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ABSTRACT 

 

 

The circadian system is an endogenous system of oscillators that rhythmically regulate 

many biological processes. Memory formation is a prominent process influenced by the 

circadian clock. Learning and memory are vital processes for any organism to make predictions 

about certain aspects of their environment. Aplysia have been a significant model organism for 

studying memory and circadian rhythms, as they demonstrate certain behaviors with fluctuation 

based on the time of day. Aplysia californica is a diurnal species that only sleeps at night, similar 

to humans, meaning that they would presumably feed during the day. In previous studies, 

feeding behavior of Aplysia has provided a great model system for investigating consummatory 

learning, as new learning paradigms that focus on biting activity have emerged to study classical 

conditioning in Aplysia. However, there has been a lack in research investigating the circadian 

aspects of consummatory feeding behaviors in Aplysia and whether or not consummatory 

learning is shaped by circadian oscillators. This study focused on characterizing consummatory 

feeding behaviors in Aplysia using a behavioral biting assay time course and it was concluded 

that biting response is regulated by the circadian clock. However, associative paradigms that 

measure biting response may not be suitable to investigate circadian modulation of learning and 

memory. Determining how the circadian clock regulates biting activity is valuable to A. 

californica’s use as a model organism for studying the circadian modulation of learning. 
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INTRODUCTION 

 

 Circadian clocks play a huge role in a variety of physiological and behavioral processes 

in both invertebrates and vertebrates such as humans. Gene expression, enzyme activity and cell 

metabolism are some of the processes regulated in part by an endogenous circadian rhythm. One 

of the most widely studied of these processes is learning and memory. This is not surprising, as 

learning and memory are vital to facing an environment that is constantly changing. Circadian 

modulation of learning and memory has been observed across species including humans 

(WrightJr et al. 2006), Aplysia (Lyons et al. 2005), zebrafish (Rawashdeh et al. 2007), mice 

(Valentinuzzi et al. 2001) and Drosophila (Lyons and Roman 2009).  

 Aplysia californica (Illustration 1) are invertebrate animals with a simple nervous 

system made up of a relatively small number of neurons (approximately 20,000 in the central 

nervous system), which makes them a suitable model for studying learning and memory. The 

effects of circadian modulation on learning and memory have before been seen in A. californica 

in the form of long-term sensitization by observing a tail-siphon reflex. When animals were 

trained in the day, they displayed long-term memory, while there was no long-term memory 

shown when animals were trained at night (Fernandez et. al 2003). This same rhythm was also 

shown when using an operant paradigm, learning that food is inedible (LFI) (Lyons et al. 2005).  

      Illustration 1.                      
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 Classical conditioning is a form of associative learning in which an animal learns to 

associate a conditional stimulus (CS) and an unconditional stimulus (US) (Pavlov 1927). Prior to 

training, the CS is a neutral stimulus, and the US elicits a quantifiable behavioral response. In a 

training paradigm in which the CS and US are paired repeatedly, a conditional response (CR) is 

developed. The CR is elicited when the animal is presented with the previously neutral CS, in 

anticipation of the US.  

 Consummatory classical conditioning in Aplysia has been previously developed by 

Lechner et al. (2000a). This was accomplished by pairing tactile stimulation of the lips using a 

paintbrush (CS), with the ingestion of seaweed (US). In this case, the number of bites was the 

conditioned response (CR) that had increased in a post-test after the animals were trained with 

the paired stimulus.  

 Biting response has proved to provide a quantifiable measure in Aplysia when using a 

feeding based learning paradigm (Brembs et al. 2002; Baxter and Byrnes 2006). Before studying 

the effects of the circadian rhythm on learning using feeding behavior in a classical paradigm, an 

understanding of daily feeding activity was needed to provide baseline information for training 

and testing purposes. Kupfermann (1974) conducted one of the only studies to characterize 

feeding behavior and the circadian rhythm in Aplysia. Feeding activity in the light was compared 

to activity in the dark by studying feeding behaviors at two different time points (ZT 6 and ZT 

18). It was determined that latency to feed was significantly shorter in the light hour than in the 

dark hour. However, Aplysia exhibit many different feeding behaviors that can be characterized 

into three different stages: foraging, appetitive and consummatory phases (Elliot and Susswein 

2002). Foraging consists of food-finding behaviors such as locomotion and orientation. 

