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Abstract

Responding appropriately to stress is essential for survival, yet in pathological states, these 

responses can develop into debilitating conditions such as post-traumatic stress disorder and 

generalized anxiety. While genetic models have provided insight into the neurochemical and 

neuroanatomical pathways that underlie stress, little is known about how evolutionary processes 

and naturally occurring variation contribute to the diverse responses to stressful stimuli observed 

in the animal kingdom. The Mexican cavefish is a powerful system to address how altered genetic 

and neuronal systems can give rise to altered behaviors. When introduced into a novel tank, 

surface fish and cavefish display a stereotypic stress response, characterized by reduced 

exploratory behavior and increased immobility, akin to “freezing”. The stress response in cave and 

surface forms is reduced by pharmacological treatment with the anxiolytic drug, buspirone, 

fortifying the notion that behavior in the assay represents a conserved stress state. We find that 

cave populations display reduced behavioral measures of stress compared to surface conspecifics, 

including increased time in the top half of the tank and fewer periods of immobility. Further, 

reduced stress responses are observed in multiple independently derived cavefish populations, 

suggesting convergence on loss of behavioral stress responses in the novel tank assay. These 

findings provide evidence of a naturally occurring species with two drastically different forms in 

which a shift in predator-rich ecology to one with few predators corresponds to a reduction in 

stress behavior.
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1. Introduction

Stereotyped responses to aversive cues are found ubiquitously among animals, and function 

to increase alertness and aid in escaping threatening and potentially harmful stimuli 

(Campos et al., 2013; Cockrem, 2013). Normal stress responses are essential to the survival 

of an organism (Nesse et al., 2016), yet, in pathological states, their dysregulation can be 

severely debilitating, as in the case of anxiety disorders such as post-traumatic stress 

disorder and generalized anxiety (Sherin and Nemeroff, 2011; Tovote et al., 2015). Despite 

the widespread prevalence of such disorders, there exists a poor understanding of the genetic 

and neuronal underpinnings of these conditions, though several studies suggest a complex 

relationship between environmental conditions and genetic factors (Cornelis and Nugent, 

2010; Etkin and Wager, 2007; Koenen et al., 2008).

Throughout the animal kingdom, stress responses vary both within (Lacey and Lacey, 1958; 

Schneiderman et al., 2005) and between species (Campos et al., 2013; Cockrem, 2013), yet 

little is known about how and why these differences evolve. Differences in ecology, such as 

robust changes in temperature, humidity, food availability or altered threat of predation 

result in different stress responses (Bateson et al., 2011; Howarth, 1993). Recent studies 

have explored this phenomenon by taking groups of individuals of the same species and 

subjecting them to different levels of stressors. These studies demonstrate that animals from 

environments with varying levels of predation have different stress responses (Adamo et al., 

2013; Archard et al., 2012; Brown et al., 2005; Mateo, 2007). Though much is known 

regarding the influence of ecology and experience on stress responses, the evolutionary basis 

for varying stress responses have not been well addressed.

The Mexican blind cavefish, Astyanax mexicanus, has emerged as a powerful model to 

investigate how evolution and environment can shape behaviors in an organism with 

independently derived variants. Blind A. mexicanus are found in at least 29 distinct 

populations, which have all evolved from ancestral surface dwelling forms (Borowsky, 

2008a; Jeffery, 2008; Mitchell et al., 1977). Multiple cave populations have evolved 

independent of each other in different migratory events (Bradic et al., 2013; Ornelas-García 

et al., 2008), making the system a powerful model for exploring both parallel and convergent 

evolution. The combination of a rich phylogeographic and phylogenetic history (Bradic et 

al., 2013; Mitchell et al., 1977; Ornelas-García et al., 2008), a sequenced genome (McGaugh 

et al., 2014), and vast differences in behaviors (Duboué et al. 2011; Kowalko et al., 2013b; 

Yoshizawa et al., 2010) makes A. mexicanus a unique system to interrogate how genes and 

environment can influence behavioral traits in naturally evolved variants.

