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ABSTRACT 

 

Malnutrition can cause many severe consequences to brain functions, including memory 

deficits. The invertebrate Aplysia was chosen as a model system to study prolonged food 

deprivation-induced memory impairments for its ability to sustain up to 14 days of food 

deprivation (14DFD) without health deterioration, nervous system damage or behavioral 

alterations. Here, a well-known learning paradigm in Aplysia was utilized. When presented with 

aversive stimuli (i.e., electrical shocks to the body wall that mimic attacks of a predator), Aplysia 

concurrently enhance their defensive responses (an elementary form of learned fear known as 

sensitization), including the tail-induced siphon withdrawal reflex (TSWR), and suppress 

feeding. The duration of these behavioral changes depends on the amount of aversive training. 

Precisely, short-term sensitization (STS) and short-term feeding suppression (STFS) are induced 

by a single trial of training and last for at least 15 min, while long-term sensitization (LTS) and 

long-term feeding suppression (LTFS) are induced by 4 consecutive trials and last for at least 24 

h.  

Cellular correlates of sensitization and feeding suppression include increased excitability 

of the tail sensory neurons (TSNs) controlling TSWR, and decreased excitability of feeding 

decision-making neuron B51, respectively. A reduced in vitro preparation containing the neural 

circuits of TSWR and feeding can express the above cellular correlates of sensitization and 

feeding suppression following the delivery of an aversive training protocol in vitro. Serotonin (5-

HT) is known to mediate sensitization, but not feeding suppression. Recently, 14DFD was 

reported to cause memory deficits in Aplysia, exhibited as completely blocked sensitization, and 
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attenuated feeding suppression. However, neuronal expressions of TSNs and B51, or the role of 

5-HT in 14DFD-induced memory deficits, remain uninvestigated. 

The goal of this project was to characterize the mechanisms underlying memory deficits 

caused by prolonged food deprivation in Aplysia. Two feeding regimens were utilized: 2 days of 

food deprivation (2DFD), which is the standard feeding protocol and control for prolonged food 

deprived regimens, and 14DFD, which is the maximum period that Aplysia can sustain without 

health deterioration. Three specific aims were developed. In Aim 1, the expression of the learned 

neuronal modifications associated with STS and STFS under 14DFD was investigated. The 

aversive training was delivered in vitro in the reduced preparation described above and 

membrane properties of TSNs and B51were recorded before and after the in vitro training. In 

Aim 2, the effects of 14DFD on 5-HT levels were examined. 5-HT concentrations in the 

hemolymph and ganglia were measured and compared between 14DFD and 2DFD animals.  Aim 

3 studied whether 5-HT alone induced sensitization and its cellular correlates under 14DFD. In 

this aim, the ability of 5-HT to induce sensitization (Aim 3.1) and neuronal modifications in 

TSNs and B51(Aim 3.2) in 14DFD Aplysia were investigated, respectively.  

Results indicate that 14DFD prevented training-induced increased excitability of TSNs 

and decreased excitability of B51. These findings suggest that prevented STS may result, at least 

partly, from the lack of increased excitability of TSNs, while the reduced STFS may be 

contributed by additional neurons in the feeding neural circuits. 5-HT concentration in the 

hemolymph was reduced by 14DFD, which may be one of the causes that prevented sensitization 

under 14DFD. In the ganglia, 5-HT level was not affected by 14DFD. 5-HT was able to induce 

LTS in 14DFD Aplysia at 24 h post-test, while the amount of LTS induced was significantly 

smaller compared to 2DFD Aplysia. This indicates that 5-HT alone cannot fully induce LTS 



                                                
  
   

vi 

 

under 14DFD. 5-HT alone was capable of inducing increased TSN excitability in 14DFD 

preparations. Increased TSN excitability in 14DFD preparations induced by 5-HT was 

comparable to that observed in 2DFD preparations. Conversely, 5-HT failed to induce decreased 

excitability of B51 under either 2DFD or 14DFD, which indicates that 5-HT was not involved in 

decreased excitability of B51. These data revealed the cellular mechanisms and role of 5-HT in 

14DFD-induced memory deficits. This study lays the foundations for the future use of Aplysia as 

a valuable model system to investigate mechanisms underlying memory impairments caused by 

prolonged food deprivation.  
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CHAPTER I: INTRODUCTION 

Learning and memory in the animal kingdom 

Learning and memory are critical for an organism to survive in a continuously-changing 

environment. In the animal kingdom, there are endless phenomena illustrating the means by 

which evolution has endowed the nervous systems of all organisms with the ability to encode, 

store and retrieve information from their environment (Carew, 2000). For instance, male 

songbirds have to learn the songs from their senior males during their development in order to 

attract females and have offspring (Carew, 2000). The remarkable associative learning in 

honeybees that associates the location of food source (such as a patch of flowers) with the 

surrounding landmarks allow them to find their food repeatedly (Carew, 2000). Rats are 

outstanding examples in spatial learning because they have to move freely in darkness (Carew, 

2000).  

 

The cellular and molecular biology of memory storage 

The cellular mechanisms of memory storage include nonsynaptic and synaptic plasticity 

(Mozzachiodi and Byrne, 2010). Nonsynaptic processes express as intrinsic neuronal 

modifications such as an increase of a neuron’s excitability during memory formation 

(Mozzachiodi and Byrne, 2010). For example, an increase in neuronal excitability can involve a 

cytosolic elevation of second messengers, such as cyclic adenosine monophosphate (cAMP), 

leading to increased neurotransmitter release (Carew, 2000; Mozzachiodi and Byrne, 2010). 

Changes in synaptic plasticity, such as synaptic potentials and postsynaptic receptors, are also 

induced by learning and neuronal activities (Mozzachiodi and Byrne, 2010). Learning and 

memory requires nutrition and energy intake to fulfil the molecular, biochemical and 
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physiological processes in the nervous system (Valadares and Almeida, 2005; Valadares et al., 

2010).  

 

Deficits in learning and memory caused by prolonged food deprivation 

A limited availability of food may have adverse effects on physiological processes in the 

nervous system, thereby leading to learning and memory deficiency (Zhang et al., 2010). There 

are some examples demonstrating the effects of food deprivation on learning and memory in 

different organisms. In rodents, reduced food intake leads to a reduction of memory retention in 

mice (Carlini et al., 2008) and a significantly decreased number of dentate gyrus granule cells in 

rats (Bedi, 1991). A protocol focusing on protein malnutrition, consisting of 6% protein in the 

diet for 21 days, exhibited impaired recognition memory for objects and working memory in rats 

compared to the well-nourished rats with 16% protein in the diet (Valadares et al., 2010). In flies, 

starvation disrupts long-term memory formation (Potdar and Sheeba, 2013).  

 

Experimental advantages of Aplysia as a model system  

The challenges of studying the effects of prolonged food deprivation on learning and 

memory include mimicking the condition of undernutrition and prolonged food deprivation 

without health deterioration or nervous system damage (Carlini et al., 2008). For example, in 

rodents, regimens of reduced food intake (e.g., 50% food restriction compared to control 

animals) for an extended period (e.g., 28 days) have been widely utilized in food deprivation 

protocols because the animals cannot withstand prolonged complete food deprivation (Carlini et 

al., 2008). It is also difficult to evaluate food deprivation-induced memory deficits because 
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prolonged food deprivation itself may change the expression of feeding, defensive responses and 

anxiety behaviors (Carlini et al., 2008; Padilla et al., 2016).  

Aplysia is known to withstand up to 14 days of food deprivation (14DFD) without health 

deterioration (Kupfermann, 1974). Under 14DFD, Aplysia show small weight loss while 

behaviors, including feeding and withdrawal reflexes, are not affected (Mac Leod et al., 2018), 

thus making this organism a suitable model to study food deprivation-induced memory deficits. 

The utilization of Aplysia as model system has been a typical reductionist strategy in the field of 

neuroscience (Kandel, 2001). This reductionist approach is selected to study the simplest forms 

of learning memory in animals that are most tractable experimentally (Kandel, 2001). Behaviors 

in Aplysia, including feeding and defensive reflexes, are readily altered by learning (Carew, 

2000; Kandel, 2001). The neural circuits of behaviors are well characterized and understood in 

the elementary nervous system of Aplysia (Carew, 2000; Kandel, 2001). Furthermore, the large 

neurons that are almost 1,000 times larger than mammalian neurons allow for easy access to 

electrophysiological recordings (Bear et al., 2007). These experimental advantages make Aplysia 

a suitable model to study mechanisms of learning and memory storage at behavioral, cellular, 

molecular and biochemical levels (Carew, 2000; Kandel, 2001; Byrne and Hawkins, 2015).   

Recently, it was reported that 14DFD induced memory deficits in Aplysia (Mac Leod et 

al., 2018). Specifically, 14DFD completely prevented sensitization, which is an elementary form 

of learned fear (Mac Leod et al., 2018). Unexpectedly, the co-expressed feeding suppression 

persisted albeit reduced under 14DFD (Mac Leod et al., 2018). However, little is known about 

the mechanisms underlying the memory deficits induced by prolonged food deprivation. 

Therefore, the current project was undertaken to establish Aplysia as a model system to 
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characterize cellular and biochemical mechanisms of memory impairments caused by prolonged 

food deprivation.  

 

Learned behavioral plasticity in Aplysia 

This project focused on a well-known learning paradigm in Aplysia triggered by the 

presence of noxious stimuli, such as attacks from a predator (e.g., a lobster) (Watkins et al., 

2010). Exposure to noxious stimuli induces behavioral plasticity, which manifests as concurrent 

enhancement of defensive withdrawal reflexes (i.e., sensitization) (Fig. 1) (Kandel, 2001; Byrne 

and Hawkins, 2015) and suppression of feeding (Acheampong et al., 2012).  

 

 

A typical defensive reflex in Aplysia manifests as withdrawal of a rear-facing exhalent 

funnel structure, known as siphon, into the mantle cavity (Fig. 2), when a tactile stimulus like sea 

plants brushed against the animal during a tidal surge (Carew, 2000). In the laboratory, this 

protective siphon withdrawal can be induced by a mild stimulus to the tail (Fig. 3); a response 

known as tail-induced siphon withdrawal reflex (TSWR) (Kandel, 2001; Byrne and Hawkins, 

Figure 1. Sensitization manifests as enhanced defensive responses following exposure to 

aversive stimuli. (Modified from Bear et al., 2007) 

Aversive stimuli 
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2015). The duration of siphon withdrawal can be used to quantify TSWR (Kandel, 2001; Byrne 

and Hawkins, 2015). 

 

Figure 2. Top view of an Aplysia showing the structure and location of the siphon in the mantle 

cavity. (From Carew, 2000) 

 

Figure 3. Illustration of the tail-induced siphon withdrawal reflex (TSWR). (A) When the animal 

is under relaxed condition, tail and siphon are extended out. (B) Following application of a mild 

stimulus to the tail, Aplysia responds by contracting its siphon and tail. After a period of siphon 

and tail contraction, siphon and tail will return to the relaxed condition. (Modified from Dr. 

Mozzachiodi) 

A B 
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Feeding is a non-defensive behavior in Aplysia. In the presence of food, Aplysia open the 

lip and expose the radula (Fig. 4A). A full cycle of radula protraction, closure and retraction is 

defined as a bite (Figs. 4B- 4D) (Brembs et al., 2002; Nargeot et al., 2002). The number of bites 

within a certain time can be used as an evaluation of feeding (Acheampong et al., 2012). 

