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SUMMARY

Innate visually guided behaviors are thought to promote survival by guiding or-
ganisms to sources of food and safety and away from harm without requiring
learning. Historically, innate behaviors have been considered hard-wired and
invariable, but emerging evidence shows that many innate behaviors are flexible
and complex due to modulation. Here, we investigate the modulation of the
innate preference for light displayed by the Xenopus laevis tadpole, an excep-
tionally invasive and well-studied organism that is known to display several
different innate visually guided behaviors. We found that tadpoles display a circa-
dian-regulated oscillation in their preference for light over dark which can be
altered by experimentally increasing or decreasing levels of serotonin transmis-
sion. We also found that endogenous levels of serotonin transmission during
the day maintain a consistently moderate preference for light. Theoretically, a
moderate preference for light, as opposed to a strong preference, optimizes sur-
vival by rendering tadpoles’ behavior less predictable.

INTRODUCTION

Light waves are reflected and absorbed by objects in the environment, creating a wide and dynamic range
of colors and luminance, or light intensity, levels. In this way, light shapes the visual landscape and provides
important visual cues for animals. Many animals, especially while in their larval orimmature stages of devel-
opment, are known to display innate preferences for specific wavelengths (“colors”) or intensities of light
(Asirim et al., 2020; Shiratori et al., 2017; Moriya et al., 1996; Park et al., 2016; Mrosovsky and Shettleworth,
1968). Innate visually guided behaviors are thought to promote survival by guiding organisms to sources of
food and safety and away from harm without requiring learning. Historically, innate behaviors have been
considered hard-wired and invariable, but emerging evidence suggests that many innate behaviors are
flexible and complex due to modulation (Gorostiza, 2018). Thus, modulation can add plasticity to an other-
wise one-dimensional behavior. Given that one, non-variable behavior is unlikely appropriate for all situa-
tions (Gorostiza et al., 2016), the flexibility provided by modulation suggests another feature of innate be-
haviors that optimizes survival.

Here, we investigate the modulation of the innate preference for light displayed by Xenopus laevis tad-
poles. The visual system of the Xenopus tadpole has been useful for studying how neural circuits form
and give rise to behaviors. As a result, several innate visually guided behaviors displayed by these tadpoles
have already been described. These behaviors include a visual avoidance response (Liu et al., 2018; Shen
etal., 2014; Dong et al., 2009), an optomotor response—the tendency to follow moving bars of light pro-
jected onto the floor of the test dish (Dong et al., 2009; Pronych et al., 1996; Wassersug, 1973), an innate
preference for midspectrum (green) wavelengths of light, (Hunt et al., 2020; Jaeger and Hailman, 1976),
and a preference for light over dark (Moriya et al., 1996; Jaeger and Hailman, 1976). In addition, it has
been shown that preferences for specific colors and intensities of light can be experimentally induced
through an associative learning paradigm (Rothman et al., 2016; Blackiston et al., 2010). While these behav-
iors have been described and measured mostly in the context of visual system function and learning and
memory, little focus has been placed on inherent variations or nuances associated with them or whether
they are subject to modulation. In our previous study (Hunt et al., 2020), we found that pharmacologically
enhancing serotonin transmission by exposing tadpoles to a selective serotonin reuptake inhibitor (SSRI)
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shifted an innate preference for the color green over light (which is brighter than green), to a preference for
light over green, suggesting that serotonin may modulate these innate visual preferences. Here, we further
explore the innate preference for light displayed by Xenopus tadpoles and how it is modulated by seroto-
nin. For this, we used a novel open-field, dark versus light test paradigm to identify long-term luminance
preferences of freely swimming tadpoles (Hunt et al., 2020). We measured the preference for light or
dark at different points across the twenty-four hour day/night cycle. We found that the strength of the pref-
erence oscillates over the day/night cycle, strongest during the day and weakest at night, and that the oscil-
lation can be exaggerated or dampened by experimentally increasing or decreasing serotonergic
signaling, respectively. Our data suggest an ethological model in which circadian regulation of endoge-
nous serotonin levels promote survival by generating a moderate preference for light.

RESULTS

To measure luminance preferences displayed by Xenopus tadpoles, we used an established experimental
paradigm designed to study long-term visual preferences of freely swimming tadpoles (Hunt et al., 2020).
For this, ten tadpoles were placed into a Steinberg’s solution-filled Petri dish in which one quadrant of the
floor was light and the remaining 3 quadrants of the floor were dark (Figure 1A). Tadpoles were videotaped
for 30 min as they swam freely around the dish. Videos were analyzed by counting the number of tadpoles in
the light quadrant every minute for the entire 30-min trial. An overall preference-for-light score for a given
group was calculated by averaging the 30 data points. Given that there are 10 tadpoles per group, an
average score of 2.5 tadpoles (25%) in the light quadrant at any given point in time indicates no preference
for light or dark (i.e. indifference to luminance level). A score greater than 25% indicates a preference for
light; below 25%, an avoidance of light (or preference for dark). We previously established that tadpoles
display an even distribution across an all-white test dish, reflecting a lack of schooling behavior that could
otherwise confound or interfere with the display of each individual’s preference (Hunt et al., 2020).

