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ABSTRACT This study deals with the morphology and
ultrastructure of the mesonephros in adult caecilians of
the species Geotrypetes seraphini. Based on serial sections
in paraffin and araldite, nephrons are reconstructed and
the cellular characteristics of different nephron segments
described. The long and slender mesonephric kidneys of G.
seraphini are broadest caudally and taper toward the
front, where the organs are divided into smaller segmen-
tal divisions. Two nephron types can be distinguished on
the basis of their connections to the coelom and their
position within the nephric tissue: ventral nephrons con-
nect to the coelom via a ciliated peritoneal funnel, whereas
medial nephrons lack this connection. Both nephron types
are composed of a filtration unit, the Malpighian corpus-
cle, and a renal tubule, which can be divided into six
morphologically distinct segments: neck segment, proxi-
mal tubule, intermediate segment, early distal tubule,
late distal tubule, and collecting tubule. Collecting tubules
merge and form a branch system that opens into collecting
ducts. Collecting ducts empty into the Wolffian duct. Prox-
imal tubules of nephrons in the frontal divisions are mor-
phologically different from the proximal tubules of more
caudal kidney regions. Distal tubule subdivision is only
clearly recognizable at the electron microscopic level. The
length of each nephron segment is calculated from a ven-
tral nephron with a total length of ~3.8 mm, and the
course of the segments within the nephric tissue is re-
ported. The number of nephrons was estimated at 1,700
units in each kidney. The segmentation and ultrastruc-
ture of the mesonephric nephrons in G. seraphini are
discussed in relation to nephron descriptions from other
caecilians and we further discuss the evolutionary origin
of the amphibian nephron. J. Morphol. 262:583—-607,
2004. © 2004 Wiley-Liss, Inc.
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During vertebrate ontogenesis three different kid-
ney forms appear, i.e., the pronephros, mesone-
phros, and metanephros. Each of these kidneys is
paired and is located on the roof of the body cavity,
ventrally covered by the cavity’s epithelium. Al-
though the kidney forms differ in overall organiza-
tion and complexity, they all have the nephron as
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the basic structural and functional unit (Goodrich,
1958; Saxén, 1987).

Within the amphibian life cycle two kidney forms
are present and functional (for recent summaries,
see Vize et al., 1997; Mgbjerg et al., 2000; Vize,
2003). The amphibian kidney systems, pronephroi of
larvae and mesonephroi of both larvae and adults,
are important organs for excretion and osmoregula-
tion. The amphibian pronephros resembles to a high
degree the metanephridial system of invertebrates,
whereas the mesonephros is more complicated and
forms a link between these systems and the more
specialized metanephric kidneys of amniotes. The
amphibian kidney therefore provides the opportu-
nity to study very different levels of kidney complex-
ity and amphibian kidney systems have been essen-
tial to the understanding of vertebrate kidney
development, as well as nephron function (see, e.g.,
reviews by Guggino et al., 1988; Dietl and Stanton,
1993; Vize et al., 1997; Brindli, 1999; Drummond
and Majumdar, 2003; Schultheiss et al., 2003; Vize
et al., 2003).

The kidney of caecilian amphibians is often
viewed as being almost representative of the ances-
tral vertebrate kidney, and studies of caecilian kid-
neys are therefore often used in discussions on ver-
tebrate kidney evolution. However, detailed recent
studies of caecilian kidneys are sparse.

The gross morphology of the mesonephros in the
caecilians, as studied so far, is very similar to that of
other amphibians and it has a mesonephric segmen-
tal form (see discussions by Wake, 1970; Sakai and
Kawahara 1983; Sakai et al., 1986). Wake (1970)
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summarizes the gross kidney morphology and gives
dimensional data on the filtration unit and renal
tubules of different caecilian species. Little is known
of the morphology and ultrastructure of the nephron
in different caecilian genera. Welsch and Storch
(1973) gave an ultrastructural account of the
nephron in Ichthyophis kohtaoensis without focus-
ing on overall nephron structure. Carvalho and Jun-
queira (1999) present light microscopical data on the
histology of the kidney and urinary bladder of Si-
phonops annulatus. A thorough structural study has
been conducted on the kidney of the Neotropical
caecilian Typhlonectes compressicauda (see Sakai et
al., 1986, 1988a, b). However, this species is a highly
derived, secondarily aquatic form with a nephron
that is unlikely to be representative of the ancestral
caecilian nephron (Wilkinson and Nussbaum, 1999).
In understanding the caecilian nephron and its re-
lationships to that of other amphibians we therefore
need to appreciate diversity within caecilians.

Here we present the morphology and ultrastruc-
ture of the kidney in adults of the West African
caecilian Geotrypetes seraphini, a terrestrial caeci-
liid caecilian. Geotrypetes and Typhlonectes are
members of a clade of “higher” caecilians that in-
cludes the Caeciliidae, Typhlonectidae, and Scoleco-
morphidae, but are otherwise not closely related
(Wilkinson, 1997; Wilkinson et al., 2003). This is the
first thorough study of the mesonephric nephron in a
terrestrial caecilian. The analysis is conducted with
the aid of light and electron microscopy on serial
kidney sections. On this basis, nephrons are recon-
structed and the cellular characteristics of different
nephron segments are described. Emphasis is placed
on the nephron’s connection to the coelom and on
differences in nephron segmentation along the cau-
dofrontal axis of the kidney. We compare nephron
structure in G. seraphini with the structure of
nephrons in other amphibians and caecilians in par-
ticular, and we discuss the evolutionary origin of the
amphibian nephron.

MATERIALS AND METHODS

Three specimens of Geotrypetes seraphini (A. Duméril, 1859),
said to be from Cameroon, were obtained commercially. The spec-
imens, referred to as Specimens 1-3, are deposited in the collec-
tions of the Zoological Department, The Natural History Mu-
seum, London, UK (reg. nos. BMNH 2000.226-2000.228).

Only female caecilians were used in the present study, as they
lack the connections between kidney and gonadial systems—the
urogenital connections—which in males may imply modifications
of nephrons used in sperm transport. The cytology of the nephron
and the urogenital connections in male Geotrypetes seraphini will
be reported in a later study (Mgbjerg, Jespersen, Wilkinson, in
prep.). Prior to fixation, Specimen 1, with a body length of 16.0 cm
and a kidney length of 8 cm, and Specimen 2, with a body length
of 19.5 cm and a kidney length of 9 cm, were kept under terres-
trial conditions in moist soil with access to tap water and are
referred to as the terrestrial specimens. In these specimens the
lumen of the kidney tubules was often collapsed. Amphibians
kept in a freshwater environment produce copious and very dilute
urine. Out of water, however, glomerular filtration may cease
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altogether and this would lead to a collapse of the renal tubule.
Specimen 3, with a body length of 21.0 cm and a kidney length of
10 cm, was therefore kept overnight in tap water before preser-
vation for the histological examination and is referred to as the
aquatic specimen.

Animals were anesthetized by immersion in tap water contain-
ing MS222 and were subsequently decapitated. After opening the
body cavity, the internal organs were perfused through the ven-
tricle or aorta with an aldehyde fixative composed of 1.2% glutar-
aldehyde, 1.0% paraformaldehyde, 0.05 mol/l sodium cacodylate
buffer, 0.05 mol/l sucrose, pH 7.4. To ensure that the kidney
tissue was fully embedded in fixative, a second perfusion through
the vena cava was performed in Specimens 1 and 3. Whole ani-
mals were subsequently left in fixative overnight, ensuring that
the kidneys were fully exposed to the solution. Specimens were
rinsed in a 0.05 mol/l sodium cacodylate buffer, pH 7.4 containing
0.05 mol/l sucrose and transferred to the buffer for storage. Small
pieces of kidney were removed and either dehydrated through
ethanol and tetrahydrofuran and embedded in paraffin or post-
fixed in 1% OsO, in 0.1 mol/l sodium cacodylate buffer for 1 h,
dehydrated in ethanol and propylene oxide, and embedded in
araldite. Paraffin sections, 8 wm thick, were stained with hema-
toxylin-eosin; 2-um araldite sections were stained with toluidine
blue. Semithin sections were examined using a light microscope.
Ultrathin araldite sections were contrasted with uranyl acetate
and lead citrate and examined in Jeol 100SX and Jeol 1010
transmission electron microscopes (TEM).

Semithin serial sections of the araldite- and the paraffin-
embedded kidney tissue were used for reconstructions of
nephrons. The reconstructions were performed using a light mi-
croscope to trace the course of the nephron segments in successive
sections. The 3D reconstruction presented in Figure 5 is based on
serial araldite sections from the frontal region of the left kidney in
Specimen 1 (Figs. 1, 2). The nephron was reconstructed by pro-
jecting the contours of the different segments from consecutive
sections onto paper and thereby creating a 3D illustration. The
artistic representation of the reconstruction was later prepared
by a professional illustrator. The araldite section series contained
both semithin and ultrathin sections, enabling us to determine
the precise cytology by TEM of the nephron segments identified
under the light microscope. Figures 3 and 17 were made in
CorelDraw 10 (Corel, Canada). Summary data are given as
mean = SEM. In measurements on Malpighian corpuscle size, n
equals the number of measured corpuscles.

