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Abstract

Predation is a strong selective force, and prey species may show specific

adaptations that allow recognition, avoidance, and defense against preda-

tors. Facing a situation of predatory risk, anxiety constitutes a reaction of

adaptive value, allowing to evaluate the potential risk of this encounter as

well as to generate a physiological and behavioral response. Previous stud-

ies in the subterranean rodent Ctenomys talarum revealed that exposure to

predator odors (urine or fur) generates an anxiety state and induces

behavioral changes. However, no differences between the responses

generated by both odor sources were observed, although fur odors may

indicate a higher level of predatory immanence. Therefore, the aim of

this study was to evaluate the behavioral and physiological responses of

C. talarum to different intensities of predator odors (urine and fur) and to

the repeated exposition to the same odorous stimulus. When comparing

the highest behavioral effects elicited by both predatory odors on

C. talarum, our study supports the assumption that fur odors are more

anxiogenic than urine, while the former provoked significant changes in

the distance traveled, the number of arm entries and time in transparent

arms in the elevated plus maze; cat urine only caused slight changes on

those behavioral parameters. Furthermore, we also found that the inten-

sity of natural predator odor presented to tuco-tucos has a role on the

appearance of defensive behaviors, although an amount-dependent rela-

tionship between predator odor and anxiety levels was not observed.

Finally, while individuals exposed for 1 day to fur odor displayed an evi-

dent anxiety state, those exposed repeatedly for 5 consecutive days did

not differ with the control group in their behavioral response, indicating a

clear habituation to the predatory cue. In our intensity and habituation

experiments, we did not find differences in the measured physiological

parameters among control individuals, exposed to different cues intensity

(urine and fur odor) and exposed only once or for 5 days to fur odor.

These results provide valuable evidence that the types of predatory odor,

along with the frequency of exposition, are important determinants of the

appearance, strength, and extinction of defensive behaviors in the subter-

ranean rodent C. talarum.

Introduction

In nature, animal species usually confront with

diverse risks and threats, covering from bacteria and

parasites to conspecifics and predators (Kavaliers &

Choleris 2001). Dealing with predators is a key prob-

lem for virtually all prey, and predators themselves

may become prey. Predators affect prey both directly
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by killing them and indirectly by affecting their

behavior, foraging patterns, reproduction, and stress

physiology and thus affecting their fitness (Clinchy

et al. 2013). Thus, predation is a major evolutionary

force shaping the adaptations of the prey, and many

mammalian species show specific adaptations that

allow recognition, avoidance, and defense against

predators (Apfelbach et al. 2005; Hegab et al. 2015).

These behavioral adaptations, like predator avoidance

and the development of antipredator behaviors, are

fundamental for survival (Hegab et al. 2014). In many

cases, antipredator defense involves the detection and

response to specific chemical cues that predators pro-

duce. Antipredator behaviors generated in the pres-

ence of predator scents have been investigated in

many mammals and include direct avoidance of the

odor source, variations in space use, increases in vigi-

lance, and decrease or inhibition of activities such as

grooming and feeding (Dielenberg & McGregor 2001;

Apfelbach et al. 2005; Staples 2010).

Exposure of rodents to natural predators or their

odors has been shown to induce anxiety-like states

(Zangrossi & File 1992; Adamec & Shallow 1993;

Apfelbach et al. 2005). Facing a predatory risk situa-

tion, anxiety is a reaction of adaptive value, assessing

the potential risk of this encounter as well as generating

a physiological (activation of the hypothalamic–
pituitary–adrenal axis) response and behavioral

(suppression of non-defensive behaviors, decreased

activity, and avoidance of the source of danger)

response. However, not all types of predator odors

generate a common range of fear-related responses

and even the same odorous cue may evoke different

responses according to its intensity and spatial distri-

bution frequency in the prey’s habitat (Takahashi

et al. 2005).

Recently, some studies focused their interest on the

relative efficacy of the diverse predatory odor sources

on the appearance of antipredator behaviors. An

interesting study by McGregor et al. (2002) compared

the effect of cat fur-skin odor and 2,4,5 trimethylthia-

zoline (TMT), an extract of fox feces commonly used

in studies of predator odor effects. The results showed

that both odorous cues clearly differed in their effects,

with cat fur odor generating defensive behaviors in

rats and TMT eliciting effects similar to the ones pro-

duced by aversive odors. A similar result was obtained

by Blanchard et al. (2003) who failed to produce con-

ditioning at different concentrations of TMT. Also,

these authors tested the effects of cat urine, feces, and

fur-skin odors on rats, finding that while urine did not

produce behavioral changes, feces and fur-skin odors

elicited similar changes in defensive behaviors during

exposure, although only fur-skin odors generate long-

lasting effects. Likewise, a recent study by Masini

et al. (2005) showed that ferret fur (but not feces,

urine, or anal gland secretions) produced behavioral

and physiological changes (increments in corticos-

terone and adrenocorticotropin levels and induction

of c-fos mRNA expression) in laboratory rats, suggest-

ing again that the information carried by these diverse

odorous cues caused different reactions in the preys.

