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ABSTRACT The stomach of Pterygoplichthys anisitsi
has a thin, translucent wall and a simple squamous epi-
thelium with an underlying dense capillary network. In
the cardiac and pyloric regions, most cells have short
microvilli distributed throughout the cell surface and
their edges are characterized by short, densely packed
microvilli. The mucosal layer of the stomach has two
types of pavement epithelial cells that are similar to
those in the aerial respiratory organs. Type 1 pavement
epithelial cells, resembling the Type I pneumocyte in
mammal lungs, are flat, with a large nucleus, and
extend a thin sheet of cytoplasm on the underlying capil-
lary. Type 2 cells, resembling the Type II pneumocyte,
possess numerous mitochondria, a well-developed Golgi
complex, rough endoplasmic reticulum, and numerous
lamellar bodies in different stages of maturation. The
gastric glands, distributed throughout the mucosal layer,
also have several cells with many lamellar bodies. The
total volume (air 1 tissue), tissue, and air capacity of
the stomach when inflated, increase along with body
mass. The surface-to-tissue-volume ratio of stomach
varies from 108 cm21 in the smallest fish (0.084 kg) to
59 cm21 in the largest fish (0.60 kg). The total stomach
surface area shows a low correlation to body mass.
Nevertheless, the body-mass-specific surface area varied
from 281.40 cm2 kg21 in the smallest fish to 68.08 cm2

kg21 in the largest fish, indicating a negative correlation
to body mass (b 5 20.76). The arithmetic mean barrier
thickness between air and blood was 1.52 6 0.07 lm,
whereas the harmonic mean thickness (sh) of the diffusion
barrier ranged from 0.40 to 0.74 lm. The anatomical diffu-
sion factor (ADF 5 cm2 lm21 kg21) and the morphological
O2 diffusion capacity (DmorpholO2 5 cm3 min21 mmHg21

kg21) are higher in the smallest specimen and lower in
the largest one. In conclusion, the structure and morpho-
metric data of P. anisitsi stomach indicate that this organ
is adapted for oxygen uptake from air. J. Morphol.
270:601–614, 2009. � 2008 Wiley-Liss, Inc.
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INTRODUCTION

Many fish use accessory organs to breathe air
during some period or phase of their life to supply
their oxygen needs, although the gills are the

main gas exchange organs in teleost species. At
least 49 families of teleost fish are known to have
air-breathing species (Graham, 1997), most of
which live in stagnant or shallow tropical and sub-
tropical waters, employing this mode of respiration
when exposed to unfavorable conditions for aquatic
respiration or in response to increased oxygen
requirements.

Lungfish (Neoceratodus, Lepidosiren) and basal
actinopterygeans such as Protoptherus use lungs
(Maina and Maloiy, 1985; Kemp, 1987; Moraes
et al., 2005) and a variety of teleosts such as Ara-
paima (Sawaya, 1946), Gymnotus (Liem, 1989),
Hoplerythrinus (Kramer, 1978; Mattias et al.,
1996), and Piabucina (Graham, 1997) use the
swim-bladder for air respiration. The wide variety
of accessory air-breathing organs found among the
higher teleosts reflects the loss of the pneumatic
duct during evolution (Graham, 1997).

In the latter group, most accessory air-breathing
organs are located in the region of the head and
consist of the buccal and pharynx epithelia, as in
Electrophorus, Monopterus, Blennius, and Gobios,
pharyngeal pouches in Channa and Monopterus
and modified branchial and opercular surfaces in
Clarias and Anabas (Munshi, 1985). However,
some air-breathing structures are located in the
digestive tract (Carter and Beadle, 1931; Gee
and Graham, 1978; Silva et al., 1997; Satora,
1998; Podkowa and Goniakowska-Witalinska,
1998, 2002).

Respiratory structures along the digestive tract
imply regional modifications of this tract for oxy-
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gen uptake from air, including high vasculariza-
tion and a thin diffusion distance between the
external and internal medium. In the early 20th
century, Carter and Beadle (1931) reported in
some loricariid species a transparent, richly vascu-
larized stomach that was permanently filled with
air. Crawford (1974) observed the use of the esoph-
agus as an air-breathing organ in Dalia pectoris
and Podkowa and Goniakowska-Witalinska (2002)
described the ultrastructure of the posterior intes-
tine of Corydoras, emphasizing its adaptation to
air breathing.

Although the functional morphological
approach, together with morphometric data, are a
prerequisite for understanding the function of a
given organ, most morphofunctional studies of the
accessory respiratory organs in air-breathing fish
are so far restricted to some amphibious mudskip-
pers (Biswas et al., 1981), Indian fishes (Hughes
et al., 1974a,b; Munshi, 1985), and lungfishes
(Hughes and Weibel, 1976; Maina and Maloy,
1985; Moraes et al., 2005). Recently, histological
and electron microscopical studies revealed a cap-
illary network present in the lamina propria of
the mucosal layer of the stomach, subjacent to
the epithelium (Silva et al., 1997; Satora, 1998;
Satora and Winnicki, 2000; Oliveira et al., 2001;
Podkowa and Goniakowska-Witalinska, 2003).
Satora and Winnicki (2000) described the ultra-
structure of Ancistrus multispinnis stomach,
showing a dense network of capillaries, and Pod-
kowa and Goniakowska-Witalinska (2003) deter-
mined the capillary density per 100 lm of the mu-
cosal epithelium length and the thickness of the
air-blood barrier in the stomach of Hypostomus
plecostomus. However, the effective respiratory
surface area and oxygen diffusion capacity have
yet to be determined.

