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Evolutionary adaptation to a subterranean habitat consisting of extensive underground tunnel systems would presumably require adept spatial learning and memory, however, such capabilities have not been characterized to date in naked mole-rats (Heterocephalus glaber) which, like other members of Bathyergidae, are subterranean rodents. The goal of this study was to develop a method for effectively assessing spatial learning and memory by modifying a Hebb-Williams maze for use with these subterranean rodents. Established behavioral tests to assess spatial learning and memory have primarily focused on, and have been optimized for, more typical laboratory rodent species such as mice and rats. In the current study, we utilized species-appropriate motivators, analyzed learning curves associated with maze performance, and tested memory retention in naked mole-rats. Using a modified Hebb-Williams maze, naked mole-rats underwent 3 days of training, consisting of five trials per day wherein they could freely explore the maze in search of the reward chamber. Memory retention was then tested 1 day, 1 week, and 1 month following the last day of training. Performance was analyzed based on latency to the reward chamber, errors made, and distance traveled to reach the reward chamber. Overall, this study established a behavioral paradigm for assessing maze navigation, spatial learning, and spatial memory in subterranean rodents, including optimization of rewards and environmental motivators.
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INTRODUCTION

The elaborate tunnel systems maintained by bathyergids are indicative of adept spatial navigation skills. This is supported by studies that have been conducted in other subterranean species (Kimchi and Terkel, 2001, 2004; Costanzo et al., 2009; Oosthuizen et al., 2013; Brachetta et al., 2014; Oosthuizen, 2020), including one study that demonstrated that Damaraland mole-rats outperformed voles and rats in long-term memory tests (Kimchi and Terkel, 2001). However, limited research has focused on maze optimizations for testing spatial learning and memory in subterranean species, and no such studies have been conducted in naked mole-rats to date.

Naked mole-rats are a rodent species native to eastern Africa (Sherman et al., 1991). Like other bathyergids, they are subterranean rodents that thrive in hot, humid environments and construct complex burrows of interconnected underground tunnels (Sherman et al., 1991). More extensive burrow systems are associated with greater spatial memory performance in other mole-rat species, likely due to the daily reliance on spatial cues required to navigate these underground labyrinths (Costanzo et al., 2009). These systems include designated living areas that consist of toilet chambers, food chambers, and nesting chambers (Faulkes and Bennett, 2021; Smith and Buffenstein, 2021), the complexity of which may also warrant well-developed spatial memory. Naked mole-rats establish subterranean tunnel systems that can extend several kilometers in length (Brett, 1991), which may be attributable in part to their large colony sizes of up to approximately 300 animals (Faulkes and Bennett, 2021). Both naked mole-rats and Damaraland mole-rats exhibit a social hierarchy characterized by set divisions of labor, as well as generally having one queen as the only reproductively active female (Wilson, 1971; Buffenstein et al., 2022). In Damaraland mole-rats, large colony sizes contributed to increased spatial navigation skills (du Toit et al., 2012), but this has yet to be experimentally investigated in naked mole-rats.

The subterranean habitats of Bathyergidae have resulted in evolutionary adaptations of sensory capabilities and related anatomical and neuroanatomical systems which must be considered when developing and interpreting behavioral tests. Traditionally, behavioral paradigms within a laboratory setting have been designed for more typical animal models (e.g., mouse and rat) and have incorporated aspects suited to their visual and hearing capabilities. These designs are often not translatable to more atypical research models, such as the subterranean naked mole-rat (Heterocephalus glaber), for whom sensory limitations such as functional blindness play a role (Hetling et al., 2005). In particular, spatial memory testing paradigms such as the Morris water maze (Morris, 1984) and radial arm maze (Olton and Samuelson, 1976; Brown and Cook, 1986) often rely on visual cues that provide a basis for navigation while in the maze.

Designing behavioral tasks for subterranean rodents requires taking into account their divergent sensory abilities from other members of Rodentia, as well as incorporating appropriate motivators. In the current study, we developed an effective paradigm for investigating spatial learning and memory in naked mole-rats, with consideration of a range of factors that may affect navigational memory abilities among colony members including age, sex, body mass, and dominance ranking within the social hierarchy. We hypothesized that naked mole-rats would exhibit spatial learning in a customized maze design by reaching the reward chamber faster (reduced latency) and with optimized navigation (shorter total distance traveled and fewer errors committed) across training trials, and that spatial memory would be robust based on the naked mole-rat’s adaptations to a subterranean habitat.



MATERIALS AND METHODS


Animals

Forty-three naked mole-rats (H. glaber; Rüppell, 1842) (25 female, 18 male) encompassing a range of body masses and ages were used in this study. For a preliminary study using a non-continuous maze design, eight animals were used (Table 1). Following improvements to the maze design and incorporation of a continuous maze, thirty-five animals were used. Six of these animals were excluded due to missing data for their dominance ranking. Eleven additional animals had no more than one missing trial data point. For these eleven animals, the missing data point was replaced with linear interpolation. One additional animal was excluded as an outlier due to data points in the first learning trial exceeding ten standard deviations of the mean, while another was excluded due to passing away before the end of data collection. Thus, 27 animals were included in the continuous maze study (Table 1). For the memory probe analysis, two additional animals were excluded, one as an outlier with values that exceed 10 standard deviations of the mean and the other excluded for missing multiple data points. Thus, 25 animals of the initial 27 were included in the memory probe analysis. Body masses of the animals included in the analysis ranged from 23.0 to 101.0 g (Braintree Scientific compact portable scale model CB 1,001 with 0.1 g precision), with ages ranging from 0.39 to 6.68 years at the start of testing. All of the naked mole-rats were members of one of two laboratory breeding colonies (Colony A and Colony B) maintained in-house, with varying status within the colony (queens, breeders, non-breeders). Not all members of each colony were used. Animals were excluded based on involvement in other ongoing studies. The vivarium housing for each colony was maintained at approximately 27.8–30°C and at least 40% relative humidity, without a light/dark cycle due to the subterranean habitat of the animals (Sherman et al., 1991). Animal housing consisted of a series of chambers interconnected with tubing and designed to mimic their natural burrow systems. Free access to food and ample bedding were provided (for further housing details, see Artwohl et al., 2002). All aspects of the research performed for this study complied with our protocol approved by the Institutional Animal Care and Use Committee at Southern Illinois University, Carbondale, IL, United States, and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication Nos. 8023 and 1978).


