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The Gill and Siphon Withdrawal Reflex in Aplysia californica 
Eman F. Khwaja

Aplysia californica is a principal model organism in the field of neurobiology due to its famously known gill 
and siphon withdrawal reflex. It was first used in the 1960s by neurobiology researcher Eric Kandel and has 
since gained popularity due to its easily distinguishable neurons and simple nervous system. Since then, Aplysia 
californica has been the model organism for research studies across the globe and has contributed to increasing 
knowledge of ion channels, neurotransmitters, mutations, and learning and memory. The gill and siphon reflex that 
made this organism popular is a defensive mechanism that results in the gill and siphon of the organism to retract 
upon exposure to disruptive and threatening stimuli. The unique aspect of this reflex is its synaptic plasticity and 
learning abilities. The organism can display several types of learning in association with this specific reflex, which 
include habituations, sensitization, classical conditioning, and operant conditioning. This reflex of Aplysia cali-
fornica utilizes a number of aspects of its nervous system and has provided to be extremely influential on studies 
associated with memory and learning, molecular biology, behavior, genetics, synaptic plasticity, and even aging. 

Aplysia californica, more commonly known 
as the California Sea Hare, is a species of 
sea slugs and is part of the phylum Mollus-

ca. Since the 1960s, this Aplysia californica has be-
come increasingly popular as a lab model due to the 
structure of its central nervous system and presence 
of its gill and siphon withdrawal reflex (Rankin, et 
al., 2008). It was first studied by Eric Kandel, the 
father of modern neuroscience, and his colleagues 
when they set out to determine the biochemical and 
neurological basis of learning (Walter, et al., 1983). 
In the 1970s, they discovered that cyclic AMP and 
serotonin were both necessary for short-term mem-
ory formation and that cAMP-dependent protein ki-
nase and potassium channels were integral to long-
term memory (Walter, et al., 1983). Since then, 
Aplysia California has been significantly studied 
across the world and across a variety of fields. Stud-
ies on this organism have led to a variety of scien-
tific advancements and even to two Nobel prizes.

Within the nervous system of Aplysia californica 
are nine separate ganglia and about 10,000 neurons 
(Rankin, et al., 2009). Each of the neurons are accessi-
ble from the surface of the ganglia and are distinctive 
enough from each other that researchers are able to be 
identify each one individually based on their synaptic 
connections, function within the nervous system, and 
physiological structure (Rankin, et al., 2008). Despite 
the simple structure of this organism’s nervous sys-
tem, countless complex behaviors are highly associ-
ated with it, such as the gill and siphon withdrawal 
reflex. This gill and siphon reflex behavior is known 
as a defensive reflex mechanism that causes the si-
phon and gill of the organism to be retracted upon the 

presence of disrupting stimuli (Moroz, et al., 2006). 
There is a two-step process that occurs when the re-
flex is triggered through a stimulus being applied to 
either the siphon or the mantle shelf of the organisms 
(Moroz, et al., 2006). First, there is a siphon-with-
drawal and following the siphon-withdrawal, there 
is the gill-withdrawal. These two components will 
occur extremely close in time, producing a single 
reflex termed the gill and siphon withdrawal reflex.

Due to the limited number of neurons, roughly 
10,000 neurons, within the nervous system of this 
organism, it is possible for researchers to observe 
experimental questions on this organism. There are 
even less neurons associated with the gill and si-
phon withdrawal reflex, and even then only a few 
are integral to producing this behavior and its plas-
ticity during various forms of learning. Some of the 
integral neurons necessary to producing this reflex 
in Aplsyia californica include mechanosensory neu-
rons, interneurons, and motor neurons (Carew, et al., 
1983). Mechanosensory neurons are neurons that in-
nervate the siphon and are activated by mechanical 
stimuli to collect information for processing (Frost, 
et al., 1985). Interneurons are located between neu-
rons that receive input and neurons that supply an 
output, and these neurons receive input from sensory 
neurons (Frost, et al., 1985). Finally, the motor neu-
rons innervate the muscles in the gill of the organism 
and receive processed information to elicit a response 
(Frost, et al., 1985). In spite of the seemingly simple 
structure of the nervous system of Aplysia californi-
ca, it has become a common lab model and integral 
organism to neuroscience research due to the com-
plex processes associated with its nervous system
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Current Advancements
Aplysia californica first became a lab model in 