Xenopus tadpoles display a circadian-dependent preference for light

Tadpoles were raised on a 12 h:12 h light/dark schedule with lights turning on at 06:00 and turning off at
18:00. Preference for light was tested at 4 time points across the 24-h day/night cycle: two times during their
subjective day (10:00 and 16:00) and two times during their subjective night (05:00 and 23:00). Both devel-
opmental stage 48 and 49 tadpoles displayed a persistent preference for light during their subjective day,
the preference peaking at 16:00 (Figure 1B). During their subjective night, the preference for light ap-
proached indifference (Figure 1B). Non-parametric statistical analyses indicated that all of the average
day-time strengths of the preference for light were significantly greater than those displayed at night,
except for the developmental stage 49 05:00 (night) versus 10:00 (day) average data point (Table 1). In addi-
tion, we observed that stage 48 tadpoles consistently displayed a stronger preference for light during the
daytime compared to stage 49. This is in accordance with a previous study by Moriya et al. (1996) showing
that the preference for light displayed by Xenopus tadpoles declines over development. Figure 1C shows
the overall average number of tadpoles in the light quadrant of the test dish at each minute of the 30-min
trial at both 16:00, the time of day when the innate preference for light is at its peak, and at 23:00, the time of
night when the innate preference for light is at its trough. These plots show that the strength of the pref-
erence for light stabilizes early in the trial and is fairly consistent over the duration of the trial.

In summary, stage 48 and 49 tadpoles displayed a modest yet persistent preference for light during the day
(lights on). The strength of the preference appeared to ramp up across the day, peaking in the subjective
late afternoon at 16:00, and then declined during the night. The oscillating, circadian-dependent nature of
the preference for light suggests that this innate hard-wired phototactic behavior is modulated.

We next asked what may be the modulator producing the observed oscillations in the preference for light.
Based on our previous finding that exposing tadpoles to the SSRI trazodone switched the preference dis-
played by tadpoles from color-based to luminance-based (Hunt et al., 2020), we hypothesized that seroto-
nin may play a role.

SSRI-exposed tadpoles display an enhanced preference for light

If serotonin modulates preference for light, then experimentally enhancing serotonin transmission would
alter this innate visually guided behavior. To test this, tadpoles were exposed to the SSRI fluoxetine
(1 uM) for 24 h (Figure 2A) and then their preference for light was measured using the same test paradigm
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Figure 1. Strength of preference for light displayed by developmental stage 48/49 Xenopus tadpoles oscillates
over the 24 h day/night cycle

(A) Schematic of the light/dark test dish. One quadrant of the test dish is light and the remaining 3/4ths is dark. Tadpoles,
in groups of ten, are video-taped using a Go-Pro as they swim freely around the dish for 30 min. Preference for light is
quantified by counting the number of tadpoles in the light quadrant every minute for 30 min.

(B) Preference for light was tested at two time points during the day (10:00 and 16:00) and two time points during
subjective night (23:00 and 05:00). Both stage 48 and 49 tadpoles displayed a stronger preference for light during the
subjective day compared to night. The preference for light peaked at 16:00. Dashed line represents the % of tadpoles in
the light quadrant that would be expected if no preference for, or avoidance of, light.

(C) Average number of tadpoles in the light quadrant at each minute of the 30-min trial, showing the preference at 16:00
(time of day when preference for light is at its peak) and at 23:00 (when the preference for light was lowest) test times. This
plot shows that the strength for the preference for light is consistent across the 30-min trial. Dashed line represents the
average number of tadpoles in the light quadrant that would be expected if no preference for, or avoidance of, light. Error
bars represent SEM.

as described above (Figure 1A). SSRIs such as fluoxetine work by inhibiting the reuptake of endogenous
serotonin once it has been released. Hence, for this experiment, fluoxetine was used as a pharmacological
tool to boost endogenous serotonin transmission. Tadpoles were tested at approximately 16:00, the time
of day when their preference for light peaks (Figure 1B). We observed a significant increase in the average
number of tadpoles in the light region of the test dish for the fluoxetine-treated group compared to that of
controls, indicating a stronger preference for the light Figure 2B; stage 48 control vs. fluoxetine: p < 0.0071;
stage 49 control vs. fluoxetine: p < 0.001). Although exposure to fluoxetine increased the preference for
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Table 1. Statistical comparisons of preference for light across day and night

P-values
Time 23:00 v. 16:00 23:00 v. 10:00 23:00 v. 05:00 05:00 v. 10:00 05:00 v. 16:00 10:00 v. 16:00
St. 48 p =0.001° p =0.001° p=0.385 p = 0.005" p = 0.005° p =0.241
(n =10) (n=10) (n=10) (n =10) (n=10) (n=10)
St. 49 p = 0.007° p = 0.023° p = 0.089 p=0.174 p = 0.038° p =0.326
(n=10) (n=10) (n =10) (n=10) (h=10) (n =10)

“Significant at p < 0.05.
BSignificant at p < 0.01.

light to similar degrees across stage 48 and 49, the effect was more pronounced for stage 49 tadpoles due
to a lower baseline preference displayed by controls at this older stage (Figures 2B and 2C). That develop-
mental stage 49 fluoxetine-exposed tadpoles exhibit an equally robust increase in preference for light as
stage 48 fluoxetine-exposed tadpoles suggest that the naturally occurring decrease in preference for light
displayed by stage 49 tadpoles is not due to a decrease in endogenous serotonin release, because if it
were, then fluoxetine would not be as effective. Plotting the average number of tadpoles in the light quad-
rant at each minute of the trial shows that the enhanced preference for light displayed by fluoxetine-
exposed tadpoles persists across the entire 30-min time trial (Figure 2C). These data indicate that a 24-h
exposure to fluoxetine significantly enhanced the tadpoles’ preference for light over dark, suggesting
that bolstering normal serotonin transmission modulates the strength of the preference for light displayed
by developmental stage 48/49 tadpoles.

