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ABSTRACT The interrenal gland of anurans synthe-
sizes the steroids aldosterone and corticosterone, but it
is unknown whether these hormones are synthesized by
the same cell type. In this work, we aim to elucidate
whether there are different steroidogenic cell types and
whether they have specific regionalization in the interre-
nal gland of the male toad Rhinella arenarum. We
characterized all cell types using histological, immubhis-
tochemical, and histochemical methods as well as trans-
mission electron microscopy. Furthermore, we evaluated
the organization of the cell types in the gland and ante-
roposterior variations in the synthesis of the steroids.
We found evidence of five cell types: two morphologically
different steroidogenic cells, type 1: polyhedral cells
tightly attached to each other that have spherical
euchromatic nuclei and type 2: retracted cells loosely
attached to each other that have oval heterochromatic
nuclei. Cell type 2 is mainly observed in the inner zone
of the gland. In addition, we observed two types of chro-
maffin cells, called type 3 and 4 cells, randomly distrib-
uted throughout the interrenal gland, as well as type 5
cells, recognized as summer cells. Morphometric analy-
ses of the cell types in the anterior and posterior zones
of the interrenal showed that the ratio “area of type 2
cells/total interrenal area” is significantly lower in the
posterior zone. In vitro incubations showed that the pos-
terior portion of the gland produces significantly higher
amounts of both corticosterone and aldosterone. Overall,
our results suggest that the type 2 cells are less active
to synthesize both aldosterone and corticosterone, com-
pared to type 1 cells. Unlike most previous reports on
the interrenal gland of anurans, in R. arenarum there is
a zonation of the steroidogenic cell types, which implies
that the organ is not anteroposterior or dorsoventrally
homogeneous. J. Morphol. 274:331-343, 2013. © 2012
Wiley Periodicals, Inc.
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INTRODUCTION

The adrenal/interrenal gland of vertebrates
consists of two types of endocrine cells: the steroi-
dogenic and the chromaffin cells. In tetrapods,
steroidogenic cells synthesize mainly glucocorti-
coids and mineralocorticoids that are involved in
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the modulation of the stress response, reproduc-
tion, growth and osmoregulation, among others
(Sapolsky et al., 2000; Funder, 2010). On the other
hand, chromaffin cells, synthesize catecholamines
such as adrenaline and noradrenaline, which are
secreted into the circulatory system of animals
as a rapid response to acute stress (Perri and
Capaldo, 2011). The topography and anatomical
relationship of the adrenal/interrenal gland shows
considerable variation among vertebrates. Also the
arrangement and the degree of intermingling of
chromaffin and steroidogenic cells may vary
among vertebrate taxa (Grassi Milano and Accordi,
1983; Gallo and Civinini, 2003; Perry and Capaldo,
2011). In anuran amphibians, the interrenal gland
is closely associated with the ventral surface of the
kidney, surrounding the ventral renal vein, and is
organized into anastomosing cell cords separated
by large sinusoidal capillaries (Hanke and Weber,
1965; Piezzi and Burgos, 1968; Grassi Milano and
Accordi, 1983). Cords are composed of steroido-
genic cells intermingled with small groups of chro-
maffin cells (Grassi Milano and Accordi, 1983). In
some species such as Rana temporaria and R. cat-
esbeiana, a third cell type was also found (Stilling
cells) with characteristics similar to mast cells.
The function of these cells is discussed controver-
sially (Moorhouse, 1963; Sottovia-Filho, 1974;
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Kawamura, 1986; Lesouhaitier et al., 1996). Histo-
logical studies in R. catesbeiana and R. ridibunda
described the chromaffin cells as mainly localized
in the central region of the gland and that steroi-
dogenic, and Stilling cells constitute the peripheral
cords (Nonaka et al., 1995; Siiren, 1999). In addi-
tion, Hanke and Weber (1965) in R. temporaria
and Siren (1999) in R. ridibunda reported that
the more peripheral steroidogenic cells showed
signs of greater activity than the most central
cells. In both articles, authors interpreted that the
differences between steroidogenic cells could be
due to the functional status of each cell or to dif-
ferences in their secretory products. Regarding the
latter possibility, only one study in R. catesbeiana
postulates that corticosterone and aldosterone are
synthesized by different cells (Varma, 1977).

Many studies have described the histological
organization of the interrenal gland of anurans
(Moorhouse, 1963; Hanke and Weber, 1965;
Nagatsu et al., 1979; Grassi Milano and Accordi
1983; Delarue et al., 1988; Larcher et al., 1989;
Nonaka et al., 1995; Castillo, 2008). However,
there is no information describing the histological
differences between all cell types or the anteropos-
terior distribution of cell types in the gland. In
this study, we ask if there are different steroido-
genic cells specialized in the synthesis of aldoste-
rone and corticosterone in the interrenal gland of
Rhinella arenarum. We studied the histological
and ultrastructural characteristics of the gland, as
well as the anteroposterior distribution of the
different cellular types.

