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INTRODUCTION

The black mamba (Dendroaspis polylepis) belongs to the family Elapidae that also
includes the cobras, kraits and coral snakes. Generally, these snakes are extremely
venomous and occur in the warmer parts of the world (Parker, 1977). They belong to
the infraorder Caenophidia, which includes the most highly developed snakes (Webb,
Wallwork & Elgood, 1978). The black mamba is a diurnal and only sparingly arboreal
snake (Skinner, 1973). It is the fastest land snake, attaining speeds of 16-19 km/hr for
short bursts (Wood, 1980). The structure of the ophidian lung is remarkably different
from that of the other reptiles (Luchtel & Kardong, 1981) and the variation in the
nature of the pulmonary morphology in this reptile group is remarkable (Porter, 1972;
Duncker, 1978). This feature is clearly illustrated in the family Boidae where in the
subfamily Boinae the left lung is well developed with the right lung being smaller, while
in Tropidophinae only the right lung is developed; both lungs are equally well
developed in Bolyeriinae (Goin & Goin, 1962). Further, in the family Colubridae the
left lung is drastically reduced in size, whereas in Viperidae the left lung is largely
absent, the right lung being extremely elongated (Cope, 1894; Butler, 1895). These
variations show well the notable adaptive radiation this reptilian group has undergone
(Brongersma, 1949, 1951; Underwood, 1967, 1976; Pohunkova & Hughes, 1985).
The morphological variations in the pulmonary anatomy of the Ophidia have been

used to evaluate the systematic relationships within this reptilian taxon (Cope, 1894,
1900; Underwood, 1967, 1976). In this respect, extensive and detailed comparative
studies on the ophidian lungs are essential for any meaningful systematic use of this
differing morphology.
The study of the ophidian lung covers a long period of time (Cope, 1894, 1900;

Butler, 1895; Marcus, 1937; Varde, 1951; George & Shah, 1956). These elegant early
studies, however, are largely descriptive of gross anatomy or are histological. Apart
from the detailed ultrastructural account of the lung of the rattlesnake (Luchtel &
Kardong, 1981) and the garter snake (Pohunkova & Hughes, 1985), apparently only
brief accounts of the ultrastructure of the snake lung are available (Okada et al. 1962;
Nagaishi, Okada, Ishika & Daido, 1964; Brooks, 1970). Stinner (1982) gave an
excellent account of the morphometry of lung of the colubrid snake Pituophis
melanoleucus. The present study was intended to supplement these investigations by
examining the lung of the black mamba.
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MATERIALS AND METHODS

Specimens of apparently mature black mamba Dendroaspis polylepis (Gunther)
were captured by a commissioned, licensed animal trapper in the Kitui District, a
semi-arid, open savanna grassland part of Kenya. The specimens were brought to the
laboratory where they were anaesthetised with chloroform in an airtight chamber. A
ventral median incision was made with the animal in a supine position and the lungs
examined in situ.

Tissue samples were taken from the exchange tissue (the anterior part) region of the
lung and immersed in 2-3% glutaraldehyde buffered with sodium phosphate, total
osmolarity 350 mosm and pH 7-2. For transmission electron microscopy, some of
these tissue samples were diced into small pieces (about 1 mm3) which were postfixed
in 2% osmium tetroxide for 2 hours, block stained in 2% uranyl acetate in maleic
acid, dehydrated in ethanol, starting at 50% through absolute and acetone, before
infiltration and embedding in TAAB resin. Ultrathin sections were counterstained
with lead citrate before viewing in a Hitachi 900 transmission electron microscope.
The tissues for scanning electron microscopy were dehydrated in five daily changes

of absolute ethanol, critical point dried in liquid carbon dioxide, sputter coated with
gold-palladium complex and viewed on a Philips PSEM 275 scanning electron
microscope at 7-2 to 15 kV.

