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Abstract 
 

Insects use associative learning to navigate the world around them. Visual learning 
has been studied extensively in bees, but less is known about the abilities of ants. By 
allowing ants to explore a bifurcated maze illuminated with colored LEDs, we determine 
individual innate color preferences. Based on these preference results, ants are conditioned 
to reverse these biases via a quinine (punishment) vs. sucrose (reward) paradigm. 
Learning is evaluated based on their first navigational choice and distribution of time spent 
in the maze areas. Results show that most ants have innate preferences. Collectively, the 
tested colony has significant biases toward UV light and the right half of the maze. The 
conditioning paradigm demonstrates success, as test ants make more correct decisions 
toward the rewarded color and spend less time in the punished color than controls. 
However, individual learning is variable. Potential underlying brain differences are 
investigated via cytochrome oxidase staining of cryosectioned brain tissue. Ants deemed 
“learners” have significantly higher levels of cytochrome oxidase in their antennal and 
mushroom body lobes than “non-learners.” While a directional causality between brain 
metabolism and behavior is unknown, the data reveals a significant correlation between 
them. Funding: the University Provost and NSCS Research Award. 
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Introduction 
In the fields of neuroscience, cognitive science, and psychology, the topics of 

learning and memory are widely studied across vertebrate and invertebrate species. While 
many researchers focus on the storage and retrieval of information in mammalian systems, 
insects are also viable models for investigation. Generally, learning can be defined as “a 
change in the organism that occurs at a particular time as a function of experience” which is 
not directly observable and must be inferred from an “indirect performance test” (Crowder 
2014). In a similar vein, memory refers to the storage and retrieval of the information or 
behavioral change acquired during the aforementioned experience (Crowder 2014). In this 
project, we specifically equate learning to the formation of associations between visual 
stimuli and rewards or punishments, and memory to the retention of these novel 
associations.  

Learning itself can present in many forms, from simple habituation in Aplysia to 
non-noxious stimuli to memorization of complex patterns in humans. Here, we focus on 
associative learning, or learning in which the subject is taught to associate a stimulus with 
another. Classical conditioning, made famous by Ivan Pavlov in the early twentieth century, 
is defined as behavioral “adjustments” made by organisms who associate stimuli based on 
their temporal proximity (McSweeney and Murphy 2014). In other words, a natural 
behavioral response to a familiar stimulus can be generated by an unfamiliar stimulus if the 
two stimuli are properly presented to the organism (McSweeney and Murphy 2014). While 
classical conditioning typically seeks to elicit an innate behavior by pairing a familiar, 
response-evoking stimulus with a novel stimulus, another type of associative learning, 
operant conditioning, seeks to increase or decrease the frequency of an already-occurring 
behavior through the use of rewarding and punishing stimuli (McSweeney and Murphy 
2014). 

 Because the ants used in this study do not provide a reliable reflexive behavior 
(such as proboscis extension upon antennal stimulation with sucrose in fellow 
hymenopteran bees) necessary for classical conditioning, they are instead subjected to 
operant conditioning of their natural foraging and navigational behaviors in a simple maze 
illuminated with different wavelengths of light. The foragers are conditioned to associate 
navigating toward one wavelength of light with a reward, and navigating toward another 
wavelength of light with a punishment. This two-pronged effort to encourage one behavior 
while simultaneously discouraging another employs differential conditioning, which 
involves both a target stimulus and a distractor (here, the rewarded and punished 
wavelengths of light in the maze). Experimenters have shown that color discrimination in 
unrestrained honeybees is enhanced when the distractor color is paired with quinine 
solution compared to only rewarding the target color with sucrose (Avarguès-Weber et al. 
2010). Therefore, ants in this project are subjected to a differential conditioning paradigm 
to maximize the distinction between wavelengths of light. 
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As mentioned above, learning and memory studies are not restricted to the 
vertebrate realm. Instead, such experiments are frequently conducted using 
hymenopterans, particularly in honeybees but also in a variety of ant species. Because bees 
and ants are social insects, their learning and memory capabilities are often probed at the 
colony (or group) level. But due to the possibility of within-group variation, it is also 
valuable to examine individual differences in association formation and retention. Even in 
social organisms, some degree of learning must occur on an individual level. In a study by 
Dupuy et al., researchers found that individuals of two species of Camponotus ants 
successfully learned to discriminate odors, revealed by their isolated behavior in a 
Y-shaped maze navigational task. With half of the maze treated with one odor and the 
remaining half with the other odor, sucrose and quinine were used to reward and punish 
navigation on the respective sides of the maze to induce odor-consequence associations in 
the ants (Dupuy et al. 2006). My project’s use of differential in-maze conditioning, 
non-reinforced retention testing, and in-maze behavioral assessment is modeled after 
several of the methods presented in Dupuy et al.’s work.  

