in the
proximal arterial circulation. In this respect,
the complex architecture of the bulbus cordis
(or “truncus”) plays a highly important role.

The bulbus cordis extends from the undi-
vided anterior end of the ventricle, generally
to the left of the ventricular midline (Fig. 3).
Its walls are invested with cardiac muscle for
the first third of its length. In Neoceratodus,
there are several proximal rows of small
conal valves (Lankester, 1878; Spencer, 1898;
Goodrich, ’09). These valves are reminiscent
of the selachian conus, suggesting that this
is a primitive character of gnathostomes. The
lumen of the proximal region of the bulbus
cordis is quite wide, and Satchell’s ("76) inter-
pretation is that these valves could prevent
regurgitation of blood into the ventricle only
during systole of the bulbus cordis when the
valves are brought into apposition. Blood
pressure in the bulbus cordis of Neoceratodus
remains briefly elevated after pressure in the
ventricle has fallen toward diastolic levels
(Johansen et al., ’68), suggesting that func-
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Fig. 4. Heart and bulbus cordis of Protopterus aethiop-
icus showing the structure of the ventricle and the bul-
bus cordis seen from the dorsal side. The arrows indicate
the course of the arterial (a) and the venous (v) blood
flow. A. The anteriorly joined part of the folds; B. The
short left fold; C. The spiral fold; D. Cut surface where
the spiral fold has been attached to the transverse sec-
tion of the bulbus cordis; E. Left half of the ventricle: F.
Right half of the ventricle; G. Vertical septum. (From
Bugge, '61.)

tional valving at the base of the bulbus cordis
does occur. The proximal base of the bulbus
cordis of Protopterus and Lepidosiren con-
tains a row of small “pocket valves” (Lankes-
ter, 1879; Boas, 1880; Robertson, '13; Bugge,
'61), though these are considered largely
“vestigial” (Johansen et al., ’68). As dis-
cussed in detail by Satchell ("76), the hemo-
dynamic function of the valves in the dipnoan
bulbus cordis remains obscure and would be
highly worthy of further anatomical and
physiological investigation.

After leaving the heart, the bulbus cordis
is sharply folded and twisted in all three
genera (Fig. 3). This condition appears unique
to lungfishes. However, a similar rotation of
the truncus arteriosus occurs about its long
axis in amphibians but is much more exag-
gerated in the lungfish, approximating 270°.
In Lepidosiren and Protopterus, the lumen of
the proximal region of the bulbus cordis is
partially divided by the bulbar or spiral fold,
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a fold of tissue arising from the ventral row
of conal valves (Boas, 1880). This spiral fold
continues down the length of the bulbus cor-
dis, rotating 270° along with the bulbus cor-
dis itself. In Lepidosiren, there is a spherical
thickening of the distal end of the spiral valve
that may serve a distal valving function
(Robertson, ’13). More distally, in Lepidosi-
ren and Protopterus, a second smaller tissue
fold arises from the inner bulbar wall di-
rectly opposite the spiral fold. The free edges
of these two folds are nearly in apposition,
thus partially dividing the lumen of the bul-
bus cordis into two outflow channels. In the
most distal region of the bulbus cordis, the
two folds fuse to form a horizontal septum
that completely divides the lumen into dorsal
and ventral channels. The ventral channel
at the distal end of the bulbus cordis conveys
primarily oxygenated blood that originates
from the left side of the heart (Fig. 4). Com-
paratively dexoygenated blood from the right
side of the heart is preferentially directed
into the dorsal channel at the termination of
the bulbus cordis.

Neoceratodus appears to show a less de-
rived condition compared to other lungfishes,
in that the bulbus cordis lacks a well-devel-
oped spiral valve (Fig. 3). Proximally, the
spiral valve is evident, but within the bulbus
cordis the distal pathway occupied by the
spiral valve in the other lungfishes is instead
marked by large semilunar valves in Neocer-
atodus. Distally, the spiral valve is increas-
ingly prominent in Neoceratodus, dividing
the bulbus cordis into a discrete dorsal and
ventral channel as in the Lepidosirenidae.

Branchial and pulmonary arterial
circulation

The aortic arch distribution of the Dipnoi
shows the greatest modification from the
basic piscine pattern of any living fish. In all
lungfishes, the ventral aorta is virtually non-
existent, with the afferent branchial arteries
arising almost directly from the distal end of
the bulbus cordis (Fig. 3). In Neoceratodus,
all four branchial afferents perfuse corre-
sponding holobranchs of the branchial arches
(Fig. 5). These arches bear numerous gill fil-
aments and constitute a major site for respi-
ratory gas exchange (Laurent, 84). There are
no hemibranchs on the hyoid arch of Neocer-
atodus, which distinguishes this genus from
Lepidosiren and Protopterus where the hyoid
arch does bear a hemibranch. In these two
genera, the two anterior-most holobranches
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Fig. 5. Highly diagrammatic lateral view of the central circulatory morphology of Neocera-
todus (A) and Protopterus (B). Modified from Jollie, 73, after Goodrich, "30.)

are devoid of gill filaments (Johansen et al.,
’68; Laurent, '84). The afferent blood supply
for these degenerate arches is derived from
the ventral (oxygenated) channel of the bul-
bus cordis (as in Neoceratodus). The bran-
chial efferents from these two anterior arches
pass directly into the dorsal aorta. In es-
sence, these two arches are nonrespiratory
conduits shunting oxygenated blood from the
left side of the heart directly into the dorsal
aorta and on to the systemic tissues. In Pro-
topterus, the two posterior-most arches pos-
sess highly modified gill filaments bearing
secondary lamallae (Johansen et al., ’68;
Laurent et al., ’78; Laurent, ’85). Unlike the
two anterior arches, these posterior arches
can thus serve as respiratory surfaces. In
Lepidosiren, however, the gill filaments on
the two posterior arches are very sparse and
coarse, and their respiratory role is equivocal
(Fullarton, ’31; Johansen and Lenfant, '67;
Laurent et al., ’78). Interestingly, equally
well-developed gill filaments occur on all of

the branchial arches of the fossil lungfish
Griphognathus, suggesting that the condi-
tion in Lepidosiren and Protopterus is de-
rived rather than primitive (Campbell and
Barwick, this volume).

In all three genera, the afferent blood sup-
ply to the posterior arches is derived from
the dorsal channel of the bulbus cordis, which
conveys relatively deoxygenated blood de-
rived from the right side of the heart.

The course of the efferent vessels of the
posterior arches of the Dipnoi is complex,
particularly since many vessels merge and
arise in a confined area dorsal to the gill
arches (Fig. 5). Of the two posterior branchial
arches, the third arch flows most directly
into the dorsal aorta. The efferent vessel of
the fourth branchial arch (embryonic arch
VD gives rise to the pulmonary artery in all
three lungfish genera. This vessel is thus
homologous with the pulmonary artery of
tetrapods. In addition, however, efferent
blood from this arch can bypass the lungs
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and {low directly into the dorsal aorta via a
highly specialized vascular segment var-
ously termed the “ductus” (Fishman et al.,
'85) or “ductus arteriosus” (Laurent, '85).
This structure has been considered analo-
gous rather than homologous to the ductus
arteriosus of mammals (Fishman et al., '85).
Both the proximal pulmonary artery and the
ductus are highly vasoactive and provide a
mechanism by which blood draining the
fourth gill arch can be preferentially directed
into either the pulmonary or systemic cir-
cuits (see below).

