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ABSTRACT OF THE THESIS 

PKC and Calpain RNA expression level changes  

with long-term memory in Aplysia 

by 

Jooyoung Park 

Master of Science in Physiological Science 

University of California, Los Angeles 2016 

Professor David L. Glanzman, Chair 

 

Protein synthesis has been shown to be crucial in learning and memory. Particularly, the activity 

of protein kinase C (PKC) is necessary for long-term memory. Previous studies have shown that 

serotonin pathway had a profound effect on PKC, and it facilitates long-term potentiation. To 

study the fundamental molecular processes involved, Aplysia was used to evaluate the changes in 

RNA expression levels. Ganglia-treated samples as well as behaviorally trained samples were 

used to analyze any differences after training and the use of drugs, chelerythrine, a selective PKC 

inhibitor, and Trichostatin A (TSA), a histone deacetylase (HDAC) inhibitor. Application of 

these drugs may reveal different regulatory mechanisms that govern transcription level changes, 

ultimately leading to protein synthesis. Although the results did not show statistical significance, 

the pattern of slightly increased RNA level of PKC and calpain after serotonin or behavior 

training show there is a possible correlation between long-term memory and nuclear regulation 
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of protein synthesis. In addition, because TSA was able to reverse the effects of chelerythrine, 

there is an indication that an epigenetic regulation may be involved in memory. However, 

molecular analysis demonstrated inconclusive data, suggesting further examinations of the 

epigenetic changes exhibiting a brief cellular response. 
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Introduction 

Memory is one of the most crucial components of an organism’s survival in nature. In 

scavenging and hunting, remembering what is dangerous and what is advantageous becomes an 

important tactic. Even though society has evolved quite drastically since the scavenging and 

hunting era, modern humans still require a great deal of learning and memory. However, its exact 

mechanism of encoding, storing, and retrieval is not completely transparent. As humans are not 

the only organisms on this planet that utilize learning and memory, many attempt to study this 

phenomenon using a vertebrate model. Nevertheless, molecular basis of memory can be studied 

in much simpler organisms, such as the invertebrate marine mollusk Aplysia. Aplysia has been 

shown to share similar molecular pathways as vertebrates, and has a distinct advantage of having 

a less complex nervous system (Mazur, 2013). 

 Types of memory: implicit vs. explicit, associative vs. non-associative 

Learning and memory can be broken down to either explicit (declarative) or implicit (procedural) 

memory. Explicit memory is usually defined as the facts or events, a type of memory that one 

needs to be conscious about and recollect certain experience or information (Dew et al., 2011). 

Usually explicit memory is subdivided into episodic and semantic memory. Episodic memory is 

a type of long-term memory that consists of life-events; whereas, semantic memory is a type of 

memory that contains facts, concepts, and general knowledge (Mayes et al., 1997). While 

explicit memory is intentionally recollected, implicit memory is recalled unconsciously without 

active retrieval (Dew et al., 2011). Implicit memory can be further divided into associative and 

non-associative learning.   

Associative learning can be described as identifying two stimuli with each other, or relating a 

behavior and a stimulus (Baragli et al., 2015). Associative learning can also be parceled into two 
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categories called classical conditioning and operant conditioning (Brembs et al., 2000). Classical 

conditioning is coupling an unconditioned stimulus with another previously neutral stimulus 

continuously (Kirsch et al., 2004). The most famous example is the Pavlov’s dog experiment, but 

even Aplysia had been shown to be capable of associative learning as well as non-associative 

learning (Carew et al., 1981). On the contrary, operant conditioning is accomplished by adding 

consequences, good or bad, to form a behavior (Kirsch et al., 2004). Similar to associative 

learning, non-associative learning is also partitioned into two types: habituation and sensitization 

(Boulis et al., 1988). Habituation can be defined when a stimulus is repeated but there is a 

decline in response over a period of time (Cevik, 2014). Sensitization, on the other hand, can be 

considered the counterpart to habituation because it can be defined as the increase or 

amplification of a response when a stimulus is repeated over a period of time (Cevik, 2014). 

Furthermore, habituation can be coupled with sensitization, which is called dishabituation 

(Steiner et al., 2014). Of course, not all non-associative learning is as simple as habituation and 

sensitization, but it is the core basis of non-associative learning.  

Among many of these types of memories, one of the most fundamental forms of learning is 

habituation and sensitization. Studying habituation and sensitization has led to a great 

understanding of how memory functions. Gill and siphon withdrawal reflex (SWR), which is 

used in behavioral training of the animal for this study, is a form of non-associative learning. 

Studies have shown that the habituation of the SWR is related to the transmission of the 

monosynaptic connection that is between the motor and mechanoreceptive sensory neurons at the 

abdominal ganglion (Glanzman, 2009). Short-term habituation in Aplysia revealed that the 

depression of the sensorimotor synapse was a result of presynaptic changes. However, long-term 

habituation not only requires activation of two key receptors, AMPA (α-amino-3-hydroxy-5-
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methyl-4-isoxazolepropionic acid) and NMDA (N-methyl-D-aspartate) receptors, in the 

postsynaptic, but also activity of protein phosphates and Ca2+ channels in Aplysia (Glanzman, 

2009). Trained Aplysia that were prepared using a series of weak electrical stimuli, showed a 

decrease in the amount of measurable amplitude of the monosynaptic excitatory postsynaptic 

potential (EPSP) in the sensorimotor synapses (Castellucci et al., 1974). Furthermore, 

sensitization in Aplysia demonstrated that the increased postsynaptic Ca2+ was fundamental in 

the sensorimotor synapse process (Li et al., 2005). The elevated postsynaptic Ca2+ levels affect 

the sensorimotor synapse by increasing the sensitivity of AMPA receptors in the motor neuron 

(Roberts et al., 2003). Interestingly, serotonin (5-hydroxytryptamine, or 5-HT) can also increase 

the sensitivity of AMPA receptors in the motor neurons by increasing the Ca2+ levels (Chitwood 

et al., 2001). Also, recent studies have shown that postsynaptic Protein Kinase C (PKC) is 

essential for sensitization in Aplysia (Kruger et al., 1991).  

