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Abstract

Immune responses have been mostly studied at a specific time in anuran species. However,

time-changes related to immunomodulation associated with glucocorticoid (GC) alterations

following stressors and GC treatment are complex. The present study describes time-

related changes in immune response and corticosterone (CORT) plasma levels following

restraint challenge, short, mid and long-term captivity, and CORT exogenous administration

by transdermal application (TA) inRhinella ornata toads. We observed increased neutrophil:

lymphocyte ratios after restraint challenge and CORT TA, without changes following short

and mid-term captivity. Plasma bacterial killing ability was sustained in all treatments, except

long-term captivity, with decreased values after 90 days under such conditions. Phagocytic

activity of peritoneal cells increased after mid-term captivity, and the phytohemagglutinin

swelling response was impaired in those animals treated with CORT TA for 20 consecutive

days. Plasma CORT levels increased or were sustained after restraint challenge (depending

on initial values), decreased following mid and long-term captivity (for those animals show-

ing high CORT in the field) and increased after 20 days of CORT TA. By performing assess-

ments of time-changes in immune processes and CORT plasma levels in R. ornata, we

demonstrate immuno-enhancing effects following restraint, short and mid-term stressors,

while long-term stressors and CORT TA promoted immunosuppression in these toads.

Introduction

Stress-induced immunomodulation is complex and frequently associated with immune sup-

pressive effects. However, recent studies have shown that changes in immune responses are

mostly dependent on the stress duration and intensity, and can vary over time [1,2]. While

long-term stress usually results in immune suppressive effects, short-term stress can enhance

the immune response [2]. Meanwhile, glucocorticoids (GCs), one of the major mediators of

the stress response, influence immune cell redistribution and immune function in several

vertebrates, including amphibians [3–7]. Leukocyte redistribution is associated with wound

healing by increasing immune responsiveness in body compartments requiring immune pro-

tection [3,8,9]. As a result, this leukocyte redistribution is reflected as an increase in blood
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neutrophil: lymphocyte ratios (NLR), a common proxy of the stress response in both field and

laboratory studies [8]. Recent studies have shown increased NLR following an array of stress-

ors and GC treatment in several vertebrates, including anurans submitted to restraint chal-

lenge and corticosterone (CORT) treatments [4,8,10–13].

Immune cellular components are strongly sensitive to stressors, being upregulated within

hours by the acute stress response and GC exogenous administration [14–17]. Commonly

observed immune-enhancement responses include changes in leukocyte trafficking, matura-

tion, and augmentation of cell function, including: phagocytosis activity, and production of

antibodies and cytokines [2,14,18]. On the other hand, delayed wound healing, down-regula-

tion of adaptive immunity, and anti-inflammatory actions are more pronounced days after

stress exposure and GC treatment [1,2,18,19]. Specifically in the context of regulation of the

inflammatory response, the immunosuppressive effects of the GCs are important for the

inflammatory resolution phase [3,5]. However, long-term stress and chronic GCs exposure

and their inducing anti-inflammatory actions impair mounting of the inflammatory/innate

immune response [2]. Although temporal patterns of stress-induced immunomodulation have

been well-described for mammals [2], data for other vertebrates are still scarce [1].

In amphibians an array of stress protocols have been used in order to investigate stress-

induced CORT changes, including restraint, captivity and exogenous CORT administration

[12,20–27], with recent studies also investigating stress-induced immunomodulation [12,20–

23,27]. Restraint and captivity stress-induced changes include increased CORT along with

both immune- enhancing or suppressive effects in anurans, depending on the studied immune

parameter, as well as variation in stress duration and intensity [11,12,21,23,27]. The NLR, for

example, increased following restraint without movement restriction, but even higher values

were observed after restraint with movement restriction, indicating the NLR changes are cor-

related with intensity of the stressor [11]. Phagocytosis activity is also up-regulated following

acute restraint and CORT exogenous application [12,23]. Additionally, changes in cellular and

non-cellular aspects of immune response are not synchronized following long-term captivity

in toads, with down-regulation of phagocytic activity and bacterial killing ability (BKA) being

observed at different time-points of captivity [27,28]. Although evidences of stress-induced

immunomodulation in anurans has been provided, they are generally derived from different

combinations of experimental protocols (i.e., restraint, captivity, hormonal exogenous admin-

istration), and immune parameters, such as, NLR, phagocytosis, BKA, phytohemaglutinin

(PHA) swelling response, among others [4,20,21,28,29]. Moreover, immune assessment has

been usually performed in each of these experiments at single sampling time-points, and the

studies were conducted with different species [4,21,23,29]. The multiplicity of experimental

protocols, immune parameters and species used, along with measurements performed at single

time-points after treatments, limit our understanding of the temporal patterns of interaction

between response to stressors, CORT and immune responses in amphibians.

In this study, we investigated time-related patterns of immunomodulation in response to

short and long-term stressors (restraint and captivity) and exogenous CORT administration in

a single toad species, Rhinella ornata. We hypothesized that exposure of toads to short-term

stressors would generate immuno-enhancing effects, while exposure of toads to long-term

stressors and daily CORT administration for 20 days would generate immunosuppression. In

order to test these hypotheses, we measured time-related changes in CORT plasma levels,

NLR, BKA, PHA swelling response and phagocytic activity from peritoneal and blood leuko-

cytes in response to short-term restraint challenge (1 and 24 hours), short, mid and long-term

captivity (7 days, 30 days, and 60 to 90 days, respectively), and CORT exogenous administra-

tion (transdermal application–TA for 20 days) in R. ornata toads. We predicted: (1) Increased

CORT plasma levels and NLR following restraint, short and long-term captivity and CORT

Stress-related immunomodulation in toads
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TA; (2) Increased BKA and phagocytosis activity in response to short-term restraint and

short-term captivity; (3) Decreased BKA, phagocytosis activity and PHA edema in response to

long-term captivity maintenance and CORT TA; (4) mid-term captivity (30 days) would rep-

resent a transient period, when patterns of stress response of NLR, BKA and phagocytosis per-

centage (PP) would be less obvious.