In addition to the four branchial arches
confined within the branchial cavity, all lar-
val lepidosirenids possess external gills. Neo-
ceratodus never has external gills as larva or
adult (Kerr, ’19). Some species of Protopterus
retain external gills throughout the life cycle.
These external gills are located downstream
and in series with the three posterior gill
arches (Fig. 5). Trewavas ('54) summarizes
observations of many workers on the exter-
nal gills of Protopterus. Protopterus annec-
tens, P. amphibius, and P. aethiopicus all
show external gills or their vestiges at even
relatively advanced stages of development
(e.g., 0.6-meter body length for P. annectens),
although they are lost earliest in P. aethiopi-
cus. However, the size of both these external
gills and of the specimens bearing them is
highly variable, and is an equivocal charac-
ter on which to base species identification
(Trewavas, ’54).

The pulmonary circulation and
lung structure

Many air-breathing fish carry out aerial
respiration using a gas bladder connected via
a pneumatic duct to the esophagus (Wilmer,
’34; Johansen, ’70; Randall et al., ’81). In
many species, these gas bladders are not just
hollow bags but are structurally rather com-
plex. Indeed, in fishes such as Calamoichthys
or Polypterus the air-breathing organ should
be regarded as a lung, in that 1) the pneu-
matic duct originates from a ventral evagin-
ation of the esophagus, and 2) its blood supply
is derived from the sixth branchial arch, both
conditions very similar to those of tetrapods
(Goodrich, '30). Yet, amongst all air-breath-
ing fishes, only in the Dipnoi does the struc-
ture of the lung so closely resemble that of
extant amphibians and reptiles.

Neoceratodus possesses only a single lung,
unlike both Lepidosiren and Protopterus,
which have paired lungs. However, a small

vestige of a left pulmonary lobe has been
described in the embryo of Neoceratodus
(Neumayer, '04; Ballantyne, '27), suggesting
that the adult condition of a single lung in
Neoceratodus is a derived feature. In Lepido-
siren and Protopterus, the lungs are fused
anteriorly to form a common penumatic duct
that opens into the posterior region of the
pharynx at the glottis. The pneumatic duct,
which bears little resemblance to the tra-
cheal-bronchiolar system of terrestrial verte-
brates, is heavily invested with smooth
muscle (Johansen et al., ’68). This smooth
muscle, as well as the considerable smooth
muscle in the lung parenchyma, is probably
important to the mechanics of lung ventila-
tion and internal gas distribution (Grigg, '65;
Johansen and Reite, '67).

Detailed accounts of the morphology of dip-
noan lungs are given by Owen (1840), Hyrtl
(1845), Gunther (1871), Parker (1892), Poll
(°62), Grigg (’65), and Hughes and Weibel
(’76). Internal septa, ridges, and pillars par-
tition the lung into smaller lateral compart-
ments opening into a central cavity (Fig. 6),
similar to the arrangement in many amphib-
ians and reptiles. The smallest pulmonary
compartments in Dipnoi are approximately
1 mm in diameter, with the least degree of
septation evident in Neoceratodus (Spencer,
1898; Poll, ’62; Grigg, ’65; Hughes and Wei-
bel, ’76). Although this degree of pulmonary
septation exceeds that of some amphibians,
Hughes and Weibel ('76) have estimated that
Lepidosiren, for example, has a total pulmo-
nary respiratory surface area only about one-
tenth of that anticipated for a “typical” am-
phibian of similar body mass. However, mass-
specific respiratory surface area of dipnoan
lungs does considerably surpass that of the
ABOs of many nondipnoan fishes (Munshi,
76). Diffusion distance between gas and
blood in the lung capillaries of dipnoans is
approximately 0.5-1.0 um (Klika and Lelek,
'67), which approaches the diffusion distance
in mammal lungs.

The ventral surfaces of the lung(s) are per-
fused by the left pulmonary artery, which
bifurcates about one-third of the way back
from the cranial end of the lungs. The dorsal
surfaces of the lung are perfused by the right
pulmonary artery (Goodrich, ’30).

GAS EXCHANGE IN LUNGFISHES

The preceding discussion has shown that
extant lungfish show many cardiorespiratory
morphological characters that distinguish
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lung of Neoceratodus forsteri. (From Little, "83, after Grigg, '65.) B. Septa in the anterior region
of one of the paired lungs of Protopterus. (From Little, 83, after Poll, '62.)

them from other air-breathing fishes and
align them much more closely with tetra-
pods. While some of these characters clearly
represent convergent evolution, others ap-
parently are shared derived characters. What
physiological advantages, if any, do these
characters provide to the lungfishes, and
what differences may exist among extant
genera? To attempt to answer this question,
it is necessary to examine how the cardiovas-
cular and respiratory systems of lungfishes
perform physiologically.

Mechanics of gill and lung ventilation

In spite of some structural differences (e.g.,
reduction of opercular and hyoid bones in
Protopterus relative to Neoceratodus), the
mechanics of both gill and lung ventilation
are qualitatively the same in Lepidosiren
(Bishop and Foxon, '68), Neoceratodus (Grigg,
’65), and Protopterus (McMahon, ’69). The
most extensive account of the ventilatory
mechanics of a dipnoan has been provided for
Protopterus aethiopicus by McMahon (‘69),
who used X-ray cinematography, electromy-
ography, and pressure recording to describe

the mechanics of both air and water breath-
ing. Ventilation of the gills with water occurs
through the action of a positive pressure buc-
cal pump anterior to the gills and an opercu-
lar suction pump posterior to the gills. These
pumps operate in concert to generate a nearly
continuous water pressure gradient favoring
water flow in the mouth, through the gills,
and out the opercular opening (Fig. 7). Such
a ventilatory system is widely shared
amongst aquatic vertebrates, occurring in
phyletically ancient fishes, highly derived
teleosts, and is even preserved somewhat in
larval and adult amphibians (Shelton, '70;
Gans, "70a; Randall et al., '81; Burggren et
al., ’86).