MATERIALS AND METHODS
Animals

Adult male toads of Rhinella arenarum (Hensel, 1867) were
collected from a neighboring area of Buenos Aires City, Argen-
tina, from November 2010 to April 2011. Toads were maintained
under natural conditions with free access to water and fed crick-
ets and zophobas. Animals were euthanized by immersion in 1%
aqueous solution of MS222 (Sigma-Aldrich). The experiments
comply with the Guiding Principles for the Care and Use of
Research Animals promulgated by the Society for the Study of
Reproduction and with the approval of the Comision Institucional
para el Cuidado y Uso de Animales de Laboratorio, Facultad de
Ciencias Exactas y Naturales, Buenos Aires, Argentina.

Histology and Immunohistochemistry

The kidneys and their attached interrenal glands from six
toads were rapidly excised, fixed in Bouin’s fluid for 12 h at
4°C, dehydrated and embedded in paraffin:histoplast (50:50,
%w/w). Serial transverse sections from both interrenal glands
from each toad were cut at 7 um, deparaffinized, hydrated, and
used for histology and immunohistochemistry. For the analysis
of the cell types and their organization, sections corresponding
to the anterior and posterior zones from each specimen were
stained with Masson’s trichrome stain. In addition, selected
sections were tested with the histochemical stain periodic
acid-Schiff-hematoxylin (PAS-H; Cook, 1990), specific for neu-
tral carbohydrates, to assess the presence of Stilling cells. To
verify the identity of steroidogenic and chromaffin cells
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observed with the classic histological technique, other sections
of the serial sections from each specimen were submitted
to immunohistochemistry. To identify steroidogenic cells an
antibody against the 3B-hydroxysteroid dehydrogenase/isomer-
ase (3B-HSD/I) enzyme (1:200; rabbit antihuman), kindly pro-
vided by Dr. Ian Mason (University of Edinburgh, UK), was
employed. This enzyme is involved in the synthesis of both cor-
ticosterone and aldosterone; therefore, the antibody recognizes
all types of steroidogenic cells. To identify chromaffin cells, an
antibody against the tyrosine hydroxylase (TH) enzyme was
used (1:1,000; rabbit antirat, Chemicon International, Billerica,
MA). For antigen recovery, sections were boiled in 10 mmol L ™!
sodium citrate at pH 8 for 10 min. The sections were subse-
quently incubated with 3% Hy05 in phosphate buffered saline
(PBS) to inactivate endogenous peroxidases. To block unspecific
staining, a blocking buffer with 5% nonfat dry milk in PBS was
applied for 1 h. Next, primary antibody was applied to the sec-
tions overnight at 4°C in a humid chamber. For immunoperoxi-
dase staining, sections were washed with PBS and incubated
with biotinylated secondary antibody (1:500; DAKOCytomation,
Denmark) for 1 h and then with peroxidase-conjugated strepta-
vidin for 45 min (1:400; GE Healthcare, UK). Immunostaining
was revealed with 3,30-diaminobenzidine solution (DAKO
North America, Carpinteria, CA), which produces a brown pre-
cipitate, and the sections were counterstained with hematoxy-
lin. Sections were examined using a Leica DM2000 microscope,
and images were captured with an incorporated Leica ICC50
digital camera.

Western Blot of 3-HSD/I and TH Enzymes

To assess the specificity of the heterologous antibodies used
for the immunohistochemistry, homogenate from one interrenal
gland was analyzed by Western blot. Samples from the homoge-
nate were loaded onto 12.5% sodium dodecyl sulfate-polyacryl-
amide gel and electrophoresed for 140 min at 130 V. Proteins
were transferred to polyvinyl difluoride membranes (Hybond
LFP, Amersham) at 300 mA for 90 min, and membranes were
incubated for 10 min in PBS containing 0.1% Tween-20 (PBS-T)
and 3% peroxide hydrogen and blocked for 1 h at room temper-
ature in PBS-T containing 5% nonfat dry milk. Incubations
with primary antibodies were performed overnight at 4°C in
PBS-T with 3B-HSD/I antibody (1:500) or with TH antibody
(1:2,000). Membranes were then incubated with the goat anti-
rabbit IgG secondary antibody coupled to horse radish peroxi-
dase (1:5,000; Chemicon International). Immunopositive bands
were visualized by enhanced chemiluminescent detection in a
Fuyjifilm LAS-1000 chemiluminescent detection system.

Transmission Electron Microscopy

Small segments from the anterior region of the interrenals
from two toads were fixed in 3% glutaraldehyde in PBS at pH
7.4 at room temperature for 24 h, rinsed in buffer, and postfixed
in 1% 0sOy4 (2 h, 4°C). Samples were dehydrated through an
ethanol/acetone series before embedded in epoxy resin and poly-
merized. Semithin sections were cut at 2 pym and stained with
1% toluidine blue in 1% NayCOs5. Ultrathin sections were cut at
90-150 nm with a glass blade on a Sorvall Porter Blum MT2-B
Ultra-Microtome (Ivan Sorvall Inc., Newtown, Conn., USA),
stained with uranyl acetate and lead citrate (Reynolds, 1963),
and observed with a Philips EM 301 transmission electron
microscope a at the Centro de Microscopias Avanzadas (Fac-
ultad de Ciencias Exactas y Naturales, Universidad de Buenos
Aires, Buenos Aires, Argentina).

