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Abstract

Body mass is one of the most influencing factors of metabolic rate and gas exchange of animals, and also related to activity pattern and oc-
cupancy of ecological niches. This study aimed to understand the relationships between body mass (M) and morpho-functional features of
the lungs of Iguana iguana, through morphological and morphometric characterization of the structural elements of the respiratory system.
Iguana iguana has lungs of the transitional type, the heterogeneously distributed parenchyma being faveolar in cranial and medial regions
and trabecular in the caudal region. Within the parenchyma, 43.6+25.5% corresponds to faveoli, 18.0£5.9% to interfaveolar septa, and
38.7+31.6% to trabeculae. Within the interfaveolar septa, 9.4+4.0% corresponds to blood capillaries, 4.4+1.0% to type I pneumocytes
and 3.9+ 1.1% to type I pneumocytes. Allometric analyses showed that lung (M’%*) and parenchymal volume (M%) scale with My, in
1. iguana just as in other lizards with unicameral or transitional lungs, which was unexpected for lung volume, since reptilian lung volume
is generally considered to scale as M"”*. The functional morphology of the lungs in I. iguana seems to play an important role to meet the
metabolic demands through ontogenetic growth.
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Introduction

In terms of pulmonary morphology, reptiles form an in-
teresting intermediate state between birds and mammals
(PoweLL & Horins, 2004), since these ectotherms exhibit
extremely diverse lung morphologies, showing variations
in structural lung type and distribution as well as kind of
parenchyma (WoLr, 1933; MEeBan, 1978; KLAVER, 1979;
KLEmM et al., 1979; LucHTEL & KARDONG, 1981; STIN-
NER, 1982; PERRY, 1983, 1988, 1998; PERRY ef al., 1989).

Among squamates, significant variations regarding the
structural pulmonary type and distribution and kind of
lung parenchyma are also well known (PErry, 1998).
A recently proposed scenario for the evolution of the
amniote respiratory system suggests that the last com-
mon ancestor of amniotes possessed multi-chambered
lungs that evolved into single-chambered lungs among
the Lepidosauria due to the small body size of stem
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lepidosauromorphs (LAMBERTZ et al., 2015). The multi-
chambered lungs found in the Gila monster Heloderma
suspectum and monitor lizards of the genus Varanus are
being interpreted as having secondarily evolved in this
lineage from a simpler lung structure, since a multi-
chambered stage can be identified during the ontogeny
of a gekkotan single-chambered lung (LAMBERTZ et al.,
2015). Superimposed onto these evolutionary traits are
the various metabolic demands that the respiratory sys-
tem has to serve (PoweLL & Hopkins, 2004). Typically,
reptiles show low metabolic rates compared to endo-
thermic vertebrates with similar body mass (POwELL &
Horpkins, 2004), but the great diversity of lifestyles and
habits resulted in a large variation in metabolic demands
and distinct morpho-functional respiratory adaptations.
To maintain increased metabolic rates, a larger respira-
tory surface area is required, achieved through increased
pulmonary compartmentalization. Monitor lizards, for
example, show elevated metabolic demands due to their
pattern of activity and larger body mass and have lungs
more compartmentalized than less active species and with
lower body mass (MamNA et al. 1989).

The effects of body mass on reptilian metabolism
have been widely studied (e.g. VAN MARKEN-LICHTENBELT
et al. 1993, DawsoN & BArRTHOLOMEW 1956, Woop et al.
1978, ANDREWS & PoucgH 1985, McNaB 2002, MAXWELL
et al. 2003) and it has been verified that intraspecifically
an increase in body mass results in an increase in the total
metabolic rate and in the density of respiratory surfaces.
However, among lizards, BENNETT & Dawson (1976),
BeucHAT & VLECK (1990), KarRAasOV & ANDERSON (1998)
reported no significant metabolic changes between hatch-
ling and adult iguanids. So, if intraspecific metabolic
changes do not occur along with variations in body mass,
it is expected that, proportionately, the density of respira-
tory surfaces is kept mass independent. In order to verify
this relationship we choose the species Iguana iguana
as experimental model, belonging to the family Iguani-
dae. This species shows a more than 350 fold increase in
body mass from hatchling to adult (12 g—4.5 kg), allow-
ing to study pulmonary morphology in animals of vari-
ous body sizes. Thus, this study aimed to investigate the
relationships between morpho-functional aspects of the
lungs in Iguana iguana of different body masses through
morphological and morphometric characterization of the
structural elements of the respiratory system, which po-
tentially are determinant for metabolic rate and thereby
activity of the species.

Material and methods

Animals
Five iguanas of different body masses (My; 0.020, 0.026,

0.319, 0.546, and 2.4 kg) were obtained from the same
population of animals being held and reproduced at the
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Jacarezério, Sao Paulo State University “Julio de Mes-
quita Filho” Rio Claro, SP, Brazil, the two smaller ani-
mals having hatched recently, the two intermediate ani-
mals being 1 year old and the largest animal being 2 years
old. The animals were killed by an overdose of Sodium
Thiopental (100 mg.kg!), administered intraperitoneally
(018/2014 Protocol of the Committee on Animal Use and
Ethics, IBIO/UFBA). Subsequently, the lungs were fixed
by means of intratracheal instillation of glutaraldehyde
5% in 0.2 M phosphate buffer (pH 7.4, 380 mOsm) at a
pressure of 20 cmH,O for 12 hours. Following fixation
the lungs were removed, stored for up to 10 days in gluta-
raldehyde 0.5% stock solution in 0.2 M phosphate buffer
(pH 7.4; 380 mOsm) for light and electron microscopical
processing.