Ventilation of the lungs with air in Protop-
terus is achieved by action of the same mus-
culoskeletal elements involved in aquatic
ventilation (Fig. 7). In essence, a single
aquatic ventilatory cycle irrigating the bran-
chial chamber is replaced by a modified cycle
that generates a single air breath. The sin-
gle-breathing cycle occurs immediately after
the snout has been thrust above the water
surface into the air. The glottis, which has
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been tightly closed during water-breathing
cycles, is opened, and pressure in the lungs
decreases as expiration occurs. There follows
a particularly tight closure of the opercular
flaps, brought about by extended activity of
the constrictor hyoideus muscle, and an ex-
aggerated depression of the buccal floor
drawing a large volume of fresh air through
the opened mouth into the buccal activity.
The mouth is then closed, and the head reim-
mersed in water. A subsequent strong eleva-
tion of the buccal floor increases buccal
pressure to approximately 20 mmHg, which
is much higher than during a normal aquatic
ventilatory cycle. This elevated buccal pres-
sure drives inspired air past the open glottis
into the lungs, completing the air-breathing
cycle. The aquatic ventilatory cycles both
preceding and following the cycle in which
the lungs are ventilated show different pat-
terns of muscle activation and the corre-
sponding motor responses (Fig. 7). Lungfishes
usually ventilate their lungs with a single
air breath followed by a period of apnea of
variable length, though under some experi-
mental conditions tightly-grouped multiple
breaths may occur (Bishop and Foxon, ’68;
McMahon, '69; Delaney and Fishman, ’77).
Estivation also causes changes in patterns
and mechanics of lung ventilation (see Dela-
ney and Fishman, *77; Fishman et al., this
volume).

Lung ventilation in the Dipnoi thus incor-
porates a buccal force pump mechanism. Al-

though several workers have suggested that
aspiration breathing involving rib move-
ments for generation of subambient pleural
pressures may occur in lungfish (Lomholt et
al., ’75) and other air-breathing fishes (Far-
rell and Randall, ’78), these claims have not
been substantiated (Greenwood and Liem,
'84). Tt is most likely that the lung ventila-
tory mechanism seen in extant Dipnoi is sim-
ilar to that of the earliest tetrapods, and that
aspiration ventilation of the lung replaced
buccal force ventilation only later as ribs took
on increasing structural importance in fully
terrestrial vertebrates (McMahon, ’70).

Ventilatory patterns and oxygen uptake

As could be predicted from its elaborate
and more typically piscine gill structure,
Neoceratodus is an obligatory water breather.
Laboratory observations indicate buccal/
opercular movements at a frequency of about
30 cycles per min at room temperature (Jo-
hansen et al., ’67). Observations of captive
laboratory specimens at rest indicate that
ventilation of the lung with air is compara-
tively rare when the fish is in oxygenated
water. Thus, nearly 100% of both oxygen up-
take and carbon dioxide elimination is
aquatic via gills and skin (Table 1; Fig. 8).
During prolonged swimming activity, when
metabolic rate increases, air breathing be-
comes frequent and regular (Grigg, '65). Field
observations of Neoceratodus (Kemp, this
volume) indicate that air breathing may oc-
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Fig. 8. Relative contributions of aquatic and aerial breathing to total gas exchange at 20°C
in the three living genera of lungfishes. (From Lenfant et al., '70.)

cur more commonly during the breeding sea-
son, perhaps related to increased activity
levels.

Although the respiratory surface of the gills
of Protopterus is considerably reduced com-
pared to Neoceratodus, the former nonethe-
less ventilates the gills with water, using
slow, rhythmic buccal/opercular movements
at a frequency of 0.5-10 cycles per min at 20—
24°C (Lenfant and Johansen, '68; McMahon,
'69, '70). Branchial respiratory movements
in resting Lepidosiren are very shallow and
almost imperceptible at rest, also varying
widely between 1 and 20 breaths per min
(Johansen and Lenfant, ’67). Air-breathing
frequencies in both genera range from 2-30
breaths hr ™! at water temperatures of 20-
24°C (Johansen and Lenfant, '67, '68; Mc-
Mahon, ’69,’70). Both Protopterus and Lepi-
dosiren in postjuvenile stages are obligatory
air breathers at normal environmental tem-
peratures, and will drown if denied access to
air. In adult Protopterus and Lepidosiren,
90% or more of total Oy uptake occurs via
the lungs, while a lower but still substantial
proportion of COs elimination occurs via this
route (Table 1). This partitioning of O, and
CO, exchange between air and water is also
typical of larval amphibians that are simi-
larly equipped with gills, permeable skin,
and lungs (Burggren, ’84).

While most experimental data have been
collected from adult lungfishes, a limited but
compelling number of observations indicate
that developmental stage exerts a strong in-
fluence on patterns of gas exchange in lung-
fishes. In Protopterus amphibius, for
example, the dependence upon aerial respi-
ration increases dramatically as body mass
increases (Fig. 9), and a similar trend ap-
pears to exist for Lepidosiren (Table 1). The
influence of development on both cardiores-
piratory morphology and physiology is one of
the most neglected yet promising fields for
future research.

At rest, Neoceratodus is clearly much less
dependent upon aerial respiration than Pro-
topterus or Lepidosiren (Table 1). What if
more severe respiratory demands occur? A
comparison of the ability to use aerial respi-
ration can be assessed in more detail by com-
paring the respective abilities of lungfishes
to survive brief periods of complete air expo-
sure. Although this experiment is ecologi-
cally irrelevant for Neoceratodus, which,
unlike Protopterus and Lepidosiren, does not
estivate, laboratory air exposure makes spe-
cific and equivalent respiratory demands of
all three lungfishes. The physiological re-
sponses to these demands will reveal the ex-
istence of mechanisms crucial to the
evolution of a terrestrial capability. Figure



TABLE 1. Oxygen uptake, carbon dioxide elimination, and the gas exchange ratio in Dipnoi

Oxygen u{)take Carbon dioxide elimination
Temperature (mlOyg Th™hH (mlOyg 'h™hH Gas exchange ratio
Species (°C) Aquatic (%) Aerial (%) Total Aquatic(%) Aerial(%) Total Aquatic Aerial Total References
Neoceratodus 18 15.0 (100) 0 O 15.0 18.6(100) 0 W 18.6 1.24 — 1.24 Lenfant et al., '67
forsteri
Lepidosiren 18 54.0 (64) 30.6 (30) 846 72.6(7T7) 22.2 (23) 94.8 1.34 0.73 1.12 Johansen and Lenfant, '67
paradoxa
(juvenile,
150 gm)
Lepidosiren 20 1.8(4) 40.2 (96) 42.0 — — — — — — — — Sawaya, '46
(adult)
Lepidosiren 20 0.7(3) 21.5(97) 222  6.7(41) 9.5 (59) 16.2 9.57 0.44 0.73 Lenfant et al., 70
paradoxa
Protopterus 20 52.2 Smith, '30
aethiopicus
Protopterus 24 5.0 (8) 57.5(92) 62.5 318 15.6 47.4 5.40 0.27 0.73 McMahon, '70
aethiopicus
Protopterus 20 1.3(11) 10.1 (89) 114  6.1(70) 2.6 (30) 8.7 4.69 0.26 0.76 Lenfant and Johansen, '68
aethiopicus

YAll values recorded at the indicated temperature in air-saturated water with free access to air.
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10 compares total Oy consumption and abil-
ity to saturate systemic arterial blood with
oxygen in Neoceratodus, Lepidosiren, and
Protopterus before and during 40 min of com-
plete air exposure. When removed from
water, all three genera of lungfishes show
highly elevated rates of lung ventilation.
Both Protopterus and Lepidosiren can main-
tain blood Oy saturation and total Og uptake
by shifting entirely to pulmonary gas ex-
change. Neoceratodus, in contrast, shows a
serious insufficiency in blood gas transport
within just 5-10 min of air exposure, reaf-
firming the much more aquatic nature of the
Australian lungfish.