Morphometry

For image analysis, low-power micrographs of both interrenal
glands from each animal from the anterior and posterior ends,
stained with Masson’s trichrome stain or immunolabeled for TH
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enzyme, were processed for morphometric investigation by
a computerized image analysis system with a public domain
Java image processing program (Rasband, W.S., ImagedJ, U.S.
National Institutes of Health, Bethesda, MD, http://imagej.nih.-
gov/ij/, 1997-2012). The proportion of the less abundant type of
steroidogenic cell in the anterior and posterior ends of the inter-
renal glands was evaluated in the Masson’s trichrome stained
sections, because these cells can be properly differentiated with
this classical histological technique. The proportional area occu-
pied by the steroidogenic cells was calculated in each section
according to the ratio, steroidogenic cells area/total interrenal
area. The proportion of chromaffin cells in the anterior and pos-
terior zones was evaluated in immunohistochemically prepared
samples and was expressed as the number of TH-immunola-
beled cells/total interrenal area. Values were recorded for each
animal as the mean of right and left glands.

In Vitro Incubations

Interrenals from eight toads were separated from the kidneys
under a binocular stereomicroscope and arbitrarily divided into
an anterior, intermediate, and posterior zone to evaluate ante-
roposterior differences in the synthesis of corticosterone and
aldosterone. Fragments from both glands of each toad corre-
sponding to the same region were incubated together in 1 ml of
Dulbecco’s modified Eagle’s medium at pH 7.4, containing 10%
(v/v) of charcoal stripped fetal bovine serum and 10 mM Hepes,
for 1 h at 28°C. After the incubation, media were stored at
—20°C to further evaluate the production of corticosterone and
aldosterone by radioimmunoassay. Fragments were weighed in
an analytical balance (+0.2 mg).

Radioimmunoassay of Corticosterone
and Aldosterone

Steroids in the incubation media were analyzed without
extraction. For the assay, serial dilutions of the standard curve,
nonspecific binding, maximum binding and samples were incu-
bated with 10,000 dpm of [®H] corticosterone (78.1 Ci/mmol,
Perkin-Elmer, Boston, MA) or 10,000 dpm of [*H] aldosterone
(76.4 Ci/mmol, Perkin-Elmer, Boston, MA). The incubations
with [®H] corticosterone or [*H] aldosterone were carried out in
a final volume of 0.5 and 0.3 ml, respectively, at 4°C for 18-22
h. Corticosterone and aldosterone antibodies were kindly pro-
vided by Dr. Celso Gémez-Sanchez (University of Mississippi),
and employed in a dilution of 1:9,000 and 1:1,000, respectively.
The cross-reactivity with aldosterone or corticosterone was less
than 0.01% for both antibodies (Gémez-Sanchez et al., 1975,
1987). Buffers for corticosterone and aldosterone assays were 10
mmol L™ ! sodium borate at pH 8, 1% gelatin, 20 mM ethylene-
diaminetetraacetic acid (EDTA), and PBS at pH 7.4, 0.5% bo-
vine serum albumin, respectively. Charcoal-dextran method was
used to separate bound and free hormones. The sensitivity of
corticosterone and aldosterone assays was 50 and 100 pg/ml,
respectively. Mean intra-assay variation and interassay varia-
tion were 9.3 and 12.2%, respectively, for corticosterone assay
and 6.2 and 13.3%, respectively, for aldosterone assay. Radioac-
tivity in the supernatant (bound) was determined by liquid scin-
tillation counting with a Wallac 1409 DSA equipment (Wallac,
Turku, Finland). The scintillation cocktail for all samples was
OptiPhase-Hi safe 3 (Wallac). Corticosterone and aldosterone
production was expressed as media concentrations per milli-
grams of interrenal.

Statistical Analysis

Results from the morphometric analysis and the in vitro incu-
bation were expressed as means * standard error. Values from
morphometry were analyzed with a one-way analysis of var-
iance (ANOVA) test and a posteriori contrast using Tukey’s test.
For the in vitro assays, a randomized block design was used to
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minimize the variability between replicates (each animal). Two-
way ANOVAs followed by Tukey’s multiple comparisons tests
were used to detect significant differences among the synthesis
of hormones in the anterior and posterior fragments. For the
two-way ANOVAs test, a Log;o transformation was used. Differ-
ences were considered significant when P < 0.05. Before statis-
tical analysis, data were tested for normality and homogeneity
using Lilliefors and Bartlett’s tests. There was no interaction
between the experimental factor (each animal) and the region
of the interrenal gland evaluated.

