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Abstract

Animals often halt foraging in the presence of predator cues, an ecological phenomenon known as the foraging/predator
avoidance tradeoff. Although some have proposed that anxiety may exist in animals exposed to predator cues, few studies
have examined whether such interactions lead to anxiety-like behavior in animals other than laboratory rodents and zebrafish.
In this experiment, a foraging/predator avoidance tradeoff task was modified using adult male African clawed frogs (Xeno-
pus laevis) and a looming visual predator stimulus to determine if (1) visual predator cues reduce appetitive behavior, (2)
visual predator cues lead to predator avoidance behavior, and (3) if visual predator cues alter the abundance of transcripts in
the optic tectum known to be modulated in other brain areas during anxiety. Frogs exposed to the predator stimulus did not
reduce their food intake, although sweeping, a foraging behavior, was significantly reduced by the predator stimulus. Predator-
exposed animals spent significantly more time stationary and entered the predator zone less compared controls. There were
no statistically significant changes in relative transcript abundance of anxiety-related peptides between the groups in the
optic tectum. Collectively, this tradeoff task was able to induce discrete avoidance and appetitive behaviors that are similar
to anxiety-like behaviors observed in other predator avoidance models; however, the effects of visual threats on feeding and
anxiety-related transcript abundance requires further study.

Significance statement

Halting foraging activities to increase vigilance and engage avoidance behaviors has been proposed to play an adaptive
role in survival of predator encounters in a number of animal species. Some have proposed that anxiety evolved as a state
associated with the engagement of avoidance and antipredator behavior. However, few studies have examined whether such
foraging/predator avoidance tradeoffs result in anxiety-like behavior in animals other than rodents. We developed a foraging/
predator avoidance tradeoff task in an aquatic frog species to determine if the sight of a looming visual threat interferes with
feeding and causes anxiety-like behavior in an amphibian. Our data suggest that some, but not other (feeding, for example),
behavioral aspects of foraging/predator avoidance tradeoffs mimic anxiety-like behavior when a visual threat is present.
These data contribute to a growing body of literature indicating that anxiety may be an adaptive response to predator threats
in non-mammalian species.
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Introduction

Animals must make decisions rapidly in nature, often sac-
Communicated by A. Taylor Baugh rificing one necessary activity for another in the interest of
survival. Arguably, the best-studied ecological tradeoffs
involve predation and its effects on feeding and/or repro-
duction (Harris and Carr 2016; Harris 2020; Schiwitz et al.
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pathways in prey animals (Harris and Carr 2016) and can
rapidly inhibit both foraging and reproduction (Narayan et al.
2013; Duggan et al. 2016; Harris and Carr 2016). While it
is common to view anxiety in response to a predator as an
adaptive state that prepares the animal for a confrontation
and/or escape (Kandel 1983; Morris et al. 2019), there is lit-
tle empirical evidence supporting an adaptive value of anxi-
ety in terms of subsequent reproductive fitness and survival.
However, there have been many studies on the comparative
biology of anxiety (Cryan and Sweeney 2011; Kysil et al.
2017; de Abreu et al. 2020), and a reasonable conclusion to
draw by inference is that selection pressures have maintained
aspects of an anxiety state in most vertebrate groups.

In human studies, anxiety is commonly assessed using
self-reporting tools such as the Hamilton Anxiety Rating
Scale (Hamilton 1959) or Beck Anxiety Inventory (Beck
et al. 1988) Neither of these self-reporting tools can be used
with experimental animals, and there are no objective bio-
markers that can be used to measure either state (tempo-
rary) or trait (pathological, enduring feature of an individual)
anxiety state in animal models (Belzung and Griebel 2001).
Thus, scientists often use behavioral tests, whose measures
may reflect certain types of anxiety-like behavior, to identify
so-called anxiogenic stimuli and to test anxiolytic drugs.
There are many examples of behavioral assays employing
ethologically relevant predators or predator cues (usually
visual or olfactory) to elicit fear and/or anxiety-like behavior
in controlled laboratory studies using a number of vertebrate
model animals (mammals, Blanchard et al. 1990 Merali
et al. 2003a; Almada and Coimbra 2015; Harris and Carr
2016; amphibians, Duggan et al. 2016; fishes, Cianca et al.
2013; Stewart et al. 2014). In a few studies, researchers have
adapted these ethologically relevant tests of anxiety-like
behavior to include an appetitive stimulus, usually food, thus
mimicking ecologically relevant foraging/predator avoidance
tradeoffs (Muller-Gass et al. 2000; Merali et al. 2003a, b;
Duggan et al. 2016).