Relative to the epigean environment of surface fish, A. mexicanus cavefish have a near 

absence of predators in the caves of Northeast Mexico where they live; there are few 

organisms that inhabit the caves, most of which are invertebrates (Mitchell et al., 1977; 

Reddell and Elliott, 1973). The drastic differences in predator abundance that exist between 

cave and surface ecologies suggest that stress responses between the two forms may be 

different (Mateo, 2007). Many stress assays are highly reliant on visual cues, which provides 

a confounding factor for blind cavefish. We therefore tested stress using an assay that would 

be less dependent on eye loss, the novel tank test (Levin et al., 2007), which is commonly 
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used to measure the innate response to stressors in fishes (Cachat et al., 2010; Heinen-Kay et 

al., 2016; Levin et al., 2007; Thompson et al., 2016). When initially placed in an unfamiliar 

tank, adults prefer to spend more time in the bottom half of the chamber, yet over time they 

begin exploring both halves with near-equal frequency (Cachat et al., 2010; Levin et al., 

2007). Pharmacological agents that reduce stress in humans cause a preference for exploring 

the top half, whereas drugs that induce stress result in the individuals remaining at the 

bottom, even in an acclimated adult (Bencan et al., 2009; Cachat et al., 2010; Levin et al., 

2007). Therefore, the amount of time spent at the bottom is a reliable readout of innate 

stress. Here, we report reduced stress in multiple populations of A. mexicanus cavefish 

relative to surface fish conspecifics. Pretreatment with an anxiolytic drug abolished the 

differences seen between the two forms. Moreover, the differences in innate stress responses 

were independent of visual cues, and evolved in at least three separate lineages of cavefish. 

Together, our findings reveal convergence on a reduced stress response in cave A. 
mexicanus, providing a model to investigate the genetic and evolutionary basis for stress 

behaviors.

2. Materials and methods

2.1. Animal maintenance

Animal care was performed as previously described (Borowsky, 2008b; Jaggard et al., 2017, 

2018). Adult A. mexicanus were housed on a circulating filtration system in 18–37 liter 

tanks. Water temperatures were maintained at 21 ± 1 °C. Fish were housed in a room on a 

14:10 light: dark cycle, with the light intensity maintained at 25–40 lux. Fish were fed a 

mixture of food, which included California black worms (Aquatic Foods) and TetraMin® 

fish flakes. The fish used in this study were laboratory-born Pachón, Tinaja, and Molino 

cavefish and surface conspecifics from the Texas or Rio Choy lineages. All experiments in 

this study were approved by the Institutional Animal Care and Usage Committee (IACUC) 

at Florida Atlantic University, protocol numbers A17–21 and A15–32.

2.2. Behavioral assessment of stress response

All behavioral assays were performed on adult fish, ranging from 24 to 36 months of age, 

and were done between 10:00 a.m. and 6:00 p.m. On the morning of experimentation, adult 

fish to be tested were transferred from their home tanks on the fish system into a dedicated 

behavioral room, and allowed to acclimate to the room for at least 1 h. After behavioral 

recording, the fish were transferred to a dedicated holding chamber, and, at the completion 

of the day’s experiments, placed back into their home tanks. For all experiments, the sex of 

the fish was documented.

Fish were tested in a rectangular plastic tank with dimensions 28 × 18 × 18 cm (L×W×H). 

The tank was positioned in front of a high-frame-rate cMOS camera (PointGrey, FLIR 

Integrated Imaging Systems, Inc.) with custom designed infrared Light Emitting Diodes 

lights (LED; 880 nm). Records of each trial were captured using FlyCap2 Software (version 