Results

Except for PHA relative edema, which was positively affected by body mass and snout-vent

length (P = 0.036 and P< 0.001, respectively), there were no relationship between morpholog-

ical measures (body mass, snout-vent length and body index) and any other studied variable at

any circumstance: NLR (P� 0.193); BKA (P� 0.101); PP (P� 0.062); CORT plasma levels

(P� 0.193); PHA (P� 0.541, for body index).

Toads displaying high CORT levels in the field (those exhibiting calling behavior at themoment

of capture [27]) showed a tendency to decrease CORT after restraint for 24h (S1 Table, P = 0.082,

Fig 1A). Meanwhile, toads characterized by low CORT levels at time 0h (before initiating restraint)

showed increased CORT plasma levels after 1 and 24h post-restraint (S1 Table, P = 0.003, Fig 1B).

Short-term captivity showed no effect on CORT plasma levels (S1 Table, P = 0.844–7 days, Fig

1C). Otherwise, for those animals exhibiting high CORT in the field, mid or long-term captivity

decreased CORT plasma levels (S1 and S2 Tables, P = 0.049–30 days, Fig 1D; P� 0.001–7 to 90

days, Fig 1E). In the CORT TA experiment, toads from control and placebo groups did not differ

in CORT plasma levels (S3 and S4 Tables, P = 1.000). Subsequently, they were grouped for further

analyses and thereafter referred to as the control group. Plasma CORT levels were 14 times higher

in TA-treated toads compared to controls (S2 Table, P� 0.001, Fig 1F).

Increased values for NLR were found following restraint challenge (S5 Table, P = 0.025 – 24h,

Fig 2A). No differences were observed in NLR following short and mid-term captivity (S5 Table,

P = 0.341–7 days, Fig 2B and P = 0.540–30 days, Fig 2C). Toads from both control and experi-

mental treatments showed increased NLR after 20 days of the CORT TA treatment (P = 0.031),

without treatment effects (S6 Table, Fig 2D).

Plasma BKA was not altered by restraint (S7 Table, P = 0.173 – 24h, Fig 3A and P = 0.787–1

and 24h, Fig 3B) or short-term captivity (P = 0.500–7 days, Fig 3C). Mid-term captivity for 30

days showed no effect on BKA (S7 Table, P = 0.326–30 days, Fig 3D). Meanwhile, BKA was

lower on the 90th day of captivity when compared to field values (S8 Table, P = 0.006, Fig 3E).

CORT TA for 20 consecutive days did not affect BKA (S8 Table, P = 0.648, Fig 3F).

Phagocytosis percentage (PP) was not affected by restraint for 1 or 24h (S9 Table, P = 0.897,

Fig 4A). Whereas, PP was affected by captivity (S9 Table, P = 0.053–7 to 90 days), with the

maximummean value on the 30th day of captivity (Fig 4B).

The PHA relative edema was affected by both body mass and CORT TA treatment

(P = 0.010), being higher at 12h when compared to 24h for both groups (Fig 4C). However, the

experimental group had lower PHA swelling at both 12 and 24h when compared with control

group (S10 Table, Fig 4C). There were no differences in body mass and snout-vent length

between treatment groups (t17 = -1.245, P = 0.230 and t17 = -1.540, P = 0.142, respectively).

Compiled results are schematically summarized in Table 1. Complete statistical tables

regarding results described at this section are presented as supplementary material (S1 to S10

Tables).

Discussion

Plasma CORT levels increased following restraint and CORT TA, but contrary to our predic-

tion, decreased in response to short, mid and long-term captivity in R. ornata toads (Table 1).

Stress-related immunomodulation in toads
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These results indicate that restraint was perceived by these toads as a stressor, but they might

be less sensitive to captivity maintenance. Moreover, CORT TA increased CORT plasma levels

1h after treatment and may have simulated the hormonal response to a repeated stressor. As

we expected, NLR increased after restraint and peritoneal PP showed increased values follow-

ing mid-term captivity, indicating an immune enhancing effect during this period (Table 1).

Moreover, BKA and PHA edema were impaired after long-term captivity and CORT TA,

which could be associated with chronic stress and GC-induced immunosuppressive effects,

respectively (Table 1).

Fig 1. Corticosterone plasma levels following stressors and corticosterone transdermal application in R. ornata toads. (A) Experiment 1:
Restraint–field vs. 24h. (B) Experiment 2: Restraint– 0h vs. 1h vs. 24h. (C) Experiment 3: Captivity–field vs. 7 days. (D) Experiment 4:
Captivity–field vs. 30 days. (E) Experiment 5: Captivity–field vs. 7 vs. 30 vs. 60 vs. 90 days. (F) Experiment 6: Corticosterone transdermal
application. Bars represent mean ± standard error. The N is indicated inside each bar. Letters above the bars represent statistical differences
for Bonferroni adjustments in ANOVAs or Student t-test, with different letters representing statistical difference within groups with P� 0.05.
Abbreviation: Exp.: Experiment. CORT TA: Corticosterone transdermal application. Legend: Control: control and placebo group;
Experimental: corticosterone group.

https://doi.org/10.1371/journal.pone.0222856.g001
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As expected, for males showing low CORT at 0h, restraint increased CORT plasma levels,

as previously described for anurans including R. ornata [11,13,22,23,30]. Additionally, our

results showed maximum CORT values 1h of after restraint compared to 24h, which might

indicate negative feedback of the hypothalamic-hypophyseal-interrenal axis [31]. Meanwhile,

for the individuals in the field displaying high baseline CORT, we observed a tendency to

decrease CORT plasma levels following 24h restraint. These toads were already displaying

high CORT in the field probably due to reproductive behavior (calling activity) [27], preclud-

ing the assessment of increased CORT values 24h post-restraint [11]. Moreover, the trend to