RESULTS
General Kidney Morphology (Figs. 1-4)

The mesonephric kidneys of Geotrypetes seraphini
are long, slender organs located retroperitoneally on
either side of the aorta and vena cava (Figs. 1, 2).
The kidney is broadest caudally and tapers toward
the front. In the frontal region it is characterized by
segmental constrictions, which divide the organ into
smaller divisions, each composed of a cluster of
nephrons (Figs. 1, 2). Caudally, the kidney almost
reaches the anterior part of the cloaca. Ovaries are
situated in the mesovarium along the medial side of
the middle part of the kidney (Fig. 2). Fat bodies are
located alongside the ovaries in the same mesentary
and extend all the way to the caudal part of the
kidney (Fig. 2). The renal portal vein and the Wolf-
fian duct (ureter) run along the lateral side of the
kidney. The Wolffian duct extends from the first
renal segment along the entire length of the kidney
and finally leaves the lateral edges and opens into
the dorsal wall of the cloaca just anterior to the
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Fig. 1. A kidney dissected from Geotrypetes seraphini (Speci-
men 1). LM. A: Dorsal view of the dissected kidney. The meso-
nephric kidneys are long, slender organs located on either side of
the aorta and vena cava. Fat bodies located alongside the kidney
have been partially removed (compare with Fig. 2). The kidneys
are broadest caudally and taper toward the front. B: The frontal
region is characterized by segmental constrictions, which divide
the organ into smaller divisions. C: Magnification of caudal re-
gion of the kidneys. Note the ramifications of the laterally situ-
ated renal portal veins spreading dorsally. Scale bar = 5 mm (A).

opening of the ventrally located urinary bladder
(Fig. 2).

Reconstructions of the structural and functional
unit of the kidney, the nephron, were made from
serial transverse and longitudinal sections. The
nephron is composed of a filtration unit, the Mal-
pighian corpuscle, and a renal tubule, which can be
divided into six morphologically distinct segments:
neck segment, proximal tubule, intermediate seg-
ment, early distal tubule, late distal tubule, and
collecting tubule (Fig. 3). Collecting tubules merge
and form a branch system that opens into dorsolat-
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erally located collecting ducts, which empty into the
Wolffian duct.

In the Geotrypetes kidney we found two types of
nephrons—in ventral nephrons the Malpighian cor-
puscles are situated along the ventral surface of the
kidney and in medial nephrons the Malpighian cor-
puscles are located more dorsally along the medial
axes of the kidney. From the ventral surface of the
kidney, peritoneal funnels connect to the neck seg-
ment of ventral nephrons through a ciliated tubule
(Fig. 3). The ciliated tubules are very narrow at their
distal ends, in some instances only composed of two
cells with a height of less than 2 um and no visible
lumen. The funnels often appear in pairs, each con-
necting to one or two ventral nephrons. Medial
nephrons lack this connection to the coelom (Fig. 3),
and in the midfrontal to caudal part of the kidney
these nephrons have larger Malpighian corpuscles
and clearer distal tubule segmentation (see below).
In the frontal region of the kidney large ventral
Malpighian corpuscles are found. In medial
nephrons a ciliated tubule also leaves the neck seg-
ment, but the tubule ends blindly or connects to an
internal blind funnel often linking 3—4 Malpighian
corpuscles (Fig. 3). The total number of nephrons
was estimated by counting the number of filtration
units in araldite and paraffin sections of different
regions of the left kidney from Specimen 1. In this
specimen the number of nephrons was estimated at
1,700 units in each kidney.

When viewed in transverse sections the kidney
can be divided into a ventromedial zone and a dor-
solateral zone (Fig. 4). The ventromedial zone is
characterized by the presence of Malpighian corpus-
cles, distal tubules, and peritoneal funnels with
their ciliated tubules along with the neck and inter-
mediate segments of ventral nephrons. The dorso-
lateral zone is dominated by the presence of proxi-
mal tubules and tubules of the collecting duct
system. From longitudinal sections it is clear that
within these two zones there are differences in the
distribution of the different segments along the cau-
dofrontal axes. In the ventromedial zone the Mal-
pighian corpuscles of both ventral and medial
nephrons group together in clusters associated with
the neck segments, the peritoneal funnels and cili-
ated tubules of ventral nephrons. This is also true
for the tubules of the collecting duct system in the
dorsomedial zone. The collecting tubules of a cluster
of nephrons open into the branch system at approx-
imately the same point, leaving the space between
such branching points to be filled mostly by proximal
tubules. Malpighian corpuscle clusters start with
one or two ventral corpuscles situated caudal to a
cluster of medial corpuscles. The number of the lat-
ter depends on the kidney region with more
nephrons found in cross sections of the broader cau-
dal part of the kidney.

Blood enters the kidney from two points, the renal
portal veins and the renal arteries. Blood flows



586

Muillerian duct - j

Fat body

LTl

R

i . £

Cloaca

N. M@BJERG ET AL.

Mesonephros

Urinary
bladder

through the kidney in a dorsolateral-ventromedial
direction. Ramifications of the laterally situated re-
nal portal vein spread dorsally and create the peri-
tubular capillary system surrounding the nephrons.
Renal arteries, which supply the afferent arterioles,
branch from the aorta, and enter the kidney from
the medial margin. Each Malpighian corpuscle re-
ceives one afferent arteriole and a single efferent
arteriole leaves the filtration unit. The afferent ar-
terioles of both ventral and medial nephrons enter
the Malpighian corpuscles medially. In medial
nephrons the efferent arterioles exit at approxi-
mately the same point, while efferent arterioles of
ventral nephrons often leave the corpuscles more
dorsally. In ventral nephrons the efferent arterioles
often have a smaller diameter than the afferent
arteriole, while there are no differences in medial
nephron arteriolar size. Efferent arterioles of both
nephron types run along the dorsal surface of the
Malpighian corpuscle in a lateral direction and
empty into peritubular capillaries. Blood leaves the
kidney through efferent veins entering the vena
cava from the medial margin (Fig. 4).

Nephron Structure (Figs. 2, 5, 6)

Unless otherwise noted, the following description
and measurements are based on a reconstruction of
a ventral nephron from the midfrontal part of the
left kidney just anterior to the region of the ovaries
from Specimen 1 (Fig. 5). The kidney of this speci-
men was 8 cm long and had a caudal height of 0.5
mm and width of 1 mm, with decreasing width to-
ward the front (see Fig. 2). In this region of the
kidney approximately one-third of the nephrons are
ventral nephrons. The total length of the recon-
structed nephron was measured as ~3.8 mm. In this
terrestrial specimen the lumina of many of the renal
tubules were collapsed and this is reflected in a low
outer diameter, especially of proximal tubules and
tubules of the collecting duct system.

The Malpighian corpuscle is situated on the ven-
tral border of the kidney in the ventromedial zone
and measures 95 X 60 pum, when viewed from me-
diolateral and dorsoventral margins, respectively.
The afferent arteriole enters the corpuscle medially,
while the smaller efferent arteriole leaves the cor-
puscle more dorsally (Fig. 5A). This corpuscle is
relatively small when compared to the corpuscles of
the surrounding medial nephrons. The maximal size
of the corpuscle in medial nephrons from the same
region as the reconstructed ventral nephron ranged
between 110 X 70 pm and 100 X 80 pm. The aver-
age height of the Malpighian corpuscles was 102 = 2
pm (n = 7) and the average width was 71 = 4 pm
(n = 5). In the segmental divisions of the most fron-

Fig. 2. Graphic representation of the urogenital system in
female Geotrypetes seraphini.
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Fig. 3. Schematic representation of nephron types in the kidney of Geotrypetes seraphini. From the ventral surface of the kidney,
peritoneal funnels connect to the neck segment of ventral nephrons through a ciliated tubule. Medial nephrons lack this connection
to the coelom. In these nephrons a ciliated tubule also leaves the neck segment, but the tubule ends blindly or connects to an internal
blind funnel, often linking 3—-4 Malpighian corpuscles. Both ventral and medial nephrons are composed of a filtration unit, the
Malpighian corpuscle, and a renal tubule, which in the midfrontal to caudal part of the kidney can be divided into six morphologically
distinct segments: neck segment, proximal tubule, intermediate segment, early distal tubule, late distal tubule, and collecting tubule.
Collecting tubules merge and open into collecting ducts. Not shown: In ventral nephrons the efferent arterioles often have a smaller
diameter than the afferent arteriole, while there are no differences in medial nephron arteriolar size. In medial nephrons the efferent
arterioles exit at approximately the same point, creating a vascular pole, while efferent arterioles of ventral nephrons often leave the

corpuscles more dorsally.

tal part of the kidney, Malpighian corpuscles were
larger (Fig. 6B,C). In this region maximal dimen-
sions of 140 X 90 pm were recorded from a medial
nephron. In Specimen 3, which was kept under
aquatic conditions, much larger dimensions were
observed. From a region of the middle part of the left
kidney, just posterior to the ovaries, an average
height of 153 = 8 pm (n = 6) and a width of 97 = 2
pm (n = 6) were measured with the maximal dimen-
sion from a medial nephron of 180 X 100 pm.