Receptors involved in synaptic plasticity 

It has been long agreed that serotonin pathway is crucial in both short-term and long-term 

memory formation (Meneses et al., 2012). AMPA and NMDA receptors are the two main kinds 

of receptors involved in learning and memory that are activated by glutamate. Though these 

receptors are very distinctive physiologically, they do generally exist at the same synapse.  

AMPA receptor is a tetramer containing four subunits designated as GluR1, GluR2, GluR3, and 

GluR4 (Issac et al., 2007). Proteins that converse with the subunit suggests that the C-terminus is 

intracellular, while the N-terminus is extracellular (Wright et al., 2012). AMPA receptors have 

four glutamate binding sites, and when at least two of those sites are occupied, the channel will 

open and its current will rise as more binding sites are filled (Platt, 2007). AMPA receptors are 

known for quickly closing its channels as soon as it opens, which results in the rapid excitatory 
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synaptic transmission (Lawrence et al., 2000). The GluR2 subunit regulates the AMPA 

receptor’s penetrability to calcium and other ions such as potassium and sodium (Wright et al., 

2012). Since, the GluR2 subunit prohibits calcium from entering the channel, potassium and 

sodium are the primary ions gated by the AMPA receptors (Platt, 2007). Moreover, The GluR1 

subunit is necessary for long-term potentiation (Boehm et al., 2006). GluR1 subunit is 

phosphorylated by CAMKII and PKC, then is subsequently delivered and embedded onto the 

synaptic membrane, ultimately increasing the permeability of sodium and potassium (Hayashi et 

al., 2000). 

NMDA receptors’ three subunits, GluN1, GluN2, and GluN3, work closely together to produce 

NMDA receptor isoforms with different functional properties (Paoletti et al., 2007). Similar to 

the AMPA receptors, the interaction between the proteins and the subunits reveal that it has an 

intracellular C-terminus, an extracellular N-terminus, and a re-entrant transmembrane domain 

(Paoletti et al., 2007). Since NMDA receptors have a voltage-dependent block of the channel by 

a magnesium ion, it is inactive at resting membrane potential (Blanke et al., 2009).  Then as 

continual activation of AMPA receptors leads to a strong depolarization of postsynaptic neuron, 

it releases the channel inhibition and activates the NMDA receptors upon binding of glutamate 

and glycine (Blanke et al., 2009). The activation of NMDA receptors prompts a net calcium 

influx into the post-synaptic neuron.  

Serotonin and long-term potentiation (LTP) 

Serotonin has been characterized to modulate glutamate transmission in learning and memory. 

Serotonin is a type of neurotransmitter derived from tryptophan. Its receptors are widely found 

across central and peripheral nervous system and may transmit either excitatory or inhibitory 

neural signals (Costagliola et al., 2008). Among many aspects of neurological processes that 
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serotonin receptors regulate, neurotransmitter glutamate release modulation is vital in both short-

and long-term memory. 

Presynaptic facilitation occurs when 5-HT is released from facilitating interneuron upon 

stimulation, which binds to its receptors on presynaptic neuron membrane (Klein et al., 1980). 

Via G-protein coupled pathway, adenylyl cyclase is activated to produce an increased level of 

cyclic AMP, and following activation of Protein Kinase A (PKA) (Ciranna, 2006). PKA then 

proceeds to cause a heightened release of neurotransmitters, mostly glutamate, from the 

presynaptic neuron, and consequent rise in glutamate receptors activation induces sensitization 

(Du et al., 2008). 

Serotonin can also promote postsynaptic facilitation for long-term memory. Analogous to the 

onset of presynaptic facilitation, 5-HT released from facilitatory interneurons activate G-protein 

coupled receptor (Hensler, 2002). However, unlike presynaptic facilitation, phospholipase C 

(PLC) is activated and intracellular Ca2+ storage is released, contributing to further increase its 

level (Weaver et al., 2007).  

As the high level of intracellular Ca2+ is maintained, downstream events in postsynaptic neuron 

such as PKC activation occur. It has been shown in previous studies in Aplysia that PKC is 

necessary for long-term memory (Michel et al., 2011). Elevated level of PKC acts to upregulate 

AMPA receptors, by insertion of additional AMPA receptors on the postsynaptic motor neurons 

for long-term potentiation (Henley et al., 2013). It has been speculated that some isoforms of 

PKC are activated by cleavage by calpain. Calpains are a family of calcium-dependent cysteine 

proteases, and if the calpains have a domain structure that contains the PEF and CBSW, which 

are located in the CysPc domain, then it is called classical calpain (Macqueen et al., 2014). 
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Classical calpain can be thought of being in the subfamily of vertebrates. Studies have shown 

that classical calpain is crucial for learning and memory because of its role in synapses (Amini et 

al., 2013). Calpain cleaves PKC and its level is increased with elevation of PKC levels (Ohnishi 

et al., 1992). Furthermore, levels of PKC and calpain are expected to increase with exogenous 5-

HT treatment on neurons (Menzel et. al, 2013). Atypical PKC is cleaved by calpain to yield 

truncated PKM form. As demonstrated in previous studies, activity of PKMζ, N-terminal 

truncated active form of atypical PKC isoform PKCζ, is crucial for memory maintenance (Cai et 

al. 2011; Bougie 2009). As it lacks the regulatory domain, PKMζ is persistently active until 

degradation and this continuous activity is required for long-term memory (Kwapis et al., 2014). 