Fig 2. Neutrophil Lymphocyte ratio following stressors and corticosterone transdermal application in R. ornata
toads. (A) Experiment 1: Restraint–field vs. 24h. (B) Experiment 3: Captivity–field vs. 7 days. (C) Experiment 4:
Captivity–field vs. 30 days. (D) Experiment 6: Corticosterone transdermal application. Bars represent mean ± standard
error. The N is indicated inside each bar. Letters above the bars represent statistical differences for Bonferroni
adjustments in ANOVAs or Student t-test, with different letters representing statistical difference within groups with
P� 0.05. Asterisk represents statistical differences between pre and post-treatment, independently of the treatment
(Control and experimental groups). Abbreviation: Exp.: Experiment; CORT TA: Corticosterone transdermal
application. Legend: Control: control and placebo group; Experimental: corticosterone group.

https://doi.org/10.1371/journal.pone.0222856.g002
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decreased CORT 24h post-restraint in these toads also corroborates the observation that the

peak of GC release in response to restraint occurs before 24h of exposure to this stressor. Rhi-

nella ornata toads that were engaged in calling activity and displayed high CORT in the field

also showed decreased CORT plasma levels in response to captivity maintenance, which could

be associated with the interruption of vocal behavior [27,32]. In addition, neither short nor

long-term captivity elicited NLR changes in these toads. The absence of response in NLR along

with low CORT plasma levels, suggest that these R. ornatamales were less affected by captivity

than males from other species in the same genus exposed to captivity [21,27,28]. We also

described changes in CORT plasma levels following CORT TA, with increased CORT in the

Fig 3. Bacterial killing ability following stressors and corticosterone transdermal application in R. ornata toads. (A) Experiment 1:
Restraint–field vs. 24h. (B) Experiment 2: Restraint– 0h vs. 1h vs. 24h. (C) Experiment 3: Captivity–field vs. 7 days. (D) Experiment 4:
Captivity–field vs. 30 days. (E) Experiment 5: Captivity–field vs. 7 vs. 30 vs. 60 vs. 90 days. (F) Experiment 6: Corticosterone transdermal
application. Bars represent mean ± standard error. The N is indicated inside each bar. Letters above the bars represent statistical differences
for Bonferroni adjustments in ANOVAs or Student t-test, with different letters representing statistical difference within groups with P� 0.05.
Abbreviation: Exp.: Experiment; CORT TA: Corticosterone transdermal application. Legend: Control: control and placebo group;
Experimental: corticosterone group.

https://doi.org/10.1371/journal.pone.0222856.g003
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experimental group 14 times higher than the control group after 20 consecutive days of CORT

TA. Although CORT plasma levels after CORT TA were extremely high in the experimental

group (348 ± 54ng/ml, mean ± standard error), high CORT levels (282 ± 52ng/ml, mean ±

standard error) were reported for this same species following severe dehydration [13], evidenc-

ing these animals are physiologically able to reach such high circulating CORT levels.

Fig 4. Phagocytosis activity and inflammatory response following stressors and corticosterone transdermal
application in R. ornata toads. (A) Experiment 2: Restraint– 0h vs. 1h vs. 24h. (B) Experiment 5: Captivity– 7 vs. 30 vs.
90 days. Phytohemagglutinin relative edema. (C) after 12 and 24h post PHA injection at the end of Experiment 6:
Corticosterone transdermal application. Bars represent mean ± standard error. The N is indicated inside each bar.
Letters above the bars represent statistical differences for Bonferroni adjustments in ANOVAs, with different letters
representing statistical difference within groups with P� 0.05. The asterisks represent ANCOVA statistical differences
(P� 0.05) between treatment groups (control vs. experimental) at each specific time (12 or 24h). Abbreviation: Exp.:
Experiment; CORT TA: Corticosterone transdermal application; PHA: Phytohemagglutinin. Legend: Control: control
and placebo group; Experimental: corticosterone group.

https://doi.org/10.1371/journal.pone.0222856.g004

Stress-related immunomodulation in toads
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Increased NLR was observed after restraint challenge (24h) and submission to the CORT

TA experiment (both control and experimental groups) for 20 days. Additionally, in CORT

TA experiment, we did not find differences between control and CORT group, which might

indicate that daily manipulation itself is a stressor for R. ornata. Increased NLR following

restraint challenge and post-CORT TA were reported for Rhinella toads, including R. ornata

[11,12]. Increased NLR was also described for salamanders 50h post-capture following both

ACTH and saline injection, even with a concomitant decrease in CORT [33]. Accordingly, the

increased NLR observed in R. ornata following restraint challenge and 20 days post-TA was

not associated with changes in CORT, even considering that TA-induced increase in CORT

plasma levels was so prominent. Besides the prominent increase in CORT plasma levels result-

ing from CORT TA, toads from the control group also showed a tendency to increase CORT

throughout the experiment. This tendency might indicate that daily manipulation (box open-

ing and water removal and return) could represent a stressor for all groups, resulting in

increased NLR for both control and CORT TA groups. In general, although we observed both

increased CORT plasma levels and NLR in response to the set of different stressors applied in

the present study, these response variables could not be easily associated, as already observed

in other contexts and study models [8].

Our results demonstrate preserved BKA in almost all treatments (restraint, short and mid-

term captivity and TA) except after long-term captivity, given that a reduction in values was

observed in the 90th day of captivity maintenance. Plasma BKA is an innate, non-cellular

immune response mediated through the complement system and lysozymes, both of which

promote lysis of invading microorganisms [34,35]. Studies conducted in birds, reptiles and

mammals have demonstrated both acute and/or prolonged regulation of BKA-associated pro-

teins following stressors [36–39]. In amphibians, impaired BKA has been described following

acute [23] and long-term [21,27,28] stressors and GCs exogenous treatment [21]. However,

temporal patterns of BKA stress-associated responses are diverse. Decreased BKA following

long-term captivity was transient for R. schneideri, but sustained for R. icterica [27,28]. The

absence of changes in response to most of the short and mid-term stressors and CORT treat-

ment, along with decreased values only after long-term captivity maintenance, suggest that

BKA presents robust immune mediators in R. ornata toads.