Laboratory-based food/predator tradeoff tasks for stud-
ying anxiety may appear similar in a way to the explora-
tion—exploitation tradeoffs central to the plus minus maze
and the light—dark test in rodents (Cryan and Holmes 2005;
Campos et al. 2013) but have an important difference in
that the food stimulus is to trigger movement. The inclusion
of an appetitive stimulus in so-called anxiety tests may be
especially important when studying anti-predator behavior
in certain non-mammalian species (such as the amphibian,
Xenopus laevis) that generally display low overall locomotor
activity and may require a food stimulus to encourage them
to explore a novel environment (Green 2009; Videlier et al.
2014; Duggan et al. 2016; Kelleher et al. 2018; Prater et al.
2018b). While several anxiety tests have been developed
to study anxiety behavior, one particular test of interest for
aquatic vertebrates is the overhead looming stimulus test
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(Cianca et al. 2013), in particular because the adverse behav-
iors exhibited in this test using zebrafish (Danio rerio) can
be reversed by canonical anxiolytics (Cianca et al. 2013).

The optic tectum (an evolutionary homolog of the supe-
rior colliculus in mammals) plays a critical role in the behav-
ioral decision making that underlies avoidance and approach
behavior. Imaging (Javanmard et al. 1999; Cornwell et al.
2012; Kessler et al. 2012), physiological (de Almeida
et al. 2006; Baek et al. 2019), and pharmacological studies
(Azevedo et al. 2020) indicate that this brain area is more
involved in post-limbic processing of a variety of anxiogenic
stimuli than previously thought (Forcelli et al. 2016) and
may play a central role in post-traumatic stress disorder
(Steuwe et al. 2015; McFadyen et al. 2019). Despite grow-
ing evidence for a role of the optic tectum/superior colliculus
in mediating anxiety-like behavior, little is known about the
tectal neuromodulators and neurotransmitters involved in
such control, especially in relation to a predator. Muthuraju
et al. (2016) reported that intra-superior collicular injections
of a dopamine D2 receptor antagonist in rodents altered fear
responses in the elevated plus maze, while Azevedo et al.
(2020) reported that the putative anxiolytic drug ACH-
000029 reversed stressor-induced changes in c-fos immu-
noreactivity in the superior colliculus, among other brain
areas (Muthuraju et al. 2016; Azevedo et al. 2020). Nothing
is known about changes in gene or protein expression in the
tectum after exposure to a predator.

Exposure to olfactory predator cues increased latency to
approach food in rodents (Merali et al. 2003a, b). Latency to
approach food in response to a predator has been assumed
to reflect an increase in anxiety, as this increased latency
can be attenuated using canonical anxiolytics such as diaz-
epam, chlordiazepoxide, propranolol, and desmethylimipra-
mine (Merali et al. 2003a, b). Recently, Duggan et al. (2016)
reported increased latency to approach food, reduced feed-
ing duration, and reduced food intake in a predator avoid-
ance test using juvenile frogs (X. laevis). Decreased entries
into and reduced time spent in anxiogenic areas are classic
hallmarks of anxiety-like behavior (Liu et al. 2007; Gupta
et al. 2014; Serova et al. 2014). Another common response
to a predatory stimulus is reduced swimming behavior to
avoid detection (Bencan et al. 2009). Anxiolytics can reverse
these behaviors, increasing swimming behavior overall and
increasing entrances into and time spent in anxiogenic
areas (Keers et al. 2012). In the present study, we report
on the development of a predator foraging/predator avoid-
ance tradeoff test in sexually mature frogs which, because
of their size, are more suitable for analysis of biochemical
changes in the tectum associated with ecologically relevant
approach and avoidance decision-making. We used a loom-
ing predator stimulus, which is ecologically relevant for this
species as they are preyed on by a variety of waterfowl (Lov-
eridge 1953; Kopij 1996, 1998). Moreover, looming stimuli
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specifically activate defensive behaviors initiated in the tec-
tum (Wu et al. 2005; Liu et al. 2011; Huang et al. 2017;
Lischinsky and Lin 2019; Zhou et al. 2019). In addition
to measuring a suite of approach and avoidance behaviors
related to feeding and anxiety in other models, we exam-
ined the abundance of transcripts for key anxiety-regulatory
genes in the optic tectum. We predicted that there were no
significant differences between treatment groups for any of
the appetitive and avoidance behaviors measured prior to
predator exposure and that exposure to a looming predator
would (a) increase the latency to contact food and reduce
food intake; (b) decrease swimming behavior, entrances, and
time spent in anxiogenic areas; and (c) alter the abundance
of anxiety-related gene transcripts in the tectum.

Methods
Animals and care

Adult male Xenopus laevis frogs (n=23) were obtained
commercially (Xenopus Express, Inc., Brooksville, FL,
USA). Frogs were maintained in flow through dechlo-
rinated tap water in fiberglass 300-L tanks (178 cm
Lx46 cm W51 cm D) at a stocking density of 30 frogs
per tank and at a temperature of 23 +3 °C. Frogs were fed
NASCO floating frog brittle three times a week during their
acclimation period (7 days). Prior to the test, they were
food deprived for an additional 7 d. Frogs were maintained
on a 12-h light:12-h dark cycle, and all experiments were

Video
camera

" [}

conducted in the dark phase under red light. The luminosity
in the frog room during the light phase was approximately
350 Ix and during testing was approximately 20 Ix inside the
tank during the dark phase.