Blockage of PKMζ has shown to disrupt previously established memory, which demonstrates its 

necessity for memory maintenance (Sacktor, 2012). 

One possible way to study the function of enzymes involved in memory is by using an inhibitor. 

Chelerythrine. Chelerythrine (Chel) is a drug that is a potent and selective PKC inhibitor for 

atypical isoform that blocks enhancement of glutamate response and result in memory erasure, 

and treatment with Chel is revealed to decrease PKC and calpain levels (Villareal et al., 2009). 

This happens because chelerythrine suppress all classes of PKC when it attaches to the substrate-

binding pocket (Wu-Zhang et al., 2013).  

Nuclear factors and possible epigenetic mechanism of memory 

Long-term memory requires protein synthesis, and it is not illogical to assume transcription and 

translation of proteins from the nuclear template is involved (Alkon et al., 2005). One way to 

regulate transcription at nuclear level is utilizing transcriptional factors, such as CREB. Previous 

studies have shown that CREB (cAMP response element-binding protein) helps in stabilization 

of long-term memory as a cellular transcription factor to initiate gene transcriptions (Kandal, 
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2012). Transcription factors bind to response elements within the DNA and regulate the level of 

gene expression by influencing the activity of RNA polymerases (Cheng et al., 2012). CREB1 is 

a transcriptional activator that acts as a “switch” for CREB target genes that facilitates long-term 

memory formation, and CREB2 is a repressor that inhibits LTM (Kandal, 2012). It has been 

shown that in Aplysia, as well as in mammals, CREB1 promote and CREB2 represses long-term 

memory, and their levels fluctuated with learning (Liu et al., 2008; Bartsch et al., 1995). Still, it 

is required for CREB to be phosphorylated by PKA to be activated, which suggests that the 

upstream synaptic membrane and intracellular events are mandatory for any regulation at nuclear 

level (Kaczmarek et al., 2002). Atypical PKC and calpain have been implicated in long-term 

memory as previously mentioned. Therefore, these genes are great candidates for regulation at 

transcriptional level using nuclear factors.  

However, the effects of transcriptional factors are often temporary and easily reversible 

(Calkhoven et al., 1996). In order to execute long-term memory formation and maintenance, a 

more long-lasting and principal strategy is desirable. One possible cellular mechanism for such 

manipulation is epigenetic modification of targeted genes. Epigenetic modification refers to 

heritable changes in the gene without changing the sequence of the DNA that could alter gene 

accessibility and its expression (Weinhold, 2006). DNA methylation and histone modification 

(acetylation) have shown to contribute to epigenetic modifications. Previous behavioral data 

demonstrate a potential regulation of memory via epigenetic mechanisms (Day et al., 2011). 

Trichostatin A (TSA) selectively inhibits histone deacetylase and hinders histone from wrapping 

DNA tightly, and allows active gene transcription (Vigushin et al., 2001). One single pulse of 5-

HT, which normally does not induce LTM, produced long-term facilitation in presence of TSA 
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(Vigushin et al., 2001). This suggests that epigenetic changes may also be involved in learning, 

and exploring such possibility in Aplysia would elucidate memory formation and maintenance. 

Memory in Aplysia Californica 

Aplysia possesses a relatively simple nervous system containing approximately 20,000 neurons 

(compared to 100 billion neurons in mammals). Therefore, it is an ideal model organism to 

examine fundamental process of long-term memory (≥ 24 hours). In addition, their neurons are 

large in size compared to mammalian neurons, making it more accessible for cellular 

manipulations. Aplysia neurons are organized into 9 major ganglia: 4 paired (pedal, pleural, 

cerebral, and buccal ganglia) and a single abdominal ganglion (Moroz et al., 2006). Of hundreds 

of neurons housed in the abdominal ganglion, several central motor neurons dictate the 

movement of the siphon (Lukowiak et al., 1988). Siphon withdrawal reflex is a natural defensive 

physiological response in Aplysia to a noxious stimulus. Some sensory neurons are located in 

pleural ganglia, which participate in the reflex circuit via excitatory, inhibitory, and modulatory 

interneurons that synapse with motor neurons in abdominal ganglion (Squire, 2003). At the 

molecular level, the mechanism in which these Aplysia synapses behave mirrors those of a 

vertebrate model. 

PKC Apl III is an ortholog of PKCζ that is cleaved by calpain to produce a PKM Apl III 

overexpression (Sossin et al., 2009). Previous study demonstrated the significance of PKC Apl 

III in Aplysia learning and that it requires the same conditions as plasticity (Bougie et al., 2012).  

For the purpose of this study, abdominal ganglia of Aplysia Californica were utilized to explore 

the relationship of messenger RNA (mRNA) expression level change associated with learning, 

by implementing both behavior training (SWR) and direct ganglia training protocols. 
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Investigating transcriptional levels of different isoforms of PKC and calpain may establish their 

role in long-term memory, and suggest a possible mechanism of long-term memory maintenance.  

Materials and Methods 

Drug treatments of ganglia samples 

Ganglia were extracted and placed in a 1:1 ratio of ASW and magnesium chloride (MgCl2) 

solution. Extra tissues were removed under a microscope, and ganglia were placed in a 1:1 ratio 

of ASW and L-15 solution (perfusion solution) to be incubated for 1-2 hours at 18 °C. 

Afterwards the ganglia received 5-HT training. A stock of 10 mM 5-HT solution was prepared 

using the perfusion solution. This was subsequently diluted to make a working 5-HT solution 

with a concentration of 100 uM. 5-HT training protocol was composed of five bouts of 5-minute 

5-HT pulses. Immediately after a 5-minute 5-HT pulse, ganglia were washed with the perfusion 

solution for 15 minutes, followed by the next 5-HT pulse. Control ganglia received the same 

pulse protocol only with the normal perfusion solution. Ganglia were incubated in a culture 

medium (1:1 ratio of Aplysia hemolymph and L-15) at 18 °C. 

