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ABSTRACT

Anxiety and chronic pain afflict hundreds of millions worldwide. Anxiety and pain are more prevalent in females compared to
males. Unfortunately, robust sex differences in human anxiety are not recapitulated in rodent tests, and results from rodent pain
studies frequently fail to translate clinically. Therefore, there is a need to develop tests that reflect the differential salience of
anxiety or pain-related stimuli between the sexes. Accordingly, here we introduce the Thermal Increments Dark-Light (TIDAL)
conflict test. The TIDAL test places an anxiety-relevant stimulus (dark vs. illuminated chamber) in conflict with a heat-related
stimulus (incrementally heated vs. isothermic chamber); mice freely explore both apparatus chambers. Here, we aim to deter-
mine whether the TIDAL conflict test reveals in mice underappreciated sex differences in anxiety and/or heat sensitivity. We
establish in four distinct experiments that females on the TIDAL conflict test persist substantially longer on the dark-heated
plate, suggesting that female mice exhibit elevated anxiety-like behavior. Mice more strongly prefer the heated-dark plate on
the TIDAL conflict test compared to control thermal place preference with both chambers illuminated. We also reveal that an
anxiety-relieving drug, paroxetine, reduces mouse preference for the heating dark plate, supporting the validity of the TIDAL
test. Therefore, our new TIDAL conflict test reliably unmasks the relative salience of anxiety (vs. heat sensitivity): mice that
are female exhibit robust anxiety-like behaviors not consistently observed in classical tests. Future studies should incorporate
TIDAL and other conflict tests to better understand rodent behavior and to identify mechanisms underlying anxiety and pain.

1 | Introduction as changes in physical parameters such as blood pressure, and

can develop into a debilitating disorder (Dieleman et al. 2016).
Anxiety disorders cost the United States approximately $49 The 12-month prevalence of anxiety disorders is 11%-17%, with
billion annually (Trautmann, Rehm, and Wittchen 2016). a nearly 2x higher prevalence in females (Baxter et al. 2013;
Anxiety consists of intense feelings of worry or unease, as well McLean et al. 2011; Somers et al. 2006). Females show increased
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Summary

« Anxiety is twice as prevalent in women, yet sex dif-
ferences for anxiety-like behaviors are not detected in
rodents using commonly used tests.

Here, we develop a new test with two chambers that
places an anxiety-inducing stimulus—light—in con-
flict with heat.

» The dark chamber floor heats to uncomfortable tem-
peratures, whereas the illuminated chamber tempera-
ture remains comfortable.

Our data reveal that females remain on the dark-
heating plate for longer than males.

« These anxiety-like behaviors were reduced using an
anxiety-relieving drug.

Therefore, the new TIDAL conflict test unmasks sex
differences in mouse anxiety-like behavior, and could
identify new mechanisms and treatments for anxiety.

prevalence of separation anxiety, phobias, generalized anxiety,
and panic disorders beginning at childhood or adolescence
(Altemus, Sarvaiya, and Neill Epperson 2014; Bekhbat and
Neigh 2018; Donner and Lowry 2013). Given the high preva-
lence and burden of these disorders, studying underlying mech-
anisms and related behaviors could help identify therapies that
alleviate maladaptive anxiety.

Anxiety-like behavior is assessed in rodents using validated
behavioral assays. For example, the elevated plus maze and
the open field test induce a stress response through an aversive
event or anticipated aversive event (Bailey and Crawley 2009),
which results in a predictable behavioral output (e.g., thigmo-
taxis) that is modified based on the rodents prior experience
(e.g., predator odor increases thigmotaxis). However, there are
several limitations to available test of anxiety-related behavior.
First, tests of anxiety-like behaviors in rodents were primarily
validated in males to investigate pharmacologic treatments.
Current anxiety-related assays detect some sex differences,
but results are inconsistent across tests and often diverge from
findings in humans (see Borchers et al. 2022; Donner and
Lowry 2013). In rats, females as compared to males travel in-
creased distances and reduce anxiety-like behaviors in the open
field test and the elevated plus maze (e.g., Borchers et al. 2022;
Johnston and File 1991; Knight et al. 2021; Scholl et al. 2019).
In addition, outcomes regarding rodent sex differences in these
anxiety-related tests are inconsistent and fail to recapitulate
human sex differences (An et al. 2011; Vaikar et al. 2001). A
second limitation is that existing tests often evaluate a single
variable—e.g., light/dark or enclosed/open space—and there-
fore might underestimate differences in anxiety-like behavior
that would occur in more complex environments. Anxiety-like
symptoms in mice of different sexes might appear minimal
under baseline conditions, but could be unmasked by placing
the anxiety-inducing stimulus in conflict with another factor.

Here, we explore the salience of anxiety versus heat avoidance
in mice using a place preference conflict test: the Thermal
Increments Dark-Light (TIDAL) conflict test. The conflict

test occurs in a place preference apparatus with two chambers
connected by a walkway; the conflict test is created by placing
a strong “anxiety”-salient stimulus—dark (preferred) versus il-
luminated—in conflict with a weaker but increasingly aversive
“pain”-relevant thermal choice—increasing heat versus main-
tained isothermic temperature. We aim to discover whether the
relative salience of anxiety versus heat sensitivity better reflects
anxiety-related sex differences reported in ethological and clini-
cal settings. Both anxiety-like behaviors and heat sensitivity are
expected to be increased in female compared to male mice, so it
is unclear which stimulus would be more salient to mice in our
TIDAL conflict test. The TIDAL conflict test is used here to test
whether sex affects the salience of anxiety versus heat avoidance.
We find that the TIDAL conflict test does not clearly expose group
differences in pain-related heat sensitivity; rather, the TIDAL
conflict test is a compelling, reliable, and valid tool for unmasking
previously underappreciated differences in anxiety-like behavior.

2 | Methods and Materials
2.1 | Animals and Housing

All housing, care, and testing were approved by The University
of Texas at Austin Institutional Animal Care and Use
Committee. All animals were fed standard chow and filtered
tap water ad libitum and maintained on a 12:12 light/dark
cycle. Adult (8-12weeks old) male and female C57BL/6J mice
(Jackson stock 000664) were tested during the light cycle. Mice
were housed in pairs. Mice in all treatment groups were num-
bered randomly to ensure researchers were blind to group. At
the experimental endpoint, mice were injected with an over-
dose of Pentobarbital (200-270mg/kg, MWI Animal Health
011355) and tissue was collected for potential later analyses.