Respiratory system measurements

The following variables regarding the respiratory system
have been measured (adopted from KLEIN et al. (2005):
length of the left lung (L, [mm]) and length of the right
lung (L,; [mm]). To remove the effect of body size, the
ratio of L,/L; was calculated.

Total volume pulmonary determination

The total lung volume was determined by the Cavalieri
method that estimates the total volume and area of cross
sections multiplied by the distance between the sections
(Cruz-Orive & WEIBEL 1990). For this purpose, the size
of each lung was measured in cranio-caudal direction and
ten cross sections were performed from a random starting
point and in fixed distances, based on the total length of
each lung. A test system was superimposed on the cross
sections and the numbers of points covering lung paren-
chymal and lung lumen were counted (Fig. 1A). The total
volume (V,) of the lungs was given by:

V=T.a/p.XPi,

where “T” is the distance between sequential sections,
“a/p” is the area represents by each point and “Pi” is the
number of points over the parenchyma and lumen. To
estimate the parenchymal and lumen volume separate-
ly, the same methodology was applied by counting the
points over each structure.

Relative lung volume (V,/Mjy), relative parenchymal
volume (V,/V,) and the ratio of parenchymal volume and
body mass were obtained by multiplication of the first
two parameters ([V,/V ].[V./M;]).

Morphometric parameters and sampling
The cranial, medial and caudal regions of the lungs of
each specimen were separated for analysis and using a

stereoscopic microscope samples of 5 mm? of these ar-
eas were removed (N=5) and used for the histological
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Fig. 1. (A) Cross section of /guana iguana lungs with point test system used to quantify total lung volume, parenchymal volume and lu-

men volume. (B) Longitudinal section of the lung parenchyma of the Iguana iguana with test point system used to quantify the volume

density (Vv) of the main components of the parenchyma. (C) Longitudinal section of trabeculae with test point system used to quantify the

major components of trabeculae. (D) Measurement of the distance of the air-blood diffusion barrier representing the possible angles used

to determine diffusion distance. Erythrocyte (er).

processing for light microscopy and transmission elec-
tron microscopy, whereas subsamples of 0.5 mm? (N=5)
were used for scanning electron microscopy.

Morphological analysis
Stereomicroscopy. Samples of the cranial, medial and

caudal regions were analyzed and photomicrographed
using a Leica M165C stereomicroscope coupled to digi-
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tal camera DFC 450 and the images were used to charac-
terize the internal pulmonary anatomy.

Light microscopy. The samples for light microscopy
were dehydrated in a graded series of ethanol with their
pleural surface facing down and were systematically ro-
tated and sectioned in order to obtain vertical uniform
sections (VUR), according to Howarp & REED (2005).
Subsequently, they were embedded in methacrylate (His-
toresina® Leica).
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Histological sections of 5 um were cut using a manual
Zeiss Hyrax M 15 microtome, mounted on slides, stained
with toluidine blue (1%) and photomicrographed using a
Zeiss Axio Lab.A1 and capture software Vision Rel. 4.8.
The images were used for structural characterization and
quantitative analysis.

Transmission electron microscopy. The samples for
transmission electron microscopy were post-fixed in os-
mium tetroxide 1%, 0.8% potassium ferrocyanide and
5 mM calcium chloride in 0.1 M sodium cacodylate buff-
er, pH 7.4 for one hour. They were washed three times
for ten minutes each in the same buffer, dehydrated in
a graded series of acetone, followed by three successive
baths of 100% acetone and subsequent replacement of
the acetone and Polybed® resin (1:1) for 6 hours. After-
wards the samples were transferred to pure resin, where
they remained until polymerization.

Semithin (0.5 pm) and ultrathin (80 nm) sections were
performed using an ultramicrotome Leica EM UC7. The
ultrathin sections were stained using uranyl acetate and
lead citrate, and analyzed with a transmission electron
microscope JEOL 1230. The images were used for ultra-
structural characterization and measurement of the dis-
tance of the air-blood diffusion barrier.

Scanning Electron Microscopy. The subsamples desig-
nated for scanning electron microscopy (SEM) were
dehydrated through a crescent ethanol series and passed
through drying by Critical Point in a Leica CPD 030. Sub-
sequently, the samples were plated in gold and analyzed
by scanning electron microscope JEOL JSM 6390LV.

Quantitative analysis

The quantitative analyzes were performed based on the
method of Cruz-Orive & WEIBEL (1990) and Howarp &
REED (2005).

Volume density (Vv). The volume densities of the pa-
renchymal components (faveoli, septa, trabeculae, type
I and type II pneumocytes) were estimated by the ratio
between the points over the different components and the
reference area (Fig. 1B). This way:

V.= 2P(cp)/2ZP(ref),

where, 2P(cp) gives the sum of the points over the com-
ponent to be estimated (faveoli, septa, trabeculae, type I
or type II pneumocyte, respectively) and ZP(ref) gives
the sum of the points over the reference space (faveoli +
septa + trabeculae + type I + type II pneumocytes). A
total of 1.125 micrographs were quantified at a final mag-
nification of 200x. The estimate of the volume density of
the trabeculae was given by the ratio between the points
on the component to be estimated (muscle or capillary)
and the points on the volume of reference (muscle + capil-
lary) (Fig. 1C). A total of 20 micrographs were quantified
at a final magnification of 400x.
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Thickness of air-blood barrier. To determine the thick-
ness of the blood-air diffusion barrier between the sur-
face of the epithelium and the endothelial cell surface,
ten electron micrographs of cranial, medial and caudal
regions from three specimens (0.020; 0.319; 2.4 kg) were
used, totaling 30 micrographs for each specimen, at a fi-
nal magnification of 25.000x. On each micrograph the
distance of the air-blood diffusion barrier at an angle de-
fined by random from among five different angles (0°,
45°,90°, 135°, 180°) was measured (Fig. 1D). These were
used to obtain the arithmetic mean and standard devia-
tion. The measurements were performed using Image J®
software.

