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morphological data on the glomerulus are required to
generate a valid model of the glomerular microcircula-
tion. Generating a mathematical model of a glomerulus
can help in explaining many experimental data. Histo-
logical results, e.g., those yielding reconstructions of
serial sections, are inherently less accurate due to
shrinkage and compression by sectioning than analyses
based on microcorrosion casts.

Microcorrosion casting using acrylic resins and the
scanning electron microscope (SEM) was initially devel-
oped to investigate the renal vascular system of the rat
(Murakami, 1971). Subsequently, a notable number of
studies applied this technique in morphological studies
on the kidney in other vertebrates and in investigations
on renal pathology and pharmacological processes (for
reviews see Ditrich and Splechtna, 1990; Lamet-
schwandtner et al., 1990; Konerding, 1991).

The vascular system can be regarded as the key
determinant of renal structure and function in snakes and
other reptiles. Anacondas live under semi-aquatic condi-
tions, and thus have mainly the problem of removal of
excess water from the body, while the Ball python lives
in an arid, although not desert biotope, that requires
water conservation. This study was carried out to com-
pare the renal anatomy of these two snake species from
the boidae family, adapted to different environmental
conditions. It may help in understanding the specific
constructional principles underlying the structure-func-
tion relationship when coping with differing habitats.

Material and Methods

A total of 16 juvenile specimens of the anaconda
(Eunectes noteus, approximately 250 g - 500 g body
weight) and the Ball python (Python regius; Squamata -
Serpentes; approximately 1000 g - 1560 g body weight)
were used in this study in conformity with the relevant
legal regulations. The animals were obtained from a
commercial pet shop and kept in the laboratory for one
to two weeks before the preparation. The conditions for
keeping the animals were adapted to the biological
requirements of the species (i.e., aquatic for anacondas
and terrestrial for pythons, temperature, diet, etc.).

The animals were injected with 0.3-0.5 ml heparin
(5000 1.E., Novo Ind., Vienna, Austria) and anaesthe-
tized with a terminal dose of sodium-pentobarbital (10
mg 1.p./100 g body weight; Nebutal, Serva, Heidelberg,
Germany).

The animals were then perfused with buffered saline
(pH 7.3; 300 mOsm; 22°C; flow approximately 25-35
ml/min) using a peristaltic laboratory pump (PA-SF2,
IKA, Staufen, Germany) with a polyethylene-catheter
tied into the left aortic arch. The right aortic arch was
clamped. The sinus venosus was opened to allow drain-
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age of the blood and saline. The exposed vessels, espe-
cially near the liver, were monitored with a light micro-
scope during perfusion and injection to assure a natural
filling-state of the vessels (i.e., no excessive dilation or
collapse). Nine animals (four pythons and five anacon-
das) were injected supravitally with Mercox® (Japanese
Vilene Co., Tokyo, Japan) diluted with 25% methyl-
methacrylate using a mechanical press and further
processed as described previously (Ditrich and
Splechtna, 1986, 1987b). The amount of hardener-cata-
lyst was reduced to approximately 1 vol% of the resin-
mixture to prolong injection time up to approximately 15
minutes.

Seven other animals (four pythons and three ana-
condas) were perfusion-fixed for ten minutes with 2%
formaldehyde and 0.5% glutardialdehyde in the same
saline used for flushing. These specimens were quickly
dissected; the kidneys were cut into 5 mm blocks,
postfixed in the same fixative (4°C, 12 hours), dehy-
drated with graded ethanol and either transferred into
acetone and critical-point (CP) dried for scanning elec-
tron microscopy or postfixed in 1% OsO,4 and embedded
in Epon (Bal-Tec, Balzers, Liechtenstein) for standard
light (LM) and transmission electron microscopy (TEM).
One perfusion-fixed python was injected with the diluted
Mercox unilaterally from the ureter in order to inject the
renal tubular system.

Corrosion cast preparations were validated with light
microscopy for completeness of filling, frozen in dis-
tilled water, cut and air dried. Measurements were car-
ried out either with the line-width system on the micro-
scope directly (SEM) or on photographic prints (LM,
TEM). A stereological 168-point multipurpose test grid
(Weibel, 1973) was used to estimate the relative struc-
tural densities in sections. Numerical data were evalu-
ated with basic statistical methods (standard deviation,
Student’s t-test).

Results

General anatomy

The kidney of snakes shows adaptations to the
elongated body shape. One of the two kidneys, normal-
ly the right, is shifted cranially in relation to the other.
The dorsal surface of the kidney shows pronounced
sculpturing. These ripples represent the fan-like renal
lobes that are roughly serially arranged.

Arterial supply is derived from a renal artery that
branches from the aorta in a short distance anterior to
the respective kidney. This artery branches further to
supply the intralobular arteries.

A single, large renal efferent vein drains the blood
from each kidney. It fuses shortly after the cranial end
of the anterior kidney with the renal efferent vein from
















Comparison of snake kidneys

Table 2. Comparison of renal components (vol %),
measured from semithin sections with a stereologic test
grid.