2.2 | Behavioral Tests for Anxiety-Like Behavior

2.21 | Thermal Increments Dark-Light (TIDAL)
Conflict Test

The TIDAL conflict apparatus is a modified thermal place
preference (TPP) apparatus (Ugo Basile, Cat. No. 35250),
which consists of two cylinders (20 cm diameter X 25cm high)
connected by a narrow center walkway (Figure 1). For TIDAL
testing, one cylinder (the “light chamber”) is kept in constant
light and at a temperature of 31°C, which is an isothermic tem-
perature for mice; in contrast, the other cylinder (“dark cham-
ber”) is covered with a fitted opaque lid and a flexible opaque
outside cover to maintain darkness inside the cylinder and the
temperature is manipulated from 31°C to 44°C (Figure 1A,D).
Room illumination levels were 12001x, light chamber illumi-
nation levels were 10001x, and dark chamber illumination
levels were 81x. The Ugo Basile device is costly; other labo-
ratories considering similar studies could use the Ugo Basile
device (which has plates that distribute temperature evenly);
explore other commercially available options; or create custom
thermal preference chambers using hot plates. In addition, the
center walkway was covered with a clear plastic film “roof” to
limit mouse interest in escaping through the open space. Mice
are not acclimated to the apparatus prior to testing.
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FIGURE1 | The Thermal Increments Dark-Light (TIDAL) conflict test for exploring anxiety-like behavior and thermal sensitivity in mice: Design,

controls, timeline, and predictions. (A) Final, optimized setup of the TIDAL apparatus. Note that the overhead room lights are on, and the dark-heated
plate is covered with a lid and opaque film. (B) Setup of the Thermal Place Preference (TPP) apparatus, a control condition that removes the light-dark
(anxiety-related) aspect of the TIDAL conflict test to isolate the effects of shifting heat on one plate. (C) TIDAL prototype setup for data described in
Figures S1 and S2. Note lighting using focal lamps (rather than overhead lights) and lack of a lid on the top of the dark plate. (D) Optimized TIDAL/TPP
test timeline. In TIDAL, the heat-shifting plate is dark and the isothermic plate is lighted, whereas in TPP both plates are lighted. Mice are placed in the
apparatus with both sides set to 31°C. The first 5Smin are recorded as an initial dark-light test, a control condition that reveals baseline preference for
the dark (a measure of anxiety-like behavior). Mice remain in the apparatus as the heating plate continues for 5min at 31°C, then 39°C, then increases

incrementally 1°C every 5min through 44°C. The lighted isothermic side is maintained throughout at 31°C. (E) Using the TIDAL conflict test, mice

are expected to initially prefer the dark side, but will increasingly avoid the heated-dark plate as its temperature increases. We predict that sex and neu-

rotrauma will alter the salience of heat discomfort versus anxiety-related sensitivity, manifesting as shifted heated-dark plate preferences over time.

Pilot studies used a wide range of temperatures (heated-dark
plate incremental temperatures: 31°C, 42°C, 44°C, 46°C, 49°C,
52°C) and times at each temperature (5-10min) (prototype
setup: Figure 1C). A pilot study with this setup revealed females
had increased heated-dark plate preference at 42°C-46°C; how-
ever, mice of both sexes had low heated-dark plate preference
at 49°C and 52°C, suggesting that maintaining heated-dark
plate temperatures in the low-to-mid 40°C range would be ideal
for detecting differences in anxiety-like behavior (Figures S1
and S2).

Based on these pilot studies, to optimally detect the salience of
anxiety versus thermal avoidance we defined the following pa-
rameters: Prior to testing, mice are brought into the behavioral
testing room and allowed to acclimate in their homecage for
~30min. Following room acclimation, mice are placed on the
illuminated side in TIDAL or the equivalent side in the TPP, and
initially allowed to explore the apparatus for 5min with both
plates at 31°C (exploratory phase; initial light-dark test); next,
an additional five minutes is spent with both plates at 31°C;
then, the temperature on the dark plate is raised to 39°C and
increased by 1°C every five minutes to a maximum temperature
of 44°C (with the light plate maintained at an isothermic 31°C).
Thus, a single mouse completes the TIDAL conflict test (or con-
trol thermal place preference) assay in 40 min (Figure 1D).

2.2.2 | Thermal Place Preference (TPP) Assay

The TPP assay is used as a control to isolate thermal sensitivity
from the anxiety-like portion of the TIDAL conflict assay. The

TPP setup is the same as the TIDAL setup (two cylinders con-
nected by a center walkway), except that both the heated side
and the side maintained at 31°C are exposed to room lighting
(Figure 1B)—that is, the heated side is lighted, not dark as in the
TIDAL conflict assay. Next, the same incremental temperature
increases are applied.

2.2.3 | TIDAL and TPP—Testing, Automated Video
Recording, and Analysis

Mice tested on TPP and TIDAL assays were interspersed
throughout the day (i.e., during the light phase—Zeitgeber
time 1-11). Unless otherwise noted, distinct mice were used
for these tests to avoid effects of learning observed in repeated
testing. The percent time spent in the dark cylinder ((dark cyl-
inder time)/(dark + illuminated time); center walkway time
excluded), distance traveled, and dark crossings were automat-
ically recorded and scored using an overhead video camera and
EthoVision software. EthoVision is an applied video tracking
software capable of real-time analysis of mouse behavior, move-
ment, and activity at the pixel-level. Time in the center walk-
way was excluded from analyses in the main manuscript for two
reasons: (1) the surroundings in the center zone differed from
the test chambers; and (2) analyzing behavior in the identically
shaped illuminated chamber versus dark-heating chamber en-
abled a two-chamber preference comparison with equal pref-
erence clearly defined at 50% time in each chamber. Including
the center zone in analysis had little effect on heated-dark plate
preference differences between groups. The arena was cleaned
with 70% ethanol between trials.
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2.2.4 | Paroxetine Administration

Paroxetine hydrochloride hemihydrate was obtained from
Sigma-Aldrich and diluted in vehicle (mixture of 10% DMSO
and 5% TWEEN 80 in saline) before experiments. Mice were
restrained and administered 10 mg/kg I.P. paroxetine 1h prior
to TIDAL conflict testing. After paroxetine administration, mice
were placed into a novel holding cage for 1h to mitigate injec-
tion stress.