Statistical analysis

The descriptive statistics (mean and standard deviation)
and Pearson correlation coefficient and simple linear re-
gression were calculated using the Biostat® 5.3 software.
Linear regression analyses were performed using Graph-
Pad Prism 6. A statistical difference was considered sig-
nificant at P < 0.05.

Results

Pulmonary anatomy

Macroscopically lungs of all Iguana iguana were very
similar, showing a pair of saccular lungs of different
sizes, with the right lung being longer than the left one
(L/L,: 0.84+0.03) (Fig. 2A; Table 1), and with short ex-
trapulmonary bronchi fused medially near the region of
entrance into the lungs (Fig. 2B). Both lungs were situat-
ed in the pleuroperitoneal cavity, ventral to the digestive
tract, laterally limited by dorsal ribs, intercostal muscles
and the dorsal spine.

In cross section, the lungs were oval-shaped and com-
posed of two chambers, separated by a longitudinal sep-
tum, characterizing it as a transitional lung (Fig. 2C). The
smaller cranial chamber originated in the medial region
and extended to the cranial region and the larger caudal
chamber originated in the cranial region and extended
through the medial to the caudal region. In longitudinal
section two distinct epithelial types were present, the cra-
nial and medial regions with pronounced faveoli and a
relatively small lung lumen, and the caudal region com-

— Fig. 2. (A) Ventral view of Iguana iguana (Mz=2.4 kg) lungs.
(B) Dorsal view of the lungs showing the medial fusion of the bron-
chi (arrow). (C) Cross-section of a lung. (D) Lateral view of the
medial half showing the transitional region of parenchyma (arrow).
Cranial chamber (crc), caudal chamber (cac), trachea (tr), right
lung (L) and left lung (L,.), faveolar region (fvr), trabecular region
(trr), hilus (hi).

SENCKENBERG



VERTEBRATE ZOOLOGY — 68(1) 2018

Table 1. Body mass (My), length of the left lung (L,,), length of the right lung (L), ratio of L,/L,, total volume of the lungs (V,), volume
parenchyma (V;), and lumen volume (V) of Iguana iguana lungs.

Animal M; (kg) L, (mm) L,;(mm) L,/Ly; VL (em?) Vp(cm?) Vium (cm’)
1 0.020 24.3 27.4 0.89 6.7 0.8 5.9
2 0.026 25.4 29.5 0.86 8.6 1.2 7.3
3 0.319 65.8 80.7 0.82 90.7 16.5 74.1
4 0.546 78.0 92.8 0.84 130.2 259 104.3
5 2.4 107.6 131.3 0.82 478 122 356

SENCKENBERG
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Fig. 3. Structural details of the cranial region of Iguana iguana lungs. (A) Stereo-micrograph (My=2.4 kg). (B) Histological section.
Staining with toluidine blue 1% (Mz=0.026 kg). (C) Scanning electron micrograph (My=2.4 kg). Basal membrane (bm), blood vessel
(bv), collagen fibers (cf), endoplasmic reticulum (er), endothelial cell (ec), erythrocyte (er), faveolar region (fvr), faveolus (fv), first order
trabeculae (tbl), nucleus (n), pulmonary lumen (V,,,,), respiratory epithelium (re), second order trabeculae (tbll), serous layer (sl), third
order trabeculae (tbIll), trabeculae (tb), trabecular region (tbr), type I pneumocyte (pl), type Il pneumocyte (pll).
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Fig. 4. Structural details of the medial region of [guana iguana lungs. (A) Stereo-micrograph (My=2.4 kg). (B) Histological section. Stain-

ing with toluidine blue 1% (My=0.026 kg). (C) Scanning electron micrograph (Mz=2.4 kg). For abbreviations see Fig. 3.

posed of trabecular epithelium with a relatively large lung
lumen when compared to the previous regions (Fig. 2D).
The hilus could be found in the cranial region at the ter-
mination of the short intrapulmonary bronchi (Fig. 2D).
A clear transitional region could be identified between
medial and caudal lung regions with a significant reduc-

SENCKENBERG

tion of faveolar epithelia to give way for trabecular pa-
renchyma (Fig. 2D).

The cranial and medial regions (Figs. 3B and 4B)
were composed of first, second and third order trabecu-
lae, the latter delimiting the respiratory chambers, the fa-
veoli (Figs. 3A and 4A). The first order trabeculae were
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Fig. 5. Scanning electron micrograph showing the surface of tra-

beculae covered with capillaries (arrows) (My=0.546 kg).

located closest to the lumen and from the branch of these
were formed second order trabeculae, which branched
out forming third order trabeculae and were continuous
with the interfaveolar septa (Figs. 3C and 4C). The tra-
beculae contained bundles of smooth muscle and were
covered by blood capillaries (Fig. 5).

