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A B S T R A C T

Ultra-Violet (UV) radiation is a stressor of the immune system and causes DNA damage. Leukocytes can change
in response to environmental changes in anurans, making them an important biomarker of stressful situations.
The initial barrier against UV in ectothermic animals is melanin-containing cells in skin and in their internal
organs. Here, we tested the effects of UV exposure on immune cells and DNA integrity in pigmented and non-
pigmented tadpoles of Lithobates catesbeianus. We used an inflammation model with lipopolysaccharide (LPS) of
Escherichia coli to test synergic effects of UV and LPS. We tested the following hypotheses: 1) DNA damage caused
by UV will be more pronounced in non-pigmented than in pigmented animals; 2) LPS increases leukocytes in
both pigmented and non-pigmented animals by systemic inflammation; 3) The combined LPS and UV exposure
will decrease the number of leukocytes. We found that the frequency of immune cells differed between pig-
mented and non-pigmented tadpoles. UV exposure increased mast cells and DNA damage in erythrocytes in both
pigmented and non-pigmented tadpoles, while leukocytes decreased after UV exposure. Non-pigmented tadpoles
experienced DNA damage and a lower lymphocyte count earlier than pigmented tadpoles. UV altered immune
cells likely as a consequence of local and systemic inflammation. These alterations were less severe in pigmented
than in non-pigmented animals. UV and LPS increased internal melanin in pigmented tadpoles, which were
correlated with DNA damage and leukocytes. Here, we described for the first time the effects of UV and LPS in
immune cells of pigmented and non-pigmented tadpoles. In addition, we demonstrated that internal melanin in
tadpoles help in these defenses, since leukocyte responses were faster in non-pigmented animals, supporting the
hypothesis that melanin is involved in the initial innate immune response.

1. Introduction

Ultra-Violet (UV) radiation causes behavioral and physiological
changes in amphibians, contributing to their worldwide decline [1]. For
example, UV radiation promotes DNA damage [1,2] by producing
pyrimidine dimers that block transcription of gene and lead to mutation
or cell death [3]. Another effect of UV in amphibians is disruption of the
immune system [4]. Previous studies have found that exposing tadpoles
in early developmental stages to ultra-violet-B (UV-B) radiation de-
creased their fitness as a result of the impact on the immune functions
[5]. Thus, UV exposure in different life stages affects the ability of
amphibians to cope with subsequent infections [5]. In addition, the
combined effects of UV-B and pathogens increase the mortality of am-
phibian embryos more than pathogens alone [6], since UV radiation
promotes systemic immunosuppression, which makes amphibians more

sensitive to subsequent viral, fungal, and bacterial infections [7].
However, little is known about the systemic effects of UV. For example,
how they interact with other environmental factors and defenses of
amphibians against UV exposure [7]?

Hematological alterations usually reflect changes in the physiology of
the organism. For example, leukocytes respond effectively to stressful
situations. Therefore, these cells allow us to measure the level of damage
an animal underwent [8]. Several studies have reported that the number
of leukocytes change in response to different environmental variables
[9–12]. Immune cells in tissues also respond to environmental change.
For example, the density of liver mast cells in Physalaemus nattereri in-
creases after 3 h of UV exposure [2]. Mast cells produce mediators to
inflammatory process and activate neutrophils [13,14] and these cells
are used to indicators of inflammation in tissues [15]. In this study, mast
cells were used to measure inflammation in tissues of tadpoles.
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Amphibians are susceptible to several pathogens, due to their
complex life cycle. Their skin is also permeable to harmful micro-
organisms. For example, Escherichia coli is commonly found in en-
vironments where anurans live. The pathogenicity of this bacterium is
associated with LipoPolySaccharides (LPS) in its cell wall. Specifically,
the LPS activates the immune response in hosts, by stimulating mono-
nuclear phagocytes to synthesize cytokines [16], such as the Tumor
Necrosis Factor α (TNF-α) and several Interleukins (IL-1, IL-6, and IL-
10; [17]). The LPS of E. coli has been commonly used in experimental
models to analyse the systemic inflammatory process of rodents [18]
and fish [16]. Here, we used the LPS by test synergic effects of UV and
LPS.