Regarding immune cellular activity, we did not observe changes in blood PP 1h and 24h

after restraint in R. ornata. In contrast, increased phagocytosis 13h after restraint was

described in another Rhinella species [23]. Thus, the lack of response in PP 1 and 24h post

restraint could indicate these time points are ideal for ascertaining how restraint influences

any blood phagocytosis alterations in R. ornata toads [1,2]. Meanwhile, phagocytosis of perito-

neal cells was affected by mid-term captivity, with increased mean values for PP on the 30th

Table 1. Stress and corticosterone transdermal application-related corticosterone plasma levels and immune modulation of R. ornata toads.

Treatment/Variable CORT NLR BKA CELULAR

Restraint (1, 24h) " (Ø), # (+) (+) (Ø) PP (Ø)

Short-term captivity (7 days) # (Ø), " (—) (Ø) (Ø)

Mid-term captivity (30 days) " (—) (Ø) (Ø) PP (+)

Long-term captivity (� 60 days) " (—) (Ø) (—)

CORT transdermal application (20 days) # (+) (+) (|) PHA (—)

Abbreviation as follow: CORT: corticosterone; NLR: neutrophil: lymphocyte ratio; BKA: bacterial killing ability; PHA: phytohemagglutinin relative edema; PP:

phagocytosis percentage. Symbols: (+): increased; (—): decreased; (Ø): not significantly altered; (#): low corticosterone in the field or time 0; ("): high corticosterone in

the field or time 0.

https://doi.org/10.1371/journal.pone.0222856.t001
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day. Up-regulation of immune responses following stressors, including phagocytic activity, is

often observed in several vertebrates, but in a context of acute stress [1,2,14,40,41]. Results of

phagocytic stress-driven changes are unclear as studies have presented conflicting results

[27,28]. Meanwhile, increased phagocytosis was previously observed in response to 13h

restraint [23] and after a month following CORT treatments, such as CORT TA [12], capsule

implant and immersion in CORT-treated water [4]. Our study showed maximum values for

PP on the 30th day compared to the 7th and 90th day in captivity. Moreover, mean CORT values

were maximum on the 30th day compared to the other days in captivity, which could be associ-

ated with the increased phagocytic activity following mid-term captivity. Specifically Falso

et al. (2015) [4], found that CORT treatment was associated with increased phagocytosis and

increased neutrophil concentration in the blood (a parameter not measured in our captivity

experiment–field to 90 days), along with high CORT levels [4]. These results indicate a com-

plex relationship between stress and immunity, and the importance in accounting for time-

related changes of distinct branches of immune system in response to a stress challenge in

anurans.

The inflammatory response, measured as PHA relative edema, was affected by the CORT

TA at both 12h and 24h in R. ornata toads. The inflammatory and cell-mediated immune

response is strongly associated with stress intensity (high CORT and catecholamine levels)

and duration (reviewed in [2]). While an acute increase in CORT stimulates the inflamma-

tory response, persistent GCs elevations suppress it [2,15,17]. The inflammatory response

can be suppressed at multiple levels, including the inhibition of leukocyte recruitment or

reduced leukocyte pro-inflammatory cytokine expression, among others [2,16]. In amphibi-

ans, chronic treatment with high doses of CORT delays cutaneous wound healing in sala-

manders [42] and frogs (Madelaire et al., unpublished data). Therefore, the acute daily

increase in CORT plasma levels, by CORT TA, could have promoted an anti-inflammatory

effect in R. ornata toads, a common effect following chronical or several acute elevations of

GCs in mammals [2].

Conclusions

In summary, different time-related trajectories for CORT plasma levels and immune parame-

ters were described in R. ornata toads following stressors and CORT TA. Since CORT levels

were sustained (for those animals with low levels in the field) or decreased (for those individu-

als displaying high levels in the field) in response to short and mid-term captivity, along with

no changes in BKA and NLR, it appears that captivity for a 30 days does not represent a

stressor for this species. However, mid and long-term captivity increased phagocytosis activity

of peritoneal cells in the 30th and decreased BKA in the 90th day, respectively, indicating cap-

tivity promotes immune changes, with captivity maintenance for 90 days potentially represent-

ing a low-intensity stress condition. In the meantime, CORT changes along with increased

NLR indicate a stress response following restraint challenge. Moreover, increased CORT asso-

ciated with a reduction in PHA swelling response after 20 consecutive days of CORT TA, indi-

cate a chronic stress situation for R. ornata. Together, these results demonstrate immuno-

enhancing effects following restraint, short and mid-term stressors, while long-term stressors

and CORT administration promoted immunosuppression. Additionally, our results indicate

cellular immunity are more responsive to stressors and high CORT levels induced by CORT

TA than non-cellular immune response in R. ornata toads. Therefore, we encourage research-

ers working within the ecoimmunology area, at the field and under laboratory conditions, to

conduct studies that include a number of different stress protocols and sampling at multiple

time-points, to better understand patterns of stress-related immunomodulation in vertebrates.
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Materials andmethods

Study sites and animals

Adult males of R. ornata were collected at the Biosciences Institute of University of Sao Paulo,

Sao Paulo/Brazil (23˚33’51.3"S, 46˚43’48.5"W) in August 2012 (N = 27) and 2018 (N = 7), Bota-

nic Garden of Sao Paulo, Sao Paulo/Brazil (23˚38’19.8"S, 46˚37’18.5"W) in August 2016

(N = 10), and in Botucatu (22˚53’21.1"S 48˚28’20.1"W) Sao Paulo/Brazil in August 2014

(N = 24) and August 2016 (N = 42). Toads were collected under license from the Instituto

Chico Mendes de Conservação da Biodiversidade (ICMBio n˚ 29896). The Ethic committee of

the Biosciences Institute of University of Sao Paulo approved all procedures for this study

(CEUA n˚ 142/2011; 054/2013; 249/2016).

Field procedures

Toads were visually located and hand captured. Blood samples were collected in August 2012

(N = 7), August 2014 (N = 20) and August 2016 (N = 21), for baseline (field) measurements

(CORT plasma levels, NLR and BKA). All toads were weighed (to the nearest 0.01g) and mea-

sured (to the nearest 0.01mm) after capture. Animals were released at their respective collec-

tion point following restraint challenge and fieldwork, or were kept in individual plastic

containers and then transported to the laboratory. Detailed collection and experimental infor-

mation are in Table 2.