In the caudal region, the faveoli were absent (Figs. 6A
and 6B), this region being composed of first order tra-
beculae fused to the pulmonary wall (Fig. 6C), featuring
a trabecular parenchyma.

Pulmonary epithelium

Within the respiratory surface ciliated cells, type I and
type II pneumocytes could be distinguished, the first one
forming the respiratory gas exchange surface while the
latter mainly secretes pulmonary surfactant. Ciliated cells
were also present in parts of the surface of the first order
trabeculae (Figs. 7A—-D).

The epithelium lining the septa was formed by two
cell types characteristic of the gas exchange regions:
squamous cells located on the blood capillaries, char-
acterized as type I pneumocytes (Fig. 8A) and cuboidal
cells, containing cytoplasmic granules, located in inter-
capillary spaces and characterized as type II pneumo-
cytes (Fig. 8A). Type I pneumocytes exhibited squamous
appearance and consisted of a thicker region containing
the nucleus, located in the central region, and a thin re-
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Table 2. Body mass (M) and relative total volume of the lungs/
body mass (V,/My), parenchymal volume/total volume of the lungs
(V,/V}) and parenchymal volume/body mass (V,/My) of the lungs
in Iguana iguana.

. M V,./M V,/V V,/M
Animal (k;) (cn‘ié.kgl:) (mlljmll'll) (cn‘E.kg[:)
1 0.020 335.0 0.12 40.2
2 0.026 330.8 0.15 49.6
3 0.319 284.3 0.18 52.0
4 0.546 238.5 0.20 47.5
5 2.4 199.2 0.26 50.8
Mean 0.662 277.6 0.20 48.0
gta‘.‘d?‘rd 58.8 0.10 47
eviation

gion formed by cytoplasmic extensions covering the sur-
face of the capillary and forming the respiratory epithe-
lium (Fig. 8C).

Blood capillaries could be seen on both sides of the
interfaveolar septa, exposed to the lumen, forming a
double capillary system. The capillaries were separated
through the interfaveolar septa and only one side of each
capillary was available for gas exchange (Fig. 8B). The
air-blood barrier consisted of type I pneumocytes, a base-
ment membrane, and endothelial cells forming the blood
capillaries (Fig 8D).

The type II pneumocytes had a cuboid shape and were
located between intercapillary spaces. Within the cyto-
plasm it was possible to notice numerous corpuscles inclu-
sion present near the nucleus or in distal regions (Figs. 9A
and 9B). These were formed by concentric lamellae, in-
tensely osmiophilic and resembling lamellar bodies. At
the junction regions between the type II pneumocytes it
was possible to notice the presence of a junctional com-
plex, consisting of an apical junctional zone and spot des-
mosomes along the lateral membrane (Fig. 9B).

Lung morphometry

The ratios between the V;/Mjg, the V,/V; and V,/M; are
given in Table 2. While relative parenchymal volume (V;/
Mj;) remained unchanged by increasing M, relative lung
volume (V;/Mjp) in the specimen of 0.020 kg was equal
to 335 cm’.kg! and in the specimen of 2.4 kg this value
was 199.2 cm® kg, averaging at 277.6+58.83 cm’.kg".
The V,/V, in the lower specimen was 0.12 and in the
largest specimen, this value was equal to 0.26. On aver-
age, the V,/V, was equal to 0.18+0.05.

The volume density of the different components
of pulmonary parenchyma of /. iguana is presented in
Table 3. The density of faveoli and interfaveolar septa

— Fig. 6. Structural details of the caudal region of Iguana iguana
lungs (A) Stereo-micrograph (My=2.4 kg). (B) Histological sec-
tion. Staining with toluidine blue 1% (Mz=0.026 kg). (C) Electron
micrograph (M= 2.4 kg). For abbreviations see Fig. 3.
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Table 3. Volume densities (Vv) of major components of Iguana iguana lungs.

Vv parenchyma

Vv interfaveolar septa

Animal M; faveoli septa trabeculae | capillaries type I type 11
(kg) (%) (%) (%) (%) pneumocyte (%) | pneumocyte (%)

1 0.020 15.12 11.03 74.01 522 3.76 2.12

2 0.026 16.32 12.04 72.63 4.84 3.33 3.95

3 0.319 58.52 22.36 19.12 11.6 5.93 4.49

4 0.546 63.72 22.18 14.29 12.4 4.64 4.25

5 2.4 64.18 22.31 13.61 13 4.56 4.63

Mean 0.662 43.6 18.0 38.7 9.4 44 3.9
Standard deviation 25.5 59 31.6 4.0 1.0 1.0

SENCKENBERG
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Fig. 7. (A) Histological section of the trabeculae in the lung parenchyma of Iguana iguana (Myz=0.319 kg), showing cilia on the surface

(arrows). Staining with toluidine blue 1%. (B) Scanning electron micrograph of the trabecular surface showing the presence of non-ciliated

(arrows) and ciliated regions (asterisks) (My=2.4 kg). (C) Scanning electron micrograph of ciliated cells (My=2.4 kg). (D) Transmission

electron micrograph of cilia in the trabecular surface (Mz=0.319 kg).

was greater in the larger specimen, showing 64.18%
and 22.31% of faveolar and septal parenchymal volume,
respectively, and least in the smallest specimen, repre-
senting 15.12% and 11.03%, respectively. The inverse
relationship was found for the trabecular density, which
presented the greatest value (74.01%) in the smallest
specimen and the lowest (13.6%) in the largest specimen.
The volume densities of capillaries, type I and type II
pneumocytes were greater in the largest specimen, repre-
senting 13%, 4.56% and 4.63%, respectively, and lowest
in the smallest specimen, representing 5.22%, 3.76% and
2.12%, respectively. On average, 43.6+25.5% of the pa-
renchyma corresponded to faveoli, 18.0+5.9% to septa
and 38.7+31.6% to trabeculae. In the interfaveolar septa,
an average of 9.4+4% (52% of the volume of the septa)
corresponded to capillaries, 4.4+ 1% (24% of the volume

74

of the septa) to type I pneumocytes and 3.9+1% (21% of
the volume of the septa) to type II pneumocytes.