Ectothermic animals have melanin on the surface of internal organs
[19]. In the skin, melanin is the first barrier against UV [20]. Melanin
also protects tissues against DNA damage by absorbing UV radiation
and transforming it into heat [21]. Melanin has also an immune role in
internal organs, since hydrogen peroxidases and their quinone pre-
cursors act as bactericides [22]. This is especially important for ec-
tothermic animals, because their enzymatic reaction rates, such as en-
zyme-mediated repair of DNA damage induced by UV-B, decrease at
low temperatures [22,23]. In addition, previous studies found that
amphibian embryos died when exposed to both UV and pathogens at
the same time [6]. Therefore, it is expected that the inflammation
promoted by LPS would be stronger in animals exposed previously to
UV. Conversely, melanin protects internal organs against UV [2]. As a
result, pigmented animals are less affected due to the role of the mel-
anin in mediating immune responses.

Here, we conducted three experiments to test if UV radiation affects
immune cells and causes DNA damage on pigmented and non-pig-
mented tadpoles of Lithobates catesbeianus. Specifically, we tested the
hypotheses that: 1) DNA damage caused by UV will be more pro-
nounced in non-pigmented than in pigmented animals, since melanin
can protect tissue against UV effects; 2) LPS increases leukocytes in
both pigmented and non-pigmented animals by systemic inflammation;
3) The combined effect of LPS and UV exposure will decrease the
number of leukocytes, since UV can disrupt the immune system.

2. Methodology

2.1. Animal Model

We used pigmented and non-pigmented, i.e. albine, tadpoles of the
American Bullfrog (Lithobates catesbeianus; Anura: Ranidae) between
stages 38 and 40 [24], supplied by Ranaville Agro Indústria Ltda, São
Roque, São Paulo, Brazil. This species is bred in large scale frog farms,
making it easy to obtain a homogeneous and large set of specimens,
both pigmented and non-pigmented, raised under controlled condi-
tions. Tadpoles were kept in aquaria with water equivalent to 1 L per
individual, at room temperature (27.0 ± 0.5 °C), and 12:12 light: dark
photoperiod. Animals were fed daily for 7 days before experiments.
Animal handling followed the NIH Guide for Care and Use of Labora-
tory Animals and procedures were approved by the Ethics and Animal
Experimentation Committee of the Sao Paulo State University (CEUA-
IBILCE/UNESP 096/2014).

2.2. Experiment 1: Effects of UV on Immune Cells and DNA Damage Assay

To test the UV effects on leukocyte profile and erythrocyte ab-
normalities, we designed a 5×2 fully-crossed factorial experiment, in
which we varied the time of exposure to UV (control group, 6, 12, 18,
and 24 h) and the incidence of pigmentation of tadpoles (pigmented and
non-pigmented). Animals exposed for longer time to UV did not survive
in a pilot study (data not shown). Each experimental group had six
tadpoles (replicates). The control group consisted in animals kept under
the same conditions without UV exposure. UV radiation was im-
plemented using Philips TL 20W/12 RS lamps, whose emission are 60%

UVB and 40% UVA,<3% gamma radiation, and irradiation of
2.4Wm−2 of UVB (after [25,26]). The doses were approximately 10%
of the natural UVA and UVB levels, which are average levels of summer
months of southeastern Brazil [25]. Animals were kept in an incubator
(EletroLab model 121 FC, with Philips TLT 20W/75RS fluorescent
lamp) with controlled temperature (27 ± 0.5 °C) and photoperiod
(12:12 h light: dark). After exposure, animals were euthanized with a
lethal dose of benzocaine diluted in water (5 g/L), and blood and liver
samples were collected. Blood was removed from the vena caudalis
dorsalis of the tadpole, with syringes and heparinized needles.