While ants primarily rely on olfaction for communication and navigation, there is 
also evidence of ant visual discrimination and learning abilities, making a quasi-replication 
of the Dupuy et al. study with visual rather than olfactory conditioning relevant. Ants are 
dichromats, having both short and long wavelength photoreceptors. In the desert ant 
Cataglyphis bicolor, photoreceptors from all three subregions of the compound eye have 
maximum sensitivity at either 350 or 510 nm, giving rise to the use of green and UV light in 
this paradigm designed for similarly desert dwelling ants, Novomessor cockerelli (Labhart 
1986). Multiple studies have shown successful ant visual conditioning in maze-based 
behavioral tests, including fine discrimination via differential conditioning in Cataglyphis 
and Formica ants, and retrieval of sequentially-relevant visual information in Melophorus 
bagoti, another desert ant species (Camlitepe and Aksoy 2010, Schwarz and Cheng 2011).  
However, much of the literature on ant learning, whether olfactory or visual in nature, fails 
to take into account potential innate biases of the ants. If the organisms have an undetected 
proclivity to navigate towards a certain side of the maze, towards a particular odor, or 
towards a specific wavelength of light, it is difficult to determine whether the individual’s 
behavior in an experimental setting is due to true associative learning or merely an existing 
tendency to navigate towards a stimulus. Therefore, this study seeks to determine if such 
preferences exist on an individual and group level, and if they can be reversed with an 
operant Y-maze learning paradigm.  

Additionally, questions about individual differences remain. Why might some 
foragers be more successful in behavioral tests of learning and memory than others from 
the same colony? What are potential causes of these behavioral disparities? In this study, I 
also seek to investigate differences in brain activity, particularly metabolic activity, that 
may correlate with differences in success in an operant conditioning-based learning task. 
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Metabolic activity is measured via cytochrome oxidase (COX) staining, which has been 
deemed an “endogenous metabolic marker for neuronal activity,” making it a useful tool to 
determine which regions of the brain are more metabolically active relative to others 
(Wong-Riley 1989). Critical to the electron transport chain in the inner membrane of 
mitochondria, the presence of cytochrome oxidase allows for the generation of ATP via 
aerobic cellular respiration. The enzyme is detectable via its substrate, cytochrome c, and 
3,3'-Diaminobenzidine (DAB). Wong-Riley reports that cytochrome oxidase histology has 
limitations, particularly that current methodology can estimate relative enzymatic 
concentration but cannot reveal absolute levels of the critical protein (Wong-Riley 1989). 
However, COX staining remains a valuable tool to assess general and relative disparities in 
neural activity across individuals in preliminary explorations of brain differences. For 
example, in a study investigating olfactory learning in honeybees, COX histology was used 
to compare cortical activity of insects decapitated at different timescales after stimulation 
(Déglise et al. 2003). In particular, this study will focus on relative levels of cytochrome 
oxidase in various regions of interest in the ant brain: antennal lobes receive olfactory 
input; the medulla and lobula are each responsible for different levels of visual processing; 
the mushroom body calyces receive both visual and olfactory signals and relay this 
information to the mushroom body lobes via Kenyon cells; the central complex organizes 
and modulates motor functions (Gronenberg 2008). 

 

Research Purpose and Hypotheses 
In this project, desert ants native to Tucson were used to investigate within-colony 

individual differences with regard to innate within-maze navigational tendencies; success 
in an associative, differential, and operant learning paradigm; and brain metabolic activity 
that may underlie or result from successful conditioning. Based on prior studies and 
preliminary in-laboratory observations, the following hypothetical findings were expected 
to occur: 

1. Ants subjected to an in-maze behavioral assay would reveal individual 
directional and light wavelength (color) preferences. 

2. Ants subjected to a conditioning (training) paradigm would have varying 
levels of success with regard to reversing innate preferences and forming 
new associations between rewards and/or punishments and wavelengths of 
light. 

3. Ants having greater success in conditioning-induced association formation 
would have higher metabolic activity in their brains’ mushroom bodies, 
based on higher cytochrome oxidase levels. 
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Methods 
Organisms 

Novomessor cockerelli were chosen as test organisms due to their availability in 
Tucson and their relatively large head and brain size for ease of dissection and subsequent 
histology. N. cockerelli foragers were collected from a designated nest site in Tucson, 
Arizona from January 2018 to September 2018.  Collected ant groups were held in clear 
boxes (10.5 cm x 10.5 cm x 18.5 cm) with Fluon (a teflon-like aqueous PTFE dispersion; 
BioQuip, Rancho Dominguez, CA) coated walls to prevent climbing and escaping. The 
primary box contained dH2O and cotton soaked in ~30% sucrose in dH2O. In a second box, 
a group of ants randomly selected for training were held with access to dH2O only. Selected 
ants were starved in this box for a minimum of 48 hours prior to assays in order to increase 
foraging motivation. Once a cohort of ants had been starved for at least 48 hours, 9 ants 
were each placed into their own plastic holding cup for the remainder of the training 
protocol. Holding cups were labeled to keep track of individual ants and contained paper 
towels moistened with dH2O to prevent dehydration. Ants were handled with an aspirator 
made of a glass tube, tulle fabric, and a rubber band (instead of forceps) whenever possible.  