A rather straight ciliated neck segment with an
outer diameter of 15-25 pm and a length of 300 pm
proceeds in a lateral direction from the urinary pole
of the Malpighian corpuscle and joins the proximal
tubule in the lateral part of the dorsolateral zone
(Fig. 5B). At a position on the neck segment 190 pm
from the urinary pole, a ciliated tubule, 110 pm
long, connects the nephron to the coelom through a
ciliated peritoneal funnel (Fig. 5A). This funnel has
a length of 130 pm and opening dimensions of 55 X
75 pm. The intensely convoluted proximal tubule is,
at 2,025 pm, the longest segment of the renal tubule
(Fig. 5C). The tubule’s outer diameter increases

from ~35 pm at the transition zone with the neck
segment to 40—55 pm. From the point of connection
with the neck segment the tubule runs in a dorsal
direction, where it undergoes considerable convolu-
tion. A somewhat straighter part connects these con-
volutions with another set of convolutions at the
level of the Malpighian corpuscle, and the proximal
tubule finally opens into a 340 pm long ciliated
intermediate segment in the ventromedial zone.
This straight segment has an outer diameter of
15-25 pm and it runs in a cranial direction and
toward the medial margin of the kidney where it
connects to an 870 pm long distal tubule. A gradual
increase in outer tubule diameter to 30-35 pm is
seen following emersion from the intermediate seg-
ment. Approximately half of the distal tubule length
is accounted for by a set of heavy convolutions in the
ventromedial zone. The distal tubule comes into
close contact with the filtration unit before it in-
creases in diameter to 35-40 um and leaves the
ventromedial zone and runs into the dorsolateral
zone where it turns and runs back. The distal tubule
makes another set of convolutions in the ventrome-
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Fig. 4. Geotrypetes seraphini. Transverse sections of the left
kidney from Specimen 3 at a level corresponding to the rear edge
of the ovaries (see Fig. 2). Araldite section, 2 pm, stained with
toluidine blue. LM. When viewed in transverse sections the kid-
ney can be divided into a ventromedial zone and a dorsolateral
zone. The ventromedial zone is characterized by the presence of
Malpighian corpuscles, distal tubules, and peritoneal funnels
with their ciliated tubules, along with the neck and intermediate
segments of ventral nephrons. The dorsolateral zone is dominated
by the presence of proximal tubules and tubules of the collecting
duct system. ct, collecting tubule; di, distal tubules; ev, efferent
renal vein; gl, glomerulus; px I, proximal tubule segment I; px II,
proximal tubule segment II; wd, Wolffian duct. Scale bar = 100
pm.

dial zone before merging with a 310 um long collect-
ing tubule. Toward the collecting tubule the outer
tubule diameter decreases to 1520 pm. The first set of
distal tubule convolutions clearly shows characteris-
tics of the amphibian early distal tubule (Fig. 5D). A
clear division into early and late segments is, however,
difficult in this ventral nephron, although the gradual
increase in outer tubule diameter in the second half of
the tubule is accompanied by a more rounded appear-
ance of the nuclei (Fig. 5E). From the junction with the
distal tubule in the ventromedial zone, the collecting
tubule (Fig. 5F) runs in a laterocaudal direction and
connects the nephron with the branches of the collect-
ing duct system. The collecting tubule has an outer
tubule diameter of 15-20 pm.

Malpighian Corpuscle (Figs. 3, 6, 7)

The following description of Malpighian corpuscle
ultrastructure is mainly based on ultrathin sections
from the aquatic specimen and from the frontal seg-
mental divisions of terrestrial specimens where Mal-
pighian corpuscle diameters were largest.

The Malpighian corpuscle is formed by two
structures—the vascular loops of the glomerulus
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and the capsule of Bowman surrounding the glomer-
ulus (Fig. 7A). The capsule of Bowman consists of a
visceral layer composed of podocytes, which encircle
the glomerular capillaries, and a thin parietal layer,
which is continuous with the epithelium of the renal
tubule. The space between the visceral and parietal
layers, the nephrocoel or urinary space, is continu-
ous with the lumen of the tubule (Fig. 6C).

The epithelium of the parietal layer is composed of
polygonally shaped squamous cells. The perikaryon
of these cells has a height of 2-3 um and bulges
slightly into the urinary space (Fig. 7B). A small
number of scattered microvilli covers the apical sur-
face of the cells and a single apical cilium is occa-
sionally seen (not shown). The cytoplasm moreover
contains the usual set of cell organelles. A number of
small vesicles are present beneath the apical cell
membrane (not shown).

The podocyte epithelium of the capsule’s visceral
layer consists of cell bodies containing the nucleus
and interdigitating cell processes that send out foot
processes (Fig. 7TA,C,D). These alternating foot pro-
cesses rest on the 0.2—0.6-pm thick basement mem-
brane and form narrow filtration slits, which are
bridged by diaphragms (Fig. 7C,D). Mitochondria
are present in the perinuclear area and in the cell
processes, along with microfilaments and microtu-
bules (Fig. 7C). The cytoplasm, moreover, contains a
Golgi complex, endoplasmic reticulum, polyribo-
somes, vesicles, lipid droplets, and a varying degree
of electron-dense granules. The podocytes are cov-
ered by a glycocalyx and exhibit microvilli.

The three-layered basement membrane consists of a
lamina lucida beneath the podocyte processes, a lam-
ina densa (basal lamina), and a lamina fibroreticularis
bordering the endothelium of the glomerular capillar-
ies. Lamina lucida and lamina densa together have a
constant thickness of 75—-85 nm (Fig. 7C,D).

The glomerular capillaries consist of an endothe-
lium with fenestrae of varying sizes (100-300 nm).
The endothelial cell bodies, containing nuclei, bulge
into the capillary lumen (Fig. 7D). A smaller number
of mesangial cells are found on the endothelial side
of the basement membrane (Fig. 7A). These cells
occasionally send out processes into the lamina fi-
broreticularis (Fig. 7C,D).

The filtration barrier is thus constituted by the
fenestrated endothelium of the glomerular capillar-
ies, the glomerular basement membrane, and the
foot processes of the podocytes. Primary urine is
formed by ultrafiltration of blood from the glomeru-
lar capillaries across this barrier and into the
nephrocoel. The area and permeability of the filtra-
tion barrier may be regulated by the presence of
cellular processes from the mesangial cells.

Renal Tubule (Figs. 2, 4, 6)

In the terrestrial specimens (Specimens 1 and 2)
the lumina of the renal tubules were often collapsed
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Fig. 5. Geotrypetes seraphini. Graphic reconstruction of a ventral nephron from the midfrontal region of the left kidney from the
16-cm long Specimen 1 (A). The nephron is viewed from its caudal edge. Up is lateral and down is medial. Dorsal is left and ventral
is right. A longitudinal section is shown of the neck segment (B) and transverse sections are shown of the proximal tubule segment
I (C), the early distal tubule (D), the late distal tubule (E) and the collecting tubule (F). The collecting tubule connects the nephron
with the branches of the collecting duct system, which finally open into the Wolffian duct.

(Fig. 6C-F). This was not the case for the aquatic
specimen (Specimen 3) in which the renal tubules
therefore have greater outer diameters (Figs. 4, 6A).
The greater diameters are most pronounced for the
proximal and collecting tubules. In Specimen 3,
proximal and collecting tubule outer diameters are

25-30% and 50-60% larger, ranging from 50-70
pm and 25-30 pm, respectively. In spite of the col-
lapsed lumens in Specimens 1 and 2, there are no
significant differences in renal tubule cell ultra-
structure between kidneys of animals kept either
terrestrially or aquatically. Sections from the seg-
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Fig. 6. Geotrypetes seraphini. Araldite sections, 2 pm, stained with toluidine blue. LM. A: Transverse section from the dorsolateral
zone of the left kidney from Specimen 3 showing proximal tubules and the Wolffian duct. B: Transverse section from frontal segmental
division of the left kidney from Specimen 1. The section is from the division shown in Figure 1B. Note the large Malpighian corpuscles
and the irregularity in size and shape of the proximal tubule cells. Insert: peritoneal funnel opening into the coelom (pf). To the left
of this funnel a blind funnel, which does not connect to the coelom, is seen. C-F: Transverse sections obtained from the left kidney of
Specimen 1 at the level of the ovaries. In the kidney regions caudal to the segmental divisions of this specimen the lumen of the renal
tubules was often collapsed. cl, ciliated tubule; ct, collecting tubule; di, distal tubule; gl, glomerulus; is, intermediate segment; mr,
mitochondria-rich cell; ns, neck segment; pf, peritoneal funnel; pr, principal cell; pv, peritubular vessel; px I, proximal tubule segment
I; px II, proximal tubule segment II; us, urinary space; wd, Wolffian duct. Scale bars = 50 pm (A), 100 pm (B), 50 pm (C), 25 pm (D,F).