Appetitive activity involves head lifting and waving, while consummatory behaviors include 
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bites, swallows and rejection movements. As Kupfermann (1974) characterized foraging and 

appetitive behaviors, it was largely unknown how consummatory activity varies throughout a 24 

hour cycle. The purpose of this study was to characterize biting activity throughout the entire 

circadian cycle and use this information to study the circadian modulation of consummatory 

learning.  

 

EXPERIMENTAL METHODS 

 

Animal Maintainance  

 

 Aplysia californica were collected off of the coast of California (Josh Ross, South Coast 

Bio-Marine, San Pedro, CA) and kept in individual plastic boxes in a tank of artificial sea water 

maintained at 15 ˚C and salinity of 34 ppt. Animals (100-175 g) are kept in the laboratory on a 

12:12-h light:dark cycle. Aplysia were either fed ~1 g of dried laver (Lechner et al. 2000a) or ~5g 

of romaine lettuce every other day (Lyons et al. 2005).  

Biting Assay Time Course 

Feeding activity was characterized behaviorally with a biting assay that uses seaweed 

extract (SWE) according to the protocol of Acheampong et al. (2012). Animals were food 

deprived for two days before performing the biting assay in order to increase feeding behavior. 

To elicit the biting response, the assay used a seaweed extract (SWE) that was created by 

measuring 600 mL of artificial seawater into a 1000 mL beaker. Seaweed (Maine Coast Sea 

Vegetables Laver; approximately 19 cm x 20.5 cm) was added to the artificial seawater and 

blended using an emersion blender (Cuisinart Smart Stick) until seaweed was disintegrated. A 

magnetic stir plate was used to mix the solution for 30 minutes. The solution was then filtered, 

first using cheese cloth to remove larger remnants and then again with filter paper (P5, dia.: 12.5 
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cm) to remove sediment. Artificial seawater was added to dilute the SWE to create a solution 

that was 1 part extract to 8 parts artificial seawater. 167 mL of SWE added to 1333 mL of 

artificial seawater created a total volume of 1500 mL. This solution was placed in a glass bowl 

with a pedestal (18 cm in diameter) and placed on a cart so the observer could move around the 

bowl and the animal’s mouth was visible at all times to observe biting activity. 

Consummatory activity was assessed by counting the number of bites produced. A bite 

was considered an opening of the mouth with a full protraction and retraction of the radula 

(Kupfermann 1974; Brembs et al. 2002). To provide a control, animals were first placed in an 

identical glass bowl containing 1500 mL of artificial seawater (ASW). The number of bites the 

animal generated was recorded for a 5 minute period. Then, the animals were placed into the 

glass bowl containing the SWE and number of bites elicited were counted again for a 5 minute 

period. This assay was conducted at six different time points, ZT 1, ZT 5, ZT 9, ZT 13, ZT 17 

and ZT 21, to investigate activity throughout one complete light/dark cycle. The assay was 

performed in the dark using dim red light. The results are shown in Figure 1.  

In a separate experiment to rule out habituation, the biting assay was performed two 

consecutive days at one time point (ZT 9) and the number of bites were compared to confirm that 

biting response over time was not affected by prior exposure to SWE.  

For the classical conditioning paradigm, animals were presented with a conditioned 

stimulus (CS) in the form of tactile lip stimulation using a small, soft paintbrush (size, number 2) 

for 8 seconds (Lechner 2000a). Immediately following this stimulus, animals were given a small 

piece of seaweed (~15 mg dry weight Laver) to serve as the unconditioned stimulus (US). The 

seaweed was presented to the lips of the animal using blunt forceps. The US was presented either 
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until the food was ingested, or for 60 seconds when the seaweed was not ingested. See 

Illustration 2 below. 