Neoceratodus can be further distinguished
from Protopterus and Lepidosiren on the ba-
sis of its respiratory responses to environ-
mental Oy availability. When exposed to
moderately hypoxic water, Neoceratodus re-
sponds with an immediate and large increase
in rate of gill ventilation (Johansen et al.,
’67). Air breathing is initiated and progres-
sively increases in frequency, though the on-
set of lung hyperventilation is much later
than that of increased gill ventilation. Given
that Neoceratodus has elaborate gills and de-
pends heavily on aquatic exchange under
normoxic conditions (Table 1), it is not sur-
prising that this lungfish should show re-
sponses to aquatic hypoxia very reminiscent
of strictly aquatic fishes (see Shelton ’70).
Adult Protopterus, on the other hand, shows
virtually no branchial ventilatory response
to aquatic hypoxia (Johansen and Lenfant,
’68). This is consistent with the almost total
lack of reliance on water for Oy uptake shown
by this fish (Table 1; Fig. 8). Exposure to
aerial hypoxia, however, induces rapid in-
creases in air-breathing frequency, indicat-
ing that Protopterus does, in fact, have
chemoreceptors sensitive to changes in inter-
nal Oy levels. Interestingly, juvenile Protop-
terus respond to exposure to hypoxic water
by increasing rates of both water and air
breathing (Jesse et al., ’67). Juvenile Protop-
terus are more dependent on aquatic gas ex-
change (Johansen and Lefant, ’68; Johansen
et al., "76a; Fig. 9), and a ventilatory re-
sponse to hypoxic water in these less mature
lungfish is more appropriate.

Fig. 10. Effect of air exposure upon 0, uptake and 0,
saturation of arterial blood in Neoceratodus, Lepidosi-
ren, and Protopterus. (From Lenfant et al., ’70.)
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Blood respiratory properties

Blood and its circulation represent an in-
dispensable link in the transport of respira-
tory gases between the ambient environment
and the metabolizing cells. The most impor-
tant respiratory properties of vertebrate
bloods are the Oy affinity of the blood, ex-
pressed as the partial pressure of Og at which
the blood is half saturated with Oq (the Psg),
Oy capacity, which is the maximum possible
amount of O, contained per unit of blood, and
the influence of blood pH on the O, affinity
(commonly referred to as the “Bohr shift”).
Blood is also important in COs transport and
in acid-base balance of the body fluids.

The respiratory properties of blood show a
remarkable evolutionary plasticity or adapt-
ability to environmental and behavioral sit-
uations in lower vertebrates. In regard to air-
breathing fishes breathing bimodally with
gills and/or an air-breathing organ, blood O,
affinity tends to decline with increased de-
pendence on aerial breathing (Johansen and
Lenfant, ’71). Since atmospheric air has a
stable and high concentration of O, blood in
the air-breathing organ can become fully Oy
saturated even in the face of a reduced blood
O, affinity. Yet, at the level of the body tis-
sues, the lower Oy affinity will enhance un-
loading of oxygen from the blood (Johansen
and Lenfant, *71). In air-breathing fishes that
depend predominantly on aquatic breathing
for oxygen uptake, there is an equally clear
tendency for blood O, affinity to be in-
creased, particularly if the species lives in
oxygen deficient water. Thus, even though
the major respiratory medium is oxygen de-
ficient, blood of a higher O, affinity may still
become O, saturated before leaving the gills
or skin. The blood Oy affinity of fishes thus
appears to show evolutionary adaptation to
the Oy availability of the external medium
most important to respiration. However, it is
important to emphasize that an adaptation
that may assist Oy unloading at the tissues
may be maladaptive with respect to loading
in the gas-exchange organ, and vice versa (see
Johansen and Lenfant, ’71). Thus, each spe-
cies in each environmental condition has to
be examined individually to assess whether
changes in blood properties are assisting
blood oxygen transport.

A comparison of blood respiratory proper-
ties in lungfishes is difficult, primarily due
to a shortage of data and to the different
techniques used to measure blood O affinity.
Johansen and Lenfant ('67) found a very high

blood O, affinity in juvenile Lepidosiren. Us-
ing different techniques, Johansen et al. ("78)
studied blood from mature Lepidosiren and
obtained similar high affinities (P50-8 mmHg
at pH 7.4, 29°C). Neoceratodus shows a lower
blood Oy affinity than Lepidosiren or Protop-
terus if compared at similar blood pH to take
into account the Bohr shift. However, when
compared at the values for pH occurring in
vivo in arterial blood, Neoceratodus has a
higher affinity for O, than the obligate air
breathers Lepidosiren and Protopterus (Len-
fant et al., ’67). The blood of Neoceratodus
also shows a larger COs combining power
and buffer capacity than the blood of either
Lepidosiren or Protopterus. However, there
appears to be little difference in blood oxygen
capacity between lungfish genera (Johansen
and Lenfant, "71).

Protopterus shows a low Oy affinity ex-
pressed by a Psg of 33 mmHg at pH 7.5 and
26°C (Johansen et al., *76b). Blood O, affinity
of estivating Protopterus shows a dramatic
increase to 9 mmHg when measured at the
same temperature and pH as typical for an
active, hydrated lungfish. However, since the
blood pH of the estivating fish is much lower,
the very large difference in blood oxygen af-
finity will be diminished by the Bohr shift
when considering the in vivo situation. No
satisfactory explanation has been advanced
to explain the marked increases in Oy affin-
ity with estivation. Its mechanism, however,
is clearly related to a large reduction in the
red cell organic phosphates GTP and ATP,
both of which act as important cofactors (or
competing ligands) for the O, binding to
hemoglobin. A higher Bohr factor in Neocer-
atodus than the other lungfishes must also
be considered adaptive as long as this species
maintains a much higher blood pH than the
other lungfishes.

Much additional research on the blood res-
piratory properties of lungfishes is required
to understand fully to what extent the differ-
ences in blood properties between genera
represent important adaptive changes to dif-
fering demands on blood gas transport.

Cardiorespiratory regulation

A fundamental requirement of effective gas
exchange is that the Os capacitance and
other respiratory properties of blood on one
side of the gas-exchange membranes should
at all times be closely matched with the oxy-
gen capacitance of the respiratory medium
on the other side of the membrane (Piiper
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Influence of voluntary, intermittent breath-
ing upon source of systemic arterial blood (top) and upon
pulmonary blood flow and heart rate (bottom) in Protop-
terus aethiopicus. (From Johansen, '68.)

