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Abstract. The epidermis of vertebrates is the body�s principal
barrier against environment and its possible contaminants. The
presence of keratins, as well as specific detoxifying molecules
or enzyme activities, in the various epidermis layers is be-
lieved to be involved in providing protection from harmful
environmental influences. Anuran integument is poorly hor-
nified and thus permeable to some endogenous and exogenous
compounds and thus serves as a good bioindicator of overall
environmental conditions. In the present investigation, we
studied the epidermis of Rana kl. esculenta adult specimens
collected at two different rice fields, relatively unpolluted and
heavily polluted, respectively. Environmental pollution was
assayed by chemical analysis performed on both sediments and
animals. We evaluated the structural aspects of the epidermis
at both light and electron microscopy levels and the pattern of
keratinization by immunohistochemistry. Furthermore, we
studied the activities of some enzymes (acid and alkaline
phosphatase, nitric oxide synthase–related nicotinamide ade-
nine dinucleotide phosphate dehydrogenase, glucose-6-phos-
phate dehydrogenase, catalase, nonspecific esterases, and
succinic dehydrogenase) involved mainly in membrane trans-
port, xenobiotics, and oxidative metabolism. Compared with
controls, in polluted animals we found the following results:
(1) an increase in pollutant levels (i.e., cadmium, mercury, and
lead); (2) less keratinized superficial cells in the epidermis;
and (3) changes in most enzyme activities in keratinocytes and
mitochondria-rich cells (particularly glucose-6-phosphate
dehydrogenase and esterases, both important to counteract
oxidative and toxic stress). Taken as a whole, the present data
indicate the morphofunctional plasticity of the frog epidermis
in response to environmental contamination.

Anuran skin, which undergoes drastic structural changes dur-
ing metamorphosis, exhibits a complex cellular composition
and has several functions (i.e., mechanical protection, ion and
water transport, respiration, sensory perception). The general

structure of the epidermis, including its cell types and keratin
contents, differs in tadpoles and adults.

Larval epidermis is composed of three cell types: apical
cells, skein cells (exclusive in tadpoles), and basal cells, which
have been described in premetamorphosing larvae and are
considered precursors of adult germinative cells (Fox 1986;
Robinson and Heintzelman 1987; Izutsu et al. 1993). Skein
cells are characterized by the presence of bundles of tonofil-
aments—the figures of Eberth—which morphologically ex-
press larval keratins (Ellison et al. 1985; Fox 1992; Spies
1997; Suzuki et al. 2001).

The stratified epidermis of adult anurans consists of several
layers: germinative (or basal), spinous (or spinosum), granu-
lous (or granulosum), and hornified (or corneum), all con-
sisting of principal cells or keratinocytes showing a peculiar
morphologic aspect depending on the layers (Fox 1986;
Lindeman and Voute 1976). Flask-shaped mitochondria-rich
cells (MRCs) are characteristic of anuran skin. They are
intermingled in between keratinocytes and extend their necks
into the interstice beneath the horny layer (Amstrup et al.
2001). They are variable in number in different species and in
Rana esculenta they are more numerous in ventral than in
dorsal skin (Ehrenfeld et al. 1976).

Within the epidermis, leukocytes, melanocytes, macro-
phages, and Merkel cells are also present. Compared with
amniotes, anuran epidermis shows some structural differences;
in particular, it exhibits a relatively thin hornified surface
composed of one or two layers of flattened cells that retain their
nuclei (see Alibardi 2003 for a review). Based on these struc-
tural traits, frogs can use the epidermis for respiratory gas
(mainly carbon dioxide) and ion exchange. In fact, being ex-
posed to both air and pond water, the skin of the frog represents
one of the principal organs for body-fluid homeostasis. Several
studies have suggested that in frogs, epidermal principal cells
are mainly involved in active transport, whereas MRCs are
specialized in proton and bicarbonate secretion (Lindeman and
Voute l976; Fox 1986; Ehrenfeld and Klein 1997).

Hence, numerous investigations on frog skin have focused
mainly on morphologic and ion-transport changes under both
natural and experimental conditions (i.e., seasonality or
different ion concentration) (Barni et al. 1987; De Piceis
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Hlastala 1989) and in relation to environmental contamination
as well (Ferrari and Salibian 1999; Suwalsky et al. 2000, 2001,
2004). To our knowledge, however, only Johnson et al. (2000)
have undertaken studies to date on the detoxifying and anti-
oxidant responses of the amphibian epidermis to counteract
effects of contaminants. Instead, some researchers have
focused attention on the study of the antioxidant defense
mechanisms of mammal skin after exposure to oxidative
stressors, including chemical pollutants and ionizing, ultravi-
olet, and UV irradiation (see Kohen [1999] for a review).

It is worthy of note that a variety of industrial, agricultural,
and urban chemicals can contaminate water bodies, such as
rice fields, inhabited by amphibians. In a previous study, we
investigated the presence of contaminants in R. esculenta
tadpoles collected at two different rice fields, one relatively
unpolluted and the other heavily polluted. In the latter, the
occurrence of several contaminants was significantly greater
compared with the former. Moreover, we observed morpho-
functional changes in the livers of polluted adult frogs col-
lected in the same rice fields, which indicate an adaptive
response of this organ—through both enzymatic and nonen-
zymatic mechanisms—to counteract environmental pollution
(Fenoglio et al. 2005).

Although liver activity is of primary importance in
xenobiotic biotransformation processes, the integument is the
first organ system that interacts with environmental constitu-
ents (i.e., air, water, soil sediment). Thus, perturbations of
the amphibian epidermis could be induced by exposure to
pollutants.