The arithmetic barrier thickness of the air-blood dif-
fusion barrier (arithmetic mean and standard deviation)
of 1. iguana was equal to 0.58+0.10 um (Table 4).

Discussion

The present study confirms that /guana iguana possesses
lungs of the transitional type, consisting of two cham-
bers, a cranio-medial chamber composed of faveolar
parenchyma, and a caudal chamber showing trabecular
parenchyma, resulting in an overall heterogeneously dis-

SENCKENBERG
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Table 4. Comparison of the mean thickness of the diffusion barrier in Iguana iguana lungs (mean + standard deviation) and other reptiles

(mean, mean =+ standard deviation, or range).

Species Mean (um) Reference

Alligator mississippiensis 0.73 Meban (1980)

Anguis fragilis 0.90+0.03 Meban (1980)

Calotes nemoricola 1.03+0.04 Meban (1980)

Chamaeleo chamaeleon 0.73+0.04 Meban (1980)

Coronella austriaca 1.02+£0.04 Meban (1980)

Crocodylus niloticus 1.3 (0.92-1.98) Perry (1990)

Crotalus viridis oreganus 0.4-0.6 Luchtel and Kardong (1981)

Elaphe climacophora Okada et al. (1962)!
Elaphe quadrivirgata Okada et al. (1962)!
Gecko gekko 0.87—1.08 Perry et al. (1994)

Gekko japonicus

Okada et al. (1962)!

Iguana iguana 0.58+0.10 This study

Lacerta muralis 0.84+0.03 Meban (1980)
Lacerta viridis 0.5-0.7 Meban (1978)
Lacerta viridis 0.9+£0.03 Meban (1980)
Lacerta spp. 0.53 Cragg (1975)
Natrix natrix 1.34+0.07 Meban (1980)
Pituophis melanoleucus 0.46 Stinner (1982)
Python regius 0.78+0.05 Starck et al. (2012)
Rhacodactylus leachianus 0.5-0.6 Perry et al. (1989)
Testudo graeca 1.38+£0.06 Meban (1980)
Trachemys scripta 1.19+0.05 Meban (1980)
Trachemys scripta 0.50 Perry (1978)
Tupinambis nigropunctatus 0.7-1.0 Klemm et al. (1979)
Tupinambis nigropunctatus 0.44-0.48 Perry (1983)
Varanus exanthematicus 0.65+0.1 Perry (1983)

'Okada et al. (1962) report values for barrier thickness from the thinnest part of the air-blood barrier only.

tributed respiratory epithelium. This same structural type
was evidenced in chamaeleonids (KLAVER, 1973, 1977),
agamids (DaNIELS et al., 1994) and other iguanids (Woob
& MogEerLy, 1970; CrawrorD & Kampg, 1971; BENNETT,
1973). In the latter group, the lungs are characterized by
having two separate chambers, a short intrapulmonary
bronchus and a caudal region of sac-like appearance
(PERRY, 1998). According to PErry (1983), although the
lungs of the transitional type are formed by two separate
chambers, these are considered as a single-chamber type
arranged in series, due to the presence of a single com-
munication between the chambers. Regarding the size
differences found between the right and left lung in all
specimens of /. iguana, the same was verified for other
lizards. In Diploglossus warreni, D. fasciatus and D. te-
nuifasciatus (BECKER, 1993), the right lung is smaller
than the left, the inverse occurring in Ophiosaurus apo-
dus and O. harti (MiLan1, 1894; BECKER, 1993). KLEIN
et al. (2005) found for the familiy Teidae a tendency for
the right lung to be shorter than the left lung, but no such
asymmetry in other lizard families (Cordylidae, Gerrho-
sauridae, Gymnophthalmidae, Lacertidae, Scincidae, and
Xantusiidae). In general, there is a tendency in the partial
or total reduction of the lungs in species with elongated
body and reduced legs (PErrY, 1998), generating larger
differences between the size of the lungs.
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Regarding the distribution of the parenchyma, all
specimens analyzed showed a faveolar parenchyma in
the cranial and medial region, with a hierarchical arrange-
ment of first, second and third order trabeculae and tra-
becular parenchyma in the caudal region, consisting only
of first order trabeculae. This same type of parenchymal
distribution was described for teiid lizards (KLEmM ef al.,
1979), geckonids (PErrY et al., 1989, 1994), lacertids
(NIELSEN, 1961) and snakes (LucHTEL & KARDONG, 1981,
Maina, 1989). Perry (1978, 1983), in studies on turtles
and varanid lizards, found that more than half of the pa-
renchyma is located in the cranial and medial regions of
the lungs. Functionally, the parenchymal distribution in
cranial and medial region is related to a greater speciali-
zation of these regions to carry out gas exchange, while
the more sac-like caudal region does seem to provide
a more ventilatory function. However, other roles have
been attributed to the caudal (saccular) region of the rep-
tilian lungs (VARDE, 1951; BrATTSTORM, 1959; McDon-
ALD, 1959), such as gas storage or decreasing the elastic
work of breathing (PErry, 1983). Intrapulmonary flow
measurements undertaken recently in /. iguana lungs
suggest the presence of a consistent pattern of airflow
inside both the cranio-medial and the caudal chambers,
moving air preferentially in one direction over the gas
exchange epithelia (Cieri et al., 2014).
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Fig. 8. Structural characterization of /guana iguana lung parenchyma. (A) Histological section of the lung parenchyma in luminal view.
Staining with toluidine blue 1% (My=0.200 kg). (B) Histological section of the interfaveolar septa indicating the presence of capillaries on
both sides (arrows). Staining with toluidine blue 1% (My=2.4 kg). (C) Transmission electron micrograph of a type I pneumocyte showing