 

 

Concurrent expression of enhanced TSWR and feeding suppression seems to be a logical  

budgeting strategy between defensive and appetitive behaviors following exposure to aversive 

stimuli (Acheampong et al., 2012; Mac Leod et al., 2018). In the laboratory, an aversive training 

protocol, consisting of a single 10-s trial of 10 electric shocks delivered to the body wall, mimics 

the attack of a predator (Watkins et al., 2010). Co-expression of sensitization and feeding 

suppression exhibits multiple temporal domains depending on the number  of aversive training 

trials (Kandel, 2001; Acheampong et al., 2012; Byrne and Hawkins, 2015). Typically, a single 

trial of aversive training induces short-term sensitization (STS) and short-term feeding 

suppression (STFS) that lasts for at least 15 min, while 4 consecutive trials of aversive training 

Figure 4. Illustration of feeding behavior. (A) The structure of the Aplysia mouth includes lip, 

jaw and radula. In the presence of food, an Aplysia opens its lip and exposes the radula. (B) to 

(C) is the process of protraction of the radula, occurring when Aplysia is trying to grab the food. 

(C) to (D) is the process of radula closure and retraction, occurring when Aplysia is trying to 

swallow the grabbed food. (A modified from Brembs et al., 2002; B, C and D modified from 

Nargeot and Simmers, 2012) 

A B C D 
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lead to long-term sensitization (LTS) and long-term feeding suppression (LTFS) that lasts for at 

least 24 h (Fig. 5) (Kandel, 2001; Acheampong et al., 2012; Byrne and Hawkins, 2015). 

 

 

Neural circuits controlling TSWR and feeding 

The neural circuit controlling the TSWR includes tail sensory neurons (TSNs) in the 

pleural ganglion that respond to tail stimulation, and synaptic connections of TSNs to motor 

neurons in the pedal and abdominal ganglia generating contraction of the tail and the siphon (Fig. 

6) (Walters et al., 1983a, 1983b; Cleary et al., 1995). Neuronal excitability is a complex 

multidimensional phenomenon that demonstrates one or more of the parameters of the input-

output relationship of a neuron (Mozzachiodi and Byrne, 2010). Changes in TSN excitability 

Figure 5. Sensitization occurs concurrently with feeding suppression. (A) In STS, increased 

TSWR duration is accompanied with STFS 15 min after training. (B) In LTS, increased TSWR 

duration is accompanied with LTFS  24 h after training. (Modified from Acheampong et al., 

2012) 

 



                                                
  
   

8 

 

cause changes in TSWR. For example, increased excitability of TSNs determines a stronger 

TSWR (Walters et al., 1983a, 1983b; Cleary et al., 1995). Therefore, the excitability of TSNs  

can serve as cellular readout of TSWR (Kandel, 2001; Bear et al., 2007; Byrne and Hawkins, 

2015).  

 

 

The neural circuit controlling feeding includes a pair of bilateral neurons (B51) located in 

the buccal ganglion (Fig. 7) (Plummer and Kird, 1990; Nargeot et al., 1999). B51 is a premotor 

decision-making neuron which exhibits a firing pattern in an all-or-nothing fashion (Nargeot and 

Simmers, 2012). B51 actively fires during the occurrence of ingestive buccal motor programs 

(BMPs), which are in vitro neurophysiological correlates of a bite or swallow (Fig. 7) (Plummer 

and Kird, 1990; Nargeot et al., 1999; Mozzachiodi et al., 2008). Activation of  B51 by 

depolarization contributes to ingestive BMPs, while suppression of B51 by hyperpolarization 

prevents the occurrence of ingestive patterns (Nargeot and Simmers, 2012). Changes in B51 

Figure 6. Neural circuits of TSWR. TSWR is mediated, at least in part, by tail sensory neurons 

(TSNs, indicated as yellow circles marked with SN, sensory neuron) in the pleural ganglion 

because TSNs make contacts with motor neurons (MN in blue circles) generating contraction 

of the tail and siphon. (Modified from Fioravante et al., 2008) 
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excitability correlate with the expression of bites. For example, an increase in the B51 

excitability indicates a greater number of bites (Nargeot and Simmers, 2012). Conversely, a 

decrease of B51 excitability indicates a reduction of bites. Therefore, the excitability of B51 can 

be used as in vitro readout of feeding (Weisz et al., 2017).  

Cellular correlates of sensitization and feeding suppression include concurrent increase of 

TSN excitability and decrease of B51excitability, respectively. 

 

Figure 7. Premotor neuron B51 in the feeding neural circuit functions as a decision-making 

neuron involved in ingestive buccal motor programs (BMPs) that contribute to a bite. (A 

modified from Neveu CL, 2017; B modified from Mozzachiodi et al., 2008) 

A 

B 
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A reduced preparation to study the cellular mechanisms of sensitization and feeding 

suppression in vitro 

Several reduced preparations have been developed using the nervous system of Aplysia to 

investigate cellular changes associated with different forms of learning and memory (e.g., 

Glanzmann et al., 1989; Goldsmith and Byrne, 1993; Zhang et al., 1994; Marinesco et al., 2004a;  

Weisz et al., 2017). A reduced preparation containing the neural circuits controlling TSWR and 

feeding has been developed to study the cellular correlates underlying sensitization and feeding 

suppression in vitro (Fig. 8) (Weisz et al., 2017). This reduced preparation is able to express 

learning-induced changes occurring simultaneously in multiple neural circuits through the use of 

procedures and techniques that are not feasible in vivo (Weisz et al., 2017). In this reduced 

preparation, the cerebral ganglion connects buccal and pleural-pedal ganglia and contains 

interneurons activated by aversive training (Marinesco et al., 2004a; Weisz et al., 2017). 

Electrical stimulations to one set of pedal afferent nerves P8 and P9 (Fig. 8) can be utilized in 

vitro to mimic the aversive training delivered to the body wall in vivo (Zhang et al., 1994; Weisz 

et al., 2017).  This in vitro aversive training protocol is able to elicit co-expression of increased 

excitability of TSNs and decreased excitability of B51 (Fig. 9) (Zhang et al., 1994; Weisz et al., 

2017). 
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Figure 9. In vitro aversive training induces increased excitability of TSN (A) and decreased 

excitability of B51 (B) 15 min after training. (Modified from Weisz et al., 2017) 

Figure 8. (A) The in vitro analog configuration. (B) A picture of the reduced preparation. 

Each ganglion and retained nerves are labeled. (A modified from Weisz et al., 2017) 
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Role of serotonin in sensitization and feeding suppression in Aplysia 

The neurotransmitter serotonin (5-HT) is known to mediate sensitization in Aplysia 

(Glanzman et al., 1989; Levenson et al., 1999). Following exposure to aversive stimuli, 5-HT is 

released into the neuropil (Glanzman et al., 1989) and into the hemolymph (Levenson et al., 

1999), which is a blood-like fluid in Aplysia. The role of 5-HT in sensitization includes TSN 

increased excitability and spike broadening, and facilitation of the synapses between TSNs and 

motor neurons that generate contraction of the siphon, thereby leading to enhancement of TSWR 

(Byrne and Hawkins, 2015). Exogenous 5-HT application mimics sensitization and its cellular 

correlates in Aplysia (Fig. 10) (Byrne and Hawkins, 2015). For instance, 5-HT bath application 

to Aplysia can induce sensitization without aversive training (Fig. 10A) (Levenson et al., 1999; 

Shields-Johnson et al., 2013). In addition, in vitro 5-HT bath application to the reduced 

preparation mentioned above induces increased excitability of TSNs without stimulation to the 

nerves P8 and P9 (Fig. 10C) (Weisz et al., 2017). Training-induced feeding suppression appears 

to be independent from 5-HT because 5-HT bath application to the whole animal and to the 

reduced preparation does not change either feeding or excitability of B51, respectively  (Figs. 

10B, 10D) (Shields-Johnson et al., 2013; Weisz et al., 2017). 



                                                
  
   

13 

 

 

Effects of 14DFD on sensitization and training-induced feeding suppression in Aplysia 

Recent work indicates that 14DFD disrupts the training-induced concurrent expression of 

sensitization and feeding suppression, which occurs in normally-fed Aplysia (i.e., two days food 

deprivation, 2DFD) (Figs. 11, 12) (Mac Leod et al., 2018). Specifically, when Aplysia is 

subjected to 14DFD, both STS and LTS are absent (Figs. 11A, 12A) (Mac Leod et al., 2018). 

STFS and LTFS are present albeit attenuated (Figs. 11B, 12B) (Mac Leod et al., 2018). These  

behavioral data indicate memory deficits induced by 14DFD (Mac Leod et al., 2018), while the 

cellular and molecular mechanisms remain unknown.  

Figure 10. In vivo 5-HT bath application alone induces sensitization (A) but does not affect 

feeding (B). In vitro 5-HT bath application to the reduced preparation induces increased 

excitability of TSNs (C) but does not affect the excitability of B51 (D). (A and B modified 

from Shields-Johnson et al., 2013; C and D modified from Weisz et al., 2017) 
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Figure 11. (A) STS is expressed as increased TSWR duration 15 min post-test in trained animals 

(2D-T) compared to untrained animals (2D-UT) under 2DFD. However, under 14DFD, no 

significant difference was observed between trained (14D-T) and untrained (14D-UT) animals, 

indicating prevented STS. (B) STFS, exhibited as decreased number of bites in 15 min post-test 

in 2D-T animals compared to 2D-UT animals, persisted under 14DFD (14D-T and 14D-UT 

groups). In these and following graphs, identical letters indicate no significant difference. 

(Modified from Mac Leod et al., 2018) 
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Figure 12. (A) LTS expressed as increased TSWR duration in 24 h post-test in trained animals 

(2D-T) compared to untrained animals (2D-UT) under 2DFD. However, under 14DFD, no 

significant difference was observed between trained (14D-T) and untrained (14D-UT) animals, 

suggesting prevented LTS. (B) LTFS exhibited as decreased number of bites in 24 h post-test in 

2D-T animals compared to 2D-UT animals, persisted under 14DFD (14D-T and 14D-UT 

groups). However, LTFS was attenuated because LTFS was significantly smaller in 14D-T 

group comparing to 2D-T group. (Modified from Mac Leod et al., 2018) 
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CHAPTER II: HYPOTHESIS AND AIMS  

This project aimed to investigate the mechanisms underlying the memory deficits caused 

by prolonged food deprivation using multiple approaches. Specifically, changes in the expression 

of the neural correlates underlying sensitization by prolonged food deprivation and the role of 5-

HT in mediating memory deficits under prolonged food deprivation were studied. Below are the 

aims investigated in this research project. 

 

Aim 1. Evaluate whether 14DFD alters the expression of the learned neural modifications 

associated with STS and STFS. 

According to previous data indicating that 14DFD prevents STS while STFS is conserved 

but attenuated (Mac Leod et al., 2018), it was hypothesized that the neural modifications 

associated with STS and STFS might be changed by 14DFD. Aim 1 assessed the occurrence of 

changes in TSNs and B51 excitability in response to in vitro aversive training under 14DFD by 

utilizing the reduced preparation as described earlier.  

 

Aim 2. Examine whether 14DFD reduces 5-HT level in hemolymph and ganglia. 

Given the fact that 5-HT is synthesized from 5-hydroxytrytophan (5-HTP), which is 

converted from the amino acid tryptophan by tryptophan hydroxylase (Goldman and Schwartz, 

1974), it is reasonable to speculate that a limited source of amino acids would reduce the 

synthesis of 5-HT in 14DFD Aplysia. Furthermore, considering the role of 5-HT in sensitization 

in Aplysia, a decrease in 5-HT level may block increased excitability of TSNs, and subsequently 

STS to occur at the behavioral level (Mac Leod et al., 2018). Aim 2 examined whether 14DFD 

reduced 5-HT concentration in two distinct compartments: the hemolymph and the ganglia.  
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Aim 3. Investigate the ability of 5-HT to induce sensitization and increased TSN excitability 

following 14DFD 

5-HT is known to mediate sensitization and its cellular correlates under normal feeding 

conditions (Byrne and Hawkins, 2015). Furthermore, exogenous application of 5-HT alone 

induces sensitization and its cellular correlates both in the short-term and long-term timeframes 

(Byrne and Hawkins, 2015). Therefore, it was hypothesized that exogenous application of 5-HT 

may overcome the lack of sensitization under 14DFD and might be able to induce sensitization 

and increase the excitability of TSNs under 14DFD. Aim 3 studied whether, following 14DFD, 

5-HT was able to induce LTS (Aim 3.1) and the short-term increase of TSN excitability (Aim 

3.2). 