RESULTS

The pulmonary system in the black mamba comprises a single lung, the right lung,
that extends the whole length of the pleuro-peritoneal cavity, terminating close to the
vent. The trachea runs from the pharyngeal cavity and enters the lung at the hilus. Due
to the absence of the left lung, and hence the bifurcation of the trachea, it is not
possible to distinguish the trachea from the extrapulmonary part of the bronchus. The
trachea contains incomplete cartilages that are bridged on the dorsal aspect by a
membrane. Close to the lung, the membrane becomes extensive and vascularised and
bears shallow faveoli. The tracheal cartilages are continued into the lung as the
bronchial cartilages which are located only on the ventral aspect of the single
bronchus. On the dorsal aspect the bronchus, which runs about 50% of the length of
the lung, opens into the faveoli. On the luminal aspect the trachea is lined by an
epithelium composed of ciliated cells interspersed with secretory cells and tracks of
smooth squamous cells (Figs. 1, 2). This heterogenous epithelium extends to the
primary septa and also sparsely to the secondary septa.
The lung displays two anatomically distinct regions. The anterior faveolar region,

which contains the profusely compartmented gas exchange tissue, and a posterior
capacious saccular smooth region devoid of respiratory tissue. The faveolar region
consists of a central air duct which opens radially to the respiratory tissue between well
developed primary septa (Figs. 3, 4). From the primary septa arise the smaller
secondary septa that in turn give rise to the yet smaller and more deeply situated
tertiary septa that define the openings to the faveoli and are continued as the

Fig. 1. A scanning electron micrograph of the bronchial epithelium of the black mamba: ciliated cells
(c), secretory cells covered by microvilli (m) and tracts of smooth squamous cells (s). Scale bars:
lO Jum.
Fig. 2. A high power view of the epithelial cells of the bronchus: s, smooth squamous cells:
m, secretory cells with microvilli, and ciliated cells (c). Scale bars: 1 ,um.
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Lung of a black mamba
interfaveolar septa. These third-level septa are continued to the pleural surface of the
lung as the capillary-bearing partitions, the interfaveolar septa (Figs. 3, 4, 5). The
faveoli run parallel to each other maintaining a rather constant diameter. They are
deepest at the rostral end of the lung and decrease caudally. The interfaveolar septum
consists of profuse anastomosing blood capillaries located on both sides (Figs. 5, 6, 7)
of the partitions. The capillaries are supported on a connective tissue band that
consists mainly of fibrocytes, collagen and elastic tissue (Figs. 9, 11). They bulge into
the lumen of the faveoli (Figs. 3, 8, 10). On the primary and secondary septa, the blood
capillaries are exposed to air largely on one side, the septa being notably thick (Figs.
8, 9). They exhibit a double capillary system. At the faveolar level, the blood capillaries
are to a varying extent exposed to air on both sides, although even here a thin and a
thick side of the septum is clearly evident (Figs. 10, 11).
The blood capillaries are lined on average by two adjoining endothelial cells that

exhibit sporadic attenuation of the cytoplasmic extensions (Fig. 11), but no
fenestrations are evident. In most cases the endothelial cells overlap and are joined
through junctional complexes (Figs. 10, 15). The nuclei of the endothelial cells bulge
into the lumen of the blood capillaries and their cytoplasmic flanges contain numerous
micropinocytotic vesicles (Figs. 12, 14). Overlying the endothelial cells on the
immediate abluminal border are occasional pericytes (Fig. 11). The interstitium
contains smooth muscle cells, collagen, fibrocytes and occasional tissue macrophages
(Figs. 11, 14).
Two populations of pneumocytes are observed on the faveolar surface, the Type II