24 hours after 5-HT protocol, ganglia were retrieved and washed with the perfusion solution. A 

10 mM stock solution of chelerythrine was prepared and diluted to a working solution of 10 uM 

using the perfusion solution. Chelerythrine was applied to ganglia for a total of 60 minutes and 

then washed with the perfusion solution. The ganglia were placed in the incubator at 18 °C for 2 

hours before collecting and storing them in a -80 °C freezer. 

Behavior experiments 

Wild adult Aplysia Californica obtained from Redondo Beach, CA were used for all parts of the 

protocol in this study. Aquarium containing aerated and cooled (12-14 °C) seawater housed 
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animals until the experiments. To prepare for each behavior experiments, animals were placed in 

experimental chambers, with identical conditions as in the aquarium, where they remained for 

the duration of the experiment. The behavioral training and testing protocols were similar to 

those described in previously published studies (Cai et al., 2011, 2012). A form of learning in 

Aplysia was measured by gill and siphon withdrawal reflex (SWR). Prior to training, pretests 

were completed, in which one weak tactile siphon stimulation was delivered and corresponding 

SWR was timed. Sensitization training involved application of 5 pulses of tail shocks at 20-

minute intervals, which were delivered to implanted platinum wires in the tail. A Grass 

stimulator (S88, Astro-Med, West Warwick, RI) was used to deliver the shocks (10-ms pulse 

duration, 40 Hz, 120 V). Each pulse consisted of 3 series of shocks, each lasting 1 second in 

duration and spaced 2 seconds apart. Posttests were performed. 

Corresponding drugs or vehicle solution were injected to the animals. Chelerythrine was 

prepared to the final concentration of 10 mM (as described above), and 200 ul per 100 g of body 

weight was injected into the animals. Likewise, TSA was dissolved in DMSO (dimethyl 

sulfoxide) to yield the final concentration of 10 mM, and 100 ul per 100 g of body weight was 

injected into the animals.  

Control animals did not receive any tail shocks, but underwent other relevant procedures, 

including pretests, platinum wire implant, and posttests, to reduce technical variability. Also, 

control animals received the equivalent amount of vehicle solution (DMSO in ASW). 

Once training sessions and the posttests were completed, ganglia were harvested immediately. 

Extracted ganglia were subsequently stored in a -80 °C freezer. 
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RNA extraction and cDNA preparation 

Each ganglion sample was homogenized in 1 mL of TRIzol RNA Isolation Reagent (Invitrogen, 

Waltham, MA). Hand-held homogenizer was used for 60 seconds to ensure thorough extraction 

of RNA. 0.2 mL of chloroform was added and mixed vigorously (shaking by hand or vortex) for 

15 seconds. Then samples were incubated for 5 minutes at room temperature. Samples were 

centrifuged at 12,000 x g for 15 minutes at room temperature. Aqueous phase, containing RNA, 

was separated and combined with 500 ul of isopropanol to precipitate out the RNA. Samples 

were spun at 12,000 x g for 10 minutes at 4 °C to form a pellet. This pellet was washed with ice-

cold (-20 °C) 75% ethanol and centrifuged for additional 5 minutes at 4 °C. After adequate 

amount of air-drying the pellet, it was re-suspended with 15 uL of RNase-free water. 

Concentrations of RNA solutions were measured using NanoDrop (Thermo Scientific, 

Wilmington, DE). Based on this result, RNA was converted to cDNA via reverse transcriptase 

reaction. 2 ul of qScript cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD) was added to 

2 ug of RNA to produce 10 ul total reaction volume. 10 ul RNase-free water (1:1 ratio with 

cDNA) was added following the reaction to produce 100 ng/ul sample of cDNA. 

Quantitative real-time PCR 

Samples were concurrently tested with multiple primers using quantitative polymerase chain 

reaction (qPCR). Final concentration of individual primers was 10 uM. Standard curve for each 

primer was prepared for every run as to verify the efficiency of primers. The primer sequences 

for 8 primers used in this study were as follows:  

Table 1. Primer sequences of 8 primers used in quantitative PCR. 

Target Gene Forward primer Reverse primer 
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Total PKC APL III AGCACAAGAAGACCAAGCGCA CAGAAACGGGTAATTTGTCGCAG 

Splice-specific PKC GGAGCAGTATCGAGAGGAGGATGA CGTAACTGCCACGACCTATGAC 

PKC APL I major CCAGTGGGAGAGGATAGAACTGAG GTGACCACAAACTCTGGGTTGACA 

PKC APL II CCACGAAAGAAAAAGCCTCGCAG AATCGTGCAGTTGGCAACGAAC 

Classical Calpain AGTTTGACAAGGATGCCAGTGG TAGTCTTGAGCCGGATTGCACA 

Sol Calpain CAGATGACAACGTGATTGTCGGG AGCTAGGGTCAACATCTGACAGG 

palB Calpain AGCTACAGCAACAACCCTCTGT GCCAGGTCGGAAATCTCCAGAA 

H4 GGTGGTGTGAAGCGTATTTCTGGT GGCCTTGACGTTTGAGAGCATAGA 

 

100 ng of cNDA was mixed with LightCycler SYBR Green I Master (Roche, Indianapolis, IN) 

and equivalent primers to reach a total reaction volume of 10 ul. All testing samples were 

triplicated to ensure reliability and reproducibility. Samples were pipetted onto a 384-well PCR 

plate and placed in a Roche LightCycler 480 (Roche, Indianapolis, IN). 