2.11, PointGrey, FLIR Integrated Imaging Systems, Inc.). Naïve adults were removed from 

their holding tank and placed in the apparatus, and video acquisition was started. Recordings 

were captured at 30 frames-per-second for a 10-min period.
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The center position of each fish over the recording period was tracked offline after the 

experiment using Ethovision XT13 (version 13.0, Noldus, Inc., Leesburg, VA) (Noldus et 

al., 2001), and the x-y displacement was calculated across all frames. Each frame was then 

manually inspected for inaccurate tracking, and, when appropriate, tracking for respective 

frames was corrected manually. Additionally, an imaginary line was drawn in Ethovision at 

the midline of the tank, dividing the top and bottom halves of the chamber. Total duration of 

time spent in the top of the recording chamber, distance, velocity, and immobility were 

measured for each fish. Calibrating to the length of the tank, distance between the center of 

the fish from one frame to the next was calculated, and total distance and velocity was 

obtained for the 10-min recording. The program accurately tracked the entire silhouette of 

the individual using background subtraction, therefore, whenever the silhouette occupied 

above or below the dividing imaginary line, the program calculated the duration it spent in 

the sector. Immobility of the fish was defined as any point where the change in silhouette 

pixels between one frame and the next was less than 5%.

2.3. Pharmacological treatment

The pharmacological 5-HT1A agonist buspirone (Sigma, St. Louis, MO; cat. no. B7148) 

was used as an anxiolytic drug, in accordance with published protocols established in 

zebrafish (Bencan et al., 2009; Facchin et al., 2015). Adult fish were placed into an 

unfamiliar tank and recorded for a 10-min period. After recording a baseline, fish were 

transferred to a 500-mL beaker filled with buspirone-treated system water (12.5 mg/L). A 

control group of fish went through a similar procedure except instead of being transferred to 

a 500-mL beaker of buspirone in system water, they were transferred to a beaker with 

system water only. Fish were kept in the presence of the drug for 10-min. After drug 

treatment, adult fish were placed in fresh system water for 10 min, and then transferred to a 

different testing chamber than was used without drug treatment, and behavior was recorded 

for an additional 10-min period.

2.4. Constant darkness experiments

For experiments in which behavior was compared between lighted and dark conditions, two 

behavioral rooms, one with the lights on and another with the lights off, were used. Each 

room housed identical apparatus. Apparatus and procedures were the same as those 

described in Section 2.2. Groups of surface or Pachón adults were habituated in the 

respective rooms 1 h before testing. Each fish was recorded in one condition first, placed in a 

holding tank for 1 h, and then recorded in the other condition. Trials were randomized such 

that some fish were recorded in lighted conditions first and then subsequently in constant 

darkness, whereas others were recorded first in darkness and then after in a lighted setting.

2.5. Statistics

All statistical analyses were performed in GraphPad Prism software (version 7, Graphpad 

Inc.). In cases where comparisons between two un-paired groups were performed, the Mann-

Whitney U test was used. In cases where comparisons between two paired groups were 

performed, the paired t-test was used. In cases where comparisons between multiple groups 

were done, the Kruskal-Wallis ANOVA was performed, and, in cases where significance was 

found, a post-hoc Dunn’s test with correction for multiple comparisons was done. For time-
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series analysis in Fig. 1B where each minute of a 10-min trial was compared to the first 

minute, a Friedman test for repeated-measures was used followed by a post-hoc Dunn’s 

multiple comparison test. For all statistical tests, significance was determined to be below α 
= 0.05.

3. Results

3.1. Pachón cavefish exhibit reduced stress responses relative to surface conspecifics

To determine whether evolution in a cave environment results in altered stress responses, we 

tested A. mexicanus in the novel tank diving paradigm, which is commonly used to measure 

innate stress behavior in fish (Cachat et al., 2010; Levin et al., 2007). Surface and Pachón 

cave adults were placed individually in an unfamiliar tank, and the duration spent in the top 

half of the tank, duration spent immobile, distance traveled, and velocity were measured 

over the 10-min recording (Fig. 1A). Both surface and Pachón cave forms displayed a 

stereotypic stress response to the novel tank, revealed by an initial preference for the bottom 

half of the tank (Fig. 1B). Pachón cavefish showed a gradual progression to explore the top 

half of the tank, and by 3–4 min after the trial began, they were exploring both halves with 

near-equal frequency (Fig. 1B). By contrast, surface fish displayed a consistent preference 

for the bottom half of the tank over the entire duration of the recording (Fig. 1B). We next 

quantified locomotion over the entire 10-min recording period. On average, cavefish were 

significantly more active, measured by total distance traveled and average velocity over the 