erythrocytes and endothelial cell (My=0.026 kg). (D) Transmission electron micrograph of the lung air-blood barrier (M;=0.319 kg). For
abbreviations see Fig. 3.

76 SENCKENBERG



VERTEBRATE ZOOLOGY — 68(1) 2018

Fig. 9. Structural characterization of pneumocytes of Iguana igua-

na. (A) Transmission electron micrograph of a type Il pneumocyte
with lamellar bodies (*) and small microvilli-like structures, cover-
ing a cell with prominent nucleus (n) and endoplasmic reticulum
(er) (M5=0.026 kg). (B) Transmission electron micrograph show-
ing the apical junctional zone (arrow) and spot desmosomes (ar-
rowhead) along the lateral membrane of two neighboring type 11
pneumocytes (My=0.546 kg). For abbreviations see Fig. 3.

The muscle bundles present in trabeculae act most
likely to promote the change in faveoli diameter dur-
ing phases of pulmonary inflation and deflation, as sug-
gested for other lizards and snakes (PERRY & DUNCKER,
1978; LucHTEL & KARDONG, 1981). DANIELS ef al. (1994)
propose a functional model to explain the role of mus-
cle bundles in trabeculae by contraction and relaxation
cycles, promoting an intrapulmonary ventilation mecha-
nism and allowing entry and exit of air in the faveoli dur-
ing ventilation.

The structure and ultrastructure of the lung epithe-
lium of /. iguana did not vary with body mass and also
did not differ with respect to results found in other lizards
(KLEmM et al. 1979; MEBAN, 1978; PERRY, 1983; PERRY et
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al. 1989), crocodilians (PErRRY, 1988) and snakes (MAINA,
1989, Starck et al. 2012). Lung epithelium was com-
posed of ciliated and mucous cells located on the surface
of the trabeculae, type I pneumocytes located on capil-
laries to promote gas exchange by reducing the thickness
of the air-blood barrier (NAGAISHI et al., 1964; MAINA,
2002), and type II pneumocytes located in intercapillary
spaces related to the synthesis, storage and secretion of
pulmonary surfactant (DANIELS et al., 1995; SULLIVAN et
al., 2001).

In I iguana, surfactants may prevent atelectasis and
act as an anti-adhesive compound (DANIELS ef al. 1995),
preventing the adhesion of epithelial interfaveolar septa
during expiration and possibly also during voluntary
dives performed by this species (MOBERLY, 1968).

The anatomical arrangement of a double pattern of
capillaries in the interfaveolar septa of /. iguana is found
in other air breathers, such as lungfish (MaINA & MALoY,
1985), amphibians (GoNiAKOWSKA-WITALINSKA, 1978; ME-
BAN, 1977; MaINa, 1989), varanid and teiid lizards (PErry,
1983), as well as embryonic stages of the mammalian
lung (KLIkA & ANATALIKOVA, 1978). The arrangement of
blood capillaries on both sides of the septa allows only
one side of the capillary to exchange gases, i.e., only
half the potential surface area is available to participate
in gas exchange. On the other hand, a simple capillarity
pattern provides a greater surface area for gas exchange,
since the whole surface of the capillary takes part in this
process (MaNa, 1989) being functionally more efficient
than standard double capillary nets. Thus, a simple pat-
tern of capillarity is functionally advantageous, being
found in reptiles whose parenchyma is more specialized
to perform gas exchange (PErry, 1983).

The nature of the diffusion barrier of the lungs of
1. iguana showed no morphologic variations compared
with those found in other reptiles and other vertebrates
(MEBAN, 1980), consisting of type I pneumocytes, the ba-
sal membrane and capillary endothelial cells.

Regarding lung morphometrics in /. iguana, the total
lung volume showed a strong correlation with body mass
(Table 5). An increase in lung volume as a function of
body mass has also been demonstrated for other iguanids
(Crotaphytus collaris and Sceloporus poinsettii), teiids
(Tupinambis nigropunctatus), varanids (Varanus exan-
thematicus), crocodilians (Caiman sclerops) and snakes
(Thamnophis ordinatus, Boa constrictor and Python re-
gius) (TENNEY & TENNEY, 1970; PERRY, 1983; STARCK et
al.,2012). TENNEY & TENNEY (1970) report V, to show an
allometric relationship with body mass as My""* for rep-
tiles, including in their analysis species of lizards, snakes,
testudines and crocodilians. However, ALEXANDER (1985)
already suggested that determining lung volume in iso-
lated dry-fixed lungs, as has been done by TENNEY &
TENNEY (1970), may lead to erroneous estimates of lung
volumes. Lung volume among other vertebrates has been
shown to increase nearly isometrical with body mass
in mammals as Mp'% (StaHL, 1967), in birds as My
(MAINA et al., 1989), and in amphibians as M (TEn-
NEY & TENNEY, 1970). Despite the fact that mammals,

11



PeixoTo, D. et. a/.: Functional morphology of the lungs of the green iguana, /guana iguana, in relation of body mass

Table 5. Linear OLS regressions of relationships of log,,-lung volume (V,) and log,,-parenchymal volume (V;) with log,,-body mass (My)

of different lizard species. N gives the number of individuals used to calculate the regression.