Python Anaconda
Renal Tubules” 61.55 51.65
Blood Vessels” 13.84 24.34
Interstitium 20.80 19.97
Capsular Lumen 1.46 0.99
Glomeruli 2.35 3.04

*Significantly different (p < 0.001).

glomeruli consisting of only one or two capillaries have
not been found. Also, the structure of tubular compo-
nents is quite similar to T. sirtalis. The proximal tubu-
lar cells of the latter also contain "dense bodies" (Peck
and McMillan, 1979a), i.e., osmiophilic vesicles that
may be secondary lysosomes. In the distal tubule, no
apparent sexual dimorphism was found (compare Bis-
hop, 1959). However, the animals used in this study
were either juvenile or probably not in a reproductive
phase. The lateral convolution (interdigitating lateral
cellular membrane folds) described by Peek and
McMillan (1979a) in the garter snake and by Schmidt-
Nielsen and Davis (1968) in other reptiles were present,
but not strongly developed in the two investigated spe-
cies. Mucus secretion is commonly found in the renal
tubule of uricotelic reptiles (e.g., Davis et al., 1976) and
may be required for the transport of uric acid precipi-
tates. Thus, numerous apparently secretory cells can be
found in the distal tubule and connecting ducts of the
two snakes studied here.

A mathematical model of a glomerulus helps
explain physiological data and allows the deduction of
numerous rheological parameters. Due to its relatively
simple morphology (Peek and McMillan, 1979b) such a
model has been developed for the glomerulus of the gar-
ter snake (Papenfuss et al., 1992). To obtain such a
model for, e.g., mammalian glomeruli would be difficult
because of the complicate angioarchitecture. In reptiles
and birds, however, the pertinent mathematical models
can be applied, avoiding many of the generalizations in-
herent in a more complicated system. Reconstructions
of serial sections are less accurate due to shrinkage and
compression by sectioning than analyses based on micro-
corrosion casts. Therefore, as detailed morphological
data on the glomerulus are required to generate a valid
model of the microcirculation, such measurements can
probably be best obtained from microcorrosion casts.

The physiologic capacity of shifting the relative
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proportions of nitrogenous waste products (ammonia,
urea, uric acid) in accord with the environmental param-
eters allows precise accommodation of a species (in
some cases, also of an individual) to the water supply
(Dantzler and Schmidt-Nielsen, 1966; King and Gold-
stein, 1985; Schmidt-Nielsen, 1988). This physiologic
capacity is supplemented with corresponding develop-
ment of the renal structures. The portal venous system
of the sauropsidian kidney is of crucial importance in the
adaptation to arid biotopes as it is the main pathway for
uric acid excretion (Perschmann, 1956; see also Sykes,
1971). This nitrogenous waste product requires only
little water for its removal and is mainly transported via
proximal tubular secretion (Dantzler and Schmidt-
Nielsen, 1966; Dantzler, 1982a; King and Goldstein,
1985). Glomerular filtration, on the other hand, is the
main pathway for the removal of water from the body.
However, single glomerular size was regarded as a key
parameter for renal function in relation to the habitat’s
water supply (Marshall and Smith, 1930; Marshall,
1934). Instead, numerous studies indicate that regula-
tion of the glomerular filtration rate plays a key role in
renal water management (Dantzler and Schmidt-Nielsen,
1966; Dantzler, 1982b; Yokota er al., 1985; Schoudt-
Nielsen, 1988).

Caution is required when generalizing results
derived from animals bred in captivity. However, disre-
garding detailed structural and physiological differences
in the excretory system of the two species, it can be
assumed that structures required for filtration and secre-
tion of water (glomeruli, peritubular capillaries) are
more developed in anacondas, while the renal tubules
that are, among other functions, required for excretion
of uric acid and resorptive processes, are relatively more
developed in the Ball python.

From our previous studies (Ditrich and Splechtna,
1986, 1987a,b, 1990, 1992, 1994; Guo et al., 1996) and
from literature data (Bishop, 1959; Anderson, 1960;
Davis et al., 1976; Peck and McMillan, 1979b; O’Shea
et al., 1993; see also Fox, 1977) it may be concluded
that non-mammalians predominantly coping with dry en-
vironments have comparatively larger, well vascularized
glomeruli in a lower number per kidney volume. The
tubular areas responsible for reabsorption as well as
secretion of uric acid are well developed. Those ani-
mals that mainly have to remove water from their body
fluids have comparatively smaller, but more glomeruli.
Although obviously more studies are required to substan-
tiate this hypothesis, comparative data on birds, turtles,
lizards and also an urodelan amphibian (Ditrich and
Splechtna, 1986, 1987a,b, 1992, 1994; Guo et al.,
1996) are in favor of this interpretation.