The main purpose of the present study was to
apply stereological principles to estimate the respi-
ratory surface area, the air-blood barrier thickness
and the morphometric oxygen diffusion capacity of
the stomach of the air-breathing loricariid fish
Pterygoplichthys anisitsi. Pterygoplichthys anisitsi
is an armored catfish occurring in South American
freshwaters and is found throughout the Uruguay,
Paraguay, and Paraná River basins where it
inhabits water bodies characterized by low oxygen
concentrations. In normoxia, this species does not
breathe air during the day, but at night it
increases its activity and usually swims to the sur-
face. Under hypoxia, P. anisitsi breathes air even
during the daytime (Cruz, 2007). Its stomach is
usually full of air and sometimes contains small
food particles. Preliminary observations under
light microscopy showed a single epithelial cell in
the mucous membrane of the stomach and a high
density of capillaries close to this membrane (Oli-
veira et al., 2001), suggesting an adaptation to air
breathing.

MATERIALS AND METHODS
Animals

Five armored catfish Pterygoplichthys anisitsi Eigenmann
and Kennedy [body mass (MB) 5 0.084–0.600 kg; total length
(LT) 5 24–39 cm] were obtained from the Aquaculture Center of
the São Paulo State University (CAUNESP) at Jaboticabal, São
Paulo, Brazil. In the laboratory, the fish were kept in a 1000 L
aquarium with continuous water flow and aeration at 23–258C
and were fed with commercial fish food and Lactuta sativa
leaves.

Anesthesia, Fixation, Tissue Sampling, and
Processing

The fish were irreversibly anesthetized with 0.1% benzo-
caine1 (Sinth) and the stomach was exposed through a ventral
abdominal incision. The stomach was prefixed in situ with a fix-
ative solution containing 2.5% glutaraldehyde in 0.1 M phos-
phate buffer pH 7.4, 300 mOsm, at 48C. The air volume inside
its lumen was measured and replaced with the same volume of
fixative solution, slowly introduced into the stomach using a
thin polyethylene tube through the buccal cavity and esophagus
to permit replacement of air bubbles and avoid tissue stretching
or distention. After tying off the esophagus and duodenum, the
stomach was removed and immersed in the fixative solution for
complete fixation at 48C.

The stomach was then opened ventrally through an antero-
posterior incision and the major anteroposterior and transverse
lengths were measured. Tissue was taken from the open stom-
ach according to systematic random sampling (Fig. 1a) using a
square-lattice grid. The sampling sites were chosen by counting
the number (N) of points lying over the open stomach and
choosing every 6th/N point to sampling tissue for light and ev-
ery 7th/N point for electron microscopy and marked by a pin
prick. The first sampling site was chosen at random from the
first six potential sites. To obtain vertical sections (VUR) and
use the same section to estimate the fraction volume of stom-
ach tissue, as well as surface density and total surface area,
the external surface of the open stomach (serosa side) was
considered the horizontal plane. The embedding procedures
were designed so that the sections from each sample were
done in a sequential 1368 rotation relative to the previous
one, with the first one sectioned at random between 0 and 368
(Fig. 1b,c).

The samples for light microscopy (LM) were dehydrated, em-
bedded in Historesin1 (Leica, Heidelberg, Germany) and sec-
tions of 3-lm thickness were stained with toluidine blue and
fuchsin. Additional samples from cardiac, corpus, and pyloric
regions of stomach were dehydrated, embedded in paraffin and
sections of 5-lm thickness were stained with periodic acid Schiff
and Alcian blue pH 2.5.

The samples for transmission electron microscopy (TEM)
analysis were postfixed in 1% osmium tetroxide in the same
buffer as before, block-stained using uranyl acetate, dehydrated
in an ascending concentration of acetone, and embedded in
Araldite 6005 Resin (Ladd, Burlington, VT). Semithin sections
(0.5 lm) were stained with toluidine blue and the ultrathin sec-
tions (60 nm) were placed on 200-mesh copper grids, stained
with uranyl acetate and lead citrate and viewed in a JEOL
JEM 100 CX TEM at 80 kV.

For scanning electron microscopy (SEM) analysis, the stom-
achs of three other specimens were fixed as described above,
ventrally opened through a median anteroposterior incision and
samples from the cardiac, blind-sac (corpus), and pyloric por-
tions were removed, dehydrated through ascending concentra-
tions of ethanol, soaked in two successive baths of 1,1,1,3,3,3-
hexamethyldisilazane (Aldrich), and air dried. The samples
were glued with silver paint onto the specimen stub, coated
with 99% gold (Degussa S.A) in a vacuum sputter and exam-
ined under a ZEISS-DSM 940A SEM at 25 kV.
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Density Volume, Surface-to-Volume Ratio,
and Surface Area of Stomach

All the LM data were obtained with an Olympus BX51 light
microscope, the images were captured with a JVC-TKC1380
digital video camera and analyzed using version 2.00 of the
CAST System software (Olympus Denmark S/A).
The reference volume of stomach tissue (VSt) was calculated

based on the gross surface area of opened stomach by point
count of an isotropic test system superimposed on the mucosa
and the stomach wall thickness obtained from vertical sections.
The differential tissue volumes of stomach were estimated

using the same sections that were used for the stomach surface
area (ŜSt) at a final magnification of 15003. The differential
volumes or density volume [VV (structure, reference)] of the
main stomach (St) tissues (mucosa, submucosa, muscularis,
serosa) were estimated by point count of an isotropic test-sys-

tem, as described by Howard and Reed (1998), and was given
as VV (structure,Stomach) 5 (PS 100)/PSt, where PS was the
number of points on the analyzed structure or tissue (S) of the
stomach and PSt was the total number of points on the stomach
(St) (Fig. 2a). The density volumes of mucosa components (epi-
thelium, capillaries, gastric gland) were estimated using the
same methodology, but at higher magnification (38003).