2.3. Experiment 2: Effect of LPS on Leukocytes and Hepatic Mast Cells

To test the LPS effects on leukocyte profile and erythrocyte ab-
normalities, we designed a 3×2 fully-crossed factorial experiment, in
which we varied the time of exposure to LPS (control group, 12 and 24 h)
and the incidence of pigmentation of tadpoles (pigmented and non-pig-
mented). Each experimental group had six tadpoles (replicates).
Tadpoles were inoculated intraperitoneally with a single dose of 3mg/
kg LPS of E. coli, Serotye 0127:B8 (Sigma, St. Louis, MO; after [16])
diluted in a sterile physiological solution with osmolality adjusted for
amphibians (60% of mammalians). The control group consisted of
pigmented and non-pigmented animals administered with a sterile
physiological solution. These exposure times were chosen because
during the inflammatory response, mast cells degranulate after 24 h
[15], suggesting that the LPS are detectable during this time frame.
After the end of the experiment we collected blood and liver samples.

2.4. Experiment 3: Combined Effects of UV and LPS

To test the combined effects of UV and LPS on leukocyte profile and
erythrocyte abnormalities, we designed a 2×2 fully-crossed factorial
experiment, in which we varied the time of exposure to LPS and UV (12
and 24 h) and the incidence of pigmentation of tadpoles (pigmented and
non-pigmented). Each experimental group had six tadpoles (replicates).
Animals received an intraperitoneal single dose of LPS and exposed to
UV following the same procedures described above.

2.5. Histological Processing

For hepatic mast cell analysis, the liver was fixed in Karnovsky
fixative solution (0.1 M Sørensen phosphate buffer, pH 7.2 phosphate
buffer containing 5% paraformaldehyde, and 2.5% glutaraldehyde) for
24 h at 4 °C. Subsequently, samples were washed in water, dehydrated
in an alcoholic series, and embedded in historesin (Leica-historesin
embedding kit). Sections of 2 μm obtained in a microtome (RM 2265,
Leica, Switzerland) were stained with toluidine blue and borax for mast
cells detection. Sections were observed under a light microscope (Leica
DM4000 B) with an image capture system (Leica DFC 280). Ten his-
tological sections were made per animal to estimate mast cell density
(mm2).

2.6. Leukocytes Profile and Nuclear Abnormalities of Erythorcytes

Peripheral blood smears were fixed in methanol at 4 °C for 20min
and then stained with a 7.5% Giemsa solution for 15min. For leukocyte
count, we recorded the relative proportions of each cell type per 100
leukocytes per animal under a light microscope (Leica DM4000 B).
Then, we calculated the total circulating leukocytes to obtain the total
amount of each cell type.

We assessed nuclear abnormalities in 1000 cells per animal under a
light microscope (Leica DM4000 B), with 1000× magnification.
Nuclear abnormalities in erythrocytes recorded were micronuclei, buds,
binucleate erythrocytes, and anucleated cells [2]. Results were ex-
pressed as the frequency of nuclear abnormalities per 1000 cells.
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2.7. Body Darkness Analyses

Pigmented and non-pigmented tadpoles were photographed im-
mediately after experiments under same light conditions. To quantify
body darkness, we used the delimitation tool in Photoshop® to stan-
dardize the area measured, specifically 1cm2 of the dorsal fin and 1 cm2

between spiracle aperture and body-tail junction. These two regions
were chosen to have a better sampling of what happens to the colora-
tion in the body of the animal. We used landmarks to standardize
measurements in each animal.

Images were analyzed following Franco-Belussi et al. [2] protocol
for anurans using Adobe Photoshop 6.0 (Adobe Systems Inc., Mountain
View, CA, USA). Briefly, we analyzed two images per animal converted
into the mode CIE L*a*b*. The format CIE L*a*b* [27] consists of three
parameters: L*= lightness; a*= redness; b*= yellowness. The mean
of lightness values was measured using the histogram tool and the value
L* was inversely correlated to body darkness. Afterwards, we calculated
body darkness using the following formula: 100− (100× L*/255),
considering the relative area of L* [2,28].

2.8. Internal Melanin

We quantified the coloration on the surface of the following regions
and organs of pigmented tadpoles, following Franco-Belussi et al. [47]:
heart, lungs, kidney, mesenterium, and parietal peritoneum. Briefly, the
coloration on organs was divided into four categories, ranging from 0 –

total absence of coloration to 3 – meaning intense pigmentation. These
organs were chosen because they had some degree of pigmentation in
this tadpole species at the stages analyzed.