Restraint challenge (Experiment 1: Field vs. 24h and Experiment 2: 0h vs.
1h vs. 24h)

Immediately after blood collection in the field for baseline measurements (August 2014), the

same toads (N = 20) were exposed to restraint challenge (Experiment 1), by placing individuals

into wet cloth bags and then inside individual plastic bins (29 x 18 x 15 cm) for 24h according

to [11,21]. All bins had lids with holes to allow air circulation. After 24h, all toads were bled

again to reassess the same physiological variables measured at baseline (CORT, NLR and

BKA). Upon termination of this experimental protocol, toads were weighed (body mass, 0.01

g), and returned to their collection point at night.

Rhinella ornata toads (August 2018) kept in captivity for 7 days, under the same conditions

as toads in experiment 4 and 5, were bled (0h), then immediately placed into wet cloth bags

and then inside individual plastic bins (29 x 18 x 15 cm) for 24h according to [11,21]. These

same animals were bled again 1 and 24h after the restraint protocol (Experiment 2) in order to

compare physiological variables measured at the three-sampling time (CORT, NLR, BKA and

blood PP). Upon termination of this experimental protocol, toads were weighed (body mass,

0.01 g), and returned to their captivity conditions for further studies.

Short-term captivity (Experiment 3: Field vs. 7 days) and Corticosterone
transdermal application (Experiment 6: Control vs. placebo vs.
corticosterone)

Captive toads collected in August 2012 (N = 24) were kept individually in plastic bins (43.0 x

28.5 x 26.5 cm) with free access to water and lids with holes to allow air circulation. Each toad

was fed cockroaches once per week and provided ad libitum access to water. The room was

kept on 11/13 LD photoperiod (lights on at 7:40 am and off at 6:40 pm) at a temperature of

21 ± 2˚C. After 7 days, a blood sample was collected from each individual, to evaluate CORT,

NLR and BKA (Experiment 3). Toads were also weighed by the initial and last day of the

experiment.
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To perform the CORT TA (Experiment 6), toads were divided in three groups according to

[21]: control (no treatment), placebo (5ul sesame oil application on the back of the animals)

and experimental (5ul CORT [Sigma C27840] + sesame oil application– 3ug CORT /1ul ses-

ame oil). Following [21] protocol, all the animals received the same amount of CORT solution,

since no relationship was found between body mass and CORT in these toads in field condi-

tions (ρ = -0.594; P = 0.160). Water was removed from each box to ensure complete absorption

of the treatment (vehicle or CORT solution) for all groups before daily application and was

returned 3h after treatment. CORT TA occurred for 20 consecutive days. On the last day, a

new blood sample was collected from each animal, 1h after the TA, to evaluate the same vari-

ables as in a week in captivity (Experiment 3: CORT, NLR and BKA). In order to assess an

inflammatory response, one day after the end of the CORT TA, all individuals were exposed to

the PHA immune challenge.

Mid-term captivity (Experiment 4: Field vs. 30 days)

Captive toads collected in August 2016 were kept individually in plastic bins (43.0 x 28.5 x 26.5

cm) with leaf litter as a substrate and provided ad libitum access to water. The lids of the bins

had holes to allow air circulation. Each toad was fed with cockroaches once per week. The

room was kept on 11/13 LD photoperiod (lights on at 7:40 am and off at 6:40 pm) and temper-

ature of 21 ± 2˚C.

Toads from Botanical Garden of Sao Paulo (N = 10) were bled again only after 30 days in

captivity (Experiment 4), in order to evaluate the effects of 30 days in captivity on plasma

CORT levels, BKA and NLR.

Table 2. Detailed information regarding year of collection and experimental procedures, statistical comparisons and studied parameters of R. ornata toads.

Year Collection Site Experiment Comparison Parameters

Botucatu Experiment 1 Field vs. 24h CORT

2014 (22˚53’21.1"S 48˚28’20.1"W) Restraint post restraint NLR

(24h) (Repeated measure) BKA

University of Sao Paulo Experiment 2 0h vs. 1h vs. 24h CORT

2018 (23˚33’51.3"S, 46˚43’48.5"W) Restraint post restraint BKA

(1 and 24h) (Repeated measure) PP

University of Sao Paulo Experiment 3 Field vs.7 days CORT

2012 (23˚33’51.3"S, 46˚43’48.5"W) Short-term captivity (Repeated measure) NLR

(7days) BKA

Botanic Garden of Sao Paulo Experiment 4 Field vs. 30 days CORT

2016 (23˚38’19.8"S, 46˚37’18.5"W) Mid-term captivity (Repeated measure) NLR

(30 days) BKA

Botucatu Experiment 5 Field vs. 7 vs. 30. CORT

2016 (22˚53’21.1"S 48˚28’20.1"W) Long-term captivity vs. 60 vs. 90 days BKA

(7, 30, 60, 90 days) (univariate) PP

University of Sao Paulo Experiment 6 Pre vs. Post treatment CORT

2012 (23˚33’51.3"S, 46˚43’48.5"W) CORT TA (control, placebo, NLR

(20 days) experimental) BKA

(Mixed) PHA

Abbreviation as follow: CORT TA: corticosterone transdermal application; CORT: corticosterone plasma levels; NLR: neutrophil: lymphocyte ratio; BKA: bacterial

killing ability; PHA: phytohemagglutinin relative edema; PP: phagocytosis percentage.

https://doi.org/10.1371/journal.pone.0222856.t002

Stress-related immunomodulation in toads

PLOSONE | https://doi.org/10.1371/journal.pone.0222856 September 20, 2019 11 / 18

https://doi.org/10.1371/journal.pone.0222856.t002
https://doi.org/10.1371/journal.pone.0222856


Long-term captivity (Experiment 5: 0 vs. 7 vs. 30 vs. 60 vs. 90 days)

Toads from Botucatu (N = 29) were kept under the same conditions described for toads in

experiment 4 and divided in four groups to be sampled after 7, 30, 60, and 90 days under cap-

tivity (Experiment 5), in order to evaluate the effects of time in captivity on plasma CORT lev-

els, BKA and peritoneal PP according [27,28]. After bleeding on each specific day (7, 30, 60

and 90), animals were euthanized with an intraperitoneal injection (75mg/kg) of sodium thio-

pental (Thiopenthax1) solution (25mg/ml).