Fig. 12,

and Scheid, '84). Stated differently, the abil-
ity of the blood to convey Oy away from the
gas-exchange organ should ideally equal the
ability of the ventilatory pump to supply Og
to that organ. Thus, hyperventilation of a
gas-exchange organ with respiratory me-
dium will achieve little increased gas ex-
change unless there is a corresponding
increase in blood flow to that organ.

This concept of “ventilation-perfusion”
matching takes on particular importance in
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animals in which the ABO is ventilated in-
termittently rather than continuously. In an-
imals such as the Dipnoi, the partial pressure
of Oy (POg) in pulmonary gas is typically
high during and immediately after an air
breath, but then falls progressively during
breath holding until a subsequent breath re-
news the gas in the ABO (Fig. 11). Thus, both
the total Oy stores of the lungs and the gas
partial pressure gradient driving O, from the
gas into blood in the pulmonary capillaries
are greatest in the early moments of breath
holding. For most effective gas exchange,
perfusion of the lungs with blood should be
highest during this period when the poten-
tial for pulmonary gas exchange is highest,
and should then diminish as breath holding
progresses.

Physiological investigations of the last two
decades have revealed that lungfishes pos-
sess effective mechanisms for matching blood
perfusion of the lung to the intermittent pat-
tern of lung ventilation. The most extensive
hemodynamic studies have been performed
on Protopterus, with limited observations on
Neoceratodus and Lepidosiren (for reviews
see Johansen, ’70; Johansen and Burggren,
’80; Johansen, '85; Fishman et al., ’85; Burg-
gren et al., '86). These experiments, often
performed on intact, unanesthetized lung-
fish, have combined radiographic studies, di-
rect measurement of blood flows and
pressures, and estimations of cardiac output
distribution based on Oy concentrations of
blood sampled from indwelling catheters lo-
cated at various sites in the circulation. Dur-
ing the early minutes following an air breath
in Protopterus aethiopicus, heart rate and
cardiac output increase (Fig. 12). Blood leav-
ing the two posterior-most gill arches is di-
rected primarily into the pulmonary artery
rather than the ductus arteriosus, and so pul-
monary blood flow rises considerably. Since
the PO; of lung gas is highest at this time,
there is a major transfer of O, from lung gas
to pulmonary venous blood. However, as
breath holding progresses and the gas ex-
change potential of the lung decreases, then
heart rate, cardiac output, and total lung
blood flow decrease.

Clearly, Protopterus regulates cardiovas-
cular function to match lung perfusion to
lung ventilation. For several reasons, how-
ever, simply increasing pulmonary blood flow
when lung PO, is highest is not sufficient for
effective gas exchange. It must be empha-
sized that those gills that bear filaments and
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Fig. 13. Ventro-dorsal (left) and lateral view of the passage of radio-opaque dye injected into
the pulmonary vein. da. dorsal aorta; v. ventricle. (From Johansen and Hol, '68.)

secondary lamellae can be a site of Oy loss as
well as gain. Since lungfishes may encounter
water with low Oq levels (see Greenwood,
Kemp, both in this volume), there is a very
real potential that Oy transferred from lung
gas into pulmonary venous blood may be lost
immediately back to hypoxic water flowing
over the gills. Such a reversal of Oy flow has
been well documented for both air-breathing
fish (Burggren, ’79) and larval amphibians
(West and Burggren, ’82). Thus, it is essen-
tial for lungfish that, at least immediately
following an air breath, oxygenated pulmo-
nary venous blood en route to the systemic
tissues not come into contact with branchial
water. This separation can be achieved in
one of two ways. In Protopterus aethiopicus,
each secondary lamella of the gills has, in
addition to the distal blood channels exposed
to water, a thick-walled and muscular basal
blood channel that directly connects afferent
and efferent branchial arterial vessels (Lau-
rent, '85). A decrease in the vasomotor tone
of this basal channel (which has yet to be
experimentally established) would, at the
level of each secondary lamellae, shunt blood
around rather than through the respiratory
membranes (Fishman et al., '85; Laurent,
'85). A second mechanism preventing oxy-
genated blood from contacting branchial
water potentially low in O, involves a pref-
erential distribution of pulmonary venous
blood into the two anterior-most branchial
arches bearing few (Lepidosiren) or no (Pro-
topterus) secondary lamellae. Perfusion of the
anterior arches with primarily pulmonary

venous blood will achieve a functional bypass
of the respiratory membranes of the gills.
Importantly, it will also prevent oxygenat-
ed blood from being needlessly recirculated
back to the lungs before perfusing systemic
tissues.

While the anatomical basis for channelling
of systemic and venous blood during its pas-
sage through the central circulation has long
been appreciated (see discussion above),
physiological evidence for this separation has
been provided only in the last few decades.
As indicated in Figure 12, immediately fol-
lowing an air breath nearly 100% of the blood
perfusing the anterior arches (and thus pass-
ing directly into the dorsal aorta without ex-
posure to branchial water) is derived from
the pulmonary vein. The extent of separation
can be seen quite clearly in Figure 13, which
shows the course of radio-opaque dye directed
via an indwelling catheter into the pulmo-
nary vein of Protopterus aethiopicus. As
breath holding progresses, the partial pres-
sure of Oy in pulmonary venous blood de-
creases (Fig. 11) and approaches that of
systemic venous blood. Under this condition,
separation of pulmonary and systemic ve-
nous blood becomes less important and could
even become detrimental if there is an ener-
getic cost associated with maintaining this
separation (see Burggren, ’87). In fact, as
breath holding continues, the proportion of
pulmonary blood perfusing the anterior
branches diminishes (Fig. 12), while the pro-
portion perfusing the posterior, gill-bearing
branches increases.
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The actual mechanisms by which these la-
bile and constantly changing patterns of gill
and lung perfusion are achieved has been
investigated in some detail, once again pri-
marily for Protopterus aethiopicus (see Fish-
man et al., '85). Pharmacological investiga-
tions employing cholinergic and adrenergic
agonists and antagonists have revealed that
the ductus and the extrinsic segment of the
pulmonary artery are highly vasoactive. In-
terestingly, vasoactivity in the extrinsic seg-
ment of the pulmonary artery is char-
acteristic of amphibians (De Saint-Aubain
and Wingstrand, '79; Malvin, '85) and is re-
tained in some reptiles (Burggren, 77; Mil-
som et al., '77). Importantly, in Protopterus
the pharmacological responses of the ductus
are somewhat opposed to those of the extrin-
sic pulmonary artery. For example, perfusion
of isolated arterial segments with dilute ace-
tylcholine solutions induces vasodilation of
the ductus but vasoconstriction of the pul-
monary artery (Fishman et al., ’85). Norepi-
nephrine, on the other hand, induces intense
vasoconstriction of the ductus but has no ef-
fect on the extrinsic segment of the pulmo-
nary artery. How might these mechanisms
operate in vivo? An increase in catechol-
amines circulating in blood plasma will cause
vasodilation of the ductus relative to the pul-
monary artery, favoring a pulmonary bypass
in which blood from the fourth branchial arch
flows through the ductus into the dorsal
aorta, rather than into the pulmonary artery
(Fig. 5). Parasympathetic activity, on the
other hand, will cause vasoconstric-
tion of the ductus and vasodilation of the
extrinsic pulmonary artery, tending to direct
blood draining the fourth branchial arch
preferentially into the pulmonary rather
than the systemic circuit.