 

Illustration 2. 

Training and Testing 

The classical conditioning protocol was established by Lechner et al. (2000a). The pre-

test consisted of four CS presentations, each lasting 8 seconds, at 60 second intervals. The total 

number of bites elicited was recorded during this 4 minute period.  

Immediately following the pretest, training took place in a clear plastic bowl of ASW that 

allowed for the trainer to observe the animal’s mouth as the animal moved around the bowl. 

Training was performed by pairing the CS and US in 10 trials at an intertrial interval (ITI) of 4 

minutes. The interstimulus interval (ISI) between the initiation of the CS and seaweed 

presentation (US) was 3 seconds, creating a 5 second overlap. The timing of stimuli presentation 

was guided using a timer.  

 There was a 30 min gap in between training and testing. The post-test was identical to the 

pretest, and again the number of bites was recorded for the 4 min period. Following testing, 
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animals were given a piece of seaweed (US) to test for any obstructions to proper feeding. 

Animals that failed to eat the seaweed at this time were excluded from the study. 

Data Analysis 

To determine the effects of paired training, the difference between pretest and posttest 

was scored. This was done by subtracting the number of pretest bites from the number of bites 

observed during testing. A positive score indicated an increase in biting response to the CS. 

Training was performed at two different time points: ZT 3 and ZT 9. Statistical analysis of the 

data was carried out using one-way ANOVA. 

RESULTS 

 The biting assay time course above was performed at six different time points: ZT 1, ZT 

5, ZT 9 and ZT 13, ZT 17, and ZT 21. These points were chosen in order to determine whether 

there was a diurnal rhythm in biting response. A biting assay was performed in seaweed extract 

(SWE) in which the number of bites generated within a 5 minute period was recorded. The 

number of bites generated within a 5 minute period in artificial seawater was also recorded as a 

control. The results of the biting assay time course are displayed in Figure 1.  
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Figure 1. 

In this figure, data are displayed as means and standard error of the mean. It can be seen that 

biting activity in response to SWE increases from ZT 1 (2.42 ± 0.66) to ZT 5 (4.80 ± 1.00), and 

then biting activity decreases between ZT 5 and ZT 9 (3.40 ± 0.99). Biting response continues to 

decrease into ZT 13 (0.60 ± 0.35) but then begins to stabilize throughout the “night” time points 

at ZT 17 (1.38 ± 0.50) and ZT 21 (1.38 ± 0.60).  

 One-way ANOVA of SWE data showed that there was a significant difference between 

day and night time points (F(5, 74) = 3.900, p < 0.01). There was no significant difference however 

in the ASW time points with respect to day and night.  

 Once this rhythm in biting activity was determined, a separate experiment was performed 

to rule out habituation as the cause of decrease in biting activity seen beginning at ZT 9. One 

group of animals (n=4) were tested using the biting assay at ZT 9 for two consecutive days to 

ensure that there was no significant difference in biting response after 24 hours had passed. A 
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two-tailed t-test confirmed (p=0.716; >0.05) that there was no significant difference in biting 

response between day 1 and day 2. 

 Thirty minute retention for classical conditioning of feeding behavior was tested using 

separate batches of animals. Conditioning was measured by the change in the number of bites in 

the pretest (before paired training) and the posttest (after paired training). First, animals were 

kept on a feeding regimen of seaweed (Lechner et al. 2000a). The results of conditioning animals 

on the seaweed regimen are shown in Figure 2 below.  

 

Figure 2. 

Data is again displayed as mean and standard error of the mean. At ZT 3, there was a negative 

change in number of bites after paired training (-6.50 ± 2.22). The negative change in bites was 

even larger at ZT 9 (-9.67±3.71).  

 Because in the posttest there was such a negative biting response seen in animals that 

were maintained on a seaweed regimen, animals were switched to a feeding regimen of romaine 
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lettuce (Lyons et al. 2005). The classical conditioning was then resumed and the results of these 

experiments are shown below in Figure 3. 

 

 

Figure 3. 