2.3 | Experiments, Mouse Numbers, and Sex as a
Biological Variable

Unless noted otherwise, all mice were 8-12weeks old at
time of testing. In Experiment 1 (initial characterization of
TIDAL conflict test with broad temperature range), groups
included female TIDAL (n=13) and male TIDAL (n=15). In
Experiment 2 (sex comparison on optimized TIDAL vs. TPP),
groups included female TPP (n=12), female TIDAL (n=14),
male-TPP (n=13), and male TIDAL (n=15). In Experiment 3
(sex differences in TIDAL over two sessions), groups included
female (n=6; 1 excluded from session 2 [EthoVision anal-
ysis detection issues]) and male (n=6) mice. In Experiment
4 (TIDAL with paroxetine) groups included female-vehicle
(n=38), male-vehicle (n=8), female-paroxetine (n=9; 1 ex-
cluded [EthoVision analysis detection issues]), and male par-
oxetine (n=11).

2.4 | Statistics

Mouse TIDAL and TPP behavior was analyzed using two-way
Repeated Measures Analysis of Variance (RM ANOVA). For
most analyses, the dependent variable was heated-dark plate
preference (i.e., % time spent on the dark, heated plate at a
given temperature) while the within-subjects factor was dark
plate temperature and the between-subjects factor was ei-
ther sex (male, female; Figure S1B,C), test type (TIDAL, TPP;
Figures 2C-F and 3C-E), or drug treatment (paroxetine, vehi-
cle, Figure 4B-E). We also analyzed sex differences in the < 50%
heated-dark plate preference threshold (i.e., the temperature at
which a mouse's preference for the heated-dark plate dropped
below 50%) via standard two-way ANOVA using sex and either
test type (Figure 2B) or session number (1, 2; Figure 3B) as
factors. Behavior in the Dark-Light test over multiple sessions
(Figure 3A) was analyzed using a two-way RM ANOVA with
heated-dark plate preference as the dependent variable and
sex and session number as the between- and within-subjects
factors, respectively. The effect of paroxetine treatment on be-
havior in the Dark-Light test (Figure 4A) was assessed using
a standard two-way ANOVA with sex and drug treatment as
factors. Full ANOVA tables are provided in Table S1. When
appropriate, post hoc pairwise comparisons were made using
two-tailed, unpaired, Bonferroni-corrected ¢-tests. Student's t-
test (Figures S1A and 2A) and the Mann-Whitney Rank Sum
test (Figure S1D) were used in experiments with only two
groups. Prism 9 (GraphPad) was used for visualizing data and
SigmaPlot 14 (SPSS) was used for statistical analyses.

3 | Results

3.1 | Placing Anxiety in Conflict With
Incrementally Increasing Temperature Unmasks
Sex Differences in the Salience of Anxiety (vs. Heat
Sensitivity)

Women have increased susceptibility to anxiety compared to
men, yet mouse models of anxiety show mixed results between
the sexes. Women also withdraw more quickly from painful heat
stimuli (Bartley and Fillingim 2013; Bragdon et al. 2002; Feine
et al. 1991; Reddan et al. 2020; Rhudy and Meagher 2001). To ex-
plore whether differences in anxiety- versus pain-like behavior
in mice could be uncovered by incorporating conflicting stim-
uli, we developed and evaluated the TIDAL conflict test.

In our first experiment, individual female or male mice were
placed on the TIDAL apparatus (trial setup as in Figure 1A).
Temperature on the illuminated plate was maintained at an
isothermic 31°C, whereas the temperature on the dark plate
was increased incrementally: dark plate temperature started at
31°C (acclimation—dark-light test), then maintained at 31°C for
another five minutes, then raised incrementally through 39°C,
40°C, 41°C, 42°C, 43°C, and 44°C (five minutes at each tempera-
ture) (Figure 1D). If females as compared to males had increased
salience of heat hypersensitivity, we would expect them to avoid
the heated-dark plate at lower temperatures (curve shifted left);
conversely, if females had increased salience of anxiety, we pre-
dict they would persist on the heated-dark plate to higher tem-
peratures (curve shifted right) (Figure 1E).

On the dark-light test, females and males undergoing TIDAL
both preferred the heated-dark plate versus the illuminated
plate (Figure 2A) (70+5% vs. 61 +3%; t,,=1.61; p=0.12), sug-
gesting that our apparatus refinements improved light-dark
contrast between the two plates. As expected, female and male
mice in the control TPP assay—with both plates identically il-
luminated—had no significant difference in preference for
the equivalent-but-illuminated plate (females: 47 +3%, males:
55+ 3%; t,,=—1.871; p=0.07). Here, the dark-light test did not
expose significant differences in heated-dark plate preference
between females and males.

Next, behavior on the TPP (control) versus TIDAL conflict test
was assessed in female versus male mice. Female TIDAL mice
remained in the dark portion of the apparatus at higher tem-
peratures than males, suggesting that females exhibit amplified
anxiety-like behavior (Figure 2B-F). Indeed, females as com-
pared to males preferred the heated plate to higher temperatures
in both tests (Figure 2B), and mice of both sexes remained on the
heated plate longer under TIDAL conditions (with the heated
plate also being dark) (Figure 2C,D).