Tradeoff task

All lighting and temperature conditions were kept consist-
ent with the acclimation phase. Forty-eight hours prior
to the tradeoff task, frogs were individually isolated in
glass aquaria (30.5 cm X 15.2 cm X 20.3 cm, 38 L) con-
taining 3 L deionized water with 0.33 g/L Instant Ocean
(Fig. 1). There were no differences (p=0.5706, U=42)
in body mass between frogs assigned to the control group
(38.3 g+4.93 g S.E.M.) versus the experimental (preda-
tor treatment) group (33.3 g+4.66 g). Twenty-four hours
before the task, frogs were moved to the test arena, a glass
aquarium (91.4 cm X 30.5 cmx40.6 cm, 114 L) containing
13 L deionized water with 0.33 g/L Instant Ocean (Fig. 1).
The sides of the test arena were covered with black plastic
to avoid any possible light interference.

The test arena was divided into two areas of equal size,
a predator zone that consisted of the area directly below
the predator stimulus (described below) and the safe zone
consisted of the area around the hide, with no physical bar-
rier between the two divisions (Fig. 1). A hide (PVC pipe,
9 cm X 8.3 cm diameter) was placed in the middle of the
safe zone also equidistant from the sides of the tank (Fig. 1).

Predator
group only

58cm

91cm

47 cm

-

(Hide 6

Circuit
Liver

™= Washer

Safe zone

Fig.1 A schematic of the test arena for the tradeoff task. The task
was recorded using a camera suspended above the tank. Experiments
were conducted in the dark with red night vision lights for recording.
The safe and predator areas of the tank were not physically separated,
and frogs could swim between both areas. The safe side contained
a PVC pipe “hide,” and the predator side contained a food (for both

Predator zone

absence and presence of the predator groups). The hide and the food
were located 12.7 cm from the ends of the safe and predator sides,
respectively. The predator apparatus was located 47 cm from the bot-
tom of the tank and the recording camera was located 58 cm from the
bottom of the tank. Figure created by Wendy Beth Jackelow Medical
and Scientific Illustration

@ Springer



115 Page4of 12

Behavioral Ecology and Sociobiology (2022) 76: 115

The tradeoff task consisted of three timed periods:
a 10-min period with no food or predator stimulus (time
period A), a 30-min period with food in the presence or
absence of a visual predator stimulus (time period B), and a
10-min period with fresh food but no visual predator stimu-
lus (time period C, to detect any effects on food intake with
a longer latency) (Fig. 2). Frogs received approximately
3.5 g fresh chicken liver (Pilgrim’s Pride Corporation,
Greenly, CO) as the food stimulus attached to a metal washer
(1.9 cm % 5.08 cm) during the time periods B and C. The
metal washer prevented the food from floating away from
the predator zone during the tradeoff task.

The looming predator stimulus (a preserved common
snipe, Gallinago gallinago) was mounted on a 32-cm-long
wooden dowel connected to a servomotor (Hitec, SubMi-
croServoU, USA) allowing the head to pivot 90° back and
forth every 30 s over the predator zone of the test arena
(Fig. 1). The common snipe was chosen because it is a pred-
atory wading bird with a sharp pointed bill that is similarly
featured to that of cormorant species indigenous to South
Africa and known to prey on X. laevis (Kopij 1996, 1998).
The pivoting motion provided a purely visual stimulus that
was controlled using a microcontroller (Arduino, Duemilan-
ove, Italy). A similar apparatus was used to measure anxiety-
related behavior in zebrafish by Cianca et al. (2013).

Two groups of frogs were tested using the tradeoff task:
frogs that were placed in the testing arena with food but
no looming predator stimulus (control, n=10) and a sepa-
rate group of frogs exposed to food and the looming preda-
tor stimulus (predator-exposed group, n=10). Additional
frogs (n=3) were added to the predator-exposed group to

replace frogs that had displayed atypical sedentary behavior
(did not move for over two minutes into the recording). A
control group with no food or looming predator stimulus
was not included due to studies that have revealed a lack
of sufficient exploratory locomotion in anurans without an
appropriate food stimulus (Avila and Frye 1978; Claas and
Dean 2006). For both groups, the behavioral test was con-
tinuously recorded and conducted in the dark with two Ener-
gizer Vision HD + © red light night vision headlamps placed
diagonally above the test tank between 15:00 h and 18:00 h.

For the control animals, the predator zone was identical to
the safe zone but the visual predator stimulus did not oper-
ate (Fig. 2). Behavior was recorded using a 12-megapixel
Samsung Galaxy S9 phone camera recording at 720 P that
was located above the tank.

