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Abstract

The transition from water to air breathing marked a significant transition in the
evolution of vertebrates and many aspects of the fractionating of the respiratory
organs’ diffusion capacity are still unknown. This study, which is based on
stereologic principles, quantifies the respiratory surface area of the gills, lungs
and skin of the “piramboia”, Lepidosiren paradoxa (Dipnoi). Based on
morphometric data of the respiratory surface area, the water- and/or air-blood
thickness of the diffusion barrier and the values calculated for the diffusion
capacity of O, through the respiratory epithelium, the lungs are the main
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respiratory structure for O, uptake, followed by the skin and the gills, the latter
being insignificant as an O, uptake organ.

Introduction

The respiratory transition from water to air was a significant event in the
evolution of vertebrates (Johansen, 1968) and the living lungfish genera
represent the link between water- and air-breathing species. There are several
functional and morphological data on the gills and lungs of Profopetrus and
Neoceratodus (Klika & Lelek, 1967; Hughes, 1973; Laurent et al., 1978; Maina
& Maloy, 1985; Fritsche et al., 1993; Olson 1994). However, only a few brief
descriptions or comparisons with the pattern of the two aforementioned species
exist for the structurally more advanced South American lungfish, L. paradoxa
(Johansen & Lenfant, 1967; Graham, 1997; Laurent et al., 1978; Burggren &
Johansen, 1986; Axelson et al., 1989; Abe & Steffensen, 1996a,b; Harder et al.,
1999).

Morphometric data of the respiratory structure provide a morphological
reference point for the interpretation of physiological studies as well as a starting
point for further studies on adaptation (Perry et al., 1994). A detailed descriptive
and morphometric study of the respiratory surface and the air-blood thickness of
the lungs of L. paradoxa was carried out by Hughes and Weibel (1976).
However, no data on the gills and skin are available. Therefore, the main
purpose of this study was to determine the morphometric partitioning of the
respiratory surface and the diffusion capacity of O, in the respiratory structures,
i.e., the gills, skin and lungs, of this South American lungfish.

Materials and Methods

Adult specimens of South American lungfish Lepidosiren paradoxa weighing
864 + 196 g, were obtained in Cuiaba, MT, Brazil. Prior to manipulation, the
lungfish were anesthetized by 30 minutes’ immersion in a 0.05% solution of
ethyl p-aminobenzoate (Benzocaine, Sigma). Their hearts were exposed and
their blood vessels were perfusated with a saline solution, followed by 2.5%
glutaraldehyde buffered to pH 7.4 with 0.1 M phosphate buffer (300 mOsmol).
The gills and lung were removed and skin samples were taken. The gills and
skin were processed by light microscopy and embedded in historesin (Leica).
The lungs were processed by light and transmission electron microscopy and
embedded, respectively, in historesin (Leica) and Araldite 6005 (Ladd). The
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skin samples were decalcified with a solution of 10% EDTA buffered with
phosphate buffer at pH 7.4) before being processed.

Morphometric measurements were done following the stereological method.
The reference volume of gills, lungs and skin was determined based on the
Cavalieri principle (Gundersen & Jensen, 1987). The respiratory surface areas
and the barrier thickness of gills and skin (water-blood distance) and lungs (air-
blood distance) were calculated using the vertical section method (Gundersen et
al., 1988).

The barrier thickness of gills and skin was measured at the light microscopic
level and the barrier thickness of the lung was defined at the electron
microscopic level using a half-logarithmic ruler in randomly chosen directions
(Perry, 1981). The harmonic average of each structure was calculated according
to Weibel and Knight (1964). The latter calculations were used to calculate the
anatomic diffusion factor of each respiratory structure (ADF = surface
area/barrier thickness, Perry, 1978) The O.diffusing capacities were calculated
based on the product of ADF and Krogh’s diffusion coefficient of tissue layers.

Results and Discussion

L. paradoxa’s gill morphology differs from those of other teleosts. Five gill
arches present hemibranches with lobe-like filaments irregularly arranged in the
posterior region (opercular side) (Fig 1A). The connective tissue and blood
vessels evolve from the basement membrane and from a multilayered epithelium
consisting of at least four cell layers (Fig. 1B).

The skin consists of an epidermis and a dermis. The epidermis has 6 to 10 cell

layers. The dermis consists of dense connective tissue, pigment cells, bony ridge
scales, blood vessels and capillaries (Fig 2).
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Figure 1. L. paradoxa. A. Lobe-like filament (arrows) bearing the gill arch. B.
Light micrograph of several lobe-like filaments (F) showing the distribution of
blood vessels and capillaries (arrows) in the connective tissue. Toluidine

blue/acid fucsin. Scale bars are 100 pm.

Figure 2. Light micrograph of a transverse section of L. paradoxa skin.
Structure of the epidermis (Ep) and dermis (D), showing the capillaries in the

connective tissue below the epithelial cell layers. C: capillary; M: Melanophore;
MC: mucous cells; S: scale. Toluidine blue/acid fucsin. Scale bars are 50 pum.
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Paired lungs are located in the median line of the body, dorsally to the digestive
tube and ventrally to the vertebral column. They have a common anterior region
(cranial region) that opens to the glottis. A large air duct in each lung, which is
surrounded by septa and trabecullae, consists of asymmetric faveoli. The septa
consist of connective tissue, smooth muscles and blood vessels (Fig. 3a, b). The
epithelium consists of pavement cells with short microvilli and sparsely
distributed ciliated cells. The faveolate epithelium presents pneumocytes
resembling types I and II on the basement membrane. Innumerous capillaries are
close to the basement membrane (Fig. 3C).

Figure 3. Transversal section of the lung’s middle region, showing the
parenchyma (P) and air duct (D). Scale bar: 5 mm. B. Light micrograph of
parenchyma of lung showing the faveolus (F) and trabecula (T). Scale bar: pm
C. TEM micrograph of parenchyma showing the lung’s respiratory epithelium.
Pn: pneumocyte; C: capillary. Scale bar: pm

The surface percentage of gills, skin and lungs and the respective respiratory and
non-respiratory percentage of each structure are shown in Figure 4. The
morphometric values of the surface area, barrier thickness, anatomic diffusion
factor and O, diffusion capacity of the gills, skin and lungs of L. paradoxa are
shown in Table 1.

The lungs of L. paradoxa have a more extensive respiratory surface, lower air-
blood diffusion distance and higher anatomic diffusion factor than the gills and
skin. ADF is a morphological indicator of gas exchange capability and is
directly proportional to the diffusion capacity (Perry, 1978). The high ADF of
lungs is congruent with the hypothesis that the lungs alone are capable of
sustaining the metabolic requirements of species, an assumption that is
corroborated by the DO, value for lungs, gills and skin.
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Figure 4. L. paradoxa. A. Partitioning of the respiratory surface (gills, skin and
lungs). B. Respiratory (Sg) and non-respiratory (Syr) surfaces of the gills, skin
and lungs. The values given here refer to a hypothetical lungfish weighing 0,87

kg.

Table 1. Absolute surface area (S), harmonic average (th) of the barrier
diffusion distance between air-blood and or/water/blood, anatomic diffusion
factor (ADF) and morphometric O, diffusion capacity of gills, skin and lungs of
a 0.87 kg South American lungfish, L. paradoxa

Structure S th ADF Do»
(cm?) | (um) em’pm” kg-' | em’min'mmHg kg
Gills 0.6 110 5.52 107 1.0.10°
Skin 404 138 3.46 6.9.10™
Lungs 614 1.3 466.9 1.1.10"
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