RESULTS
Standard Histology and
Immunohistochemistry

The interrenal gland of R. arenarum is a vermi-
form orange organ tightly attached to the ventral
side of the kidney (Fig. 1A). Cross sections of the
kidney and interrenal showed that the gland is not
intermingled with the renal tubules and that the
ventral side of the gland is surrounded by a capsule
of dense connective tissue (Fig. 1B). Histological
studies showed that the gland is organized into
anastomosing pluristratified cords separated by
sinusoidal capillaries that surround the renal effer-
ent vein (Fig. 1C,D). The sections stained with the
Masson’s trichrome showed that the cords contain
three different cell types: type A cells (the typical
steroidogenic cells) that were spherical in shape
with a clear and vacuolated cytoplasm and a spheri-
cal euchromatic nucleus with conspicuous nucleoli
(Fig. 2A; Table 1); type B cells that were dark, baso-
philic, and slightly columnar in shape with an oval
euchromatic nucleus, with darker chromatin than
type A cells (Fig. 2B; Table 1); and type C cells that
were triangular or slightly oval cells, larger than
the types A and B, with an euchromatic nuclei and
large nucleoli (Fig. 2C; Table 1). Individual type C
cells were usually associated with a cell with an
oval nucleus (Fig. 2C). In addition, PAS histochemi-
cal stain revealed the presence of solitary cells with
PAS-positive cytoplasmic granules and an eccentric
nucleus (Fig. 2D), which could correspond to the so
called Stilling cells (Moorhouse, 1963; Sottovia-
Filho, 1974; Kawamura, 1986; Lesouhaitier et al.,
1996) previously reported as absent in this species
(Piezzi and Burgos, 1968).

The serial sections of interrenals were also ana-
lyzed by immunohistochemistry to differentiate
steroidogenic from chromaffin cells. This analysis
showed that type A and B cells were immunoreac-
tive for the steroidogenic enzyme 3B3-HSD/I
(Fig. 3), whereas type C cells were immunoreactive
for the TH enzyme, the limiting enzyme in cate-
cholamine synthesis (Fig. 4). When the primary
antibody was omitted, no immunoreactivity was
observed (Figs. 3E and 4D). In addition, Western
blot analysis showed the specificity of the antibod-
ies for the corresponding enzyme of the toad,
because they recognized proteins with an apparent
molecular weight corresponding to that previously
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Ventral

Fig. 1. Rhinella arenarum, gross morphology and topography of the interrenal gland in cross sections. (A) Ventral view of the
kidney and interrenal gland. (B) Cross section of paraffin-embedded interrenal and kidney (7 pm) stained with Masson’s trichrome.
(C) Higher magnification of the portion marked with a rectangle in (B). Anastomosing cords separated by sinusoidal capillaries sur-
rounding the renal efferent vein. (D) Cross section of epoxy resin-embedded interrenal and kidney (2 um) stained with toluidine

blue. Arrows: anastomosing cords; S: sinusoidal capillaries.

described for the 33-HSD/I and TH enzymes (42
and 59 KDa, respectively; Arbogast and Voogt,
2002; Thomas et al., 2002; Figs. 3F and 4E). Taken
together, these results suggest that type A and B
cells are steroidogenic cells, whereas type C cells
are chromaffin cells.

Semithin Sections and Transmission
Electron Microscopy

To further assess the identity and characteristics
of the cell types previously described, interrenals
were analyzed by transmission electron microscopy
(TEM). The analysis of the semithin sections
stained with toluidine blue showed five different
cell types. Type 1 and 2 corresponded to two differ-
ent steroidogenic cells. Type 1 cells were polyhe-
dral, clear, with lipid droplets, blue granules, and
spherical nuclei with euchromatin and several
nucleoli (Fig. 5A-C). On the other hand, type 2
cells were irregular in shape, darker than type 1
cells, with lipid droplets, blue granules, and oval
and dark nuclei with irregular edges (Fig. 5B).
Type 3 and 4 cells were less abundant than type 1
and 2, and they were usually found in close
contact with each other and were larger than the
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steroidogenic cells (Fig. 5C,D). Type 3 cells were
polyhedral, elongated, with highly packed small
cytoplasmic granules and oval nuclei (Fig. 5C).
Type 4 cells were larger than the other types and
were oval and elongated (Fig. 5D). Their spherical
nuclei had a central position with one large nucle-
olus, and their cytoplasm had small scattered
granules (Fig. 5D). These cells were usually associ-
ated with another cell whose nuclei were oval (Fig.
5D). Due to the large size of these cells and to the
presence of cytoplasmic prolongations, it was com-
mon to observe portions of these cells without
nuclei (Fig. 5C). Type 5 cells were spherical and
smaller than all the other types, and their cyto-
plasm had large dark granules (Fig. 5C). These
cells were always surrounded by type 1 and 2 cells
(Fig. 50).