Female mice in TIDAL displayed a stronger preference for the
heated plate as temperatures increased compared to TPP, with a
significant main effect of the test type (F, ,,=11.31; p<0.005)
and temperature (F6‘144:21.27; p<0.001) (Figure 2C). Male
mice in the TIDAL test tended to stay on the heated plate at
higher temperatures compared to those in the TPP test. The
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FIGURE2 | The TIDAL conflict test exposes differences in anxiety-like behavior with the dark-heated plate increasing incrementally from 39°C
to 44°C. Adult female and male mice were tested on the TIDAL conflict test (heated side dark; isothermic side lighted) or on the thermal place pref-
erence (TPP) test (both sides lighted). (A) In the dark-light test with both plates at 31°C, females and males showed similar heated-dark plate prefer-
ences. (B) Threshold at which female and male mice showed less than 50% preference for the dark or heat shift plate in the TIDAL conflict test and
TPP test with increasing temperature on the dark/heat shift plate only. Female/TIDAL mice increased <50% threshold temperature compared to
both female/TPP and male/TIDAL mice. (C, D) Female (C) and male (D) TIDAL/TPP test with increasing temperature on the dark/heat shift plate
only. Compared to TPP mice, female and male mice tested on the TIDAL conflict test had heightened preference for the heating dark plate versus the
constant 31°C lighted plate. (E, F) Dark/heat shift plate preferences of individual mice with the dark/heat shift plate at 31°C and 42°C. At 42°C, TPP
females averaged 36% time on the lighted-heated plate, whereas TIDAL females averaged 65% preference for the dark-heated plate (E). At 42°C, TPP
males averaged 14% time on the lighted-heated plate, whereas TIDAL males averaged 25% preference for the dark-heated plate (F). n=12 TPP female,
n=14 TIDAL female, n=13 TPP male, n=15 TIDAL male mice; * indicates p <0.05 between female and male mice; “sex X TEST” symbol indicates
significant sex X test interaction; thermometer or TEST symbols alone indicate significant main effects of temperature and TPP/TIDAL, respectively;
* indicates p <0.05 between the indicated groups; two-way RM ANOVA (B-F) with post hoc Bonferroni t-test (B).

statistical analysis revealed a significant effect due to tempera-
ture (F ;5,=61.71, p<0.001) but only a trend towards signif-
icance in the test type (F, ;;,=4.097, p=0.053) (Figure 3D).

comparing between sexes, female TPP and TIDAL mice showed
higher heat-shift plate preference than males on those same
tests (Figure 2A-D). Furthermore, female TIDAL mice traveled

Focusing on a pivotal temperature, we found at 42°C that fe-
males in particular preferred the heated-dark TIDAL plate
versus the illuminated TPP heated plate (65+6% vs. 36 +6%),
while the difference in heated-dark plate preference at 42°C be-
tween TIDAL and TPP in male mice was much less pronounced
(25+£4% vs. 14 +4%; male TIDAL) (Figure 2E,F). Overall, when

further per minute in the illuminated area and crossed into the
dark chamber more frequently compared to male TIDAL mice
(Figure S3). These data suggest that this temperature range is
well-suited to assess salience of anxiety versus heat, and that
the test effectively unveils anxiety-like behavior (TIDAL vs.
TPP results). In addition, females as compared to males strongly
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FIGURE3 | Sexdifferencesin TIDAL conflict test behavior persist across two repeat sessions. Female and male mice completed the TIDAL con-
flict test twice, two weeks apart. (A) During dark-light tests with both plates at 31°C, females had increased heated-dark plate preference relative
to male mice (main effect of sex). (B) Threshold at which mice showed less than 50% preference for the heated-dark plate; females persisted on the
heated-dark plate longer than males for both sessions. (C) In the Session 1 TIDAL conflict test, mice of both sexes reduced time spent on the heated-
dark plate as temperatures increased. Further, female as compared to males mice preferred the heated-dark plate at all hyperthermic temperatures
tested (39°C-44°C). (D) In the Session 2 TIDAL conflict test, mice of both sexes reduced time spent on the heated-dark plate as temperatures in-
creased more quickly than in Session 1. Female as compared to males mice preferred the heated-dark plate at all hyperthermic temperatures tested
except 43°C. (E) Session 1 heated-dark plate preferences of individual mice with the heated-dark plate at 31°C and 40°C. At40°C, females had higher
heated-dark plate preference than males (F: 85%; M: 42%). (F) Session 2 heated-dark plate preferences of individual mice with the heated-dark plate
at 31°C and 40°C. At 40°C, females had higher heated-dark plate preference than males (F: 80%; M: 33%). Session 1: n=6 female mice, n=6 male
mice; Session 2: n=>5 female mice, n=6 male mice. * indicates p <0.05 between female and male mice; “thermometer X sex” symbol indicates signif-
icant temperature X sex interaction; sex symbol alone indicates significant main effect of sex. Two-way RM ANOVA with Bonferroni post hoc test.

increased anxiety-like behavior in TIDAL to an extent that is
not consistently observed in a simple dark-light test.

Overall, these data suggest that this temperature range is well-
suited to assess salience of anxiety versus heat, and that the
test effectively unveils anxiety-like behavior (TIDAL vs. TPP
results). In addition, females as compared to males strongly in-
creased anxiety-like behavior in TIDAL to an extent that is not
consistently observed in a simple dark-light test.

3.2 | Over Two Repeated Sessions, Females

as Compared to Males Maintain Prolonged
Heated-Dark Plate Preference Under Hyperthermic
Conditions

Next, we aimed to replicate our sex differences in TIDAL conflict
test behavior in a separate cohort to establish reproducibility of
our results, and we sought to determine whether mice with prior
exposure to TIDAL show evidence of learning.
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A. TIDAL: Dark-light test
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FIGURE4 | Paroxetine reduces anxiety-like behavior in female mice in the TIDAL conflict test. (A) Mice that received paroxetine prior to TIDAL
conflict testing showed reduced dark cylinder preference relative to vehicle controls with both plates at 31°C. (B) During the TIDAL conflict test,
all mice reduced time spent on the heated-dark plate as temperatures increased. Further, female mice that received paroxetine exhibited reduced
heated-dark plate preference relative to vehicle controls from (31°C to 44°C). (C) Vehicle and paroxetine male mice showed similar preference for the
heated-dark plate as temperatures increased. (D, E) Heated-dark plate preferences of individual mice with the dark plate at 31°C and 42°C. At 42°C,
vehicle females had higher heated-dark plate preference than paroxetine females (F/vehicle: 68.9%; F/paroxetine: 12.9%). Additionally, paroxetine
females showed a significant reduction in heated-dark plate preference from 31°C to 42°C (31°C: 43.6%; 42°C: 12.9%). F/vehicle: n=38 female mice,
F/paroxetine n=9 female mice; M/vehicle: n =8 male mice, * indicates p <0.05 between paroxetine and vehicle-treated mice; “thermometer X pill”
symbol indicates significant temperature X drug interaction; temperature symbol alone indicates significant main effect of temperature. Two-way
RM ANOVA with post hoc Bonferroni test.