Primer H4 was used as an internal control to normalize relative fluorescence, which was 

performed on Microsoft Excel 2011, using the 2-ΔΔC
T Method (Livak, et al. 2001). Normalization 

was completed within each run. 

Statistical analysis 

All statistical analysis was performed using Prism 6.07 (GraphPad, La Jolla, CA). The 

normalized fold changes in RNA expression levels obtained via 2-ΔΔC
T Method were illustrated 

by mean ± standard error of the mean (SEM). Within each target gene group, one-way analysis 

of variance (ANOVA) was used to first assess any significant relationships within the group. If 

one-way ANOVA indicated a significant correlation, an unpaired Student’s t-test was performed 

to demonstrate the statistical significance between two sets of data. Differences were considered 

significant at p < 0.05. 
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Results 

Drug treatments of ganglia samples: PKC 

Treating ganglia in vitro with 5-HT using aforementioned protocol has shown to elicit the same 

type of electrical response as those harvested from behaviorally trained animals (Chitwood et al., 

2001). 5-HT treatment mimics the sensitization that activates the serotonin pathway normally 

engaged in memory formation (Sweatt, 2010). Therefore, it is reasonable to expect comparable 

results by applying drugs to ganglia as behaviorally trained samples. PKC Apl III is the atypical 

PKC involved in memory formation, and is cleaved to produce PKM Apl III, the active N-

terminal truncated form (Cai et al. 2011; Bougie 2009). Upon application of 5-HT treatment, the 

level of RNA expression has increased in total PKC Apl III as well as splice-specific isoform, 

close to 3 folds (Figure 1A, B). This indicates that the increased amount of serotonin activates 

the downstream cascade via elevated levels of calcium. Since chelerythrine is a PKC inhibitor, 

its administration to the ganglia after the 5-HT treatment brought the levels of both PKC Apl III 

isoforms to near baseline (control level) (Figure 1A, B).  

The calcium-activated PKC Apl I and the calcium-independent PKC Apl II are classical and 

novel isoforms of PKC, respectively, that are also involved specifically in short- and 

intermediate-term memory (Pepio et al., 2002). PKC Apl I and PKC Apl II phosphorylate 

downstream proteins at the cell membrane when stimulated by 5-HT, even though PKC is in the 

cytoplasm of neurons under basal conditions (Nestler et al., 1999). Yet, studies have published 

that a 5-minute administration of 5-HT led PKC Apl II, but not PKC Apl I, to translocate to the 

sensory neuron membrane (Zhao et al., 2006). Interestingly, RNA expression levels of both PKC 

Apl I and II show increasing pattern (2 folds) with long-term potentiation (Figure 1C, D). When 

treated with chelerythrine after 24 hours of 5-HT training, PKC Apl I and II shows similar levels 
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as control (Figure 1C, D). However, these results do not show a statistical significance, hence 

making the observations inconclusive. 

Drug treatments of ganglia samples: Calpain 

Calpain plays an important role in LTP for its activity cleaves PKC into PKM. Classical calpain 

is mostly conserved in vertebrates (and several invertebrates), and contain a domain for calcium-

binding (Menzel, 2013). Three subfamilies of non-classical calpain are PalB calpain, which is 

most conserved evolutionarily, SOL calpain, and Tra calpain (Ono et al., 2011). Two of these 

homologs (PalB and SOL) have been identified in Aplysia and were used in this study (Menzel, 

2013). 

The level of classical and PalB calpain RNA expressions increased more than 3 folds upon the 5-

HT treatment, and though not statistically significant, demonstrated the involvement of calpain in 

the serotonin pathway (Figure 2A, B). In a previous study, calpain has shown to cleave PKC Apl 

I and II in the hinge domain as well as PKC Apl III (Seidl, 2013). It is also clear that 

chelerythrine acted to decrease the elevated level of RNA to baseline (Figure 2A, B). 

Behavior trainings 

Behavior training experiments (data published in eLife, Chen et al., 2014) showed a possible 

mechanism of protein synthesis regulation involved in LTM. All 4 groups, except the control, 

exhibited sensitization after 5x training (Figure 3). Following respective injections, the memory 

is erased at 48 hours only with chelerythrine application. This illustrates that inhibition of PKC 

prevents formation of long-term memory, and that PKC is necessary for LTM. In contrast, 

receiving TSA injection along with chelerythrine rescued the effects of chelerythrine, retaining 

sensitization at 48 hours. This result may imply that TSA’s activity at the epigenetic level via 
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altering histone modification process can reverse the effects of blocked PKC, possibly by 

allowing more PKC to be produced. When no training was given with chelerythrine injection, no 

sensitization was observed (data not shown).  

RNA expression level of PKC of behaviorally trained animals 

Based on the results, it seems unclear whether RNA levels of PKC change significantly with 

behavior training in Aplysia. The RNA expression level of total atypical PKC Apl III, splice-

specific PKC Apl III, and PKC Apl I showed an increase (more than 3 folds) compared to the 

control (Figure 4A, B, C). However, with chelerythrine application, the trained animals showed a 

decrease in PKC RNA expression levels close to its baseline level. Administering chelerythrine 

without training yielded no difference with the control and no effect on the sensitization of SWR. 

Notwithstanding a slight increase in PKC Apl I major-splice (Figure 4C), pairing TSA with 

chelerythrine showed no significant increase in RNA expression levels, despite the fact that the 

behaviorally trained animals did exhibit sensitization.  