TABLE 1. Descriptive statistics (values shown are mean ± SEM, and range) for naked mole-rats used across two different spatial maze designs.
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Maze Design

We designed modified versions of the Hebb-Williams maze, a common paradigm for testing spatial learning and memory in rodents. Modifications to the Hebb-Williams maze were based on studies that used similar tests of spatial navigation in other atypical rodent animal models, including the subterranean tuco-tuco (Antinuchi and Schleich, 2003; Schleich, 2010; Brachetta et al., 2014) and the blind mole-rat (Kimchi and Terkel, 2001, 2004). The mazes were constructed using PVC pipes that were cut in half longitudinally and covered with a sheet of clear acrylic, creating a trough for the animals to navigate through while allowing visibility for video recordings. The tubing had a 2” diameter, equal to the tubing in the housing chamber tunnel systems for the naked mole-rats. This tubing width was chosen based on previous research that showed greater learning and memory performance in the blind mole-rat when using narrower pathways that provide tactile cues in mazes (Kimchi and Terkel, 2004).

The first maze design we tested was non-continuous and included dead-ends (Figure 1A) similar to other Hebb-Williams-based mazes (Kimchi and Terkel, 2001, 2004; Costanzo et al., 2009; du Toit et al., 2012). Preliminary testing using a cohort of eight animals was conducted for this version of the maze (Table 1). Any dead-ends within the maze were sealed and a clear acrylic sheet was placed on top of the maze, allowing visualization of animal behavior and performance in the mazes from above. The reward chamber consisted of a cylindrical housing chamber made of clear cast acrylic with 8” diameter, 10” height, and 1/4” wall thickness. This reward chamber was heated with a heat lamp and filled with bedding from the animal’s home colony. It was connected to the maze via a clear cast acrylic 2” diameter connector tube with 1/4” wall thickness (US Plastics, Item #44530). Performance was measured using latency to the reward chamber, total distance traveled before reaching the reward chamber, and number of entries into the error zones. An entry into an error zone was counted if over 50% of the animal’s body passed into the zone, regardless of the direction of entry.
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FIGURE 1. Naked mole-rat behavioral testing configurations. (A) Modified Hebb-Williams maze with a non-continuous maze design that included dead ends. Gray regions indicate areas where an error was recorded upon entry. (B) Modified Hebb-Williams maze with a continuous design lacking dead ends and sharing more similarities with the extensive, interconnected underground tunnel systems of the naked mole-rat’s habitat. (C) Motivator testing setup. Animals were placed in the start chamber and allowed 2 min to freely explore. Animal performance was tested using a range of motivators in the reward chamber and compared to performance when that chamber was empty. (D) Dominance testing setup. Animals were placed at the indicated entry points of each chamber, facing toward one another, and analyzed for how many times one passed over the other through the tubing across three trials.


Naked mole-rats react strongly to blockages in tunnels by persistently digging and biting in an attempt to get past the blockage (Sherman et al., 1991). During initial maze design testing (Figure 1A), we found that this distraction affected completion of the maze (“Fail Rate,” Table 1). Fail rate was calculated as the percentage of learning trials (Trial 1–15) in which animals did not complete the maze in the allotted 5 min (Table 1).
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To address this, we redesigned the maze to a continuous configuration that lacked dead-ends (Figure 1B) and tested thirty-five animals in this maze configuration (Table 1). This allowed us to more effectively investigate whether the animals would be more motivated to complete the maze without having attention diverted from seeking the reward chamber due to dead-end distractors.



Reward Testing

In order to test the effectiveness of a range of motivators in naked mole-rats, and subsequently use the most effective motivator in the reward chamber, a separate experiment was performed prior to using the continuous maze. The same eight animals used in the testing of the first maze design were utilized to determine appropriate motivators for naked mole-rats. First, as a control, a start chamber was connected to a separate empty chamber using an L-shaped connector tube. Each animal’s behavior was first assessed in this control condition (see Data Analysis below). To test the effectiveness of a range of motivators, a motivator was added to the empty chamber, making it a reward chamber (Figure 1C). For the control test, each animal was placed in the start chamber and observed for one trial of 2 min in duration. Time spent in each chamber and latency to enter the empty chamber were recorded. This was then compared to each animal’s performance with a motivator present in the reward chamber. All animals were tested with one motivator (e.g., heat lamp) for one trial of 2 min in duration before switching to the next motivator, and motivators were tested in the following order: heat lamp, darkened chamber (shielded from outside light with black construction paper), food (sweet potato, banana baby food, and ProNutro—all items placed together in the food chamber, for all animals tested), home colony bedding, and foreign colony bedding (Table 2). The start and empty or reward chambers were wiped with 70% isopropyl ethanol between testing sessions with different animals. The resulting optimized motivator, a combination of home colony bedding and a heat lamp, was used for the continuous maze reward chamber.