To address this, a cohort of female and male mice completed two
identical TIDAL conflict test sessions separated by two weeks.
In the dark-light test over two sessions, females as compared to
males had higher preference for the heated-dark plate (two-way
RM ANOVA, main effect of sex F'; ;=14.58,p < 0.005) (Figure 3A).
This sex difference was particularly notable in Session 2, when
females exhibited 83% heated-dark plate preference versus males’
54% dark preference. Together, these dark-light test data suggest
that females on the dark-light test exhibit anxiety-like behavior,
and that the sex difference in anxiety-like behavior is exaggerated
in a second exposure to the dark-light apparatus.

Next, we assessed TIDAL conflict test behavior in both sexes
over two sessions. First, we compare TIDAL results by sex:
TIDAL females as compared to males had increased pref-
erence for the heated-dark plate in both Sessions 1 and 2
(Figures 3, S4, and S5), thereby closely recapitulating results
from our previous study (Figure 2). In both TIDAL sessions,
females spent < 50% of their time on the heated-dark plate at
higher temperatures compared to males (main effect of sex,
F|,=44.21, p<0.001) (Figure 3B). In TIDAL Sessions 1 and
2, female mice showed a greater preference for the heat shift-
dark plate compared to males. Specifically, during Session
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1, there was a significant interaction between sex and tem-
perature (F, ,,=6.22, p<0.001) with post hoc tests revealing
that females showed significantly higher preference than
males at all temperatures between 39°C and 44°C (p<0.05)
(Figure 3C). In Session 2, a similar sex X temperature interac-
tion was observed (F6,54=4.04, p <0.005). Post hoc tests indi-
cated that females had a significantly greater preference than
males between 31°C and 42°C (p <0.01) and at 44°C (p <0.05)

(Figure 3D).

One key temperature that exposed sex differences was 40°C.
In Session 1, 85% of females and 41% of males preferred the
heated-dark plate (sex x temperature interaction: F, ,(=16.15;
p <0.005; Bonferroni-corrected t-test at 40°C: t=5.21; p <0.001)
(Figure 3E). In Session 2, the preference was 80% for females
and 33% for males, with a significant sex X temperature inter-
action (F, ,=11.41; p<0.01) and post hoc comparison (t=6.22;
p=0.001) (Figure 3F). Males (but not females) showed a reduced
preference for the heated-dark plate at 40°C compared to 31°C
in both sessions (t=4.59 and 5.91, respectively; p <0.001). In ad-
dition, females more frequently crossed into the dark chamber
(Figure S4). These results bolster our previous findings, showing
that females as compared to males exhibit robust anxiety-like
behavior in the TIDAL conflict assay with enhanced willing-
ness to remain on an aversive temperature stimulus to avoid an
illuminated chamber. Further, these data reveal that sex differ-
ences in the salience of anxiety persist in a second session of the
TIDAL conflict test.

Therefore, mice completing a second session of TIDAL exhib-
ited signs of learning by increasing heated-dark plate avoidance:
male mice in Session 2 already showed place avoidance from
the heated-dark plate at isothermic temperature at test start,
whereas females in Session 2 showed accelerated avoidance as
the dark plate temperature increased (Figures 3 and S5). Mice
exhibit learning in the TIDAL conflict test, which manifests
differently in female and male mice. Overall, our data suggest
that the TIDAL conflict test is reliable and reproducible in show-
ing that female as compared to male mice exhibit heightened
anxiety-like behavior.

3.3 | An Anxiolytic, Paroxetine, Reduces
Anxiety-Like Behavior in the TIDAL Conflict Test

Finally, we used a pharmacologic compound to validate the
TIDAL conflict test as a viable strategy for assessing anxiety-
like behaviors in mice (Figures 4 and S6). We aimed to relieve
anxiety-like behavior in mice using the selective serotonin re-
uptake inhibitor (SSRI) paroxetine; paroxetine reduces anxiety
in humans (Nemeroff and Owens 2003; Sheehan and Mao 2003)
and mice (Bentefour et al. 2015). If paroxetine-treated mice
show reduced time in the dark cylinder relative to vehicle con-
trols, this suggests that TIDAL is valid for detecting anxiety-like
behavior.

To establish whether anxiolytic treatment shifted behavior in
the TIDAL conflict test, mice were administered intraperitoneal
paroxetine (10mg/kg) or saline one hour prior to TIDAL test-
ing. In the dark-light test, mice that received paroxetine showed
decreased heated-dark plate preference compared to vehicle

controls (two-way ANOVA; main effect of drug F,,,=8.13,
p=0.008) (Figure 4A). During TIDAL conflict testing, female-
paroxetine (vs. female-vehicle) mice decreased preference for
the heated-dark plate with a significant drug X temperature
interaction (F, 5,=3.80; p=0.002) and significant post hoc re-
sults for all temperatures between 41°C and 44°C (t>3.21;
p<0.005) (Figure 4B) controls with significant main effects of
drug (F,,,,=4.62, p=0.046) and temperature (F,,,,=35.53,
p<0.001) (Figure 4C). In using paroxetine in the TIDAL con-
flict test, 42°C robustly uncovered differences in anxiety-like
behavior between treatment groups: in mice at 42°C, heated-
dark plate preference was 69% for female-vehicle and 13% for
female-paroxetine mice, and male heated-dark plate preference
was 20% for male-vehicle and 8% for male-paroxetine mice, re-
spectively (Figure 4D,E). Female-vehicle mice preferred the
heated-dark plate significantly more than female-paroxetine
mice at 42°C (t=5.66 p<0.001 following a significant drug x
temperature interaction: F1,15=15.09; p=0.001). Additionally,
whereas female-vehicle mice showed similar heated-dark plate
preference at 31°C (57%) and 42°C (69%), female-paroxetine
mice reduced heated-dark plate preference from 44% at baseline
31°C to 8% at 42°C (t=4.08, p<0.001). All male mice regardless
of drug treatment exhibited decreased heated-dark plate prefer-
ence from 31°C to 44°C (main effect of temperature, F, ,,=69.74;
p<0.001).