Behavioral analysis

Behavior was scored using JWatcher (Macquarie University,
http://galliform.bhs.mq.edu.au/jwatcher/) software as per
the accompanying handbook’s instructions (Blumstein and
Daniel 2007). All videos were assigned a randomized code,
and behavioral scoring was conducted after the live portion
of the experiment was over. Behavior was analyzed using
an ethogram based on previous literature with modifications
(Duggan et al. 2016) (Table 1). Behavioral data was double-
blinded and analyzed by three separate individuals without
observation from others, and the scoring methods between
the observers were correlated using an inter-rater agreement
calculated on JWatcher (inter-rater agreement % > 0.84). The
distance measurements (entrances and time spent in each

1 Camera is turned on and session is recorded 1
I L
Time Period A Time Period B Time period C
T=-48h T=-24h T=0-10 min T=10-40 min T=40-50 min
. Predator
Isolation: Moved into Pre-test Test Post-test
Frogs placed in 9 114 L testtank 9 9 Food stimulus 9 Food stimulus e)r<chl>sed
38 L isolation Predator stimulug No predator g=o1 Op
tank stimulus n
L Camera is turned on and session is recorded 1
I L
Time Period A Time Period B Time period C
T=-48 h T=-24 h T=0-10 min T=10-40 min T=40-50 min
Isolation: Moved into Pre-test Test Post-test Control

114 L test tank

Frogs placed in 9 9

38 L isolation
tank

group
n=10

Food stimulus
No predator
stimulus

Food stimulus

= =

Fig.2 Timeline of the tradeoff task. Animals were first isolated from
the group housing 48 h before the testing began. The animals were
moved to the test arena for 24 h prior to the test for acclimation. We
recorded three simultaneous time periods on the test day: time period
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A (no stimulus, 10 min), time period B (absence/presence of pred-
ator and food, 30 min), and time period C (new food, no predator,
10 min). After time period C frogs were anesthetized, euthanized, and
tissue was collected for RNA extraction
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Table 1 Ethogram for the quantification of predator avoidance and prey capture in adult X. laevis frogs

ME Behavior

Code Time of measure Descriptive/Definition

Latency to move* a duration
Latency to contact*® q duration
Sweeping* k count
Contact with food* u duration
@ Swimming towards safe zone d duration
@  Swimming towards the horizontal sides e duration
@  Swimming towards the predator zone  f duration
@  Inactive* c duration
Time spent in safe zone duration
Number of entrances into predator zone count

Start as soon as liver is dropped in the tank, stopped as soon as frog
exhibits directional movement

Start as soon as liver is dropped in the tank, stopped as soon as 1/3 of
frogs’ body (head/arms) are in contact with liver

Random appetitive searching component that involves forelimb exten-
sion in quick succession

Frog is touching or holding food, first 1/3 of frog body is in continuous
contact with the food

Frog is actively swimming towards the safe zone of the tank

Frog is actively swimming towards the sides of the tank, perpendicular
to both the safe and predator zones

Frog is actively swimming towards the predator zone of the tank
Frog is resting on substrate or surface, and frog is still/not moving
Total time frog spends in the safe side of area, calculated manually

Amount of times frog enters the predator area (must be 3/4th of the
frogs’ body and continuous movement)

ME denotes behaviors that are mutually exclusive, if behaviors share a symbol (@), they cannot occur at the same time. Code refers to the key-
stroke entered by the researcher during the behavioral analysis step. Behaviors denoted with an asterisk (*) are prey capture behaviors identified

in previous studies (Avila and Frye, 1978 and Prater et al. 2018a, b)

zone) were measured manually with a stopwatch. All behav-
ioral measurements were determined per millisecond in the
tank or per millisecond of total movement as appropriate.

Tissue collection

Animals were weighed immediately after the behavioral
test and anesthetized in 0.5% MS-222 (with equal parts
NaHCO;) and euthanized by decapitation. Brains were
excised and placed in RNAlater© in a Petri dish, and the
optic tecta removed by dissection. Tectal sections were fro-
zen in 10 volumes of RNAlater© in a RNAse free 1.5-mL
tubes at — 20 °C overnight and stored at — 80 °C long term.

RNA extraction

Tissue stored frozen in RNAlater was thawed on ice and
RNA was extracted using RNAqueous-4PCR DNA-
free RNA Isolation for RT-PCR kits (Thermo Fisher) as
described previously (Prater et al. 2018a). This included a
DNAase step to eliminate genomic DNA. Murine RNase
inhibitor (New England Biolabs, 1 unit/1 mL) was added to
the freshly extracted RNA and the RNA stored at—80 °C.
RNA quality and concentration were determined using an
Experion ™ Automated Electrophoresis System (Bio-Rad
Laboratories, Inc.) and Experion™ RNA StdSens Reagents
and RNA StdSens Chips (Bio-Rad Laboratories, Inc.). RNA
samples with an RNA quality indicator (RQI) > 7 were then
reverse transcribed to cDNA using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). RNA
samples with RQI <7 were eliminated from analysis. The

thermal cycler was set at 25 °C for 10 min, then 37 °C for
120 min, and was completed at 85 °C for 5 min. A control
RNA group treated with the High Capacity cDNA Reverse
Transcription Kit but not reverse transcriptase was checked
by qRT-PCR for a tenfold difference. cDNA was stored
at—20 °C.