Apart from the type of predatory odor, the cue

intensity encountered by the prey is also an important

factor that could modify the appearance and develop-

ment of antipredatory behaviors. Prey species are usu-

ally able to assess the different intensities of a threat

and flexibly respond to it (Hegab et al. 2015).

Nonetheless, some studies indicate that rodents

respond differently to different amounts of predator

cues. Wallace & Rosen (2000) found that in rats

exposed to increasing amounts of TMT, 300 and

600 nmol elicited higher freezing levels than 1, 10,

and 100 nmol. Using predator fur odor, Takahashi

et al. (2005) demonstrated that rats exposed to 39 and

109 size cat odor cloths exhibited more freezing and

made fewer contacts with the odor source than rats

exposed to no predator odor. Also they found that the

cloth 109 provoked more freezing and fewer contacts

than the 19 cloth. These studies support the idea that

the intensity of predator odor is an important factor

underlying the level of expression of defensive behav-

iors, indicating that the exposure does not trigger an

unconditioned response similar to magnitude across

varying odor intensities (Takahashi et al. 2005).

Lastly, two different behavioral and physiological

responses can emerge after repeated exposure to

predators and their odors: habituation or sensitization

(Takahashi et al. 2005; Hegab et al. 2015). In the field

of stress neurobiology, the term ‘habituation’ refers to

the reduction in physiological responses elicited by an

exposure to a repeated homotypic (same) stressor in

comparison with the responses elicited by acute expo-

sure to that stimulus (Grissom & Bhatnagar 2009).

This process is important in an antipredator context

because it helps prey organisms to filter biologically

less relevant input and devote more attention and

processing energy toward more relevant stimuli (Wil-

son 2009). On the other hand, sensitization is charac-

terized by an increased responsiveness to the repeated

stimulus and often to other stimuli as well (Hegab

et al. 2015). Studies involving repeated exposures to

predator odors have yielded mixed results (Zangrossi

& File 1994; Dielenberg & McGregor 1999), a situa-

tion that may be connected to the cue intensities used

in the different studies (Takahashi et al. 2005).
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Ctenomys talarum (Thomas 1898) is a small subter-

ranean rodent found in coastal sandy soils of Buenos

Aires Province (Argentina). Both sexes at all ages (ex-

cept the offspring until dispersal) are sedentary and

maintain exclusive territories. The burrow system of

this species is a complex structure of closed galleries

parallel to the soil surface, usually characterized by a

main axial tunnel and a variable number of lateral

branches and feeding tunnels, all of them plugged

(Busch et al. 1989, 2000). The home-range size differs

between sexes, with males occupying larger areas

than females. This difference has been attributed to

variations in energetic demands between males and

females, with males being heavier than females and

thus requiring larger foraging areas. Additionally, it

has been related with the mating system of this spe-

cies, a resource-defense polygyny (Cutrera et al.

2006). The subterranean system allows tuco-tucos to

effectively avoid predators; however, this species per-

form excursions on the surface while dispersing or

foraging. Although C. talarum has the ability to use

olfaction to orient their digging while searching for

food patches, most of the food collection occurs above

ground, when animals emerge short distances from

burrow openings to cut vegetation growing in the soil

and run backwards into the burrows where they later

consume the leaves and stems (Busch et al. 2000).

During these brief periods at the surface, tuco-tucos

become vulnerable to aerial and terrestrial predators.

Previous studies on C. talarum showed that this spe-

cies is frequently preyed by owls, foxes, and wild cats

(Vassallo et al. 1994; Busch et al. 2000; Canepuccia

2005). Moreover, in suburban areas, predatory events

by dogs and domestic cats have also been detected

(C. E. Schleich, personal observation).

In many prey species, it has been shown that,

besides the obvious direct and detrimental effects of a

predatory event, a failed attack has also strong conse-

quences for their fitness. For example, previous works

on C. talarum showed that acute or chronic exposure

to predatory cues provoked a stress response that neg-

atively affects its spatial learning and memory capaci-

ties (Mastrangelo et al. 2009; Brachetta et al. 2014).

Furthermore, in a previous study, we found that

exposure of tuco-tucos to predator odors (from urine

or fur) generates a state of anxiety and induces behav-

ioral changes associated with decreased locomotor

activity and appearance of avoidance behaviors (Bra-

chetta et al. 2015). These behavioral responses when

tuco-tucos fear predators may lead to an increase in

the time spend being cautious, leaving less time for

foraging aboveground and resulting in a negative

impact on body condition, which can finally cause

survival or reproductive costs. Besides this impact of

fear on fitness, interestingly we found that males and

females of C. talarum responded in a similar manner

to both odor sources (Brachetta et al. 2015), challeng-

ing the general view that odors derived from the fur

or skin induce stronger antipredator responses than

those originated from feces due to their differential

degree of predictive information (Kavaliers & Choleris

2001; Staples 2010; Hegab et al. 2015). However, as

explained before, this interesting outcome could be in

part a result of the odor intensities and exposure fre-

quency utilized in the experiment. Therefore, the

general aim of this article was to assess the behavioral

response (antipredatory) and physiological (activation

of pituitary–adrenal axis) response of individuals of

C. talarum exposed (1) to different intensities of urine

and fur odor from a predator (cat) presented in a sin-

gle exposition manner and (2) the repetition of the

exposure to fur odor in order to assess the generation

and extinction of responses.