2.9. Statistical Analyses

In order to model the ratio of nuclear abnormalities and leukocyte
counts (lymphocytes, basophils, eosinophils, monocytes, and neu-
trophils), we built a Generalized Linear Model (GLM) with binomial
distribution and log link function, including treatment (categorical
predictor with 3 levels) and incidence of pigmentation (categorical
predictor with two levels) and their interaction. We tested model as-
sumptions using diagnostic plots in the R [29] package sjplot [30].
Residuals had homogeneity of variance and normal distribution.

To model mast cell density in the liver, we used a Generalized
Linear Mixed-Effects Model (GLMM) with beta distribution including
treatment and pigmentation as fixed effects along with their interac-
tion. To control for the dependency among the 10 sections of the same
animal (pseudoreplicates), we included animal as a random intercept in
the model (categorical with 6 levels; [31,32]). Analysis was conducted
in the R package glmmADMB [33]. We used the least-squares means in
the R package lsmeans [34] to test for differences between levels of the
treatment and pigmentation.

The percentage of body darkness was analyzed using a beta re-
gression. Analysis was conducted in R package betareg [35]. To relate
the categories of internal melanin in each organ or region to treatments,

Fig. 1. (A) Mast cells in the liver (arrow) of pigmented tadpoles of L. catesbeianus. Coloration: Toluidine blue with borax. Barrs: 10 μm. (B-D) Effects of UV exposed (UV), LPS ad-
ministration (LPS) and combined effects of UV+ LPS on mast cells density. Mast cells increased in all treatments. CT: control group. UV: animals exposed to UV for 6,12,18, and 24 h.
LPS: animals administered with LPS for 12 and 24 h. UV+LPS: animals administered with LPS and exposed to UV for 12 and 24 h. (*) shows differences between exposure time and the
control group in the same treatment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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we used a G-test for goodness of fit, with Yates' correction. This test was
implemented using the R code provided by Peter Hurd (available at
www.psych.ualberta.ca/~phurd/cruft/g.test.r).

In order to test a correlation between body darkness and levels of
internal melanin in organs, we used a Pearson's correlation. In addition,
body darkness and internal melanin were tested with immune cells and
erythrocytes nuclear abnormalities. These analyzes were conducted
only for pigmented animals.

We did not observe differences between control groups of UV and
LPS treatments for all responses variables. Then, we used a mean of all
animals of control group. All analyses were conducted in R v. 3.4.0
[29].

3. Results

3.1. Immune Cells in the Liver and Blood

We found mast cells in the liver of both pigmented and non-pig-
mented tadpoles (Fig. 1A). The density of mast cells in the liver of
pigmented animals is about twice that of non-pigmented ones (Fig. 1).
The most common leukocytes in the peripheral blood of tadpoles are
lymphocytes. These cells have a large nucleus and almost no cyto-
plasm. Neutrophils have a segmented nucleus with different config-
urations. Basophils, the smallest leukocytes, have the typical baso-
philic granules dispersed throughout the cytoplasm, sometimes
overlapping the nucleus. Monocytes are the largest leukocytes, they
have abundant cytoplasm bearing vacuoles, their nucleus is large,
comprising about 50% of the cell volume. Eosinophils have many
eosinophilic granules in their cytoplasm, with a slightly segmented
and eccentric nucleus (Fig. 2).

The leukocyte profile in pigmented and non-pigmented tadpoles
from the control group was different (Table 1). Pigmented animals had
more lymphocytes (78.6%) and neutrophils (18.2%) than non-pig-
mented ones (lymphocytes: 70.0%, neutrophils: 12.6%). Conversely,
non-pigmented animals had more eosinophils (15.8%) than pigmented
ones (1.8%). There were no differences in monocytes and basophils.

3.2. Effects of UV-B and LPS on Leukocytes and Hepatic Mast Cells

UV, LPS, and UV+LPS increased mast cells in the liver (Fig. 1), but
with different effects for pigmented and non-pigmented animals
(P < 0.001; Fig. 1). Pigmented animals had higher density of hepatic
mast cells after 24 h of UV exposure, compared with non-pigmented
ones (Fig. 1).