We therefore studied the epidermis of adult green frogs
(R. klepton esculenta) collected in both control and relatively
polluted rice fields with the aim of obtaining additional
information on the ability of the frogs� component cells to
respond to environmental pollution. Both rice-field sediments
and animals were submitted to chemical analysis to assess
environmental contamination. In all of the animals, we ana-
lyzed the morphologic structure of the ventral skin using both
light and electron microscopy, including keratin immunolo-
calization trials.

We also studied some enzyme activities as indicators of
oxidoreductive metabolism (glucose-6-phosphate dehydroge-
nase [G6PDH], succinic dehydrogenase [SDH], nitrous oxide
synthase [NOS]–related nicotinamide adenine dinucleotide
phosphate [NADPH] dehydrogenase [NOS/NADPHd]) anti-
oxidant and defense functions (catalase [CAT], acid phos-
phatase [AcPase], and a-naphtyl acetate and butyrate esterases
[ANAE and ANBE]) and transport activity (alkaline phos-
phatase [AlkPase]) The presence of reactive oxygen species
(ROS) was also investigated.

Materials and Methods

Animals and Study Sites

Adult frogs (R. kl. esculenta) of both sexes were collected in two rice
fields: the control site, which was flooded with relatively unpolluted
resurgence water (site 1), and the tested site flooded with the heavily
polluted waters of the River Lambro (site 2). Sediment samples were
also collected at the same sites using a 30-cm depth core. Because the
Lambro collects industrial and human waste from densely inhabited

areas, its waters host a variety of persistent contaminants, heavy
metals, and organic micropollutants (Marchetti 1991). Moreover, they
are characterized by high values of biochemical (BOD) and chemical
oxygen demand (COD) along with phosphate and nitrite and ammo-
niac nitrogen with higher concentrations of chromium, nikel, man-
ganese, and aluminum than those permitted by the environmental
regulations of the Regione Lombardia (unpublished data, Azienda
Ricerca Consulenza Ambientali, Lodi, 1996 to 2001).

The analysis of the biological quality and chemicophysical features
of the Lambro River is performed by the Agenzia di Ricerche e
Consulenze Ambientali of Cameri (NO) every 5 years. Compared
with those of the preceding years, however, the latest samplings
showed a diminishing degree of water pollution.

Chemical Analysis

Whole adult green frogs and sediments from the two sites were sub-
mitted to chemical analysis to test differences in water pollution in the
two areas. Previous chemical analysis in the same areas had been
conducted on tadpoles of R. esculenta (Fenoglio et al. 2005). The
homogenized animal samples (control-CL, contaminated frogs-CT)
and sediments were analyzed using adsorption spectrophotometry
(AAS) for cadmium, chromium, mercury, and lead and high-resolu-
tion chromatography according to Mateo et al. (1999) for the fol-
lowing organochlorine compounds: hexachlorobenzene (HCB);
hexachlorocyclohexane a, b, and c (lindane) isomers (HCHs); hep-
tachlor epoxide and a-endosulfan (cyclodienes); p,p�-DDT, p,p�-DDE,
p,p�-DDD, and o,p�-DDT (DDTs); and polychlorinated biphenyls
(PCBs). The same procedure was used for sediment samples.

AAS. Cadmium, chromium, and lead were analyzed by a Perkin-
Elmer Analyst 600 AA spectrophotometer. Mercury was analyzed by
a Perkin-Elmer FIAS-100 and by a Perkin-Elmer 3110 AA spectro-
photometer (Perkin Elmer Italia SpA, Monta-Mi, Italia). Instrument
control and data calculation were performed on personal computer
using AA WinLab software. To eliminate organic matter, the samples
were mineralized without previous washing using a CEM-MDS 81D
microwave oven (LEM Corporation, Matthews, NC), then dissolved
in 30% nitric acid as described by Fasola et al. (1998). The materi-
alization technique was tested for element recovery on reference
material. The tests for cadmium, chromium, mercury, and lead gave
recoveries ranging from 98% to 101%. Preliminary tests were carried
out using standard solutions of pure single element dissolved in nitric
acid and water (30% v/v) at three concentrations. The calibration
curves were found linear for the following ranges as absolute con-
centrations—cadmium-2-4-6 ppb; chromium-5-10-20 ppb; mercury-
2-4-8 ppb; lead-3-6-12 ppb—corresponding to the detection limit on
the biological sample of 0.020 ppm for chromium, 0.030 ppm for
cadmium, 0.010 ppm for mercury, and 0.030 ppm for Pb. Estimates
were made according to standard addition methods (Baden 1980)
supported by PC Software.

High-resolution chromatography. Organochlorine analyses were
carried out by high-resolution gas chromatography on a Perkin-Elmer
AutoSystem (Perkin Elmer Italia SpA, Monta-Mi, Italia) equipped
with a 30-m fused silica capillary column of 0.53-mm ID (BPX5 from
SGE, Ringwood, Australia) coupled to an electron-capture detector
(ECD). Chromatographic conditions were optimized for the separa-
tion of the compounds under study at a suitable analysis time. The
oven was programmed from the initial temperature of 145�C to 276�C
at a rate of 2.5�C/min, with injector (Jade septum-less) temperature of
290�C and of 310�C, and with carrier gas (He) at a linear velocity of
25 cm/s. Chlorinated compounds were localized using PCB Nos. 1
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and 209 (standards added to samples from the beginning) employing
the Situation Units System for identifying peaks in the chromatograms
(Mateo et al. 1998). High-resolution chromatographic analysis and
quantification of organochlorine (OC) residues followed the corrected
Ballschmiter and Zell nomenclature system for PCBs (Guitart et al.
1993). Aroclor 1254 was used to quantify PCBs. The total PCB
concentration (SPCBs) was calculated as the sum of individual con-
gener concentrations. Recoveries of selected pesticides (DDTs and
HCHs 71% to 100%, n = 5) and PCBs (77% to 100%, n = 4) were
calculated and considered satisfactory, but no corrections were made
based on recoveries. Because cyclodienes are partially degraded by
the acid attack, their values should be considered as underestimated.
Blanks were processed between samples to check for the absence of
external contamination. Detection limits for the different compounds
were as follows: HCBs = 3 ppb; HCHs = 1 ppb; heptachlorepoxide
and a-endosulfan = 1 ppb; p,p�-DDE and o,p�-DDT = 2 ppb; p,p�-
DDD and p,p�-DDT = 3 ppb; and SPCBs = 25 ppb.