The stomach surface area (ŜSt) was estimated from its respec-
tive surface-area-to-volume ratios (Ŝv), multiplied by the previ-
ously determined stomach volume as ŜSt 5 Ŝv VSt, according to
Howard and Reed (1998). The surface area-to-volume ratio (Ŝv)
was estimated using a cycloid arch test system (Fig. 2a) as

Ŝvðstructure; referenceÞ ¼ 2
Pn

i¼1
Ii

L̂
; where Ii was the number of

intersections of the test lines with the surface of mucosal sur-
face of stomach and L̂ was the length of test lines falling within
the reference space: mucosa profile. L̂ was estimated by multi-

Fig. 1. Diagram of the sample scheme of stomach tissue of Pterygoplichthys anisitsi. (a) Systematic random samples from open
stomach superimposed by a point square grid to obtain vertical uniform random samples. The tissue bottom is the serosa side (s) of
stomach and was fixed as the horizontal plane (HP) and the vertical axis (VA) is indicated. m, mucosa. (b) Each tissue sample was
sequentially rotated on the vertical axis (VA) and embedded. (c) Vertical section obtained of embedded tissue. m, mucosa; s, serosa.
Arrow indicates the vertical axis (VA).

Fig. 2. (a) A cycloid arc test array superimposed on the microscopic image of a light micrograph in vertical section of the stom-
ach of Pterygoplichthys anisitsi for the evaluation of tissue differential volumes and the surface-area-to-volume ratio. The arrow
indicates the vertical axis of measurements. M, mucosa side; S, serosa side of stomach. (b) A cycloid arc test array superimposed
on the microscopic image of TEM micrograph in vertical section of the stomach of P. anisitsi for the measurements of barrier thick-
ness. For illustration, the intersection of the cycloid with the surface of mucosal layer of stomach was the starting point of mea-
surement of barrier thickness and the line direction were the direction-number between 1 and 97 (sine-weighted line) obtained
from a random number table (white line).
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plying the point count for the reference space by the test line
length per point.

Estimation of Air-Blood Barrier Thickness

Ultrathin sections from five stomach samples per animal
were used to estimate the air-blood barrier thickness of the
stomach. Subsampling of ultrathin stomach sections was based
on the systematic quadrant procedure. Starting at a random
position in the top left-hand corner of the TEM grid, five quad-
rants of ultrathin section were sampled from each grid and tis-
sues were photographed at a magnification of 3,3003. The har-
monic mean barrier thickness (s) was measured with a logarith-
mic ruler and sine-weighted lines generated on the VUR
sections (Gundersen et al., 1988). A new angle was selected for
each sampled quadrant.
Negative film was viewed in a light box superimposed with a

cycloid arch test system and a sine-weighted line to score point
counts on the barrier (epithelial and endothelial cells and basal
lamina) and air-blood barrier thickness (Fig. 2b). Each intersec-
tion of cycloid arc with surface of mucosal layer of stomach was
the point to measure air-blood barrier distance and the line
direction were the direction-number between 1 and 97 obtained
from a random number table. The harmonic mean barrier thick-
ness (Weibel and Knight, 1964) was calculated for each animal
as sh 5 2/3lh, where lh is the harmonic mean of the lengths.

Anatomical Diffusion Factor and
Morphometric Diffusion Capacity

The anatomical diffusion factor (ADF) was estimated directly
from the stereological data, dividing the respiratory surface area
in relation to body mass (SR/MB) by the harmonic mean barrier
thickness (sh) (Perry, 1989). The morphometric diffusion capacity
(Dmorphol) was calculated as the product of the ADF and Krogh’s
diffusion coefficient (K) of the respective cell layers (epithelium,
basal membrane, and endothelium) of the diffusion barrier.
Since the value of K depends on the specific gas (O2 or CO2),

the temperature and tissue type, the K value for rat lungs was
used for the epithelium and endothelium, and the K value for
frog connective tissue (Bartels, 1971) was used for basal lamina.
The relative volume of the epithelial and endothelial cells was
estimated separately from that of basement membrane by point
counting, and each element was multiplied by the appropriate
K value. This weighted numerical ratio yielded a K value for ox-
ygen (KO2

) in the air-blood barrier of stomach. All values were
corrected to 258C.

Statistics

Descriptive statistics were drawn up with Microsoft’s Excel
spreadsheet software. The data are presented as the mean val-
ues accompanied by the respective standard errors (SEM). Since
the standard deviation of a harmonic mean is not defined, the
SEM was calculated from the arithmetic mean of the diffusion
distance of air-blood barrier of stomach.
Regression analyses were made to seek possible significant cor-

relations, which were calculated by the least-squares method,
and the correlation coefficient (r2) was estimated to determine
the goodness of fit. The data were log transformed and the power
equation: log Y 5 log a 1b log X was used to calculate the scal-
ing exponent (b), resulting in the allometric equation.

RESULTS
Stomach Morphology

Pterygoplichthys anisitsi has a short esophagus
that opens into a large U-shaped stomach with a
thin, translucent wall (Fig. 3a). The stomach,

highly vascularized and expanded with air bubbles
(Fig. 3a,b), occupies most of the volume of the coe-
lomic cavity and was found empty in the all speci-
mens dissected, although the intestine was full of
material. Continuous to the stomach there is a
long, thin, transparent intestine located ventrally
to the stomach and forming several loops.