Primer design and quantitative real time PCR
(gRT-PCR) assay

Primers were constructed for serotonin-1A receptor
(5-HT1A) (htrla), dopamine D1 (drdl), and D2 receptor
transcripts (drd2) using PrimerBlast (Table 2). Primers for
ribosomal protein L8 (rpl8) and corticotropin releasing fac-
tor (crf) were acquired from previous literature (Boorse and
Denver 2006; Carr et al. 2013). RplS was used as a reference
gene since it has been shown it has a constant and ubiqui-
tous expression in X. laevis (Shi and Liang 1994). GenBank
Accession Numbers for the rpl8, crf, htrla, drdl, and drd2
are as follows U00920.1, S50096.1, NM_001085830.1,
XM_018251699, NM_001101742. These genes were
selected due to their established role in preclinical models of
anxiety and depression (htrla, Samuels et al. 2016; Moham-
mad et al. 2016; drdl and drd2, especially D1-D2 heterodi-
mers, Shen et al. 2015; crf, Tafet and Nemeroff 2020).
Primer and template concentrations were measured using
a Nanodrop ND-1000 spectrophotometer. Polymerase chain
reaction (PCR) reactions were carried out on 96-well optical
plates (Applied Biosystems, Grand Island, NY), consisting
of 1 pl diluted cDNA template (200 ng cDNA), 1 ul of for-
ward primer (200 nM), 1 ul of reverse primer (200 nM),
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Table 2 Oligonucleotide primers used to amplify X. laevis genes

Gene GenBank Accession FWD primer (5’-3’) REV primer (5'-3") Product Length Reference Intron
Number span-
ning

rpl8  U00920.1 GACATTATCCATGAT GGACACGTGGCCAGC 480 Carr et al. 2013 Y
CCAGG AGTTT

crf  S50096.1 TCTCCTGCCTGCTCT CTTGCCATTTCTAAG 321 Boorse and Denver 2006 N
GTCCAA ACTTCACGG

htrla NM_001085830.1 TCTGACGCACTCGCT TCCTCGGGCGACACT 157 Y
CGCTTC CCT

drdl  XM_018251699 GAACGTTAAGCAACG CACTTCTACTATAAG 176 N
CCCTC GCTCAGTTGC

drd2 NM_001101742 GACAAGTGCACTCAC CGGTGGAGATGTGCT 159 Y
CCTGA TGACA

12.5 pl of SYBR green PCR master mix, and nuclease-free
water for a total volume of 25 pl. Non-template controls
included all other reagents except cDNA templates, which
were replaced with nuclease-free water instead. Plates were
then centrifuged and loaded onto a CFX96 RT-PCR detec-
tion system (Bio-Rad). Amplification efficiency for the
primer sets were determined using a tenfold serial dilution
(300, 30, 3, 0.3, and 0.03 ng) of the template and calculating
the slope of the regression plotting Ct values against the log
of the template amount. The equation E=10(-1/slope) was
used to determine the amplification efficiency, of which only
primers with above 98% amplification efficiency were used.
Cycle threshold values were normalized using the rpl8 refer-
ence gene and expressed as a percentage of control values
using the AACt method. The identity of the PCR products
was confirmed using gel electrophoresis after RT-PCR and
sequencing. There were no changes in 7pl8 transcript abun-
dance as a function of treatment group (control, predator-
exposed). Cycle threshold averages of 32 and above were
not analyzed.

Statistical analysis

The independent variables tested were food intake (peri-
ods B and C only, mass consumed/body mass), latency to
move, latency to contact food, sweeping, time in contact
with food (B and C only), time spent in safe zone, number of
entrances to predator zone, percent time swimming toward
the safe zone, percent time swimming toward sides, percent
time swimming toward predator zone, percent time inactive,
and the relative Ct values for the transcript analysis. For all
variables except sweeping, directional swimming and the
transcript analysis, data were corrected by the exact time in
the test period. Directional swimming-dependent variables
(toward predator zone, toward safe zone) were divided by
total time swimming.

@ Springer

The statistical approach was guided by two broad ques-
tions. First, were there initial differences in each independent
variable between treatment groups in test period A, before
the food looming predator stimulus were introduced? Sec-
ond, were there treatment (predator, no predator) or time
effect (periods B and C) differences in the independent vari-
ables? Thus, our general approach was to test for differences
between treatment groups in period A using Students two-
tailed #-test or the Mann—Whitney test to address the first
question. Data for periods B and C were initially analyzed
using mixed model analysis of variance (ANOVA) with time
as a within-subjects variable and treatment as a between-
subjects variable. Data failing to meet the assumptions for
parametric tests were transformed using log,, or square
root transformations. If these data did not meet parametric
requirements, they were analyzed individually by test period
using the Kruskal-Wallis H test or the Mann—Whitney
test. Effect size is reported for significant results, Cohen’s
d test was used to calculate effect size for r-tests (https://
www.socscistatistics.com/effectsize/default3.aspx), epsilon
squared (£%) was used as an effect size for the Kruskal-Wal-
lis H test (Tomczak and Tomczak 2014), and eta squared
(n?) for mixed model ANOVA. A summary of the test results
for all dependent variables is shown in Supplemental Tables
S1-S3. All statistical analyses and graphing were performed
with SPSS (v. 25, SPSS Inc., Chicago, IL) and MATLAB
(R2020b, MathWorks).