Blood collection

Blood samples from each individual were collected (~ 140 ul) by cardiac puncture using a hep-

arinized 1 ml syringe and 26Gx1/2” needle within 3 minutes of capture. Blood samples were

collected, kept on ice (< 2 hours) until blood smears could be performed (for determine the

NLR), and then centrifuged (4 min at 604 g) to isolate the plasma. Plasma samples were stored

at -80˚C freezer until analysis.

Neutrophil: Lymphocyte ratio (NLR)

A drop of blood was used to perform each blood smear. The slide was stained with Giemsa

solution (10%) and observed under an optical microscope (100X objective, using oil immer-

sion—Nikon E200, 104c). One hundred leukocytes were counted on each slide, and classified

based on morphology as neutrophils, lymphocytes, eosinophils, basophils, and monocytes

[43]. The NLR was calculated as the number of neutrophils divided by the number of lympho-

cytes on each slide.

Bacterial killing ability (BKA)

The BKA assay was conducted according [44]. Briefly, plasma samples diluted in amphibian

Ringer’s solution (10 ul plasma: 190 ul Ringer) were mixed with 10 ul of Escherichia coli work-

ing solution (~ 104microorganisms, E. coli; ATCC 8739). Positive controls consisted of 10 ul

of E. coli working solution in 200 ul of Ringer’s solution, and negative control contained 210 ul

of Ringer’s solution. All samples and controls were incubated by 60 min at 37˚C (optimal tem-

perature for bacterial growth). Thereafter, 500 ul of tryptic soy broth were added to each sam-

ple, vortexed and transferred (in duplicates) to a 96 wells microplate (300 ul per well), which

was incubated at 37ºC for 2h. Following that, the optical density of the samples was measured

hourly in a plate spectrophotometer (wavelength 600 nm). The BKA was evaluated at the

beginning of the bacterial exponential growth phase and calculated according to the formula: 1

- (optical density of sample / optical density of positive control), which represents the proportion

of killed microorganisms in the samples compared to the positive control.

Phagocytosis

In order to assess the cellular immune measure, we performed a phagocytosis assay with blood

(experiment 2) or peritoneal (experiment 5) leukocytes. Phagocytic activity was evaluated as

previously described by [28]. The phagocytosis assay was performed by adding 100 ul of zymo-

san (Sigma Z4250) labeled with green fluorescence (CFSE Sigma 21888F) suspension (1 x 106

particles) in 1000 ul of APBS containing 2 x 105 cells (macrophages/neutrophils). Samples

were incubated for 60 min, under agitation at 25˚C, and then washed with 2mL of cold (4˚C)

6mM of ethylenediamine tetra acetic acid (EDTA) solution, in order to stop phagocytosis and

to wash off the excess of free zymosan particles. After centrifugation (4˚C, 259g, 7min), pellets

were ressuspended in 200 ul of cold (4˚C) paraformaldehyde (1%) for cell fixation. After 1
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hour, 500ul of APBS were added, samples were centrifuged (4˚C, 259g, 7min) and pellets were

ressuspended in 100ul of APBS for flow cytometry.

Cells were analyzed on an image flow cytometer (AMNIS Flowsight imaging flow cytome-

ter Merck-Millipore, German) interfaced with a DELL computer with 10,000 events collected

using the 488nm laser at a 20x magnification, through INSIRE software. Data analysis was per-

formed using IDEAS analysis software (EMDMillipore) version 6.1 for windows. After gating

on side scatter vs. brightfield plot, phagocytosis of peritoneal cells was measured by phagocyto-

sis percentage (PP), which represents the percentage of cells that engulfed at least one zymosan

particle (the percentage of green positive cells).

Phytohemagglutinin (PHA) swelling assay

The PHA challenge was performed in order to assess the inflammatory response 24h after the

TA (Exp. 6) in R. ornata, according to [21,45]. Specifically, the hind fleshy base of the right

foot was injected with 10ul of PHA (20 mg PHA [Sigma L8754]/ml sterile saline solution)

using a 10 ul glass syringe and 30Gx1/2@ needle. The hind fleshy base of the left foot of the

same animal was injected with 10 ul of sterile saline solution, as a control. The thickness of

each injected hind fleshy base of each animal was measured with a thickness gauge (Digimess,

accuracy 0.01 mm) before, 12 and 24h after PHA and saline injections. Measurements con-

sisted of three successive thickness measurements. At each time point, three successive mea-

surements of thickness were taken, with the mean of these values was used in analysis. The

swelling in response to PHA and saline was calculated from the proportional change in foot

thickness before, 12 and 24h after injection. The relative swelling was considered as the thick-

ness in 12 or 24 hours divided by initial thickness multiplied by 100. The PHA relative edema

was calculated as the PHA relative swelling minus the saline relative swelling.

At the end of the 24h swelling measurement, individuals were euthanized with an intraperi-

toneal injection (75mg/kg) of sodium thiopental (Thiopenthax1) solution (25mg/ml).

Corticosterone assays

Steroid hormones were initially extracted with ether according to [11,21]. CORT were deter-

mined using EIA kits (CORT number 501320; Cayman Chemical), according to the manufac-

turer’s instructions and previous studies conducted with Rhinella toads, including R. ornata

species [11]. The mean values for intra and inter-assay variation were 6.83% and 4.77% respec-

tively. Sensitivity of the assays was 32 pg/ml.

Statistical analyses

All statistical analyses were performed in IBM SPSS Statistics 22. Normality of all data were

assessed via the Shapiro-Wilk normality test. With the exception of BKA in restraint challenge

and captivity treatments, all variables were normal.