10-min recording (Fig. 1C, D). When the total duration in the top half of the tank was 

measured, the Pachón population spent significantly more time in the top portion relative to 

the surface population (Fig. 1E). Additionally, surface individuals spent more time 

immobile, akin to “freezing”, which is typically taken as a measure of anxiety (Cachat et al., 

2010) (Fig. 1F). The results suggest that the stereotyped stress response in the novel tank 

assay is reduced in Pachón cavefish compared to surface fish.

In zebrafish, some stress responses show sex-dependent differences (Rambo et al., 2017). 

We therefore reanalyzed total distance traveled and duration immobile taking sex into 

account. For both males and females, Pachón cavefish traveled more distance and spent less 

time immobile than surface conspecifics. However, for both cave and surface fish, there were 

no differences between males and females for time spent in the top half (male vs. female 

surface: 71.97 ± 94.3 s vs. 27.36 ± 41.41 s, p = 0.99; male vs. female Pachón cave: 308.43 

± 141.3 s vs. 363.43 ± 57.5 s, p = 0.99). Similarly, no sex-dependent differences were 

observed for time immobile between males and females (male vs. female surface: 285.43 

± 188.0 s vs. 303.52 ± 110.5 s, p = 0.99; male vs. female Pachón cave: 56.37 ± 123.1 s vs. 

15.89 ± 8.6 s, p = 0.99).

These data suggest no sex-dependent differences in bottom dwelling for A. mexicanus, and 

thus data from males and females was pooled for all subsequent experiments. Taken 

together, these data suggest that cavefish evolved reductions in their behavioral response to 

stress.
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3.2. Differences in stress between surface and Pachón cavefish are stable across trials

A common feature of innate stress responses in zebrafish is habituation, which is defined as 

the dampening of stress responses after repeated exposure to the aversive cue (Wong et al., 

2010). To address whether cave and surface fish habituated to this assay, we performed the 

bottom dwelling test in groups of adults across several days. We performed these 

experiments across three consecutive days to account for short-term habituation, and five 

days later to account for long-term habituation (Supplemental Fig. 1A-D). As before, 

Pachón cavefish spent more time in the top half and spent less time immobile compared to 

surface fish. Importantly, these measures were constant across all days measured for both 

cave and surface fish, revealing that neither form habituated to the novel tank (Supplemental 

Fig. 1A-B). Cavefish begin exploring top and bottom halves of the tank with near-equal 

frequency at approximately the fourth minute of recording (Fig. 1B), and thus quantifying 

behavior over the entire 10-min recording period could mask the effect of possible 

habituation. We therefore quantified time spent in the top and duration of immobility in only 

the first three minutes of recording over all days. These data revealed no significant 

differences in behavior across different days (Supplemental Fig. 1C-D), suggesting that, 

indeed, no habituation occurred. Lastly, because habituation can occur in shorter time scales, 

as is the case with Medaka (Matsunaga and Watanabe, 2010), we recorded groups of adult 

cave and surface fish at different time periods on the same day. Neither time spent in the top 

half or duration of immobility differed across time points for either the entire 10-min 

recording (Supplemental Fig. 1E-F) or the first three minutes only (Supplemental Fig. 1G-

H).