Transmission electron microscopy allowed the
characterization of the distinct cell types observed
in the semithin sections. There were two different
cells containing lipid droplets, types 1 and 2, previ-
ously described by toluidine-blue staining (Fig.
6A,B). Both types had abundant mitochondria
with closely packed tubular cristae (characteristic
of steroid producing cells; Fig. 6C-F), an abundant
smooth endoplasmic reticulum made up of vesicles
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Fig. 2. Rhinella arenarum, cell types in the interrenal gland identified with paraffin histology. (A-C; 7 pm) Stained with Mas-
son’s trichrome. (A) Arrow: type A cells (for details see “Results” section). S: sinusoidal capillaries. (B) Arrow: type B cells. (C)
Arrows: type A and C cells. Arrowhead: nucleus of a cell associated with type C cell. (D; 7 pym) Stained with the PAS-H. Short
arrows: cells with PAS-positive cytoplasmic granules; ct: connective tissue; m: mesothelium.

and short cisternae and Golgi complex (Fig. 6G).
Type 1 cells were in close contact and had lipid
droplets of up to 5 um (Fig. 6A,C,H). The nuclei
were spherical with regular edges and lax chroma-
tin with one large nucleolus (Fig. 6A,C). In type 2
cells, the plasma membranes of adjacent cells were
not tightly attached as in type 1, showing few
areas of contact between cells (Fig. 6E,I,J). Lipid
droplets of type 2 cells had a diameter of up to 2
um, and their nuclei were oval, with irregular
edges, moderately condensed chromatin, and het-
erochromatin close to the nuclear membrane (Fig.
6B).

Type 3 and 4 cells were identified as chromaffin
cells because of the characteristics of their cyto-
plasmic granules (Piezzi, 1967; Capaldo et al.,
2004b). Type 3 cells had tightly packed granules of

variable shape with an electron-dense core (Fig.
7A,B). The granules of type 4 cells had a fine gran-
ular core of variable electron density, some of them
having a clear halo between the core and the limit-
ing membrane (Fig. 7A,C). According to these
characteristics, type 3 and 4 cells could correspond
to noradrenaline and adrenaline producing cells,
respectively (Piezzi, 1967; Capaldo et al., 2004b).
As shown in semithin sections, there were small
oval nuclei attached to type 4 cells (Fig. 7A).

Type 5 cells had an approximate size of 9 um
and were characterized by an oval shape with
eccentric nuclei and by being surrounded by type 1
cells (Fig. 7D). Their cytoplasm contained numer-
ous granules of variable size, shape, and electron
density (Fig. 7TE). Ultrastructural characteristics of
these cells and their proximity to cells with lipid

TABLE 1. Cell types in the interrenal gland of R. arenarum

Histological technique

Masson’s 3B-HSD/T TH Semithin Identification
trichrome THQ THQ PAS section TEM of cell type Distinctive characteristics
A (+) (—) (-) 1 1 Steroidogenic Polyhedral cell, tightly attached to each other,
spherical nucleus with lax chromatin
B (+) (=) (=) 2 2 Steroidogenic Retracted cell, loosely attached to each other,
oval nucleus with dense chromatin
C (=) (+) (=) 3 3 Chromaffin Noradrenaline granules (?)
4 4 Chromaffin Adrenaline granules (?)
NO NO NO (+) 5 5 Stilling Surrounded by lipid cells, eccentric

nucleus, large granules

THQ: immunohistochemistry; NO: not observed.
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Fig. 3. Rhinella arenarum, immunohistochemical detection of steroidogenic cells. (A) Topographic view of paraffin-embedded
cross section of interrenal gland (7 um) immunostained with anti-3g-HSD/I antibody. (B)-(D) are details of the immunostained
region shown in (A). (B) Arrowhead: type A cells; arrow: type B cells. (C) Higher magnification of type B cells (arrows). (D) Higher
magnification of type A cells (arrow). (E) Negative control without the primary antibody. (F) Western blot analysis of 33-HSD/I in

homogenate of interrenal.

droplets suggest that they are similar to the Stil-
ling or summer cells (Kawamura, 1986). Table 1
summarizes the distinctive characteristics of the
cell types described in the interrenal gland of
Rhinella arenarum.

Organization of the Different Cell Types

The anastomosing cords of the interrenal glands
contained intermingled steroidogenic, chromaffin,
and Stilling cells (Figs. 1 and 2). Transverse sec-
tions stained with Masson’s trichrome showed that
the most peripheral steroidogenic cells were
mainly type A, whereas type B cells, also steroido-
genic, were found mostly in the inner zone of the
gland, as amorphous groups that did not seem to
form cords (Fig. 8). Morphometric analysis of these
cells in the anterior and posterior zones of the
gland showed that there is a significant reduction
of type B cells in the posterior zone of the glands
(P = 0.003; Fig. 8, Table 2). However, type 1 ster-
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oidogenic cells are the most abundant type, and
they constitute almost all cells of the peripheral
area of the gland. Therefore, and because there
are only few chromaffine cells with a uniform
distribution along the gland (Table 2), the area
occupied by type 1 cells is almost equivalent to
subtracting the “type 2 cells area” from the “total
interrenal gland area.” Strikingly, in the semithin
sections of interrenals, corresponding to the ante-
rior zone, there were no amorphous groups
(Fig. 1D), suggesting that these groups could be a
technical artifact due to the paraffin embedding
procedure.