TABLE 2. Assessment of reward chamber motivators.
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Determination of Dominance Rank

Social hierarchy rank was determined using a dominance testing paradigm modeled after similar testing in previous studies in naked mole-rats (Clarke and Faulkes, 1997, 1998). All animals used in the continuous version of the maze were marked with their ID numbers on their backs using a permanent marker to allow for visual tracking of behaviors during dominance testing. Two researchers placed one naked mole-rat each in separate, circular chambers. Both chambers were connected via a clear polycarbonate tube. The animals were oriented at the open ends of the tube such that they met face to face when they moved in a forward direction (Figure 1D). Encounters were only rated if one animal passed over the top of another while in the tube. The test session ended after three instances of face-to-face pass-over behaviors were recorded. After each session, the chambers and tubing were cleaned with 70% isopropyl alcohol. Animal pairings were randomly generated with no pair undergoing more than one testing session together. Each animal underwent at least three testing sessions, each with a novel paired animal.

Dominance ranking was determined for the continuous maze animals using previously described methods with naked mole-rats (Clarke and Faulkes, 1997; Gilbert et al., 2020). Using a package extension for use with R Studio (R Core Team, 2021) to calculate the Elo rating (Neumann and Kulik, 2020), the results of each testing session across multiple days were entered to yield the rank of each individual animal tested. The higher the ranking, the more dominant the animal.



Experimental Paradigm

All spatial learning trials occurred within the same 4 h time block across every day of testing (8 a.m.–12 p.m.). All testing was performed in a brightly lit behavior room, maintained at 18.5–21°C and at least 40% relative humidity. Animals were brought into the room in transfer chambers and allowed to acclimate in the reward chamber of the maze for 5 min. Animals were then removed from the reward chamber and placed at the predetermined entry point of the maze, facing forward (Figures 1A,B). The naked mole-rat was allowed to explore the maze until it reached the reward chamber. The trial was considered complete when 5 min elapsed or when the animal successfully navigated to the reward chamber, whichever came first. If the animal was unable to reach the reward chamber before 5 min elapsed, it was gently guided to the chamber by the experimenter following cessation of the trial and the trial counted as a failed trial. Upon entry into the reward chamber, a block was placed at the entrance to prevent reentry into the maze. The animal was allowed 5 min to rest in and explore the chamber, after which time the next trial began. Performance was recorded with a camcorder (FHD 1080P, YEHOOVJIANGER) and analyzed in real-time using ANY-maze software (Stoelting Co., Wood Dale, IL, United States).

Animals underwent spatial learning/training for three consecutive days with five trials per day for a total of fifteen trials (Figure 2). Between each trial, the maze was cleaned with 70% isopropyl alcohol to reduce the effect of olfactory cues on performance in subsequent trials. After each day of testing, the maze was deconstructed and washed with non-scented soap and water. Spatial memory retention was tested 1 day and 1 week following the last day of training for the non-continuous maze and 1 day, 1 week, and 1 month for the continuous maze (Figure 2). On memory probe days, the animal freely explored the maze for one trial of 5 min or until it reached the reward chamber, whichever occurred first. In memory probe trials, the reward chamber contained the same motivators used in learning trials. If the animal was unable to complete the maze within the 5 min allotted, it was returned to the colony without being guided to the reward chamber.
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FIGURE 2. Spatial learning and memory testing timeline. For both the non-continuous maze and the continuous maze, animals underwent 3 days of behavioral training consisting of five trials per day. One day, 1 week, and 1 month following the last day of training, animals underwent a single memory probe trial. *One month memory probe trial was performed for the continuous maze but was not performed for the non-continuous maze due to the lack of a learning curve (see Figure 6).




Data Analysis

Paired sample t-tests were first used to examine the effectiveness of different motivators for use in the reward chamber. P-values were first calculated by using raw values to compare latency to the reward chamber vs. latency to the empty chamber (Figure 3A) and dwell time in the reward chamber vs. dwell time in the empty chamber (Figure 3B). The dwell time ratio for reward (DTRR) and control conditions with an empty chamber (DTRE) were calculated as follows, where DTS represents the dwell time spent in the start chamber under reward (DTSR) vs. control conditions with an empty chamber (DTSE), and DT represents the dwell time in the finish chamber between control (DTE, dwell time spent in the empty chamber) vs. reward conditions (DTR, dwell time spent in the reward chamber):
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FIGURE 3. Effectiveness of different motivators for naked mole-rats. (A) Of the motivators tested, home colony bedding, foreign colony bedding, and heat resulted in the shortest latencies to enter the reward chamber compared to an empty chamber. (B) Both home and foreign colony bedding resulted in the greatest increase in dwell time in the reward chamber compared to the start chamber. (C) In assessing the Dwell Time Ratio, animals spent relatively more time in the reward chamber compared to the start chamber when either home or foreign colony bedding was present. A negative percentage indicates more time spent in the reward chamber than the start chamber. *Indicates a significant (p < 0.05) difference from the empty chamber value. s, seconds.


A paired sample t-test was also conducted for DTRR vs. DTRE (Figure 3C). Bonferroni corrected p-values were used to determine significance. A summary of results from the paired sample t-tests can be found in Table 2.