The figure displays mean and standard error of the mean. Animals that were maintained on a 

lettuce regimen displayed a slight positive change in the number of bites after paired training at 

ZT 3 (0.67 ± 1.07). However, there was still a negative change in the number of bites after paired 

training at ZT 9 (-4.10 ± 2.29).  

DISCUSSION 

The circadian clock regulates biting activity in A. californica 

 The behavioral biting assay time course demonstrated that consummatory behavior in 

Aplysia is affected by circadian modulation. This effect was displayed in the difference in biting 

activity at six different points throughout a full 24 hour light:dark cycle. 
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 Thus far, only foraging and appetitive behaviors in Aplysia have been characterized with 

respect to time of day (Kupfermann 1974). Although this gives some insight into the circadian 

modulation of feeding activity, consummatory behaviors alone had not yet been studied. This 

biting assay using seaweed extract (SWE) has proven to provide a suitable procedure for 

studying the circadian effects of consummatory behaviors in Aplysia. The data from this biting 

assay is very significant for any learning paradigm that utilizes consummatory behaviors in 

Aplysia. Future experiments that measure biting response in Aplysia should therefore be 

controlled for time of day, as there is a significant difference in biting response in just a 4 hour 

period.  

 After performing the biting assay two consecutive days at ZT 9 and the completion of a 

two-tailed T-test, it could be confirmed that habituation was not responsible for the decrease in 

the number of bites seen beginning at ZT 9, but was due to circadian oscillators. 

Classical paradigms that use consummatory response may not be suitable for studying the 

circadian modulation of learning in Aplysia 

 This experiment was unsuccessful in replicating a classical conditioning paradigm that 

elicited a conditional response (CR). There are several possible factors that could have 

contributed to this outcome. The tactile stimulation of the lips often elicited a response prior to 

training. This biting response consistently seen in the pretest raises the question of whether or not 

the conditional stimulus (CS) is actually neutral.  

The animals in this experiment were also subjected to two different feeding regimens. 

The first feeding regimen (Lechner et al. 2000a) consisted of feeding the animals seaweed 

(Laver), while the second (Lyons et al. 2005) consisted of feeding with romaine lettuce. It was 
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demonstrated that the learning paradigm was in fact affected by a difference in regular feeding 

regimens. Because there was a much more negative change in biting response in animals that 

were maintained on a seaweed regimen, it could be possible that these animals were not as 

sensitive to the US in the form of seaweed.  

Even in the experiments using animals that were maintained on a lettuce regimen, paired 

tactile stimulation with food ingestion actually may have had an aversive effect at ZT 9. It is 

possible that tactile stimulation actually serves as a stressor rather than a neutral stimulus.  

Because it was shown that consummatory behavior in Aplysia does vary significantly due 

to the circadian clock, it could be possible that the rhythm itself makes this paradigm unfitting 

for studying the circadian modulation of learning. When this paradigm was performed at ZT 9, 

the number of bites in the pretest was 125.5% higher than pretest bites from ZT 3. A 

combination of both circadian effects and tactile lip stimulation could have contributed to the 

high biting response seen prior to training. When there is a significantly high amount of biting 

during the pretest, it is very difficult to elicit an increased response in the posttest. There were a 

few instances where there was a significantly large number of bites elicited prior to paired 

training, contributing to a large standard error in the change in biting response.  

Although these results were unexpected, they provide useful insight into the diurnal 

feeding behaviors of A. Californica, and its use as a model organism. Future experiments using 

this classical paradigm to study circadian modulation of learning could focus on performing 

training at parts of the light:dark cycle that do not elicit a high biting response, such as ZT 13. 

Due to a lack of success replicating this paradigm to achieve positive learning as seen in previous 

studies (Lechner et al. 2000a), the “night” time points were not tested. Before it can be 

determined whether or not this classical paradigm can be used in circadian studies with Aplysia, 
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training should be performed at one of these time points to determine whether or not the natural 

rhythm in biting activity renders this paradigm unsuitable for studying circadian modulation of 

learning. 
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