Fig. 7. Geotrypetes seraphini. Malpighian corpuscle. TEM. A: Vascular loops of the glomerulus. B: Parietal cell. C,D: Filtration
barrier between the urinary and capillary space. bl, basal lamina; bm, basement membrane; ca, capillary space; co, collagen; dp,
diaphragms; ds, dense granules; en, endothelial cell; fe, fenestration; fp, foot process; me, mitochondria; me, mesangial cell; mf,
microfilaments; mt, microtubules; nu, nucleus; po, podocyte; rer, rough endoplasmic reticulum; us, urinary space; ve, vesicle. Scale

bars = 5 pm (A), 2 pm (B), 0.5 pm (C), and 1 pm (D).
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mental divisions of the most anterior part of the
kidney in Specimen 1 (Fig. 2), however, showed that
proximal tubule cytology in this frontal region of the
kidney differs from that in the more caudal regions
(Fig. 6B). In the following section, we describe the
ultrastructure of the different renal tubule seg-
ments based on sections from the three specimens.

Neck and Intermediate Segments (Figs. 3,
6C, 8)

Two ciliated segments are present in the renal
tubule, i.e., the neck segment and the intermediate
segment (Figs. 3, 6C). The neck segment is the first
part of the renal tubule and it is continuous with the
parietal layer of the renal corpuscle. It connects the
corpuscle with the proximal tubule, whereas the
intermediate segment connects the proximal and
distal tubules. The epithelium of these multiciliated
segments consists of 7-8 pm high cuboidal cells
with centrally located nuclei (Fig. 8). A few minute
microvilli cover the apical surface of the cells (Fig.
8A,C). The cilia have the conventional 9 + 2 micro-
tubular arrangement and the apical cytoplasm is
characterized by the presence of basal bodies, stri-
ated rootlets, and a terminal web (Fig. 8B,D). Many
mitochondria, together with other typical comple-
ments of cell organelles, are found in the cytoplasm.
The lateral cell membranes form interdigitating mi-
crovillar projections, whereas the basal cell mem-
branes lack infoldings (Fig. 8A,C).

Proximal Tubule (Figs. 1-3, 5, 6, 9-11)

An abrupt change in tubule diameter and cell
morphology characterizes the transition from the
neck segment to the following segment, the proximal
tubule. The proximal tubule is heterocellular, com-
posed of proximal tubule principal cells and a mi-
nority cell type, the so-called “bald-headed cells”
(Fig. 9). Bald-headed cells appear as single interca-
lated cells between the principal cells. The apical
surfaces of principal cells carry microvilli, whereas
bald-headed cells, as their name implies, have a
rather smooth apical surface. Three morphologically
different proximal tubule segments can be recog-
nized in the Geotrypetes kidney.

In the segmental divisions of the frontal part of
the kidney (Figs. 1, 2), the proximal tubule principal
cells are variable in size and shape and have a
moderately developed brush border (Figs. 6B, 9A).
The epithelium of this frontal region has a height of
3-10 wm and appears the same throughout the tu-
bule. A few tubules with this characteristic principal
cell form are also present in the region of the
nephron reconstructed in Figure 5, where they were
the only proximal tubules to have a lumen. Proximal
tubules with similar cytology were not found in the
more caudal part of the kidney.
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In the “kidney proper” the proximal tubule can be
divided into two distinct segments (Figs. 3, 6A,C,
9B, 10, 11). The first part of the proximal tubule,
proximal tubule segment I, connects to the neck
segment. The transition from the neck segment is
characterized by an increase in cell height to 15-20
pm and the appearance of a regular, 3-5 pm high,
brush border (Figs. 6A,C,F, 9B). In the more distal
part of the proximal tubule, proximal tubule seg-
ment II, the cells decrease in height and the princi-
pal cells appear less osmiophilic (Figs. 6A,C, 11).
Proximal tubule segment II connects to the interme-
diate segment. The following description of proximal
tubule cytology is based primarily on segment I. The
deviations from this pattern, which characterize
segment II and the proximal tubule found in the
frontal kidney divisions, are presented at the end of
the paragraph.

The microvilli of principal cells contain microfila-
ments that extend into the apical cytoplasmic zone
(Fig. 10B), which is dominated by a prominent
endocytotic-lysosomal apparatus: apical cytoplasmic
invaginations, vesicles, vacuoles, tubular inclusions,
and microtubules fill the apical cytoplasm and lyso-
somes of varying size appear below the apical zone
(Figs. 9-11). A large and regular nucleus with a
distinct nucleolus is situated centrally in the cell
(Figs. 9-11). Numerous, often elongate, mitochon-
dria are found in the perinuclear zone along with a
Golgi complex, rough endoplasmic reticulum, and
large amounts of smooth endoplasmic reticulum
(Figs. 9-11). Dilated lateral intercellular spaces
contain microvillar extensions of the lateral mem-
brane. The intercellular spaces are narrow beneath
the apical junctional complex and become wider to-
ward the base of the cells, where they are continuous
with an extracellular labyrinth formed by the basal
cell membrane (Figs. 9B, 10A,C). Giant principal
cells with double nuclei are found occasionally (Fig.
10A). A single cilium extends from the apical region
of the cell into the tubule lumen (not shown).

The bald-headed cells have an hourglass form and
are smaller than the principal cells between which
they are intercalated (Fig. 9). The apical and basal
cell membranes of these cells appear smooth, while
the lateral cell membrane occasionally sends out
small microvillar projections into the lateral inter-
cellular space. The nucleus is most often situated in
the apical cytoplasm (Fig. 9). The cytoplasm has a
pale appearance and contains small elongate mito-
chondria, polyribosomes, a Golgi complex, and endo-
plasmic reticulum (Figs. 9, 10B). Numerous small
vesicles are often found in the apical cytoplasm (not
shown).

The principal cells of proximal tubule segment II
are characterized by a less dense cytoplasm and
appear lighter, especially when studied under the
light microscope (Fig. 6A,C). In all three specimens,
segment II has a very narrow or nonvisible lumen
(Fig. 6A,C). The cells of this segment are addition-
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Fig. 8. Geotrypetes seraphini. Neck and intermediate segments. TEM. A,B: Transverse section
and close-up of the ciliated neck segment. C,D: Intermediate segment. ba, basal body; ci, cilia; mc,
mitochondria; no, nucleolus; nu, nucleus; sr, striated rootlets. Scale bars = 2 um (A,C), 0.25 pm
(B), and 1 pm (D).



Fig. 9. Geotrypetes seraphini. Proximal tubule. TEM. A: Transverse section through a proximal tubule (px) from one of the frontal
divisions of the kidney. B: From the caudal part of the kidney, segment I (px I). bb, brush border; bh, bald-headed cells; bis, basal
intercellular space; lis, lateral intercellular space; ly, lysosome; no, nucleolus; nu, nucleus; pr, principal cells; va, vacuole. Scale bars =
5 pm.



Fig. 10. Geotrypetes seraphini. Proximal tubule segment I. TEM. A: Epithelial principal cell with double nuclei. B: Close-up of the
luminal border between a bald-headed cell (bh) and a principal cell (pr). C: Close-up of the apical cytoplasm of a proximal tubule
principal cell. av, apical invagination; bb, brush border; bis, basal intercellular space; go, Golgi apparatus; jc, junctional complexes; ly,
lysosome; me, mitochondria; mf, microfilaments; no, nucleolus; nu, nuclei; prb, polyribosomes; ser, smooth endoplasmic reticulum; va,
vacuoles. Scale bars = 3 pm (A) and 1 pm (B,C).



Fig. 11. Geotrypetes seraphini. Proximal tubule, segment II (px II). TEM. A: Transverse section of tubule with a characteristic
narrow lumen. B,C: Close-ups of principal cells. bb, brush border; go, Golgi apparatus; lis, lateral intercellular space; ly, lysosomes;
mc, mitochondria nu, nuclei; rer, rough endoplasmic reticulum; ser, smooth endoplasmic reticulum, va, vacuole; ve, vesicle. Scale
bars = 5 pm (A), 2 pm (B), and 1 pm (C).
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ally distinguished by a less developed basal laby-
rinth and mitochondria of many different shapes
(Fig. 11).

The principal cells of the proximal tubule found in
the frontal divisions of the kidney are easily recog-
nized by the variability and irregularity of their size
and shape. The cytoplasm of these proximal tubule
cells is, like that of the more caudal tubules, char-
acterized by a conspicuous endocytotic-lysosomal
apparatus. The brush border is, however, irregular
and only moderately developed (Figs. 6B, 9A). Bald-
headed cells have an hourglass form as in the more
caudal proximal tubules.

Distal Tubule (Figs. 3, 5, 6, 12, 13)

The distal tubule can be subdivided into early and
late portions according to differences in ultrastruc-
ture of the epithelial cells (Figs. 3, 5). For discus-
sions of distal tubule terminology, see Hentschel and
Elger (1989) and Mgbjerg et al. (1998). This subdi-
vision is most obvious in medial nephrons of the
midfrontal to caudal part of the kidney and is only
clearly recognizable at the electron microscopic level
(Figs. 6C, 12, 13).