3.3. Reduced bottom dwelling in cavefish is indicative of diminished stress

In order to confirm that the differences we observed between the surface and Pachón 

cavefish were indicative of altered stress responses, we pre-treated both forms with an 

anxiolytic drug, buspirone. Buspirone is a serotonin 5-HT1A agonist that inhibits stress and 

anxiety in many vertebrates including humans and zebrafish (Bencan et al., 2009; Facchin et 

al., 2015; Gammans et al., 1989; Jacobson et al., 1985). Adult surface fish and Pachón 

cavefish were tested in the novel tank diving test without treatment to establish a baseline 

behavior. After the trial, each individual fish was treated in either a dose of buspirone or 

control solvent. Then, the fish was retested in a second novel tank test following a short rest 

period (Fig. 2A). In the absence of drug, Pachón cavefish spent more time in the top half of 

the tank compared to surface forms. However, after a brief 10-min exposure to buspirone, 

both surface and cavefish explored the top half significantly more than they did in the drug’s 

absence (Fig. 2B, C). When compared, there were no significant differences in duration 

swam in the top half or in immobility between surface and cave populations treated with 

buspirone (Fig. 2C, D, Dunn’s post-test, P > 0.99) for both. Buspirone had a moderately 

significant effect on total activity in cavefish (p = 0.045) and no effect on surface morphs (p 

= 0.293), suggesting that buspirone impacts locomotion only marginally (Supplemental Fig. 

2A, B). The anxiolytic effect indicated by increased exploration of the top half of the tank 

was not observed when non-drug treated fish were subjected to the second trial, fortifying 

the notion that reductions in stress response are due to the effect of buspirone treatment (Fig. 

2). Thus, these experiments confirm that the reduced bottom-dwelling behavior observed in 

Pachón cavefish is indicative of a diminished stress response.
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3.4. Differences in stress behavior in the novel tank is independent of vision

Reduced eye size and blindness in A. mexicanus cavefish have been shown to affect other 

behavioral traits such as shoaling and aggression (Burchards et al., 1985; Elipot et al., 2013; 

Espinasa et al., 2005; Gregson and De Perera, 2007; Kowalko et al., 2013b). We next asked 

whether the differences in stress responses observed in cave and surface forms could be 

attributed to differences in vision. To address this question, we performed the novel tank test 

on groups of adults in both lighted conditions as described before, as well as in constant 

darkness. We randomized the conditions such that some adults were recorded in light first 

and then re-recorded in darkness, and others were recorded in darkness first and then re-

tested in an illuminated room. As was the case for studies done in light, surface fish adults 

recorded in constant darkness explored less of the tank, spent less time in the top half, and 

had longer periods of immobility relative to Pachón cavefish (Fig. 3A-C). Additionally, 

surface fish covered less distance and exhibited reduced velocity (Supplemental Fig. 3A-B). 

Importantly, we found no significant differences between trials done in light and trials done 

in constant darkness (Fig. 3A-C; Supplemental Fig. 3A-B). Together, these data indicate that 

the differences in stress behavior observed between the surface fish and Pachón cavefish 

were not influenced by differences in vision.

3.5. Convergence of diminished stress in independently evolved cave populations

The multiple, independently evolved cave populations gave us the opportunity to explore 

whether dampened stress was specific to adults from the Pachón cave, or whether these 

changes had evolved in other cave populations. To address this, we performed the novel tank 

test on Molino and Tinaja cavefish populations (Fig. 4A). These populations were chosen 

because they represent models of convergent evolution and are genetically distinct from each 

other (Borowsky, 2008c). Similar to the Pachón population, Molino and Tinaja cave forms 

spent significantly more time in the top half of the tank as compared to the surface form 

(Fig. 4A-C). Both Molino and Tinaja cavefish were also significantly more active, covering 

larger distances and exhibiting higher velocity than the surface adults in the 10-min trials 

(Supplemental Fig. 4A, B). The results demonstrate convergence on diminished stress 

responses among multiple populations of Mexican cavefish, and raise the possibility that 

reduced stress response may be a common trait to cave life.

4. Discussion

A. mexicanus cavefish populations have evolved numerous morphological and physiological 

traits. In addition to traits such as loss of eyes and pigmentation, behaviors have also been 

shown to have evolved. Previous work, for example, has demonstrated evolved differences in 

sleep, circadian rhythms, shoaling, aggression, and feeding (Duboué et al., 2011; Kowalko et 

al., 2013b; Yoshizawa et al., 2010). Here, we find that multiple cavefish populations exhibit 

reduced behavioral stress responses in the novel tank assay, adding to the number of evolved 

behavioral traits that have been identified in cavefish.