Lymphocyte decreased in all treatments (P < 0.05) in both pig-
mented and non-pigmented animals, but the decrease occurred earlier
for non-pigmented than for pigmented animals (P < 0.05; Tables 1, 2,
and 3). There was an increase in neutrophils only in pigmented animals
for the UV and LPS experiment after 24 h of exposure. Eosinophils in-
creased only in the UV+LPS experiment in pigmented animals in two
exposure times (Tables 3), whereas monocytes increased in all experi-
ments for non-pigmented animals (P < 0.05; Tables 1, 2, and 3).

3.3. Effects of UV-B and LPS on Erythrocyte Nuclear Abnormalities

Erythrocytes of tadpoles are large cells, rounded to elliptic shape,
with centric nucleus (Fig. 3A). We found nuclear abnormalities in an-
imals from the UV and UV+LPS experiments, such as bud-shaped
nuclei (Fig. 3B), anucleated cells (Fig. 3C), and micronuclei (Fig. 3D).

Exposure to UV increased nuclear abnormalities in peripheral blood
erythrocytes of both pigmented and non-pigmented animals beginning
in 6 h and continuing through all exposure times (P < 0.05). However,
the frequency of nuclear abnormalities in non-pigmented animals is
about three times greater than in pigmented ones (Fig. 3E). We found
no nuclear abnormalities in the experiment manipulating LPS (Fig. 3F).
However, there was an increase in nuclear abnormalities after 12 h in
both pigmented and non-pigmented animals when animals are exposed
to the combined treatment of UV+LPS, with a higher frequency in
non-pigmented ones (P < 0.05; Fig. 3G).

3.4. Effects of UV-B and LPS on Cutaneous and Internal Melanin
Pigmentation

We found only changes in the skin pigmentation of pigmented an-
imals after 6 h of UV exposition (P < 0.05; Fig. 4). The treatment with

Fig. 2. Morphology of leukocytes of L. catesbeianus tadpoles. Lymphocytes have a proportionally large nucleus. Neutrophils have segmented nuclei, with different morphologies.
Basophils, the smallest leukocytes, have the typical basophilic granules dispersed throughout the cytoplasm, sometimes overlapping the nucleus. Monocytes are the largest leukocytes,
with a large nucleus. Eosinophils have numerous and typical eusinophilic granules in the cytoplasm and an eccentric nucleus. Coloration: Giemsa 7.5%. Barrs: 5 μm.
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LPS did not change body coloration (P=0.25). However, tadpoles
administered with LPS and exposed to UV became darker after 12 h,
and kept this phenotype after 24 h (P < 0.0001; Fig. 4I,J). The body
color of non-pigment tadpoles did not change.

The heart (G=25.08, DF= 6; P=0.012), lungs (G=48.85,
DF=6; P < 0.0001), kidneys (G=39.41, DF= 6; P < 0.0001), me-
senterium (G=59.69, DF= 6; P < 0.0001), and parietal peritoneum
(G=39.93, DF= 6; P < 0.0001) became darker after 6 h of UV ex-
posure (Fig. 5A). The same organs became darker after 12 h of LPS
administration (e.g., heart=G=25.34, DF=6; P < 0.0001;
lungs=G=34.46, DF= 6; P < 0.0001; kidney=G=18.79,
DF=6; P=0.0047; mesenterium=G=16.20, DF= 6; P=0.012;
parietal peritoneum=G=23.64, DF=6; P < 0.0001). All organs of
tadpoles in the treatment with combined UV and LPS became darker
(P < 0.05; Fig. 5C).

3.5. Joint Effects of UV and LPS

Body darkness is linearly and positively correlated with peritoneum
(r=0.62; P=0.015) and kidney coloration (r=0.93; P=0.03), as
well as nuclear erythrocytes abnormalities (r=0.83; P=0.02). The

skin coloration is not correlated with immune cells. The internal col-
oration of the peritoneum was negatively correlated with the number of
lymphocytes (r=−0.53; P=0.002), but positively correlated with the
number of monocytes (r=0.85; P=0.001) after 24 h of treatment. The
internal pigmentation was related to neither nuclear erythrocyte ab-
normalities, nor other immune cells.