Early Distal Tubule (Figs. 6, 12, 13)

An abrupt change of the epithelium from the in-
termediate segment marks the beginning of the dis-
tal tubule. The cuboidal epithelial cells of the first
part of the distal tubule, the early distal tubule, are
7—8 pm high and have a centrally located lobulate
nucleus with relatively large amounts of heterochro-
matin (Fig. 12A,B). The early distal tubule cells
interdigitate with each other via conspicuous infold-
ings of the lateral and basal cell membranes (Figs.
12B, 13A,B). The lateral interdigitations reach and
often include the apical cell membranes, causing the
appearance of a great number of apical cell junctions
(Fig. 13A). The apical surface of the cells has many
small and irregular microvilli containing microfila-
ments (Fig. 13A). Many, often vertically arranged,
mitochondria are associated with the basolateral
cell membrane infoldings (Figs. 12A,B, 13A,B). A
narrow area of apical cytoplasm contains spherical
or elongated vesicles and multivesicular bodies (Fig.
13A,B). The cytoplasm, moreover, contains typical
cell organelles such as microtubules, lipid droplets,
and lysosomes of different shapes, a Golgi complex,
endoplasmic reticulum and polyribosomes. A single
cilium is often found extending into the lumen of the
tubule (not shown). The early distal tubule comes
into close contact with the nephron’s filtration unit
(Fig. 6B). However, no specialized epithelial struc-
tures are apparent at the tubule attachment site.

Late Distal Tubule (Figs. 12, 13)

The 12-14 pm high cells forming the late distal
tubule’s epithelium are characterized by the pres-
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ence of ovoid nuclei with small amounts of hetero-
chromatin and a distinct nucleolus (Figs. 12A,C,
13C,D). This epithelium corresponds to the late dis-
tal tubule section I as described for the toad, Bujo
bufo (see Mgbjerg et al., 1998). The cells have well-
developed lateral and basal cell membrane infold-
ings, but these are less pronounced than in the early
distal tubule and they do not include the apical cell
membrane (Fig. 12C). Mitochondria are found in the
perinuclear zone and are vertically arranged be-
tween the membrane infoldings (Figs. 12A,C,
13C,D). The apical surface has short, thick, irregu-
lar microvilli (Fig. 12C). The microvilli are especially
numerous in the junctional areas (Fig. 13C). Vesi-
cles and multivesicular bodies are seen in the apical
cytoplasm (Figs. 12C, 13C,D). The cytoplasm, more-
over, contains a Golgi complex, endoplasmic reticu-
lum, polyribosomes, microtubules, microfilaments,
lipid droplets, and lysosomes. A single cilium ex-
tends from the apical region of the cell into the
tubule lumen (not shown).

Occasionally, cells with dark cytoplasm and os-
miophobic mitochondria are found intercalated be-
tween the principal cells (Fig. 13C). These cells are
morphologically different from the intercalated or
mitochondria-rich cells of the collecting duct system.
Towards the collecting tubule the cells of the late
distal tubule decrease in height and have fewer
membrane infoldings.

Collecting Duct System (Figs. 3, 5, 14)

The collecting duct system comprises collecting
tubules and collecting ducts. The collecting tubule is
the first part of the collecting duct system, which is
heterocellular and is characterized by the presence
of two cell types: principal cells and a minority cell
type, the darker stained intercalated or
mitochondria-rich cells (Figs. 3, 5, 14). For discus-
sions of terminology, see Hentschel and Elger (1989)
and Mgbjerg et al. (1998).

The apical surface of principal cells bears a few
microvilli (Fig. 14A-C). Within the cytoplasm of
these cells mitochondria, smooth and rough endo-
plasmic reticulum, a Golgi complex, microtubules,
and lipid droplets are seen (Fig. 14). Mitochondria-
rich cells are characterized by their abundant mito-
chondria and dense cytoplasm (Fig. 14A,C). The api-
cal cytoplasm contains many small vesicles and the
apical surface is amplified by microvilli and micro-
plicae (Fig. 14A,C,D). The cytoplasm also contains a
Golgi complex, endoplasmic reticulum, polyribo-
somes, and lysosomes.

The collecting tubules are formed by cuboidal cells
with a height of 7-8 pm (Fig. 14A,B). The cells
increase in height to 9—-10 pum toward the transition
to the collecting ducts, which have a cell height of
10-13 pm (Fig. 14C). In the collecting tubule both
cell types have centrally situated nuclei, which are
slightly heterochromatic and irregular (Fig. 14A,B).
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Fig. 12. Geotrypetes seraphini. Distal tubule. TEM. A: Transverse sections of early distal
tubule (ed) and late distal tubule (1d). B: Epithelial cell from early distal tubule. C: Epithelial cells
from late distal tubule. mc, mitochondria; mv, microvilli; nu, nuclei. Scale bars = 5 pm (A), 2 pm
(B,0).



Fig. 13. Geotrypetes seraphini. Early distal tubule (A,B) and late distal tubule (C,D). TEM. A: Early distal tubule epithelium with
pronounced infoldings of the basolateral cell membranes. B: Close-up of the apical part of the early distal epithelium. C: Late distal
tubule osmiophilic cell (oc) interposed between principal cells. Note the dark cytoplasm and osmiophobic mitochondria. D: Close-up of
late distal tubule cell with large ovoid nucleus and less pronounced infoldings of the cellular membrane. jc, junctional complexes; ly,
lysosome; mb, multivesicular body; me, mitochondria; mv, microvilli; no, nucleoli; nu, nuclei; rer, rough endoplasmic reticulum; ve,
vesicle. Scale bars = 1 pm (A), 5 pm (B), 3 pm (C), and 1 pm (D).



Fig. 14. Geotrypes seraphini. Collecting duct system. TEM. A: Transverse section of the heterocellular collecting tubule with
intercalated mitochondria-rich cell (mr) and principal cells (pr). B: Collecting tubule principal cell. C: Collecting duct formed by
mitochondria-rich (mr) and principal (pr) cells. D: Close-up of the apical part of an intercalated cell at the region of its junction with
a principal cell. Note the deep tight junction between the two cells. lis, lateral intercellular space; me, mitochondria; mv, microvilli; no,
nucleoli; nu, nuclei, prb, polyribosomes; va, vacuole; ve, vesicle. Scale bars = 3 pum (A), 1 pm (B), 2 pm (C) and 0.5 pm (D).
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Cells forming the ducts have centrally situated ovoid
nuclei with small amounts of heterochromatin (Fig.
14C). In the collecting tubules amplifications of the
cell membranes are much less pronounced when
compared to those seen in the distal tubule epithe-
lium. Cells of the collecting tubule send cell mem-
brane projections into the lateral intercellular space,
while the basal cell membrane appears almost
smooth (Fig. 14A). In the ducts, the intercellular
spaces are often more prominent (not shown).

Wolffian Duct (Figs. 4, 6, 15)

The Wolffian duct is surrounded by dense connec-
tive tissue (Figs. 4, 6A,F, 15A-C). In the most fron-
tal part of kidney, corresponding to the frontal seg-
mental divisions, the epithelium of the duct
resembles that of the collecting tubules, and is com-
posed of cuboidal principal and intercalated cells
(Figs. 6B, 15A). Both principal and intercalated cells
are structurally similar to the cells of the collecting
duct system; their apical surface, however, bulges
into the lumen of the duct. In the more caudal re-
gions, principal and intercalated cells become co-
lumnar and basal cells, restricted to the basal region
of the epithelium, appear (Fig. 15B,C). In this region
of the duct numerous secretory granules are found
in the apical cytoplasm of principal cells (Fig. 15D).
Lateral intercellular spaces are more dilated in the
caudal regions of the duct and in these regions pro-
jections of the basal cell membrane reoccur (Fig. 14).

Peritoneal Funnel and Ciliated Tubule
(Figs. 3, 5, 6, 16)

The epithelium of the peritoneal funnels and the
ciliated tubules consists of ciliated cells with the
conventional 9 + 2 microtubular arrangement and
basally to centrally located nuclei (Fig. 16). A few
minute microvilli cover the apical surface of the cells
(Fig. 16A,C). As for the neck and intermediate seg-
ments, microtubules and densely packed filaments
are found in the apical cytoplasm along with basal
structures of the cilia, such as basal bodies, striated
rootlets, and a terminal web (Fig. 16). The cytoplasm
of these ciliated cells also contains a large number of
mitochondria, a Golgi complex, endoplasmic reticu-
lum, polyribosomes, lysosomes, and vesicles of dif-
ferent size and electron density (Fig. 16). The lateral
cell membranes of the funnel cells form simple in-
vaginations, whereas the basal cell membranes have
no infoldings (Fig. 16B,C). In the ciliated tubule, the
lateral cell membranes are without infoldings (Fig.
16A).

The cells are columnar and have a height of 11-13
pm in the funnels (Fig. 16C), but become cuboidal
and decrease in height to 6-8 um in the tubules (Fig.
16A). Peritoneal funnels connect with ventral
nephrons via ciliated tubules (Figs. 3, 5). The exter-
nal diameter of the tubules decrease gradually from
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the funnel opening toward the merger with the neck
segment (Fig. 6B). In medial nephrons the ciliated
tubules either end blindly and have no lumen or
they open into internal ducts with a lumen only in
the frontal segmental part of the kidney (Fig. 3). The
ciliated tubules of medial nephrons are very narrow
at their distal ends having outer diameters of only a
few micrometers and a thin and plate-like epithe-
lium.