4.1. Validation of reduced stress in cave-dwelling A. mexicanus

Various stimuli such as predators, osmotic stress, and thermal alterations induce behavioral 

measures of stress, and lead to reduced exploration, prolonged immobility or freezing, and 
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reduced social interaction (Facchin et al., 2015; Levin et al., 2007; Mateo, 2007; Ryu and De 

Marco, 2017; vom Berg-Maurer et al., 2016; Yeh et al., 2013). In fish, several behavioral 

assays exist for measuring stress in adults. Two popular assays are the open field test and 

light/dark preference test (Champagne et al., 2010; Maximino et al., 2010; Schnörr et al., 

2012; Shams et al., 2015). A tendency to follow the walls (thigmotaxis) of an open arena and 

a preference for dark compartments (scototaxis) are typically taken as measures of stress. 

Thigmotaxis has been investigated in adult A. mexicanus, and, although stress was not the 

primary focus of these studies, it was demonstrated that cavefish exhibit strong thigmotaxis 

(Patton et al., 2010; Sharma et al., 2009). Thigmotaxis is influenced by a number of factors, 

including sensitivity of the lateral line (Abdel-Latif et al., 1990; Patton et al., 2010), and 

dramatic differences in the lateral line exist between surface and cave A. mexicanus 
(Montgomery et al., 2001; Teyke, 1990), making assessing stress behaviors challenging 

using this assay. In the scototaxis test, surface fish have a strong preference for the dim 

compartment, whereas cavefish have no significant preference (Kowalko et al., 2013b). 

Similarly, the results are difficult to assess with respect to stress since cavefish are blind, and 

presumably, adults cannot sense changes in illumination as surface forms can.

We therefore turned to an assay that would be less dependent on lateral line function and 

visual input, the novel tank test, and demonstrate that compared to cavefish, surface fish 

have a stronger preference for the bottom half. These results are consistent with those 

suggesting higher levels of a stress hormone, cortisol, in surface fish following one stressor, 

acute confinement in a restricted space (Gallo and Jeffery, 2012), as well as those showing 

that surface fish have an innate preference for the bottom half of a tank compared to cavefish 

when recorded over a 3–5 day period (Carlson and Gross, 2017; Jaggard et al., 2018). Our 

data now demonstrate that the strong innate preference for the bottom half of a tank in 

surface fish is likely caused by higher levels of stress, as treatment with the anxiolytic 5-

HT1A agonist (Hamik et al., 1990), buspirone abolishes these differences, and causes both 

forms to prefer the top portion of the test tank. In support of the notion that this assay is 

independent of visual input, we found that surface forms had a greater degree of bottom 

dwelling and more time spent immobile in both lighted and darkened conditions.

4.2. Functional significance of reduced stress in cavefish

Caves throughout the world have similarities with one another, including perpetual darkness, 

cooler and more consistent water temperatures, and a lack or reduction in the number of 

primary producers (Poulson and White, 1969). As such, many cave animals have converged 

on a suite of behavioral modifications such as loss of sleep and altered locomotor rhythms 

(Duboué and Borowsky, 2012; Duboué et al., 2011; Hervant et al., 2000; Jegla and Poulson, 

1968), altered feeding (Dorigo et al., 2017; Kowalko et al., 2013a; Mammola and Isaia, 

2017), loss of social behavior (Almeida-Silva et al., 2009; Kowalko et al., 2013b; Yap et al., 

2011), and reduced aggression (Elipot et al., 2013; Manenti et al., 2015; Stritih and Kosi, 

2017). The functional significance of reduced stress in cavefish is not clear, yet it may be 

related to the lack of predators in the cave environment.