The immunohistochemistry of TH enzyme
allowed the differentiation of the chromaffin cells,
showing that these cells were scattered throughout
the interrenal gland (Fig. 4A). In addition, semi-
thin sections showed that chromaffin cells were in
close contact to the sinusoidal capillaries (Fig.
5C,D). Morphometric analysis of the TH immuno-
reactive cells in the anterior and posterior zones of
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Fig. 4. Rhinella arenarum, immunohistochemical detection of chromaffin cells. (A) Topographic view of paraffin-embedded cross
section of interrenal gland (7 um) immunostained with anti-TH antibody. (B) and (C) are details of the immunostained region
shown in (A). (B) Thick arrow: type C cell; thin arrow: nucleus of a cell associated to type C cell; arrowhead: cell prolongation. (C)
Arrow: type C cell with a more oval shape. (D) Negative control without the primary antibody. (E) Western blot analysis of TH in

homogenates of interrenals.

the interrenal indicated that there were no signifi-
cant differences between the amount of chromaffin
cells in both zones of the gland (P = 0.753;
Table 2).

Anteroposterior Synthesis of
Corticosterone and Aldosterone

To analyze whether regional variation existed in
the synthesis of corticosterone and aldosterone,
the in vitro biosynthesis of both steroids was ana-
lyzed by radioimmunoassay. Figure 9 shows that
there was a significant difference in the synthesis
of corticosterone and aldosterone in the posterior
zone of the interrenal in comparison with the ante-
rior zone (P < 0.0001 for corticosterone and
P = 0.005 for aldosterone).

DISCUSSION

The integrated analysis of data obtained with
different histological techniques demonstrated the
presence of two types of steroidogenic cells, two
types of chromaffin cells and also, as in other anu-
rans, Stilling cells (Table 1). Steroidogenic type A
cells, with a vacuolated cytoplasm and immunore-
active for the steroidogenic enzyme 3B-HSD/I,
correspond to type 1 cells described in semithin

section and TEM examination (Table 1). In con-
trast, type B cells have a basophilic and nonvacuo-
lated cytoplasm in paraffin-embedded sections, but
they are also immunoreactive for the steroidogenic
enzyme 3B-HSD/I. This type corresponds to type 2
cells of semithin section and TEM examination
(Table 1). The ultrastructural study of type 2 cells
shows that the plasma membranes of adjacent
cells are not in close contact with each other,
explaining why these cells are not compactly
arranged in the middle of the interrenal gland and
have a shrunken appearance in paraffin-embedded
sections. In contrast, in semithin sections, lipids
that remain in the cells avoided the shrinking and
the loss of the organization as cords. Hanke and
Weber (1965) also observed that in paraffin-embed-
ded sections of the interrenal gland of Rana tempo-
raria the steroidogenic cells of the middle of the
gland were not compactly arranged.

Piezzi and Burgos (1968) described the fine
structure of the interrenal gland of Rhinella are-
narum, showing that cords are composed of one
single type of steroidogenic cell and chromaffin
cells. However, this work shows that there are two
types of steroidogenic cells coexisting in the inter-
renal gland and that type 2 cells are mainly
located in the middle of the organ with type 1 cells
in the peripheral area. The fact that there are two
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Fig. 5. Rhinella arenarum, cell types in epoxy resin-embedded semithin sections (2 pm) of interrenal stained with toluidine
blue. (A)—(D) show cell types 1-5, as indicated by the arrows. For details of the cell types see “Results” section. In (A), f: fibroblast.

White arrow in D: nucleus of a cell associated to type 4 cell.