We predict that higher intensities of odors from a

predator would generate in individuals of C. talarum

more elevated levels of anxiety, in the form of

decreased locomotor and exploratory activity, and

appearance of defensive behaviors, which would be

accompanied by variations in the physiological

parameters related to stress such as higher levels of

plasmatic glucose, cortisol and neutrophil: lympho-

cyte ratio (N/L). This effect would be higher with the

presentation of odor of the fur than with exposure to

predator urine due to the immediacy of a potential

attack. Furthermore, tuco-tucos would show behav-

ioral habituation to a repeated presentation of odor

derived from predator fur.

Materials and Methods

Animal Capture and Housing Conditions

Adult, sexually mature, tuco-tucos of both sexes (53

males – mean weight 160 g – and 64 females – mean

weight 117 g) were captured during the breeding

(June–February) and no breeding (March–May) sea-

sons of 2014 and 2015 years in Mar de Cobo

(37°460S, 57°260W, Buenos Aires province, Argen-

tina) using wire mesh live traps (diameter 10 cm)

located at burrow entrances. Ninety-four tuco-tucos

were used for the intensity experiment (43 males and

51 females), of which seventy were captured in 2014

and 24 in 2015. All individuals of the habituation

experiment (n = 23; 12 males and 11 females) were

captured in 2015. The traps were checked every 15-

to 20-min period until the animal’s capture. Pregnant
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or lactating females were discarded for the experi-

ments and returned immediately to their burrows.

Adult males were used without distinction because,

after attaining reproductive maturity, they do not

undergo regression of their testes and contain sperm

in their epididymis year round. Then, animals were

taken to the laboratory and placed in individual plas-

tic cages (25 9 32 9 42 cm) provided with wood

shavings. Food was supplied daily and consisted of

sweet potatoes, lettuce, corn, mixed grass, and sun-

flower seeds. Temperature in the laboratory remained

constant (25 � 1°C) with a light–dark cycle of

12:12 h. After 7 days of acclimatization to the labora-

tory, the animals were randomly assigned to the dif-

ferent experiments. Once experiments finished,

animals were returned to the capture site.

Exposition to Predatory Cues

Animals were exposed to olfactory cues indicative of

the presence of a predator: wood shavings soiled with

urine from an adult male cat (obtained 24 h before

the experiments) or a piece of cloth impregnated with

cat fur odor (also obtained 24 h before the experi-

ments and after allowing a cat to use the cloth to rest

on it for a 7 days period). The samples were frozen at

�20°C in sealed plastic bags until use. The day of the

experiments, the bags were placed at ambient temper-

ature to unfroze odor samples.

To compare the effects of exposure of tuco-tucos to

odors from a predator, control individuals were

exposed to odorless cloth or clean wood shavings.

Procedure

Effects of predator odor intensity on defensive behaviors

To analyze the effect of different intensities of a preda-

tor cue (urine or fur odor) on the behavioral and

physiological response of C. talarum, animals were

randomly assigned to different treatments which dif-

fered in the type and intensity of predatory cue used:

G1: no-odor (control group; n = 18); G2-1/39: urine

low intensity (n = 11); G2-19: urine medium inten-

sity (n = 16); G2-39: urine high intensity (n = 12)

that corresponded to 3.33, 10, and 30 g of wood shav-

ings with urine, respectively; G3-1/39: fur low inten-

sity (n = 10); G3-19: fur medium intensity (n = 15);

and G3-39: fur high intensity (n = 12) that corre-

sponded to cloth pieces of 2 9 2 cm, 6 9 6 cm, and

18 9 18 cm, respectively. Prior to the start of the

experiments, the animals were exposed in individual

boxes to the predatory odor sources or control sam-

ples for a 60-min period (Fig. 1a). The different odor

samples were presented to the individuals in plastic

pots covered with a wire mesh, lowering the inci-

dence of visual cues associated with the amounts of

cue used (quantity of shavings impregnated with

urine or size of the cloth). Subsequently, the perfor-

mance of the animals was evaluated during 5 min on

the elevated plus maze, a test commonly used to

assess anxiety in rodents (Pellow et al. 1985; Rodgers

& Dalvi 1997).

Effects of habituation to predator odor on defensive behaviors

To evaluate the effect of repeated exposures to a cue

indicative of the presence of a predator, tuco-tucos

(n = 12) were exposed for 60 min on 5 consecutive

days to cat fur odor presented in a plastic pot (T5:

cloth 6 9 6 cm; Fig. 1b). A control group (C5,

n = 11) followed the same exposition protocol but to

odorless cloths. After the last exposure event, the per-

formance of each individual was evaluated in the ele-

vated plus maze in order to analyze whether repeated

contact with a predatory cue leads to variation or

even the extinction of the behavioral response. The

results obtained from this experiment were also com-

pared with the ones obtained from groups exposed

one time to cat fur odor (control: C1 and G3-19: T1,

see results).