the 1960s and has since contributed to significant 
neuroscience advancements through the work of Eric 
Kendal, Ph.D., and others who studied the gill and 
siphon withdrawal reflex. Since then, research con-
ducted on this organism has included a wide variety 
of topics within neuroscience, including genomics, 
brain function, toxicology, and behavior. Morez, et 
al., (2006) found that Aplysia californica has 104 
counterpart genes that has aided in the study of  neu-
rodegenerative diseases and treatments, such as Alz-
heimer’s, Parkinson’s, and dementia. Greer, et al., 
(2018) completed a study on gene expression which 
suggested a mechanism for which aging in sensory 
and motor neurons affected the development of mu-
tations that impact learning in Aplysia californica. 
These researchers have continued to develop their 
research by assessing the ideal time to develop long-
term memories during human development based 
on expression of certain genes, neurotransmitters, 
and neuronal development. Akhmedov, et al., (2013) 
completed research on the topic of aging in Aplysia 
californica which also suggested that mutations in 
genetic information that influence action potentials 
have led to a change in the responsiveness to stim-
uli and neurotransmitters, such as acetylcholine.

One of the behavioral biological topics Aplysia 
californica is most known for is the study of learning 
and the gill and siphon withdrawal reflex. Research 
completed on this reflex found that it is not only a be-
havioral reflex, but relies heavily on neurotransmitters, 
ion channels, action potentials, among other aspects of 
the nervous system of Aplysia californica (Agranoff, 
et al., 1999). Changes in these components of the cen-
tral nervous system can seriously impact the gill and 
siphon withdrawal reflex. Mutations in aspects of the 
central nervous system can also impede on the organ-
ism’s ability to complete this behavior properly, such 
as mutations to the ion channels or to the neurotrans-
mitter receptors on the postsynaptic neuron. The gill 
and siphon withdrawal reflex is also capable of be-
ing adapted through a number of learning variations, 
including habituation, sensitization, operant condi-
tioning, and classical condition (Bailet, et al., 2008). 

Habituation occurs when a repeated stimulus is 
presented to an organism, resulting in a decrease reac-
tion or response to the particular stimulus (Houwer, et 
al., 2018). In Aplysia californica, certain stimuli that 

are repeatedly presented to the organism to trigger 
the gill and siphon withdrawal response can lead to 
a decreased responsiveness to that particular stimuli. 
Sensitization occurs when there is an increase in re-
sponsiveness to a stimulus because it is a novel stimu-
lus (Houwer, et al., 2018). In studies with Aplysia cal-
ifornica as a lab model, operant conditioning is used 
to allow the model organism to learn the association 
between the gill and siphon withdrawal reflex and re-
ceiving food. Operant conditioning occurs when the 
organism learns the association between a behavior 
and a consequence which increases or decreases a 
specific behavior, such as a reward (Houwer, et al., 
2018). In the case of this organism, operant condition-
ing can occur when the organism receives a positive 
consequence when it completes its reflex and protects 
itself from a predator. Classical conditioning is anoth-
er type of learning that Aplysia californica is capable 
of, which is when organisms learn the association be-
tween two stimuli and can anticipate events, therefore 
eliciting a response (Houwer, et al., 2018). Aplysia cal-
ifornica uses this type of learning to change their rate 
of responsiveness to normalized stimuli with their gill 
and siphon withdrawal reflex. The ability of Aplysia 
californica to learn and adapt a reflex signifies height-
ened cognitive control and also provides a mecha-
nism for energy reduction by reducing the organism’s 
focus on the production of an unnecessary behavior.  

Genetics
According to Cotman, et al., (1999) Aplysia cal-

ifornica has 10,000 active genes, many of which en-
code behaviors, such as the gill and siphon withdrawal 
reflex. These behaviors can be influenced by learned 
responses and repetitive stimuli, thus allowing the 
organism to adapt its own gill and siphon withdraw-
al reflex when presented with repeated stimuli. This 
research has also suggested that the development of 
these learned adaptations to encoded behaviors are a 
results of protein synthesis and methylation involve-
ment, as well as storage of the memories in the nucle-
us of the organism. Research completed by Tamva-
kis, et al., (2018) has also suggested that RNA that is 
transferred from one organism to another can induce 
long-term sensitization and epigenetic nonsynaptic 
changes which result in a adapted behavioral effects 
implicated in the gill and siphon withdrawal reflex. 
These behavioral implications can include a decreased 
response without going through the same situations to 
induce habituations as other organisms might have to. 
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Esdin, et al., (2010) found that long-term habituation 
of the gill and siphon withdrawal reflex required gene 
transcription, as well as adaptations of certain types 
of voltage-gated calcium channels. These researchers 
found that phosphatases 1 and 2A were necessary for 
the protein synthesis required for long-term habitu-
ation. They also found that the gill and siphon with-
drawal reflex depended highly on RNA synthesis and 
the blocking of certain transcription factors, such as 
actinoymcun-D and DRB (6,6-dichlorobenzimidaz-
ole riboside). Most of these changes in the genetics 
required presynaptic and postsynaptic mechanisms 
(Esdin, el al., 2010). The results of these studies sug-
gest that the gill and siphon withdrawal reflex relies 
heavily on genes, as well as various other physio-
logical and neurobiological systems and structures. 