Figure 3c shows the four layers of the stomach:
(1) the serosa, the outermost layer, which is char-
acterized by a single layer of squamous epithelial
cells with underlying loose connective tissue con-
taining blood vessels; (2) the muscularis, composed
of circular smooth muscles and discontinuous thick
bundles of smooth muscles with longitudinal and
oblique orientation among small amounts of con-
nective tissue; (3) the submucosa, consisting of
connective tissue and blood vessels of different
diameters; (4) the mucosa, composed of the lamina
propria containing small blood vessels, a single
layer of flat epithelial cells whose apical surfaces
are in contact with the stomach lumen, and the
basement membrane with numerous underlying
blood capillaries (Fig. 3d). Gastric glands are
located in the mucous layer (Fig. 3c,d).

A SEM analysis of the mucosal surface of Ptery-
goplichthys anisitsi stomach, under low magnifica-
tion, showed irregular mucosal folds in the cardiac
region, longitudinal folds in the corpus region and
an almost total absence of folds in the pyloric
region (Fig. 4a,c, and e). Under high magnification,
the epithelial pavement cells of the mucosal stom-
ach are visibly polygonal in shape. In the cardiac
and pyloric regions, most of the cells have short
microvilli irregularly distributed throughout the
cell surface and the boundaries of these cells are
characterized by highly dense short microvilli;
some cells show a smooth cell surface, in which
case the cell boundary is characterized by short,
continuous microridges (Fig. 4b,f). In the corpus
region, the cell surfaces are smooth and the cell
limits are not clearly visible (Fig. 4c). Numerous
gastric gland openings are distributed among cells
in all the stomach regions, but the frequency of
gastric glands is lower in the corpus region (Fig.
4c,d).

The pavement epithelial cells of the stomach’s
mucosal layer are flat and have large nuclei, gen-
erally located between adjacent capillaries (Fig.
5a) or, rarely, elongated and located on the capilla-
ries immediately below the basal lamina (Fig. 5b).
The first cell type spreads a thin sheet of cyto-
plasm on the underlying capillary thus resembling
the Type I pneumocyte of the mammalian lung
(Fig. 5a,c). The latter cell type possesses numerous
mitochondria, a well-developed Golgi complex,
rough endoplasmic reticulum, and free ribosomes
(Fig. 6a). Some cells contain numerous lamellar
bodies in different stages of maturation therefore
resembling the Type II pneumocyte (Fig. 6b,c) and
numerous vesicles close to the cellular membrane
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(Fig. 6c). Some lamellar bodies have a central
region composed of highly electron-dense amor-
phous material from which emerges a system of
concentric membranes (Fig. 6b,c).

The junctional complex between two pavement
epithelial cells shows a tortuous boundary because
of interdigitations of each cell with its neighbor,
and is characterized by a short zonula occludens
and zonula adherens, generally with only one des-
mosome (Figs. 5b,c, and 6c). The basal lamina con-
tacts the endothelial cells of capillaries, except in
the regions where the gastric glands are present.
Endothelial cells have an elongated heterochro-
matic nucleus protruding into the capillary lumen
(Fig. 7a). Adjacent endothelial cells may overlap,
showing short infolding and usually one desmo-

some was identified in the cell junctions. Pores of
different diameters are visible in the endothelium
lining the apical and lateral parts of capillaries
(Fig. 5c). The air-blood barrier that separates the
gastric lumen from capillaries consists of three
layers, the cytoplasmic extension from epithelial
cells, the basal lamina, and the sheet of endothe-
lial cells (Figs. 5c and 6a,b).

Bundles of collagen fibers extending in different
directions fill up the space between cells, blood
vessels, and capillaries and the gastric glands that
constitute the mucosa and submucosa (Fig. 7a);
collagen fibers are found among tissues that con-
stitute the other layers of stomach wall.

The gastric glands are regularly distributed
throughout the mucosa, being more frequent in

Fig. 3. (a) Ventral view of the stomach of Pterygoplichthys anisitsi full of air showing its anatomic regions: cardia, corpus, and
pylorus. E, esophagus; I, intestine. Scale bar in cm. (b) Detail of highly vascularized stomach wall. Note large (arrowhead) and
small (*) blood vessels. Scale bar in mm. (c) Cross section of stomach wall showing the four stomach layers, the serosa (1), muscu-
laris (2), submucosa (3), and mucosa (4). Note gastric glands (G) in the mucosal layer. m, muscles. Scale bar in lm. (d) Mucosal
and submucosal layers of stomach wall showing capillaries (*) underlying the epithelial cells of mucosal layer and the gastric
glands (G). Small blood vessels (v) and connective tissue (c) are in the submucosal layer. Scale bar in lm.
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the cardiac and pyloric regions, and may have a
round or pyramidal shape. No morphological dif-
ferences were found among the gastric glands from
the three stomach regions. Although they are con-
tinuous with the epithelium, these glands nestle in
the lamina propria and are surrounded by collagen

fibers (Fig. 7a). The glands have 8–12 cells and
each cell has a heterochromatic basal nucleus, a
small number of cytoplasm organelles, and the api-
cal region of these cells has numerous small
vesicles; several cells have numerous lamellar
bodies (Fig. 7a,b). The junctional complex between