RNA expression level of Calpain of behaviorally trained animals 

As PKC RNA transcript levels did not show significance, it seems inconclusive that calpain, 

which cleaves PKC into PKM, exhibits nuclear regulation or modification. Similar to ganglia 

treatment data, trained animal ganglia displayed a general increase in RNA expression levels in 

different isoforms of calpain, compared to the control (Figure 5). Likewise, chelerythrine seemed 

to drop the expression to the baseline levels. Interestingly, coupling the chelerythrine with TSA 

illustrated that the transcription level of PalB calpain had increased compared to control and 

T/Chel groups (Figure 5B). Since TSA hinders the DNA from wrapping around a histone tightly 

by inhibiting histone deacetylases, more DNA is available for transcription. Neither T/Chel nor 
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T/TSA groups showed any evidence of calpain RNA expression level change from the control 

group. 

Discussion 

In this study, we attempted to understand the relationship between key enzymes involved in 

long-term memory, specifically PKC and calpain, and their transcriptional regulations in Aplysia 

Californica. Understanding how RNA production and ultimately protein synthesis occur within 

the cell is a first step to determining more precise cellular pathway for long-term memory. It has 

been established that protein synthesis is required for LTM, but whether this signifies nuclear 

change requires further investigation (Nader et al., 2000). 

It is unclear whether the level of RNA expression changes significantly with learning; however, 

the trend of fluctuating RNA levels is noteworthy. Previous studies have demonstrated changes 

in RNA expression levels in mice with learning (Roth et al., 2015). Therefore it is conceivable 

that Aplysia, a much simpler system, would share some molecular characteristics, and may reveal 

similar RNA expression patterns. In previous studies, CREB1 and CREB2 have been shown to 

fluctuate with learning in Aplysia (Liu 2008; Bartsch 1995). If transcriptional factors changed in 

RNA expression levels, several other essential target gene regions, such as PKC and calpain, can 

also show signs of RNA level regulations. 

The result showed that in both ganglia treated and behaviorally trained sets, 5-HT protocol and 

animal training elicited an increasing trend in PKC Apl III and classical calpain. This suggests 

that activity of calpain as a protease and its substrate PKC are upregulated via serotonin-induced 

pathway. In behaviorally trained groups, PKC Apl II did not show an increasing pattern with 

training, and as a calcium-independent PKC isoform, it is an anticipating outcome; yet due to a 
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small sample size for this group, the precise RNA level is difficult to establish. Another 

interesting pattern to notice is that among behaviorally trained groups, T/TSA groups displayed 

no change in RNA expression levels of PKC and calpain isoforms. As the application of TSA 

was expected to yield a higher gene transcription, such result demands additional testing. 

TSA was used in this study in attempt to block histone deacetylation. Although behaviorally it 

was able to preserve long-term memory even after PKC inhibitor injection, RNA expression 

levels of PKC showed no apparent recovery. Because RNA expression levels of T/TSA+Chel 

and T/TSA groups did not vary from the control group, it is difficult to conclude how TSA 

preserved memory. However, it was not confirmed that the deacetylation pattern was localized to 

target regions. Observing and comparing an actual acetylation or methylation patterns before and 

after training in conjunction with RNA expression levels would reveal how epigenetic 

modification affects memory formation. Epigenetics is rising as a promising candidate for a 

regulatory agent in memory, and due to its long-lasting influence on the cell, epigenetic nuclear 

modifications can be the core of long-term facilitation. 

Although ordinary one-way ANOVA performed on ganglia treated groups rejected the 

possibility of the correlation between 5-HT induced RNA transcription level change in PKC and 

calpain isoforms, this does not necessarily contradict the previous studies regarding the role of 

PKC and calpain in regards to learning and memory. Due to the limitations of this study that 

each gene region was examined independently of the other, we may have neglected the 

importance of molecular balance. Since calpain and PKC work in concert to produce long-term 

memory, relative quantity and activity may be more relevant to the formation of memory.  
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Moreover, because the abdominal ganglion used in this study houses both sensory and motor 

neurons, the RNA expression level result may have been skewed (Frazier et al., 1967; Zhao et 

al., 2009). The evidence that presynaptic and postsynaptic strategies for memory are dissimilar 

hints at the possibility of distinct mechanisms of transcript regulation (Owen et al., 2012). 

Preparing a cell culture with sensory and motor neuron pairs for 5-HT protocol, and individually 

testing cells for target gene expressions may yield more accurate and focused results. Likewise, it 

can possibly show which enzyme RNA expression level changes are contributing to the long-

term memory. 

With rapid nuclear factor and epigenetic enzyme activity, it is possible that RNA expression 

level change is undetectable after 48 hours of 5-HT treatment or training. For example, CREB2 

mRNA and protein levels fluctuated only up to 24 hours after 5-HT treatment to ganglia (Liu et 

al. 2011). Although nuclear transcriptional changes takes longer than an activation of existing 

pro-proteins, the duration of transcription modification and presence of viable RNA may be 

momentary. Time dependent nature of downstream events in synaptic facilitation urges testing at 

multiple time points after the training session. It is also likely that some molecules require 

transcriptional intervention while the other enzymes do not. Targeting a specific subset of 

molecules as potential gene regions for RNA production seems feasible to maintain cellular 

equilibrium and remain selective for memory formation and maintenance.  