cells, or granular pneumocytes, and the Type I cells, or squamous pneumocytes. The
nuclei of both these cells are located in the intercapillary spaces (Figs. 6, 9, 10). The
Type II cells display numerous microvilli, a nucleus situated at the base, osmiophilic
lamellated bodies in the apical region of the cell and numerous mitochondria and
Golgi complexes (Figs. 9, 12). The Type I cells have a large ovoid nucleus and
extensive cytoplasmic arborisations covering most of the faveolar surface (Fig. 10). As
in the Type II cells, these cytoplasmic extensions contain numerous micropinocytotic
vesicles (Figs. 13, 14). Microvilli are absent from the surface of these cells. Free
macrophages are not observed on the faveolar surface. Unmyelinated axons are
occasionally observed in the interstitial space of the primary septa (Fig. 13). In such
areas the epithelial cells send basal cytoplasmic extensions into the intercapillary
spaces (Fig. 13). In the area where the blood capillaries are directly exposed to air, the
blood-gas barrier is made up of the epithelial cell, a common basal lamina and the
endothelial cell (Fig. 15). The thickness of the blood-gas barrier in such attenuated
areas of about 0 55 ,um is notably small.

DISCUSSION

The developmental and topographic variability of the organs in snakes is attributed
to the restrictive tubular nature of the snake's body (Marcus, 1937; Klauber, 1956;

Fig. 3. Gas exchange tissue of the lung of the black mamba. The air duct is lined by the primary septa
(ps) that give rise to the secondary septa (ss) which in turn give rise to the tertiary septa that form
the openings into the faveoli (f). The faveoli run parallel to each other from the luminal aspect
(asterisk) and the pleural aspect (diamond) of the lung boundaries across which the faveoli (arrows)
traverse. p, pleura. Scale bars: 100 ,um; inset: 100 um.
Fig. 4. A view of the luminal aspect of the lung of the black mamba showing the primary septa (ps),
the secondary septa (ss) and the tertiary septa (ts) that form the mouths of the faveoli (arrows). Scale
bars: 100,um.
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Fig. 7. A close up of blood capillaries (c) lining the interfaveolar septum. The red blood cells (e) in
the capillaries are clearly visible. The small arrows show the intercellular junctions of the Type I cells
and the open arrow a Type II cell. The enclosed area in the Figure is enlarged in the inset. Scale bars:
lO,um; inset: 2 #m.

Parker, 1977). This apparently also holds true in those amphibians like the caecilians
that have thin, elongated bodies, notably with respect to the lung (Pattle, Schock,
Creasey & Hughes, 1977; Maina & Maloiy, 1988). It is generally maintained that a
great degree of pulmonary asymmetry indicates a high degree of deviation from the
primitive condition (Underwood, 1976; Parker, 1977). For example, in general the
snakes in the family Colubridae have developed left and right lungs, while in the
Elapidae the left lung is only rudimentarily present, whereas in Viperidae (the most
advanced snakes) the left lung has completely regressed (Thompson, 1913, 1914;
Parker, 1977). It is plausible that, to compensate for the reduction or absence of the
left lung, the right lung would, in most morphological aspects, be more elaborate in
the higher and generally more agile snakes. This feature was established by Stinner
(1982) who found that the morphometric characteristics of the lung of the colubrid
snake Pituophis melanoleucus were comparable with those of other reptiles with a
paired lung.

Fig. 5. A high power view of the faveoli (f). The faveoli are separated by interfaveolar septa (s). The
faveoli are covered by a profuse anastomosing system of blood capillaries. The enclosed area is
magnified in Figure 6. The inset is a side view of the faveoli (arrows). They are separated by the
interfaveolar septa (s) that are continuations of the tertiary septa. Scale bars: 100 psm; inset: 10 ,um.
Fig. 6. A high power view of the surface of the interfaveolar septum showing the anastomosing blood
capillaries (c). The nuclei of the pneumocytes are located in intercapillary spaces. g, nucleus of a
granular (Type II) pneumocyte; s, nucleus of a smooth (Type I) pneumocyte. Scale bar: 10 Fcm.
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The overall organisation of the lung of the black mamba was similar to that of other