Averaging from 42°C to 44°C, female-paroxetine mice showed
48% reduced heated-dark plate preference compared to female-
vehicle mice. From 39°C to 42°C, male-paroxetine mice had
11% decreased heated-dark plate preference compared to male-
vehicle mice. These results reveal that paroxetine reduces
heated-dark plate preference as temperatures rise in the TIDAL
conflict test, suggesting that the TIDAL conflict test for mice is
valid for assessing anxiety-like behavior.

4 | Discussion

This study explored anxiety-like behavior in mice using the
TIDAL conflict test, a behavioral assay integrating a con-
flicting dark-light dilemma with incremental increases on a
heating plate. The TIDAL conflict test unmasked robust and
reproducible sex differences in anxiety: female as compared to
male mice maintained prolonged heated-dark plate preference
under increasingly aversive hyperthermic conditions, suggest-
ing increased anxiety-like behaviors. When mice completed a
second session of TIDAL, females showed increased anxiety-
like symptoms in the dark-light test (compared to the dark-
light test prior to the first session). Further, mice of both sexes
in a second session had accelerated place avoidance of the
heating dark plate, implying that they had learned from prior
exposure to the test; thus, to avoid confounds of learning,
distinct cohorts should be used for testing manipulations or
timecourses. Anxiety-related shifts in TIDAL behavior were
not simply a preference for the heated plate, since mice exhib-
ited prolonged preference for the heated plate in the TIDAL
conflict test (heated plate dark; isothermic plate illuminated)
compared to the TPP test (both sides illuminated). Finally, we
validated the TIDAL conflict test using an anxiety-relieving
drug, paroxetine, which decreased mouse preference for the
dark-heating plate. Therefore, compared to one-dimensional,
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commonly used tests of anxiety behaviors, our newly estab-
lished TIDAL conflict test reveals tangible differences in
anxiety-like symptoms in mice due to sex.

Differences in human anxiety are not consistently repli-
cated in rodent models (Donner and Lowry 2013; Scholl
et al. 2019). Most tests for anxiety-like behavior were devel-
oped >20years ago and were validated in male rodents only
(Borchers et al. 2022; Donner and Lowry 2013). In the elevated
plus maze, female mice show decreased anxiety-like behav-
ior (defined as increased time in open arms and open arm en-
tries) when compared to male mice (Rodgers and Cole 1993;
Voikar et al. 2001). However, in the light-dark test, mouse
anxiety-like behavior is variable between sexes across differ-
ent mouse strains (Voikar et al. 2001). Accordingly, we found
that the light-dark test—completed in the first five minutes
in the apparatus with both plates at 31°C—showed little or
no difference between sexes; sex differences in anxiety-like
behavior were only unmasked as the anxiety-driving stimu-
lus was placed in conflict with an aversive temperature stim-
ulus. This corroborates previous studies described above and
underscores a need to develop more refined tests that model
anxiety in mice.

Here, we sought to develop a conflict test in mice that better
uncovered differences in anxiety-like behavior. We placed an
anxiety-relevant dilemma (light vs. dark) in conflict with in-
creasing temperature (on the dark side only). Our optimized
TIDAL conflict test incorporates dark plate temperatures ini-
tially at 31°C (10min), then incrementally increasing tempera-
tures of 39°C-44°C (5min each). Our optimized temperature
range is notable, because the heat-activated ion channel in-
volved in sensing low-level noxious heat, TRPV1, is activated
at 43°C (Willis 2009). The TIDAL conflict test revealed robust,
reproducible increases in anxiety-like behavior in females ver-
sus males.

Another notable aspect of our optimized TIDAL conflict param-
eters is the use of five minutes at each temperature increment.
We performed pilot experiments with three minutes per tem-
perature, but found that this shorter time was insufficient for
mice to delineate differences across temperatures. Our data sug-
gest that a combination of “temperature history,” habituation to
the light-dark chambers, and the temperatures chosen for incre-
mental heated-dark plate increases are important for unveiling
differences in anxiety-like behavior in mice. It is possible that
sex differences in temperature and light habituation could af-
fect sex differences in behavior observed in the TIDAL conflict
test. Our time interval is consistent with other discrimination-
based assays—for instance, the three-chamber social approach
task includes 5-10min increments of exposure (Arakawa 2023;
Fonken et al. 2016; Kaidanovich-Beilin et al. 2011). Another
consideration is our TIDAL conflict design using incremental
increases in temperature—although it was not possible to rap-
idly shift temperatures up and down several degrees using our
hot-cold plate apparatus, future studies could test altering or
randomizing the order of temperature shifts to control for tem-
perature history. Further, future studies should test additional
temperature durations (e.g., optimize conditions to shorten the
test duration) or other temperature combinations (warm or cool)

to explore how these parameters affect anxiety-like behavior be-
tween sexes or in neuropathic conditions.

Female rodents exhibit increased pain symptoms on reflexive
tests (Hargreaves test or hot plate) (Gaudet et al. 2017; Gioiosa
et al. 2008; Mogil 2020) but also prefer warmer ambient tem-
peratures (Kaikaew et al. 2017)—these sex differences in
temperature preferences could influence TIDAL outcomes.
A recent meta-analysis assessed the extent that research lit-
erature reveals sex differences in pain-like behavior—in 85%
of studies with significant sex differences in pain-like behav-
ior, female rodents displayed increased pain sensitivity versus
males (Mogil 2020). This parallels sex differences observed
in humans, with women on average displaying increased
heat sensitivity compared to men (Racine et al. 2012). In con-
trast, females prefer warmer ambient temperatures. Adult fe-
male C57BL/6J mice prefer warmer cage temperatures than
males, and this is independent of the post-pubertal presence
of gonadal hormones (Kaikaew et al. 2017). Similarly, cool
temperatures are more aversive to women compared to men
(Kaikaew et al. 2018; Kim et al. 2013; Schellen et al. 2012). Sex
differences in thermal preference likely relate to females hav-
ing a higher body surface area to body mass ratio, and to sex-
specific body compositions (Kaikaew et al. 2018). In our study,
crucial control conditions (thermal place preference assay with
no light-dark conflict) confirmed that the observed sex dif-
ferences were not simply due to enhanced preference for the
heated plate for females; females on TIDAL displayed stronger
preference for the heated (also dark) plate compared to females
on TPP (with the heated plated lighted). Therefore, although
sex differences in thermal sensation may influence TIDAL
outcomes, our data suggest that the TIDAL conflict test is an
effective approach in mice for uncovering sex differences in
anxiety-like behavior.