4. Discussion

UV-B caused immunological and genotoxic effects in cells of tad-
poles of L. catesbeianus, the latter being greater in non-pigmented ani-
mals. In addition, UV exposure increased cutaneous and internal mel-
anin pigmentation. Melanin is a first barrier against UV effects, present
in skin melanocytes and responsible for absorbing UV radiation and
dissipating it in the form of heat [20].

Both pigmented and non-pigmented tadpoles had different leuko-
cyte profiles in same developmental stage (e.g., Gosner 38–40).
Pigmented animals had higher amounts of lymphocytes and neu-
trophils, whereas non-pigmented ones had higher amounts of eosino-
phils. However, pigmented tadpoles at Gosner stage 25 had lower
amounts of lymphocytes and neutrophils, whereas pigmented tadpoles

Table 1
Percentage of leukocytes in pigmented (Pig) and non-pigmented (No Pig) tadpoles of L. catesbeianus exposed to UV for 6, 12, 18, and 24 h. CT: control group, animals not exposed to UV.

UV

Lymphocyte Neutrophil Eosinophil Monocyte Basophil

Pig CT 78.6 ± 2.4 18.2 ± 1.6 1.8 ± 0.8 0.0 ± 0.0 1.4 ± 0.2
6 h 77.4 ± 5.5 14.2 ± 4.5 1.4 ± 0.5 0.4 ± 0.01 4.8 ± 2.2*
12 h 77.8 ± 7.3 18.8 ± 6.7 1.8 ± 0.7 0.2 ± 0.02 1.4 ± 0.6
18 h 62.6 ± 6.6 23.6 ± 5.9 3.4 ± 2.6 4.6 ± 2.5* 5.8 ± 2.3*
24 h 55.4 ± 7.6* 42.2 ± 5.2* 2.4 ± 0.9 1.2 ± 0.9* 0.6 ± 0.06

No Pig CT 70.0 ± 1.7 12.6 ± 3.9 15.8 ± 1.3 0.4 ± 0.24 1.2 ± 0.12
6 h 62.0 ± 1.0 13.3 ± 3.3 11.0 ± 1.0 2.5 ± 0.9* 1.8 ± 0.7
12 h 54.0 ± 6.7* 9.2 ± 3.2 23.2 ± 5.3 0.6 ± 0.2 13.0 ± 3.2*
18 h 64.2 ± 7.2 17.2 ± 9.3 9.6 ± 2.8 8.4 ± 3.0* 0.6 ± 0.1
24 h 60.0 ± 5.4 14.0 ± 1.7 8.5 ± 6.2 18.3 ± 3.2* 0.0 ± 0.0

Significant differences with respect to control values are shown as *: P < 0.05.

Table 2
Percentage of leukocytes in pigmented (Pig) and non-pigmented (No Pig) L. catesbeianus tadpoles administered with LPS for 12 and 24 h. CT: control group, animals not administered with
LPS.

LPS

Lymphocyte Neutrophil Eosinophil Monocyte Basophil

Pig CT 78.6 ± 2.4 18.2 ± 1.6 1.8 ± 0.8 0.0 ± 0.0 1.4 ± 0.2
12 h 48.2 ± 8.0* 48.0 ± 8.4* 2.0 ± 0.9 1.6 ± 0.5 0.0 ± 0.0
24 h 46.0 ± 1.3* 45.2 ± 1.1* 1.8 ± 0.5 22.0 ± 1.0 6.8 ± 3.2*

No Pig CT 70.0 ± 1.7 12.6 ± 3.9 15.8 ± 1.3 0.4 ± 0.24 1.2 ± 1.2
12 h 49.6 ± 5.8* 18.0 ± 4.4 15.2 ± 3.9 15.6 ± 3.3* 1.6 ± 0.1
24 h 62.8 ± 9.0 10.4 ± 4.2 17.2 ± 7.3 2.2 ± 0.6 7.4 ± 0.4*

Significant differences with respect to control values are shown as *: P < 0.05.