For the continuous maze, latency to the reward chamber and distance traveled were analyzed to investigate spatial learning and memory performance (analyses adapted from Vallianatou et al., 2020). For animals with one trial’s worth of missing data points, the missing points were linearly interpolated by averaging the values for the trial preceding the missing point and the trial following the missing point (e.g., a Trial 4 data point was interpolated by averaging the values of the animal on Trial 3 and Trial 5). To investigate differences in the learning phase of the continuous maze, we used two different multivariate repeated measures factorial MANOVAs. These models incorporated body mass and age as covariates; sex and colony as fixed factors; and latency and distance as dependent measures. These models were used to determine any main effects or interactions on performance in a manner similar to previous studies (Costanzo et al., 2009; Oosthuizen et al., 2013; Oosthuizen, 2020). The first repeated measures MANOVA used both Day and Trial as within-subjects factors, wherein each day was subdivided into its respective 5 trials. The second model was used for ease of interpretation and modeled only Trials without distinguishing by days. In the second model, Trials were analyzed as Trial 1 through Trial 15 rather than Day 1 through 3 each with Trial 1 through Trial 5. Estimated marginal means and confidence intervals from these models were used to graph the adjusted performance values (see Figures 5, 6). These models adjusted for the covariates at Body Mass = 54.60 g and Age = 2.94 yrs. The repeated measure MANOVA was also conducted separately for each colony in order to incorporate dominance ranking as a covariate. These colony specific analyses were done because no dominance testing can be performed between animals of different colonies, as this testing results in lethal confrontations. The colony-specific models used body mass, age, and dominance ranking as covariates; sex as a fixed factor; and latency and distance as dependent measures. These analyses were also performed in two separate ways, one with two repeated measures Day and Trial and the second with Trials as the only within-subject factor. Colony An estimated marginal means were computed using: Mass = 54.63 g, Age = 2.35 years, Rank = 957.40. Colony B estimated marginal means were computed using: Mass = 54.56 g, Age = 3.49 years, Rank = 1002.96. All aforementioned statistical analyses were also conducted as separate repeated measures ANOVAs with speed as the dependent variable to complement the latency and distance analyses. These models were conducted separately because speed is equal to distance divided by latency. Bonferroni correction was utilized for post hoc pairwise comparison for all Day and Trial effects.

Performance percentages on memory probe trials were computed for both maze configurations (non-continuous and continuous), comparing performance (latency and distance traveled) from individual memory probe days to the last training day. Latency and distance traveled were analyzed for both continuous and non-continuous maze designs, whereas errors were analyzed only for the non-continuous maze design. These were calculated such that the value from the memory probe trial (1, 2, or 3) was divided by the last training day trial (Trial 5 on training Day 3; Figure 2 and Table 3). A Repeated Measures MANOVA using latency performance and distance performance as dependent measures; body mass and age as covariates; sex and colony as fixed factors; and memory probe trial (1, 2, or 3) as the within-subjects factor. This analysis was conducted for each colony separately and combined. This set of statistical analyses for memory probe trials were also conducted as repeated measures ANOVAs with speed as the dependent variable in lieu of latency and distance.


TABLE 3. Performance comparisons between both maze conformations to assess spatial memory.
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RESULTS


Testing the Relative Effectiveness of a Range of Behavioral Motivators in Naked Mole-Rats

We tested different motivators in order to optimize subsequent spatial maze testing performance (Figure 1C). Using paired sample t-tests for the raw values of latency, dwell time, and dwell time ratio compared to the empty chamber, similar motivators proved to be significant (Table 2 and Figure 3). Latency was enhanced with the presence of home colony bedding [t(7) = 5.904, p = 0.003] or foreign colony bedding [t(7) = 5.352, p = 0.005], with heat approaching significance [t(7) = 3.21, p = 0.075]. Dwell Time Ratio was not significant for any motivator tested, but Dwell Time was significantly greater when home colony bedding [t(7) = −9.623, p < 0.001] or foreign colony bedding [t(7) = −7.904, p < 0.001] were present in the reward chamber. Based on these sets of analyses, heat and the presence of either bedding type (foreign or home bedding) were the most effective motivators when presented independently. Thus, both heat and home bedding were chosen for the reward chamber in subsequent continuous maze testing. Foreign colony bedding, though also effective, was not selected based on the potential risk of an experimental animal being attacked upon reintroduction to the home colony due to smelling like an intruder (Braude et al., 2021).



Spatial Learning in Naked Mole-Rats

For the preliminary data set collected using a non-continuous maze design (n = 8; Figure 1A), no learning curves were evident across training trials for latency to the reward chamber (Figure 4A), total number of errors (wrong turns) made (Figure 4B), or total distance traveled (Figure 4C). Fail rate was also high (Table 1). The poor performance of naked mole-rats in this non-continuous maze design, along with the observation that the non-continuous maze design may have created a confound (i.e., dead-ends proving to be strong distractors that obscured the true potential for naked mole-rats to exhibit spatial learning, and memory improvements), led us to redesign the maze in a continuous layout with no dead-ends.
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FIGURE 4. Non-continuous spatial maze learning performance in naked mole-rats. Preliminary data were collected (n = 8) using a non-continuous modified version of the Hebb-Williams maze (see Figure 1A) to investigate spatial learning and memory capabilities in naked mole-rats across 15 training trials (5 trials per day for 3 days). (A) Latency to reach the reward chamber was averaged across animals for each of the training/learning trials. Non-continuous maze performance exhibited a very gradual latency learning curve with a trend toward decreased latency across trials but large variability in individual performance. (B) The average number of entries into an error zone was plotted for all animals tested across the training/learning trials. No error reduction learning curve was present for the non-continuous maze. (C) Total distance traveled prior to reaching the reward chamber was averaged across animals for each trial and plotted for all training/learning trials. Non-continuous maze performance exhibited large variability in individual performance and no learning curve related to decreases in distance traveled (optimizing route to the reward chamber). m, meters; s, seconds.
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FIGURE 5. Continuous spatial maze learning performance in naked mole-rats. Data were collected (n = 27) using a continuous maze design (see Figure 1B) to investigate spatial learning and memory capabilities in naked mole-rats across 15 training trials (5 trials per day for 3 days). (A) Average latency to the reward chamber revealed a distinct learning curve across training/learning trials. Comparison of trial 1 to trials 2–15 revealed a significant decrease in latency by trial 3. (B) Average total distance traveled also exhibited a learning curve across training/learning trials. Comparison of trial 1 to trials 2–15 revealed a significant decrease in distance by trial 3. (C) Average speed traveled significantly increased across training trials by Trial 6. *p < 0.05 when compared to Trial 1. m, meters; s, seconds.