As evident from the above discussion, the
mechanisms by which perfusion is matched
to intermittent lung ventilation, where they
have been determined, are known primarily
for Protopterus. Although Neoceratodus in-
creases lung ventilation during exposure to
hypoxic water (Johansen et al., '67; Lenfant
et al., '67), very little is known about how
cardiac output is redistributed and how oxy-
genated blood circumvents the branchial res-
piratory membranes.

PHYLOGENETIC CONSIDERATIONS

As abundantly evident from other presen-
tations in this volume, most considerations
of the systematics of lungfishes have been
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based on characters of dentition, cranial
structure, etc. The major reason for this is
not that these characters are inherently
“more reliable” than soft tissues, but rather
that the fossil record contains more evidence
of such structural elements of phylogeneti-
cally primitive lungfishes, allowing direct
comparisons with the surviving genera.

Although somewhat beyond the scope of
this paper, it is important to emphasize that
characters based on cardiorespiratory mor-
phology (and the physiological processes
which these structures support) may be of
great value in describing systematic rela-
tionships of living fishes, including the Dip-
noi. To give but a few examples,
Neoceratodus, with less septate lungs, more
fully developed gills, and a less partitioned
central circulation, appears considerably less
derived from what is generally interpreted to
be the plesiomorphic condition for lung-
fishes. Lepidosiren and Protopterus, with car-
diorespiratory structures more heavily
modified for aerial respiration and terres-
trial survival, possess many structures com-
parable to those of the tetrapods. At the same
time, Lepidosiren and Protopterus also ex-
hibit a number of differences in cardiorespir-
atory characters, such as the degree of
anatomical and functional atrial and ventric-
ular division, branchial structure, and per-
sistence of external gills.

It is important to emphasize that any phy-
logenetic analysis of morphological or phys-
iological characters should include not only
consideration of characters for the ingroup in
question (in this instance, the Dipnoi), but
also in more primitive fish taxa. Such a clad-
istic analysis of lungfish systematics based
on respiration and cardiovascular characters
is currently being attempted.

CONCLUSIONS

Perhaps no vertebrates so recently discov-
ered, with so few living representatives, and
with such remote distributions, have re-
ceived so much attention from so many biol-
ogists as have lungfishes. While many
contributions in this volume attest to the
fascinating morphology and systematics of
the Dipnoi, we wish to emphasize that, after
all, they were named LUNGfish! Their suc-
cessful exploitation of aerial respiration, cul-
minating in the ability to tolerate months or
years of air exposure during estivation,
surely ranks among the most remarkable
features of vertebrates.
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In our attempt to present a coherent over-
view of the cardiorespiratory physiology of
living lungfishes, we have made many gen-
eralizations. Perhaps most notable of these is
our position that Neoceratodus is less highly
derived from the plesiomorphic condition for
lungfishes than either Lepidosiren or Protop-
terus, which have many morphological and
physiological features similar to those of te-
trapods. However, it is important to indicate
that, just as the fossil record of lungfishes
has gaps, so too does the “morphological and
physiological record” pertaining to circula-
tion and respiration in living lungfishes. Par-
ticularly important areas of lungfish
cardiorespiratory physiology that require
much additional investigation include:

1) effects of embryonic and larval develop-
ment and maturation

2) environmental/ecological influences

3) mechanisms for reflex regulation

4) more intensive investigation of Lepido-
siren, which is poorly represented in the
physiological literature

5) influence of estivation on metabolism

Finally, it is somewhat ironic that, in at-
tempting to better our understanding of the
cardiorespiratory morphology and physiol-
ogy of lungfishes relative to other air-breath-
ing fishes and amphibians, in some instances
we now know more about lungfishes than the
animals to which we compare them. Only by
thoroughly understanding the general pro-
cesses by which aquatic organisms came to
exploit the aerial/terrestrial environment
will we be able to use the Dipnoi to help us
interpret the evolutionary transition from
fishes to tetrapods.

ACKNOWLEDGMENTS

The authors acknowledge grant support
from the National Science Foundation (WB)
and the Danish Research Council (KJ). Drs.
W. Bemis and D. Klingener provided many
useful comments during the preparation of
the text, and Jacqueline Fay provided skilled
assistance in preparation of the figures.

LITERATURE CITED

Ballantyne, F.M. (1927) Air-bladder and lungs. Trans. R.
Soc. Edinburgh 55:371-394.

Bertin, L. (1958) Organes de la respiration aerienne. In
P.D. Grasse (ed): Traité de Zoologie 13:1363-1398.

Bishop, LR., and G.E.H. Foxon (1968) The mechanism of
breathing in the South American lungfish, Lepidosiren
paradoxa; a radiological study. J. Zool. London
154:263-271.

Boas, J.E.V. (1880) Ueber Herz und Arterienbogen bei
Crratodus und Protopterus. Morph. Jahrb. 6:321-354.

Bugge, J. (1961) The heart of the African lung fish,
Protopterus. Vidensk. Medd. Dansk Naturh. Foren.
Kjobenhavn 123:193-210.

Burggren, W. (1977) The pulmonary circulation of the
chelonian reptile: morphology, haemodynamics and
pharmacology. J. Comp. Physiol. 116:303-324.

Burggren, W. (1979) Bimodal gas exchange during vari-
ation in environmental oxygen and carbon dioxide in
the air breathing fish Trichogaster trichopterus. J. Exp.
Biol. 82:197-214.

Burggren, W. (1984) Transition of respiratory processes
during amphibian metamorphosis: from egg to adult.
In R.S. Seymour (ed): Respiration and Metabolism of
Embryonic Vertebrates. Dordrecht: Junk, pp. 31-53.

Burggren, W. (1985) Hemodynamics and regulation of
central cardiovascular shunts in reptiles. In K. Johan-
sen and W. Burggren (eds): Cardiovascular Shunts;
Phylogenetic, Ontogenetic and Clinical Aspects. Co-
penhagen: Munksgaard, pp. 121-136.

Burggren, W. (1987) Form and function in reptilian cir-
culations. Am. Zool. (In press).

Burggren, W., K. Johansen, and B.R. McMahon (1986)
Respiration in primitive fishes. In R. Foreman, R.
Fange, and A. Gorbmen (eds): The Biology of Primitive
Fishes. New York: Plenum Press. (In press).

Dehadrai, P., and S. Tripathi (1976) Environment and
ecology of freshwater air-breathing teleosts. In G.M.
Hughes (ed): Respiration in Amphibious Vertebrates.
New York: Academic Press, pp. 39-72.

DeLaney, R.G., and A.M. Fishman (1977) Analysis of
lung ventilation in the aestivating lungfish Protopte-
rus aethiopicus. Am. J. Physiol. 233:R181-R187.