To determine whether these results reflect a preference for light or an avoidance of dark, we pitted dark
against gray (instead of light). We reasoned that if tadpoles were avoiding the dark, then they should prefer
gray as strongly as they prefer light. In other words, if they are only avoiding the dark, then they should
equally prefer any option that is lighter than dark. Conversely, if residing in the light quadrant is due to
a preference for light, then the average number in the gray quadrant should be less than the average num-
ber in the light quadrant. The data support the latter scenario: the average number of tadpoles in the gray
quadrant (in the gray vs. dark test) was consistently less than the average in the light quadrant (in the light
vs. dark test) for both control and fluoxetine-exposed tadpoles Figure 2D), suggesting that the behavior is
driven more by a preference for light rather than purely an avoidance of dark.

The data that show that fluoxetine is enhancing the preference for light were all obtained between 15:00
and 17:00, the time of day when the natural preference for light was determined to be at its peak (Figure 1).
To test whether fluoxetine may enhance the preference for light at 23:00, the time when tadpoles display
the least preference for light, the same 24-h fluoxetine pre-treatment was carried out, and tadpoles were
tested on the light/dark test at 23:00. Our data indicate that the fluoxetine-treated tadpoles display a stron-
ger preference for light at 23:00 compared to controls, indicating that serotonin also enhances the prefer-
ence for light during the night (Figure 2E).

Because a 24-h fluoxetine pre-treatment time was used in these experiments, we carried out a set of exper-
iments to further characterize the action of this drug, specifically whether it was acting acutely or chroni-
cally, and the duration of its effect. First, to determine whether fluoxetine was acting acutely or non-acutely,
we carried out a fluoxetine pre-treatment time course. We observed a gradual increase in fluoxetine's ef-
fect on the preference for light as the pre-treatment time increased. A pre-treatment time of 6 h elicited
almost the maximal (24-h pre-treatment) effect (Figure S1A). This indicates that fluoxetine is eliciting its ef-
fect via a non-acute mechanism that ramps up slowly over many hours. Next, we addressed the duration of
the fluoxetine effect by testing the tadpoles’ preference for light at different time points after the 24-h
exposure to the drug. We found that while the effect slowly decreased over time, the strength in the pref-
erence for light was still greater than control after 3 days, the latest time point tested (Figure S1B). These
observations indicate that fluoxetine modulates visual behavior via a non-acute mechanism, and somehow
induces a long-lasting change (strengthening) in the circuitry underlying the preference for light. However,
because it is not possible to measure how long it takes for fluoxetine to reach the CNS or how quickly it
washes out, it is not possible to interpret the action of fluoxetine beyond the kinetics on behavior.
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Figure 2. Pretreating tadpoles with the SSRI fluoxetine enhances their preference for light over dark

(A) Experimental timeline for experiments pertaining to panels B-D: Fluoxetine (FIx) is added to tadpoles rearing solution
at 16:00 and tadpoles are returned to their incubator. Tadpoles are tested 24 h later, at 16:00 on the following day.

(B) Plots showing the average number of control and fluoxetine-exposed developmental stage 48 (top), and stage 49
(bottom) tadpoles that resided in the light quadrant of the test dish. Each set of connected gray data points represents the
average % of tadpoles in the light quadrant for batch-matched control and fluoxetine-treated groups, and the set of black
connected data points represents the overall average of all the individual experiments (***p < 0.001 as determined by
Mann-Whitney test, top: control, n = 23; Flx, n = 23. Bottom: control, n = 34; Flx, n = 34).

(C) Plots showing the average number of control and fluoxetine-exposed developmental stage 48 (top) and stage 49
(bottom) tadpoles in the light quadrant at each minute of the 30-min trial.

(D) Plot showing the average preferences for gray displayed by control and fluoxetine-exposed tadpoles when gray is
pitted against dark. For comparison, the average preferences for light (obtained from the dark vs light test) which are
shown in panels B and C are super-imposed onto this graph. Notice that the preference for gray displayed by control and
fluoxetine-exposed tadpoles is weaker than the preference for light, suggesting that the strength of the preference is
light intensity-dependent (*p < 0.05, **p < 0.01, ***p < 0.001 as determined by Mann-Whitney test. Light vs. dark: Stage
48: control, n = 23; Flx, n = 23; stage 49: control, n = 34; Flx, n = 34. Gray vs. dark: stage 48: control, n = 9; Flx, n = 9; stage
49: control, n =12; Flx, n = 12.

(E, top) Experimental timeline used to test the effect of 24-h fluoxetine pre-treatment on the preference for light at 23:00:
Fluoxetine (FIx) is added to tadpoles’ rearing solution at 23:00 and tadpoles are returned to their incubator. Tadpoles
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Figure 2. Continued

were tested 24 h later, at 23:00 on the following day. (Bottom) plots showing the average % of control and fluoxetine-
exposed tadpoles in the light quadrant when tested at 23:00. The 16:00 and 23:00 data combined show that fluoxetine
pre-treatment enhances the preference for light during the day and night (***p < 0.001 as determined by Mann-
Whitney test: stage 48, n = 10; stage 49, n = 8). All error bars represent SEM.