While there exists great variability in stress responses both within and between species, the 

ecological factors that contribute to these differences have been explored only modestly. In 
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the mosquitofish, Gambusia hubbsi, populations from high-predator troughs have higher 

behavioral measures of stress relative to same-species controls obtained from environments 

with few predators (Heinen-Kay et al., 2016). Similarly, fecal sampling of stress hormones 

in Belding’s ground squirrels demonstrates that individuals in the wild with myriad 

predators have higher levels of circulating cortisol compared to same-species controls that 

live in ecological environments with few predators (Mateo, 2007). These studies suggest that 

there is a positive correlation between predator threat and stress response. Cavefish also 

seem to follow this trend, where the populations with high predatory pressure have increased 

stress responses while those with fewer predators correspond to lower responses. It is likely 

that these traits became fixed in the cave populations over time, and continue to be retained 

in laboratory-bred animals. These data suggest that low predation can direct evolution 

causing animals to have lower stress responses.

4.3. Altered stress and neuroanatomical differences between cave and surface fish

Robust differences in neuroanatomy have been described in cave and surface fish, and these 

differences may point to the brain regions underlying differences in stress responses. One 

difference between the two forms is that the embryonic blind cavefish have a midline 

expansion of sonic hedgehog (shh), a morphogen that functions to establish, among other 

things, the dorsal-ventral axis of animals. Expanded shh signaling in cavefish is 

hypothesized to contribute to loss of eyes, and also secondarily is thought to cause an 

enlargement of the hypothalamus and the subpallium of the ventral telencephalon (Menuet et 

al., 2007).

Stress responses in mammals are driven by diverse brain regions (Tovote et al., 2015), but 

two of the most important in fish are pallial and subpallial areas of the telencephalon 

(analogous to the amygdala and extended amygdala in mammals) and the hypothalamus 

(Mueller et al., 2011; Portavella et al., 2004a, 2004b; Steenbergen et al., 2012; vom Berg-

Maurer et al., 2016). In mammals, the central nucleus of the amygdala has both stress-

inducing and stress-suppressing neuronal populations (Ciocchi et al., 2010; Li et al., 2013; 

Tye et al., 2011; Wilensky et al., 2006). The hypothalamus is a central regulator of stress 

responses, largely through the activation of neurons expressing corti-cotropin-releasing 

hormone (Cachat et al., 2010; Steenbergen et al., 2012; Yeh et al., 2013). It could therefore 

be that neuronal changes in either of these areas cause a global shift in the neurobiology 

underlying stress states, leading to the altered responses we observe. Future experiments 

using functional imaging should help to resolve which neuronal systems are responsible for 

the altered stress responses of cavefishes.

4.4. Cavefish as a model for studying evolutionary factors underlying stress response

Stress throughout development or at early life stages can have drastic impacts on stress states 

in adult forms. For example, in mammals, maternal deprivation or neglect in early life can 

lead to aberrant behaviors in adults such as increased aggression and increased anxiety. 

Moreover, the effect of environmental stressors on stress responses follows a characteristic 

inverted U-shaped curve, where both too much and too little stress in the environment can 

have debilitating effects in later life (Russo et al., 2012; Ryu and De Marco, 2017). The 

neuronal systems that lead to this environmental relationship are not well understood, but 
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they are thought to involve synaptic plasticity of the forebrain and epigenetic modifications 

of the crh gene (Elliott et al., 2010; Murgatroyd et al., 2009). In cavefish, adaptation to cave 

life would have been influenced by a near absence of natural stressors such as predators and 

fluctuations in water temperature and pH (Mitchell et al., 1977). We hypothesize that these 

reduced stress pressures put the cave at the left side of the “U”, and we suspect that without 

evolutionary modifications, cavefish would have debilitating stress states in adult forms.

The Mexican cavefish has emerged as a powerful model to study how neural circuits 

regulating diverse behaviors including stress responses are altered through evolution. 

Whether modifications in stress responses serve a functional purpose, and whether they are 

generalizable to cave life, is unclear. Further studies into stress responses of this valuable 

model may shed insight into the neuronal and genetic mechanisms that underlie the observed 

differences.