Table 3
Percentage of leukocytes in pigmented (Pig) and non-pigmented (No Pig) tadpoles of L. catesbeianus administered with LPS and exposed to UV for 12 and 24 h. CT: control group, animals
not administered with LPS nor UV exposure. Notice that non-pigmented animals did not survive after 12 h.

UV+LPS

Lymphocyte Neutrophil Eosinophil Monocyte Basophil

Pig CT 78.6 ± 2.4 18.2 ± 1.6 1.8 ± 0.8 0.0 ± 0.0 1.4 ± 0.2
12 h 68.8 ± 6.2 16.4 ± 7.5 4.8 ± 2.6* 7.6 ± 1.5 2.4 ± 0.1
24 h 48.5 ± 1.2* 25.0 ± 3.3 6.5 ± 3.1* 14.3 ± 1.7 5.6 ± 0.6*

No Pig CT 70.0 ± 1.7 12.6 ± 3.9 15.8 ± 1.3 0.4 ± 0.24 1.2 ± 1.2
12 h 54.2 ± 2.1* 8.0 ± 1.6 13.0 ± 1.8 23.8 ± 2.5* 1.2 ± 0.4

Significant differences with respect to control values are shown as *: P < 0.05.
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at Gosner stage 38–40 had lower amounts of monocytes, basophils and
eosinophils [36]. These differences in leukocyte profiles may be related
to ontogeny, since the density of lymphocytes is higher throughout all
developmental stages, while neutrophils are high until Gosner 40 stage
and decrease afterwards up, and eosinophils and monocytes increase at
the metamorphosis climax (i.e. Gosner 42; [37]). Here, we found a
different leukocyte profile for tadpoles either with or without pigments
at stages 38–40, which might be related to the presence of both internal
and cutaneous melanin. This molecule is involved in innate immune
responses in ectotherms [22] and may influence the occurrence of im-
mune cells. Several ecotoxicological studies found that melanin plays a
key role in the maintenance of animal health [19].

Leukocyte count differed in all treatments in both pigmented and
non-pigmented tadpoles in late development (e.g., Gosner 38–40).
Other studies found no immediate effects of UV-B on leukocytes
abundance in pigmented tadpoles of Limnodynastes peronii at early de-
velopment stage (e.g., Gosner 21–25; [5]). However, leukocyte amount
in metamorphs exposed to UV-B during larval stages was lower than
metamorphs not exposed to UV-B [5]. The same authors reported that
the cumulative effect of UV does not affect directly the larval immune
system, but when animals develop the adult immune system [5]. He-
matological analyzes that include differential leukocyte counts provide
information about individual's immune status and aid in presumptive or
definitive diagnosis [38]. Lymphocytes decreased in all treatments in
both pigmented and non-pigmented tadpoles. Lymphocytes are im-
portant in specific immune responses and in the production of growth

factors for blood cells [39,40]. The hypothalamic-pituitary-interrenal
axis (HPI) is activated in anurans under environmental stresses, and
lymphocytes are lost and other leukocytes are mobilized after corti-
costeroid release [41]. Basophils increased in all experiments likely
because they have rapid hypersensitivity to different treatments.
Monocytes increased to large counts in all experiments only in non-
pigmented animals. Monocytes play key roles in bacterial infections
[42] and were expected to increase in animals administered with LPS. A
previous study [11] found similar pattern in basophils and monocytes
of Sclerophrys regularis exposed to UV-A. In this scenaria, we expect that
melanin could act in the innate immune defense of pigmented animals,
but monocytes are specific immune cells and do not act in this context.

Hepatic mast cells increased in all experiments. Mast cells con-
tribute to immune responses and modulate inflammation [15]. UV ac-
tivates skin mast cells and induces release of histamine [43] and in-
creases skin mast cells after 3–4 h [44]. LPS also increases mast cells in
the connective tissue of mammals [15]. Here, we demonstrated for the
first time that UV also affects mast cells in non-irradiated organs of
tadpoles. Thus, the increase in these cells in our experiments suggests
systemic effects of UV radiation in tadpoles and could indicate that the
tissue is inflamed.