Species Slope Log,,—Intercept ‘ R? ‘ N ‘ Source
Lung volume
Ameiva ameiva 0.9832+0.2455 —0.8033+£0.4526 0.8004 6 W. Klein (unpublished)
Gekko gecko 0.4991+0.2745 0.3145+0.5419 0.6231 4 Perry et al. (1994)
Iguana iguana 0.8949+0.0163 —0.3271£0.0391 0.999 5 this study
Lacerta spp. 1.030+0.0358 —1.020+0.0331 0.9928 8 Cragg (1975)
‘Lizards’ 1.039+0.4002 —0.6107+0.8516 0.8708 3 Tenney and Tenney (1970)*
Salvator (Tupinambis) merianae 0.9676+0.0203 —0.670+0.0439 0.9913 22 | Klein et al. (2003)
Tupinambis nigropunctatus 0.9208+0.1737 —0.8477+0.4935 0.9336 4 Perry (1983)
Parenchymal volume
Gekko gecko 0.619+0.2636 —0.8383+0.5213 0.7287 4 Perry et al. (1994)
Iguana iguana 1.030+0.0231 —1.389+0.0554 0.9985 5 this study
Lacerta spp. 1.161+£0.1129 —1.891+0.1037 0.9724 5 Cragg (1975)
Tupinambis nigropunctatus 1.123+0.2639 —2.004+0.7499 0.9005 4 Perry (1983)

* Among the data given by Tenney and Tenney (1970) only the lizards Crotaphytus collaris, Iguana iguana and Scleroporus poinsettia

could be clearly associated to a given V; and M.

birds, and amphibians possess significantly different
lung structures and metabolic physiologies, but nonethe-
less show similar scaling exponents for lung volume with
body mass, it seems reasonable to assume that within
reptiles also an isometrical scaling relationship for lung
volume with body mass could be expected. And indeed,
WRIGHT & KIRSHNER (1987) report lung volume to scale
as M** in submerged Crocodylus porosus, HOCHSCHEID
et al. (2005) as Mp**% in diving marine turtles, KLEIN
et al. (2003) found maximum lung volume in Salvator
(Tupinambis) merianae to scale as Mp*°”®, and in the
present study /. iguana showed lung volume to scale as
log,,V,=0.8949.1og,\Mj, — log,,0.3271 (Fig. 10A). Tak-
ing these discrepancies between intra- and interspecific
allometric lung volume relationships among reptiles into
account, we gathered data from the literature on lung vol-
ume as well as parenchymal volume of lizards with uni-
cameral and transitional lungs and compared these data
with our own results (Fig. 10). Despite only few studies
having measured lung volume in lizards with sack-like
lungs (Table 5) a general trend can be identified. With
the exception of Gekko gecko, lung volume increases
more isometrically with body mass, since all intraspecific
slopes are close to 1.0, and the combination of all data
gives an interspecific regression of log,,V, =1.027.log-
M; - log,,0.8303, suggesting that lung volume in lizards
with unicameral and transitional lungs increases isomet-
rically with body mass and not as predicted by TENNEY
& TenNEY (1970) as Mp"". The regression obtained for
Gecko gecko, may indicate a different scaling relation-
ship in this species, but too few data are available and the
regression also shows a very poor fit, needing data over a
wider range of body masses to verify the results.
Parenchymal lung volume also increases isometri-
cally with body mass in /. iguana, Lacerta spp. and Tupi-
nambis nigropunctatus (Table 5, Fig. 10B), but not in
Gekko gecko, in the latter species probably due to the rea-
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sons mentioned before. Interestingly, combing the data
for the three species with unicameral lungs (Lacerta spp.,
T. nigropunctatus, and G. gecko results in a linear re-
gression with its slope not being significantly different
from the regression of the transitional type 1. iguana
lung, but the intercepts are significantly different (log-
10Vp=1.083.10gM; — log,,1.835 versus log,,V,=1.030.
logMj, —log,,1.389), just as could be expected from the
general morphology of these lungs, where respiratory ep-
ithelia in unicameral lungs are exclusively located on the
inner wall of the lung chambers, but in transitional lungs
few septa dissect the central lung lumen (PErry, 1998).

The present study suggests that lung volume and pa-
renchymal volume increase in a greater proportion than
the metabolic rate of /. iguana, which showed an allo-
metric exponent value equal to 0.73 (MAXWELL et al.,
2003). The body mass standardized V; showed an inverse
relationship, being greater in the smaller animals when
compared to the largest iguana. Similar results were ob-
served in Gekko gecko and Crocodylus niloticus (PERRY,
1994, 1988), indicating that animals of lower body mass
possess greater lung volumes per unit body mass. The
strong correlation found between parenchymal volume
and body mass in /. iguana, increasing parenchymal den-
sity with increasing body size, was caused by a greater
internal compartmentalization of the lungs, as indicated
by the increasing densities of the faveoli and the inter-
faveolar septa (Table 3).