  

CHAPTER III: MATERIALS AND METHODS 

Animal maintenance and feeding regimens 

In all experiments, adult Aplysia (100-200 g; South Coast Bio-Marine, San Pedro, CA) 

were individually housed in two aquaria (Aquatic Enterprises Inc., WA) of recirculating 15 ˚C 

aquarium seawater (Instant Ocean) on a 12-h light/dark cycle. Animals were fed 1 piece (about 1 

g) of dried seaweed (Emerald Cove Organic Pacific Nori, NC) three times a week (Goldner et 

al., 2018). Two regimens were utilized in this project. 14DFD is the maximum period that 

Aplysia can withstand without health deterioration (Kupfermann, 1974). 2DFD is the standard 

feeding protocol routinely used to analyze the effects of aversive training on TSWR and feeding 

(Acheampong et al., 2012) and was utilized as the control for the 14DFD regimen (Mac Leod et 

al., 2018). 2DFD and 14DFD animals were housed in separate aquaria (Mac Leod et al., 2018). 

Before each experiment, the general health and motivational state of the animals were evaluated 
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by presenting a small piece of seaweed as food stimulus (Goldner et al., 2018). Animals were 

included only if bites were generated within a minute in response to the food stimulus (Weisz et 

al., 2017; Goldner et al., 2018).  

 

Reduced ganglion preparation 

Aim 1 and Aim 3.2 investigated the learned neuronal modifications of TSNs and B51 in 

response to aversive training and 5-HT treatment, respectively, in 2DFD and 14DFD Aplysia. 

The reduced preparation illustrated in Figure 8 was utilized following Weisz et al. (2017) and  

Farruggella et al. (2019). The methods for setting up and utilization of this reduced preparation 

are described below. 

 

Dissection 

After 2DFD or 14DFD, Aplysia were anesthetized by injecting a volume of isotonic 

MgCl2 that is equivalent to 50% of the body weight (e.g., a 100-g animal was injected with 50 

mL of isotonic MgCl2) through the foot (Weisz et al., 2017). The animal was then placed ventral 

side up in a dissecting tray (Weisz et al., 2017). A longitudinal incision along the midline of the 

foot, extending approximately one-third the length of the animal to the margin of the lips, was 

made to expose the central nervous system (Weisz et al., 2017). The buccal, cerebral, and 

pleural-pedal ganglia were removed together with their inter-ganglionic connectives to retain the 

critical components of the neural circuits controlling TSWR and feeding (Cleary et al., 1998; 

Weisz et al., 2017). One of the two buccal nerves n.2,3 was retained for identification of neuron 

B51 in Aim 1 and Aim 3.2 (Nargeot, Baxter, and Byrne 1999; Shields-Johnson et al. 2013). One 

set of pedal nerves P8 and P9 were retained in Aim 1 for delivery of electrical stimulations (see 
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in vitro training section) (Walters et al., 2004; Weisz et al., 2017). Because no electrical 

stimulation to the pedal nerves was needed in Aim 3.2, only one set of pedal nerves P9, was 

retained for identification of TSNs (Walters et al., 2004; Weisz et al., 2017). All other nerves 

were cut short at the point of exit from the ganglia where they originate. 

 

 

The isolated ganglia were transferred to a Sylgard®-coated Petri dish (Fig. 13) containing 

high-divalent artificial seawater (ASW) composed of 210 mM NaCl, 10 mM KCl, 145 mM 

MgCl2, 20 mM MgSO4, 33 mM CaCl2 and 10 mM HEPES with the pH adjusted to 7.5 using 

NaOH (Weisz et al., 2017). The cerebral and pleural-pedal ganglia were pinned ventral-side up 

(Weisz et al., 2017). The buccal ganglion was flipped to expose the rostral side by bringing the 

radula nerve up over the ganglion and pinning it between the esophageal nerves (Weisz et al., 

2017). In Aplysia, TSWR and TSNs excitability are restricted to the ipsilateral side of nerves P8 

and P9 (Cleary et al., 1998; Shields-Johnson et al., 2013). Thus, TSNs and the P8 and P9 nerves 

Figure 13. Picture showing the reduced preparation set on a Petri dish. (Photo credit: Edgar De 

La Garza) 
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in the ipsilateral side were used (Weisz et al., 2017). The pleural ganglion on the side of retained 

P8 and P9 nerves was desheathed on the ventral surface to allow exposure of TSNs cluster 

(Weisz et al., 2017). Two B51s in both sides of buccal ganglion are not lateralized, so B51 was 

chosen regardless of whether it was ipsilateral or contralateral to the n.2, 3 nerve (Acheampong 

et al., 2012; Weisz et al., 2017). Both buccal ganglia were desheathed to allow exposure of B51s 

(Weisz et al., 2017). Bipolar extracellular stimulating electrodes were placed along P8, P9 and 

n.2,3 nerves and isolated from the bath with Vaseline (orange arrowheads in Fig. 14A)  (Weisz et 

al., 2017). The high-divalent ASW was replaced by and normal ASW containing 450 mM NaCl, 

10 mM KCl, 30 mM MgCl2, 20 mM MgSO4, 10 mM CaCl2 and 10 mM HEPES with the pH 

adjusted to 7.5, and the preparation was rested for 30 min (Weisz et al., 2017). The recording 

chamber was maintained at 15˚C throughout the electrophysiological recordings with a 

feedback-controlled cooling device (Fig. 14B) (Model BTC-100/BTC-S, Bioscience Tools, CA) 

(Weisz et al., 2017). 

 

Intracellular recordings  

Intracellular recordings from TSNs and B51 were conducted in current-clamp mode 

using a pre-amplifier (Fig. 14C) (IX2-70, Dagan Corporation, Minneapolis, MN) (Weisz et al., 

2017; Farruggella et al., 2019). Fine-tipped glass microelectrodes were filled with 3 M potassium 

acetate (resistance 10-12 MΩ) (blue arrows in Fig. 14A) (Weisz et al., 2017; Farruggella et al., 

2019). 
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Figure 14. Photos of the apparatus for intracellular recordings. (A) Reduced preparation set in 

Petri dish. Buccal nerves n.2, 3 and pedal nerves P8 and P9 are isolated using Vaseline (orange 

arrowheads). Two electrodes in B51 and one electrode in TSN are indicated with blue arrows. 

(B) The feedback-controlled cooling system that maintains the recording chamber at 15˚C. (C) 

Intracellular preamplifier used for intracellular recordings and stimulations. (D) Stimulus isolator 

used to deliver electrical stimulations to P8 and P9. (E) Power lab system that digitalizes 

neuronal activities and transform signals to computer software. 
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TSNs: Given the small size of the TSN cell body, one-electrode current-clamp was used 

for intracellular recordings to avoid dislodging electrodes during the delivery of the in vitro 

training or 5-HT bath application and washout (Cleary et al., 1998; Weisz et al., 2017). TSNs 

were identified by their relative position and occurrence of action potentials in response to a 

single 3-ms stimulus delivered to P9 nerve (Figs. 15A, 15B) (Cleary et al., 1998; Walters et al., 

2004). Resting membrane potential (Vm) was recorded 5 min after impalement (Weisz et al., 

2017; Farruggella et al., 2019). Cells were included in the study only if they displayed a Vm of at 

least -35 mV (Shields-Johnson et al., 2013). TSNs were clamped at -45 mV and their excitability 

was assessed as the number of spikes evoked by a 1-s, 2-nA depolarizing current pulse (Fig. 

15C) (Shields-Johnson et al., 2013). 

 

 

Neuron B51: B51 was identified by its size and position in the buccal ganglion (Fig. 

16A) and the occurrence of its all-or-nothing bursts known as plateau potential occurring either 

spontaneously or in response to stimulation (1-2 s of 10-V, 0.5-ms pulses at 4 Hz) of the buccal 

nerve n.2,3 (Fig. 16B) (Nargeot et al., 1999). Two-electrode current-clamp was used for 

Figure 15. Identification and recordings of TSNs activity. (A) Picture shows TSNs injected with 

fast green for visual identification. (B) Spike in TSN elicited by 3-ms stimulus to P9 nerve. (C) 

The excitability of TSNs is determined by number of spikes (which is 2 in this example) 

generated by 1-s, 2-nA injected current. (A from Dr. Mozzachiodi) 
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intracellular recordings from B51, with one electrode for stimulation and the other one for 

recording (Nargeot et al., 1999; Weisz et al., 2017). Vm was recorded 5 min after impalement of 

both electrodes (Weisz et al., 2017; Farruggella et al., 2019). Cells were included in the study 

only if they displayed a Vm at least -45 mV (Shields-Johnson et al., 2013; Weisz et al., 2017). 

B51 was then current clamped at -60 mV and the input resistance (Rm) was calculated from the 

voltage drop elicited by a 5-s, 5-nA hyperpolarization current pulse (Fig. 17A) (Nargeot et al., 

1999). The excitability of B51 was assessed as burst threshold (BT), defined as the minimum 

amount of depolarizing current necessary to elicit a plateau potential outlasting the duration of a 

5-s pulse (Fig. 17B) (Farruggella et al., 2019). BT was measured by injecting a series of 5-s 

depolarizing current pulses of 1-nA incremental intensity at 10-s intervals, beginning at 5 nA, 

until B51 fired a plateau potential (Fig. 17B) (Farruggella et al., 2019). If B51 fired a plateau 

potential at 5 nA, depolarizing current pulses were administered in 1-nA decrements at 10-s 

intervals until B51 no longer exhibited a plateau potential. 

 

 

 

 

Figure 16. Identification and recordings of B51 activity. (A) Picture shows B51 as injected 

with fast green for visual identification. (B) All-or-nothing plateau potentials in response to 

stimulations to the n.2,3 nerve. (A from Dr. Mozzachiodi) 
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In vitro training  

In Aim 1, in vitro aversive training was performed by delivering one 10-s, 1-Hz, train of 

ten 500-ms, 60-Hz, 60-V impulses administered simultaneously to the nerves P8 and P9 (Fig. 

14D), which is analogous to in vivo aversive training to the body wall of Aplysia (Weisz et al., 

2017). The trained groups received the in vitro training while the untrained control groups were 

handled the same as the trained groups, except that preparations did not receive electrical 

stimulation to the P8 and P9 nerves (Shields-Johnson et al., 2013; Weisz et al., 2017).  

 

Figure 17. Recordings of B51. (A) Rm is measured by dividing voltage drop (orange arrows) 

elicited by a 5-s, 5-nA hyperpolarizing current by 5 s. (B) The excitability of B51 is measured as 

minimum depolarizing current that elicits plateau potential outlasting the 5-s current pulse 

(which is 7 nA in this example).  
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5-HT content analysis 

Aim 2 investigated whether 14DFD reduces 5-HT concentration in two different 

compartments. 5-HT concentrations from hemolymph and ganglia were measured and analyzed 

separately. 5-HT concentrations were measured by high performance liquid chromatography 

with triple quadrupole mass spectrometer (HPLC-MS/MS). The methods that were utilized to 

collect samples from Aplysia and analytical procedures for the HPLC-MS/MS are described 

below. 

 

Hemolymph collection  

Hemolymph samples (1.5 mL) were collected using 20-gauge needle and 5-mL syringe. 