Next, we asked precisely how the enhanced preference for light is manifested. For this, we measured swim-
ming speeds while in the light quadrant, duration of swimming bouts (defined as the amount of time a given
tadpole spends in the light quadrant between entering and exiting the quadrant) and the frequency of en-
trances made into the light quadrant displayed by individual control and fluoxetine-exposed tadpoles. We
found that both developmental stage 48 and 49 fluoxetine-exposed tadpoles exhibited significantly longer
individual swimming bouts in the light quadrant compared to controls (Figures 3A and 3C). The examples in
Figure 3 show that the longer swimming bouts typically involve a multitude of U-turns at the border be-
tween the light and dark region of the dish which prevent the tadpole from moving into the dark region.
Notably, we observed robust U-turns displayed by fluoxetine-exposed tadpoles when they were swimming
toward or along the border such that one eye overlapped with the dark side, and one eye overlapped with
the light side. In addition, compared to controls, developmental stage 49 fluoxetine-exposed tadpoles dis-
played a significant decrease in speed while in the light quadrant, which would also contribute to the
observed enhanced preference for light (Figure 3B; stage 49 control average speed in light: 14.06 +
1.53 mm/s, n = 25 tadpoles; stage 49 fluoxetine-exposed tadpoles average speed in light: 8.83 +
1.31 mm/s, n = 25 tadpoles; stage 49 control vs. fluoxetine: p < 0.05). Hence, overall, the enhanced pref-
erence for light displayed by the fluoxetine-exposed tadpoles is manifested mainly via longer swimming
bouts in the light quadrant, which in turn is brought about via a higher frequency of U-turns at the dark/light
border to avoid moving into the dark region.

Carrying out fluoxetine exposure in the dark attenuates its effect

It has been previously reported in zebrafish that a subpopulation of serotonergic neurons in the dorsal
raphe are activated by light (Cheng et al., 2016). Based on this study, and also our finding that the prefer-
ence for light is stronger during the day (Figure 1) but can be further strengthened via enhancing serotonin
transmission (Figure 2), we hypothesized that endogenous levels of serotonin released during the night are
lower compared to during the day. If so, then the SSRI—which only enhances the action of endogenously
released serotonin (i.e. itis not a serotonin agonist)—should be less effective in the absence of light. To test
this, the 24-h fluoxetine exposure was carried out entirely in the dark, instead of the normal 12:12 light:dark
schedule (Figure 4A). Consistent with our hypothesis, we found that the fluoxetine effect was attenuated
when the 24-h exposure to the drug was carried out in the dark (Figures 4B and 4C). Hence, given that
SSRis rely on the release of serotonin suggests that serotonin release is higher in the presence of light (sub-
jective day) compared to in the absence of light (subjective night). This finding also supports the possibility
that the observed natural oscillations in the preference for light over the day and night cycle (stronger dur-
ing the day, weaker at night), respectively, arises, at least in part from circadian-dependent oscillations in
levels of serotonin release.

pCPA-exposed tadpoles display a dampened preference for light

If serotonin is responsible for the stronger preference for light during daytime hours, then inhibiting sero-
tonin levels would be expected to reduce it. To test this, endogenous serotonin levels were inhibited by
exposing tadpoles for 24 h to para-chlorophenylalanine (oCPA; 5 uM), a tryptophan hydroxylase inhibitor
thatis commonly used to inhibit serotonin production and therefore release (Cheng et al., 2016; Kawashima
et al., 2016). We then tested tadpoles on the same light/dark test at 16:00 as described above for the fluox-
etine study. We found that pCPA-exposed tadpoles displayed a significant reduction in their preference for
light compared to controls (Figure 5; stage 48 control vs. pCPA: p < 0.01; stage 49 control vs. pCPA:
p < 0.05). In fact, the preference for light displayed by the pCPA-exposed tadpoles was closer to that dis-
played by controls at night (Figure 1). The decreased preference for light displayed by the pCPA-exposed
tadpoles was manifested mainly by a significant decrease in the frequency of tadpoles phototaxing into the
light quadrant of the test dish (stage 48 control average frequency entering the light: 26.33 + 2.13 tad-
poles/minute, n = 9; stage 48 pCPA-exposed tadpoles average frequency entering the light: 19.44 +
1.42 tadpoles/minute, n = 9; stage 48 control vs. pCPA: p < 0.05; stage 49 control average frequency
entering the light: 17.45 + 0.84 tadpoles/minute, n = 11; stage 49 pCPA-exposed tadpoles average fre-
quency entering the light: 9.36 + 1.24 tadpoles/minute, n = 11; stage 49 control vs. pCPA: p < 0.007;
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Figure 3. The increased preference for light displayed by fluoxetine-treated tadpoles is manifested mainly via

longer swimming bouts while in the light quadrant
(A) Cumulative probability plot displaying the amount of time in seconds individual stage 48 (white dots) and 49 control

(gray dots) and stage 48 (light green dots) and 49 1 uM fluoxetine exposed tadpoles (dark green dots) stay in the light from
the time they enter to when they exit. Inset is a bar graph of the same data showing the overall average amount of time in
seconds of the respective groups (*p < 0.05, ***p < 0.001 as determined by Mann-Whitney U test, Stage 48: control, n =
90; Flx, n = 90. Stage 49: control, n = 80; Flx, n = 80).

(B) Cumulative probability plot displaying speed of individual stage 48 (white dots) and 49 control (gray dots) and stage 48
(light green dots) and stage 49 (dark green dots) 1 uM fluoxetine exposed tadpoles measured in mm/s from the time they
enter the light to when they exit. Inset is a bar graph of the same data showing the overall average swimming speed in
seconds of the respective groups (*p < 0.05 as determined by Mann-Whitney U test, Stage 48: control, n = 25; Flx, n = 25.
Stage 49: control, n = 25; FIx, n = 25). Error bars in (A) and (B) represent SEM.