 
Figure 1 

 
Fig. 1: N. cockerelli  forager; image provided by Wulfila Gronenberg. 

 
Behavioral Setup 

All behavioral trials (preliminary assays, training, and testing) were conducted in a 
single bifurcation (Y-shaped) maze (see Figure 2). (Total length of Y: 15 cm, entry length: 7 
cm, arm length: 8 cm, angle between arms: ~60°) The Y-shaped glass maze piece was 
attached at all three ends to lidded Petri dishes (9 cm diameter, 1.75 cm high), with 
removable clear tape sealing all gaps to prevent escape. The maze was equipped with a set 
of two green LEDs (~520 nm) and two ultraviolet LEDs (~395 nm), which were placed 1.5 
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cm beyond the intersection of the maze arms (the ‘decision point’) and 0.5 cm beyond the 
end Petri dishes to illuminate each arm of the maze with a single wavelength of light. A 
piece of black foam (25 cm x 2 cm x 14.5 cm) was placed between the arms of the maze to 
ensure that no bleeding of colored light to the opposite side occurred.  
 

 
Figure 2 

 
Fig. 2: The behavioral setup for the preliminary assays, training, and testing of the ants. The 
Y-maze structure allows for the simplification of natural navigational or foraging behavior.  

 
Preliminary Assays (Spontaneous Behavior) 

The behavioral protocol was repeated on a weekly basis. On Day 1 of each week, the 
9 selected ants were assayed in 3 groups of 3. In the assay, a single ant was placed in the 
Petri dish at the of the maze. The ant was given a total of 2 minutes (120 seconds) per assay 
trial to explore the maze. The ant’s first navigational decision with respect to direction and 
color (First Choice, or FC), and the time spent in the right and left arms and Petri dishes 
were recorded (Time Spent, or TS). Each ant participated in 3 maze runs, each with a 
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different maze configuration. First, to scan for directional preference, the ant had access to 
the maze with no illumination (Lights Off condition). Second, the ant had access to the maze 
with either green light illuminating the right side and UV light illuminating the left side 
(Green Right), or vice versa (Green Left). Third, the ant had access to the maze with the 
opposite light configuration. Any ant that did not enter the glass Y-piece from the Petri dish 
within 120 seconds was not used in further stages. A total of 132 ants completed the 
behavioral assay.  
 
Training 

From the cohort of 9 ants, each of the 3 groups of 3 were trained on Day 2, 3, or 4 of 
the same week. One ant out of each group of 3 was randomly designated as a control. 
Because the training was designed to reverse any existing innate preferences, each ant 
received a maze configuration condition based upon its assay results. In addition to 
assessing the ant’s first navigational choice upon maze entry, a chi-squared test was used to 
determine whether an ant’s distribution of time spent between right and left (or green and 
UV light) significantly differed from the expected ‘unbiased’ ratio of 1:1. For example, an 
ant showing a significant preference for UV light would receive a reward for reaching the 
green half of the maze and a punishment for reaching the UV half of the maze. If the ant also 
had a directional bias, the rewarded color of light would be placed on the non-preferred 
side of the maze. Ants that did not show innate preferences were given a random training 
condition.  

The training protocol consisted of a series of 9 conditioning trials, in which each ant 
had individual access to the maze for a maximum of 4 minutes (240 seconds) at a time. 
Because ants rotated through the trials in groups of 3, the intertrial interval was 12 
minutes. Prior to Trial 1, a glass Y-piece was prepared for each ant. Preparing several 
Y-pieces allowed each ant to have a clean path with no residual social cues from past maze 
runs, as well as an individualized punishment and reward setup as dictated by the 
preliminary assays. Thin strips of filter paper were treated with 60 mmol quinine in dH2O 
as the punishment, 30% sucrose in dH2O (by mass) as the reward, and dH2O for control 
ants. The filter paper was inserted into the appropriate arms of the maze so that the ant 
would be rewarded or punished as it encountered the rewarded or punished wavelength of 
light. To ensure that ants experienced the reward and had the opportunity to learn, the 
punished arm of the maze was shortened with a cotton plug situated just beyond the 
quinine-treated paper (see Fig. 2).  The cotton plug completely impeded access to the part 
of the arm beyond the punishment in all 9 training trials. Due to concern that the plug 
would act as an unintended punishment to control ants, some control ants received a 
thinner cotton plug that allowed an ant to travel over it (see Discussion).  