Subcellular Organelles 
Despite the gill and siphon withdrawal reflex be-

ing a genetically-encoded behavior found in Aplysia 
californica and requiring little cognitive processes 
to perform, this behavior employs a number of sub-
cellular organelles in order to properly function and 
defend the organism. According to Lee, et al., (2015) 
the nucleus and cytoplasm are all implicated in the 
process of developing the reflex (Lee, et al., 2015). 
In addition, the mitochondria and rough endoplasmic 
reticulum, which are both located within the nucleus 
of the cell, were also implicated in playing a func-
tional role of the reflex (Lee, et al., 2015). According 
to Miao, et al., (1977), proteins are one of the main 
factors in encoding long-term memories and contrib-
uting to habituation. These proteins are a product of 
the organelles ribosomes, endoplasmic reticulum, 
and rough endoplasmic reticulum. The cytoplasm is 
also implicated in the process of making and folding 
these proteins which provide necessary functions to 
the subcellular organelles involved in the gill and si-
phon withdrawal reflex. The golgi apparatus is also 
an essential organelle within the cells to ensure that 
the proteins are being packaged and transported ad-
equately. All these organelles function collaborative-
ly to ensure that the proteins necessary for aiding in 
the process of encoding memory and learning are 
functional and available.  According to research con-
ducted Dash, et al., (1990), protein synthesis is the 
basis of encoding long-term memories for this or-
ganism (Dash, et al., 1990). For short-term memory, 
the synthesis of CREB was necessary for influencing 
the synaptic connections (Dash, et al., 1990). Long-

term memory is more associated with changes in the 
density of synaptic connections (Dash, et al., 1990). 
These subcellular organelles are involved in key pro-
cesses to produce a functional siphon and withdraw-
al reflex and are therefore essential to the protection 
and anti-predator behaviors of Aplysia californica. 

Mutations
Mutations in any of the genes that impact sub-

cellular organelles that are necessary to memory 
encoding, learning, and the gill and siphon with-
drawal reflex can lead to detrimental effects on the 
entire organism. These mutations would prevent the 
organism from eliciting the proper response to stim-
uli, or even eliciting a response that was not neces-
sary, therefore harming itself. Mutations in the genes 
that encode the golgi apparatus, endoplasmic re-
ticulum, or ribosomes can result in an inability for 
the organism to produce and transport proteins that 
have the proper structure necessary to be function-
al (Miao, et al., 2005). These mutations might result 
in a failure of the gill and siphon withdrawal reflex. 

Chung, et al., (2014) completed a study on Aply-
sia californica which implies that aging can lead to 
stress, thereby resulting in neuronal mutations. These 
aging mutations can cause mutations in the DNA that 
encode for the motor neurons associated with the gill 
and siphon withdrawal reflex. The DNA mutations 
that occur can alter the structure and function of the 
macromolecules, as well as change the functional 
outcomes of voltage-gated ion channels for sodium, 
potassium, and calcium (Chung, et al., 2014). This 
combined damage prevents neuronal cell survival and 
mutates structures of proteins, ultimately preventing 
the gill and siphon withdrawal reflex from functioning 
properly. Kempsell, et al., (2015) suggested that using 
heat shock as a treatment for these aging mutations can 
allow the organism to refold proteins, thus preventing 
some of the damage that occurs as a result of this ag-
ing stress (Kempsell, et al., 2015). This study has been 
specifically targeted towards humans and looking at 
neurodegenerative diseases and aging. Researchers 
have identified that mutations can lead to changes in 
memory, learning, and functionality of the organism. 
It has also been hypothesized that similar changes 
may be occurring in humans that have disorders such 
as Alzheimer’s and Parkinson’s (Greer, et al., 2018). 