(C) Examples of individual tadpole swimming bouts tracked from the time they enter to when they exit the light region.
The longer swimming bouts of the TuM fluoxetine exposed tadpoles typically involve multiple U-turns at the border

between the light and dark region of the dish.

p values for both stage 48 and 49 determined by a pairwise Mann-Whitney U test), showing that the way in
which these pCPA-exposed tadpoles avoid light is by not moving toward it. A caveat associated with the
pCPA experiments was that the concentration of this drug used to inhibit serotonin in larvae zebrafish
(25 uM; Cheng et al., 2016) was found to render tadpole larvae essentially immobile. We suspect that
this general loss of mobility was most likely due to depressed serotonin levels at the level of the spinal
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Figure 4. Carrying out the fluoxetine pre-treatment in the absence of light decreases its effectiveness

(A) Experimental timeline: Fluoxetine is added to tadpoles’ rearing solution at 16:00 and then tadpoles are maintained
either on the regular 12:12 light/dark schedule (left time-line) or on a 24 h dark schedule (right time-line) until testing.
Tadpoles are tested 24 h later, at 16:00 on the following day.

(B and C) Dot plots showing the average percent of developmental stage 48 and (C) stage 49 control and fluoxetine-
exposed tadpoles (green dots) when the fluoxetine exposure was carried out on a 12:12 light dark schedule and when the
exposure was carried out entirely in darkness (24-h dark schedule). The total number of trials is shown in parentheses.
Notice that the fluoxetine effect on preference for light is markedly attenuated when the pre-treatment is carried out in
the dark, suggesting that endogenous levels of serotonin release are relatively lower in the dark. Also notice that the
control tadpoles that were housed in the dark for 24 h before testing display a modest decrease in preference for light,
suggesting that normal serotonin release during the day shapes the strength of preference for light (B and C, A Kruskal-
Wallis non-parametric statistical test was used to determine if at least one experimental group was statistically different
from the others. This was followed by a pairwise non-parametric Mann-Whitney test to compare specific groups;

**p < 0.01, ***p < 0.001 as determined by Mann-Whitney U test). Error bars represent SEM.
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Figure 5. Inhibiting serotonin release by pretreating tadpoles with the tryptophan hydroxylase inhibitor pCPA
weakens the preference for light

(A) Experimental time line: pCPA (5uM) is added to tadpoles rearing solution at 16:00 and tadpoles are returned to their
incubator. Tadpoles are tested 24 h later, at 16:00 on the following day.

(B) Pre-treatment with pCPA decreases the average number of both stage 48 (left) and stage 49 (right) tadpoles residing in
the light quadrant at any given time, suggesting that decreasing serotonin release decreases the preference for light.
Each set of connected gray data points represents the average % of tadpoles in the light quadrant for batch-matched
control and pCPA-treated group. The set of black connected data points represents the overall average of all the
individual experiments (*p < 0.05, **p < 0.01 as determined by Mann-Whitney U test).

(C) Plots showing the average number of stage 48 (top) and stage 49 (bottom) control and pCPA-treated tadpoles in the
light quadrant at each minute of the 30 min trial. Error bars represent SEM.

cord where it has been shown to modulate the spinal cord central pattern generators that control swim-
ming (Demarque and Spitzer, 2010; Sillar et al., 1992, 2006). Because the preference test requires tadpoles
to be able to swim normally, we were restricted to using a concentration of 5 uM pCPA, the highest con-
centration that did not affect the ability to swim. So, while the decrease in preference for light was
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significant, it is possible that a more dramatic effect may have been observed if it were possible to more
completely inhibit serotonin.

DISCUSSION

Our data indicate that Xenopus tadpole larvae display an innate circadian-regulated preference for light
over dark which ramps up across the day, peaking in the late afternoon at approximately 16:00. At night,
the same tadpoles display essentially no preference for light. Developmental stage 49 tadpoles were found
to display a significantly weaker preference for light during the day compared to the younger stage 48 tad-
poles. This is in accordance with a previous study by Moriya and colleagues (Moriya et al., 1996) that report
a gradual decline in preference for light across developmental stages 44-46 and 58-60 (metamorphic
stage). Nevertheless, the significant decline in the preference for light that we observed between stages
48 and 49 was somewhat unexpected given that these two stages are separated by only five days and
that there are no noticeable changes in overall morphology during this time. This underscores that devel-
opmental changes in behaviors can happen over relatively short time spans and without changes in
morphology.

While this is the first report of a circadian-dependent visually guided behavior displayed by Xenopus tad-
poles, circadian-dependent preferences for light have been described in other organisms. For instance,
female mosquitos prefer light during the day but not during the night (Baik et al., 2020). The degree of pho-
tophobicity displayed by drosophila larvae is highest early in day and lowest at dusk (Mazzoni et al., 2005).
The fish parasite Argulus japonicus shows no preference for light or dark at 04:00, but then displays grad-
ually strengthening phototaxis until 16:00 (Yoshizawa and Nogami, 2008), and both the marbled crayfish
(Shiratori et al., 2017) and phyllosoma larvae of the Caribbean spiny lobster (Zirger et al., 2010) display
phototaxis toward light during the night, and away from light during the day. Thus, for many species,
the preference for light is linked to the time of day. Furthermore, these examples show that this innate visu-
ally guided behavior, while considered hard-wired, oscillates across the 24-h day/night cycle, and is there-
fore capable of being modulated.

Serotonin modulates the strength of the preference for light

We found that fluoxetine-exposed tadpoles displayed a stronger preference for light and that pCPA-
exposed tadpoles displayed a weaker preference for light. These results indicate that the endogenous
level of serotonin transmission during the day is intermediate—balanced somewhere between the exper-
imentally enhanced and experimentally dampened levels—and that it generates the moderate preference
for light displayed by control tadpoles during the day. Our findings also suggest that the observed weak-
ening in the preference for light observed during the night (Figures 1B and 1C) is likely due to relatively low
levels of serotonin release. We reasoned that if this is correct, the SSRI, which only boosts serotonin action
once itis released, would not be as effective if its exposure was carried out in darkness. In this way, the SSRI
was used as a tool to assay endogenous serotonin release. If normal serotonin release was absent or low,
the SSRI would not be effective. Hence, that fluoxetine had little effect when its exposure was carried out in
darkness suggests that endogenous serotonin release must be relatively low during the night. All together,
these data suggest that the observed oscillation in the preference for light displayed by control tadpoles is
manifested, at least in part, by a matched circadian-driven oscillation in serotonin release.