[image: image]

FIGURE 6. Continuous spatial maze learning curves using estimated marginal means. (A) Latency to the reward chamber was significantly reduced on average in Trials 2, 3, 4, and 5 as compared to Trial 1 across Days 1–3, demonstrating a main effect of trial independent of day for latency. (B) The mean latency for each learning day showed that animals reached the reward chamber in significantly less time on Days 2 and 3 compared to Day 1. (C) Animals exhibited significant learning effects when comparing distance traveled on Trials 2, 3, and 5 to that of Trial 1 across Days 1–3, demonstrating a main effect of Trial independent of Day for distance. (D) Animals traveled significantly less distance on Day 2 compared to Day 1. Covariates appearing in the model were evaluated at the following values: Mass = 54.60, Age = 2.94.*p < 0.05. m, meters; s, seconds.


Both colonies (Colony A and Colony B) were analyzed together for maximum power with the continuous maze design (n = 27; Figure 1B), and using a repeated measures MANOVA that did not model the effect of testing on separate days for simplicity of interpretation. This analysis revealed a distinct learning curve across the 15 training trials (Figure 5A) that was absent in the non-continuous maze. There was a multivariate effect of trial number on performance [F(28, 588) = 3.074, p < 0.001, Figure 5A and Supplementary Table 1]. The multivariate effect of Trial was driven by main effects on both latency and distance. Repeated pairwise comparisons of Trial 1 with Trials 2–15 revealed that latency (Bonferroni corrected p < 0.05, Figure 5A and Supplementary Table 1) and distance (Bonferroni corrected p < 0.05, Figure 5B and Supplementary Table 1) decreased significantly by the 3rd trial, whereas speed increased significantly by the 6th trial (Bonferroni corrected p < 0.05, Figure 5C and Supplementary Table 3). In addition, female animals had a significantly larger increase in speed across learning trials than males [F(14, 294) = 2.811, p = 0.001, Supplementary Table 3], though there were no significant differences between sexes for latency and distances across trials.

When utilizing a model that did incorporate separate testing days into the model similar results were obtained. There was a multivariate effect of Trial [F(8, 168) = 3.732, p < 0.001, Supplementary Table 2] driven by significant main effects of trial on both latency [F(4, 84) = 5.494, p = 0.001, Supplementary Table 2] and distance [F(4, 84) = 2.809, p = 0.031, Supplementary Table 2], but not speed [F(4, 84) = 2.396, p = 0.051, Supplementary Table 4]. Bonferroni-corrected pairwise comparisons showed that animals traveled significantly less during Trials 2, 3, and 5 of any given day vs. Trial 1 (−1.888, −2.4843, −1.910, and −2.574 m respective changes; p < 0.05; Figure 6C and Supplementary Table 2). Similarly, latency significantly decreased from Trial 1 to Trials 2, 3, and 5 (−43.515, −61.82, and −72.84 s respective changes; p < 0.05; Figure 6A and Supplementary Table 2).

There was no multivariate effect of Day, independent of trial number. There was also no univariate main effect of Day on latency, speed, or distance traveled to reach the reward chamber. However, pairwise comparisons demonstrated that distance decreased significantly between Day 1 and 2 of training (−1.768 m, Bonferroni corrected p = 0.002; Figure 6D and Supplementary Table 2). There was no significant decrease between distance traveled Day 1 and 3 of training. The average latency across trials on Day 1 of the learning period was significantly longer than latencies on Day 2 (70.376 s, p < 0.05; Figure 6B and Supplementary Table 2) and Day 3 (76.556 s, p < 0.05; Figure 6B and Supplementary Table 2).

There was a significant multivariate Day by Trial interaction [F(16, 36) = 3.534, p < 0.001, Supplementary Table 2] driven by significant interactions for both latency [F(8, 168) = 6.006, p < 0.001, Supplementary Table 2] and distance [F(8, 168) = 4.084, p < 0.001, Supplementary Table 2]. There was also a significant interaction of Day and Trial on speed [F(8, 168) = 2.40, p = 0.018, Supplementary Table 4]. Both latency and distance demonstrated the greatest performance improvements across trials on Day 1 of training with performance improvements plateauing across trials in Days 2 and 3, showing that most learning occurred on Day 1.

There was no multivariate interaction between Day and Body Mass, however, there was a univariate effect on latency [F(2, 42) = 4.137, p = 0.023, Supplementary Table 2], but not distance. Larger animals had higher latencies to reach the reward chamber in early days of training with these differences decreasing across days despite all animals traveling comparable distances.