Hemolymph was withdrawn carefully at a site between the rhinophores and parapodia near the 

foot (Levenson et al., 1999). Animals that inked during hemolymph withdrawal were removed 

from the study because inking during hemolymph withdrawal may signal that the animals 

experienced a noxious stimulus, which per se leads to sensitization and 5-HT release in 

hemolymph and ganglia (Levenson et al., 1999). Hemolymph was transferred into 5-mL 

Eppendorf tube in which 244 µL acetone (Levenson et al., 1999) and 10.54 µL acetic acid were 

immediately added. Samples were stored at -80 ˚C until the analysis was performed (Levenson et 

al., 1999). 

 

Ganglia collection  

To collect ganglia, Aplysia were anesthetized and the ganglia were removed using the 

same procedures as described in the dissection section. The cerebral ganglion, both pleural-pedal 

ganglia, and the abdominal ganglion were dissected and all the peripheral nerves were trimmed 
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short in a Sylgard®-coated Petri dish containing 1:1 in volume of isotonic MgCl2 and normal 

ASW (Glanzman et al., 1989; Weisz et al., 2017). Because the amount of connective tissue 

surrounding each ganglion may cause differences in ganglia size and weight among animals, a 

“standardization” procedure of trimming the connective tissue around each ganglion without 

exposing the neurons inside was performed (Fioravante et al., 2008). In this way, the 5-HT 

content was not related to connective tissue, but instead to each ganglion containing the same 

number of neurons. In addition, the size of neurons in developed nervous system of adult Aplysia 

should not vary (Bucher et al., 2005). Therefore, the size and number of the neurons in ganglia 

were not expected to be different among animals. The ganglia from one animal were transferred 

to a 2-mL glass homogenizer containing 200 µL 0.1-M acetic acid, heated at 100 ˚C for 5 min, 

followed by homogenization and transferred to a 1.5-mL centrifuge tube (Glanzman et al., 1989). 

The glass homogenizer was rinsed with 500 µL 0.1-M acetic acid and vortexed for 30 s. The 

rinsed acetic acid was transferred to the 1.5-mL centrifuge tube containing homogenate. The 

homogenate was stored at -80 ˚C until analyzed.  

 

HPLC-MS/MS 

The experiments in this section were conducted at the TAMU-CC Center for Coastal 

Studies under the supervision of Dr. Paul Zimba. Concentrations of 5-HT in the hemolymph and 

ganglia were quantified with an Agilent 1200 series HPLC and Agilent 6410 triple quadrupole 

mass spectrometer (MS/MS; Chia et al., 2018) (Fig. 18). Samples were freeze dried overnight to 

powder and re-constituted with 0.1 M acetic acid, then centrifuged at 13,000-18,000 relative 

centrifuge force (RCF) for 2-3 min (Fig. 19). The supernatant was transferred to Thermo 

ScientificTM autosampler vials for HPLC-MS/MS with an injection volume of 40 µL (Fig. 19). 
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Mobile phase A consisted of formic acid acidified water to a final concentration at 0.1% and 

mobile phase B was 100% acetonitrile (ACN) acidified with formic acid with final concentration 

at 0.1%. Samples were loaded onto a Phenomenex Luna C18 column (3 x150 mm, particle size 3 

µm). The elution started with an isocratic step of 100% mobile phase A for 1.5 min and then a 

linear gradient to 90% mobile phase B over 3.5 min, kept at 90% mobile phase B for 1.5 min, 

and then equilibrated with 100% mobile phase A for 1 min. The flow rate was 0.5 mL/min (Dr. 

I-Shuo Huang, TAMU-CC, personal communication). For each sample, the peak area of the 5-

HT was determined using the MS/MS integrator option acid (Chia et al., 2018). The 

concentration of 5-HT was determined by standard curves created by a series of concentrations 

of 5-HT dissolved in 0.1-M acetic acid (1000 µM, 500 µM, 100 µM, 50 µM, 10 µM, 5 µM, 0.5 

µM, 0.1 µM, 0.05 µM, 0.01 µM and 0.1-M acetic acid only as blank). 
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Figure 18. Illustration of HPLC-MS/MS. (A) Schematic overview of HPLC-MS/MS. HPLC-

MS/MS includes HPLC column that separates analytes injected into the pump, where they are 

charged and converted to gas phase ions. The triple quadrupole mass spectrometer contains three 

quadrupoles of four parallel rods, the electric fields of which separate ions according to their 

mass-to charge ratio (m/z) during pass along. The mass analyzer generates mass spectrum to 

quantify analytes. (B) Diagram of each quadrupole. The first quadruple is mass filter, which is 

the primary m/z selector. The second quadrupole is the collision cell that fragment the analytes. 

The third quadrupole then selects the fragmented ions by m/z again. (A modified from Östman, 

2018; B modified from https://en.wikipedia.org/wiki/Triple_quadrupole_mass_spectrometer) 

 

B 

A 

Figure 19. Illustration of the steps before running hemolymph and ganglia samples into HPLC-

MS/MS. (Modified from https://www.mccourier.com/global-liquid-chromatography-mass-

spectroscopy-market-2020-future-estimations-with-top-key-players-production-development-

and-opportunities-to-2025/) 
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Behavioral measurements of TSWR duration  

Aim 3.1 evaluated the effects of 5-HT to induce LTS. Therefore, behavioral measurement 

of TSWR duration in 2DFD and 14DFD animals is described in this section.  

The posterior portions of the parapodia (Figs. 2, 20) were surgically removed bilaterally 

(i.e., parapodectomy) to permit full visualization of the siphon withdrawal (Mac Leod et al., 

2018). For 14DFD regimens, parapodectomy was performed at least 2 days before the animals 

started food deprivation, to avoid surgery during the food deprivation period. For consideration 

of the consistency to 14DFD animals, 2DFD animals were parapodectomized 16 days before 

their pre-tests of TSWR. To perform parapodectomy, Aplysia were anaesthetized by burying 

them under ice for an amount of time (20 min for most of the animals) sufficient for the animals 

to become completely relaxed and motionless (Goldsmith and Byrne, 1993; Wainwright et al., 

2002; Mac Leod et al., 2018). Parapodium was reflected away from the mantle, followed by 

clamping along a line that was about 3-cm from the base by a sanitized hemostat  (Fig. 20) 

(Goldsmith and Byrne, 1993; Wainwright et al., 2002).  Sanitized surgery scissors were used to 

cut along the hemostat to completely remove the clamped portion of the parapodium (Goldsmith 

and Byrne, 1993; Wainwright et al., 2002). The clamp was maintained for at least 30 s 

(Goldsmith and Byrne, 1993; Wainwright et al., 2002). Same procedures were used for the other 

side of the parapodium (Goldsmith and Byrne, 1993; Wainwright et al., 2002). After both sides 

of parapodectomy, animals were carefully monitored and returned to the tank after they were 

awake and started moving around (Goldsmith and Byrne, 1993; Wainwright et al., 2002).  

Animals were included in the study only if they did not ink or secrete opaline during 

parapodectomy, as well as ate normally before entering the food deprivation period.  



                                                
  
   

30 

 

 

 

To measure TSWR, a hand-held bipolar electrode was used to deliver electrical 

stimulation to the animals (Mac Leod et al., 2018). A 300-400-ms, 2-mA electrical stimulus was 

applied to Aplysia by the wand through a gentle touch to the tail (Mac Leod et al., 2018). The 

duration of siphon withdrawal upon stimulation was recorded beginning from the onset of the 

contraction to the onset of relaxation as a measurement of TSWR strength (Mac Leod et al., 

2018). The location of the stimulus was chosen as an identifiable landmark of skin coloration 

(e.g., bright/dark spot) lateral to the midline (Fig. 21) (Mac Leod et al., 2018). To allow 

subsequent stimuli to be applied to the same location, the tail was photographed and the 

landmark was annotated using a notetaking app (Notes) on a smartphone (Mac Leod et al., 

2018). Five test stimuli at 10-min intervals were performed for pre- and post-tests (Mac Leod et 

Figure 20. Illustration of parapodectomy. (From Dr. Marcy Wainwright) 

Before 

Hemostat 

After 
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al., 2018). The five evoked responses were averaged to determine the TSWR duration (Mac 

Leod et al., 2018).  

 

 

In vivo 5-HT bath application  

The protocol of exogenous application of 5-HT in vivo utilized in Aim 3.1 was developed 

previously and showed the induction of LTS (Lyons et al., 2006). Briefly, to apply 5-HT to 

Aplysia in vivo, animals were immersed for 1.5 h in plastic chambers containing 2 L of 500-µM 

5-HT (Sigma) dissolved in ASW (Fig. 24) (Lyons et al., 2006; Shields-Johnson et al., 2013). 

Water temperature was maintained at 15 ˚C during the treatment (Lyons et al., 2006; Shields-

Johnson et al., 2013). After bath application of 5-HT solution, animals were returned into their 

tank. Post-test of TSWR was conducted 24 h after the end of 5-HT bath application. The control 

Figure 21. (A) Photo shows the landmark a black round spot that was chosen. (B) Enlarged area 

of (A) indicating mark of the black round spot. Red circle (A) and arrow (B) are the original 

marks that were made to identify a selected skin spot on the tail for TSWR elicitations. 

A                                        B 
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groups were handled the same as the treated animals except that they received bath application of 

only ASW. 

 

In vitro 5-HT bath application  

The protocol to apply 5-HT to Aplysia in vitro for Aim 3.2 was utilized previously and 

was shown to increase the excitability of TSNs (Weisz et al., 2017). Specifically, serotonin 

hydrochloride (Sigma-Aldrich; cat 14927-25MG) was dissolved in normal ASW to make a 50-

mM stock (Weisz et al., 2017). Stock solution was made fresh daily and stored at 4 ˚C. The stock 

solution was diluted to 50 µM in normal ASW prior to experiment. Bath application of 5-HT was 

performed by slowly adding 50 mL of 50-µM 5-HT solution into one side of the Petri dish with a 

transfer pipette while simultaneously removing an equal volume from the opposite side of the 

Petri dish (Fig. 25) (Weisz et al., 2017). The application of 5-HT took 5 min (Weisz et al., 2017). 

After this period, 5-HT was washed out with 50 mL of ASW in an identical manner (Weisz et 

al., 2017). The control groups were handled the same way as treated groups except that ASW 

was used instead of 5-HT solution.  

 

Experimental designs 

Aim 1. Evaluate whether 14DFD alters the expression of the learned neural modifications 

associated with STS and STFS 

Four groups of reduced preparations were included: Aplysia under 2DFD with training 

(2D-T) and without training (2D-UT), Aplysia under 14DFD with training (14D-T) and without 

training (14D-UT).   



                                                
  
   

33 

 

After 2DFD or 14DFD (Fig. 22A), ganglia were dissected from the Aplysia and used for 

the reduced preparation (Fig. 22B).  Membrane properties of TSNs and B51 were recorded prior 

to in vitro training (i.e., pre-tests, Fig. 22C). Ten min after pre-tests, in vitro aversive training 

was performed by delivering 10-s, 1-Hz, train of ten 500-ms, 60-Hz, 60-V impulses 

simultaneously to the nerves P8 and P9 in the trained preparations (2D-T and 14D-T). For TSNs, 

post-tests were conducted at 5 min and 15 min after training to evaluate whether 14DFD induces 

shorter plasticity changes (Fig. 22C). Post-test of B51 only included the 15-min time point to 

avoid activating B51 too often (Fig. 22C). The control preparations (2D-UT and 14D-UT) were 

handled the same as the trained preparations, except that control preparations did not receive 

electrical stimulation to the P8 and P9 nerves (Shields-Johnson et al., 2013; Weisz et al., 2017). 
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Figure 22. Schematic of the in vitro experimental protocol. After each food deprivation period 

(A), the ganglia used in the reduced preparation were dissected and set on dish (B). The 

experimental protocol (C) included measurement of TSN and B51 neuronal properties 10 min 

prior to the training as pre-tests. A single-trial of in vitro training consists of 10-s, 1-Hz, train of 

ten 500-ms, 60-Hz, 60-V impulses (lightning bolt). Post-tests of TSNs were conducted at 5 min 

and 15 min after training. Post-test of B51 was conducted 15 min after training. 
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Aim 2. Determine whether 14DFD reduces 5-HT levels 

Two groups of animals (2DFD and 14DFD) were utilized for Aim 2. Animals had 1.5 mL 

hemolymph withdrawn carefully, followed by a 30-min rest (Fig. 23A). The cerebral, pleural-

pedal and abdominal ganglia were dissected from the same animal (Fig. 23B). Both hemolymph 

and ganglia samples were stored at -80˚C immediately after collection. In all sets of experiments, 

samples were analyzed within 1 week after collection.  