Serotonergic modulation of the preference for light is highly conserved

Serotonergic modulation of the preference for light has been reported across several different species of
animals including Drosophila (Moncalvo and Campos, 2009), zebrafish (Cheng et al., 2016; Steenbergen
et al., 2011; Burgess et al., 2010; Maximino et al., 2013), crabs (McPhee and Wilkens, 1989), and crayfish
(Shiratori et al., 2017). In all these cases, serotonin activity was found to be positively correlated with the
strength in the preference for light, suggesting a highly conserved, important form of modulation that
adds flexibility to this innate, hard-wired behavior.

A similar study in zebrafish shows that increasing serotonin transmission by exposing zebrafish to an SSRI
improved phototactic navigation to a source of light and that inhibiting serotonin using a pan serotonin
receptor blocker inhibited navigation to the light (Burgess et al., 2010). While similar to our findings, there
are also interesting differences in both the test design and the results. The zebrafish study is designed to
study phototactic navigation while this study in tadpoles is designed to study long-term preferences which
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involve both phototaxing to the preferred region and then, once the preferred region has been reached, a
different swimming pattern which prevents moving out of the preferred region (i.e. avoiding the dark). The
results of the different behavioral assays lead to different interpretations about the action of serotonin. The
navigation study concludes that fluoxetine strengthens specifically an ON visual circuit which promotes
swimming forward toward the light but has no effect on an OFF circuit which works to initiate turns to avoid
moving away from the light (Burgess et al., 2010). Our results of the open-field test, however, show that
fluoxetine induces abnormally robust and frequent U-turns that prevent the tadpoles from moving out of
the preferred light quadrant of the test dish, suggesting a strengthening of the OFF circuit. This discrep-
ancy could be due to different effects of serotonin on visual systems of zebrafish and Xenopus tadpoles, or,
more intriguingly and more likely, that the circuitry involved in phototactic navigation (i.e. swimming to-
ward the preferred luminance) and those involved in swimming patterns that maintain the organism in
the region of preferred luminance are distinct and are modulated by serotonin in different ways, but
with the same overall outcome—an enhanced preference for light.

The results of this behavioral study give rise to several questions including what circuit underlies the innate
preference for light and what is the mechanism by which serotonin regulates it. It is likely that the serotonin
input thatis responsible for regulating the preference for light originates from a group of serotonergic neu-
rons residing in the raphe nucleus of tadpole hindbrain. This group of serotonergic neurons is known to be
present by embryonic stages of development (Demarque and Spitzer, 2010; Sillar et al., 2006) and to send
projections both caudally to the spinal cord and anteriorally to the optic tectum (van Mier et al., 1986; Zhao
and Debski, 2005). In addition, our preliminary electrophysiological data show that 24-h exposure to fluox-
etine strengthens the retinotectal projection, the glutamatergic synapse between the retinal ganglion cells
(RGCs) in the eye and neurons of the optic tectum (unpublished data). However, because it is not yet known
if the retinotectal projection underlies the innate preference for light, it cannot be concluded unequivocally
that the change in behavior is generated by a change in this one visual projection, especially considering
that fluoxetine exposure could be strengthening other visual circuits as well. Another possibility is that
fluoxetine is enhancing the preference for light at the level of the retina. Subsets of serotonin-containing
amacrine cells have been described in the tadpole retina (Huang and Moody, 1997), and serotonin recep-
tors have been found to be expressed mostly in proliferating zones of the retina as well as post-mitotic cells
of the inner plexiform layer (De Lucchini et al., 2003). While a role for serotonin in modulating how the retina
processes information in the Xenopus tadpole has not been described, a study in the mouse retina shows
functional synaptic connections between serotonin-containing amacrine cells and serotonin receptor-ex-
pressing RGCs, and, notably, that the expression of this serotonin receptor on the RGC dendrites is neces-
sary for normal RGC responses to visual stimuli (Trakhtenberg et al., 2016). Therefore, it is possible that se-
rotonin could be modulating the preference for light at the level of the retina.

Functional implications of an intermediate level of serotonin release

Our data suggest that during the day, the level of serotonin release is intermediate—neither high like that
generated by fluoxetine nor low like that generated by pCPA. What may be the advantage, at the behav-
ioral level, of maintaining an intermediate basal level of serotonin release? One advantage may be that an
intermediate level would allow for small changes in serotonin release to generate rapid and tightly
controlled changes in behavior, akin to the way in which neurons are known to balance their firing rates
to be the most responsive to small changes in their input (Pratt and Aizenman, 2007). While this is only a
theoretical prediction, there are many descriptions of rapid, transient serotonergic modulation of sen-
sory-driven behaviors. Forinstance, in mice, alooming stimulus has been shown to inhibit serotonin release
from serotonergic neurons in the dorsal raphe and this triggers an escape response. Once the looming
stimulus is no longer in site, the inhibition of serotonin release ceases and so does the escape response
(Huang et al., 2017). In zebrafish, optic flow-driven release of serotonin from serotonergic dorsal raphe neu-
rons is perpetually modulating the strength of motor output (swimming) such that the zebrafish travels the
desired distance (Kawashima et al., 2016). Thus, it seems reasonable that maintaining an intermediate level
of serotonin transmission under basal conditions may optimize rapid, effective sensory-driven serotonergic
modulation.