Fig. 4. Stomach regions of Pterygoplichthys anisitsi. SEM. Low magnification of cardiac (a), corpus (c), and pyloric (e) regions.
The arrowheads indicate the opening of gastric glands. Scale bar in lm. High magnification of the epithelium of the mucous layer
showing the pavement cell surface architecture from the cardiac (b), corpus (d), and pyloric (f) regions of stomach. Note the cell
surface with short microvilli (*) in the (b) and (f) and a smooth surface in (d) (*). The arrowhead indicates the gastric gland opening
in each stomach region and the double arrowhead the epithelial cell limits. Scale bar in lm.
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Fig. 5. Stomach mucosa of Pterygoplichthys anisitsi. TEM. (a) Pavement epithelial cell showing the cell nucleus between two ad-
jacent blood capillaries. BL, basal lamina; C, capillary; EnC, endothelial cell; Er, erythrocyte; n, nucleus; PVC, pavement epithelial
cell. (b) Pavement epithelial cell showing the cell nucleus on the blood capillary. Note the junctional complex (arrow) between pave-
ment cells. BL, basal lamina; C, capillary; EnC, endothelial cell; m, mitochondria; n, nucleus; PVC, pavement epithelial cell. (c)
Pavement epithelial cell showing the junctional complex (arrow) between cells and microvilli (double arrowheads) in the apical cell
surface and the endothelial cell containing numerous pores (arrowheads). BL, basal lamina; C, capillary; EnC, endothelial cell; L,
leukocyte; PVC, pavement epithelial cell. Scale bar in lm.
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these cells is characterized by intense interdigita-
tion and several desmosomes. The negative stain-
ing with PAS and Alcian blue indicated that these
glands do not produce acid and neutral mucopoly-
saccharides. Rare endocrine cells are found to-
gether with the gastric glands and are character-
ized by electron-lucent cytoplasm with electron-
dense vesicles (Fig. 7b,c).

Stomach Morphometry

The mean anteroposterior and transversal
length of stomach of Pterygoplichthys anisitsi in
0.084–0.60 kg-fish were 6.5 6 0.87 and 5.03 6
0.61 cm, respectively. Of the 20.245 6 4.747 cm3

which corresponds to the stomach’s total mean vol-
ume (air 1 tissue), only 0.425 6 0.080 cm3 repre-
sents the stomach tissue, and the total stomach
volume to body mass ratio is 85.21 6 14.09 cm3

kg21. The volume of stomach tissue, air volume
capacity and the total volume (air 1 tissue) of
inflated stomach (Table 1) increased with body
mass, whereas the specific stomach volume (VSt

M�1
B ) decreased according to the power equation V

5 aMb
B, where V is the tissue (ts,St), air (air,St), or

total (St) volumes of stomach, MB is the body

mass, a is the value for 1 g fish and b is the scal-
ing or mass coefficient (Table 2). In the log form:
log V 5 log a 1 b logMB, the stomach volume
describes a straight line where a is the intercept
and b is the slope (Table 2). The percentage of vol-
ume densities of stomach tissue layers of P. ani-
sitsi is depicted in Figure 8a. The muscle layers
represent the major volume density of stomach tis-
sue, followed by the submucosa, mucosa and
serosa layers. Considering only the mucosa to-
gether with the lamina propria, the capillaries and
the gastric glands represent 34 and 46%, respec-
tively, of the volume of this layer (Fig. 8b).

The surface-to-tissue-volume ratio of Pterygo-
plichthys anisitsi stomach varies from 108 cm21 in
the smallest fish (0.084 kg) to 59 cm21 in the larg-
est fish (0.60 kg). The mean total stomach surface
(ŜSt) (Table 3) increased with body mass, but
showed a low correlation with body mass (ŜSt 5
42.01 M0:23

B , r2 5 0.33). Nevertheless, the specific
surface area (ŜSt M�1

B ) varied from 281.40 cm2

kg21 in the smallest fish to 68.08 cm2 kg21 in the
largest one, showing a negative correlation with body
mass (ŜSt M

�1
B 5 42.02 M�0:76

B , r2 5 0.84, P < 0.05).
The mean value of barrier thickness between air

and blood (arithmetic mean) was 1.52 6 0.07 lm,

Fig. 6. Stomach mucosa of Pterygoplichthys anisitsi showing pavement epithelial cell resembling the Type II pneumocyte. TEM.
(a) Cytoplasm organelles in the pavement epithelial cell. BL, basal lamina; EnC, endothelial cell; Er, erythrocyte; g, Golgi complex,
m, mitochondria. (b) Lamellar bodies (*) with concentric membrane configuration. BL, basal lamina; C, capillary; EnC, endothelial
cell. (c) Numerous vesicles (arrowhead) close to the apical surface of cell membrane. Note the presence of lamellar body (*) and
short microvilli (double arrowheads) on the cell limit. m, mitochondria. Scale bar in lm.
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whereas the harmonic mean thickness (sh) of the
diffusion barrier ranged from 0.40 to 0.74 lm. The
specific anatomical diffusion factor (ADF 5 ŜSt s�1

h

M�1
B ) and the morphological O2 diffusion capacity

were higher in the smallest specimen and lower in
the largest one (Table 3).

DISCUSSION

This is the first morphometric study of the stom-
ach of an air-breathing fish, with special emphasis
on the respiratory function. Our results show the
morphological adaptation of Pterygoplichthys ani-
sitsi stomach to gas exchange. We estimated the
respiratory surface area of this organ and the mor-
phometric diffusion capacity for oxygen.

Fig. 7. (a) Gastric gland opened (arrowhead) in the mucosal layer of stomach of Pterygoplichthys anisitsi. Note the gastric gland
organization, nucleus position, and numerous lamellar bodies (*) in these cells. Arrow indicates collagen fibers. C, capillary; EnC,
endothelial cell; Er, erythrocyte; n, nucleus. (b) Part of gastric gland (G) in the submucosal layer of stomach showing endocrine cell
(*). (c) High magnification of endocrine cell showing electron-dense bodies (arrowheads) distributed in the cytoplasm and close to
the cell membrane. EndC, endocrine cell. Scale bar in lm.