The volume density of trabeculae indicates a reduc-
tion throughout the body mass increase (Table 3). How-
ever, it was observed that the smaller specimens (0.020
and 0.026 kg, respectively) showed a lower density in in-
terfaveolar septa, and may have contributed to the greater
values of trabecular density found when compared to ani-
mals with larger body mass. The trabeculaec were com-
posed of 70% smooth muscle and 18.2% capillaries. The
percentages of smooth muscle and capillaries are 75.9%
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Fig. 10. Log-transformed values of (A) lung volume (V) as function of body mass (My) obtained in the present study (/guana iguana;
@), or extracted from Cragg (1975) (Lacerta spp.; V), Klein et al. (2003) (Salvator (Tupinambis) merianae; A), W. Klein (unpublished)
(Ameiva ameiva; ), Perry (1983) (Tupinambis nigropunctatus; &), Perry et al. (1994) (Gekko gecko; [J), and Tenney and Tenney (1970)
(Crotaphytus collaris, Iguana iguana, Scleroporus poinsettia; O). The line represents the linear regression of all data points combined,

given by the formula: log,,V, =1.027.log,,M—0.8303. Log-transformed values of (B) parenchymal volume (V,;) in function of body mass
(M) obtained in the present study (Iguana iguana; @), or extracted from Cragg (1975) (Lacerta viridis; \/), Perry (1983) (Tupinambis
nigropunctatus; 2\), and Perry et al. (1994) (Gekko gecko; [)). The intraspecific regressions are given in Table 5.

and 5.1% in Tupinambis nigropunctatus, respectively, and
in Varanus exanthematicus on average 54% and 16%,
respectively (PErry, 1983).

The higher bulk density of capillaries, type I and type
IT pneumocytes in specimens of greater body mass is re-
lated to the greater amount of parenchyma, since these
components are within interfaveolar septa and the vol-
ume density of septa is shown ascending from smaller
individuals (0.020 kg to 0.026 kg) to the largest ones
(0.319 kg, 0.546 kg and 2.4 kg) (Table 3). This is the first
study to determine the volume density of type I and type
I pneumocytes within respiratory epithelia of reptiles.
On average, the capillaries accounted for 52% of the total
volume of septa. Similar values (70%) were found for
Gekko gecko, a species with unicameral lungs and double
standard capillarity (PERrY, 1994). Since the thickness of
the blood-air diffusion barrier in /. iguana and other rep-
tiles was found to be similar (Table 4), it is reasonable
to assume the occurrence of structural conservation of
the pulmonary epithelium allowing gas exchange. Thus,
in I iguana, like in other reptiles, the diffusion barrier
seems to be as thin as possible without prejudice to its
mechanical stability, and in order to favor gas exchange.
However, in a recent study GiLLooLY ef al. (2016) found
no correlation between barrier thickness and body mass
in ectothermic vertebrates.

1 iguana, as well as other vertebrates, meet their meta-
bolic demands for locomotion mainly through aerobic me-
tabolism (MoOBERLY, 1968), which comprises a series of co-
ordinated steps constituting the oxygen cascade (FARMER
& Hicks, 2000). According to these authors, restrictions
on certain points of the cascade can significantly affect gas
exchange. WANG et al. (1997) found a decrease in pulmo-
nary ventilation and oxygen extraction in /. iguana with
the progressive increase in locomotor activity, attributing
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this to a mechanical constraint caused by the simultane-
ous occurrence of costal ventilation and mobility (Car-
RIER, 1987). The lateral undulations of the body reduce the
effectiveness of the costal breathing movements because
the intercostal muscles are also used in body movement
during locomotion, contracting alternately and not simul-
taneously, as required during ventilation. FARMER & Hicks
(2000) found that both ventilatory air flow and pulmonary
blood flow are affected in /. iguana by increasing locomo-
tor activity. Ventilation is reduced due to muscular restric-
tions and blood flow due to pressure increases in the trunk,
causing constriction of blood vessels. Thus, 1. iguana is
unable to expand its locomotor activity associated with
adequate ventilation (FRAPPELL ef al., 2002).

With increasing body mass there is a reduction in lung
volume per unit of body mass, whereas the parenchymal
volume remains constant. This indicates that neonate
and juvenile animals have relatively larger lungs per unit
body mass than adults, although they show the same pro-
portion of parenchyma, potentiating a greater metabolic
rate. These inferences are supported by activity pattern
found in this species. SwansoN (1950) and HENDERSON
(1974) found that juvenile /. iguana are seen predomi-
nantly foraging on the ground and have greater metabolic
rates than adults (TROYER, 1984) and, thus could possess
a greater metabolic scope when compared to adults.

Conclusions

In conclusion, I. iguana possess lungs that bring together
characteristics considered simple for gas exchange, but
are functionally well adapted to the metabolic demands
of the species. The functional morphology of the lungs
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in 1. iguana seems to play an important role to meet the
metabolic demands, influencing the lifestyle dependent
on different body masses. The simple pulmonary struc-
ture and potential restrictions between the joint occur-
rence of locomotion and respiration can be decisive in
the adoption of high or low activity pattern, associated
with different body masses and their respective niches.
Our data, as well as other literature data, suggest that
lung volume scales proportionally to body mass, and
thereby significantly different from the pattern described
previously for reptiles, recommending further analysis
of scaling relationships of respiratory system variables
among reptiles.
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