Morphologic and Histochemical Analyses

Tissue processing and histochemical staining. The animals from
both areas were used within 1 day of arrival in the laboratory. At least
six specimens of adult frogs were used. They were deeply anesthe-
tized with a buffered solution of MS-222 (in accordance with Guide
for the Care and Use of Laboratory Animals) and then killed by
decapitation. The ventral skin was removed, cut into small pieces (1 ·
2 mm), and processed for either light or electron microscope
procedures.

For electron microscopy studies, fragments of skin were fixed by
immersion for 3 hours in ice-cold 1.5% glutaraldehyde (Polysciences,
Warrington, PA), 0.05 M cacodylate buffer at pH 7.4, containing 7%
sucrose, and postfixed with 1% OsO4 (Sigma Chemical, St. Louis,
MO) in the same buffer for 2 hours at 4�C. Samples were dehydrated
in graded series of ethanol and embedded in Epon 812. Ultrathin
sections, 600 �, obtained with a C. Reichert OMU3 ultramicrotome
(Reichert, Vienna, Austria), were contrasted with uranyl acetate and
Reynold�s lead citrate solution. The specimens were then observed in
a Zeiss EM 300 electron microscope (Carl Zeiss SpA, Italia)

For morphologic and immunohistochemical light microscopy
analysis, ventral skin pieces were fixed in 2% paraformaldehyde in
0.1 M phosphate buffer at pH 7.4 for 24 hours and processed routinely
until they were embedded in Paraplast wax. Some small pieces of frog
skin were frozen in liquid nitrogen and stored at )80�C for histo-
chemical detection of some enzyme activities and ROS expression.

The relative expression levels of immunodeposits and the enzyme
reaction product of different specimens were evaluated by two inde-
pendent observers. Values of positivity were scored as weak (+),
moderate (++), and intense (+++), respectively. Sections lacking
reactivity were graded as negative ()).

Sections examined for their morphologic detail stained with either
hematoxylin-eosin (H&E) or toluidine blue. Sections obtained from
Paraplast-embedded samples, 6-lm thick, underwent the following
histochemical reactions: (1) terminal deoxynucleotidyl-transferase
(TUNEL) assay to detect apoptotic cell death; (2) Periodic Acid
Schiff (PAS) reaction (with and without previous digestion with 0.2%
a-amylase) for neutral glycoproteins; and (3) Alcian blue (AB) at pH
1-PAS and AB at pH 2.5-PAS reaction.

For TUNEL labelling, the ApopTag Peroxidase Kit (CHEMICON
International) was used according to the detail protocol supplied with
the kit. The skin sections were processed for TUNEL reaction, re-
vealed with diamino benzidine (DAB), and counterstained with he-
matoxylin. As negative control the terminal deoxynucleotidyl-

transferase incubation was omitted; no staining was observed under
these conditions. Staining procedures of PAS and AB/PAS were
conducted according to Pearse (1972) to identify carboxylated acid,
sulfated acid, and neutral complex carbohydrated.

Immunohistochemistry. In previous immunohistochemical studies
on several species of amphibians (Spies 1997; Alibardi 2001, 2002),
antibodies against mammalian keratins were successfully employed.
Moreover, molecular studies support immunohistochemistry as a
successful indicator that both amphibian type I and type II keratins
show a structural homology with human keratins (Fuchs and Marchuk
1983; Hoffman and Franz 1984; Hoffman et al. 1985).

In the present study for keratin immunolocalization, the following
monoclonal antihuman keratin antibodies were applied: (1) AE1
(Serotec), which recognizes most acidic type I keratins (40 to 58 kDa);
(2) AE2 (Acris), which recognizes some acidic and basic keratins (56
to 68 kDa); and (3) AE3 (Serotec), which recognizes most basic type
II keratins (58 to 67 kDa).

Sections obtained from Paraplast-embedded samples, 6-lm thick,
were deparaffinized and hydrated. Afterward, they were submitted to
a protein digestion with trypsin 250 for 10 minutes, and then they
were treated with 3% H2O2 in 10% methanol for 20 minutes to block
endogenous peroxidase activity. After washing in 0.01 M phosphate-
buffered saline (PBS) rinse, the sections were incubated with the
primary antibody at an appropriate dilution (1:100 for AE1 and AE3
and 1:20 for AE2) at room temperature for 3 hours. After brief rinsing
with PBS, the peroxidase-conjugated EnVision+ System HRP, which
is based on an HRP-labelled polymer and conjugated with the sec-
ondary goat antimouse antibody (Dako), was applied to the sections
for 1 hour at room temperature. The chromogen DAB was used to
visualize the secondary antibody. The sections were dehydrated and
mounted with Entellan. The specificity of the immunoreactions was
controlled by replacing the primary antisera with the dilution buffer;
no staining was observed under these conditions. Antibodies against
AE1, AE2, and AE3 keratins were also tested on normal human skin
samples as biological control.