Sets of ANCOVAs for independent or repeated measures (as applicable for each set of data,

Table 2) were used to investigate the effect of each experiment (1–6: Restraint challenge, Cap-

tivity and TA) on studied variables. CORT, NLR, BKA, PHA relative edema and PP were used

as dependent variables, body mass and snout-vent length as co-variables and each treatment

and/or time as a factor. Unstandardized residuals of a linear regression of body mass as a func-

tion of snout-vent length were used as body index and also included as co-variable in the

ANCOVAs.

For the dependent variables not significantly affected by body mass, snout-vent length and

body index a set of ANOVAs was then performed with treatment (Experiment 2: Restraint

hour [0, 1, 24h]; Experiment 5: captivity days [field, 7, 30, 60, 90]; or Experiment 6: TA group
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[control, placebo, experimental]) as factor. The ANOVAs were followed by tests for mean mul-

tiple comparisons with Bonferroni adjustments. Paired comparisons with Student-t test were

performed for the dependent variables not significantly affected by body mass in the experi-

ments with only two comparisons (Experiment 1: Restraint [baseline vs. 24h post restraint];

Experiment 3 and 4: captivity [field vs. 7 days and field vs. 30 days]). Since BKA showed

absence of normality, we used the Wilcoxon Signed Ranks test, which is a non-parametric test.

Full raw data are available in the S1 File.
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presses immune activity in territorial Galápagos marine iguanas during reproduction. Horm Behav.
2005; 47: 419–429. https://doi.org/10.1016/j.yhbeh.2004.11.011 PMID: 15777807

7. Martin LB, Gilliam J, Han P, Lee K, Wikelski M. Corticosterone suppresses cutaneous immune function
in temperate but not tropical House Sparrows, Passer domesticus. Gen Comp Endocrinol. 2005; 140:
126–135. https://doi.org/10.1016/j.ygcen.2004.10.010 PMID: 15613275

8. Davis AK, Maney DL. The use of glucocorticoid hormones or leucocyte profiles to measure stress in ver-
tebrates: What’s the difference? Methods Ecol Evol. 2018; 9: 1556–1568. https://doi.org/10.1111/2041-
210X.13020

9. Sapolsky RM, Romero LM, Munck AU. How do glucocorticoids influence stress responses? Integrating
permissive, suppressive, stimulatory, and preparative actions. Endocr Rev. 2000; 21: 55–89. https://
doi.org/10.1210/edrv.21.1.0389 PMID: 10696570

10. Davis AK, Maney DL, Maerz JC. The use of leukocyte profiles to measure stress in vertebrates: A
review for ecologists. Funct Ecol. 2008; 22: 760–772. https://doi.org/10.1111/j.1365-2435.2008.01467.
x

11. Assis VR, Titon SCM, Gomes FR. Acute stress, steroid plasma levels, and innate immunity in Brazilian
toads. Gen Comp Endocrinol. Elsevier; 2019; 273: 86–97. https://doi.org/10.1016/j.ygcen.2018.05.008
PMID: 29750968

12. Assis VR, Titon SCM, Queiroz-Hazarbassanov NGT, Massoco CO, Gomes FR. Corticosterone trans-
dermal application in toads (Rhinella icterica): Effects on cellular and humoral immunity and steroid
plasma levels. J Exp Zool Part A Ecol Integr Physiol. 2017; 327: 200–213. https://doi.org/10.1002/jez.
2093 PMID: 29356458

13. Barsotti AMG, Titon Junior B, Titon SCM, Gomes FR. Dehydration as a stressor in toads (Rhinella
ornata). J Exp Zool Part A Ecol Integr Physiol. 2019; 331: 168–174. https://doi.org/10.1002/jez.2250
PMID: 30569667

14. Barriga C, Martı́n MI, Tabla R, Ortega E, Rodrı́guez AB. Circadian rhythm of melatonin, corticosterone
and phagocytosis: Effect of stress. J Pineal Res. 2001; 30: 180–187. https://doi.org/10.1034/j.1600-
079X.2001.300307.x PMID: 11316329

15. Dhabhar FS, McEwen BS. Acute stress enhances while chronic stress suppresses immune function in
vivo: A potential role for leukocyte trafficking. Brain Behav Immun. 1997; 11: 286–306. https://doi.org/
10.1006/brbi.1997.0508 PMID: 9512816

Stress-related immunomodulation in toads

PLOSONE | https://doi.org/10.1371/journal.pone.0222856 September 20, 2019 16 / 18

https://doi.org/10.1016/j.ygcen.2009.03.008
http://www.ncbi.nlm.nih.gov/pubmed/19318107
https://doi.org/10.1007/s12026-014-8517-0
http://www.ncbi.nlm.nih.gov/pubmed/24798553
https://doi.org/10.1016/S1567-7443(07)00211-6
https://doi.org/10.1016/S1567-7443(07)00211-6
https://doi.org/10.1016/j.ygcen.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25616196
https://doi.org/10.1016/j.ygcen.2018.09.005
http://www.ncbi.nlm.nih.gov/pubmed/30195026
https://doi.org/10.1016/j.yhbeh.2004.11.011
http://www.ncbi.nlm.nih.gov/pubmed/15777807
https://doi.org/10.1016/j.ygcen.2004.10.010
http://www.ncbi.nlm.nih.gov/pubmed/15613275
https://doi.org/10.1111/2041-210X.13020
https://doi.org/10.1111/2041-210X.13020
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.1210/edrv.21.1.0389
http://www.ncbi.nlm.nih.gov/pubmed/10696570
https://doi.org/10.1111/j.1365-2435.2008.01467.x
https://doi.org/10.1111/j.1365-2435.2008.01467.x
https://doi.org/10.1016/j.ygcen.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29750968
https://doi.org/10.1002/jez.2093
https://doi.org/10.1002/jez.2093
http://www.ncbi.nlm.nih.gov/pubmed/29356458
https://doi.org/10.1002/jez.2250
http://www.ncbi.nlm.nih.gov/pubmed/30569667
https://doi.org/10.1034/j.1600-079X.2001.300307.x
https://doi.org/10.1034/j.1600-079X.2001.300307.x
http://www.ncbi.nlm.nih.gov/pubmed/11316329
https://doi.org/10.1006/brbi.1997.0508
https://doi.org/10.1006/brbi.1997.0508
http://www.ncbi.nlm.nih.gov/pubmed/9512816
https://doi.org/10.1371/journal.pone.0222856