TABLE 1. Range and mean (6SEM) of the body mass and
length, the air (Vair,St), tissue (Vts,St), and total (VTotal,St) volume
of stomach and total specific stomach volume (VTotal,St M

�1
B ) of

Pterygoplichthys anisitsi (n 5 5)

Range Mean SEM

Body mass (kg) 0.084–0.600 0.285 0.096
Body length (cm) 23–42 31.8 3.39
Vair,St (cm

3) 11.3–35.0 19.320 4.692
Vts,St (cm

3) 0.225–0.611 0.425 0.080
VSt (cm

3) 11.519–35.611 20.245 4.747
VSt M

�1
B (cm3 kg21) 137.13–59.35 85.21 14.09
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Stomach Morphology

Although fish present a high diversity of diges-
tive tracts relating to diet and feeding habits, the
stomach of teleosts generally has a thick wall con-
sisting of a serosal layer, a discontinuous muscular
layer, a submucosa and mucosal layers; the muco-
sal layer is characterized by a simple columnar ep-
ithelium (Morrison and Wright, 1999) and gastric
glands that usually have two cell types, the elec-
tron-lucent cytoplasm cells that produce hydrochlo-
ric acid and the electron-dense cytoplasm cells
that produce pepsinogen (Elbal and Agulleiro,
1986).

In loricariid fish, most of which are herbivorous
or detritivorous species, the stomach is little devel-
oped and the intestine is long (Delariva and Agos-
tinho, 2001). Several species of this family use the
stomach or intestine as an auxiliary organ to
breathe atmospheric air (Mattias et al., 1996;
Graham, 1997; Cruz, 2007) and they exhibit great
diversity in the anatomical morphology of the

respiratory function (McMahon and Burggren,
1987; Silva et al., 1997; Satora, 1998). However, a
thin pavement epithelial cell with an underlying
dense capillary network in the mucosal layer char-
acterizes tissue adaptation to gas exchange. In
Pterygoplichthys anisitsi the stomach is modified
for air breathing; it is large, translucent, highly
vascularized, and is usually empty of food particles
but full of air, very similar to the stomach
described for the air-breathing loricariid Ancistrus
multispinnis (Satora and Winnicki, 2000), Hyposto-
mus plecostomus (Podkowa and Goniakowska-Wita-
linska, 2003) and the aerial sacs of Loricarichthys
platymetopon stomach (Silva et al., 1997).

The SEM images revealed three stomach epithe-
lial regions in the apparently poorly differentiated
mucosal layer of Pterygoplichthys anisitsi stomach,
which suggest a possible characteristic reminiscent
of typical stomachs. The absence of epithelial
Alcian blue-positive and PAS-positive cells indi-
cates that acid and neutral mucopolysaccharides
are not synthesized in the stomach. In a typical
stomach, mucus protects the epithelial cells from
mechanical injuries and enzyme activity. Although
numerous gastric glands having several vesicles
are distributed throughout the mucosal layer of
stomach, they do not present zymogen granules,
suggesting that intensive food digestion occurs in
the long intestine instead of stomach, as already
pointed out by Podkowa and Goniakowska-Witalin-
ska (2003) for Hypostomus plecostomus, a loricar-
iid fish with similar feeding habits. The role of the
rare endocrine-like cells characterized by small
vesicles with electron-dense material observed in
P. anisitsi only together with the gastric glands, as
in Loricariichthys platymetopon (Silva et al.,
1997), is unknown since food digestion does not
seem to occur in the stomach. Podkowa and
Goniakowska-Witalinska (2003) did not exclude a
possible role of these cells in the local regulation of
the respiratory function.

The ultrastructure of pavement epithelial cells
of the mucosal layer of Pterygoplichthys anisitsi
stomach is similar to those described for the respi-
ratory aerial sacs of Loricariichthys platymetopon
(Silva et al., 1997), the stomach of Ancistrus multi-
spinnis (Satora and Winnicki, 2000) and Hypostomus
plecostomus (Podkowa and Goniakowska-Witalinska,
2003), the swim bladder of the catfish Pangasius
hypophthalmus (Podkowa and Goniakowska-Wita-

TABLE 2. Relationships between tissue (Vts,St), air (Vair,St), and total (VSt) volumes of stomach and body mass (MB) of
Pterygoplichthys anisitsi (MB 5 0.084–0.600 kg, n 5 5)