Exposure to UV induced nuclear abnormalities in the erythrocytes of
both pigmented and non-pigmented animals. UV radiation damages the
DNA. The frequency of nuclear abnormalities increases in adult anurans
(e.g., Physalaemus nattereri) after 18 h of UV exposure [2]. Here, we
found a strong increase in nuclear abnormalities after 6 h in tadpoles

Fig. 3. Erythrocytes of pigmented tadpoles of L. catesbeianus (A-D), showing nuclear abnormalities. (A) normal. (B) Buds. (C) anucleated. (D) micronucleous. (E-G) Effects of UV exposure
(UV), LPS administration (LPS), and combined effects of UV+ LPS on erythrocyte nuclear abnormalities. Nuclear abnormalities increased after UV and UV+LPS exposure. CT: control
group. UV: animals exposed to UV for 6, 12, 18, and 24 h. LPS: animals administered with LPS for 12 and 24 h. UV+LPS: animals administered with LPS and exposed to UV for 12 and
24 h. (*) shows differences between exposure time and the control group for the same treatment. Coloration: Giemsa 7.5%. Barrs: 5 μm.
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exposed to UV. These distinct patterns of nuclear abnormalities be-
tween adults of P. nattereri and larvae of L. catesbeianus are similar to
that observed for genotoxicity in fish, in which the genetic material of
individuals at early developmental stages are more sensitive to damage
[45]. Here, we found that non-pigmented tadpoles were more prone to
genotoxic effects than pigmented ones. In pigmented animals, melanin
provides a protective barrier to UV that can absorb the radiation and
dissipate it as heat and presence of melanin became the pigmented
animals more resistant.

Pigmented tadpoles became darker only when exposed to UV.
Exposure to UV-B radiation for short periods increases skin pigmenta-
tion by dispersion of the melanin present within the melanocytes [46].
Conversely, prolonged exposure is usually associated with deleterious
effects, such as skin cancer [46]. The darkening of the tadpole body

here was positively correlated with nuclear abnormalities, demon-
strating that the rapid increase in cutaneous pigmentation confers a first
barrier against UV effects. However, if the effect is prolonged, there
may be irreversible genotoxic damage [2].

The body darkness of tadpoles exposed to UV was correlated with
internal melanin in the peritoneum, demonstrating that UV affects
pigmentation beyond the skin. Internal pigmentation was inversely
correlated with lymphocytes after 24 h. This seems to be a compensa-
tory response, since lymphocytes are involved with specific immune
responses [39,40] and melanin is involved in the innate immune re-
sponse [22]. Peritoneal melanin was also linearly correlated with
monocytes in all treatments, demonstrating that they have com-
plementary functions in the response against pathogens, in which
monocytes act in inflammation [42] and melanin with its bactericide

Fig. 4. Pigmented (A, B) and non-pigmented (C, D) tadpoles of Lithobates catesbeianus. Animals exposed to UV increased head (E) and tail pigmentation (F). No effects are observed after
LPS administration (G, H). After LPS administration and UV exposure, animals became darker (I, J). A and C: Control group animals. B and D: UV+LPS 12 h of exposure. CT: control
group. UV: animals exposed to UV for 6,12,18, and 24 h. LPS: animals administered with LPS for 12 and 24 h. UV+LPS: animals administered with LPS and exposed to UV for 12 and
24 h. (*) shows differences between exposure time and the control group in the same treatment. Barrs: 0.8 cm.
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function [22]. Therefore, internal and cutaneous pigmented cells seem
to have distinct physiological responses.

5. Conclusion

Exposure to UV affected immune cells of both non-pigmented and
pigmented tadpoles, but genotoxic effects were more severe in non-
pigmented ones. Both UV and LPS induced hepatic inflammation, as
demonstrated by mast cell analysis. Leukocyte responses are faster in
non-pigmented animals, supporting the idea that melanin is involved in
the initial innate immune response. The hypothesis that internal mel-
anin protects against UV is corroborated by the higher genotoxicity in

non-pigmented L. catesbeianus tadpoles. Further studies are necessary to
understand what mechanisms melanin plays in this protection.
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