We have not yet determined, in tadpoles, what types of visual stimuli may transiently increase or decrease
levels of serotonin release. The fact that we observed no acute effect of the SSRI on the preference for light,
while somewhat surprising, could be because acute surges in serotonin transmission do not alter the long-
term preference for light that we measure here. Furthermore, the SSRI only enhances endogenously
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released serotonin; it does not activate the serotonergic neurons. Future research will aim to identify spe-
cific visual stimuli that evoke or depress the release of serotonin. In addition, we will also determine how
serotonin modulates other innate visually guided behaviors displayed by these tadpoles. Studying modu-
lation of visual avoidance behaviors will be especially interesting given that we and others have recognized
that Xenopus tadpoles perform significantly better on their visual avoidance test in the subjective morning
compared to later in the afternoon. The visual avoidance test takes advantage of the tendency of tadpoles
to avoid moving dots projected onto the floor of their test dish. This test is used to measure visual acuity
(Dong et al., 2009). However, this test assumes that the tadpoles will strive to avoid the moving dots. In
other words, a low score on this test is interpreted as poor visual acuity. Our data suggest that one reason
that the tadpoles are performing worse in the afternoon is not due to worse visual acuity in the afternoon
but because they are in their high serotonin, light-preferring, exploratory mode at that time and so may not
fear the dots.

Ethological implications

Here, using an open field test paradigm that measures long-term visual preferences of groups of freely
swimming tadpoles, we found that tadpoles display a moderate preference for light over dark. In a previous
study and using the same test paradigm, we found that tadpoles at these same developmental
stages display a moderate preference for the color green, whether green was pitted against light or
dark (Hunt et al., 2020). Thus, the overall ranking in preference displayed by normal tadpoles is
green > light > dark. We also found across these two studies that pharmacologically enhancing serotonin
release via exposing tadpoles to an SSRI rearranged the rank order of preferences to light >> green > dark.
From an ethological standpoint, this marked alteration in visual preference order could be detrimental for
survival in at least a couple of ways. First, it disrupts the normal innate preference for green (over light)
which is thought to encourage tadpoles to reside near green aquatic plants, their source of shelter and
food. Second, it leads to an abnormally strong preference for light which could render the tadpoles
more predictable and visible to predators. Thus, the moderate nature of visual preferences displayed by
control tadpoles, which is shaped by an intermediate level of serotonin release, may maximize the proba-
bility of survival (Figure 6). Amoderate, as opposed to strong, preference is in accordance with a theoretical
model of predator-prey interactions referred to as the shell game. This model predicts that survival of prey
is maximized by being unpredictable (Mitchell and Lima, 2002). According to this model, displaying a
strong preference for anything could render tadpoles, and especially groups of tadpoles, too easily found
by predators, while a moderate preference would maximize being unpredictable.

But if survival is optimized by being unpredictable, why display even moderate preferences? It may be
important to spend time in well-lit regions during the day in order to explore and forage for food, or to
reside near sun-warmed regions, and it may be important to reside near green plants which are a source
of food and safety, but without ever being too obvious. These are ideas about how moderate behaviors,
neither too strong nor too weak, may be optimal for survival and underscores the significance of the main-
tenance of an intermediate level of serotonin release during the day.

Limitations of this study

Individual vs group behavior

While it is most likely that the moderate preference displayed across groups of control tadpoles is due to
each individual tadpole displaying a moderate preference, we do not track individual tadpoles in this study
and therefore we cannot rule out the possibility of a polymorphism which would create a bimodal distribu-
tion of preferences displayed by individuals, i.e. any given group would consist of a subpopulation that
strongly prefers light and subpopulation that avoids light. This sort of bimodal distribution of preference
for light, however, is unlikely given that for each trial we choose at random 10 tadpoles from a clutch con-
sisting of hundreds, and so the chance that the same ratio of (theoretical) light-preferring and light-avoid-
ing tadpoles is consistently chosen to generate the incredibly consistent moderate preference seems un-
likely. In summary, whether each individual tadpole shows a moderate preference for light, or whether a
polymorphism creates a bimodal distribution in preferences for light, the population displays a stereotyp-
ically modest preference for light.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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Figure 6. Ethological model

An ethological model suggested by the data. Normally (middle panel), during the day, tadpoles display a moderate yet
significant preference for green over light, and a moderate yet significant preference for light over dark. Experimentally
enhancing serotonin transmission by exposure to the SSRI fluoxetine (top panel), however, causes an abnormally strong
preference for light over both dark and green wavelengths of light. In a natural setting, this could result in tadpoles
residing for abnormally long periods of time in open, well-lit areas which may increase the chances of being detected by
predators. Conversely, experimentally decreasing serotonin release (bottom panel) generates an abnormally weak
preference for light. In a natural setting, this could impair normal exploration, foraging for food, and/or insufficient time
spentinsun-warmed regions. Thus, the moderate preferences for green and light which are shaped by endogenous levels
of serotonin release (middle panel) may optimize survival (Schematic by Harley Yerdon, Johnny Morris” Wonders of

Wildlife).
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
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4-chloro-DL-phenylalanine methyl ester Sigma-Aldrich Cat#C3635

hydrocholoride (pCPA)