V 5 aMb
B logV 5 log a 1b log MB r2 P

Vts,St 5 0.825M0:568
B Log Vts,St 5 20.083 1 0.568logMB 0.93 0.05

Vair,St 5 45.219M0:625
B Log Vair,St 5 1.655 1 0.625logMB 0.90 0.05

VSt 5 46.018M0:621
B Log VSt 5 1.663 1 0.621logMB 0.91 0.05

VSt M
�1
B 5 46.018M�0:379

B Log VSt M
�1
B 5 1.660 2 0.379logMB 0.80 0.05

Fig. 8. Stomach of Pterygoplichthys anisitsi. (a) Percentage
volumes of the stomach tissues components. (b) Percentage vol-
umes of epithelium, capillaries, and gastric glands in the muco-
sal layer of the stomach.
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linska, 1998), and the lungfish lungs (Maina and
Maloiy, 1985; Moraes et al., 2005). Most of the epi-
thelial cells of P. anisitsi stomach resemble the
Type I pneumocyte of mammal lungs and some of
them present characteristics of the Type II pneu-
mocyte, exhibiting lamellar bodies in their cyto-
plasm. Lamellar bodies have been described in epi-
thelial cells of the air-breathing organs of fish such
as the stomach (Silva et al., 1997; Satora, 1998),
intestine (Podkowa and Goniakowska-Witalinska,
2002), and swim bladder (Podkowa and Goniakow-
ska-Witalinska, 1998) without distinction among
epithelial cell types. This finding opens a question
about the derivative characteristic of amniotes as
these cell types have been described in the lung
epithelium of higher vertebrates. The lung is a de-
rivative of the gut (foregut endoderm) and the la-
mellar bodies have been described as the site of
surfactant accumulation and are highly morpho-
logically and biochemically conserved throughout
the radiation of air-breathing organs among verte-
brates (Daniels et al., 2004). Further biochemical
and physiology studies are needed to establish
similarity, beyond considering only morphological
characteristics. In P. anisitsi lamellar bodies are
also found distributed in the cytoplasm of gastric
gland cells.

Lamellar bodies have been described as the site
of surfactant accumulation (Daniels et al., 2004)
that is discharged by exocytosis into the respira-
tory organ lumen. The thin film of this substance
over the luminal surface of the respiratory organ
reduces the forces of attraction between the water
molecules at the surface film, thereby decreasing
the surface tension and favoring oxygen absorption
(Orgeig and Daniels, 2001). Furthermore, this sub-
stance may be involved in the antimicrobial
defense mechanisms of respiratory organs (Daniels
et al., 1995; Rubio et al., 1996) and prevent epithe-
lial desiccation and oxidative damage of epithelial
cells (Daniels and Orgeig, 2001).

The structure of the air-blood diffusion barrier
of respiratory epithelium of the stomach of Ptery-
goplichthys anisitsi consisted of the same struc-
tures as the respiratory epithelium of the lungs of
other vertebrates. The triple membrane model (ep-
ithelium, basal membrane, and endothelium) of

the diffusion barrier characterizes the air-blood
barrier of respiratory organs of vertebrates (Maina
and West, 2005) and the accessory organs for air
breathing in fish. Most endothelial cells of the
capillaries underlying the basal membrane may be
classified as continuous and are characteristic of
the respiratory organs; fenestrated capillaries that
are characteristic capillaries of the digestive tract
are also observed in the stomach of P. anisitsi as
in Hypostomus (Podkowa and Goniakowska-Wita-
linska, 2003) and in the respiratory regions of the
intestine of Corydoras (Podkowa and Goniakow-
ska-Witalinska, 2002). However, independent of
the type of capillary underlying the mucosal epi-
thelium of the stomach, the distance between air
and blood is similar to the distance in the lungs of
aerial vertebrates, indicating that the stomach is
the auxiliary organ for breathing air in P. anisitsi.

Stomach Morphometry

The air volume of stomach (Vair,St) of Pterygo-
plichthys anisitsi between 11.3 and 35.0 cm3 for
fish weighing from 84 to 600 g and with 23 to
42 cm length is congruent with that reported by
Gee (1976) for other loricariid fish, and also shows
a positive correlation between body mass and air
(Vair,St), tissue (Vts,St) and total (VSt) stomach vol-
ume. A negative correlation between body mass
and specific total volume (VSt M

�1
B ), as expected, is

consistent with most biological parameters in ani-
mals.

The low percentage volume of the mucosal and
serosal layers of stomach and the high volume
density of the capillary underlying the epithelium
in the mucosal layer are similar to those found in
the tissue volumes of the respiratory organs of
other animals. In lungs, the volume of parenchy-
mal tissue specialized in gas exchange (respiratory
epithelium) occupies a low volume density (Burri
et al., 2003) and the capillary density is higher
than the density of epithelium (Burri et al., 2003;
Moraes et al., 2005).

The potential efficiency of the Pterygoplichthys
anisitsi stomach as a respiratory organ is high
considering the simplicity of its structure. In the
South American lungfish Lepidosiren paradoxa

TABLE 3. Range and mean values (6SEM) of the surface to volume ratio (ŜvSt), the surface area (ŜSt), specific surface area of
stomach (ŜSt M

�1
B ), arithmetic mean of the air-blood diffusion barrier (sarith), harmonic mean (sh), anatomic diffusion factor (ADF)

and morphometric diffusion capacity for O2 (DmorpholO2) of stomach of Pterygoplichthys anisitsi (n 5 5)

Range Mean SEM

Ŝv,St (cm
21) 58.62–107.79 77.14 8.33

ŜSt (cm
2) 19.80–40.85 30.76 4.15

ŜSt M
�1
B (cm2 kg21) 68.08–281.40 157.21 45.34

sarith (lm) 1.36–1.82 1.52 0.07
sh (lm) 0.40–0.74 — —
ADF (cm2 lm21 kg21) 103.15–703.57 333.95 102.06
DmorpholO2 (cm3 min21 mmHg21 kg21) 0.122–0.0487 0.0874 0.0291
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(Moraes et al., 2005) and some reptiles, birds and
mammals (Perry, 1989) that depend exclusively on
the pulmonary structure to obtain the oxygen
needs for metabolism, the potential respiratory
surface corresponds to higher values. Compared
with the exclusively air-breathing animals, our
results are evidence that P. anisitsi depends on the
potential respiratory surface of the stomach for
aerial respiration only under adverse conditions in
which aquatic respiration does not supply its
needs. The 1.5 times higher Ŝv of stomach of small
fish and the decreasing specific surface area with
increasing body mass suggest that small animals
would be capable of obtaining greater specific oxy-
gen uptake from atmospheric air than larger speci-
mens.