Enzyme histochemistry and ROS demonstration. Sections 6-lm
thick were obtained from frozen samples with a Leica CM 1850
cryostat, mounted on glass slides coated with poly-L-lysine, and
stored at )25�C until used. The activity of the following enzymes was
demonstrated by using their respective incubation media: AcPase (EC
3.1.3.2) according to Burstone (1962); 0.1 M acetate buffer (pH 5);
0.4 mM naphthol AS-Bl phosphate dissolved in N,N-dimethylform-
amide; Fast Red Violet LB 0.5 mg/1ml of final solution (incubation
for 40 minutes 37�C); AlkPase (EC 3.1.3.1) according to McGadey
(1970) as modified by Van Noorden and Jonges (1987); 0.1 M Tris-
HCl buffer (pH 9) containing 15% polyvinyl alcohol (PVA), 0.7 mM
5-bromo-4-chloro-3-indolylphosphate, 0.32 mM 1-methoxyphenazine
methosulfate; 5 mM MgCl2, 5 mM sodium azide, 5 mM tetranitro BT
(TNBT) (incubation for 7 minutes at 37�C); NOS/NADPHd (EC
1.6.99.2) on prefixed sections in 4% paraformaldehyde (buffered with
0.1 M phosphate at pH 7.4) for 15 minutes at 4�C according to Nakos
and Gossrau (1994) with our modifications (Fenoglio et al. 1997);
15% PVA, 0.1 M phosphate buffer (pH 7.4), 5 mM levamisole, 2 mM
NADPH, 3 mM NBT, 0.2% Triton X, 0.2% paraformaldehyde
(incubation for 50 minutes at 37�C in the dark); G6PDH (EC 1.1.1.49)
acoording to Van Noorden and Frederiks (1992); 0.1 mM phosphate
buffer (pH 7.4) containing 15% PVA, 10 mM glucose-6-phosphate,
0.8 mM NADP+, 0.32 mM 1-methoxyphenazine methosulfate, 5 mM
MgCl2, 5 mM sodium azide, 5 mM TNBT (incubation for 3 minutes.at
37�C); CAT (EC 1.11.1.6) according to Van Noorden and Frederiks
(1992); 0.1 mM glycine-NaOH buffer (pH 10.5) containing 2% PVA,
5 mM DAB, 18 mM H2O2 (incubation for 30 minutes at 37�C); SDH
(EC 1.3.99.1) according to Loyda et al. (1979); 0.1 M phosphate
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buffer (pH 7.4), 50 mM sodium succinate, 0.32 mM phenazine
methosulfate, 5 mM sodium azide, 2.5 mM TNBT (incubation for 5
minutes 37�C); ANAE, (EC 3.1.1.1) according to Castell-Rodriguez
et al. (2001); 10 ml 0.1 M phosphate buffer (pH 7.4) containing
600 ll hexazotized Pararosaniline and 1.2 mg a-naphtyl acetate in
500 ll acetone (incubation for 30 minutes at room temperature);
ANBE (EC 3.1.1.2) according to Higgy et al. (1977); 10 ml 0.1 M
phosphate buffer (pH 8.0) containing 10 ll a-naphtyl butyrate in
500 ll acetone, and 15 mg Fast Blue BB salt (incubation for 30
minutes at room temperature).

All media were freshly prepared just before incubation. After
incubation, tissue sections were rinsed in incubation buffer and in
distilled water to stop reaction and then mounted in glycerol jelly. We
compared the relative intensities of enzyme reactions among control
and polluted samples on the same slide to avoid possible discrepancies
resulting from different processing times.

The specificity of each enzymatic reaction was tested by submitting
frog skin sections in incubation media without substrate. Incubation of
the slices in a complete medium with 10 mM sodium fluoride,
inhibitor of AcPase, and nonspecific esterases was used to prove the
specificity of these reactions. For AlkPase, samples were also incu-
bated in presence of 10 mM levamisole, its specific inhibitor. For
NOS/NADPHd, fixed sections were alternatively incubated in a
medium containing NADH instead of NADPH. No reaction products
were detected in any of the control sections.

To detect ROS, fresh cryostat sections were incubated in a medium,
prepared according to Kerver et al. (1997), containing 12.5 mM DAB,
5 mM MnCl2, and 40 mM CoCl2 dissolved in 10% PVA in 100 mM
Tris-maleate buffer (pH 8.0) at 37�C. After an incubation period of 30
minutes, the sections were rinsed in hot distilled water to stop reaction
and to remove the viscous incubation medium. The slides were then
mounted in glycerol jelly, observed, and photographed immediately
afterward with a light microscope.

The chemicals used for histochemical reactions were purchased
from Sigma Chemical except for sodium azide, which was purchased
fromE.Merck (Darmstadt, FRG), andmagnesium chloride, manganese
chloride, and cobalt chloride, which were purchased from Carlo Erba
(Milan, Italy).

Results

Chemical Analysis

The results of sediment and tissue analyses from the two sites
confirmed the higher state of contamination at site 2 compared

with site 1. Contamination levels in the sediments collected in
the two study areas are shown in Table 1. Cadmium, mercury,
and lead were present in a significantly higher concentration in
samples from the polluted area. Heptachlor was not detected in
the control area, whereas it was present in 50% of samples
from the polluted site. Heptachlor epoxide percentage was
similar in the two sites. Endosulfan was present in a higher
percentage of samples from the polluted site.

Pollutant levels in adult frogs collected at the two study
areas are shown in Table 2. There were significant differences
in cadmium, mercury, and lead concentrations between the
samples collected in the two different locations. Heptachlor
was not detected in any samples from either area. Heptachlor
epoxide percentage was higher in samples from the polluted
area. Endosulfan was also present in a higher percentage of
samples from the polluted site. In general, contaminant con-
centrations in tissue, except for chromium, reflected those of
the metals in the sediments.