Results
Pretrial baseline activity during test period A
There were no significant differences in any of the behaviors

measured between control and predator exposed frogs during
period A (Table S1).
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The effects of a looming predator stimulus on food
consumption

Almost none of the animals ate in period C, therefore we
report data analyzed for period B only. Six of ten frogs in
the control group consumed some amount of food, and three
of ten animals in the predator group consumed food during
test period B. Mass of food consumed corrected for body
mass data were not distributed normally and transformation
by log10 or square root failed to improve this. Overall, there
was no statistically significant (U=39.50, p=0.436) differ-
ence in food intake between control and predator-exposed
frogs during test period B.

The effects of a looming predator stimulus
on behavior during test periods B and C

Only three out of twenty animals in both treatment levels
that contacted food during period C, so we analyzed data
for time in contact with food and latency to contact food for
period B only. Time spent in contact with food was not dif-
ferent between treatment groups in period B (U(18)=35.00,
p=0.280) nor was latency to contact food (U(18)=30.00,
p=0.143).

Untransformed data on sweeps were not normally
distributed and did not meet Levene’s test for equal
variances, and this was not remedied by transformation.
Kruskal-Wallis H tests showed that predator-exposed frogs
exhibited significantly fewer forearm sweeps compared to
control frogs during test period B (y?(1) = 5.865, p =
0.015, €2=0.310, Fig. 3A) but not period C (*(1)=3.180,

. No predator
[ Predator

Fig. 3 Differences in forelimb 100 -
sweeps (A), entrances into the
predator side (B), total time
swimming (C), and time inac-
tive (D) in adult male X. laevis
in the absence or presence of
a predator across all three test
periods. Asterisk indicates a
statistically significant differ-
ence between predator and
non-predator condition at that

80

60

40 4

Number Forelimb Sweeps

i i,ﬁ [

p = 0.075). There were no differences between treatment
levels in period A (Mann—Whitney, U=43.50, p=0.631).

Frogs in the predator-exposed group spent significantly
less total time spent swimming during time period B (cor-
rected for total time, Xz(l) =14.29, p<0.001, £2=0.752)
(Fig. 3B) but not during period C (x?*(1)=0.006,
p=0.940). There were no initial differences between
treatment levels in total time spent swimming during test
period A (U=30.50, p=0.143).

Data for entrances into the predator zone did not meet
the assumption for parametric testing even after trans-
formation. Entrances into the predator zone were sig-
nificantly lower in the predator exposure group during
time period B (corrected for total time, Xz(l) =12.62,
p<0.001, £2=0.660) (Fig. 3C) but not during period C
(Xz(l) =1.755, p=0.185). There were no initial differ-
ences between treatment levels in entrances to the preda-
tor zone during test period A (#(18)=0.478, p=0.638).

Frogs in the predator group spent more time inac-
tive relative to controls during period B (Xz(l) =11.57,
p<0.001, €2=0.609) (Fig. 3D) but not during period
C (X2(1)=0.28, p=0.597). There were no differences
between the control and treatment groups during period
A (1(18)= —0.236, p=0.816).

Time spent in the safe zone data were distributed
normally across all three test periods and were ana-
lyzed across all three test periods using a mixed model
ANOVA with time (A, B, C) as a within-subjects’ fac-
tor and treatment (predator, control) as a between-sub-
jects’ factor. There was a significant main effect of time
(Fy36=3.388, p=0.045, * =0.158) but not treatment

time point. Bars represent the
mean + S.E.M. of 9-10 animals
per group. Asterisk indicates 07
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nificantly different from control
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(Fy/13=0.249, p=0.624, n*=0.014), and there was not a
significant interaction (F,3=1.139, p=0.331, #=0.060)
between the two independent variables. All frogs spent
significantly more time in the safe zone during period C
versus period A as determined by pairwise comparisons
(p =0.028, least significant difference test). There were
no differences in any of the directional movement meas-
ures (time spent swimming toward the predator zone or
the safe zone). Time spent swimming toward the preda-
tor zone was analyzed using the Kruskal-Wallis H test as
the data failed tests for normality. There was no effect of
treatment on time spent swimming to the predator zone
during periods B (y%(1) = 0.463, p =0.496) or C (y*(1) =
3.023, p = 0.082). There were no significant main effects
(time, Fy3=1.016, p=0.372; treatment, F,, §=3.365,
p=0.073) or interaction (F,;;,=1.827, p=0.176) on time
spent swimming toward the safe zone as determined by
mixed model analysis.

Data on latency to move failed normality and equal vari-
ance tests even after transformation. There were no effects of
treatment during either period B (y*(1) =1.463, p = 0.226)
or period C (y*(1) =1.287, p = 0.257).