Mice of both sexes exhibited learning on the TIDAL conflict
test. Mice were tested in two sessions separated by two weeks
using identical TIDAL conflict testing protocols. Learning
was apparent in the second session in the initial dark-light
test: female mice in the second dark-light test newly showed
increased heated-dark plate preference compared to males.
In TIDAL Sessions 1 and 2, female as compared to male mice
showed increased preference for the heat shift-dark plate from
39°C throughout the remainder of the test. Further, in the sec-
ond TIDAL session, both females and males expedited exit from
the heat shift-dark plate, implying that they anticipated the in-
creasing temperatures and proactively avoided this side. These
results extend our previous findings that females as compared to
male exhibit robust anxiety-like behavior in the TIDAL conflict
assay—in particular, females showed heightened anxiety-like
behavior in the Session 2 dark-light test. Further, our results
show that mice learn the test, and that sex differences in the
salience of anxiety persist through repeated TIDAL sessions.
Similarly, rodent learning occurs in other tests of anxiety-like
behavior (Bailey and Crawley 2009; File 1993, 2001; Roesler
et al. 1999). The fact that rodents exhibit learning on the TIDAL
conflict test is important, because this suggests that behavioral
timecourses or tests using different treatments must account for
this learning effect or experiments must be completed on dis-
tinct cohorts.
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Our TIDAL conflict test uncovered sex differences in mice that
align well with sex differences in anxiety observed in humans.
In the human population, the lifetime prevalence of anxiety
disorders is up to 60% higher in women (versus men) (Kessler
et al. 2005; McLean and Anderson 2009). Symptom progression,
treatment response, and average age of onset are also affected by
sex in humans (Pigott 2003). In our TIDAL conflict test, female
mice showed increased anxiety-like behavior; however, the
basic light-dark test—which is frequently used to assay anxiety-
like behavior—failed to reliably detect sex differences. This sug-
gests that a more complex test is required to identify behavioral
differences in mice of different sexes, which is supported by the
differences in clinical presentation observed across sexes in hu-
mans. Anxiety disorders often present comorbidly with other
health conditions such as depression, hypertension, epilepsy,
chronic pain, and neurotrauma (Dickerson et al. 2021; Hingray
et al. 2019; Johnson 2019; Tiller 2013). We did not assess estrous
cycle, which is accordance with guidelines for studying sex dif-
ferences in rodents (Shansky 2019; Shansky and Murphy 2021)
since gonadal hormones were not the main question studied
here. Future studies could further explore the role of hormones
in anxiety-like behavior using the TIDAL conflict test. Overall,
it is important to identify mechanistic differences between sexes
that underlie susceptibility to anxiety and comorbid conditions.

We used the TIDAL conflict test previously to evaluate anxiety-
like behavior of mice with spinal cord injury, which revealed
that mice with spinal cord injury exhibited increased anxiety-
like behavior relative to sham surgery controls (Lee et al. 2023).
Here, we sought to further validate the TIDAL conflict test
using known pharmacologic agents that ameliorate anxiety-
like behavior. Initially, we attempted validation using diaze-
pam, a commonly used benzodiazepine that modulates GABA
influx (Campo-Soria, Chang, and Weiss 2006; Lavoie and
Twyman 1996; Masiulis et al. 2019). In C57BL/6J mice, how-
ever, diazepam can cause strong sedative effects that mask po-
tential anxiolytic effects (Padua-Reis et al. 2021). In our pilot
studies delivering diazepam prior to the TIDAL conflict test, all
diazepam-treated mice substantially decreased overall explo-
ration and reduced time spent in the dark cylinder. Therefore,
acute diazepam induces hypolocomotion that impedes ability to
assess anxiety-like behavior in our place preference tests.

Next, we tested the SSRI paroxetine. SSRIs can treat clinical anx-
iety without producing severe locomotor side effects (Jakubovski
et al. 2019; Sheehan and Mao 2003). Following acute paroxetine
administration, mice exhibited reduced overall exploration and
time spent in the dark cylinder during the TIDAL conflict test.
This result was more pronounced in female mice, suggesting
underlying sex differences play a role in anxiety-like behavioral
state. It is important to note that in humans, paroxetine treat-
ment is typically a long-term intervention, often eliciting notice-
able behavioral changes within 1-3months (Perna et al. 2016).
In contrast, here, mice received a single dose of paroxetine one
hour prior to TIDAL conflict testing, which replicates acute
anxiolytic effects in mice observed previously (Padua-Reis
et al. 2021). Future studies could assess anxiolytic effectiveness
of paroxetine as a long-term intervention in male and female
mice. Overall, these results using a non-sedative anxiolytic con-
firm the validity and reliability of the TIDAL conflict test for
assessing anxiety-like behavior.

Paroxetine can relieve anxiety, but this SSRI can also have an-
tinociceptive effects in rodents and humans (Kesim et al. 2005;
Matsuzawa-Yanagida et al. 2008; Patetsos and Horjales-
Araujo 2016; Sindrup et al. 1990). For example, Duman
et al. (2006) found that one 10mg/kg dose of paroxetine in-
creased thermal withdrawal latency on a 55°C hot plate in both
male and female mice one hour after administration. In con-
trast, our TIDAL results show the opposite effect: paroxetine-
treated mice spend less time on the heated-dark plate compared
to vehicle-treated control mice (Figure 4). Although we cannot
completely rule out off-target effects, with TIDAL, we observe
that paroxetine treatment effectively eliminates the conflict
introduced by the dark plate—that is, paroxetine-treated mice
behave more like mice in a standard TPP assay, reflecting their
natural temperature preference. Taken together, these obser-
vations suggest that—in the context of TIDAL—paroxetine is
acting predominantly as an anxiolytic drug (rather than an an-
algesic), and that the TIDAL conflict test is valid for assessing
anxiety-like behavior.