De Saint-Aubain, M.L., and K. Wingstrand (1979) A
sphincter in the pulmonary artery of the frog Rana
temporaria and its influence on blood flow in skin and
lungs. Acta Zool. Stockh. 60:163-172.

Farrell, A., and D. Randall (1978) Air-breathing mechan-
ics in two Amazonian teleosts, Arapaima gigas and
Hoplerythrinus unitaeniatus. Can. J. Zool. 56:939-945.

Fishman, A.P., R.G. DeLaney, P. Laurent, and J.P. Szi-
don (1985) Blood shunting in lungfish and humans. In
K. Johansen and W. Burggren (eds): Cardiovascular
Shunts; Phylogenetic, Ontogenetic and Clinical As-
pects. Copenhagen: Munksgaard, pp. 88-95.

Fox, H. (1965) Early development of the head and phar-
ynx of Neoceratodus with a consideration of its phylo-
geny. J. Zool. Lond. 146:470-554.

Fullarton, M.H. (1931) Notes on the respiration of Lepi-
dostren. Proc. Zool. Soc. London 99:1301-1306.

Gans, C. (1970a) Respiration in early tetrapods—the frog
is a red herring. Evolution 24:723-734.

Gans, C. (1970b) Strategy and sequence in the evolution
of the external gas exchangers of ectothermal verte-
brates. Forma et Functio 3:61-104.

Goodrich, E.S. (1909) Vertebrata craniata. In R. Lankes-
ter (ed: A Treatise on Zoology. London: Adam and
Black.

Goodrich, E.S. (1930) Studies on the Structure and De-
velopment of Vertebrates. London: Macmillan.

Graham, J.B. (1976) Respiratory adaptations of marine
air-breathing fishes. In G.M. Hughes (ed): Respiration
of Amphibious Vertebrates. New York: Academic Press,
pp. 165-187.

Greenwood, PH., and K.F. Liem (1984) Aspiratory res-
piration in Arapaima gigas (Teleostei, Osteoglossomor-
pha) a reappraisal. J. Zool. London 203:411-425.

Grigg, G. (1965) Studies on the Queensland lungfish
Neoceratodus forsteri (Krefft). . Anatomy, histology,
and functioning of the lung. Aust. J. Zool. 13:243-253.

Gunther, A. (1871) Description of Ceratodus, a genus of
ganoid fishes, recently discovered in rivers of Queens-
land, Australia. Trans. R. Soc. London 161:511-792.



CIRCULATION AND RESPIRATION IN DIPNOI 235

Hughes, G.M.. and E.R. Weibel (1976) Morphometry of
fish lungs. In G.M. Hughes (ed): Respiration of Am-
phibious Vertebrates. New York: Academic Press, pp.
213-232.

Hyrtl, J. (1845) Monographie von Lepidosiren paradoxa.
Abhandlungen Bohmischen Gesellschaft der Wissen-
schaften. Prague 3:605-668.

Jesse, M.J., C. Shub, and A.P. Fishman (1967) Lung and
gill ventilation of the African lungfish. Respir. Physiol.
3:267-287.

Johansen, K. (1965) Dynamics of venous return in elas-
mobranch fishes. Hvalradets Skrifter 48:94-100.

Johansen, K. (1968) Air-breathing fishes. Sci. Amer.
219:102-111.

Johansen, K. (1970) Air breathing in fishes. In W.S. Hoar
and D.J. Randall (eds): Fish Physiology 4. New York:
Academic Press, pp. 361-411.

Johansen, K. (1985) A phylogenetic overview of cardio-
vascular shunts. In K. Johansen and W. Burggren
(eds): Cardiovascular Shunts; Phylogenetic, Ontoge-
netic and Clinical Aspects. Copenhagen: Munksgaard,
pp. 17-32.

Johansen, K., and W. Burggren (1980) Cardiovascular
function in lower vertebrates. In G. H. Bourne (ed):
Hearts and Heart-like Organs. New York: Academic
Press, pp. 61-117.

Johansen, K., and W. Burggren (1985) Cardiovascular
Shunts; Phylogenetic, Ontogenetic and Clinical As-
pects. Copenhagen: Munksgaard.

Johansen, K., and R. Hol (1968) A radiological study of
the central circulation in the lungfish, Protopterus ae-
thiopicus. J. Morphol. 126:333-348.

Johansen, K., and C. Lenfant (1967) Respiratory func-
tion in the South American lungfish, Lepidosiren par-
adoxa (Fitz). J. Exp. Biol. 46:205-218.

Johansen, K., and C. Lenfant (1968) Respiration in the
African lungfish, Protopterus aethiopicus. II. Control
of breathing. J. Exp. Biol. 49:453-468.

Johansen, K., and C. Lenfant (1971) A comparative ap-
proach to the adaptability of Oy-Hb affinity. Proceed-
ings of the Alfred Benzon Foundation, 4: Copenhagen:
Munksgaard, pp. 750-780.

Johansen, K., and O. Reite (1967) Effects of acetylcholine
and biogenic amines on pulmonary smooth muscle in
the African lungfish, Protopterus aethiopicus. Acta
Physiol. Scand. 771:248-252.

Johansen, K., C. Lenfant, and G.C. Grigg (1967) Respi-
ratory control in the lungfish, Neoceratodus forsteri.
Comp. Biochem. Physiol. 20:835-854.

Johansen, L., C. Lenfant, and D. Hanson (1968) Cardio-
vascular dynamics in the lungfishes. Z. Vergl. Physiol.
59:157-186.

Johansen, K., D. Hanson, and C. Lenfant (1970) Respi-
ration in a primitive air breather, Amia calva. Respir.
Physiol. 9:162-174.

Johansen, K., J.P. Lomholt, and G.M.O. Maloiy (1976a)
Importance of air and water breathing in relation to
size of the African lungfish Protopterus amphibius Pe-
ters. J. Exp. Biol. 65:395-399.

Johansen, K., G. Lykkeboe, R.E. Weber, and G.M.O.
Maloiy (1976b) Respiratory properties of blood in awake
and estivating lungfish, Protopterus amphibius. Res-
pir. Physiol. 27:335-345.

Johansen, K., C.P. Magnum, and G. Lykkeboe (1978)
Respiratory properties of the blood of Amazon fishes.
Can. J. Zool. 56:898-906.

Jollie, M. (1973) Chordate Morphology. Huntington:
Krieger.

Kerr, J.G. (1919) Textbook of Embryology, Vol. 2. Verte-
brata. London: Macmillan.

Klika, E., and A. Lelek (1967) A contribution to the
study of the lungs of Protopterus annectens and Polyp-

terus senegalensis. Folia Morphol. Prague 15:168-175.
Lankester, E.R. (1878) On the hearts of Ceratodus, Pro-
topterus, and Chimaera with an account of undescribed
pocket valves in the conus arteriosus of Ceratodus and
Protopterus. Trans. Zool. Soc. London 10:493-505.

Laurent, P. (1984) Internal morphology of the gill. In
W.S. Hoar and D.J. Randall (eds): Fish Physiology, Vol.
10A. New York: Academic Press, pp. 73-183.