No multivariate interaction of Trial by Age was present. However, there was a univariate effect of Trial by Age on distance [F(4, 84) = 2.580, p = 0.043, Supplementary Table 2] indicating better performance for younger animals in Trials 2 and 3, but for older animals in Trials 4 and 5. There was also a significant multivariate 3-way Day by Trial by Body Mass interaction [F(16, 336) = 1.988, p = 0.013, Supplementary Table 2] driven by significant interactions on both latency [F(8, 168) = 3.245, p = 0.002, Supplementary Table 2] and distance [F(8, 168) = 2.398, p = 0.018, Supplementary Table 2]. This effect indicated that the shape of the learning curve across days and trials was impacted by body mass with smaller animals showing faster learning initially, with more variable performance in later training trials.

There was no Day by Trial by Sex multivariate interaction on performance, nor univariate effects on latency and distance. However, there was a significant 3-way univariate interaction on speed. Female animals increased speed throughout learning trials significantly more than males [F(8, 168) = 3.443, p = 0.001, Supplementary Table 4].

No other multivariate or univariate effects or interactions (Day by Age, Day by Sex, or Day by Colony, Trial by Mass, Trial by Sex, and Trial by Colony) were significant for latency to reach the reward chamber, distance traveled, or speed.

In order to incorporate dominance ranking (a colony specific measure), into the GLM, the data set was split by colony for analysis. There were no significant effects of dominance rank on latency or distance across trials and days, nor were there any interactions of dominance rank with any of the other variables in the model (for detailed statistics see Supplementary Tables 1, 2). Speed traveled varied by dominance rank for Colony B with subordinate animals traveling faster across trials than dominant animals (for detailed statistics see Supplementary Tables 3, 4).

These findings indicate that naked mole-rats exhibited significant spatial learning in the continuous maze. The bulk of the performance improvements occurred within the first 3 trials, indicating rapid spatial learning. Both latency and distance calculations were informative in assessing spatial learning gains in this particular maze configuration in naked mole-rats, suggesting that naked mole-rats were able to rapidly learn to navigate the continuous maze design.



Spatial Memory in Naked Mole-Rats

Mean performance was analyzed across memory probe trials for both the non-continuous maze and the continuous maze (Table 3). There were no significant differences between the last trial of the last learning day vs. memory probe trials 1, 2, or 3 in assessing latency (Figure 7A) or distance traveled (Figure 7B), nor any effects of age, sex, ranking, or mass. This indicates that spatial memory was retained for at least 1 month in naked mole-rats.


[image: image]

FIGURE 7. Continuous spatial maze memory performance in naked mole-rats. Animals were tested for spatial memory retention at 1 day, 1 week, and 1 month (memory probe 1, 2, and 3, respectively) following training. Dashed lines indicate the point of equivalence for performance on the last training day. (A) Latency across memory probe trials, with memory probe trial latency performance shown as a percentage of the last trial on the last training day in the learning phase of testing. No significant differences were found, indicating spatial memory retention, although this could be skewed by the high variability present. (B) Total distance traveled across memory probe trials, with distance traveled during the indicated memory probe trial shown as a percentage of the distance traveled on the last trial of the last training day. No significant impairments in performance were noted across the three time points.





DISCUSSION

The present study created a customized and effective maze design for testing spatial learning and memory in naked mole-rats. We predicted that animals would exhibit spatial learning by reaching the reward chamber faster (reduced latency) and more adeptly (shorter total distance traveled, and/or fewer errors committed, indicating optimized maze navigation) across training trials. This would result in steep learning curves and abrupt plateaus upon reaching peak performance. In order to effectively create a maze to evaluate these measures of learning and memory, we made targeted alterations to the Hebb-Williams maze design for use in naked mole-rats based on their unique sensory systems.

Naked mole-rats are functionally blind, with low visual acuity but some remnants of light sensitivity. The olivary pretectal nucleus, a region implicated in light detection, is small but maintains its typical morphology (Crish et al., 2006). Paired with conserved pupillary constriction responses to light, in addition to behavioral responses to light detection (e.g., freezing behaviors with sudden changes in brightness), naked mole-rats retain the ability to detect changes in light intensity (Hetling et al., 2005) but are otherwise visually impaired. Such reductions in visual capabilities are thought to conserve sensory resources in favor of other modalities (e.g., tactile) that are more useful in underground tunnel systems which lack many meaningful visual cues that would facilitate behaviors such as navigation. Because traditional protocols for spatial mazes utilize visual cues, adjustments were necessary to accommodate the visual deficits of naked mole-rats.

The naked mole-rat’s subterranean habitat is also thought to have driven a reduction in auditory capabilities. Naked mole-rats are most sensitive to frequencies between 65 and 12.8 kHz (Heffner and Heffner, 1993; Okanoya et al., 2018). Naked mole-rats demonstrate poor sound localization in addition to having smaller auditory brainstem nuclei related to binaural, high-frequency sound processing (Heffner and Heffner, 1993). Their cochleas are characterized by less extensive coiling (Mason et al., 2016). These features, along with differential variations in hair cell density within the cochlea (Barone et al., 2019), are all possible contributions to the demonstrated poor sound localization abilities in this species (Heffner and Heffner, 1993). Due to the relatively reduced auditory capabilities of naked mole-rats, auditory stimuli were not incorporated into the spatial maze design to help guide the animals to the reward chamber.