Experimental models: Organisms/strains

Xenopus laevis tadpoles In-house mating of adult Xenopus frogs

NCBI:txid8355

Software and algorithms
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Prism?9 Graphpad RRID:SCR_002798
Powerpoint Microsoft N/A

iMovie Apple N/A

Quicktime Player Apple N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Kara G. Pratt (kpratt4@uwyo.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The datasets supporting this manuscript are available on request directed to the lead contact.
This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All animal husbandry and experimental procedures were approved by the University of Wyoming's Institu-
tional Animal Care and Use Committee (IACUC). X. laevis embryos were obtained from in-house mating of
adult wild-type Xenopus frogs. Tadpoles were raised in Steinberg'’s solution (100-150 tadpoles per 1.85 L
glass bowls) and housed on a 12:12 light/dark cycle in white-walled incubators at 22°C. For most experi-
ments, each group of 10 tadpoles was tested twice (i.e., 2 X 30-min trials) with a 1 to 2 h interval between
tests. Any given group of tadpoles was tested either at developmental stage 48 (approximately 10 days
post fertilization: dpf) or 49 (approximately 17 dpf) (i.e., not at both developmental time points). Develop-
mental stages were identified according to Nieuwkoop and Faber (1994). The gender of the tadpoles was
not determined because at these early stages of development there is no straightforward and reliable way
to distinguish between male and female.

METHOD DETAILS
Pharmacological agents

To enhance endogenous serotonin transmission, tadpoles were exposed to the selective serotonin reup-
take inhibitors (SSRI) Fluoxetine (Sigma-Aldrich, catalog #F132, 1uM dissolved in dimethyl sulfoxide
(DMSO). To deplete serotonin, tadpoles were exposed to the tryptophan hydroxylase inhibitor
4-Chloro-DL-phenylalanine methyl ester hydrochloride (pCPA; Sigma—Aldrich, catalog C3635-1G, 5 uM).
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The concentrations of fluoxetine (1 uM) and pCPA (5 uM) used in this study were determined empirically by
carrying out concentration-response curves to identify the highest non-lethal concentration of drug that
did not alter normal swimming patterns. For this, developmental stage 48 tadpoles, in groups of 12,
were exposed to a range of concentrations of a given pharmaceutical agent. After 24 h, swimming was as-
sessed. Healthy developmental stage 48/49 tadpoles swim continually, in a head-down tail-up posture. The
concentration of the drugs used in this study was the highest concentration in which 100% of the exposed
tadpoles displayed this normal swimming pattern. In all experiments, exposure was achieved by adding the
drugs to the tadpole’s rearing solution 24 h before testing.

Open-field group light preference assay

In Hunt et al., (2020) we created an assay to quantify tadpole color preference over time. We utilized the
same assay to test tadpole preference for light vs. dark. Like the color preference test (Hunt et al., 2020),
the light v. dark assay consists of a 14 cm-diameter circular Petri dish filled with 75 mls of Steinberg’s solu-
tion to create a depth of 6 mm. The dish was surrounded with black construction paper to obscure extra-
neous visual stimuli and placed on an LCD computer monitor (HP ZR22W or Dell E198FPf) with light pro-
jected onto 25% (i.e., 1/4th) of the dish’s floor. The remaining 3/4ths of the dish was dark (Figure 1A
schematic). The light v. dark visual stimulus was created in PowerPoint, version 16.43. The light quadrant
was made using the Grayscale Slider with brightness set at 100% and the remaining three dark quadrants
at 0%. The intensity of the gray stimulus was set at 25%. Ten wild-type Xenopus tadpoles were placed into
the dish and allowed to acclimate for 1 min. Their behavior was then recorded for 30-min with a digital video
camera with a resolution of 60 frames per second (GoPro, San Mateo, CA) situated above the Petri dish then
analyzed offline. For data analysis, Go Pro videos were downloaded using iMovie software (Apple) and
viewed using Quicktime Player (Apple). During offline analysis, the number of tadpoles in the light were
counted every minute on the minute. A tadpole was considered to be in the light if both of its eyes were
in the light or if one eye and the majority of its head were in the light (Hunt et al., 2020). Otherwise, the
tadpole was not included in the count. For the circadian experiments, the preference for light was tested
at four time points across the 24-h day/night cycle: two times during the tadpoles’ subjective daytime (10:00
and 16:00) and two times during their subjective nighttime (05:00 and 23:00). For the experiments that
involved pharmacologically altering serotonin transmission, preference for light was always tested be-
tween 15:00 and 17:00, the time of day when tadpoles displayed the maximum strength in their preference
for light. As a control, the effect of fluoxetine on preference for light was also tested at 23:00. For the dark-
exposure experiments, normally reared tadpoles were exposed to fluoxetine 24 h before testing and then
maintained in darkness until testing time.

Behavioral dynamics

To quantify tadpole swimming speed, we measured the distance a tadpole traveled from the time it enters
to the time it exits the light quadrant of the test dish. For each of the videos analyzed, the first five border
crossings into the light quadrant after the 15-min mark (the 27,000th frame of video) were recorded. All
swimming distances were quantified in ImageJ, version 1.51m9 using the Measure function. To quantify
how long a tadpole stayed in the light region of the test dish, we tracked the time in seconds from when
they entered until they exited. We recorded the first 10 border crossings into the light quadrant after
the 15-min mark for each of the videos analyzed. To quantify the frequency with which tadpoles crossed
over into the light quadrant, we counted the number of tadpoles that entered the light quadrant from
the 15 to 16-min mark of the video.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are reported as mean + standard error of the mean (SEM). Several datasets were determined to
follow a nonnormal distribution by Shapiro-Wilk test. Therefore, non-parametric tests were used for all an-
alyses. All pairwise comparisons were performed with a non-parametric Mann-Whitney U test and the
Kruskal-Wallis test was used for multiple-group comparisons unless otherwise noted. Error bars are SEM
Statistical analyses were carried out using Excel and Graphpad. P-values < 0.05 were considered statisti-
cally significant. Details on the statistical analysis for individual experiments is included in the correspond-

ing figure legends.
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