types of steroidogenic cells with different charac-
teristics raises two possibilities: they can be corti-
costerone and aldosterone producing cells or they
are different stages of a single cell type. Many
studies described different steroidogenic cell types
in the interrenal of anuran amphibians (Moor-
house, 1963; Hanke and Weber, 1965; Varma,
1977; Alvarez, 1992; Siiren, 1999). Particularly,
Hanke and Weber (1965) and Siiren (1999)
observed that cells in the peripheral area of the
gland have histological characteristics that suggest
that they are more active than those located in the
central zone. Troyer (1968) and Siiren (1999) pro-
posed that the size of the nucleus allows to evalu-
ate the activity of a cell, that is, that the larger
the nucleus the more active the cell. In this sense,
in the interrenal of R. arenarum, type 1 cells could
be more active than type 2 cells. Also, the presence
of euchromatin in type 1 cells suggests that these
cells are more active than the type 2. Particularly
in steroidogenic cells, the size of the lipid droplets,
their osmiophilia, the density of the mitochondrial
matrix and the development of the smooth endo-
plasmic reticulum are indicative of increased cellu-
lar activity (Hanke and Weber, 1965; Alvarez,
1992; Siiren, 1999; Capaldo et al., 2004a—c, 2006;
Gay et al., 2008). In the interrenal of the toad
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R. arenarum, from all these parameters only the
size of the lipid droplets differs between type 1
and 2 cells, being larger in the former. However,
there is controversy regarding whether a steroido-
genic cell with larger lipid droplets is more or less
active (e.g., Alvarez, 1992; Capaldo et al., 2004a—c,
2006; Gay et al., 2008; Siiren 1999). Capaldo et al.
(2006) and Gay et al. (2008) suggested that larger
lipid droplets are indicative of a cell preparing for
a season of increased synthesis of steroids and
that these cells are therefore active. In the toad,
both type 1 and 2 cells have characteristics of
highly active cells, such as osmiophilic lipid drop-
lets, a well-developed smooth endoplasmic reticu-
lum, and abundant mitochondria with closely
packed tubular cristae. Therefore, the only differ-
ence between both cell types that suggests that
type 2 cells are less active than type 1 is the
shrunken nucleus with dense chromatin. On the
other hand, the two types could be the morphologi-
cal evidence of two cells that synthesize different
steroids. As mentioned in the “Introduction”
section, only one paper proposes that in anurans
corticosterone and aldosterone are synthesized by
different cell types (Varma, 1977). In this study,
specimens of Rana catesbeiana maintained in dis-
tilled water had many cells with mitochondria
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Fig. 6. Rhinella arenarum, ultrastructural features of the steroidogenic type 1 and 2 cells. Ultrathin sections (90-150 nm)
stained with uranyl acetate and lead citrate. Arrows indicate contact between different cells. (A) Type 1 cell surrounded by other
cells of the same type (scale bar = 2.5 um). (B) Portion of type 2 cell showing part of the nucleus (scale bar = 1.12 pm). (C) Detail
of type 1 cells (scale bar = 1 pm). (D) Details of lipid droplets and mitochondria of type 1 cell (scale bar = 0.28 pm). (E) Detail of
type 2 cells (scale bar = 1.12 pm). (F) Details of lipid droplets, nucleus, and mitochondria of type 2 cell (scale bar = 0.28 um). (G)
Micrograph showing the characteristics of the smooth endoplasmic reticulum, Golgi complex, and mitochondria of steroidogenic
cells (scale bar = 0.28 pm). (H) Detail of plasma membranes of contiguous type 1 cells (scale bar = 0.14 um). (I,J) Detail of plasma
membranes of contiguous type 2 cells (I: scale bar = 0.28 pm and J: scale bar = 0.14 —m). A—J: cg: collagen; Ga: Golgi complex; is:
intercellular space; 1d: lipid droplet: m: mitochondria; N: nucleus; sc: sinusoidal capillary; SER: smooth endoplasmic reticulum.

Journal of Morphology
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Fig. 7. Rhinella arenarum, ultrastructural features of cell types 3-5. Ultrathin sections (90-150 nm) stained with uranyl acetate
and lead citrate. (A) Micrograph shows type 3 cell in contact with type 4 cell and a nucleus of a cell attached to type 4 cell; ac:
attached cell (scale bar = 2.5 um). Type 1 cell can be seen in the bottom of the image. (B) Detail of the granules in the white rec-
tangular area marked in type 3 cell (scale bar = 0.22 pum). (C) Detail of the granules in the black rectangular area marked in type
4 cell; arrow: halo between granular core and limiting membrane of the granule (scale bar = 0.22 um). (D) Micrograph shows a
type 5 cell in contact with type 1 cells (scale bar = 1 um). (E) Detail of the granules in the rectangular area marked in type 5 cell

(scale bar = 0.17 pm).

with lamellar cristae, a mitochondrial characteris-
tic of the aldosterone-producing zona glomerulosa
of the mammalian adrenal cortex (Shelton and
Jones, 1971). Considering that in amphibians,
plasma concentration of aldosterone is quite simi-
lar to the concentration of corticosterone, being
even greater during the summer (Dupont et al.,
1976; Pozzi et al., 2002), it was expected that the
interrenal gland of untreated toads would have
steroidogenic cells with lamellar mitochondrial
cristae. However, in R. arenarum, none of the ster-
oidogenic cell types had mitochondria with that
characteristic.