In contrast to auditory and visual systems, the somatosensory system of naked mole-rats is well-developed and includes an array of tactile hairs distributed on the entire body and face (Crish et al., 2003; Henry et al., 2006). With approximately 40 tactile hairs on each side of the body, naked mole-rats display robust orienting responses to stimulation of individual hairs (Crish et al., 2003). These sensory hairs are also present in some members of Bathyergidae (Bennett and Jarvis, 2004; Bennett et al., 2009; Walcher et al., 2018), providing sensory information that compensates for visual impairments in subterranean rodents (Jarvis and Bennett, 2017). Based on these sensory specializations, we constructed a spatial maze with tubing that was narrow enough to stimulate tactile hairs and provide spatial cues. Previous studies in the blind mole-rat demonstrated enhanced learning and memory performance when using similarly narrow passageways that provided tactile cues in spatial mazes (Kimchi and Terkel, 2004).

During the preliminary data collection phase of this study, we initially implemented a modified Hebb-Williams maze design that was non-continuous (Figure 1A). However, this maze design proved to be ineffective in eliciting the true spatial learning and memory capabilities of naked mole-rats, and no learning curves were evident when testing animals in the non-continuous maze (Figure 6). This may be due to the confounding distraction of tunnel dead-ends. Naked mole-rats exhibited a strong preference to attempt to dig or bite through the dead-ends of a tunnel rather than seek the reward chamber, which highly affected measures of spatial learning and memory (e.g., latency) in addition to affecting completion of the maze within the allotted time (i.e., Fail Rate, Table 1). These behavioral observations are supported by previous studies that have shown that naked mole-rats are highly motivated to remove any blockages in their tunnel systems (Brett, 1991).

Based on the results of the non-continuous maze, we investigated motivators that would work well paired with the coinciding desires to bite and dig in a tunnel setting. Typically, spatial mazes rely on food rewards to motivate animals to complete the maze (Olton and Samuelson, 1976; Brown and Cook, 1986; du Toit et al., 2012). However, the colony structure of naked mole-rats makes it difficult to food deprive animals without permanently isolating them from their colony, and this in turn is likely to adversely affect behavioral performance. Thus, it was necessary to devise alternative methods of motivation. Naked mole-rats have been classified as poikilotherms—poor regulators of their own body temperature (Yahav and Buffenstein, 1992), but this varies with their activity state and thus they may be more accurately described as heterothermic (Kovalzon et al., 2020, 2021). Therefore, a heat lamp was added to the reward chamber as a motivator (Table 2 and Figure 3). As burrowing rodents, the animals were quick to enter the reward chamber when bedding was present and they immediately began to dig in it and to kick it around the chamber. With both home and foreign colony bedding proving to be effective motivators (Table 2 and Figure 3), we incorporated a combination of home colony bedding and a heat lamp in the reward chamber for subsequent maze testing, supporting previous research showing the desirability of home bedding (O’Riain and Jarvis, 1997; Deacon, 2012; Toor et al., 2015). Foreign colony bedding—though effective at increasing time spent in the reward chamber and decreasing latency to the reward chamber—was determined to be suboptimal and was not used in subsequent maze testing. This decision was based on the territorial nature of naked mole-rats (O’Riain and Jarvis, 1997; Braude et al., 2021) and the risk of an experimental animal being attacked upon reintroduction to the home colony due to smelling like an intruder.

In our re-designed, continuous version of a Hebb-Williams maze, there were no dead-ends that the naked mole-rats could have interpreted as a blockage in their tunnel systems (Figure 1B), resulting in a reduced fail rate (Table 1). In contrast to the non-continuous maze (Figure 4A), learning curves were evident in the continuous maze (Figure 5A). When using a repeated measures MANOVA, both latency and distance across learning trials displayed significant learning curves across trials and days (Figures 5A,B). Thus, the current study demonstrated spatial learning in naked mole-rats using a customized, continuous maze design, with latency to the reward chamber and distance traveled as measurements of learning. Smaller animals demonstrated faster learning (Supplementary Tables 1, 2). There was no multivariate effect of Day by Trial by Age. The overall effects of age on performance may be diminished due to the comparatively small age range tested in the current study (approximately 7 years) compared to the over 30 year life span of captive naked mole-rats (Buffenstein and Craft, 2021; Buffenstein et al., 2022). In a Day by Trial by Sex interaction, neither latency nor distance were significantly different between sexes. One possible explanation for the lack of effects of sex on spatial learning and memory is that these differences would be present in species with sex differences in home ranges (Costanzo et al., 2009), of which our naked mole-rats do not exhibit due to shared burrow systems for the males and females. There was no significant effect of dominance ranking (Supplementary Tables 1, 2) despite previous publications showing an effect of social hierarchy on spatial memory (Costanzo et al., 2009).

Using repeated measures MANOVA analyses to analyze memory retention of spatial learning gains, significant memory performance declines were not evident. This indicates good memory retention for at least 1 month (Table 3 and Figure 7), however, it is important to note that the motivators were present in the reward chamber during memory probe trials and the animals could have been following sensory cues rather than explicitly utilizing spatial memory. These results are supported by previous studies showing that other species of mole-rats didn’t experience decreases in spatial memory performance/retention until 1 month following training – outperforming more distant relatives within Rodentia, the rat and the prairie vole (Kimchi and Terkel, 2001).



CONCLUSION AND FUTURE DIRECTIONS

The results of this study provide novel insight into the considerations that need to be taken when establishing behavioral tests for atypical animal models. In conducting behavioral testing of members of Bathyergidae, it is important to create tasks suited to their evolutionary adaptations. This includes modifying traditional maze setups to account for sensory capabilities and subterranean specializations. In addition, atypical motivators (e.g., home bedding) and removal of competing and confounding motivators (e.g., tunnel dead-ends) may need to be incorporated in order to optimize a species’ performance in a behavioral task and to elicit a true representation of the species’ spatial learning and memory capabilities. For naked mole-rats specifically, the use of a heat lamp paired with home bedding in the reward chamber effectively replaced typical motivators (food or liquid rewards following food deprivation) which are not ideal for animals within a social colony structure where isolation could prove detrimental. Because H. glaber has many behavioral and anatomical distinctions from other bathyergids, the methods used in the current study would likely require certain modifications in order to optimize spatial learning and memory testing for other members of Bathyergidae.