snakes. The lung could be divided into two major anatomical regions, an anterior part
that was termed 'vascular region' by McDonald (1959), 'bronchial lung' by Klauber
(1956) and 'tracheal lung' by Beddard (1903). On structural and functional grounds,
we would prefer to call this area the 'faveolar gas exchange region, ' a similar term to
' respiratory region' proposed by Luchtel & Kardong (1981). The posterior part of the
ophidian lung has been referred to as 'air sac' by Brattstrom (1959) and Stinner
(1982), 'avascular sac' by Cantor (1841) and 'mechanical zone' by Wolf (1933). The
term 'air sac' was rather unfortunate as it is more appropriately used for the capacious
and anatomically distinct air chambers that ventilate the avian lung. We concur with
the descriptive term 'saccular region' used by Luchtel & Kardong (1981) to denote the
posterior part of the ophidian lung.
The finer organisation of the faveolar region of the lung of the black mamba

resembles that of other snakes like the rattlesnake (Luchtel & Kardong, 1981) and the
garter snake (Pohunkova & Hughes, 1985) where similar investigations have been
carried out. The exchange region is divided into the honeycomb-like units, the faveoli,
by the hierarchically arranged stratified septa. This design greatly increases the surface
area available for gas exchange over that which would be furnished by a simple
saccular lung of similar size. In the only apparently available morphometric analysis
of the ophidian lung, Stinner (1982) reported in Pituophis melanoleucus a total
pulmonary air volume (in a 1 kg snake) of 97 5 ml, a respiratory surface area of 2000
cm2, a surface density (surface area of the respiratory surface per unit volume of the
lung) of 101 cm2/cm3, a harmonic mean thickness of the blood-gas barrier of
0-46 x 10-4 cm and an anatomical diffusion factor (ratio of the respiratory surface area
to the diffusion distance) of 0-44 x 108 cm. The latter value which defines (in part) the
lung's capacity for gas exchange was comparable to that reported in the red-eared
turtle (Pseudemys scripta elegans) by Perry (1978). The thickness of the blood-gas
barrier in the lung of the black mamba (0 55 ,tm) reported here is comparable to that
estimated by Stinner (1982) in Pituophis melanoleucus. The surface density of the
respiratory surface is a measure of the intensity of the compartmentation of the gas
exchange region in a lung. The high value observed in Pituophis by Stinner (1982) of
101 cm2/cm3 far exceeds that of 18 cm2/cm3 estimated in the turtle by Perry (1978).

Fig. 8. Transmission electron micrograph of a secondary septum showing the blood capillaries (c)
bulging on both sides of the septum (s) into the faveoli (I). Such capillaries are exposed to air only
on one side, a design feature that has been termed 'double capillary system.' e, erythrocytes; w, white
blood cell. Scale bar: 5 /,m.
Fig. 9. High power view of the secondary septum showing the blood capillaries (c) containing the
erythrocytes (e). Occasional granular pneumocytes (g) are found on the surface. The septum contains
supportive tissue elements like fibrocytes (b). p, pericyte; f, faveolus. Scale bar: 2 5 ,um.
Fig. 10. Interfaveolar septum from which the blood capillaries (c) protrude. At this level in the
exchange tissue the capillaries are exposed to air on both sides but the thickening of the septum on
one side is evident. The arrows indicate the endothelial cells. e, erythrocyte; p, smooth pneumocyte;
i, interstitial cell; f. faveolus. Scale bar: 5 ,um.
Fig. 11. A close up of a blood capillary containing red blood cells (e). The endothelial cells join at
junctions (j). Smooth muscle cells (m) and interstitial cells (l) can be seen in the septum. p, Type I,
smooth pneumocytes; the arrow shows the pericytic profiles. Scale bar: 25 ,um.
Fig. 12. Type II pneumocyte. These cells have microvilli on their free surface and numerous
intracytoplasmic organelles such as a Golgi apparatus (arrows), mitochondria (m) and rough and
smooth endoplasmic reticulum. The characteristic organelle in this cell is the osmiophilic lamellated
body (o). c, blood capillary; e, erythrocyte; n, nucleus. Scale bar: 05 ,um.
Fig. 13. Interfaveolar septum showing unmyelinated axons (a), intercalated between the epithelial
(ep) and endothelial (en) cells. c, blood capillary; e, erythrocyte; j, endothelial cell junction. Scale bar:
05/sm.
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The evident increased compartmentation in the ophidian lung may be a compensation
for both the absence of a functional left lung and for the conversion of the caudal
part of the extant lung, which may comprise as much as three-quarters of the lung, into
a saccular membranous, non-respiratory chamber. Differences in the anatomy of the
ophidian lung are to be anticipated in view of the wide range of aerobic capacities
exhibited by different snakes (Ruben, 1976) and the diverse non-respiratory functions
of these lungs (Graham, Gee & Robinson, 1975). In spite of these pulmonary
structural and functional disparities, the basal and active metabolic rates in many
snakes are comparable with or surpass those of other reptiles at the same body
temperature (Bennet & Dawson, 1976). This would strongly imply that the snake lung
is at least equally efficient in gas exchange.