16. Dhabhar FS, McEwen BS. Enhancing versus suppressive effects of stress hormones on skin immune
function. Proc Natl Acad Sci. 1999; 96: 1059–1064. https://doi.org/10.1073/pnas.96.3.1059 PMID:
9927693

17. Dhabhar FS, McEwen BS. Stress-induced enhancement of antigen-specific cell-mediated immunity. J
Immunol. 1996; 156: 2608–2615. Available: http://www.jimmunol.org/content/156/7/2608 PMID:
8786326

18. Silberman DM,Wald MR, Genaro AM. Acute and chronic stress exert opposing effects on antibody
responses associated with changes in stress hormone regulation of T-lymphocyte reactivity. J Neuroim-
munol. 2003; 144: 53–60. https://doi.org/10.1016/j.jneuroim.2003.08.031 PMID: 14597098

19. Webster Marketon JI, Glaser R. Stress hormones and immune function. Cell Immunol. 2008; 252: 16–
26. https://doi.org/10.1016/j.cellimm.2007.09.006 PMID: 18279846

20. Barsotti AMG, de Assis VR, Titon SCM, Titon B, da Silva Ferreira ZF, Gomes FR. ACTHmodulation on
corticosterone, melatonin, testosterone and innate immune response in the tree frog Hypsiboas faber.
Comp Biochem Physiol -Part A Mol Integr Physiol. Elsevier Inc.; 2017; 204: 177–184. https://doi.org/10.
1016/j.cbpa.2016.12.002 PMID: 27923708

21. Assis VR, Titon SCM, Barsotti AMG, Titon B, Gomes FR. Effects of acute restraint stress, prolonged
captivity stress and transdermal corticosterone application on immunocompetence and plasma levels
of corticosterone on the cururu toad (Rhinella icterica). PLoS One. 2015; 10: 1–21. https://doi.org/10.
1371/journal.pone.0121005 PMID: 25831055

22. Gomes FR, Oliveira RV, Assis VR de, Junior BT, Moretti EH, Mendonça MT. Interspecific Variation in
Innate Immune Defenses and Stress Response of Toads from Botucatu (São Paulo, Brazil). South Am
J Herpetol. 2012; 7: 1–8. https://doi.org/10.2994/057.007.0101

23. GrahamSP, Kelehear C, BrownGP, Shine R. Corticosterone-immune interactions during captive stress
in invading Australian cane toads (Rhinella marina). Horm Behav. Elsevier Inc.; 2012; 62: 146–153.
https://doi.org/10.1016/j.yhbeh.2012.06.001 PMID: 22713726

24. Narayan EJ, Hero JM. Repeated thermal stressor causes chronic elevation of baseline corticosterone
and suppresses the physiological endocrine sensitivity to acute stressor in the cane toad (Rhinella
marina). J Therm Biol. Elsevier; 2014; 41: 72–76. https://doi.org/10.1016/j.jtherbio.2014.02.011 PMID:
24679975

25. Narayan EJ, Cockrem JF, Hero JM. Urinary corticosterone metabolite responses to capture and captiv-
ity in the cane toad (Rhinella marina). Gen Comp Endocrinol. 2011; 173: 371–377. https://doi.org/10.
1016/j.ygcen.2011.06.015 PMID: 21756910

26. Narayan EJ, Hero JM. Acute thermal stressor increases glucocorticoid response but minimizes testos-
terone and locomotor performance in the cane toad (Rhinella marina). PLoS One. 2014; 9: 1–6. https://
doi.org/10.1371/journal.pone.0092090 PMID: 24643017

27. Titon SCM, Titon Junior B, Assis VR, Kinker GS, Fernandes PACM, Gomes FR. Interplay among ste-
roids, body condition and immunity in response to long-term captivity in toads. Sci Rep. 2018; 8: 17168.
https://doi.org/10.1038/s41598-018-35495-0 PMID: 30464319

28. Titon SCM, Assis VR, Titon B Junior, Cassettari B de O, Fernandes PACM, Gomes FR. Captivity
effects on immune response and steroid plasma levels of a Brazilian toad (Rhinella schneideri). J Exp
Zool Part A Ecol Integr Physiol. 2017; 327: 127–138. https://doi.org/10.1002/jez.2078 PMID: 29356402

29. Narayan E, Hero JM. Urinary corticosterone responses and haematological stress indicators in the
endangered Fijian ground frog (Platymantis vitiana) during transportation and captivity. Aust J Zool.
2011; 59: 79–85. https://doi.org/10.1071/ZO11030

30. Narayan EJ, Hero J-M, Cockrem JF. Inverse urinary corticosterone and testosteronemetabolite
responses to different durations of restraint in the cane toad (Rhinella marina). Gen Comp Endocrinol.
2012; 179: 345–349. https://doi.org/10.1016/j.ygcen.2012.09.017 PMID: 23036735

31. Romero LM. Physiological stress in ecology: Lessons from biomedical research. Trends Ecol Evol.
2004; 19: 249–255. https://doi.org/10.1016/j.tree.2004.03.008 PMID: 16701264

32. Assis VR, Navas CA, Mendonça MT, Gomes FR. Vocal and territorial behavior in the Smith frog (Hypsi-
boas faber): Relationships with plasma levels of corticosterone and testosterone. Comp Biochem Phy-
siol—AMol Integr Physiol. Elsevier Inc.; 2012; 163: 265–271. https://doi.org/10.1016/j.cbpa.2012.08.
002 PMID: 22903053

33. DuRant SE, HopkinsWA, Davis AK, Romero LM. Evidence of ectoparasite-induced endocrine disrup-
tion in an imperiled giant salamander, the eastern hellbender (Cryptobranchus alleganiensis). J Exp
Biol. 2015; 218: 2297–2304. https://doi.org/10.1242/jeb.118703 PMID: 26034123
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