DISCUSSION

The mesonephric kidneys of Geotrypetes seraphini
are long and slender organs, broadest caudally and
tapering toward the front. In its frontal part the
kidney is subdivided into smaller segmental divi-
sions (Fig. 2), a feature that has also been reported
from other caecilians, e.g., Hypogeophis rostratus
and Siphonops annulatus (see Brauer, 1902; Car-
valho and Junqueira, 1999). Two nephron types are
present in the mesonephros of G. seraphini. Ventral
nephrons are connected to the coelom via a ciliated
peritoneal funnel, while medial nephrons lack this
connection. Ventral nephrons are identical to the
primary and secondary nephrons (“Urnierenab-
schnitte”) described from the studies on kidney de-
velopment in H. rostratus by Brauer (1902). Thus,
the ventral nephrons of G. seraphini may represent
the first and second generation of nephrons, while
medial nephrons reflect nephron generations ap-
pearing later in development. The presence of two
nephron types, one connecting to a peritoneal funnel
and the other with a ciliated tubule ending blindly in
the loose connective tissue of the kidney is also re-
ported for the aquatic Typhlonectes compressicauda
(see Sakai et al., 1986), and is likely characteristic of
at least the “higher” caecilians.

The mesonephric nephron in the amphibian spe-
cies studied so far is composed of a Malpighian cor-
puscle and a renal tubule, which can be divided into
six distinct sections: neck segment, proximal tubule,
intermediate segment, early distal tubule, late dis-
tal tubule, and finally the collecting tubule, which
opens into collecting ducts that lead the urine to the
Wolffian duct (summarized in Mgbjerg et al., 1998).
Variation among amphibians in mesonephric
nephron design includes differences in renal corpus-
cle size, nephron length, proximal and distal tubule
segmentation, relative lengths of tubule segments,
and the occurrence of ciliated tubules and their con-
nections to peritoneal funnels.

In Geotrypetes seraphini the maximal dimensions
of Malpighian corpuscles are 180 X 100 pm (present
study). We found variation in the size of the Mal-
pighian corpuscle between different regions of the
same kidney and between kidneys of specimens kept
either terrestrially or aquatically. The observed di-
mensional differences reflect differences in glomer-
ular size as well as in the size of the urinary space as
revealed by the size differences in the capsules of



Fig. 15. Geotrypetes seraphini. Wolffian duct. TEM. A: Transverse section of the duct from a frontal segmental division of the
kidney. B,C,D: From the more caudal part. Mitochondria-rich cells (mr) are found between principal cells (pr). Secretory granules (sg)
are numerous in the apical cytoplasm of cells from the caudal part of the duct (D). be, basal cells; con, connective tissue; mc,
mitochondria, nu, nuclei. Scale bars = 3 um (A), 5 pm (B), 4 pm (C), and 1 pm (D).



Fig. 16. Geotrypetes seraphini. TEM. A: Transverse section of the ciliated tubule. B and
C: Longitudinal sections of the peritoneal funnel (pf). ba, basal body; ci, cilia; ly, lysosome; mc,
mitochondria; mv, microvillus; nu, nuclei; sr, striated rootlets. Scale bars = 1 pm (A), 5 um (B),
and 2 pm (C).
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Bowman. The filtration unit is small in G. seraphini
when compared to that of other caecilians (Wake,
1970). Exceptionally large Malpighian corpuscles,
with maximal dimension of up to 270 X 370 pm,
are reported from the freshwater inhabitant
Typhlonectes compressicauda (see Wake, 1970; Sa-
kai et al., 1986).

As is the case for proximal tubules in other verte-
brates, the cells of the amphibian proximal tubule
are specialized for the uptake of an isotonic absor-
bate, which on the ultrastructural level involves the
development of a luminal brush border, apical endo-
cytotic apparatus, and lysosomal system as well as
conspicuous lateral intercellular spaces and a basal
labyrinth (Maunsbach, 1973; Maunsbach and Boul-
paep, 1984; Sakai et al., 1988a; Fenoglio et al., 1996;
Farias et al., 1998; Mgbjerg et al., 1998). An inter-
calated cell type, the so-called bald-headed cell, is
present in the proximal tubules of T'yphlonectes com-
pressicauda and Geotrypetes seraphini (see Sakai et
al., 1988a; present study). Bald-headed cells have
also been described from the salamander Necturus
maculosus (summarized in Maunsbach and Boul-
paep, 1984). Cells without a brush border are also
found intercalated between the principal cells in the
proximal tubule segment I of many teleost fish (re-
viewed in Hentschel and Elger, 1989). Hence, the
absence of these cells in the proximal tubule of an-
urans may represent an apomorphy. A total of three
morphologically different proximal tubule segments
can be recognized in the Geotrypetes kidney. In the
frontal segmental divisions of the kidney, the prox-
imal tubule principal cells are variable in size and
shape and the tubule has only a moderately devel-
oped brush border. Proximal tubules with similar
cytology are not found in the mid-frontal to caudal
part of the kidney. In these more caudal parts the
cuboidal to columnar proximal tubule principal cells
have a well-developed brush border and can be sub-
divided into two segments based primarily on cell
height and density of the cytoplasm. Similar proxi-
mal tubule subdivisions have not been described for
other caecilians (Welsch and Storch, 1973; Sakai et
al., 1988a; Carvalho and Junqueira, 1999). At this
stage it is difficult to conclude whether subdivisions
are missing in other caecilians or just have not been
recognized. In both salamanders and frogs the prox-
imal tubule may, however, be subdivided in two
segments based primarily on cellular and brush bor-
der height, as well as on the extent of the basal
labyrinth (Maunsbach, 1973; Pons et al.,, 1982;
Taugner et al., 1982; Uchiyama et al., 1990; Fenoglio
et al., 1996). Clothier et al. (1978) subdivide the
proximal tubule of the urodele Amphiuma means
into three regions, based on the position of the nu-
cleus and on the nature of the cytoplasmic inclu-
sions. The authors do not report any differences
between frontal and more caudal regions of the kid-
ney. In some species of both frogs and salamanders
the proximal tubule cannot be subdivided into mor-
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phological different regions, although cell size is of-
ten smaller towards the intermediate segment (Sa-
kai and Kawahara 1983; Farias et al., 1998; Mgbjerg
et al., 1998). The variations in proximal tubule
structure may reflect phylogenetic as well as func-
tional differences. The significance of these varia-
tions is an obvious subject for further studies.

The amphibian distal tubule consists of two distal
tubule segments, the early distal tubule and the late
distal tubule. The latter opens into the first part of
the collecting duct system, the collecting tubule. The
early distal tubule is composed of a single cell type
characterized by a large number of apical junctional
complexes and a well-developed basal labyrinth,
which together with a palisade arrangement of the
large number of mitochondria often gives the cell a
striated appearance (Stoner, 1977; Hinton et al.,
1982; Taugner et al., 1982; Stanton et al., 1984;
Sakai et al., 1986; Uchiyama et al., 1990; Fenoglio et
al., 1996; Mgbjerg et al., 1998; Carvalho and Jun-
queira, 1999; present study). In amphibians, urine
concentration is hypo-osmotic to plasma and am-
phibians produce very dilute urine (see, e.g., Wied-
erholt and Hansen, 1980) in freshwater. The early
distal tubule is the amphibian diluting segment and
a significant amount of salt reabsorption occurs here
(Stoner, 1977; Guggino et al., 1988; Dietl and Stan-
ton, 1993). The amphibian late distal tubule is het-
erogeneous and considerable confusion exists on its
nomenclature. Up to three morphologically different
sections, Sections I-III, may be present (Mgbjerg et
al., 1998). The late distal tubule section I is dis-
tinctly defined, the cells constituting this section
having a large nucleus and well-developed lateral
and basal labyrinths. The late distal tubule sections
II and III represent the gradual transition between
section I and the distinctly defined collecting tubule.
Collecting tubules and ducts are heterocellu-
lar, composed of principal and intercalated
mitochondria-rich cells (summarized in Mgbjerg et
al., 1998). As may be perceived from the above de-
scription, the amphibian mesonephric distal
nephron is a complex structure with several subdi-
visions that each have their own structural charac-
teristics. The presence of several different segments
within the distal tubule has resulted in an inconsis-
tent nomenclature of the tubular segments. The or-
ganization and nomenclature of the amphibian dis-
tal nephron was discussed in detail by Mgbjerg et al.
(1998). In Geotrypetes seraphini the distal tubule is
subdivided into an early distal tubule and a late
distal tubule. Distal tubule subdivision is only
clearly recognizable at the electron microscopic
level. The late distal tubule is not further subdivided
and the entire tubule corresponds to section I. Os-
miophilious intercalated cells were found interposed
between principal cells of this section in the meso-
nephros of the toad Bujfo bufo and similar cells are
observed in the present study of G. seraphini (see
Mpgbjerg et al., 1998; present study). These cells are
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morphologically different from the intercalated cells
of the collecting tubules and ducts. In G. seraphini
the late tubule section I opens directly into the col-
lecting tubule. The distal nephron in Typhlonectes
compressicauda can be divided into an early distal
tubule (distal tubule) and a tubule segment corre-
sponding to section III of the late distal tubule (con-
necting tubule) (Sakai et al., 1986, 1988b). Based on
their light microscopic observations, Carvalho and
Junqueira (1999) could not subdivide the distal tu-
bule of Siphonops annulatus. The distal tubule seg-
ment reported from their study corresponds to the
early distal tubule. In summary, it seems that an
early distal tubule and a heterocellular collecting
duct system composed of collecting tubules and
ducts are present in all amphibians. A large varia-
tion is, however, seen in the presence of late distal
tubule segments, a variation that probably reflects
phylogenetic as well as functional differences.