In each trial, the ant was transported via aspirator into the Petri dish, immediately 
adjacent to the entrance of the glass Y-piece. Once the ant reached the decision point, the 
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ant’s first navigational choice was recorded as correct (towards rewarded wavelength) or 
incorrect (towards punished wavelength). Once the ant encountered the filter paper with 
the reward, it was allowed to feed for 15 seconds before being removed from the maze to 
prevent satiation. Control ants were allowed to contact the moist filter paper for 15 
seconds as well, before being extracted from the maze. The time spent in the punished side 
of the maze prior to ant location of the reward was also recorded. All maze pieces and Petri 
dishes were rinsed with 50% ethanol and dried thoroughly after the entire training session 
was complete. A total of 65 ants completed behavioral training (43 test ants, 22 control 
ants).  
 
Testing 
 To test whether reward-wavelength and punishment-wavelength associations 
persisted after training, the 3 ants were subjected to a stimulus-free, extinction test 30 
minutes after the completion of training. Testing consisted of five 120 second-long maze 
runs per ant, in clean Y-pieces without reinforcing stimuli (ITI = 6 minutes). Testing was 
also designed to probe whether ants’ associations were bound to the direction (side of the 
maze) of the rewarded color. For test runs 1,3, and 5, the ant received the light-side 
configuration from training. For test runs 2 and 4, the ant received the opposite 
configuration. A total of 65 ants completed behavioral testing (43 test ants, 22 control 
ants).  
 
Histology and Imaging 

Immediately after testing concluded, the ants were anesthetized either over ice for 
10 minutes or in a refrigerator for 25 minutes. After anesthetization, ants were decapitated, 
with the heads mounted in wax ventral side up. Brains were dissected out of the head 
capsule in phosphate buffer solution (PBS) and fixed in 4% formalin for 30 minutes. Brains 
were then washed thrice in PBS and sucrose protected (10% sucrose in dH2O, 45 minutes; 
20% sucrose in dH2O, 24 hours, 30%; sucrose in dH2O, 30 minutes; all concentrations by 
mass) for cryosectioning. Whole brains were mounted in -21°C optimal cutting 
temperature compound (OCT) and sectioned coronally at 14 microns (Cryostat, Microm 
HM 550). Sections were treated with a solution containing 0.8 mg cytochrome c in 1.6mL 
cacodylate buffer, 1 mg 3,3'-Diaminobenzidine (DAB) in 1.6 mL cacodylate buffer, 200 µL 
1% CoCl2, all in 7.8 mL cacodylate buffer for 15 minutes at 38 °C. Once dry, slides were 
rinsed with dH2O, and covered with mowiol and a cover slip for imaging. Individual brain 
sections on the covered slides were photographed at 20x using a Nikon Eclipse E600 with 
AmScopeX software. 
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Analysis of Behavioral Data  
Behavioral data from the preliminary assays, training, and testing was analyzed in 

Microsoft Excel. From the detailed timestamps taken during the behavioral protocol, the 
direction and wavelength of first choices were recorded for every maze entry. Time spent 
proportions were calculated by dividing the number of seconds spent in a particular half of 
the maze by the total number of seconds spent in the maze beyond the decision point. First 
choice and time spent data were averaged for all ants in the preliminary assays, for test 
ants versus control ants in the training and testing, and The CHITEST function and ANOVA 
(via the Data Analysis package) were used to evaluate the significance of contrasts in the 
data.  
 
Analysis of Histological Data  

Imaged brain sections were quantified in FIJI. All viable brain tissue from a single 
section was traced using the freehand selection tool, from which FIJI reported the 
minimum and maximum grayscale values. For each section of each brain, each of the 
following regions of interest (ROIs) were traced when visible and intact: antennal lobe, 
mushroom body calyx, mushroom body lobe, central complex, lobula, medulla, and ‘other’ 
(brain tissue not categorized as any of the other ROIs). For each traced region, FIJI 
provided the mean optical density score and standard deviation. Excel was used to scale 
the raw mean optical density scores for each ROI using the aforementioned grayscale 
minima and maxima. For each whole brain, the scaled mean optical density scores for all 
sections of each ROI were calculated.  Whole brain optical densities were not compared 
amongst ants due to the limitations of COX histology, which can only provide relative, not 
absolute, information about brain tissue metabolism.  
 