There are some clear limitations to this study. Since the animals were collected from the wild, 

there was no means to confirm genetic variability among all test subjects. Existing DNA 

methylation or histone modification patterns can affect their ability to learn, thus different 

genetic lineage and disposition may have influenced the result. Additionally, several 

experimental groups, including Trained and T/Chel groups, contained a small sample size. The 
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qPCR experiment is very sensitive and even a two-threshold cycle difference generates a big fold 

change after implementing the 2-ΔΔC
T Method. Combination of these could have lead to 

inconclusive data from this study. 
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Figures: 

 

 

Figure 1. Comparison of transcription level of PKC in ganglia treated groups 48 hours after 
training. Columns represent the mean mRNA fold change normalized to internal control and the 
control group. Error bars represent ± SEM. (A) RNA expression level fold change of Total 
atypical PKC Apl III in control (n = 6), 5-HT (n = 8), and 5-HT/Chel (n = 8) groups. Although 5-
HT group displays some increase in RNA expression level (control: 1.087 ± 0.051, 5-HT: 3.409 
± 1.508, and 5-HT/Chel: 1.203 ± 0.143), ordinary one-way ANOVA indicated no significant 
differences among the three groups (p = 0.174). (B) RNA expression level fold change of Splice-
specific isoform of atypical PKC Apl III in control (n = 6), 5-HT (n = 8), and 5-HT/Chel (n = 8) 
groups. Although 5-HT group displays some increase in RNA expression level (control: 1.059 ± 
0.044, 5-HT: 3.222 ± 1.411, and 5-HT/Chel: 1.195 ± 0.146), ordinary one-way ANOVA 
indicated no significant differences among the three groups (p = 0.181). (C) RNA expression 
level fold change of calcium-activated PKC Apl I Major-splice isoform in control (n = 6), 5-HT 
(n = 8), and 5-HT/Chel (n = 8) groups. Although 5-HT group displays slightly elevation in RNA 
expression level (control: 1.039 ± 0.110, 5-HT: 2.079 ± 0.818, and 5-HT/Chel: 1.156 ± 0.372), 
ordinary one-way ANOVA indicated no significant differences among the three groups (p = 
0.381). (D) RNA expression level fold change of calcium-independent PKC Apl II in control (n 
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= 6), 5-HT (n = 8), and 5-HT/Chel (n = 8) groups. Although 5-HT group displays slight increase 
in RNA expression level (control: 0.935 ± 0.049, 5-HT: 2.297 ± 0.960, and 5-HT/Chel: 1.250 ± 
0.432), ordinary one-way ANOVA indicated no significant differences among the three groups 
(p = 0.341).  
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Figure 2. Comparison of transcription level of Calpain in ganglia treated groups 48 hours after 
training. Columns represent the mean mRNA fold change normalized to internal control and the 
control group. Error bars represent ± SEM. (A) RNA expression level fold change of Classical 
calpain in control (n = 6), 5-HT (n = 8), and 5-HT/Chel (n = 8) groups. Although 5-HT group 
displays some increase in RNA expression level (control: 1.068 ± 0.064, 5-HT: 3.951 ± 2.339, 
and 5-HT/Chel: 0.964 ± 0.113), ordinary one-way ANOVA indicated no significant differences 
among the three groups (p = 0.279). (B) RNA expression level fold change of non-classical PalB 
calpain in control (n = 6), 5-HT (n = 8), and 5-HT/Chel (n = 8) groups. Although 5-HT group 
displays slight increase in RNA expression level (control: 1.272 ± 0.251, 5-HT: 3.101 ± 1.212, 
and 5-HT/Chel: 1.552 ± 0.304), ordinary one-way ANOVA indicated no significant differences 
among the three groups (p = 0.241).  
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Previously published in Chen, S., Cai, D., Pearce, K., Sun, P.Y., Roberts, A.C., Glanzman, D.L. 
Reinstatement of long-term memory following erasure of its behavioral and synaptic expression 
in Aplysia. eLife. 2014; 1-21. 

 

Figure 3. Epigenetic regulation of LTM in Aplysia. (A) Experimental protocol. The times of the 
pretests, training, posttests, and drug/vehicle injections are shown relative to the end of the last 
training session. The times of the trichostatin A (TSA)/vehicle and chelerythrine/vehicle 
injections are indicated by blue arrow and red arrow respectively. (B) TSA treatment blocks 
erasure of LTS by chelerythrine.  The graph presents the mean duration of the SWR measured at 
24 hr and 48 hr in the Control-Veh (n = 9), 5XTrained-Veh (n = 5), 5XTrained-TSA (n = 6), 
5XTrained-Chel (n = 5), and 5XTrained-TSA-Chel (n = 6) groups. A repeated-measures 
ANOVA showed a significant group x time interaction (F(8,52) = 53.2, p < 0.0001). Subsequent 
planned comparisons indicated that the group differences for the 24 and 48 hr posttests were 
highly significant (24 hr, F[4,26] = 45.5, p < 0.0001; 48 hr, F[4,26)]= 94.4, p < 0.0001). For the 24 
hr posttest, SNK posthoc tests indicated that the training produced significant sensitization in all 
four trained groups (5XTrained-Veh, 54.0 ± 6.0 s; 5XTrained-TSA, 49.0 ± 7.6 s; 5XTrained-
Chel, 59.6 ± 0.4 s; and 5XTrained-TSA-Chel, 57.7 ± 2.3 s) compared to the Control-Veh group 
(1.6 ± 0.6 s, p < 0.001 for all tests). Comparisons of the four trained groups showed that their 
responses did not differ significantly on the 24 hr posttest. However, the responses of 
5XTrained-Veh (49.0 ± 6.9 s), 5XTrained-TSA (56.0 ± 4.0 s), and 5XTrained-TSA-Chel (59.8 ± 
1.7 s) on the 48 hr posttest were significantly more enhanced than those for both the 5XTrained-
Chel (2.8 ± 1.8 s) and Control-Veh (1.7 ± 0.5 s) groups (p < 0.001 for all tests). Thus, 
chelerythrine treatment reversed LTS, and TSA treatment blocked chelerythrine’s reversal of 
LTS. There were no significant differences among 5XTrained-Veh, 5XTrained-TSA and 
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5XTrained-TSA-Chel groups, nor between 5XTrained-Chel and Control-Veh groups, at 48 hr.  
Asterisks, comparisons of the Control-Veh group with the 5XTrained-Veh group, the 
5XTrained-TSA group, the 5XTrained-Chel group, and the 5XTrained-TSA-Chel group at 24 hr; 
and of the Control-Veh group with the 5XTrained-Veh group, the 5XTrained-TSA group, and 
the 5XTrained-TSA-Chel group at 48 hr. Plus signs, comparisons of the 5XTrained-Chel group 
with the 5XTrained-Veh group, the 5XTrained-TSA group, and the 5XTrained-TSA-Chel group 
at 48 hr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 25	