Supplementary Material
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Fig. 1. Reduced stress-related behaviors in Pachón cavefish compared to surface populations.
(A) Representative swimming trajectories of a surface and Pachón fish. (B) Analysis of each 

minute over a 10-min trial showing percentage of the minute spent exploring the top half of 

the novel tank. Statistical significances represent comparisons to the first minute. Data 

analyzed by a Friedman test followed by Dunn’s multiple comparison test: ** indicates P < 

0.005; *** indicates P < 0.0001 (Pachón: Minute 1 vs. 4 – P = 0.0038; Minute 1 vs. 5 – P = 

0.0017). (C-F) Total distances traveled (C), velocity (D), time spent in top half (E), and 

duration immobile (F) for surface and Pachón cavefish in the 10-min trial. C-F analyzed by 

Mann-Whitney test: *** indicates P < 0.0001. (Surface: n = 16; Pachón: n = 15) Error bars ± 

s.e.m.
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Fig. 2. Pre-treatment with an anxiolytic drug, buspirone, reduces bottom dwelling behavior in 
surface and cavefish alike.
(A) Diagram of experimental workflow. (B) Representative trajectories of a surface and 

Pachón adult in a novel tank before and after drug treatment. (C) Quantifications of total 

duration spent exploring the top half of the novel tank in 10-min trials pre- and post-

treatment. Striped bars - Surface(−) vs. Surface(+): P = 0.019; Pachón(−) vs. Pachón(+): P = 

0.0074. (D) Quantification of total duration that individuals were immobile. Striped bars - 

Pachón(−) vs. Pachón(+): P = 0.010. Surface(−) vs. Pachón(−): P = 0.0069. (Surface without 

buspirone treatment: n = 5; Surface with buspirone treatment: n = 4; Pachón without 

buspirone treatment: n = 5; Pachón with buspirone treatment: n = 5) Darker-colored bars 

denote baseline measurements, while lighter-colored bars denote second trials. (−) indicates 

system water, (+) indicates 12.5 mg/L buspirone dissolved in system water. Striped bars 

indicate sets of groups that undergo buspirone treatment, whereas solid bars indicate groups 

that were treated with system water only. Data analyzed by paired t-test: * indicates P < 

0.05; ns indicates not significant. Error bars ± s.e.m.
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Fig. 3. Differences in stress responses between surface and cavefish are not due to differences in 
vision.
(A) Representative swim paths of a surface and Pachón individual during a 10-min trial in 

the novel tank assay done in lighted conditions (white background) or in the dark (shaded 

background). (B) Quantification of the total duration spent in the top half of the tank during 

the 10-min recording period, in lighted conditions (L) and in the dark (D). Surface (L) vs. 

Pachón (L): P = 0.0018. Surface (D) vs. Pachón (D): P = 0.00030. (C) Quantification of total 

duration spent immobile in L and in D. Surface (D) vs. Pachón (D): P = 0.0028. Data 

analyzed by Kruskal-Wallis test, followed by Dunn’s posthoc: * * indicates P < 0.005; ns 

indicates not significant. (Surface: n = 8; Pachón: n = 7) Error bars ± s.e.m.

Chin et al. Page 17

Dev Biol. Author manuscript; available in PMC 2019 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Convergent evolution of reduced innate stress responses in the Molino and Tinaja cave 
populations.
(A) Representative swim paths for surface, Molino, and Tinaja adults during the novel tank 

diving test. (B) Quantification of the total duration spent in the top half of the tank during 

the 10-min observation period. Surface vs. Molino: P = 0.00090. Surface vs. Tinaja: P = 

0.023. (C) Quantification of total duration spent immobile. Surface vs. Molino: P = 0.011. 

Surface vs. Tinaja: P = 0.0035. (Surface: n = 6; Molino: n = 7; Tinaja: n = 8) Data analyzed 

by Kruskal-Wallis test followed by Dunn’s multiple comparison test: * indicates P < 0.05; 

** indicates P < 0.005; ns indicates not significant. Error bars ± s.e.m.
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