Morphology and Histochemistry

At light microscopy, control frog epidermis was found to
consist of four to seven layers of keratinocytes with a
superficial flat layer of hornified cells showing picnotic nuclei.
A thin interstice was present between the external horny layer
and the epidermal layer just below. Cells in the deeper layers
(basal to granulous) displayed more abundant cytoplasm and
spheroid or oval nuclei.

Generally, in the skin sections of frogs collected in the
polluted area, no degenerative alterations were detected.
However, at light microscopy the granulous and corneus layers
of the epidermis displayed a tendency to become thicker. In
addition, the presence of some pale keratinocytes was noticed
in the subcorneal layer.

Ultrastructural observations showed different features of the
keratinocytes. In basal cells, the cytoplasm was abundant and
contained a few organelles, such as endoplasmic reticulum,
ribosomes, and keratin filaments arranged in bundled tonofil-
aments, whereas spinous and granulous layer cells contained
an increasing number of small and dense mucous granules as
well as thickly bundled tonofilaments according to a base–
surface gradient (Fig. 1a). Pale cells containing numerous

Table 1. Concentration of cadmium, chromium, mercury, lead, and some organic compounds in sedimentsa

Area type Cadmium Chromium Mercury Lead H HE Endosulfan

Unpolluted area
No. (%) 5 (100) 5 (100) 5 (100) 5 (100) 5 (0) 5 (80) 5 (20)
Mean 0.1 58.61 0.06 0.54 ND 0.015 0.03
Min/max 0.047/0.13 55.98/61 0.03/0.13 0.05/1.004 0.007/0.2 ND/0.05

Polluted area
No. (%) 6 (100) 6 (100) 6 (100) 6 (100) 6 (50) 6 (83) 6 (100)
Mean 0.76 55.53 1.46 7.16 0.09 0.06 0.82
Min/max 0.28/1.07 42.5/60.9 0.30/3.01 5.97/8.07 ND/0.16 0.004/0.12 0.09/2.01

Difference among study areas (p =) 0.002 NS 0.015 0.001

a The values are No. of sample (percentage frequency of samples with concentrations higher than above the detection limits), arithmetic mean,
maximum and minimum values, ppm dry weight for heavy metal and ppb dry weight for organic compounds.
H = Heptachlor.
He = Heptachlor epoxide.
NS = Not significant.
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mitochondria, i.e., MRC, along with some tonofilaments were
dispersed among the keratinocytes.

Compared with control specimens, the epidermis ultra-
structure of most polluted animals showed some differences.
In the latter, the cytoplasm of granulous layer cells contained
numerous granules, lysosomes, tonofilaments, and a large
number of vesicles, often associated with ribosomes, having
amorphous material inside (Fig. 1b). In most samples, the
subcorneal spaces appeared dilated and contained amorphous
material forming dense deposits (Figs. 1c and 1d). Moreover,
in several samples the superficial cells of the horny layer often
appeared thicker and cytoplasm showed pale amorphous zones
inside (Figs. 1d and 1e). MRCs were generally similar to those
observed in controls (Fig. 1b).

Generally, after the in situ analysis of DNA fragmentation
by TUNEL method, positive reaction was rare in epidermal
cells. However, in polluted samples, cells positive for TUNEL
were sometimes more numerous than in controls (Figs. 2a and
2b). They were localized mainly in basal and intermediate
layers.

In control samples, light to moderate PAS positivity was
detected in basal and intermediate cell layers, respectively. In
polluted animals, intense and almost homogeneous PAS
staining was observed in all layers, and a dense rim of
PAS-positive amorphous material was detected in the sub-
corneal space (Figs. 3a and 3b).

After AB staining at pH 2.5, the epidermal cells of both
control and polluted animals displayed negligible positive re-
sponses. After AB reaction at pH 1, most principal cells in
polluted specimens showed increased responses from basal to
granulous layers compared with controls (data not shown).
A positive rim was detected resting on the horny layer of all of
the samples submitted to AB staining.

Immunohistochemistry

Immunostaining by the AE1 antibody (to label acidic keratins)
resulted in moderate positive responses of the epidermal basal
layer in both groups of samples. Moreover, MRCs were
stained by AE1 antibody strongly in the control group and
moderately in the polluted one. In addition, the horny layer

was weakly stained in the last sample group (Figs. 3c and 3d).
Secretory cells in mucous glands also revealed strong immu-
noreactivity (Figs. 3c and 3d).

The use of AE2 antibodies to label both acidic and basic
keratins with high molecular weight allowed selective and
intense staining of the horny layer in control epidermis. In
contrast, immunoreactivity was low in the same layer of the
polluted samples. No reactivity was detected in MRCs of both
groups (Figs. 3e and 3f).

In control animals, the AE3 antibody (used to label basic
keratins) predominantly stained the epidermal superficial lay-
ers, whereas in polluted samples the labelling was light and
diffused throughout the strata. However, immunostaing re-
sponses were stronger in controls than in polluted animals
(data not shown). The results collected from immunohisto-
chemical staining trials of cytokeratins are summarized in
Table 3.

Enzyme Histochemistry

The AcPase reaction labelled the upper cytoplasm regions in
the cell of the intermediate layers, including cells beneath the
horny coat; a moderate enzymatic activity was observed in
control frogs, whereas the positivity of the reaction product
ranged from intense to strong in most polluted samples
(Figs. 4a and 4b).

Control frog epidermis displayed strong AlkPase activity,
which increased from the upper-intermediated to the outer
layers, but the horny coat gave no response. A similar staining
pattern was detected in polluted samples, but they showed light
to moderate reactivity patterns (Figs. 4c and 4d).