All experimental procedures were always per-

formed during late morning. The behavioral response

Fig. 1: Testing schedule for the (a) intensity

and (b) habituation treatments.
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of each tuco-tuco was also recorded in the elevated

plus maze.

Elevated Plus Maze

The elevated plus maze (EPM) consisted of an

acrylic cross with two opposite arms made with

transparent walls and two with dark walls (25 cm

high). The length of the arms was 45 cm and

extended from a central platform of 10 9 10 cm.

After exposition to predatory odors, the animals

were taken to the labyrinth and placed in the cen-

tral platform to begin the experiment. Tuco-tucos’

behavior was registered using a video camera for

5 min, and the following parameters were deter-

mined from recordings: the total distance (cm),

total number of arm entries, number of entries to

transparent arms (% total), time of permanence in

transparent arms (% total time), and time scratch-

ing walls in transparent arms (% total time) in the

maze. After each experiment, the individuals were

returned to their cages and the apparatus was care-

fully washed with water and odorless detergent,

cleaned with ethanol, and then allowed to air dry

to guarantee that the odors from the previous treat-

ments did not remain. Latex gloves were used for

handling the animals and the apparatus to avoid

transfer of human odor.

Physiological Stress Measures

After the end of each trial of the intensity experi-

ments or at the end of the trials of the habituation

experiments, a blood sample from the retro-orbital

sinus was taken from each animal. Blood sampling

did not take more than 3 min to guarantee that glu-

cocorticoid levels were not affected by the extraction

procedure (Vera et al. 2011). Then, the following

physiological parameters were determined from

blood samples: hematocrit, blood glucose levels,

plasma cortisol levels, and neutrophil/lymphocyte

ratio, being the latter three parameters that typically

change during the stress response (Armario 2006;

Johnstone et al. 2012), and were used in previous

studies in C. talarum (Vera et al. 2008, 2011; Cutrera

et al. 2010; Brachetta et al. 2014, 2015; Schleich

et al. 2015). Hematocrit levels are considered infor-

mative of the physiological condition of an organism

(Johnstone et al. 2012), and these values were

obtained by capillary centrifugation during 15 min at

14000 rpm. Blood glucose levels, which vary in

response to stressors of intermediate level (Armario

et al. 1986), were determined using a glucometer

(Accu-Chek Active Roche Diagnostics, measuring

range of system: 10–600 mg/dL). Since C. talarum

cortisol, and not corticosterone, was found to vary in

response to exposition to stress factors (Vera et al.

2011), values of this hormone were obtained using a

DRGTM kit (Cortisol ELISA EIA-1887, solid-phase

enzyme-linked immunosorbent assay). The N/L ratio

is a chronic stress indicator (Davis et al. 2008) and

allows monitoring of stress of captivity (Vera et al.

2008) and also response to acute stressors (Vera,

unpublished data). The number of lymphocytes, neu-

trophils, eosinophils, basophils, and monocytes were

determined using a microscope at 4509, from blood

smears fixed in 70% methanol for 10 min and stained

with May–Grunwald–Giemsa. We counted all cell

types in a total of 200 cells and then calculated the N/L

ratio.

Statistical Analysis

One-way ANOVA tests were performed to evaluate

whether the different behavioral and physiological

stress parameters differed between tuco-tucos’

exposed or not to predatory odors (urine and cloth

impregnated with cat fur odor). When statistical sig-

nificant effects of factors were observed, Tukey’s tests

were performed to identify differences between

groups.

Results

Effects of Predator Odor Intensity on Defensive

Behaviors and Physiological Parameters

Cat urine odor

Individuals exposed to the three different cue intensi-

ties showed a similar decrease in the distance traveled

(Fig. 2a), number of arm entries (Fig. 2c), and num-

ber of entries to transparent arms (Fig. 2g) in the ele-

vated plus maze, although the overall effect of the

treatment was statistically similar or marginally signif-

icant at the different concentrations of urine

(ANOVA, n = 58, distance: F = 2.21, p = 0.09; arm

entries: F = 2.53 p = 0.06; transparent arm entries:

F = 2.75, p = 0.051, respectively). A clear effect of the

treatment was observed in the time spent in the trans-

parent walls (ANOVA, n = 58; F = 3.23, p = 0.029).

Individuals exposed to 1/39, 19, and 39 concentra-

tions exhibited significant or marginally significant

decreases in the time spent in transparent arms

(ANOVA, n = 58, control vs. G2-19: p = 0.014, con-

trol vs. G2-39: p = 0.086, control vs. G2-1/39:

p = 0.05; Fig. 2e), although the response was similar
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among concentrations. Time scratching walls in the

transparent arms did not differ between groups

(Kruskal–Wallis, n = 58; H = 4.65, p = 0.19; Fig. 2i).

Physiological stress measures

Values of hematocrit did not differ significantly

between control groups and groups exposed to cat

urine (ANOVA, n = 58, df = 3, F = 0.463, p = 0.71;

Table 1). In a similar manner, the exposition to the

different concentrations of cat urine did not affect N/L

ratio, blood glucose, or cortisol levels (N/L: Kruskal–
Wallis, n = 58, p = 0.118; glucose: ANOVA, n = 58,

F = 2.375, p = 0.083; cortisol: Kruskal–Wallis, n = 58,

df = 3, p = 0.161; Table 1).