Laurent, P. (1985) Organization and control of the respi-
ratory vasculature in lower vertebrates; Are there an-
atomical gill shunts? In K. Johansen and W. Burggren
(eds): Cardiovascular Shunts; Phylogenetic, Ontoge-
netic and Clinical Aspects. Copenhagen: Munksgaard,
pp. 57-67.

Laurent, P., R.G. DeLaney, and A.P. Fishman (1978) The
vasculature of the gills in the aquatic and aestivating
lungfish (Protopterus aethiopicus). J. Morphol. 156:173~
208.

Lenfant, C., and K. Johansen (1968) Respiration in the
African lungfish, Propterus aethiopicus. I. Respiratory
properties of blood and normal patterns of breathing
and gas exchange. J. Exp. Biol. 49:437-452.

Lenfant, C., K. Johansen, and G.C. Grigg (1967) Respi-
ratory properties of blood and patterns of gas exchange
in the lungfish Neoceratodus forsteri (Krefft). Respir.
Physiol. 2:1-12.

Lenfant, C., K. Johansen, and D. Hanson (1970) Bimodal
gas exchange and ventilation-perfusion relationships
in lower vertebrates. Fed. Proc. 29:1124-1129.

Little, C. (1983) The Colonization of Land: Origins and
Adaptations of Terrestrial Animals. Cambridge: Cam-
bridge University Press.

Lombholt, J.P., K. Johansen, and G.M.O. Maloiy (1975) Is
the aestivating lungfish the first vertebrate with suc-
tional breathing? Nature 257:787-788.

Malvin, G.M. (1985) Cardiovascular shunting during
amphibian metamorphosis. In K. Johansen and W.
Burggren (eds): Cardiovascular Shunts; Phylogenetic,
Ontogenetic and Clinical Aspects. Copenhagen:
Munksgaard, pp. 163-172.

McMahon, B. (1969) A functional analysis of the aquatic
and aerial respiratory movements of an African lung-
fish Protopterus aethiopicus, with reference to the evo-
lution of the lung-ventilation mechanism in
vertebrates. J. Exp. Biol. 51:407-430.

McMahon, B. (1970) The relative efficiency of gaseous
exchange across the lungs and gills of an African lung-
fish Protopterus aethiopicus. J. Exp. Biol. 52:1-15.

McMahon, B.R., and W.W. Burggren (1987) Respiratory
physiology of intestinal air breathing in the teleost
Misgurnus anguillicaudatus. J. Exp. Biol. (In press).

Milsom, W.K., L.B. Langille, and D.R. Jones (1977) Va-
gal control of pulmonary vascular resistance in the
turtle Chrysemys scripta. Can. J. Zool. 55:359-367.

Munshi, J.8.D. (1976) Gross and fine structure of the
respiratory organs of air-breathing fishes. In G.M.
Hughes (ed): Respiration of Amphibious Vertebrates.
New York: Academic Press, pp. 73-104.

Neumayer, L. (1904) Die Entwickelung des Darmkan-
ales von Lunge, Leber, Milz und Pankreas bei Cerato-
dus forsteri. Denkschr. Med. Naturwiss. Ges. Jena
4:377-422.

Owen, R. (1840) Description of the Lepidosiren annec
tens. Trans. Linn. Soc. London 18:327-361.

Parker, W.N. (1982) On the anatomy and physiology of
Protopterus annectens. Trans. R. Irish Acad. 30:109-
230.

Piiper, .J., and P. Scheid (1984) Respiratory gas transport
system: Similarities between avian embryos and lung-
less salamanders. In R.S. Seymour (ed): Respiration
and Metabolism of Embryonic Vertebrates. Dordrecht:
Junk, pp. 181-191.



236

Poll, M. (1962) Etude sur la structure adulte et la for-
mation des sacs pulmonaires des Protoptéres. Ann.
Mus. R. Afr. Cent. Ser. Quarto Zool. 108:129-172.

Purser, G.L. (1926) Calamoichthys calabaricys J.A.
Smith. Part I. The alimentary and respiratory system.
Trans. R. Soc. Edinburgh 54:767-784.

Rahn, H., K.B. Rahn, B.J. Howell, C. Gans, and S M.
Tenney (1971) Air breathing of the garfish, Lepisosteus
osseus. Respir. Physiol. 11:285-307.

Randall, D.J., W.W. Burggren, A.P. Farrell, and M.S.
Haswell (1981) The Evolution of Air Breathing in Ver-
tebrates. Cambridge: Cambridge University Press.

Robertson, J.I. (1913) The development of the heart and
vascular system of Lepidosiren paradoxa. Quart. dJ.
Microse. Sci. 59:53-132.

Rosen, D.E., P.L. Forey, B.G. Gardiner, and C. Patterson
(1981) Lungfishes, tetrapods, paleontology, and ple-
siomorphy. Bull. Am. Mus. Nat. Hist. 167:159-275.

Satchell, G.H. (1976) The circulatory system of air-
breathing fish. In G.M. Hughes (ed): Respiration of
Amphibious Vertebrates. New York: Academic Press,
pp- 105-124.

Sawaya, P. (1946) Sobre a biologia de alguns peixes de
respiracao aerea (Lepidosiren paradoxa Fitz e Ara-
paima gigas Cuvier). Bol. Fac. Filos Cienc. Letras Univ.
Sao Paulo Ser. Zool. 11:255-285.

BURGGREN AND JOHANSEN

Shabetai, R., D.C. Abel, J.B. Graham, V. Bhargava, R.S.
Keyes, and K. Witztum (1985) Function of the pericar-
dium and pericardioperitoneal canal in elasmobranch
fishes. Am. J. Physiol. 248:H198-H207.

Shelton, G. (1970) The regulation of breathing. In W.S.
Hoar and D.J. Randall (eds): Fish Physiology, Vol. 4.
New York: Academic Press, pp. 293-359.

Shelton, G. (1976) Gas exchange, pulmonary blood sup-
ply, and the partially divided amphibian heart. Per-
spec. Exp. Biol. 1:247-259.

Smith, H-W. (1930) Metabolism of the lungfish, Protop-
terus aethiopicus. J. Biol. Chem. 88:97-130.

Spencer, W.B. (1898) Der Bau der Lungen von Ceratodus
und Protopterus. Denkschr. Med. Naturwiss. Ges. Jena
4:51-58.

Trewavas, E. (1954) The presence in Africa east of the
rift valley of two species of Protopterus, P. annectens
and P. amphibius. Ann. Mus. Congo Belge Ser. Quarto
Zool. 1:83-100.

West, N.H., and W.W. Burggren (1982) Gill and lung
ventilatory responses to steady-state aquatic hypoxia
and hyperoxia in the bullfrog tadpole (Rana cates-
beiana). Respir. Physiol. 47:165-176.

Wilmer, E.N. (1934) Some observations on the respira-
tion of certain tropical fresh-water fishes. J. Exp. Biol.
11:283-306.