Several mechanisms (such as amnion, egg-shells, or
strong epidermal keratinization) contribute to the capa-
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bility of reptiles to inhabit a large variety of biotopes
ranging from fresh water to extreme deserts and the sea.
Comparisons of relatively closely related species may
help in a better understanding of the pertinent adapta-
tions involved.
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Discussion with Reviewers

A. Castenholz: In the Discussion, you point out that
normally the corrosion casts used in your study do not
possess any extraluminal structures possibly produced by
diluted resin. In Figure 3, however, a lacuneous chan-
nel system is shown, which fills the glomerular core and
is not supplied by blood capillaries. How can you ex-
plain this phenomenon, neglecting the fact that these
structures are caused by an extravasation of resin?

M. Konerding: How can you be sure that these "lacu-
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neous channels" are not artifacts?

Author: These structures appear constantly in the glom-
erular core in both of the species investigated here. It
was also found in other reptiles (e.g., Ditrich and
Splechtna, 1985, 1994). In other areas of the casts,
similar structures were never found. The glomerular
basement membrane is continuous with the mesangial
matrix at the mesangial side of a glomerular capillary.
Matrix gaps in this area allow blood-plasma and macro-
molecular substances to penetrate into the glomerular
core (e.g., Jones er al., 1962). Thus, it may be as-
sumed that these structures are existing matrix channels
filled with casting resin and not artifacts. However, it
is true that these are extraluminal structures, as they are
not lined with endothelial cells.

A. Castenholz: In the Discussion, a short remark was
made with respect to the sexual dimorphism related to
the distal renal tubules. In Materials and Methods,
statements of the sexes of the animals of the species
examined were not made. Did you evaluate the tissue
specimens under the aspect of sexual differentiation?
What kind of structural differentiation one can expect in
adult snakes of both sexes?

Author: Male and female snakes were studied, how-
ever, as the species were juvenile, no sexual dimorphism
was expected. The tubular differentiation in males was
not seen in the LM or TEM preparations. Additionally,
the reproductive cycle of tropical snakes probably could
not have been simulated under the laboratory conditions
used for keeping the animals. The cyclic secretory
activity of parts of the distal tubules of males (sex
segment, see Fox, 1977) is probably also more pro-
nounced in species with a distinct seasonally influenced
ethology like the garter snake.

A. Lametschwandtner: You mention that branching of
the afferent (glomerular) arterioles was rare. Is it cor-
rect to conclude that the short afferent arterioles each
supply one glomerulus only and that this holds for both
species investigated?

Author: This is true in most of the observed cases. If
branching of the glomerular afferent vessel is present,
this leads to two independent glomeruli, thus double
afferent glomerular vessels have not been found.

Reviewer I: The author mentions that only a Lamina
rara interna was found in the basal lamina of the glomer-
ular filtration membrane (no Lamina rara externa was
present). Recent studies (for references, see Casotti and
Braun, 1996) have shown that the three layers of the
Lamina densa are the result of artifact due to rapid
dehydration during processing of the tissue for electron
microscopy. Hence, Figure 5 and the associated discus-
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sion of this finding should be removed from the paper.
Author: There are indications that the trilaminar struc-
ture of the glomerular basement membrane (Lamina rara
externa, Lamina densa and Lamina rara interna) may
indeed be an artifact. Especially methods involving
quick freezing of the tissue tend to support this con-
clusion (e.g., Reale and Luciano, 1990). However,
these layers form reproducibly in all vertebrates (com-
pare, e.g., Decker and Reale, 1991; Melman er al.,
1991) using conventional TEM processing. As this
problem seems still controversial in the literature and
was not specifically targeted in the present study, only
findings based on the applied methods are presented.

M. Konerding: Obviously there are many extravasates
in Figure 9. How do you explain this high amount?
Reviewer I: The author should mention the structures
surrounding the tubular lumen in his legend of the
micrograph (Fig. 9). It seems almost as if the peri-
tubular capillaries have been filled as well.

Author: The interpretation of tubular casts seems criti-
cal in this respect. However, when compared to recon-
structions of serial sections and isolated tubular prepa-
rations, the general form of the casts seems equivalent.
Measurements of length, thickness, etc., of tubular casts
have not been attempted in this study due to a lack of
experience.

Reviewer I: The use of juvenile specimens is a con-
cern. What is the meaning of juveniles in this instance?
Does the word juvenile refer to the fact that the animals
were not sexually mature? If so, then were the animals
old enough so that the kidneys were past the stage of
further development?

Author: "Juvenile” is used in the sense of sexually
immature. As snakes (and other reptiles) grow perma-
nently, developing glomeruli can be expected for their
entire life, although in a diminishing quantity. Thus, it
can only be assumed that the majority of the glomeruli
measured in this study were in a fully developed state,
and a small proportion was still growing.

Reviewer I: The author states that "Corrosion cast
preparations were validated with light microscopy for
completeness of filling..." By this, I presume that the
author compared measurements between the corrosion
cast preparations with that from the light histology to
ensure complete filling of the corrosion casts.

Author: The casts were inspected in a (stereo-) light
microscope in order to identify crude artifacts like
extravasates or incompleteness of filling in order to ex-
clude such preparations before SEM. Details like round
ended vessels or microdroplet-like extravasates, how-
ever, can be only identified in SEM.
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