Cat fur odor

In relation with the exposure to different intensities

of fur predator odor, an overall effect of the treatment

was observed in all the parameters analyzed (ANOVA,

n = 57, distance: F = 6.32, p ˂ 0.001; arm entries:

F = 4.02, p = 0.01; time in transparent walls:

F = 7.63, p ˂ 0.01; transparent arms entries: F = 3.67,

p = 0.018; time scratching in transparent arms:

H = 20.97, p ˂ 0.01). However, the behavioral

response was different according to the intensity of

the odor source. While animals subjected to the low-

est cue intensity traveled similar distances than the

controls (ANOVA, n = 57, G3-1/39 vs. control:

p = 0.89), those exposed to higher intensities traveled

less (ANOVA, n = 57, G3-19 vs. control: p = 0.02;

G3-39 vs. control: p = 0.03; Fig. 2b). A similar situa-

tion was observed in the number of entries to the

arms (ANOVA, n = 57, G3-1/39 vs. control: p = 0.99;

G3-19 vs. control: p = 0.05; G3-39 vs. control:

p = 0.05; Fig. 2d) and in the time spent in transparent

arms (ANOVA, n = 57, G3-1/39 vs. control: p = 1;

G3-19 vs. control: p = 0.005; G3-39 vs. control:

p = 0.005; Fig. 2f). Regarding the number of entries

to transparent arms, individuals exposed to the low

and high intensities behaved similarly than the con-

trol (ANOVA, n = 57, G3-1/39 vs. control: G3-39 vs.

control: p = 0.4), while only individuals of the group

19 entered less to the transparent arms than the con-

trols (ANOVA, n = 57, G3-19 vs. control, p = 0.01;

Fig. 2h). Finally, the time spent scratching the walls

of the transparent arms was similar among individuals

exposed to the lowest concentration and the control

(Kruskal–Wallis, n = 57, G3-1/39 vs. control:

p > 0.05), although higher than those exposed to 19

and 39 (Kruskal–Wallis, n = 57, G3-19 vs. control:

p < 0.05, G3-39 vs. control: p < 0.05; Fig. 2j).

Physiological stress measures

Values of hematocrit did not differ significantly

between control group and groups exposed to cat fur

odor (ANOVA, n = 57, df = 3, F = 1.61, p = 0.198;

Table 1). A decrease in blood glucose levels was found

in the group exposed to the lowest odor intensity

compared to the one observed in the control group

(Tukey’s test, p = 0.034; Table 1). Values of N/L ratio

and cortisol were not affected by the exposition to cat

fur odor (Kruskal–Wallis, n = 57, p = 0.217; ANOVA,

n = 57, F = 1.456, p = 0.238, respectively; Table 1).

Effects of habituation to predator odor on defensive behaviors

and physiological parameters

While individuals exposed only once to cat fur odor

traveled less than its respective control (Tukey’s test,

T1 vs. C1: p = 0.03; Fig. 3a), tuco-tucos exposed

repeatedly for 5 days to the predator cue caused indi-

viduals to travel similar distances than its respective

control group (Tukey’s test, T5 vs. C5: p = 0.718;

Fig. 3a). This behavioral response was also observed

in the number of arm entries (Tukey’s test, T1 vs.

C1: p = 0.05, T5 vs. C5: p = 0.80; Fig. 3b), number

of entries to transparent arms (Dunn’s test, T1 vs.

C1: p ˂ 0.05, T5 vs. C5: p > 0.05; Fig. 3c), time spent

in transparent arms (Tukey’s test, T1 vs. C1:

p = 0.01, T5 vs. C5: p = 0.98; Fig. 3d), and time

scratching in transparent arms (Dunn’s test, T1 vs.

C1: p ˂ 0.05, T5 vs. C5: p > 0.05; Fig. 3e). In addi-

tion, tuco-tucos exposed for 5 days to cat fur odor

traveled more, displayed more arm entries, and spent

more time in transparent arms and scratching walls

than individuals exposed only once to the predator

cue (distance traveled: Tukey’s test, T1 vs. T5: p ˂
0.001; arm entries: Tukey’s test, T1 vs. T5: p = 0.004;

time in transparent arms: Tukey’s test, T1 vs. T5:

p = 0.012; time scratching in transparent arms:

Dunn’s test: T1 vs. T5: p ˂ 0.05). Only in the number

of entries to transparent arms, individuals exposed

only once or for 5 days to cat fur odor did not dis-

play statistical differences (Dunn’s test: T1 vs. T5:

p > 0.05).