NOS/NADPHd activity was detected in both keratinocytes
and MRCs, with an increased expression in polluted skin
samples compared with controls. In both cell types, the reac-
tion product was mainly observed in the upper pole of the cells
(Figs. 4e and 4f).

G6PDH activity was moderately expressed in all epidermal
cells of control samples except for those in the layer beneath
the horny coat (Fig. 5a). Compared with controls, stronger
responses were observed in the intermediate epidermal layers
of polluted frogs (Fig. 5b).

Table 2. Concentration (average ppm dry weight) of the heavy metals and (average ppb dry weight) some organic compounds in adults from the
two study areasa

Area Cadmium Chromium Mercury Lead H HE endosulfan

Control area
No. (%) 4 (100) 4 (100) 4 (100) 4 (100) 5 (0) 5 (40) 5 (60)
Mean 0.05 4.41 0.04 0.64 ND 0.09 0.05
Min/max 0.01/0.07 3.87/4.72 0.02/0.06 0.48/0.82 ND/0.44 ND/0.12

River Lambro
No. (%) 4 (100) 4 (100) 4 (100) 4 (100) 4 (0) 4 (100) 4 (100)
Mean 0.76 7.05 0.68 2.25 ND 0.23 0.08
Min/max 0.33/1.26 3.61/8.59 0.13/0.92 0.66/3.55 0.03/0.42 0.01/0.14

Difference among study areas (p =) 0.011 NS 0.014 0.049

a Each sample was made by 5 individuals collected at various sites within a study area.
H = Heptachlor.
He = Heptachlor epoxide.
NS = Not significant.
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Fig. 1. Electron micrographs of epidermis. (a) Control frog epidermis showing basal cells with relatively abundant cytoplasms and few tono-
filaments inside along with intermediate layer cells having an increased number of mucous granules and tonofilaments (arrows) inside (CC-horny
cells; GC-granulous cells; SC-spinous cells; BC-basal cells). (b through e) Epidermis of polluted animals. (b and c) Granulous cells containing
numerous granules and vesicles (arrows); note the presence of a dilated interstice beneath the horny coat (arrowheads) and an MRC in (b). (d and
e) Superficial cells showing pale amorphous areas inside the cytoplasm (thick arrows); note deposits of amorphous material beneath the horny
coat (arrow). Scale bar for a, b, c, d = 2.3 lm; scale bar for e = 1.7 lm
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Fig. 2. TUNEL assay. Specimens of control (a) show occasional positive nuclei (arrow); in polluted frog epidermis (b), a few labelled nuclei are
located mainly in the basal layer (arrows). Scale bar = 50 lm

Fig. 3. PAS staining (a and b) beside involving secretory cells in mucous glands. In the control epidermis, the reactivity is light from basal to
intermediate layers (a), while it is intense in almost all layers of polluted samples (b). AE1 immunostaining. (c) Moderate to strong immu-
nopositivity is noted in the epidermal basal layer and in MRC (arrow) of control frogs. (d) In polluted samples, moderate immunopositivity labels
basal, corneus, and MRC cells. Also, mucocytes in subepidermal glands show strong immunoreactivity (arrowheads in c and d). AE2 immu-
nostaining. (e) Intense immunodeposits are observable in the corneus layer of the control samples (arrowheads). (f) Weak immunopositivity is
detected in the horny coat of the polluted frogs. Scale bar = 50 lm
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CAT staining gave almost-negative responses in the epi-
dermis of control animals, whereas the upper epidermal layers
of the polluted samples showed moderate positivity. A few
cells lying between basal layer and dermis, likely interstitial
mononuclear cells, were intensely reactive for CAT in polluted
samples (Figs. 5c and 5d).

Moderate to dense SDH reaction product labelled the MRCs
mainly in the apical pole in the epidermis of all specimens.

The reaction gave similar results, and there was no noticeable
difference in staining patterns between control and polluted
samples. The amounts of the reaction products were variable
among cells in either group (data not shown).

The reactions for both esterases were positive in controls,
labelling the cells of the upper epidermis layers with a graded
intensity (Figs. 5e and 5f). In animals from polluted sites, the
amounts of the product of the reaction for ANAE was

Table 3. Evaluation of immunohistochemical expression of cytokeratins in the frog epidermisa

Control frogs Polluted frogs

Cytokeratins HL IL BL MRCs CL IL BL MRCs

AE1 ) ) ++ +++ + ) ++ ++
AE2 ++ ) ) ) + ) ) )
AE3 ++ + + + + + + +

BL = basal layer.
HL = horny layer.
IL = intermediate layers.
a+++ Intense staining; ++ moderate staining; + wake staining; ) negative.

Fig. 4. Comparison of the enzyme histochemistry of the frog epidermis between control (a, c, and e) and polluted (b, d, and f) animals. Activity
of AcPase is mainly localized in the upper regions of cells in intermediate strata and in the layer beneath the horny coat in both control (a) and
polluted (b) samples, although stronger reaction products are visible in the polluted ones. The staining pattern of AlkPase activity increases from
the uppermost to the outer layers, except for the horny coat, in both groups of animals. The reactivity is strong in control frog epidermis (c) and
weak to moderate in polluted frog (d). NOS/NADPHd activity is detected in both keratinocytes and MRCs (arrows), with an increased reactivity
in polluted samples (f) compared with controls (e). Scale bar = 50 lm
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remarkably high in MRCs, whereas decreased staining of
keratinocytes was noticed in all of the epidermal layers after
both ANAE and ANBE staining (Figs. 5g and 5h).