Analysis of Behavioral and Histological Correlations 

Histological data (optical density of brain region tissue) was correlated with 
behavioral results from training. Test group ants were classified as learners or 
non-learners based on their FC score, or proportion of first choices made towards the 
rewarded color (Test score = number of correct choices / 9 choices total). Learners had 
scores of > 0.5 and non-learners had scores of < 0.5. A generalized linear mixed model in R 
(version 1.1.453) with learner status as the independent variable, neuropil optical density 
as the dependent variable, and histology processing date as a fixed effect was used to 
determine whether mean optical density of brain tissue was predicted by learner status. 
(code provided by R. Keating Godfrey). Box plots representing the mean optical density 
scores for all ROIs for learners and non-learners were generated. ANOVA was used to 
calculate the significance of the differences between learner and non-learner mean optical 
density scores. The inclusion of the histology processing date variable was intended to 
correct for day-to-day variation in histology results. 
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Results 
Preliminary Assays 

To determine the presence of a possible colony-wide preference, individual assay 
data was pooled from the 132 ants that completed the 3 run assay protocol. While 
individual ants represented a variety of directional-color preference combinations, the 
colony itself displayed a right and UV light preference, for both measures (FC and TS). From 
Lights Off assay trials, ants were more likely to make a right first choice than a left first 
choice, 𝜒 2 (1, n = 132) = 14.008, p < 1.3 x 10-4. From Green Left and Green Right assay trials, 
ants were also more likely to make a first choice towards UV light than green light, 𝜒2 (1, n = 
264) = 56.379, p < 6 x 10-14.  

These preferences also occur with respect to the proportion of time spent in the 
right side and the UV side of the maze. Proportions were calculated by dividing the number 
of seconds spent in a particular side of the maze by the total number of seconds spend 
beyond the maze decision point. The colony had a significant preference for time spent on 
the right side of the maze (ANOVA: F(1, 262) = 19.097, p < 4.4 x 10-5). The colony also had 
an highly significant preference for time spent on the side of the maze illuminated by UV 
light (ANOVA: F(1, 526) = 139.383, p < 1.1 x 10-28).  
 

Figure 3: Preliminary Assay Results 
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Error bars represent standard error. 

 
Training 

To determine the success of the training paradigm, 43 test ants (receiving reward 
and punishment) were compared to 22 control ants, once again on the basis of FC and TS. 
Prior to the comparison, each ant was given a training score. The training scores were 
calculated by dividing the number of correct first choice decisions (towards the rewarded 
wavelength) over 9, the total number of decisions. The mean training score for test ants 
was 0.519, while the mean training score for control ants was 0.237, revealing a significant 
difference between training scores (ANOVA: F(1, 63) = 12.304, p < 8.4 x 10-4). Test and 
control groups were also compared on the basis of time spent in the half of the maze 
illuminated by the punished wavelength, with a lower proportion of time spent indicating 
higher success in training. On average, test ants spent significantly less (14.15%) of their 
time spent in the maze in the punished half when compared to control ants (40.75%), 
indicating that the quinine sufficiently discouraged ant navigation towards the punished 
wavelength (ANOVA: F(1, 58) = 33.546, p < 3.0 x 10-7). 

Based on FC, test and control groups did not differ in their proportion of 
navigational choices towards the rewarded (or would-be rewarded) wavelength during the 
preliminary assays before consequential stimuli were introduced (ANOVA: F(1,63)= 0.285, 
p = 0.595). . The test group’s FC performance during training significantly differed from 
assay performance (ANOVA: F(1, 84) = 20.449, p < 2.0 x 10-5), while the control group FC 
performance did not change between the assay and training stages (ANOVA: F(1, 42) = 
0.478, p = 0.493).  

Again, in terms of TS, the time spent in the punished (or would-be punished) 
wavelength during preliminary assays was the same for test and control groups (ANOVA: 
F(1, 63) = 0.003, p = 0.956). However, unlike the FC data, both groups show a significant 
change in TS performance from the assay to the training stage. Control ants halved their 
proportion of time spent in the punished wavelength (ANOVA: F(1, 38) = 38.611, p < 3 x 
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10-7) . Test ants reduced their time spent in the punished wavelength by over 75% 
(ANOVA: F(1, 81) = 325.69, p < 4.1 x 10-30). While, as previously stated, the test group had 
significantly different in-maze behavior from the control group, both groups exhibited 
behavioral changes in maze navigation, perhaps insinuating that the first choice of the ants 
was more successfully conditioned than the time spent variable.  
 
Learners vs non-learners 

As expected, behavioral evidence of novel association formation between visual 
stimuli and rewards/punishments was not consistent across individuals in the test group. 
25 ants were classified as learners, with training scores ranging from 0.556 to 1 (mean = 
0.751). The remaining 18 ants were classified as non-learners, with training scores ranging 
from 0 to 0.444 (mean = 0.198). The mean training scores for learners and non-learners are 
significantly different, justifying these categories as variables for correlation with COX 
density (ANOVA: F(1, 41) = 130.408, p < 2.6 x 10-14). For additional reference, the mean 
training score (proportion of correct choices) for the control ants was 0.237, which is 
significantly different from the learner population (ANOVA: F(1, 45) = 60.152, p < 7.9 x 
10-10) but not significantly different from the non-learners (ANOVA: F(1, 38) = 0.282, p < 
0.6).  
 