The original vertebrate kidney, archinephros or
holonephros, is believed to have covered the entire
length of the coelom, consisting of paired segmental
tubules with associated glomeruli, archinephrons
(Price, 1897; Goodrich, 1958). Each tubule opened
into the coelom through a ciliated nephrostome and
was connected to the archinephric duct, which led to
the exterior (Goodrich, 1958). Nephrons were
present at some time in all body segments, but later
were restricted to the trunk region of the animal. A
tendency for the most anterior tubules to develop
and function in early life, and for the more posterior
tubules to develop and function later in life led to the
differentiation into pro-, meso-, and metanephros
(Goodrich, 1958).

The kidney in embryos of the caecilian Hypogeo-
phis rostratus was described by Brauer (1902) and it
resembled to a high degree the hypothetical holone-
phros, although the pronephros and mesonephros
were separated by a small zone of segments without
functional nephrons. According to Brauer (1902) the
kidney in ancestral caecilians was present in all the
segments of the trunk, and it was therefore essen-
tially a holonephros. Wrobel and Sip (2000), in a
recent account on the kidney of Ichthyophis
kohtaoensis, studied the development of the urogen-
ital organs in larvae. In I. kohtaoensis, embryos pos-
sess a well-developed, large pronephros beginning
immediately behind the branchial region and ex-
tending over ~10 body segments. Interestingly, the
kidney of larval I. kohtaoensis does not resemble a
holonephros: the caudal end of the pronephros over-
laps with the mesonephros. Such an overlapping of
the two kidney forms was also observed by Semon
(1891) in Ichthyophis glutinosus. Wrobel and Sif
(2000) compare their findings in I. kohtaoensis with
results obtained from bovine embryos and argue
that the vertebrate gonad is a modified homolog of
the pronephros, and therefore does not develop from
mesenchymal cells, the coelomic mesothelium, or
elements of the mesonephros as previously pro-
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posed. The authors argue that nephrostomial tu-
bules of pronephric origin are the immediate precur-
sors of the blastemas for adrenocortical, rete,
gonadal, and Miillerian infundibular development.

On the basis of ontogenetic studies, the vertebrate
nephron can be divided into two major parts, the
proximal nephron and the distal nephron (Hentschel
and Elger, 1989). In the mesonephros of amphibians
the proximal nephron comprises the Malpighian cor-
puscle, a ciliated neck segment, the proximal tubule,
and a ciliated intermediate segment (Fig. 3). The
distal nephron is constituted by the early and late
distal tubules (Fig. 3). The latter open into the col-
lecting tubule, which is the first unbranched portion
of the collecting duct system. This nephron type is
also present in the mesonephros of archaic bony fish,
such as polypterids, and in Dipnoi, and it may there-
fore be representative of the vertebrate archi-
nephron (Hentschel and Elger, 1989). Far from all
vertebrates comply with this nephron type. Within
different vertebrate groups there is great variation
in nephron structure. The extremes are represented
by the aglomerular nephrons of highly advanced
marine teleosts, which have lost the glomeruli, and
by the atubular nephrons of hagfish (Myxinidae), in
which the exceptionally large glomeruli are con-
nected directly to the nephric duct via short vestigial
tubules (Hickman and Trump, 1969; Hentschel and
Elger, 1987; Fels et al., 1989; Hentschel, 1997). It is
a matter of debate whether the atubular nephron of
hagfish is a plesiomorphic condition representing
the vertebrate archinephron or whether it repre-
sents an autapomorphy resulting from regressive
evolution of a more elaborate nephron type in early
vertebrates.

Smith (1953) believed that the glomerulus was
unique to vertebrates and developed as a device to
excrete water during the invasion of the freshwater
environment. Modern comparative studies, how-
ever, suggest that this design is by no means re-
stricted to vertebrates, but is widespread among
invertebrates in the form of metanephridial systems
(Ruppert and Smith, 1988; Bartolomaeus and Ax,
1992). Therefore, vertebrates probably inherited the
components of the archinephron from their inverte-
brate ancestors (Ruppert, 1994). In metanephridial
systems ultrafiltration occurs from a blood vessel
through a filtration barrier and into the coelomic
cavity (Fig. 17A). From the coelom the filtrate enters
the metanephridium by way of a ciliated funnel. The
structural and functional unit of the vertebrate kid-
ney, the nephron, is a modified metanephridial sys-
tem, the glomerulus being the site of ultrafiltration
(Ruppert, 1994).

In the amphibian kidney systems we find a series
of different associations between the nephron and
ciliated tubules opening into the coelom via perito-
neal funnels. These systems may therefore be ideal
for the study of vertebrate nephron evolution. Fig-
ure 17B-D illustrates the series of evolutionary
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Fig. 17. Evolutionary events that may have led to the development of the Malpighian corpuscle of the vertebrate nephron. A: An
external glomerulus is situated in the coelom. The proximal end of the renal tubule opens into the coelom; the distal end connects with
the nephric duct. B: A small coelomic chamber has formed around the external glomerulus. This is the situation in the pronephros of
amphibian larvae. C: The coelomic chamber becomes the capsule of Bowman, which surrounds the glomerulus, and a Malpighian
corpuscle is formed. The renal tubule connects to the coelom via ciliated peritoneal funnels. This is the situation in the mesonephros
of adult salamanders and caecilians. D: The renal tubule loses its connection to the coelom and in anuran amphibians the peritoneal

funnels open into the peritubular blood vessels.

events that might have led from a typical metaneph-
ric system such as the pronephros to the formation
of a nephron with an internal glomerulus, typical of
the mesonephros and metanephros.

In the amphibian pronephros, the nephron is com-
posed of two principal parts—the pronephric filtra-
tion unit and the pronephric tubule. In frogs and
salamanders the filtration unit is an external glo-
merulus connected to a single convoluted tubule,
which opens into the coelom via nephrostomes (Fig.
17B; Fox, 1963; Christensen, 1964; Viertel and Rich-
ter, 1999; Mgbjerg et al., 2000). In the caecilian
Ichthyophis kohtaoensis the glomeruli form a single
large glomus (Wrobel and Sip, 2000). The space
between the glomeruli may communicate with the
coelomic cavity and the glomeruli can therefore be
viewed as intermediate between external and inter-
nal (Wrobel and Sip, 2000). This would indicate
that the caecilian glomus represents a derived con-
dition.

The Malpighian corpuscle of the amphibian meso-
nephric nephron consists of an internal glomerulus
and a surrounding epithelial capsule, the capsule of
Bowman. Two ciliated segments are present in the
amphibian mesonephric nephron, the neck segment,
and the intermediate segment. A common charac-
teristic of nephridia is the presence of ciliated cells;
the ciliated segments of the vertebrate nephron are
therefore of special interest when comparing this
structure with the nephridia of invertebrates. Little
is known of the function of vertebrate ciliated seg-
ments, the general idea being that they are involved
in fluid propulsion (Hentschel and Elger, 1989). In
caecilians and salamanders this may involve taking
up fluid from the body cavity through peritoneal
funnels, which open into the neck segment (Fig.
17C; Clothier et al., 1978; Sakai and Kawahara,
1983; Sakai et al., 1986, 1988a; Carvalho and Jun-
queira, 1999; present study). However, in Geotypetes
seraphini the ciliated tubules are very narrow at
their distal ends and therefore probably contribute

little if any fluid uptake from the body cavity. Sakai
et al. (1986) do not report any difference in diameter
along the course of the ciliated tubule, and the sit-
uation may therefore be different in the aquatic
Typhlonectes compressicauda. In anurans, the
nephron has lost its connection to the coelom and the
peritoneal funnels open into the peritubular vessels
surrounding the nephrons (Fig. 17D; Morris, 1981;
Uchiyama et al., 1990; Mgbjerg et al., 1998).

ACKNOWLEDGMENTS

We thank Mrs. Kristine Johanne Kiirstein Sg-
rensen, Department of Zoomorphology, Institute of
Biology, University of Copenhagen, for excellent
technical assistance. We thank Mrs. Stine B. Elle
who made the final drawings of Figures 2 and 5. The
project was financially supported by SYS-
RESOURCE an EC-funded IHP Programme to the
collections, libraries, facilities of The Natural His-
tory Museum, London. Danish financial assistance
came from the Carlsberg Foundation and the Dan-
ish Natural Science Research Council. We thank
Henk Walleys for help in obtaining the specimens
used in this study.

LITERATURE CITED

Bartolomaeus T, Ax P. 1992. Protonephridia and metanephridia
— their relation within the Bilateria. Z Zool Syst Evolut-forsch
30:21-45.

Brandli AW. 1999. Towards a molecular anatomy of the Xenopus
pronephric kidney. Int J Dev Biol 43:381-395.