 

 

 

 

 

Figure 23. The experimental procedures for Aim 2. (A) After each food deprivation period, 

hemolymph was withdrawn from live animals. (B) After 30-min rest, ganglia samples were 

collected. Hemolymph and ganglia samples were separately analyzed by HPLC-MS/MS (C). (A 

modified from Mason et al., 2019; B photo credit: Edgar De La Garza; C modified from 

https://www.mccourier.com/global-liquid-chromatography-mass-spectroscopy-market-2020-

future-estimations-with-top-key-players-production-development-and-opportunities-to-2025/) 
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Aim 3. Characterize the effects of 5-HT in inducing sensitization and increasing TSN excitability 

Four groups of animals/preparations were utilized in Aim 3: 2DFD animals/preparations 

with 5-HT (2D-5-HT) and ASW (2D-ASW) bath application, and 14DFD animals/preparations 

with 5-HT (14D-5-HT) and ASW (14D-ASW) bath application. 

Aim 3.1 studied the effects of 5-HT for inducing LTS. After 2DFD or 14DFD, animals 

were pre-tested for baseline TSWR duration, followed by a 30-min rest (Fig. 24) (Shields-

Johnson et al., 2013). 5-HT/ASW bath application lasted for 1.5 h (Fig. 24). Post-test of TSWR 

duration were conducted 24 h after the end of bath application (Fig. 24). The experimenter was 

blind to the treatment.  

 

 

Aim 3.2 investigated the effects of 5-HT to increase TSN excitability in preparations 

from 14DFD Aplysia. Although 5-HT was shown to not affect the excitability of B51 (Weisz et 

al., 2017), the membrane properties of B51 were recorded to examine if 5-HT affected B51 

properties under 14DFD. After obtaining the baseline membrane properties of TSNs and B51, 

the preparation was rested for 10 min (Fig. 25). Bath application of 5-HT or ASW took 5 min. 

The neural properties of TSNs were post-tested at 5 min and 15 min after treatment (Fig. 25). 

The neural properties of B51 were only post-tested at 15 min after treatment (Fig. 25). 

Figure 24. In vivo 5-HT bath application protocol is described. In vivo protocol included pre-test 

of TSWR duration, followed by bathing Aplysia with either 5-HT or ASW for 1.5 h. Post-test 

TSWR duration was conducted 24 h after the end of 5-HT application.  
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. 

Data analysis 

In all experiments, data are reported as mean ±SEM and were analyzed using the 

statistical package of SigmaPlot 11.0 (Jandel Scientific, San Rafael, CA).  

In Aim 1 and Aim 3.2, membrane properties of TSNs and B51 were analyzed and 

illustrated as percentage change, which was calculated as {[(post-test) - (pre-test)]/(pre-test)} 

×100% (Weisz et al. 2017). In Aim 3.1, change of TSWR was calculated by (post-test/pre-test) 

(Mac Leod et al., 2018). Statistical significance was set at p < 0.05. Statistical analyses among 

four groups were conducted using the Kruskal-Wallis test (H) followed by Student-Newman-

Keuls post-hoc comparisons (q) to isolate the sources of significance (Acheampong et al. 2012; 

Figure 25. In vitro 5-HT bath application protocol is described. In vitro experiment included pre-

tests of membrane properties of TSN and B51, followed by a rest of 10 min. For treatment, 50 

mL of 50 µM 5-HT or ASW was manually exchanged by adding 5-HT/ASW solution from one 

end of the Petri dish (Arrow and tip with solution in), and simultaneously taking out an equal 

volume from the other end (Arrow and tip with solution out). Bath application took 5 min. 5-

HT/ASW washout with 50 mL ASW was conducted in an identical manner. Post-tests of TSN 

were performed at 5 min and 15 min after the end of bath application, while post-test of B51 was 

performed only at 15-min time point.  
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Chatterji et al., 2020). The Mann-Whitney U test was used to check if there was significant 

difference in the 5-HT concentrations between two groups in Aim 2 and in the baseline 

parameters between the two groups in Aims 1, 3.1 and 3.2 (Weisz et al. 2017; Mac Leod et al., 

2018).  

 

CHAPTER IV: RESULTS 

Training-induced short-term increased excitability of TSNs was prevented by 14DFD 

The effects of 14DFD on the changes in membrane properties of TSNs following in vitro 

training were analyzed among the four groups of preparations. In vitro training induced increased 

excitability of TSNs in 2D-T preparations compared to 2D-UT preparations (Figs. 26A1, 26A2, 

26B1, 26B2), confirming that in vitro training induced a well-known neural correlate of STS 

(Weisz et al., 2017). However, in vitro training failed to induce increased excitability of TSNs in 

14D-T preparations compared to 14D-UT preparations (Figs. 26A3, 26A4, 26B1, 26B2). This 

occurred in both 5-min (Fig. 26B1) and 15-min post-tests (Fig. 26B2). 

Analysis of the excitability of TSNs revealed an overall statistical significance among the 

four groups in both 5-min and 15-min post-tests (n=19; 5-min post-test: H3=19.624; p<0.001; 15-

min post-test: H3=13.436; p=0.004; Figs. 26B1, 26B2). Post-hoc analysis showed that in both 5-

min and 15-min post-tests, the change in the number of spikes in the 2D-T group was 

significantly greater (p<0.05) compared to the 2D-UT (5-min post-test: q=6.192; 15-min post-

test: q=5.285), 14D-T (5-min post-test: q=6.947; 15-min post-test: q=4.976) and 14D-UT (5-min 

post-test: q=5.896; 15-min post-test: q=4.713) groups (Figs. 26B1, 26B2). There was no 

significantly increased TSN excitability (p≥0.05) between the 14D-T and 14D-UT groups (5-min 

post-test: q=3.193; 15-min post-test: q=2.849). Changes in Vm of TSNs were not statistically 
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significant among the four groups in either 5-min (H3=5.865; p=0.118) or 15-min post-tests 

(H3=3.388; p=0.336) (data not shown).  

 

 

Training-induced short-term decreased excitability of B51 was prevented by 14DFD 

Next, the effects of prolonged food deprivation on the training-induced decrease of B51 

excitability were examined to evaluate the cellular mechanisms contributing to the attenuated 

STFS observed in 14DFD Aplysia. In vitro training induced decreased excitability of B51 

Figure 26. 14DFD prevented increased excitability of TSNs following single-trial in vitro 

training both 5 min and 15 min after training. (A) Sample traces of TSNs spikes in pre-tests, 5-

min and 15-min post-tests in each of the four groups used. (B) Summary data illustrate that 

increased excitability of TSNs was absent in 14D-T preparations but was observed in 2D-T 

preparations 5 min (B1) and 15 min (B2) after in vitro training. 
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through an increase in BT in 2D-T preparations compared to 2D-UT preparations (Figs. 27A1, 

27A2, 27B), which confirmed the presence of decreased B51 excitability in response to the in 

vitro training in 2DFD preparations (Weisz et al., 2017). In contrast, the excitability of B51 did 

not differ between 14D-T and 14D-UT preparations, suggesting the training-induced decreased 

excitability in B51 was absent in 14DFD preparations (Figs. 27A3, 27A4, 27B).  

Changes in BT showed significant difference among the four groups (n=16; H3=9.374; 

p<0.05; Fig. 27B). Post-hoc comparison revealed significantly increased (p<0.05) BT in the 2D-

T preparations compared to the 2D-UT (q=4.045), 14D-T (q=5.743) and 14D-UT (q=4.028) 

preparations (Fig. 27B). There was no significant difference in BT between 14D-T and 14D-UT 

preparations (q=1.465; p≥0.05), suggesting a lack of decreased excitability in B51 under 14DFD. 

No significant difference was observed in the changes in Rm among the four groups (H3=2.119; 

p=0.548) (data not shown). Interestingly, a significant difference was observed in the changes in 

Vm among the four groups (H3=9.505; p<0.05). Post-hoc analysis revealed that the Vm was 

significantly increased (p<0.05) in the 14D-T (q=3.961), 14D-UT (q=4.714) and 2D-UT 

(q=5.357) groups compared to the 2D-T group (data not shown). The unexpected post-test 

hyperpolarization observed in the two untrained groups, 2D-UT and 14D-UT (q=1.696, p≥0.05), 

has not been previously reported. The hyperpolarization in the untrained preparations might be 

indicative of a time-alone effect, resulting from the changes of parameters by time. However, the 

lack of significance between the 14D-T and 14D-UT groups (q=0.800, p≥0.05) suggests that Vm 

was not altered in a training-dependent manner in 14DFD preparations. 
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Comparisons of pre-test membrane properties of TSNs and B51 were conducted between 

2DFD and 14DFD preparations (Table 1). The 14DFD regimen did not affect pre-test Vm and 

excitability of TSNs, or pre-test Vm, Rm and excitability of B51. 

Figure 27. 14DFD prevented decreased excitability of B51 15-min after delivering single-trial 

in vitro training. (A) Sample traces of B51 burst threshold in pre-tests and 15-min post-tests in 

the four groups used. (B) Summary data reveal that 15 min after in vitro training, B51 decreased 

excitability was absent in 14D-T preparations, but it was observed in 2D-T preparations.  
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Neuron Membrane 

property 

Preparations 

(n) 

Mean ±SEM p U 

TSN Vm (mV) 2DFD (38) 

14DFD (38) 

2DFD = -50.697 ±0.989 

14DFD = -53.289 ±1.057 

0.053 535.500 

Number of 

spikes 

2DFD (38) 

14DFD (38) 

2DFD = 3.184 ±0.339 

14DFD = 2.895 ±0.284 

0.621 675.000 

B51 Vm (mV) 2DFD (32) 

14DFD (32) 

2DFD = -65.448 ±1.441 

14DFD = -67.509 ±1.368 

0.401 449.00 

Rm (MΩ) 2DFD (32) 

14DFD (32) 

2DFD = 3.281 ±0.169 

14DFD = 3.405 ±0.169 

0.311 436.00 

BT (nA) 2DFD (32) 

14DFD (32) 

2DFD = 7.344 ±0.439 

14DFD = 6.813 ±0.448 

0.266 429.500 

Table 1. Analysis of pre-test baseline parameters in TSNs and B51 in Aim 1. Values are 

expressed as mean ±SEM. Comparisons were made between preparations from 2DFD and 

14DFD animals. The Mann-Whitney U test was used to compare changes between two groups.  

 

14DFD reduced 5-HT levels in the hemolymph but not in the ganglia  

The next experiment examined whether 14DFD reduced 5-HT concentrations in the 

hemolymph and ganglia of Aplysia. In the first set of experiments, 5-HT concentration in 

hemolymph was 0.531 ±0.589 µM and 0, under 2DFD and 14DFD, respectively (Fig. 28A). In 

the ganglia dissolved in 500 µL acetic acid, 5-HT concentration was 5.234 ±3.718 µM and 4.684 

±2.915 µM in 2DFD and 14DFD animals, respectively (Fig. 28A). 5-HT concentration was 

significantly reduced in the hemolymph of Aplysia under 14DFD compared to Aplysia under 

2DFD (n=6; U=3.000; p=0.015; Fig. 28A). In the ganglia, 5-HT concentration did not 

significantly differ between 2DFD and 14DFD Aplysia (n=6; U=17; p=0.937; Fig. 28A).  