Physiological stress measures

No effect of the exposition procedure on hematocrit

(Kruskal–Wallis, n = 53, df = 3, p = 0.248; Table 2),

N/L ratio (Kruskal–Wallis, n = 53, p = 0.860; Table 2),

blood glucose (Kruskal–Wallis, n = 53, df = 3,

p = 0.384; Table 2), or cortisol levels (Kruskal–Wallis,

n = 53, df = 3, p = 0.654; Table 2) was observed.
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Fig. 2: Total distance traveled (cm; Mean � SD) (a) and (b); total number of entries into the arms (Mean � SD) (c) and (d); time spent in transparent

arms (Mean � SD) (e) and (f); number of entries (Mean � SD) (g) and (h); and time scratching the walls in transparent arms (Mean � SD) (i) and (j) of

individuals exposed to different intensities (1/39, 19 and 39) of urine (G2) or odor of the fur (G3) in the elevated plus maze.
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Table 1: Hematocrit (Mean � SD), blood glucose levels (mg/ml; Mean � SD), neutrophil/lymphocyte ratio (Mean � SD), and plasma cortisol levels

(ng/ml; Mean � SD) in individuals of Ctenomys talarum in control and exposed to different intensities (G3-1/39, G3-19 and G3-39) of cat urine odor

or cat fur odor in the elevated plus maze test

Control G2-1/39 G2-19 G2-39 G3-1/39 G3-19 G3-39

Hematocrit 45.33 � 2.19 44.5 � 2.71 45.43 � 2.33 45.58 � 2.87 45.27 � 4.12 47 � 2.41 44.25 � 4.57

Blood glucose levels (mg/ml) 88.87 � 26.27 84 � 31.17 84 � 33.08 64 � 24.05 64.44 � 20.39 82 � 29.39 90.75 � 20.43

Neutrophil/Lymphocyte ratio 1.46 � 1 0.8 � 0.67 1.53 � 1.67 1.36 � 0.97 0.93 � 0.99 2.29 � 2.43 1.09 � 0.98

Plasma cortisol levels (ng/ml) 23.34 � 25.58 21.57 � 13.17 20.31 � 33.27 37.78 � 55.29 27.57 � 25.43 12.13 � 6.9 26.87 � 26.42

Fig. 3: Total distance traveled (cm; Mean � SD) (a), total number of entries into the arms (Mean � SD) (b), number of entries in transparent arms

(Mean � SD) (c), time spent in transparent arms (Mean � SD) (d), and time scratching the walls in transparent arms (Mean � SD) (e) of control groups

(C1 and C5) and individuals exposed to fur odor once (T1) or five times (T5) in the elevated plus maze.
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Discussion

Predator–prey interactions are a major evolutionary

driving force, mediating the behavior of both predator

and prey (Boeing 2010). Individuals may often have

to deal with predators during their lifetime, and being

unsuccessful in this task would inevitably mean death

(Hegab & Wei 2014). Therefore, avoiding an encoun-

ter with a predator is the single most effective way to

guarantee survival and increase fitness. To achieve

this task, the proper identification of predators by prey

is vital for survival, and, in some species, natural

selection has engendered the evolution of different

sensory modalities to properly recognize predators

and generate behavioral and physiological responses

in order to reduce and avoid the predation pressure

(Coss 2010). In the last decades, predator odors have

come to be recognized as an important elicitor of

defensive behaviors, fear, and anxiety in animals

(Blanchard et al. 2003). However, not all types of

predatory odors induce significant and equivalent

avoidance behaviors in the preys. A general view con-

siders that fur-derived odors are the most relevant to

induce anxiety and fear conditioning, while urine or

feces-associated odors may be aversive but not anxio-

genic (Apfelbach et al. 2005; Takahashi et al. 2005;

Mu~noz-Abell�an et al. 2010). However, only a few

studies have simultaneously compared the effect of

both odor sources on eliciting defensive behaviors

(Blanchard et al. 2003; Masini et al. 2005), leaving

the question of which type of odor is more relevant to

induce changes in anxiety still unresolved. When

comparing the highest behavioral effects elicited by

both predatory odors on C. talarum, our study sup-

ports the assumption that fur odors are more anxio-

genic than urine, while the former provoked

significant changes in the distance traveled, the num-

ber of arm entries and time in transparent arms in the

elevated plus maze, cat urine only caused slight

changes on those behavioral parameters. This result is

in accordance with the proximity assumption which

suggests that predator fur odors may indicate a higher

level of predatory immanence than feces or urine,

generating therefore stronger increments in anxiety-

like behaviors (Blanchard et al. 2003; Apfelbach et al.

2005; Takahashi et al. 2005). Also, and coincident

with a general view that considers that predator

detection abilities might be tightly correlated with

other chemosensory abilities (Kats & Dill 1998), indi-

viduals of C. talarum that rely on chemical signals for

individual, sexual and reproductive-state recognition

and food detection (Zenuto et al. 2004; Schleich &

Zenuto 2007; Fanjul & Zenuto 2008; Zenuto 2010)

are also good at detecting and discriminating predator

odors.

To respond adaptively, it is important that preys can

accurately assess the predation risk associated with

the intensity of perceived cues. Also, better spatial res-

olution of predator location might be possible if

organisms are able to recognize and differentiate

chemical gradients present in the field (Kats & Dill

1998). Therefore, odor intensity could be a key factor

that would allow prey species to determine the

‘optimal’ behavioral response (Hegab et al. 2015).