Different terms have been used to describe the gas exchange components of the
reptilian lung: they have been inappropriately called 'alveoli' by Okada et al. (1962)
and 'air sacs' by Meban (1978). Duncker (1978), on the basis of the internal
architecture of the amniote lung, designated the ophidian lung 'unicameral' due to the
fact that it consists of a single chamber. The less ambiguous term 'faveolus' was
proposed to describe the gas exchange components in such lungs (Duncker, 1978).
The anatomical disposition between the blood and the air in the lung of the mamba

appears to differ with the relative proximity to the central air duct. A double capillary
system appears to occur proximal to the faveoli, the areas delineated by the primary
and secondary septa, while a single capillary system largely prevails at the faveolar
level. A single capillary system provides a larger surface area for gas exchange as the
whole of the capillary surface participates in gas exchange. The notable bulging of the
blood capillaries in the ophidian lung further increases the area of the respiratory
surface (Hughes, 1978; Stinner, 1982). The double capillary system characterises the
lungs of the primitive air breathers like the Dipnoi (Hughes & Weibel, 1976, 1978;
Maina & Maloiy, 1985; Maina, 1987a) and amphibians (Goniakowska-Witalinska,
1978, 1986; Meban, 1977, 1980; Maina & Maloiy, 1988; Maina, 1989a) and is a

transient feature during the initial stages of the development of mammalian lung
(Burri, 1974; Burri, Dbaly & Weibel, 1974; Pinkerton et al. 1982). It would appear,

in this respect, reasonable to suggest that the ophidian lung and, in general, the
reptilian lung somehow manifest an intermediate developmental stage in the
evolutionary hierarchy of the lung from the primitive to the more advanced air-
breathing vertebrates. This conforms with the generally accepted status of the reptiles
in the evolution of the extant vertebrates.
The pneumocytes in the lung of the black mamba are clearly morphologically well

differentiated into the Type I and Type II cells. These cells are ultrastructurally similar
to those described in the other snake lungs (Okada et al. 1962; Nagaishi et al. 1964;
Brooks, 1970; Luchtel & Kardong, 1981; Pohunkova & Hughes, 1985) and, in
general, other reptilian lungs (Meban, 1977, 1978; Klika, Tesik & Nedved, 1976;
Klemm, Gatz, Westfall & Fedde, 1979; Perry, 1983). In the lungs of the lower
vertebrates, like the lungfishes and amphibians, the pneumocytes are not well
differentiated (Meban, 1973, 1977; Goniakowska-Witalinska, 1978, 1985, 1986;
Maina & Maloiy, 1985; Maina 1987 a). On the surface of the lung of the pneumonate