Animals utilized in the first set of experiments were from two shipments spaced less than 

one month apart. To avoid random factors that could influence the results, a second set of 

experiments was conducted to see if the results from the first set were replicable. Animals 

included in the second set of experiments were from three shipments spaced about 1.5 months 

apart.   
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In the second set of experiments, 5-HT concentration was 0.484 ±0.237 µM and 0.096 

±0.236 µM in hemolymph withdrawn from 2DFD and 14DFD Aplysia, respectively (Fig. 28B). 

5-HT concentration in the ganglia dissolved in 500 µL acetic acid was 1.739 ±0.002 µM and 

1.447 ±0.709 µM, in 2DFD and 14DFD animals, respectively (Fig. 28B).  Significantly reduced 

concentrations of 5-HT were observed both in the hemolymph (n=6; U=3.500; p=0.015) and in 

the ganglia (n=6; U=5.000; p=0.041; Fig. 28B).  

Results from the two sets of experiments are consistent for the 5-HT content in the 

hemolymph, but inconsistent for the 5-HT content in the ganglia. In the hemolymph, a 

significantly reduced 5-HT concentration by 14DFD was observed in both experiments, which 

provided evidence that the system functioned properly. In the ganglia, both sets of experiments 

revealed a small decrease in 5-HT concentrations from 2DFD to 14DFD. However, 5-HT 

concentration in 14DFD Aplysia was not significant different from 2DFD Aplysia in the first 

experiment, while they were significantly different in the second experiment.  Notably, 

hemolymph 5-HT concentration in 2DFD animals was not different between the first and second 

sets of experiments (n=6; U=15.500; p=0.749). Similarly, there was no significant difference in 

ganglia 5-HT concentration in 2DFD animals between the first and second experiments (n=6; 

U=6.000; p=0.066). Comparisons between the control groups of the two sets of experiments 

suggest that the measurement in these two experiments was not different. Therefore, the two 

experiments were combined and statistically analyzed. When the data of the two sets of 

experiments were combined, the mean 5-HT concentration in hemolymph was 0.508 ±0.429 µM 

and 0.048 ±0.167 µM in 2DFD and 14DFD animals, respectively (Fig. 28C). 5-HT concentration 

in the ganglia dissolved in 500 µL acetic acid was 3.486 ±3.101 µM and 3.066 ±2.636 µM in 

Aplysia under 2DFD and 14DFD, respectively (Fig. 28C). A significant difference between 
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2DFD and 14DFD animals was observed for 5-HT concentration in the hemolymph (n=12; 

U=16.000; p<0.001; Fig. 28C), whereas 5-HT concentration in the ganglia did not differ between 

the 2DFD and 14DFD ganglia (n=12; U=57.000; p=0.403; Fig. 28C). 

 

Figure 28. 5-HT concentration measured by HPLC-MS/MS is illustrated. (A) In the first set of 

experiments, 5-HT was reduced by 14DFD in the hemolymph, but not in the ganglia. (B) In the 

second set of experiments, 5-HT was reduced by 14DFD both in the hemolymph and in the 

ganglia. (C) Combining the above two sets of experimental data together, 14DFD reduced 5-HT 

level in the hemolymph, but not in the ganglia. 

 

 

5-HT induced sensitization in 14DFD animals  

It was examined whether 5-HT bath application could induce LTS in Aplysia under 

14DFD. 5-HT induced LTS both in 2D-5-HT and 14D-5-HT animals (Fig. 29). Interestingly, 

TSWR change in 14D-5-HT group was significantly smaller than in 2D-5-HT group, suggesting 
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that 5-HT bath application for 1.5 h alone was not sufficient to fully induce LTS in animals 

under 14DFD.  

Analysis of the TSWR duration revealed an overall statistical significance among the four 

groups (H3= 26.748; p<0.001; Fig. 29). Post-hoc analysis indicated that the change in TSWR 

duration in the 2D-5-HT group was significantly greater (p<0.05) than that in the 2D-ASW (q= 

6.579), 14D-5-HT (q= 4.165) and 14D-ASW (q= 6.979) groups (Fig. 29). There was a 

significantly greater (p<0.05) TSWR change in the 14D-5-HT group compared to the 2D-ASW 

(q= 5.957) and 14D-ASW (q= 6.247) groups (Fig. 28). No significant difference (p≥0.05) was 

observed between the 2D-ASW and 14D-ASW groups (Fig. 28).  

 

 

Figure 29. In vivo 5-HT bath application induced LTS under both 2DFD and 14DFD 24 h after 

the treatment. However, the amount of LTS induced by 5-HT was significantly smaller under 

14DFD comparing to 2DFD. 
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Comparison of pre-test baseline TSWR duration was conducted between 2DFD and 

14DFD preparations. The 14DFD regimen did not significantly modify baseline TSWR duration 

(Table 2). 

Parameter Animals (n) Mean ±SEM p U 

TSWR duration (s) 2DFD (30) 

14DFD (30) 

2DFD = 4.348 ±0.184 

14DFD = 3.867 ±0.095 

0.096 337.000 

Table 2. Analysis of pre-test baseline TSWR duration in Aim 3.1. Values are expressed as mean 

±SEM. Comparisons were made between 2DFD and 14DFD animals. The Mann-Whitney U test 

was used to compare changes between groups. 

 

5-HT was able to induce short-term increased TSN excitability 

Next, we examined whether 5-HT bath application to the in vitro preparation would 

induce short-term increased TSN excitability under 14DFD. 5-HT bath application to the in vitro 

preparation induced increased TSN excitability for at least 15 min in both 2D-5-HT and 14D-5-

HT preparations (Figs. 30A1, 30A3, 30B1, 30B2). Notably, the 5-HT induced short-term 

increased TSN excitability in 14D-5-HT preparations was comparable to that in 2D-5-HT 

preparations (Figs. 30A1, 30A3, 30B1, 30B2) in 5-min and 15-min post-tests.  

Analysis of the excitability of TSNs revealed an overall statistical significance among the 

four groups both 5-min and 15-min post-tests (5-min post-test: H3= 22.690; p<0.001; 15 min 

post-test: H3= 24.860; p<0.001; Figs. 30B1, 30B2). Post-hoc analysis showed that both 5-min 

and 15-min post-tests had a significantly greater (p<0.05) change in the number of spikes 

observed in 2D-5-HT preparations compared to 2D-ASW (5-min post-test: q= 8.900; 15-min 

post-test: q=6.735) and 14D-ASW (5-min post-test: q= 6.556; p<0.05; 15-min post-test: 

q=9.461; p<0.05) preparations (Figs. 30B1, 30B2). In addition, change in the number of spikes 

in 14D-5-HT preparation was significantly greater (p<0.05) in comparisons to 14D-ASW (5-min 

post-test: q= 4.964; 15-min post-test: q=5.140) and 2D-ASW (5-min post-test: q= 6.017; 15-min 
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post-test: q=6.448) preparations (Figs. 30B1, 30B2). The changes of Vm of TSNs showed no 

significant difference among four groups of preparations in 5-min or 15-min post-tests (5-min 

post-test: H3=2.312; p=0.510; 15 min post-test: H3=4.241; p=0.237) (data not shown). 

 

 

 

 

Figure 30. In vitro 5-HT bath application induced increased excitability of TSNs in 2DFD and 

14DFD preparations both 5 min and 15 min after treatment. (A) Sample traces of TSNs spikes 

in pre-tests, 5-min and 15-min post-tests in each of the four groups. (B1) Summary data 

illustrate that increased excitability of TSNs was present both in 14D-5-HT preparations and 

2D-5-HT preparations 5 min after in vitro 5-HT treatment. (B2) Summary data illustrate that 

increased excitability of TSNs was observed both in 14D-5-HT preparations and 2D-5-HT 

preparations 15 min after in vitro 5-HT treatment.  
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5-HT did not affect B51 excitability in 14DFD preparations 

5-HT bath application failed to induce a short-term decrease in B51 excitability under 

2DFD, confirming data previously reported (Figs. 31A1, 31A2, 31B) (Weisz et al., 2017). 

Comparing 14D-5-HT and 14D-ASW preparations, the unchanged BT suggests that 5-HT did 

not modify B51 excitability under 14DFD as well (Figs. 31A3, 31A4, 31B).  

 

Figure 31. 5-HT did not affect the excitability of B51, 15 min after treatment. (A) Sample 

traces of BT of B51 in pre-test and 15-min post-test in each of the four groups. (B) Summary 

data illustrate that BT of B51 was not changed among the four groups of preparations.  
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Analysis of B51 excitability revealed no significant difference among the four groups of 

preparations (H3=0.889; p=0.828; Fig. 31B). Similarly, there was no significant difference 

among the four groups of preparations for Vm (H3=5.517; p=0.138) or Rm (H3=2.179; p=0.536) 

of B51 (data not shown).   

Comparisons of pre-tests membrane properties of TSN s and B51 were conducted 

between 2DFD and 14DFD preparations. The 14DFD regimen did not affect pre-test Vm and 

excitability of TSNs, or pre-test Vm, Rm and excitability of B51 (Table 3). 

Neuron Membrane 

property 

Preparations 

(n) 

Mean ±SEM p U 

TSN Vm (mV) 2DFD (20) 

14DFD (20) 

2DFD = -47.251 ±1.300 

14DFD = -49.612 ±1.329 

0.148 146.000 

Number of 

spikes 

2DFD (20) 

14DFD (20) 

2DFD = 2.700 ±0.424 

14DFD = 3.150 ±0.365 

0.176 152.000 

B51 Vm (mV) 2DFD (16) 

14DFD (16) 

2DFD = -66.595 ±1.990 

14DFD = -70.706 ±2.541 

0.258 97.500 

Rm (MΩ) 2DFD (16) 

14DFD (16) 

2DFD = 2.868±0.188 

14DFD = 2.596±0.164 

0.283 99.000 

BT (nA) 2DFD (16) 

14DFD (16) 

2DFD = 7.938 ±1.018 

14DFD = 9.913 ±1.032 

0.197 93.500 

Table 3. Analysis of pre-test baseline parameters in TSNs and B51 in Aim 3.2. Values are 

expressed as mean ±SEM. Comparisons were made between preparations from 2DFD and 

14DFD animals. The Mann-Whitney U test was used to compare changes between two groups.  

 

CHAPTER V: DISCUSSION 

In this project, the mechanisms underlying 14DFD-induced memory deficits were 

investigated. The results revealed that in vitro training failed to induce short-term increased 

excitability of TSNs and decreased excitability of B51 under 14DFD. 14DFD reduced 5-HT 

concentration in the hemolymph, but not in the ganglia. In vivo bath application of 5-HT to 

14DFD Aplysia partly induced LTS, while in vitro bath application of 5-HT to the reduced 

preparation of 14DFD Aplysia fully increased the excitability of TSNs. Confirming previous 

findings in reduced preparations from 2DFD Aplysia (Weisz et al., 2017), in vitro 5-HT bath 
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application did not induce short-term decreased excitability of B51 under 2DFD or 14DFD. 

These results suggest a cellular mechanism of memory deficits caused by 14DFD and the role of 

5-HT in the 14DFD-induced memory impairments. 