Having found evidence that tuco-tucos utilize fur and

urine odors as cues of possible predator activity, it

would be expected that more concentrated predator

odors might be interpreted as higher risks of predation

(Powell & Banks 2004), eliciting consequently higher

levels of anxiety. Although individuals of C. talarum

exposed to three different urine odor intensities

showed a tendency to decrease the distance traveled,

the number of arm entries, and entries to the trans-

parent arms, this effect was similar at the different

concentrations of predator odor. On the other hand,

exposure to various intensities of predator fur odor

caused variations in the behavioral response of tuco-

tucos. While animals in the group exposed to the

lower cue intensity behaved similar than the control

group, those exposed to the higher fur odor intensities

displayed clear anxiety states, with decreased locomo-

tor activity and clear avoidance behavior. Interest-

ingly, no differences were observed among

individuals confronted with fur odor intensities of 19

Table 2: Hematocrit (Mean � SD), blood glucose levels (mg/ml; Mean � SD), neutrophil/lymphocyte ratio (Mean � SD), and plasma cortisol levels

(ng/ml; Mean � SD) in individuals of Ctenomys talarum in control groups (C1 and C5) and exposed to cat fur odor groups (T1 and T5) in the elevated

plus maze test

C1 T1 C5 T5

Hematocrit 45.33 � 2.19 47 � 4.12 43.5 � 5. 76 44.17 � 3.41

Blood glucose levels (mg/ml) 88.87 � 26.27 82 � 23.32 111 � 67.54 89.92 � 72.87

Neutrophil/Lymphocyte ratio 1.46 � 1 2.29 � 2.43 1.58 � 1.06 1.63 � 0.78

Plasma cortisol levels (ng/ml) 23.34 � 25.58 12.13 � 6.9 22.069 � 28.15 19.99 � 24.19
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and 39. Although Takahashi et al. (2005) considered

that the behavioral and physiological effects are

dependent on the magnitude of the predator odor

delivered to the animal, their results were similar to

those obtained in this work, with rats exposed to 39

and 109 sizes of cat odor cloths exhibiting more freez-

ing and fewer contacts with odor sources than rats

exposed to no predator odor, with no statistical differ-

ences among 39 and 109 groups in these behavioral

parameters. Therefore, and according to these results,

the intensity of natural predator odor presented to

tuco-tucos has a role on the appearance of defensive

behaviors, although an amount-dependent relation-

ship between predator odor and anxiety levels was

not observed, at least at the stimulus intensities used

in this study. Considering that selection for chemical

detection of predators by prey may be dependent not

only on life-history characteristics of the prey but also

upon diverse features of the predator (e.g. mobility,

density), it would be also interesting to see whether

abilities to detect gradients of predatory signals differ

in populations of tuco-tucos under diverse predatory

pressures.

Several studies in rodents have shown that the

behavioral effects of exposition to predator odors may

be accompanied by a physiological response (File

et al. 1993; Figueiredo et al. 2003). The stress axis,

that plays a central role in evolutionary adaptations to

particular ecological pressures (Boonstra et al. 2007),

constitutes a major pathway of the neuroendocrine

system that integrates environmental change and

through which life-history decisions (reproduction,

growth, feeding) are implemented (Ricklefs & Wikel-

ski 2002). In the present study, we measured physio-

logical parameters that allow the estimation of the

physiological condition of the tuco-tucos (hematocrit)

or change during the stress response and can be used

as stress indicators: blood glucose levels, N/L ratio,

and plasma cortisol levels (Vera et al. 2008, 2011). In

this study, the values of hematocrit were similar

among treatment groups, indicating that the physical

condition of the tuco-tucos exposed to the different

intensities and frequencies of both predator cues was

equivalent. Regarding N/L ratio, a parameter found to

increase in response to immobilization or chronic

stress caused by captivity or food restriction (Vera

et al. 2011), and it did not differ between the control

groups and those exposed to the different intensities

of both odor sources. There is evidence that glucose

levels are responsive to stressors of intermediate level

(Armario 2006). In the present work, we did not

observe any effect of the exposition to cues of a preda-

tor on blood glucose levels, with the exception of the

group exposed to the lowest fur odor intensity.

Besides this difference, no particular trend in the

response of blood glucose could be identified. Finally,

we did not find differences in plasma cortisol levels

between animals exposed to the different intensities

of cat odors. Although the detection of the response

associated with increased levels of glucocorticoids can

be variable and dependent of the methods used (Tid-

har et al. 2007), the lack of variation in this and the

other physiological parameters suggests for a poor

association between the physiological and behavioral

responses to predator odors in C. talarum. The absence

of an endocrine correlate of the behavioral response

of the prey was also observed in other species of

rodents (File et al. 1993; Perrot-Sinal et al. 1999; Dias

Soares et al. 2003), and more interesting, in a previ-

ous study on this species of subterranean mammal

(Brachetta et al. 2015). On the other hand, the rela-

tionship between HPA axis and anxiety is more evi-

dent for immobilization, another component of

predatory stress. For example, rats exposed to restrain

exhibited anxiety-like behaviors in the EPM and

increments in ACTH and corticosterone (Mu~noz-

Abellan et al. 2008). Furthermore, these effects were

reversed by inhibition of corticosterone, and both

mineralocorticoid and glucocorticoid receptors were

identified involved in the modulation of anxiety

response (Calvo & Volosin 2001). Overall, the need

for studying deeply the relationships between the

endocrine status and the behavioral outputs is rein-

forced.