The effects of a looming predator stimulus
on relative transcript abundance in the optic tectum

There were no significant changes in the relative abundances
of transcripts for crf (1(10) = 0.8466, p = 0.417), drdl (1(11)
= 0.6756, p = 0.5132), drd2 (1(11) = 0.5984, p = 0.5617)
and htrla (1(11) = 1.913, p = 0.0821) in the tecta of frogs
exposed to a predator stimulus vs controls (Fig. 4).

Discussion

We modified a foraging/predator avoidance tradeoff task
(Duggan et al. 2016) for adult X. laevis in an attempt to
study anxiety-like behaviors in this species. Compared to
controls, frogs exposed to the predator stimulus (1) reduced
forelimb sweeping, (2) spent less time swimming, and (3)
reduced travel to the predator side of the tank. There was
no change in relative abundance of anxiety-related tran-
scripts in the optic tecta of animals exposed to the predator
stimulus compared to control animals. Overall, while the
predator stimulus modified discrete aspects of appetitive and
approach behavior, adult frogs did not eat less in response
to the stimulus. This is interesting given that juvenile X.
laevis consistently reduce food intake when exposed to a live
predator (Duggan et al. 2016; Islam et al. 2019; Prater et al.
2020). Without more testing, it is unclear if the difference is
related to the age, sexual maturity, or size in the test animals
or a live predator versus a predator cue(s). Age-dependent
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Fig.4 Differences in transcript abundance of A corticotropin releas-
ing factor (crf), B dopamine D1 receptor (drdl), C dopamine D2
receptor (drd2), and D serotonin la receptor (htrla) relative to
the reference gene, ribosomal protein L8 (rpl8) in the optic tecta
of control and predator-exposed X. laevis. Data are represented as
mean + S.E.M. of n=6-7 animals

difference in anti-predator behavior have been observed in
marmots (Lea and Blumstein 2011). Lea and Blumstein
(2011) suggest that what drives such differences are actu-
ally difference in vulnerability at different life history stages,
i.e., because juvenile marmots are inherently at higher risk
of predation that would be expected to exhibit greater anti-
predator behavior.

Adult X. laevis are adept at capturing immobile or weakly
swimming prey by lunging with an open mouth or by creating
a partial vacuum using the forelimbs to draw prey into their
mouth and then using their hind limbs to tear apart larger
chunks of food into smaller manageable portions once cap-
tured (Avila and Frye 1978). Previous studies have termed this
forelimb movement “scooping or sweeping” behavior, which
when combined with lunging to grab the food with their jaws,
define basic prey capture behavior in X. laevis (Gray et al.
1997). Predator exposure decreased sweeping behavior in our
study, thus reducing movement and likely reducing the risk of
detection by predators (Takahara et al. 2012).
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Frogs swam less and reduced their entrances into the
predator side of the tank in the presence of a predator, pos-
sibly as a mechanism to avoid detection (Narayan et al. 2013;
Kiysil et al. 2017). Remaining stationary is a common behav-
ioral response seen in animals when exposed to an anxi-
ogenic stimuli (Lang et al. 1998; Sayin et al. 2004). Decreas-
ing movement likely reduces the chances of predation as a
stationary target in the dark would be harder to detect than
one that is constantly moving. Even when predator-exposed
animals were moving, they tended to move around in the safe
side, or into the safe side, avoiding entering the area below
the predator apparatus. This is a common behavior in several
anxiety tests involving mice or zebrafish where anxiogenic
areas will be avoided or the animals remains as far as pos-
sible from those areas (Cianca et al. 2013; Kysil et al. 2017).
The optic tectum may play a role in determining anxiogenic
versus safe regions in the tank (Dong et al. 2009). In this
study, we did not want to stimulate tonic immobility, that
is an inability to move in response to an extremely fearful
stimulus (Perusini and Fanselow 2015). The fact that there
was still some movement during time period B during the
active predator exposure, and a return to normal movement
in time period C when no predator was present, indicates
that tonic immobility did not occur.

In this study, we also noted that the predator-exposed ani-
mals did not spend more time in the safe zone of the tank, a
common indicator of anxiety in animal studies (Blaser and
Rosemberg 2012; Smith et al. 2012; Bourin 2015). This may
be due to two facets of frog behavior, their lack of appetitive
behavior (which has previously been discussed) and their
naturally sedentary behavior coupled with a lack of explora-
tory behavior (Videlier et al. 2015; Coleman et al. 2019).
The primary defensive response of anurans is inactivity, with
active defensive movement only being triggered after contact
(Videlier et al. 2014). This resulted in animals exposed to
the predator stimulus remaining stationary in the side of the
tank they were located at the beginning of time period B. We
did not move the frogs to a set starting position during the
beginning of the test in order to reduce our interference with
the animal and to eliminate an additional possible stressor.
During predator exposure, frogs tended to remain motion-
less in the area where they were when the test started, rather
than move to the “safe” side to further avoid predation. Ani-
mals were provided with a hide, which was large enough to
accommodate the frogs, however it was not used often by
the frogs in this study, further reinforcing that inactivity is a
more prevalent defensive response in frogs compared to hid-
ing or movement away from a predator (Duggan et al. 2016).