 

Training-induced short-term increased excitability of TSNs and decreased excitability of 

B51 were prevented by 14DFD 

Combined with previous behavioral results (Mac Leod et al., 2018), data obtained from 

Aim 1 describe the lack of increased TSN excitability, a critical training-induced cellular 

mechanism, which might be responsible for the absent STS under 14DFD. Compared to 2DFD, 

14DFD has been shown not to affect either the stimulus current required to elicit a detectable 

TSWR, or the pre-test TSWR duration, indicating that 14DFD does not alter the basal 

withdrawal reflex (Mac Leod et al., 2018). In addition, the lack of STS in 14DFD animals is not 

due to reduced responsiveness to the aversive training (Mac Leod et al., 2018). In the present 

study, pre-test TSN Vm and excitability did not differ between the 2DFD and 14DFD Aplysia 

(Table 1), suggesting consistency between current cellular results and previous behavioral 

findings. Typically, 15-min post-test is utilized as time-point for short-term memory (e.g., Byrne 

and Hawkins, 2015). As mentioned in the method section, a 5-min post-test was added to 

determine if in vitro training induced a shorter cellular plasticity under 14DFD. Notably, the lack 

of increased TSN excitability at both the 5-min and 15-min post-tests ruled out the possibility 

that 14DFD leads to cellular plasticity shorter than usual (Figs. 26B1, 26B2). The data obtained 

from TSNs suggest that the lack of STS in the 14DFD Aplysia may result, at least partly, from 

the failure of increased excitability of TSNs at the cellular level.  
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In Aim 1, it was also found that the excitability of B51 was not significantly different 

between the 14D-T and 14D-UT groups. The finding that training-induced decreases of B51 

excitability was absent in 14D-T preparations is contrary to previous results, in which an 

attenuated STFS was still observed in 14D-T animals even in the absence of STS (Mac Leod et 

al., 2018). This discrepancy suggests that the presence of a reduced STFS may be contributed by 

additional neurons in the feeding neural circuits. Possible candidates may include, but may not 

be limited to, B63, B30 and B65, a subset of electrically-coupled pattern-initiating buccal 

neurons, which contribute to the radula protraction phase during a bite cycle (Nargeot and 

Simmers, 2012). Pre-test measurements of B51 Vm, Rm and BT revealed no significant difference 

between 2DFD and 14DFD preparations (Table 1). Similarly, the baseline number of bites has 

been shown not to differ significantly between 2DFD and 14DFD animals (Mac Leod et al., 

2018). Therefore, the discrepancy between the changes in bites and B51 excitability in the T-14 

animals appears to be dependent on both food deprivation and aversive training. 

Under 2DFD, STS and STFS in Aplysia are concurrently expressed both in vivo 

(Acheampong et al., 2012) and in vitro (Weisz et al., 2017), which seems to be a logic budget 

strategy between defensive and appetitive behaviors following the exposure to aversive stimuli. 

Under 14DFD, however, this balance was disrupted at the behavioral level (Mac Leod et al., 

2018). In the present study, data from TSNs and B51 revealed a reconfiguration of the cellular 

expressions of STS and STFS by 14DFD (Figs. 26B1, 26B2, 27B). Modifications at the 

molecular and biochemical levels that contribute to food deprivation-induced memory deficits 

remain to be investigated.   

From a biochemical point of view, 5-HT is known to mediate sensitization in Aplysia and 

other invertebrates (Byrne and Hawkins, 2015). In Aplysia, 5-HT is released into the neuropil 
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and hemolymph following aversive training (Byrne and Hawkins, 2015). Exogenous 5-HT 

application mimics sensitization and its cellular corelates in Aplysia (Byrne and Hawkins, 2015). 

In contrast, depletion of 5-HT with the serotonergic neurotoxin 5,7-dihydroxytryptamine (5,7-

DHT) reduces sensitization of tail shock induced gill contraction and impairs the facilitation of 

synaptic connection between the siphon sensory neurons and their follower neurons (Glanzman 

et al., 1989). A similar role of 5-HT in sensitization is observed in the terrestrial snail Helix 

lucorum in which 5-HT content is lower in one-month juvenile snails compared to the adult 

snails (Zakharov and Balaban, 1987). Sensitization of the tentacle withdrawal reaction evoked by 

tactile stimulation and increased excitability of command neurons for the avoidance behaviors of 

sensitized adult snails are absent in juvenile snails (Zakharov and Balaban, 1987). Depleting 5-

HT with 5,7-DHT in adult snails prevents sensitization (Zakharov and Balaban, 1987).  

The above evidence suggests that reduced levels of 5-HT may contribute to the lack of 

sensitization. 5-HT is synthesized from 5-HTP, which is converted from the amino acid 

tryptophan by tryptophan hydroxylase (Goldman and Schwartz, 1974). It is reasonable to 

speculate that, in 14DFD Aplysia, a limited source of amino acids reduces the synthesis of 5-HT, 

thereby preventing TSNs from increasing their excitability and subsequently STS to occur at the 

behavioral level (Mac Leod et al., 2018).  

Previous findings indicate that 5-HT does not contribute to either feeding suppression 

(Shields-Johnson et al., 2013) or B51 decreased excitability (Weisz et al., 2017), suggesting that 

STFS and STS may depend on distinct biochemical pathways. 

Recent results have revealed a role for the gaseous neurotransmitter nitric oxide (NO) in 

STFS and decreased B51 excitability (Farruggella et al., 2019). Specifically, blocking NO 

signaling prevents STFS and the occurrence of decreased excitability of B51 following the same 
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in vitro aversive training utilized in this study, while artificially increasing NO levels induces 

decreased excitability of B51, suggesting the necessity and sufficiency of NO in mediating 

decreased B51 excitability (Farruggella et al., 2019). Conversely, NO is not necessary for STS 

and plays a marginal role in short-term increased TSN excitability induced by in vitro training 

(Farruggella et al., 2019). The precursor of NO is L-arginine (Miller et al., 2011), which, like 

tryptophan, is acquired from the diet. Therefore, it is plausible that 14DFD may also lead to a 

reduction of NO signaling because of limited availability of L-arginine, thereby preventing 

decreased B51 excitability.  

Although further investigation is required, a possible explanation of why 14DFD 

completely prevents STS but only partially blocks STFS is that the NO-dependent signaling 

cascade underlying STFS might be more resistant to the metabolic consequences of 14DFD than 

the 5-HT-mediated pathway responsible for STS. 

 Results collected in Aim 1 described a lack of training-induced cellular correlates under 

14DFD. Possible explanations may be tryptophan deficiency under 14DFD, contributing to a 

decrease in 5-HT concentration, a condition that is known to have prevented STS and its cellular 

correlates (Glanzman et al., 1989; Mac Leod et al., 2018). Therefore, Aim 2 measured 5-HT 

concentrations to test this hypothesis.  

 

5-HT concentration in the hemolymph was reduced under 14DFD, but remained 

unchanged in the ganglia 

Investigation of the 5-HT concentrations revealed a significantly reduced 5-HT level in 

the hemolymph of 14DFD Aplysia compared to the 2DFD Aplysia (Fig. 28C), which may be a 

consequence of limited substrates for 5-HT synthesis under 14DFD. The mean 5-HT 
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concentration in the hemolymph of 2DFD Aplysia from the two sets of experiments was 0.508 

±0.429 µM, whereas for 14DFD Aplysia, the mean of 5-HT concentration is 0.048 ±0.167 µM 

(Fig. 27C), an order of magnitude lower.  

5-HT concentration measured from the hemolymph of 2DFD animals in the present study 

were higher than previous reported data, where 5-HT concentration was about 0.018 µM in 

normally fed Aplysia (Levenson et al., 1999). In normally fed Aplysia, sources of 5-HT in the 

hemolymph include 5-HT released from synapses, from serotonergic processes of the blood 

vessels and serotonergic fibers originating from the accessory optic nerve, as well as from 

hemocytes (Levenson et al., 1999). Levenson et al. (1999) validated that 5-HT concentrations 

measured from hemolymph excluded 5-HT from the hemocytes, which was not performed in the 

Aim 2 of the present study. Therefore, it is possible that 5-HT in the hemocytes were included in 

the 5-HT levels measured from hemolymph, which leads to the greater values obtained in the 

present study.  

More than 90% of 14DFD Aplysia had non-detectable 5-HT (i.e., noted as zero 

concentration) in the hemolymph (Fig. 28). The detection limit of HPLC-MS/MS is 10 pM (Dr. 

I-Shuo Huang, TAMU-CC, personal communication). The possibility that 5-HT concentration 

was below detection limit of HPLC-MS/MS cannot be excluded. Therefore, the value of zero 

measured from the hemolymph of 14DFD Aplysia may not mean that the 5-HT was completely 

depleted by 14DFD.  

Significantly reduced 5-HT level in the hemolymph under 14DFD (Fig. 28) may be at 

least one of the factors that contribute to a lack of increased excitability of TSNs. In 2DFD 

Aplysia, electrical stimulations to Aplysia’s body wall leads to an elevation of 5-HT in the 

hemolymph (Levenson et al., 1999), which activates serotonergic neurons in the ganglia through 
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a neuro-humoral positive feedback mechanism (Marinesco et al., 2004a), followed by an 

increase in the excitability of TSNs (Marinesco et al., 2004a). Conversely, under 14DFD, the 

neuro-humoral positive feedback mechanism may be blocked by reduced 5-HT level in 

hemolymph, thereby leading to the failure of increased TSN excitability and, in turn, 

sensitization.    

In the present study, 5-HT levels in the ganglia utilized (i.e., cerebral, both pleural-pedal 

and abdominal ganglia dissolved by 500 µL acetic acid) were 3.486 ±3.101 and 3.066 ±2.636 

µM, in the 2DFD and 14DFD Aplysia, respectively. These values are also higher than previously 

reported 5-HT concentration measured from combined pleural, pedal and abdominal ganglia, in 

which 5-HT concentration was reported to be 3.62x10-4 µM (Glanzman et al., 1989). Several 

difference between the methods in Glanzman et al. (1989) and those used in the present study 

may explain the greater 5-HT concentrations obtained here. First, 5-HT sample collected in the 

present study was from cerebral, both pleural-pedal and abdominal ganglia, while Glanzman et 

al. (1989) measured 5-HT collected from left pleural, pedal and abdominal ganglia. Notably, the 

pedal ganglia have been shown to contain the highest 5-HT level in Aplysia and a large number 

of serotonergic neurons (Fickbohm et al., 2001; Marinesco et al., 2004a). The cerebral ganglion 

also contains serotonergic neurons, including the large metacerebral cells, which create a 

network (Marinesco et al., 2004a). As a result, the addition of pedal and cerebral ganglia may 

result in significantly higher 5-HT concentrations. Furthermore, 5-HT levels were measured in 

the present study by HPLC-MS/MS, instead of with  HPLC with electrochemical detection, 

which may lead to differences in the results of 5-HT concentrations (Glanzman et al., 1989).  

There seems to be a conflict between a failure of increased TSN excitability under 

14DFD and unchanged 5-HT concentration in the ganglia by 14DFD. Possible explanations 
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include: 1) 5-HT in the ganglia does not change under 14DFD, but the utilization of 5-HT is 

prioritized for other 5-HT-mediated behaviors such as locomotion and regulation of heart rate 

(Koester et al., 1974; McPherson and Blankenship, 1992; Marinesco et al., 2004a, 2004b), which 

may be more essential for survival than sensitization under extreme circumstances such as 

prolonged food deprivation. Therefore, the 5-HT in 14DFD animals might be conserved and not 

used for mediation of sensitization; 2) 14DFD may not affect 5-HT concentration in the ganglia, 

but instead cause a reduction of downstream second messengers of 5-HT pathway in TSNs in 

sensitization (cAMP and protein kinase A, PKA), which contributes to the lack of increased TSN 

excitability; 3) 14DFD might reduce 5-HT level in the pleural ganglia, where TSWR neural 

circuits are located, contributing to the prevented increased TSN excitability, although, this 

decreased 5-HT level locally within the pleural ganglia might be masked by the globally 

unchanged 5-HT concentration in the whole nervous system, which is consistent with the results 

in this study. 

5-HT concentrations measured from hemolymph consistently show a significant 

reduction by 14DFD in the two sets of experiments (Fig. 28). However, in the ganglia, the 

decrease of 5-HT levels in 14DFD Aplysia was not significant in the first experiments, while 

significant in the second set of experiments (Fig. 28). The difference from the two sets of 

experiments (Fig. 28) may be a consequence of variability in animals, and their potentially 

unique the history before they were caught in the wild.  