Brauer A. 1902. Beitrdge zur Kenntniss der Entwicklung und
Anatomie der Gymnophionen. III. Die Entwicklung der Excre-
tionsorgane. Tafel 1-20 und 85 Textfiguren. Zool Jahrb Abt
Anat Ontog Tiere 16:1-176.

Carvalho ETC, Junqueira LCU. 1999. Histology of the kidney and
urinary bladder of Siphonops annulatus (Amphibia-
Gymnophiona). Arch Histol Cytol 62:39—-45.

Christensen AK. 1964. The structure of the functional pronephros
in larvae of Ambystoma opacum as studied by light and electron
microscopy. Am J Anat 115.2:257-278.



KIDNEY MORPHOLOGY IN G. SERAPHINI

Clothier RH, Worley RTS, Balls M. 1978. The structure and
ultrastructure of the renal tubule of the urodele amphibian,
Amphiuma means. J Anat 127:491-504.

Dietl P, Stanton BA. 1993. The amphibian distal nephron. In:
Brown JA, Balment RJ, Rankin JC, editors. New insights in
vertebrate kidney function. Cambridge, UK: Cambridge Uni-
versity Press. p 115-134.

Drummond IA, Majumdar A. 2003. The pronephric glomus and
vasculature. In: Vize PD, Woolf AS, Bard JBL, editors. The
kidney. From normal development to congenital disease. Lon-
don: Academic Press. p 61-73.

Farias A, Fiorito LE, Hermida GN. 1998. Structure of the Bufo
arenarum kidney: renal corpuscle, neck segment and proximal
tubule. Biocell 22:187-196.

Fels LM, Raguse-Degener G, Stolte H. 1989. The archinephron of
Myxine glutinosa L. (Cyclostomata). In: Kinne RKH, editor.
Structure and function of the kidney. Basel: Karger. p 73-102.

Fenoglio C, Vaccarone R, Chiari P, Gervaso MV. 1996. An ultra-
structural and cytochemical study of the mesonephros of Rana
esculenta during activity and hibernation. Eur J Morphol34:
107-121.

Fox H. 1963. The amphibian pronephros. Q Rev Biol 38.1:1-25.

Goodrich ES. 1958. Studies on the structure and development of
vertebrates. New York: Dover.

Guggino WB, Oberleithner H, Giebisch G. 1988. The amphibian
diluting segment. Am J Physiol 254:F615-F627.

Hentschel H, Elger M. 1987. The distal nephron in the kidney of
fishes. Adv Anat Embryol Cell Biol 108:1-151.

Hentschel H, Elger M. 1989. Morphology of glomerular and aglo-
merular kidneys. In: Kinne RKH, editor. Structure and function
of the kidney. Basel: Karger. p 1-72.

Hickman CP, Trump BF. 1969. The kidney. In: Hoar WS, Randall
DJ, editors. Fish physiology, vol. 1. New York: Academic Press.
p 91-239.

Hinton DE, Stoner LLC, Burg M, Trump BF. 1982. Heterogeneity
in the distal nephron of the salamander (Ambystoma tigrinum):
a correlated structure function study of isolated tubule seg-
ments. Anat Rec 204:21-32.

Maunsbach AB. 1973. Ultrastructure of the proximal tubule. In:
Geiger SR, editor. Renal physiology. Handbook of physiology,
vol. 8. Washington, DC: American Physiological Society. p 31—
79.

Maunsbach AB, Boulpaep EL. 1984. Quantitative ultrastructure
and functional correlates in proximal tubule of Amphiuma and
Necturus. Am J Physiol 246:F710-F724.

Mgbjerg N, Larsen EH, Jespersen A. 1998. Morphology of the
nephron in the mesonephros of Bufo bufo (Amphibia, Anura,
Bufonidae). Acta Zool (Stockh) 79:31-51.

Mgbjerg N, Larsen EH, Jespersen A. 2000. Morphology of the
kidney in larvae of Bufo viridis (Amphibia, Anura, Bufonidae).
J Morphol 245:177-195.

Morris JL. 1981. Structure and function of ciliated peritoneal
funnels in the toad kidney (Bufo marinus). Cell Tissue Res
217:599-610.

Pons G, Guardabassi A, Pattono P. 1982. The kidney of Hyla
arborea (L.) (Amphibia Hylidae) in autumn, winter and spring:
histological and ultrastructural observations. Monit Zool Ital
16:261-281.

Price GC. 1897. Development of the excretory organs of a myxi-
noid, Bdellostoma stouti Lockington. Zool Jahrb Abt Anat On-
tog Tiere 10:205—-226.

Ruppert EE. 1994. Evolutionary origin of the vertebrate nephron.
Am Zool 34:542-553.

Ruppert EE, Smith PR. 1988. The functional organization of
filtration nephridia. Biol Rev 63:231-258.

Sakai T, Kawahara K. 1983. The structure of the kidney in the
Japanese newt, Triturus (Cynops) pyrrhogaster. Anat Embryol
166:31-52.

Sakai T, Billo R, Kritz W. 1986. The structural organization of the
kidney of Typhlonectes compressicaudus (Amphibia, Gym-
nophiona). Anat Embryol 174:243-252.

607

Sakai T, Billo R, Kritz W. 1988a. Ultrastructure of the kidney of
the South American caecilian, Typhlonectes compressicaudus
(Amphibia, Gymnophiona). I. Renal corpuscle, neck segment,
proximal tubule and intermediate segment. Cell Tissue Res
252:589-600.

Sakai T, Billo R, Nobiling R, Gorgas K, Kritz W. 1988b. Ultra-
structure of the kidney of the South American caecilian,
Typhlonectes compressicaudus (Amphibia, Gymnophiona). II.
Distal tubule, connecting tubule, collecting duct and Wolffian
duct. Cell Tissue Res 252:601-610.

Saxén L. 1987. Organogenesis of the kidney. Developmental and
cell biology series. Cambridge, UK: Cambridge University
Press.

Schultheiss TM, James RG, Listopadova A, Herzlinger D. 2003.
Formation of the nephric duct. In: Vize PD, Woolf AS, Bard
JBL, editors. The kidney. From normal development to congen-
ital disease. London: Academic Press. p 51-60.

Smith HW. 1953. From fish to philosopher. Boston: Little, Brown
and Co.

Stanton B, Biemesderfer D, Stetson D, Kashgarian M, Giebisch
G. 1984. Cellular ultrastructure of Amphiuma distal nephron:
effects of exposure to potassium. Am J Physiol 247:C204-C216.

Stoner L. 1977. Isolated perfused amphibian renal tubules: the
diluting segment. Am J Physiol 233:F438-F444.

Taugner R, Schiller A, Ntokalou-Knittel S. 1982. Cells and inter-
cellular contacts in glomeruli and tubules of the frog kidney. A
freeze-fracture and thin-section study. Cell Tissue Res 226:
589-608.

Uchiyama M, Murakami T, Yoshizawa H, Wakasugi C. 1990.
Structure of the kidney in the crab-eating frog, Rana cran-
crivora. J Morphol 204:147-156.

Viertel B, Richter S. 1999. Anatomy. In: McDiarmid RW, Altig R,
editors. Tadpoles: the biology of anuran larvae. Chicago: Uni-
versity of Chicago Press. p 132-140.

Vize PD. 2003. Embryonic kidneys and other nephrogenic models.
In: Vize PD, Woolf AS, Bard JBL, editors. The kidney. From
normal development to congenital disease. London: Academic
Press. p 1-6.

Vize PD, Seufert DW, Carrol TJ, Wallingford JB. 1997. Model
systems for the study of kidney development: use of the prone-
phros in the analysis of organ induction and patterning. Dev
Biol 188:189-205.

Vize PD, Carroll TJ, Wallingford JB. 2003. Induction, develop-
ment, and physiology of the pronephric tubules. In: Vize PD,
Woolf AS, Bard JBL, editors. The kidney. From normal devel-
opment to congenital disease. London: Academic Press. p 19—
50.

Wake MH. 1970. Evolutionary morphology of the caecilian uro-
genital system. II. The kidneys and urogenital ducts. Acta Anat
75:321-358.

Welsch U, Storch V. 1973. Elektronmikroskopische Beobachtun-
gen am Nephron adulter Gymnophionen (Ichthyophis kohtaoen-
sis Taylor). Zool Jb Anat 90:311-322.

Wiederholt M, Hansen LL. 1980. Amphiuma kidney as a model
for distal tubular transport studies. Contr Nephrol 19:28 -32.
Wilkinson, M. 1997. Characters, congruence and quality: a study
of neuroanatomical and traditional data in caecilian phylogeny.

Biological Reviews 72:423—-470.

Wilkinson M, Nussbaum RA. 1999. Evolutionary relationships of
the lungless caecilian Atretochoana eiselti (Amphibia: Gym-
nophiona: Typhlonectidae). Zool J Linn Soc 126:191-223.

Wilkinson M, Loader SP, Gower, DJ, Sheps JA, Cohen BL. 2003.
Phylogenetic relationships of African caecilians (Amphibia:
Gymnophiona): insights from mitochondrial rRNA gene se-
quences. Afr J Herpetol 52:83-92.

Wrobel K-H, Sii F. 2000. The significance of rudimentary ne-
phrostomial tubules for the origin of the vertebrate gonad. Anat
Embryol 201:273-290.