The results of enzyme histochemistry are summarized in
Table 4.

ROS expression in the epidermis of both control and pol-
luted animals was negligible or scant. Samples from the pol-
luted sites showed patterns of ROS expression in some cells,
possibly interstitial cells, lying between the epidermis and
dermis (data not shown).

Discussion

In the current investigation, we analyzed some morphofunc-
tional aspects of the green frog epidermis with the aim of
highlighting possible defense mechanisms against environ-
mental contamination. Previous chemical analyses conducted
on tadpoles (Fenoglio et al. 2005) and present investigations
performed on both sediments and adult frogs confirmed a high
level of contamination in the site we supposed to be chemi-
cally polluted. In sediments from the polluted environment, we

Fig. 5. Comparison of the enzyme histochemistry of the frog epidermis in control (a, c, e, and g) and polluted (b, d, f, and h) animals. G6PDH
activity appears moderate in the basal and intermediate layers of control samples (a), whereas strong G6PDH activity is observable in the
intermediate layers of polluted frogs (b). CAT activity is negligible in the epidermis of controls (c), but in polluted samples, keratinocytes of the
upper layers show a moderate activity; note a few positive cells between basal layer and dermis (d). ANAE and ANBE activities are intense in the
upper epidermis layers of control samples (e and g); in polluted animals, ANAE staining is mainly detected in the MRCs (arrows in f), whereas
light ANBE staining involves keratinocytes in all of the epidermal layers except the horny one (h). Scale bar = 50 lm
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found concentrations of cadmium and mercury higher than
critical levels, and, in some cases, their concentrations ex-
ceeded the established hazard limits in sediments (Mac Donald
et al. 2000). Interestingly, the tissue concentrations of con-
taminants fitted those in sediments, except for lead. In samples
of adult frogs collected in the polluted site, the values of
cadmium, mercury, and lead were higher than those reported
in literature for species of the genus Rana (Baudo 1976;
Terhivuo et al. 1984; Pauli et al. 2000).

The heptachlor epoxide level in sediments was lower than
the critical concentration in both sites (Mac Donald et al.
2000). There were no reference values about the other organic
compounds we considered.

Heptachlor and heptachlor epoxide occurred in tissues from
both control and polluted samples in concentrations resem-
bling those found in other species of Rana (Pauli et al. 2000).
No data were available on endosulfan background values in
the literature.

In general, it is conceivable that the concentrations of tissue
contaminants were the result of middle- or long-term bioac-
cumulation from more or less persistent water and sediment
pollution. As a consequence of environmental contamination,
we evidenced some consistent changes in the structural fea-
tures and enzyme activities in the skin of polluted frogs
compared with controls.

Remarkable morphologic modifications were detected in
polluted frog skin, though none of the samples displayed signs
of degeneration. However, TUNEL-positive cells probably
represent damaged keratinocytes, which are removed by way
of apoptotic cell death.

Compared with controls, most superficial cells of polluted
specimens showed in their cytoplasms a larger amount of
amorphous and electron transparent material associated with
bundles of tonofilaments. Yet, amorphous material was also
detected in the subcorneal space, whereas cells in intermediate
epidermal layers often contained mucous products and vesicles
of different sizes within the cytoplasm. In the same samples—
and particularly in the superficial cells—we observed intense
PAS positivity and AcPase activity, consistent with morpho-
logic traits in the epidermis of contaminated frogs.

It is worthy of note that in larval stages, epidermal devel-
opment involves mucogenic activity, and the first background
material required to clump keratin filaments is mucous in
nature. The ontogenic transition from larval to adult epidermis
is characterized by the disappearance of large mucous gran-
ules, whereas dense, round, mucous-like deposits were found

among keratin filaments (Fox 1986; Alibardi 2001, 2003).
In the present investigation, the detection of large and elec-
tron-transparent deposits of amorphous material (probably
mucous) in most horny layers of polluted samples suggests that
these specimens are involved in decreased maturation of the
superficial cell layer.

Interestingly, differences in keratin immunostaining distri-
bution along the epidermal layers were evidenced in the two
groups of frogs considered polluted and unpolluted.
The superficial cells of polluted animals expressed higher AE1
immunopositivity than AE2 compared with controls. Further-
more, relevant AE1 immunostaining was also detected in
MRCs and in mucous gland cells of both groups.

Studies conducted by Alibardi (2001, 2002) in adult skin of
different amphibian species have demonstrated AE1 immu-
nopositivity mainly in basal layers, AE2 immunopositivity in
the external layers, and AE3 throughout epidermis, thus indi-
cating AE2 as a specific marker for keratinization. In fact, AE2
immunostaining indicates the presence of 63-kDa keratin
during terminal differentiation of anuran skin keratinocytes
(Nishikawa et al. 1992). Moreover, AE2-positive keratins are
typical of stratified and keratinized layers in the epidermis of
amniotes (O� Guin et al. l987; Alibardi 2001).

Generally, keratins are thought to provide structural integ-
rity to cells to counteract mainly physical stressors on tissues.
Studies performed on keratinocyte cells lines, characteristic of
pathologic conditions in humans (i.e., epidermolysis bullosa)
and defective for keratins CK5 and CK14, have suggested that
some keratins play a role in preserving tissue structure during
osmotic stress (D�Alessandro et al. 2002).

Taking into account the relevant role of the frog epidermis
in ion and water transport (Lindemann and Voute 1976), it is
likely that the changes we found in both morphologic features
and cytokeratin expression in epidermis of polluted frogs
probably affect the barrier role and the transport function of
this epithelium.

In this respect, the decreased activity of AlkPase, an en-
zyme involved in transmembrane transport processes, found
in polluted animals may be significant. Noteworthy are pre-
vious investigations (Suwalsky et al. 2000) showing that
mercuric compounds affect sodium transport in isolated skin
of toad.