Several works with rodents indicate that repeated

exposures to predator odors can result in either

sensitization or habituation in response to these

cues (Endres & Fendt 2007; Hegab et al. 2015).

Although there are few clear examples of sensitiza-

tion (Staples 2010), a recent study on rats showed

that repeated exposure to ferret odor leads to an

increasing sensitization of the neural response

(Weinberg et al. 2009). More common are studies

which failed into finding habituation responses to

repeated exposures. For example, File et al. (1993)

found that after five exposures to cat odor, the rats

continued to avoid the odor cloth, although corti-

costerone levels stopped rising. Similarly, Wallace &

Rosen (2000) showed that rats exposed repeatedly

over a 5-day period to TMT failed to show habitua-

tion in freezing, although this result should be

taken cautiously due to the lack of difference with

the no-odor control. On the other hand, several

works have shown that animals have the ability to

habituate to repeated stressful stimulus (Grissom &

Bhatnagar 2009). For example, File et al. (1993)
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found that rats spent most of their time hiding on

exposure to cat odor, but this response gradually

habituated over repeated daily exposures. Staples

et al. (2009) found that Albino Wistar rats exposed

to cat odor initially showed strong defensive

responses, although these responses habituated by

the final exposure. In a complete experiment, Taka-

hashi et al. (2005) also showed that rats displayed

habituation to cat fur odor, being this behavioral

response dependent of the concentration of fur

odor utilized.

In our experiments, we found that while individ-

uals exposed for 1 day to cat fur odor displayed an

evident anxiety state, those exposed repeatedly for

5 consecutive days did not differ with the control

group in their behavioral response, indicating a

clear habituation to the predatory cue. As

explained before, this process allows animals to fil-

ter biologically less relevant input and in turn

devote more attention and processing energy

toward more relevant or dynamic stimuli (Leussis

& Bolivar 2006; Wilson 2009). In the particular

case of C. talarum, individuals of this species usually

encounter predatory cues while foraging above-

ground. By reducing the time devoted to evaluate

the potential risk of a predator presence after facing

the same odor repeatedly, tuco-tucos can spent

more time and energy in their foraging effort,

obtaining an important metabolic reward for the

waning of the antipredator behavioral response. At

this point, it must be taken into account that dif-

ferent rates of habituation are likely to be influ-

enced by the intensity of the predatory cue and

the adaptive value of resuming each behavior (Sta-

ples 2010).

Variations in the endocrine response are also

expected concomitant with the habituation process in

the behavioral response (Apfelbach et al. 2005). In

particular, the magnitude of HPA activation triggered

in response to the presence of cues indicative of the

presence of a predator may decline with repeated

exposure to this stimulus, although this physiological

habituation may be also dependent on the degree of

stressor predictability (Smith et al. 2013). In our

habituation experiments, and similar to our previous

endocrine results, we did not find differences in the

measured physiological parameters among control

individuals and those exposed only once or for 5 days

to cat fur odor, even when a clear anxiety response

was observed in tuco-tucos exposed one time to the

predatory cue. These particular outcomes in the phys-

iological response of C. talarum enlighten the need for

more work to disentangle the endocrine–behavioral
relationship activated by predator odors.

Conclusion

The innate defensive behaviors that prey species

display when exposed to predator odors have pro-

vided valuable means of studying how brain and

endocrine systems of mammals respond during

stressful situations. Inside this scheme, the results

of the present study provide valuable evidence that

the type of predatory odor, along with the fre-

quency of exposition, is important determinants

of the appearance, strength, and extinction of

defensive behaviors in the subterranean rodent

C. talarum. Concerning the odor intensity, although

a threshold level that triggered the development of

defensive behaviors was observed, no further asso-

ciations among predator odor intensity and prey

response could be found. From these results, it is

evident the need for studying predator risk effects

in wild species to complement the vast arrange of

physiological and biomedical works with laboratory

animals carried out the last decades (Boonstra

2013; Clinchy et al. 2013). While the latter has

provided an important framework to understand

the diverse effects of stress on the neurophysiology

of animals, only the extension of studies to wild

species under more naturalistic conditions will offer

a clear advance on its ecological validity. The main

findings obtained from the present study also

revealed that C. talarum is not the exception, with

some behavioral responses similar to what observed

in previous works on predatory stress but others

clearly different, emphasizing the importance of the

life-history characteristics of each species in shaping

the diverse solutions encountered in nature.

Future studies utilizing diverse anxiety-eliciting fac-

tors to see whether these stressors are connected or

not to a neuroendocrine response, or using activators

and inhibitors to affect different steps of the HPA axis

to see whether they can elicit an anxiety state without

the presence of a stressor, are needed to fully under-

stand the connection between the behavioral and

physiological response in this species of subterranean

rodent.
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