As mentioned, the TIDAL conflict test more effectively unmasks
clinically relevant sex differences in anxiety-like behavior than
other tests, and this is reflected in effect sizes. To contextualize
the observed sex difference in TIDAL, we calculated the stan-
dardized mean difference score (d) (Cohen 2013) based on the
50% threshold temperature values from Figure 2B. The result-
ing value of d=2.68, with females more strongly preferring the
dark, heating chamber compared to males, suggests a relatively
“large” effect size (Sullivan and Feinn 2012). In contrast, in the
open field test, little-to-no sex differences are observed in per-
cent time in the center zone (Fritz, Amrein, and Wolfer 2017;
Voslajerova Bimova et al. 2016). In the elevated plus maze, an
examination of reported sex differences reveals the following:
Rodgers and Cole (1993) demonstrate that females spend sig-
nificantly less time in the closed arms relative to males, yield-
ing a difference score of 0.798, and more time in the open arms
(d=0.53), though the difference is non-significant; Hendershott
et al. (Hendershott et al. 2016) report that females exhibited an
increased preference for the open arms with a maximum dif-
ference score of 0.868; and Painsipp et al. (2007) similarly note
females' heightened preference for the open arms, with a differ-
ence score of d=1.54. The significant sex difference reported
in these studies fall near or within the “large” range (>0.8)
(Cohen 2013; Sullivan and Feinn 2012); however, these results
are in the opposite direction of our finding that females exhibit
more anxiety-like behavior than males. Our larger effect size
implies less overlap between females in males in the TIDAL
conflict test compared to the elevated plus maze, and our TIDAL
sex differences are in a direction that parallels human sex differ-
ences in anxiety prevalence. Ultimately, this suggests that the
sex differences in anxiety-like behavior detected by TIDAL are
pronounced and clinically relevant, highlighting unique aspects
of anxiety-related responses in this test compared to commonly
used tests.

Our results highlight the importance of conflict tests in un-
covering anxiety-like behavioral differences in mice of dif-
ferent groups. Conflict tests produce differing motivational
states through the introduction of approach-avoidance sit-
uations. These tests offer an unconditioned approach to ob-
serving anxiety-like behavior, resulting in high ethological
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validity (Campos et al. 2013). Previous conflict tests have as-
sayed anxiety-like behavior, including the Vogel test (Basso
et al. 2011; Johnston and File 1991; Vogel, Beer, and Clody 1971),
the four-plate assay (Boissier, Simon, and Aron 1968), the me-
chanical conflict-avoidance assay (Chhaya et al. 2019; Ferland
et al. 2024; Gaffney et al. 2022; Harte et al. 2016; Li et al. 2020;
Richards, Freeman, and Detloff 2024), and the defensive bury-
ing test (Fucich and Morilak 2018; Pinel and Treit 1978). There
are key considerations and limitations related to these existing
conflict tests (Lapiz-Bluhm et al. 2008): (1) many of the tests use
shock as a punishment, which may cause pain and assess fear
(rather than anxiety); (2) several tests have not been rigorously
validated in female versus male rodents (four-plate test) or do not
show clearly interpretable sex differences (defensive burying;
Arakawa 2007; Castillo et al. 2022); (3) the four-plate test elic-
its many false positives (File 2001); and (4) the Vogel and probe
burying tests were optimized for study in rats, rather than mice.
Thus, benefits of the TIDAL conflict test include that it does not
require deprivation or training or induce pain; it is validated for
use in mice; and the test mouse is free to explore the aversive
chamber or not, thereby limiting stressful effects of the test.

One test that has garnered recent attention is the mechanical
conflict-avoidance system, which operates on similar principles
to the TIDAL conflict test. Mechanical conflict provides an oper-
ant method of pain testing with rodents intended to supplement
reflexive methods by addressing cognitive and motivational
processing through multi-layered conflict (Chhaya et al. 2019;
Ferland et al. 2024). The mechanical conflict-avoidance system
consists of a light and dark chamber connected by a walkway
modified to deliver mechanical stimulation. Mechanical con-
flict is a useful assay to assess operant principles of chronic
mechanical pain-like behavior; in contrast, the TIDAL conflict
test places a light stimulus in conflict with heat to unveil differ-
ences in anxiety-like behavior. Thus, the mechanical conflict-
avoidance system and TIDAL are complementary conflict tests
that can help reveal affective behaviors related to pain and anx-
iety, respectively.

5 | Future Directions and Conclusions

Here, we developed and validated a new assay—the thermal
increments dark-light (TIDAL) conflict test—that exposes in
mice previously underappreciated differences in anxiety-like
behavior. Future studies could use this test to explore neural
circuitry related to anxiety or avoidance behaviors (Bangasser
and Cuarenta 2021); e.g., to test whether manipulating specific
neural pathways alters anxiety-like behavior in TIDAL. Further,
TIDAL experiments could explore anxiety-like behavior in other
contexts, including stress, early-life adversity, injury, or sick-
ness/neuroinflammation (Bolton et al. 2018; Bourke, Harrell,
and Neigh 2012; Fonken, Weil, and Nelson 2013; Fonken
et al. 2018; Grace et al. 2021).

In summary, we explored anxiety-like behavior in mice using
the TIDAL conflict test. Our data reveal that the TIDAL con-
flict test reliably unmasks amplified anxiety symptoms in mice
that are female compared to males; the test was validated using
an anxiety-relieving drug, which reduced mouse preference for
the dark-heating plate. Incrementally increasing the magnitude

of one of the conflicting factors (here, heat), while maintaining
constant the other factor (dark vs. light), enabled deciphering
robust differences that might have been overlooked if only a
single temperature was used. More broadly, these results sug-
gest that rodent studies should incorporate conflicting stimuli
to illuminate potential differences in anxiety-like behavior.
Therefore, future preclinical studies should prioritize assays
that detect behavioral differences not apparent in commonly
used anxiety-like behavioral assays to identify circuits and
therapies that benefit health outcomes, emotive state, and
well-being.
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