Nitric oxide (NO), produced by NOS, can be involved in
regulative processes of skin physiology. In mammals, all three
NOS isoforms, i.e., neuronal (nNOS), inducible (iNOS), and
endothelial (eNOS), have been detected in keratinocytes.

Table 4. Evaluation of enzyme activities in the epidermisa

Control frogs Polluted frogs

Enzyme activity Keratinocytes MRCs Keratinocytes MRCs

AcPase +/++ ) ++/+++ )
AlkPase +++ ) ++ )
NOS/NADPH + ++ +/++ +++
G6PDH ++ ) ++/+++ )
CAT € ) + )
SDH ) +++ ) ++/+++
ANAE ++ ++ + ++
ANBE ++ ) + )
a+++ Intense staining; ++ moderate staining; + wake staining; ) negative.
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Notably, iNOS expression has been found in a number of
inflammatory skin conditions (see Cals-Grierson and Ormerod
[2004] for a review). In the present investigation, we found an
increase in NOS/NADPH expression in keratinocytes and in
MRCs of the polluted specimens compared with controls. In
amphibian skin, Nilsson et al. (2000) described the paracrine
role of NO in modulating pigment granules distribution within
melanophores. However, Cals-Grierson and Ormerod illus-
trated in their review (2004) the numerous biological functions
of the NO-signalling molecule in normal and pathologic con-
ditions of human skin, i.e., response to UV radiation, mela-
nogenesis, antimicrobial effects, the maintenance of this skin
barrier function, and wound healing. It has also been reported
that NO seems to inhibit the keratinization processes in human
skin (Rossi et al. 2000), thus contrasting the barrier function of
skin. We cannot therefore exclude a possible correlation of the
NOS/NADPH activity observed in frog skin, as well as its
variations in the staining positivity observed in polluted sam-
ples, with the adaptive processes of the skin. Possibly these
processes are consistent with the degree of epidermal cells
keratinization and width of the subcorneal space. Additional
functional changes taking place in the epidermis of polluted
frogs were suggested by variations in other enzyme activities.
We observed differences between control and polluted speci-
mens involving G6PDH and CAT activities. Both are con-
sidered antioxidant enzymes; the former produces NADPH,
the major reducing compound present in the cytoplasm, and
the latter degrades H2O2 into water and molecular O. The
concomitant increase in polluted animals of both enzyme
activities may be indicative of the ability of frog skin to
counteract oxidative stress through an enzymatic action, as
happens in mammal skin (Shindo et al. 1994; Muramatsu et al.
2005). In particular, the increase of G6PDH activity in the skin
of polluted frogs indicates an adaptive response to contaminant
exposure as observed in a previous investigation performed on
livers of the same samples (Fenoglio et al. 2005). The present
data, together with those reported in the literature (Pandolfi
et al. 1995; Izawa et al. 1998; Winzer et al. 2001) seem to
confirm the involvement of this enzyme in counteracting toxic
and oxidative stress.

Moreover, observations on the activity of both antioxidant
enzymes may be related to the patterns of ROS expression in
the polluted samples that exhibited no noticeable differences
compared with control frogs. Thus, an increase in antioxidant
enzyme activity may be effective in preventing the formation
of dangerous free radicals in animals living in polluted areas.

In contrast, in the present investigation, esterase activities
(ANAE and ANBE) were observed to have generally
diminished in polluted animals but ANAE in MRCs. Notably,
esterases have proven to be good markers of the
toxic effects of environmental contaminants on different
organisms (Venturino et al. 2003; Maier 1978; Cachot et al.
1994). Numerous studies have shown that nonspecific ester-
ases are zinvolved in the susceptibility or resistance of
organisms (plants, protists, invertebrates, and vertebrates) to
organophosphate pesticides, depending on the organisms and
esterase isoforms. Actually, these enzymes seem to interact
with insecticides in one of two possible ways: insecticides
could inhibit them or be degraded by esterases (Feng 1997;
Barbier et al. 2000 for a review).

Our results are indicative of an inhibiting effect of con-
taminants on epidermal esterases, except for the ANAE ex-
pressed in MRCs, probably due to a different susceptibility to
contaminants of these cells or to the presence of different
ANAE isoforms. In this regard, Barbier et al. (2000) have
studied ANAE in two species of dinoflagellates, Prorocentrum
micans and Crypthecodinium cohnii, showing different mor-
phofunctional traits, photosynthetic and not photosynthetic,
respectively. They found different sensitivity of ANAE to
parathion in the two protests and suggested that this depended
on specific cell characteristics.

On the whole, the present results point to two main
adaptive changes in the epidermis of the frog R. esculenta in
response to environmental contamination: (1) the increase of
some antioxidant enzyme activities and (2) the decrease of
keratinization. From a functional point of view, these studies
suggest that, although the frog epidermis is sensitive to
contamination, it is equipped with efficient defense mecha-
nisms and seems to behave more as an active chemical
barrier than as a passive physical shield when exposed to
contaminants.

The current study has also evidenced for the first time the
ANAE and NOS/NADPH activities in the MRCs, suggesting
additional roles for these epidermal cells characteristic in
amphibians, in addition to those demonstrated in the past, i.e.,
acid–base regulation (Guardabassi et al. 1972), active ion
transport (Lodi 1971; Zaccone et al. 1986; Larsen et al. 1992),
and secretion process during sloughing (Lavker 1971; Budtz
and Larsen 1975; Masoni and Romeu 1979). In fact, they seem
to actively cooperate with the epidermal principal cells in the
defensive responses to environmental stressors.
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