Testing 

During the testing phase, ants returned to the illuminated maze, this time without 
punishment and reward. Test group ants (mean FC score = 0.4) once again had higher 
scores than control ants (mean FC score = 0.209) with regard to proportion of choices 
towards the rewarded color (ANOVA: F(1, 62) = 5.196, p < 0.03). However, when 
considering the average proportion of time spent in the punished color, test ants did not 
significantly outperform controls. (test = 58.6%, control = 69.9%); (ANOVA: F(1,61)= 
1.582, p = 0.213).  

Within the test group, ant performance in the testing phase declined from training 
performance but was still significantly different from assay performance, demonstrating 
some retention of memory after reinforcement was removed (FC: ANOVA: F(1, 83) = 6.567, 
p < 0.013; TS: ANOVA: F(1, 83) = 15.152, p < 2 x 10-4). In contrast, the control group 
performance was not significantly different from their spontaneous assay performance (FC: 
ANOVA: F(1, 41)= 0.060, p = 0.808; TS: ANOVA: F(1, 41) = 2.502, p = 0.121), further 
validating the success of the training paradigm. 
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Figure 4: Ant Performance Over Protocol Stages: First Choice

 
Error bars represent standard error. 

 
 
 
 
 
 

Figure 5: Ant Performance Over Protocol Stages: Time Spent 

 
Error bars represent standard error. 
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Trial-by-Trial 
Thus far, the data has represented overall performance during the 9-trial training 

paradigm to which the ants were subjected. FC data was also sorted by trial and compared 
to the assay (pre-training) and test (post-training) to examine the temporal trends of 
association formation between groups. 

Figure 6 

 
Error bars represent standard error. 

When examining the FC data over time, it becomes apparent that learner and non-learner 
ants display distinct in-maze behavior that diverges during training protocol. With the 
introduction of the consequential stimuli (reward and punishment), the learners exhibit a 
steady increase in correct decisions, peaking at over 90% by the 5th trial of the training 
session. After five trials, learner group performance fluctuates, before dropping to near 
assay levels during the non-reinforced testing phase (further discussed below). The 
trial-by-trial behavior of the non-learners overlaps that of the control group, further 
emphasizing the behavioral disparity between the apparently distinct learner and 
non-learner groups. 
 
Controls 
 As explained in the Methods section, two types of controls were used in the 
experiment: blocked (cotton fully blocked access to maze beyond punishment, n = 10) and 
unblocked (cotton did not fully block access past punishment, n = 12). In the preliminary 
assays, unblocked controls made more decisions toward the (would-be) rewarded color, 
but not to a significant degree (ANOVA: F(1,20) = 2.134, p = 0.160). During training, the 
unblocked controls made more ‘correct’ first choices than the blocked controls (ANOVA: 
F(1, 20) = 7.507, p < 0.013). However, this effect did not appear during testing, during 
which control performance was not significantly different (ANOVA: F(1,20) = 1.422, p = 
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0.247). For all experimental stages (assays, training, and testing), the time spent in the 
(would-be) punished wavelength did not significantly vary between blocked and unblocked 
control groups. (ANOVAs: Assay: F(1, 20) = 2.011, p = 0.172; Training: F(1, 18) = 0.964, p = 
0.339; Testing: F(1, 19) = 2.588, p = 0.124). Due to the control groups performing similarly 
on most measures, the data was pooled for comparison against ants receiving the test 
condition.  
 
Brains and Behavior 

For all 6 regions of interest (ROIs), the mean optical density (pixel value) score for 
the learner group was lower than the non-learner group. Because pixel values are ordered 
from 0 (black, 100% opacity) to 255 (white, 100% transparency) lower pixel value scores 
correspond to higher actual optical density, which demonstrates higher cytochrome 
oxidase levels and greater neural metabolism. However, the difference between groups was 
only significant for two of the ROIs. First, the antennal lobes demonstrated a contrast (p = 
0.0273). Secondly, the mushroom body lobe optical density score for the learners was 
significantly lower than the non-learners (p = 0.0415). Other brain regions demonstrated 
possible but statistically unconfirmed trends of optical density (mushroom body calyx, 
medulla, lobula, p = 0.1181, 0.1272, 0.2621, respectively.). The central body indicates 
essentially no difference between learners and non-learners (p = 0.8304).  