Neurotransmitters
The neurotransmitters that are highly associated 
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with learning in Aplysia californica are serotonin, 
glutamate, GABA, and acetylcholine (Tritt, et al., 
1982). Serotonin (5-HT) is a neurotransmitter that is 
involved in sleep, memory, digestion, and social be-
havior (Hochner, et al., 1986). In some cases, such as 
with invertebrates, it is associated with stress signals. 
Acetylcholine is the main neurotransmitter at neu-
romuscular junctions and is also highly involved in 
muscle and motor actions, heart rate, pain response, 
and endocrine functions (Hochner, et al., 1986). Glu-
tamate is an excitatory neurotransmitter and is vital 
to processes involving learning, brain development, 
memory. Glutamate is released onto the interneu-
rons and motor neurons when a stimulus disrupts the 
mechanosensory neurons within the siphon of the or-
ganism, thus promoting an action potential to com-
plete the gill and siphon withdrawal reflex (Drake, et 
al., 2005). Glutamate release is also increased during 
habituation of the gill and siphon withdrawal reflex 
(Drake, et al., 2005). GABA is a neurotransmitter 
associated with inhibition in the brain (Drake, et al., 
2005). Depending on the type of learning and syn-
aptic plasticity, the concentrations of these chemical 
messengers are changed within the nervous system to 
implicate a variation in the response of the organism. 
During habituation, the release of glutamate between 
the sensory and motor neurons is depressed, which is 
potentially the cause of the decreased activity in the 
reflex (Drake, et al., 2005). The cause of glutamate de-
pression is a result of limited synaptic vesicles avail-
able to release neurotransmitters to the synaptic cleft 
during an action potential (Drake, et al., 2005). During 
sensitization, there is an increase in the amount of se-
rotonin that is released which excites the interneurons 
and sensory neurons. Serotonin enhances the trans-
mitter release from the sensory neurons which pro-
duces a greater response in the motor neurons (Lodish, 
et al., 2000). The neurotransmitters that are involved 
in the production of the gill and siphon withdrawal 
reflex are also integral aspects to the various forms 
of learning that manipulate the organism’s reflex. 

Action Potentials
The changes in neurotransmitters released is 

influenced by both the action potentials and the 
ion channels in the central nervous system of Ap-
lysia californica. Action potentials occur when ei-
ther a chemical or electrical stimulus is applied to 
the dendrites of the neuron cell, which can result 
in changes in the charge of the membrane of the 

neuron (Hochner, el al., 1986). If the charge reach-
es a certain threshold, an action potential will oc-
cur and send a message down the axon of the neu-
ron and into the cleft to message the next neuron. 

In sensitization, the gill and siphon withdrawal 
reflex is highly associated with an increase in the du-
ration of a presynaptic action potential. This duration 
increase is measured at roughly 10-30% (Klein, el 
al., 1978). Habituation of Aplysia californica’s gill 
and siphon withdrawal reflex occurs at the synapse 
between sensory and motor neurons, and it is also 
highly associated with a reduction in action poten-
tials. Action potentials are a result of sodium chan-
nels and inhibition in sodium channels can reduce 
the likelihood that action potentials will be produced 
due to the inability for the membrane to change its 
charge to the threshold. Some neurons, however, are 
still able to produce action potentials despite the in-
fluenced sodium channels (Geduldig, et al., 1968).

Cleary, et al., (1995) completed research which 
found that sensitization is mediated by interneurons 
called facilitator neurons. These neurons have been 
found to increase the release of GABA, thereby in-
creasing the inhibitory signals in the central nervous 
system. Short-term sensitization and conditioning 
was also found to occur with increase inhibitor sig-
nals, or increase GABA levels (Cleary, et al., 1995). 
Long-term sensitization of the gill and siphon with-
drawal reflex required an increase in serotonin to 
be released by facilitator neurons, as well as an in-
creased amount of GABA (Cleary, et al., 1995). 

Ion Channels
As a result of learned behavior associated with 

the gill and siphon withdrawal reflex, modifications to 
the ion channels occur to encourage changes in action 
potentials and neurotransmitters release. Loechner, et 
al., (1989) has suggested that as short-term memories 
are formed, there is modifications in the activity of 
neuronal synapses to increase or decrease the amount 
of activity (Loechner, et al., 1989). By changing the 
amount of activity in the synapses, there is a change 
in the chemical and electrical signals that are need-
ed for completion of the gill and siphon withdrawal 
reflex. In sensitization, there is an enhancement of 
glutamatergic transmission during which serotonin 
releases and binds to the interneurons involved in the 
gill and siphon withdrawal reflex (Chesnoy-Marchais, 
et al., 1986). This results in a series of actions which 
lead to g-protein-coupled receptors to stimulate the 
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production of cyclic AMP, which binds to protein ki-
nase A. These actions cause a reduction in the open-
ing of the voltage-gated K+ channels and prolong the 
opening of the presynaptic Ca2+ channels, which in-
crease the amount of neurotransmitters the synaptic 
vesicles are able to release (Castellucci, et al., 1985). 
These changes in neurotransmitter release and con-
centration have integral impacts on the learning as-
sociated with the gill and siphon withdrawal reflex.  