Two types of chromaffin cells (catecholaminergic
cells) were identified according to their ultrastruc-
tural characteristics. Piezzi (1965, 1967) also
described two types of chromaffin cells in the
interrenal gland of Rhinella arenarum, one of
which would synthesize mostly adrenaline while
the other noradrenaline. Here, both types of chro-
maffin cells were identified based on the character-
istics of the cytoplasmic granules described by
Piezzi (1967), characteristics that match with
those observed in chromaffin cells of other verte-
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brates (Wasserman and Tramezzani, 1963; Yoakim
and Grizzle, 1980; Geneser, 2000). The study of
the distribution of chromaffin cells using TH
immunohistochemistry showed that these cells are
scattered throughout the interrenal glands and
have long processes that contact the steroidogenic
cells (Fig. 4B), similar to Rana temporaria, R. cat-
esbeiana, and R. ridibunda (Hanke and Weber,
1965; Nagatsu et al., 1979; Delarue et al., 1988).
However, unlike R. catesbeiana and R. ridibunda
(Nonaka et al., 1995; Siiren, 1999), in the interre-
nal of R. arenarum there is no zonation in the dis-
tribution of the chromaffin cells. In addition, a
small nucleus was associated with individual chro-
maffin type 4 cells, a characteristic similar to the
interaction between ganglion cells and satellite
cells in the sympathetic ganglion. This interaction
suggests that, as proposed by Cocchia and Michetti
(1981) in the rat, the functional relationship
between glia-like cells and secretory cells of the
interrenal would have similar characteristics to
that of the glial cells with neurons. Furthermore,
and in contrast to a previous report (Piezzi and
Burgos, 1968), this work describes the presence of
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Fig. 8. Rhinella arenarum, anteroposterior variation of steroidogenic cell types. (A) Cross section (7 pm) of the anterior zone of
paraffin-embedded interrenal stained with Masson’s trichrome. (B) Higher magnification of the portion marked with a rectangle in
(A). (C) Cross section (7 um) of the posterior zone of paraffin-embedded interrenal stained with Masson’s trichrome. (D) Higher
magnification of the portion marked with a rectangle in (C). Arrows: cell types A—C.

small cells, surrounded by steroidogenic -cells,
which have an eccentric nucleus and PAS-positive
granules that could correspond to the Stilling or
summer cells described in other anurans (Moor-
house, 1963; Sottovia-Fihlo, 1974; Kawamura,
1986; Lesouhaitier et al., 1996). These cells have
morphological similarities to mast cells, and some
authors suggest that given their proximity to ster-
oidogenic cells they could regulate the synthesis of
steroids by a paracrine mechanism (Lesouhaitier
et al., 1996).

The analysis of the anteroposterior organization
of the cell types showed that the area correspond-
ing to steroidogenic type B cells (or type 2)
decreases toward the caudal end of the interrenal

TABLE 2. Morphometric analysis of the cell types in the
anterior and posterior zones of the interrenal gland

B cells area/total Chromaffin cells/total

Zone interrenal area interrenal area
Anterior 0.17 = 0.02?% 0.25 = 0.024
Posterior 0.07 + 0.01° 0.24 + 0.02%

Values are expressed as mean = SE; n = 6. For details see “Ma-
terial and Methods” section. Different lower case letters mean
significant differences in the relative area of B cells between
the anterior and posterior zones with P < 0.05. Different upper
case letters mean significant differences in the relative number
of chromaffin cells between the anterior and posterior zones
with P < 0.05.

gland with no change in chromaffin cells (Fig. 8;
Table 2). In Rana temporaria, Hanke and Weber
(1965) described that the amount of chromaffin
cells decreases from the cranial to the caudal end,
but they did not discuss regionality in steroido-
genic cells. The evaluation of the anteroposterior
variations in the synthesis of aldosterone and cor-
ticosterone showed an anteroposterior increase in
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Fig. 9. Rhinella arenarum, anteroposterior variation in the
synthesis of corticosterone and aldosterone. Fragments of both
interrenal gland of each toad corresponding to the anterior, in-
termediate, and posterior zone were incubated in vitro during 1
h at 28°C. The amount of corticosterone and aldosterone pro-
duced in the incubation media was measured by radioimmuno-
assay. Hormone production is expressed as nanograms of the
steroid per milligrams of interrenal incubated, and values are
presented as mean * SE; n = 8. Different letters indicate sig-
nificant differences between the zones with P < 0.05.
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the synthesis of both steroids, which suggests that
type B cells are a less active stage of the steroido-
genic cells in the interrenal. Furthermore, as the
anteroposterior pattern of corticosterone and aldo-
sterone secretion is similar, it is possible to specu-
late that type A and B cells correspond to different
stages of steroidogenic cells able to synthesize both
steroids. In support of this last possibility, Nonaka
et al. (1995) described that in R. catesbeiana a sin-
gle enzyme, the cytochrome P-450 (118, aldo), is
involved in the final steps of corticosterone and al-
dosterone synthesis. Furthermore, this enzyme is
expressed in all the steroidogenic cells of the inter-
renal of the frog.

In conclusion, this study shows that there is an
anteroposterior regionalization of two different
steroidogenic cell types. Steroidogenic cells with
different histology/ultrastructure seem to be in dif-
ferent stages with different steroidogenic capacity,
but it is not possible to conclude that aldosterone
and corticosterone are synthesized by distinct cell
type. As in other nonmammalian tetrapods, the
interrenal gland of anuran amphibians is not
organized in a cortex and a medulla but has an
anteroposterior and dorsoventral zonation of the
steroidogenic cell types, which implies that the
organ is not homogeneous.
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