Notably, neither in the hemolymph nor in the ganglia, levels of 5-HTP, which is 5-HT 

precursor or 5-hydroxyindolacetic acid (5-HIAA), which is 5-HT metabolite, was investigated. It 

is reported that in Aplysia, 5-HTP and 5-HIAA levels are at least 200 times lower than 5-HT 
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level (Fickbohm et al., 2001). Therefore, although 5-HTP and 5-HIAA might be involved in the 

5-HT concentrations measured, it should not cause significant changes in the results. 

Data from Aim 2 show that at least in the hemolymph, 5-HT concentration was 

significantly reduced under 14DFD, which may be at least one factor contributing to prevented 

sensitization and increased TSN excitability. Therefore, Aim 3 examined whether artificially 

adding 5-HT would induce sensitization and cellular correlates induced by aversive training 

under 14DFD. 

 

5-HT bath application partly induced LTS  

It was shown previously and confirmed in the present study, that 1.5-h bath application of 

500-µM 5-HT dissolved in ASW, without electrical shocks to Aplysia, is sufficient to induce 

LTS in 2DFD Aplysia (Shields-Johnson et al., 2013). Applying this protocol to 14DFD Aplysia 

also induced LTS. These results confirmed the hypothesis that artificially adding 5-HT would 

induce LTS in 14DFD Aplysia. However, compared to the 2D-5-HT Aplysia, 14D-5-HT Aplysia 

revealed significantly lowered amount of LTS, suggesting that the effects of 5-HT to induce LTS 

is partially compromised in 14DFD Aplysia. One explanation of the partly induced LTS by 5-HT 

under 14DFD may be that the protocol of exogenous applying 5-HT utilized in the present study 

cannot fully recover the reduced 5-HT concentration in the hemolymph, which was observed in 

Aim 2 (Fig. 28).  

From a molecular point of view, the mechanism of 5-HT in LTS include activation of a 

series of second messengers including cAMP in the TSNs, which further activate the 

transcription factor cAMP-response element binding 1 (CREB1) that initiates gene transcription 

to synthesize new proteins (Kandel et al. 2001; Carew, 2005). 5-HT also activates extracellular 
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signal-regulated kinase (ERK) that regulates CREB2 (Byrne and Hawkins, 2015). Therefore, 

under 14DFD, 5-HT itself is not sufficient to fully induce the occurrence of the process that leads 

to LTS, resulting in partial LTS. Prolonged food deprivation is shown to cause genetic 

modification in flies (Kent et al., 2009). Therefore, an additional possibility of partly induced 

LTS by 5-HT in 14D-T animals may arise from genetic modifications caused by 14DFD. 

Mac Leod et al. (2018) examined basal TSWR test between 2DFD and 14DFD Aplysia. 

The results revealed that 14DFD does not affect TSWR baseline parameters including TSWR 

threshold and duration (Mac Leod et al., 2018). In the present study, comparison of pre-test 

TSWR duration between 2DFD and 14DFD Aplysia (Table 2) confirmed previously reported 

data (Mac Leod et al., 2018). There was no significant difference in the pre-test TSWR duration 

between 2DFD and 14DFD Aplysia (Table 2). Therefore, the LTS observed in 14D-5-HT 

animals appears to occur due to the 5-HT bath application. 

 

5-HT bath application successfully induced short-term increased excitability of TSNs 

In Aim 1, no significant difference of baselines Vm and number of spikes of TSNs was 

observed between 2DFD and 14DFD preparations. In the present study, it was confirmed that 

pre-tests of Vm and number of spikes did not differ between 2DFD and 14DFD parameters, 

suggesting consistent results in the two sets of experiments (Table 3). The increased excitability 

observed in 2D-5-HT and 14D-5HT preparations can be attributed to the 5-HT bath application. 

Notably, the consistent results from 5-min and 15-min post-tests suggest that the duration of 

short-term increased TSN excitability induced by 5-HT was not compromised. Unlike LTS, STS 

does not involve synthesis of new proteins by gene transcription, but instead it recruits pre-
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existing proteins to enhance the excitability of TSNs, which may be why 5-HT successfully 

induced short-term increased TSN excitability under 14DFD (Carew, 2000; Kandel, 2001).  

 

5-HT bath application in vitro does not induce short-term decreased excitability of B51 

Neither under 2DFD or 14DFD, did 5-HT change the short-term decreased excitability of 

B51, suggesting that training-induced decreased excitability of B51 is independent from 5-HT. 

Comparisons of pre-tests B51 Vm, Rm and excitability revealed no significant difference between 

2DFD and 14DFD preparations (Table 3), which is consistent with results from Aim 1. In both 

Aim 1 and Aim 3.2, analysis of baseline parameters of B51 between 2DFD and 14DFD 

preparations showed no significant difference (Tables 1, 3), which is consistent with behavioral 

data that 14DFD does not alter basal TSWR and feeding (Mac Leod et al., 2018).  

As discussed in Aim 1, 5-HT does not contribute to either feeding suppression or 

decreased excitability of B51 under 2DFD (Shields-Johnson et al., 2013; Weisz et al., 2017). In 

Aim 3.2, B51 excitability was recorded to examine whether 5-HT was still not involved in 

training-induced decreased excitability of B51 under 14DFD. The results confirm that 5-HT 

alone did not affect the excitability of B51 under 14DFD.  

It is known that Aplysia feeding behavior itself is modulated by 5-HT (Kabotyanski et al., 

2000; Miller et al., 2011). For example, the central pattern generator (CPG) in the buccal ganglia 

receives serotonergic input from the serotonergic neuron metacerebral cell in the cerebral ganglia 

(Kabotyanski et al., 2000) and the metacerebral cell is active during feeding (Kabotyanski et al., 

2000). In the present study, the results that in vitro 5-HT bath application to the reduced 

preparation did not change the excitability of B51 under either 2DFD or 14DFD, confirmed that 

aversive training-induced B51 decreased excitability is independent from 5-HT. Similar results 
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reported in previous studies show that bath application of 5-HT to the buccal ganglia does not 

increase the frequency of ingestive BMPs (e.g., Kabotyanski et al., 2000).  

 

CHAPTER VI: FUTURE DIRECTIONS 

This project provided evidence about the mechanisms underlying memory deficits caused 

by prolonged food deprivation. The lack of a critical training-induced cellular mechanism in 

TSNs was described and might be responsible for the absent STS under 14DFD. Whether 

synaptic facilitation between TSNs and motor neurons that leads to enhanced TSWR in 

sensitization is also prevented by 14DFD needs to be addressed. In addition, whether the lack of 

increased excitability of TSNs is still observed in LTS under 14DFD remains to be investigated.  

The discrepancy between the changes in bites and B51 excitability in the T-14 animals 

also requires further investigation. In the discussion section of Aim 1, several possible neural 

candidates, including B63, B30 and B65, are proposed to be responsible for the persisted, albeit 

reduced, STFS. Therefore, neuronal modifications in response to aversive training under 14DFD 

in these neurons need to be studied. 

To understand the biochemical mechanisms involved in food deprivation-induced 

memory deficits, neurotransmitter metabolism can be further explored. Levels of 5-HTP as 

precursor of 5-HT, and 5-HIAA as the metabolite of 5-HT, are both candidate compounds to be 

measured to determine whether 14DFD affects levels of 5-HT metabolism as well. In addition, 

levels of NO signaling, and histamine may be investigated to study biochemical mechanisms of 

reduced STFS and LTFS under 14DFD. 

It would be interesting to analyze the 5-HT levels in the hemolymph and ganglia after 

14DFD Aplysia are subjected to trials of aversive stimuli used during training. This experiment 
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would help elucidate whether the unchanged 5-HT amount in the ganglia of 14DFD animals is 

used to mediate sensitization.  

Aim 3.1 evaluated the role of 5-HT in inducing LTS under 14DFD, revealing the 

induction of a reduced amount of LTS in 14DFD Aplysia following bath application of 500-µM 

of 5-HT for 1.5 h. How to fully induce LTS under 14DFD remains unclear. It is reported that 

protocols of 5-HT exogenous application with various concentrations and duration induce 

different stages of sensitization (Byrne and Hawkins, 2015). Therefore, greater amount of LTS 

may be induced under 14DFD by a higher concentration of 5-HT in bath application for longer 

time. Additionally, although 5-HT alone cannot fully induce LTS under 14DFD (Fig. 28), a bath 

application protocol of combining 5-HT with neurotransmitter glutamate, which activates 

postsynaptic NMDA receptors during sensitization (Byrne and Hawkins, 2015), may be able to 

fully induce LTS under 14DFD. Differently from STS, LTS involves gene regulation that 

contributes to synthesis of new proteins (Kandel, 2001; Bear et al., 2007; Byrne and Hawkins, 

2015). Therefore, examination of new protein synthesis in 14D-5-HT animals may be helpful to 

illustrate partly induced LTS by 5-HT under 14DFD. 

 Aim 3.2 evaluated the role of 5-HT in increasing TSN excitability under 14DFD. Short-

term increased excitability of TSNs observed under 14DFD was comparable to that of 2DFD 

preparations. Unlike STS and its cellular correlates that can be induced by a single-trial of 

training and brief 5-HT treatment, LTS and 5-HT-induced cellular correlates of LTS are more 

“metabolically expensive” because they involve protein and RNA synthesis, and the growth of 

new synapses (Byrne and Hawkins, 2015). Therefore, LTS and 5-HT-induced cellular correlates 

of LTS require multiple trials of training/5-HT application spaced over hours or days (Carew, 

2000; Kandel, 2001). Therefore, it is worth investigating whether an in vitro 5-HT bath 
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application protocol consisting of multiple trials can induce long-term increased excitability of 

TSNs. In sensitization, release of 5-HT as neurotransmitter increases cAMP in TSNs, which 

activates PKA, leading to increased excitability of TSNs (Kandel, 2001; Bear et al., 2007; Byrne 

and Hawkins, 2015). Intracellular injection of cAMP or PKA into TSNs is shown to increase 

excitability of TSNs (Carew, 2000), therefore, studies should be conducted to determine whether 

intracellular injection of cAMP or PKA into TSNs can induce increased excitability of TSNs 

under 14DFD. 

Aim 3.2 found that in vitro bath application of 5-HT does not affect B51 excitability. 

Therefore, the biochemical mechanisms underlying blocked decreased excitability of B51 in 

14D-T preparations can be investigated. It has been reported that release of NO by NO donor S-

nitroso-N-acetyl-penicillamine (SNAP) inhibits biting (Miller et al., 2011) and decreases the 

excitability of B51 (Goldner et al., 2018) under 2DFD. It may be possible that artificial release of 

NO by SNAP in 14DFD preparations might induce decreased excitability of B51 under 14DFD.   

      

CHAPTER VII: SUMMARY 

 In summary, this project utilized an invertebrate model to characterize the mechanisms 

underlying memory deficits caused by prolonged food deprivation. This study lays the 

foundations for the future use of Aplysia as a model system to explore the mechanisms of 

learning and memory impairments caused by prolonged food deprivation. The ability of Aplysia 

to sustain extensive period of food deprivation without the confounding effects of deteriorating 

health is not feasible in more complex organisms that are vulnerable to prolonged food 

deprivation. In the first part of the project, neuronal modifications associated with STS and STFS 

were illustrated. In the second part of the project, the influence of 14DFD on 5-HT 
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concentrations was explored. In the third part of the project, the role of 5-HT in LTS and short-

term neural correlates underlying STS and STFS was investigated. The data provide insights at 

the biochemical and cellular level about the mechanisms of memory deficits caused by food 

deprivation and offer clues to solve learning impairments. Because the cellular and molecular 

building blocks are conserved, the outcome gained in the Aplysia model in this study can 

ultimately provide a foundation for, and be applied to, elucidating the debilitating consequences 

of malnutrition on cognition in more complex organisms applied. 
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