An apparent floor effect was evident in the steep learning curve associated with continuous maze testing in naked mole-rats, but latency and distance proved to be effective measures of spatial learning (Figure 5). In addition, the acquired spatial learning was retained for at least 1 month (Figure 7). In future studies, the continuous maze design that we developed would benefit from increased complexity in order to better test the extent of spatial learning and memory. Further time points (e.g., 2 months, 6 months, 1 year) and comparing memory probe trial performance with and without motivators present in the reward chamber may help to elucidate the true extent of spatial memory retention in naked mole-rats, in addition to determining factors that may affect memory loss.

This study provides a basis for future behavioral tests to be developed to aid translational research such as the use of naked mole-rats in neurodegenerative research (Markey et al., 2015) or examination of spatial learning and memory impairments following tooth loss (Okamoto et al., 2010; Chen et al., 2018; Lin et al., 2020), in addition to basic science research focused on evolutionary adaptations specific to burrowing rodents (Edrey et al., 2011; Smith et al., 2015; Grimes et al., 2017). Given the unique adaptations of sensory systems in bathyergids, future investigation of their behavioral use of specialized senses such as magnetic orientation (Oliveriusová et al., 2012) could yield valuable information about how these systems contribute to learning and memory performance.
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Non-continuous Continuous maze

maze animals animals

Age (yrs) 2.21 + 0.11 2.94 +0.49
Range 0.97-4.45 0.39-6.68
Body mass (g) 58.42 + 1.40 54.6 + 4.8
Range 39.8-85.6 23.0-101.0
Sex Male =3 Male =9

Female =5 Female = 18
Colony A=8,B=0 A=13,B=14
Fail rate 43.4% 7.2%

Fail rate is the percentage of trials that were incomplete for all training trials within
each design. g, grams; yrs, years. Bold values are the mean +/- the standard error
of the mean.
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Motivators

Latency (s)

Dwell time (s)

Dwell time ratio

Empty chamber 85.25 + 13.39 13.64 £ 5.56 0.21 + 0.35
Range 39.566-120.00 0.00-38.50 —1.67 to 1.00
Heat lamp 43.52 + 12.39 31.26 + 6.49 —1.05 + 0.54
Range 12.70-120.00 0.00-568.90 —3.17 t0 1.00
t=23.207 t=-2.159 t=1.890
(o =0.075) (o = 0.339) (o = 0.503)
Darkened chamber 60.14 + 16.92 15.20 £+ 6.31 0.57 + 0.19
Range 13.50-120.00 0.00-47.70 —0.43 t0 1.00
t=1.861 t=-0.536 t=—-2.141
(o =0.525) (o =1.00) (o = 0.348)
Food 46.25 + 16.38 26.80 + 7.76 -1.72+1.11
Range 11.09-120.00 0.00-61.00 —8.32 to 1.00
t=2.804 t=-2.006 t=1.875
(p=0.132) (o = 0.424) (o =0.515)
Home colony bedding 26.06 + 5.50 60.97 + 4.73 —15.48 + 11.04
Range 13.00-54.00 51.00-82.62 —81.62t0 —1.90
t=5.904 t=-9.623 t=1.453
(o = 0.003)* (o < 0.001) (o = 0.948)
Foreign colony bedding 27.63 £ 5.79 67.98 + 4.23 —15.04 + 5.04
Range 8.00-48.00 44.65-75.26 —47.18to —5.10
t=5.352 t=-7.904 t=3.038
(o = 0.005)* (o < 0.001)* (o = 0.095)

Evaluations of effective motivators were compared to performance with an empty chamber lacking any motivator. Values shown are the mean + SEM; range; and t-values
resulting from a paired-sample t-test comparing each motivator to the empty chamber. P-values are shown in parentheses. *Indicates significance at p < 0.05, corrected
for multiple comparisons. s, seconds. Bold values are the mean +/- the standard error of the mean.
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MP1 MP1 MP1 MP2 MP2 MP2 MP3 MP3

latency distance errors latency distance errors latency distance
(%) (%) (%) (%) (%) (%) (%) (%)
Non-continuous 129 + 41 208 + 4.3 157 £ 4.5 110+ 3.5 137 £ 10 142 + 20 N/A N/A
Range 9-308 32-371 57-440 26-287 107-174 80-270 N/A N/A
Continuous 121 + 36 91 +16 N/A 107 + 31 116 + 34 N/A 150 + 22 89 + 28
Range —7to 871 —48 to 258 N/A 13-746 9-887 N/A —961 to 328 —431t0 312

The columns display memory probe performance as a percentage of performance on the last trial of the last training day for both maze configurations (continuous and
non-continuous) at each memory probe time point. Values shown are mean + SEM and range. The 1 month probe trial (MP3) was performed for the continuous maze
but was not performed for the non-continuous maze due to the lack of a learning curve in the non-continuous maze (see Figure 6). Errors were not calculated for the
continuous maze, due to the near-elimination of error zones in this maze configuration. MP1, memory probe 1 (tested at 1 day following training);, MP2, memory probe 2
(tested at 1 week following training); MP3, memory probe 3 (tested at 1 month following training). Bold values are the mean +/- the standard error of the mean.
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