 
Figure 7 

 14 Micron Coronal Section of COX-Stained Ant Brain: Unlabeled and Labeled 
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Figure 8 
Scaled Optical Density Scores for Learners and Non-Learners 
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Discussion 

Preliminary Assays 
While all possible combinations of directional and light wavelength preferences 

surfaced in the preliminary assays, the overall group of N. cockerelli made more first 
choices toward and spent more time in the right side of the maze as well as the side of the 
maze illuminated by UV light. With regard to the apparent directional preference, the 
affinity toward the right side of the maze may not be due to egocentric preferences (right 
and left based on the ant’s perspective) but the configuration of the maze in the laboratory 
setting. It is possible that ants navigated towards the right more frequently because it was 
away from the human experimenter, who always sat to the left of the maze. Whether or not 
the behavioral bias towards the right side of the maze was due to innate rightward 
preference or avoidance of a threatening presence, it still presented a factor to correct for 
during training sessions. In terms of color preference, the bias towards UV may be due to 
the importance of UV light in polarization-dependent ant navigation of their environment. 
In Cataglyphis ants, UV-sensitive photoreceptor cells are larger than green-sensitive 
photoreceptor cells (Labhart 1986). If this holds true for N. cockerelli, another species of 
desert ant, ant brains may allocate higher sensory resources for detection of UV light, 
providing a potential explanation for this innate preference. Furthermore, ambient light 
from an incandescent lamp (containing green but not UV light) may have had greater 
contrast with the UV LEDs, making the UV light a novel stimulus, or a signal towards the 
ants’ natural environment (containing UV light due to sun exposure). 
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Training and Testing 

Due to the great disparity in average performance of test ants versus controls in the 
maze training paradigm, the behavioral protocol established in this project can be deemed 
a successful way to reverse existing behavioral tendencies by establishing new associations 
between wavelengths of light and consequential stimuli. The first choice metric reveals the 
success of sucrose as a reward, with the mean proportion of correct choices towards the 
rewarded wavelength of light increasing amongst test ants, especially over the first 5 trials 
of training. The time spent metric reveals the success of quinine as a punishment, with the 
mean proportion of time spent in the punished side of the maze demonstrating a drastic 
decrease from the preliminary assay behavior to the behavior towards the end of the 
training session.  

However, training success is called into question due to the significant decrease in 
time spent in the (would-be) punished wavelength for the control group from the original 
assays to training. Despite the fact that the control group’s training performance is still 
measurably inferior to that of the test group, the behavioral change is unexpected given the 
lack of exposure to quinine, which appears to have effectively punished the test group. It is 
possible that the control group’s innate directional and/or color preferences were, by 
chance, weaker than those of the test ants, providing an explanation for their less biased 
navigation as the number of maze entries increased with time. Or similarly, without 
reinforcement and punishment, the behavior of the control group approached a random, 
unbiased distribution across the maze sides due to chance exploration. In Figure 6, the 
control group approaches a training score of nearly 0.5 before returning to 0.2,  indicating 
that over 7 trials, the likelihood of an ant making an opposite choice compared to previous 
behavior increases. The cotton plug in the punished arm, designed to encourage maze 
exploration so that the test ants would have further incentive to leave the punished arm 
and locate the sucrose elsewhere, may have functioned as a “low-grade” deterrent to the 
controls, explaining their marked change in behavior despite no intended reinforcement.  

As expected, the test group’s performance in training was superior to their 
performance in testing. Both the passage of time after training and the removal of the 
reinforcing stimuli (sucrose and quinine) were expected to cause a decline in successful 
maze navigation. The memories established by the associative learning that took place 
during training only somewhat persisted into testing. The data reveals that the ants were 
more likely to retain an association causing a correct first choice in the maze than an 
association causing a greater proportion of time in the correct side of the maze. A possible 
explanation for this finding is that if an ant initially chose correctly but was not reinforced 
with sucrose, the ant would be more likely to leave that arm of the maze. Furthermore, if 
the ant initially chose incorrectly in a testing run, there would be no punishment 
incentivizing the ant to leave that arm of the maze.  
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Learners vs. Non-Learners 

As expected, not all ants had the same level of success over the course of the in-maze 
training and testing. With 25 ants demonstrating an above-chance proportion of making a 
correct navigational decision and 18 ants demonstrating a below-chance proportion, this 
training paradigm appears to have successfully conditioned 51.3% of ants according to the 
learner/non-learner criteria. The “learning curve” of the non-learners is much more similar 
to that of the control group than the learner group. It remains undetermined why certain 
ants fall into either classification. Learning ability may be determined by sensitivity to 
visual and/or olfactory stimuli, innative plasticity or processing of associative information, 
or differences in motivation not accounted for by the routine starvation of ants prior to 
execution of behavioral protocols. While age has been determined to be unrelated  in 
learning ability in bumblebees (Riveros 2009) and is likely not a factor in an ant’s status as 
a learner or non-learner, experience prior to ant collection cannot be ruled out as impactful 
on navigational and/or learning abilities, especially in light of age-related learning 
differences in honeybees.  
 