Fig. 14. Interstitial septum, the space between the blood capillary (c) and the epithelium (arrow):
en, endothelial cell; m, smooth muscle; co, collagen fibres;f, fibrocyte. These structural components
may be important for support and mechanical ventilation of the lung. Scale bar:,um.
Fig. 15. Blood-gas barrier which, in the thinnest parts, is made up of the epithelial cell (ep), a

common basal lamina (bi) and endothelium (en). The arrow shows an intercellular junction.
p, plasma layer; e, erythrocyte. Scale bar: 03,um.
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gastropod Trichotoxon copleyi, only a single population of microvilli bearing
squamous cells has been observed (Maina, 1989b). In this respect the reptilian lung
shows cytoarchitectural features of the pneumocytes comparable with those of other
amniotes. A complete differentiation of the alveolar pneumocytes may decrease the
cellular density in the gas exchange region of the lung concomitantly reducing, even
though to an unknown extent, the oxygen consumption by the pulmonary tissue itself
(Maina, 1987 b).
The concentration of the respiratory tissue in the anterior part of the ophidian lung

may facilitate gas exchange during both inspiration and expiration as, in a bellows-like
action, the posterior saccular part ventilates the faveoli. However, the overall
efficiency of these lungs in gas exchange is limited by the notable inequalities of
ventilation and perfusion that prevail in these extremely elongated lungs (Stinner,
1982). The morphology of the respiratory tissue in the snake lung is somewhat similar
to that of the lizards (Perry & Duncker, 1978; Klemm et al. 1979; Perry, 1983;
Hlastala, Standaert, Pierson & Luchtel, 1985). This may be accounted for by the fact
that snakes presumably evolved from burrowing or aquatic lizard-like ancestors, the
varanid or lanthanotid lizards being the most probable candidates (Estes, 1983). The
ophidian lungs, indeed those of the reptiles in general, would be expected to be more
elaborate than the lungs of the extant amphibians, as the reptiles rely wholly on the
lungs for gas exchange, the surface of the body being covered by scales. These
functional demands appear to have been structurally satisfied in the lungs of the black
mamba examined here as the lung is profusely vascularised and hence has an extensive
respiratory surface area and the blood-gas barrier in some areas was extremely thin,
factors that enhance the diffusing capacity of a lung.

SUMMARY

The lung of a snake, the black mamba (Dendroaspis polylepis), has been investigated
by scanning and transmission electron microscopy. This species has only one lung, the
right, which is long and occupies most of the pleuro-peritoneal cavity. Grossly, the
lung could be divided into two discrete anatomical regions: an anterior respiratory
area made up of a honeycomb network of capillary-bearing partitions, and a posterior
membranous saccular region. The exchange region consisted of a central air duct, the
bronchus, which was delineated both dorsally and laterally by morphologically and
spatially distinct hierarchically arranged septa. The primary septa gave rise to the
secondary septa from which the much deeper peripherally situated tertiary septa that
formed the immediate openings to the faveoli arose. The faveoli were rather parallel
elongated pockets separated by partitions, the interfaveolar septa, and terminated
peripherally on the pleura. A double capillary disposition of the blood capillaries was
observed on the relatively thick primary and secondary septa. These septa were lined
by a heterogenous epithelium made up of ciliated cells, secretory cells, and smooth
squamous cells. This epithelium was continued from the trachea and the bronchus. At
the faveolar level the blood capillaries exhibited a single system where they formed a
matrix on both sides of the partitions. The surface of the faveoli was covered by two
types of cells: Type I cells were squamous and their remarkably attenuated cytoplasmic
arborisations were notably extensive while the Type II cells were rather cuboidal, bore
stubby microvilli and contained the characteristic osmiophilic lamellated bodies. On
the basis of the clearly evident complete differentiation of the pneumocytes and the
presence of both the double and single capillary systems, it was observed that this lung,
and apparently the reptilian lung in general, manifests a transitional developmental
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and structural stage in the evolution of the lungs of the air-breathing vertebrates from
lower through to higher vertebrates. The gross and ultrastructural heterogeneity of the
organisation of the ophidian lung is illustrated and the dearth of pulmonary
morphological data in this taxon is pointed out.

I wish to thank the Leverhulme Trust of London and the Norwegian Development
Aid Agency (NORAD) for their generous financial support that made this work
possible.
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