 

Figure 4. Comparison of transcription level of PKC in behaviorally trained groups 48 hours after 
training. Columns represent the mean mRNA fold change normalized to internal control and the 
control group. Error bars represent ± SEM. (A) RNA expression level fold change of Total 
atypical PKC Apl III in control (n = 13), Chel only (n = 10), Trained (n = 6), T/Chel (n= 4), 
T/TSA+Chel (n= 6), and T/TSA (n= 4) groups. Although Trained group displays minimal 
increase in RNA expression level, and other groups show no difference compared to the control 
group (control: 1.122 ± 0.155, Chel only: 0.783 ± 0.174, Trained: 2.710 ± 1.763, T/Chel: 0.588 ± 
0.361, T/TSA+Chel: 0.973 ± 0.404, and T/TSA: 0.531 ± 0.183), ordinary one-way ANOVA 
indicated no significant differences among the six groups (p = 0.280). (B) RNA expression level 
fold change of Splice-specific isoform of atypical PKC Apl III in control (n = 13), Chel only (n = 
10), Trained (n = 6), T/Chel (n= 4), T/TSA+Chel (n= 6), and T/TSA (n= 4) groups. Although 
Trained group displays some increase in RNA expression level (control: 1.125 ± 0.152, Chel 
only: 1.180 ± 0.377, Trained: 3.095 ± 2.025, T/Chel: 0.699± 0.451, T/TSA+Chel: 1.024 ± 0.529, 
and T/TSA: 0.681 ± 0.322), ordinary one-way ANOVA indicated no significant differences 
among the six groups (p = 0.358). (C) RNA expression level fold change of calcium-activated 
PKC Apl I Major-splice isoform in control (n = 13), Chel only (n = 10), Trained (n = 6), T/Chel 
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(n= 4), T/TSA+Chel (n= 6), and T/TSA (n= 4) groups. Although Trained group displays slightly 
elevation in RNA expression level (control: 1.179 ± 0.161, Chel only: 1.161 ± 0.245, Trained: 
6.046 ± 4.932, T/Chel: 1.596 ± 0.328, T/TSA+Chel: 2.298 ± 1.125, and T/TSA: 0.537 ± 0.187), 
ordinary one-way ANOVA indicated no significant differences among the six groups (p = 
0.340). (D) RNA expression level fold change of calcium-independent PKC Apl II in control (n 
= 11), Chel only (n = 10), Trained (n = 3), T/Chel (n= 4), T/TSA+Chel (n= 6), and T/TSA (n= 4) 
groups. Although T/Chel group displays minimal increase in RNA expression level (control: 
1.044 ± 0.061, Chel only: 1.432 ± 0.572, Trained: 1.492 ± 0.633, T/Chel: 2.747 ± 1.643, 
T/TSA+Chel: 1.247 ± 0.320, and T/TSA: 0.477 ± 0.163), ordinary one-way ANOVA indicated 
no significant differences among the six groups (p = 0.362). 
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Figure 5. Comparison of transcription level of Calpain in behaviorally trained groups 48 hours 
after training. Columns represent the mean mRNA fold change normalized to internal control 
and the control group. Error bars represent ± SEM. (A) RNA expression level fold change of 
Classical calpain in control (n = 13), Chel only (n = 9), Trained (n = 6), T/Chel (n= 4), 
T/TSA+Chel (n= 6), and T/TSA (n= 4) groups. Although Trained group displays some increase 
in RNA expression level (control: 1.058 ± 0.065, Chel only: 0.972 ± 0.163, Trained: 1.924 ± 
0.574, T/Chel: 0.652 ± 0.066, T/TSA+Chel: 0.831 ± 0.187, and T/TSA: 1.220 ± 0.224), ordinary 
one-way ANOVA indicated no significant differences among the six groups (p = 0.521). (B) 
RNA expression level fold change of non-classical PalB calpain in control (n = 13), Chel only (n 
= 10), Trained (n = 6), T/Chel (n= 4), T/TSA+Chel (n= 6), and T/TSA (n= 4) groups. Although 
both Trained and T/TSA+Chel groups show slight increase in RNA expression level (control: 
1.280 ± 0.262, Chel only: 1.391 ± 0.308, Trained: 2.774 ± 1.596, T/Chel: 1.345 ± 1.079, 
T/TSA+Chel: 1.395 ± 0.393, and T/TSA: 0.682 ± 0.299), ordinary one-way ANOVA indicated 
no significant differences among the six groups (p = 0.351). (C) RNA expression level fold 
change of non-classical SOL calpain in control (n = 13), Chel only (n = 10), Trained (n = 6), 
T/Chel (n= 4), T/TSA+Chel (n= 6), and T/TSA (n= 4) groups. All groups show similar levels of 



	 28	

RNA expression (control: 1.308 ± 0.252, Chel only: 1.335 ± 0.531, Trained: 4.673 ± 3.208, 
T/Chel: 0.739 ± 0.437, T/TSA+Chel: 3.436 ± 2.379, and T/TSA: 0.569 ± 0.214), and ordinary 
one-way ANOVA indicated significant differences among the six groups (p = 0.030). However, 
unpaired Student’s t-test revealed no statistical significance (Trained vs. T/Chel: p = 0.115; 
Trained vs. T/TSA+Chel: p = 0.100). 
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