Controls 

While statistical analysis reveals that control behavior between blocked and 
unblocked groups were, for the most part, mathematically equivalent, qualitative 
observations indicate that controls did not perform homogeneously. Ants in the unblocked 
control group often dislodged the cotton from its original position, and ants in the blocked 
control group often interacted with the cotton for the majority of their time in the maze. 
Despite the cotton’s efficacy in the test group for increasing maze exploration for eventual 
sucrose location, it may have presented a non-neutral maze experience for the controls, as 
interacting with the cotton may have been a reward or punishment. While the cotton 
certainly seemed to impede learning in the blocked control group, the use of a cotton plug 
that still allowed access past it may not have been an ideal maze component. The overall 
behavioral analysis  would be improved by increasing the sample size of both blocked and 
unblocked groups for a more detailed inquiry into test performance compared to each 
group of controls to ascertain the more appropriate control condition for this paradigm.  
 
Brains and Behavior 

When sorted by learners and non-learners, the ants exhibit higher optical density in 
several brain regions, indicating that higher levels of cytochrome oxidase (and therefore 
metabolically supported neural activity) is correlated with greater success in an associative 
learning paradigm. In particular, the ant groups display significantly different average 
optical density scores for the antennal lobes and mushroom body lobes. Because the 
antennal lobes are responsible for the sensation of chemical stimuli, it is possible that 
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greater underlying antennal lobe activity would support greater detection of the sucrose 
and quinine used in the maze training, causing a greater relative reward or punishment and 
increasing the likelihood of association formation strong enough to alter behavior. It is also 
possible that learner ants simply encountered the sucrose and/or quinine more frequently 
or with a greater proportion of their sensory neurons, leading to greater activation of the 
antennal lobe to process a greater stream of sensory information. Of particular note is the 
significant difference in optical density for mushroom body lobes but not calyces. Because 
the mushroom body calyces receive input from multiple sensory modalities, but the 
integration of these senses is dependent on the Kenyon cells that terminate in the lobes 
(Gronenberg 2008), the lobe activity is likely integral to the maintenance of the associated 
information collected in the calyces. These results give rise to the theory that the calyces 
may be necessary for the initiation of visual-chemical associations, but the lobes are 
required for the (at least short-term) storage of such associations. 

Surprisingly, since the training paradigm targets visual learning, the differences in 
COX concentration was not significantly different across groups for the lobula and medulla, 
both part of the visual processing circuitry in ants. Amongst brain sections, the lobula and 
medulla were visibly darker (more optically dense) than the rest of the quantified brain 
regions. It is possible that, given methods with greater resolution to distinguish between 
optical density values, detection of a significant difference would emerge. Should such a 
distinction arise, it would align with the trend found in antennal lobe COX levels. In other 
words, increased metabolism in visual brain regions would also indicate either greater 
visual sensation and perception or greater exposure to visual stimuli in the first place. The 
central complex, which governs patterns of motor output, exhibited similar levels of COX 
for both learners and non-learners. This result is expected due to the central complex 
controlling motor function necessary to walk through the maze, but not exhibit control 
over directed navigation to a particular maze section based on past experience.  

Despite the statistically validated brain metabolic differences between learners and 
non-learners, there remains uncertainty about the relationship between the metabolism 
and the correlated behaviors. In the aforementioned honeybee study, researchers identify 
COX density as a consequence of learning prior to organism decapitation, rather than an 
innate metabolic level that supported association formation (Déglise et al. 2003). If this 
assertion is correct, and increased activity of COX is proof of learning rather than a cause of 
learning, then the differences between learners and non-learners may not be innate but 
rather the result of uncontrolled variable experiences during training. Or, innate 
differences irrespective of brain metabolism may affect learning success, such as rigidity of 
innate preferences or willingness to explore a novel environment. 
 
Final Conclusions  
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In response to the original hypotheses established prior to data collection, this 
experiment has proved the majority of the original expectations true. Ants subjected to the 
preliminary behavioral assays did indeed reveal individual preferences of direction and 
wavelength, although pooled data from all participating foragers revealed an overall group 
bias towards the right side of the maze as well as UV light regardless of its location. The 
conditioning (training) paradigm successfully increased ant navigation towards the 
rewarded color and decreased time spent under illumination from the punished color, all 
compared to the control group. However, also as expected, ant conditioning success had 
within-group variation, and foragers were easily classified as learners and non-learners 
based on their correct navigational decisions over the course of training. Finally, greater 
success in behaviors revealing association formation was correlated with higher presence 
of cytochrome oxidase in the antennal and mushroom body lobes, highlighting the 
importance of neuronal activity supporting chemosensation and memory function in insect 
navigation of their environment. Further research is required to determine the direction of 
causality between brain metabolism and associative learning success; methods with 
greater temporal resolution may elucidate whether brain metabolic differences precede 
and affect learning behavior, or appear as a traceable effect of the learning itself. 
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