The arithmetic (sarith) and harmonic (sh) mean of
the thickness of the air-blood diffusion barrier of
Pterygoplichthys anisitsi stomach lies in the range
of most air-breathing organs of fish such as the ar-
borescent organ of Clarias batrachus (Munshi,
1985), the air sac of Heteropneustes fossilis
(Hughes et al., 1974a) and Monopterus cuchia
(Munshi et al., 1989), the suprabranchial cham-
bers of Channa punctatus (Hakin et al., 1978), C.
striatus and C. gachua (Munshi, 1985), the swim
bladder of Pangasius hypophthalmus (Podkowa
and Goniakowska-Witalinska, 1998), and the stom-
ach of Hypostumus plecostomus (Podkowa and
Goniakowska-Witalinska, 2003), and is lower than
the lung of the South American lungfish, Lepidosi-
ren paradoxa (Hughes and Weibel, 1976; Moraes
et al., 2005) (Table 4). The low values of the diffu-
sion barrier of respiratory organs evidence the
preservation of the barrier model in different
groups of animals that breathe air to allow for an
efficient gas exchange process, as emphasized by
Maina and West (2005).

The ADF, which is the ratio of the respiratory
surface area to the harmonic mean of the diffusion
barrier (Perry, 1989), represents the anatomical
component of the diffusion capacity of a respira-
tory tissue, excluding the blood. The ADF of the
stomach of Pterygoplichthys anisitsi is smaller
than that of the lungs of most vertebrates, which
increase from amphibians to mammals (Perry,
1992), but similar to those of the lungfish (Hughes
and Weibel, 1976; Moraes et al., 2005). The stom-
ach of P. anisitsi has a low specific stomach surface
area (ŜSt M�1

B ) but its air-blood barrier is thinner
than that of the lung of Lepidosiren paradoxa
(Moraes et al., 2005) (Table 4).

The Dmorphol of tissue barrier of stomach of Pter-
ygoplichthys anisitsi is higher than the air-breath-
ing organs of most air-breathing fish but lower
than the lung of lungfish (Table 4). Dmorphol 5
K(S/t), where K is the Krogh specific diffusion con-
stant for O2 or CO2, S is the respiratory surface
area, and t is the harmonic mean of the diffusion
barrier thickness, represents the maximum diffu-
sion capacity of a given respiratory organ under
ideal conditions of ventilation/perfusion in the
entire diffusion barrier. On the other hand, Dphysiol

5 VO2/(PaO2 2 PeO2), where VO2 is the oxygen
consumption rate, PaO2 is the arterial partial oxy-
gen tension, and PeO2 is the venous partial oxygen
tension, represents the diffusion capacity under
specific physiological conditions, considering the
differences in the ventilation/perfusion ratio and
the heterogeneity of diffusion membrane barrier.
The Dmorphol is usually much higher than the esti-
mated Dphysiol, which approximates the Dmorphol

only during extreme exercise or in combination
with hypoxia and/or hypercapnia (Scotto et al.,
1987; Weibel, 1999). The Dmorphol of the stomach of
P. anisitsi showed a structural and functional simi-

TABLE 4. Specific surface area (ŜSt M
�1
B ), harmonic mean of the water-blood diffusion barrier (sh) and morphometric diffusion

capacity for O2 (DmorpholO2) of the air-breathing organs in fish

Animal Air-breathing organ
ŜSt M

�1
B

(cm2 kg21)
sh
(lm)

DmorpholO2

(cm3 min21 mmHg21 kg21)

Clarias batrachus (Munshi, 1985) Suprabranchial
Chambers (SBC)

155 — 0.0420

Gill fans 34 — 0.0005
Arborescent organ 287 0.55 0.0773

Heteropneustes fossilis (Hughes et al, 1974a) Air sac 310 1.605 0.0288
Monopterus cuchia (Hughes et al., 1974b) Air sac 48 0.44 0.0165
Channa punctatus (Hakin et al., 1978) SBC 392 0.780 0.0753
Channa striatus (Munshi, 1985) SBC 231 1.359 0.0254
Channa gachua (Munshi, 1985) SBC 195 0.56 0.0524
Pangasius hypophthalmus (Padkova and

Gonialowska-Witalinska, 1998)
Swimbladder — 0.7 —

Hypostumus plecostomus (Padkova and
Gonialowska-Witalinska, 2003)

Stomach — 0.86 —

P. anisitsi (present study) Stomach 157 0.40–0.74 0.0874
Protopterus aethiopcus (Maina and Maloiy, 1985) Lungs 14000 0.37 13.035
Lepidosiren paradoxa (Hughes and Weibel, 1976) Lungs 850 0.86 0.3
Lepidosiren paradoxa (Moraes et al., 2005) Lungs 664 1.38 0.110
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larity in the characteristics of respiratory tissues
specialized in using atmospheric air for gas
exchange (very thin diffusion barrier), and a pat-
tern for ectothermic animals which present low ac-
tivity (low respiratory surface area).

In conclusion, the structure and morphometric
data of Pterygoplichthys anisitsi stomach demon-
strate the adaptation of this organ to gas exchange
from air. Moreover, considering that this species is
a continuous but non-obligatory air-breathing fish
(Cruz, 2007) that uses its stomach as an auxiliary
organ in response to hypoxia because of extremely
poor dissolved oxygen in water, and that atmos-
pheric air contains 35 times more oxygen than air-
saturated freshwater, the morphological and mor-
phometric properties of the stomach of P. anisitsi
enable this species to live in severely hypoxic envi-
ronments, since it can obtain O2 from air to supply
its metabolic needs.
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