Neurotransmitter Release
The modifications to voltage-gated calcium ion 

channels can lead to changes in the release of neu-
rotransmitters. These modifications in neurotrans-
mitter release impact the chemical signals that sent 
and perceived by the neurons, ultimately reflecting 
changing in the behavioral displays shown by the 
organism. During habituation of the gill and siphon 
withdrawal reflex, the action potentials encoding the 
information of the stimuli on the gill or siphon will 
open calcium channels in the presynaptic cells to re-
lease the neurotransmitter (Hawkins, et al., 1985). 
During the opening of these voltage-gated channels, 
there is a decrease in the amount of calcium released; 
this results in a decrease in the amount of chemical 
signals that are transported into the synaptic cleft 
and picked up by receptors in the postsynaptic cell 
(Hawkins, et al., 1985). These forms of plasticity and 
learning that are associated with decreased respon-
siveness to stimuli in the gill and siphon withdraw-
al reflex have also been found to be associated with 
an increase amount of glutamate receptors in motor 
neuron postsynaptic cells. Skehel, et al, (1995) found 
that a type of protein called VAP-33, or Vesicle-As-
sociated Membrane Protein, is involved in the release 
of a significant number of neurotransmitters, includ-
ing serotonin, glutamate, and acetylcholine. (Skehel, 
et al., 1995). During neurotransmitter release in the 
presynaptic cell, endocytosis occurs and during the 
process of recycling the vesicles or exocytosis, vari-
ous types of proteins must coat the membrane of the 
cell and pick off a piece of the membrane to form the 
vesicle (Skehel, et al., 1995). VAP-33 is necessary 
for the exocytosis of synaptic vesicles in the presyn-
aptic cell because they provide necessary aspects of 
coating the membrane of the neuron during the first 
stages of exocytosis (Skehel, et al., 1995). Antonov, 
et al., (2001) also suggested that Aplysia californica 
can consciously change their behavior by inhibiting 
activity in the neurons in the central nervous system 

by producing and releasing an excess amount of nitric 
oxide, which is known to act as an inhibitor in the 
nervous system (Antonov, et al., 2001). This research 
suggests that Aplysia californica are capable of rec-
ognizing stimuli that they should be less reactive to. 

Discussion
The marine mollusk Aplysia californica con-

tinues to push the boundaries of our understanding 
of neuroscience, behavior, and learning in the fields 
of science through the study of the gill and siphon 
withdrawal reflex. Beginning in the 1960s with Eric 
Kandel and his colleagues groundbreaking studies on 
the neuobiological basis of learning (Rankin, et al., 
2008), this organism has continued to provide neces-
sary advancements to the field of neuroscience. The 
unique ability of Aplysia californica to develop and 
adapt a reflex through various forms of learning, such 
as sensitization and habituation, signifies heightened 
cognitive control. This ability also allows the organ-
ism to have a mechanism for energy reduction by 
reducing the organism’s focus on the production of 
an unnecessary behavior.  Information about the mu-
tations associated with aging (Greer, et al., 2018), as 
well as the subcellular organelles involved in learn-
ing (Miao, et al., 2005) have greatly changed soci-
ety’s understanding of encoding processes and mem-
ory. The neurotransmitters highly involved in the 
gill and siphon withdrawal reflex include serotonin, 
GABA, glutmate, and acetylcholine. For learning to 
occur in Aplysia californica, the release of these neu-
rotransmitters are altered to either inhibit or enable 
the reflex (Cleary, et al., 1995). Completed studies 
on these organisms have been applied to and tested 
on other organisms to increase our understanding of 
these processes beyond the systems in Aplysia cal-
ifornica, and these results continue to provide con-
text to future studies on similar themes and diseases 
in other organisms. Despite having a simple nervous 
system, the nervous system of Aplysia californica has 
provided and is continuing to provide a greater un-
derstanding for complex behaviors associated with 
simple nervous systems, as well as a greater under-
standing of influences on the functions of neurons, 
ion channels, and action potentials. Future studies 
on this organism include increasing our understand-
ing of the way in which aging changes and adapts 
the central nervous system, particularly in the form 
of neurodegenerative mutations and disorders. Other 
studies are also continuing to understand processes 
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associated with learning and memory and determin-
ing the prime ages to develop long-term memories.♦
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