There were no significant changes in relative transcript
abundance of anxiety-related transcripts in frogs exposed to
the predator stimuli. This may be due to the brevity of the
study, which may not allow for accumulation of transcripts
over a prolonged period (Albert and Fiori 2014). Future

studies should inspect the effect of repeated exposure to the
foraging tradeoff model and its effect on transcription of
anxiety-like transcripts over time. Furthermore, it may be
that the predator apparatus was not an overt enough stimu-
lus to induce transcription. Anxiety-like transcripts may be
produced by certain conditions, such as ether vapor, and
yet not produced at all during other stressors such as shak-
ing stressors or food deprivation (Prater et al. 2018a). Overt
and direct threats increase anxiogenic peptide production,
whereas more diffuse anxiogenic stimuli may not trigger
transcriptional changes in anurans.

Validation of behavioral anxiety assays are based on face
validity, predictive validity, and construct validity (Belzung
and Griebel 2001; Bourin 2015). Face validity asserts that a
model is phenotypically similar, and the response observed
to the stimuli should be identical to the behavioral or physi-
ological responses in humans (Rodgers et al. 1997). For
this criterion, we noted that frogs that were subjected to
the predator stimulus significantly reduced entrances into
the anxiogenic environment, similar to human behavior in
avoiding entering or staying in anxiety-inducing environ-
ments (Pineles et al. 2011; Freeman et al. 2015). The second
criterion is predictive validity, which entails that the behav-
ior in question is reversible when the anxiogenic stimuli is
removed (Bourin 2015). Predictive validity was evaluated in
this foraging tradeoff test during time period C, where the
predator apparatus was removed for the predator exposed
group and behavior was expected to revert to baseline. For
this criterion, we noted that in time period C, animals that
had previously been exposed to the predator stimulus in
time period B increased their swimming behavior (Fig. 3B).
Forelimb sweeping, which was significantly decreased in
time period B, reverted back to control levels in period C,
reflective of increased foraging behavior once the visual
predator stimulus was removed. Finally, the last criterion is
construct validity, where there must be a similar rationale
underlying the animal behavior model and actual human
behavior (Bourin 2015). This criterion is met by anxiety
disorders being similarly maladaptive, reducing appetite or
reducing an individual’s motivation to engage in daily tasks
like eating or approaching a falsely anxiogenic environment
(Krohne 2001; Kaye et al. 2004). While humans no longer
routinely worry about the threat of predation, the interplay
between a beneficial reward and fear of loss are tradeoffs that
are an innate part of human life. We see similar risk-reward
scenario in social contexts whenever we are applying our-
selves towards increasing our resources (important meetings
or applying for jobs), we often must put ourselves in anxi-
ogenic environment (public speaking or meeting potential
clients) and while the consequences are not nearly as dire
as for the frogs, it still a risk-reward scenario that occurs
daily (Cheng and McCarthy 2018). For these reasons, we
view this novel foraging/predator avoidance trade-off test
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is sufficient to induce anxiety-like behavior in our model
organisms. Future studies will also be conducted to evalu-
ate if anxiolytic drug administration is sufficient to reverse
the avoidance behavior and increase the appetitive behavior
seen in time period B. These studies would be important in
further establishing predictive validity for this test and to
confirm that this behavior is representative of anxiety behav-
ior and the awareness and reaction to the predatory stimulus
is modulated by homologous anxiety pathways to humans.

Our tradeoff task is ethologically relevant and uses a
sustained threat that, based upon the predator imminence
theory of fear and anxiety being on the same trait contin-
uum (Perusini and Faneslow 2015) with the degree of anxi-
ety being proportional to predator proximity. Anxiety-like
behaviors are often defined by a prolonged state of tension,
worry, or apprehension (reflected in this study by decreased
entrances to the predator zone by stimulus-exposed animals),
while fear-like behaviors are usually phasic and abrupt fight-
or-flight responses that are coupled with elevated arousal
(Steimer 2002; Perusini and Fanselow 2015). Given that the
few significant differences in behavior that we measured fell
into the former category, we conclude that they represent
anxiety-like behavior on the part of the frog.

Conclusion

In this study, we took the first steps to identify if X. laevis
frogs can be used to study the subcortical aspects of pred-
ator-induced changes in appetitive and avoidance behavior.
Using a novel foraging/predator avoidance tradeoff model
in which we provided frogs with food simultaneously with
an ecologically relevant predator stimulus, we found that
predator exposure reduced swimming behavior and reduced
entrances into the predator zone, consistent with predator
avoidance. While food consumption was not significantly
reduced in animals exposed to the predator stimulus, sweep-
ing, an active foraging behavior, was significantly reduced
in predator stimulus-exposed animals, indicative of reduced
appetitive behavior and suggesting reduced movement to
avoid detection. This study shows that the novel foraging/
predator avoidance trade-off test was sufficient to promote
avoidance behavior and reduce appetitive behavior; however,
the ability of the predator stimulus to induce measurable
changes in the transcription of anxiety-related genes requires
further testing.
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