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Abstract

Protein kinase Cs (PKCs) are activated by translocating from the cytoplasm to the membrane. We have previously shown that
serotonin-mediated translocation of PKC to the plasma membrane in Aplysia sensory neurons was subject to desensitization, a
decrease in the ability of serotonin to induce translocation after previous application of serotonin. In Aplysia, changes in the
strength of the sensory–motor neuron synapse are important for behavioral sensitization and PKC regulates a number of impor-
tant aspects of this form of synaptic plasticity. We have previously suggested that the desensitization of PKC translocation in
Aplysia sensory neurons may partially explain the differences between spaced and massed training, as spaced applications of
serotonin, a cellular analog of spaced training, cause greater desensitization of PKC translocation than one massed application of
serotonin, a cellular analog of massed training. Our previous studies were performed in isolated sensory neurons. In the present
study, we monitored translocation of fluorescently-tagged PKC to the plasma membrane in living sensory neurons that were co-
cultured with motor neurons to allow for synapse formation. We show that desensitization now becomes similar during spaced
and massed applications of serotonin. We had previously modeled the signaling pathways that govern desensitization in isolated
sensory neurons. We now modify this mathematical model to account for the changes observed in desensitization dynamics
following synapse formation. Our study shows that synapse formation leads to significant changes in the molecular signaling
networks that underlie desensitization of PKC translocation.

Introduction

Stimulus timing has a significant impact on memory formation.
Stimuli presented over time (spaced training) are superior at gener-
ating long-term memories than an equivalent amount of stimulation
presented with no interruptions (massed training; Naqib et al.,
2012) . The marine mollusk Aplysia californica has been exten-
sively used to study the molecular mechanisms underlying memory
formation. Behavioral sensitization in Aplysia, a form of learned
fear, is mediated in part by the increase in strength, or facilitation,
of the synapse between the mechanoreceptor sensory neurons and
the withdrawal motor neurons that is induced by the release of
serotonin (5HT) during learning (Brunelli et al., 1976; Glanzman
et al., 1989b; Kandel, 2001; Marinesco et al., 2004) . This facilita-
tion can be recapitulated in cultured sensory–motor neuron synapses
(Brunelli et al., 1976; Castellucci & Kandel, 1976). Importantly, in
this system spaced stimuli are superior at generating long-term
sensitization in the animal and long-term facilitation than are
massed stimuli (Sutton et al., 2002).

The timing of stimuli also affects the second-messenger dependency
of facilitation. 5HT binds to G-protein-coupled receptors (GPCRs) in
Aplysia and leads to the activation of protein kinase A (PKA) and
protein kinase C (PKC) (Lee et al., 2009; Nagakura et al., 2010). Facil-
itation seen after massed application requires PKC while facilitation
seen after spaced application requires PKA (Sutton et al., 2002; Hu
et al., 2006; Jin et al., 2011). PKC becomes activated by translocating
from the cytoplasm to the plasma membrane and this translocation is
subject to desensitization, a decrease in the ability of 5HT to induce
translocation after a previous application of 5HT. In isolated sensory
neurons, it was observed that spaced applications of 5HT lead to more
desensitization of PKC translocation than do massed applications of
5HT (Farah et al., 2009). Through mathematical modeling and experi-
mental validation, we were able to develop a model to explain the
neuron’s ability to differentiate between spaced and massed applica-
tions of 5HT through competition between distinct proteins produced
by either PKA or PKC activation (Naqib et al., 2011).
The previously described findings were observed in isolated

sensory neurons. However, it is well known that synapse formation
can lead to significant changes in molecular signaling networks due to
transcriptional-dependent changes in the proteome. In Aplysia, syn-
apse formation leads to changes in the mRNAs that are transported
down the processes (Schacher et al., 1999; Hu et al., 2004) and
changes in the local translation of these mRNAs (Martin et al., 1997;
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Casadio et al., 1999; Martin, 2004; Sutton & Schuman, 2006; Wang
et al., 2009). Here, we find that synapse formation changes the rules
for desensitization of PKC translocation and we use mathematical
modeling to show that these changes could be explained by differen-
tial PKA targets at the synapse and cell body, and changes in the
identity of the proteins produced downstream of PKA and PKC.

Materials and methods

Aplysia cell culture preparation

Sensory neuron cultures and sensory–motor neuron co-cultures were
prepared following published procedures (Zhao et al., 2006; Farah
et al., 2008). Adult A. californica (76–100 g; University of Miami
Aplysia Resource Facility, RSMAS, FL, USA) organisms were anes-
thetized by an injection of 50–100 mL of 400 mM (isotonic) MgCl2.
Abdominal and/or pleuropedal ganglia were removed and digested in
L15 medium containing 1% protease type IX (Sigma) or 10 mg/mL
Dispase II (Roche). L15 medium was purchased from Sigma and sup-
plemented with NaCl, 0.2 M and (in mm) – MgSO4 7H2O, 26; dex-
trose, 35; MgCl2�6H2O, 27; KCl, 4.7; NaHCO3, 2; CaCl2�2H2O, 9.7;
and HEPES, 15; and the pH was adjusted to 7.4. Following digestion,
siphon motor neurons (LFS) and tail sensory neurons were isolated
and plated in L15 medium containing 50% Aplysia hemolymph on
MatTek glass-bottomed culture dishes (MatTek Corporation, Ashland,
MA, USA) with a glass surface of 14 mm and a coverslip thickness of
0.085–0.13 mm. The dishes were pretreated with poly-L-lysine
(molecular weight > 300 000; Sigma). Sensory neurons were manu-
ally paired with motor neurons to allow for synapse formation and
cells were cultured at 19 °C in a high-humidity chamber.

Plasmid construction and microinjection of plasmid vectors

The enhanced green fluorescent protein (eGFP) PKC Apl II has been
described previously (Manseau et al., 2001; Zhao et al., 2006; Farah
et al., 2009). Forty-eight to seventy-two hours after isolation, solutions
of plasmids in distilled water containing 0.25% fast green were microin-
jected into sensory neurons from back-filled glass micropipettes. The
tip of the micropipette was inserted into the cell nucleus, and short pres-
sure pulses (10–50 ms duration; 20 lb/in2) were delivered until the
nucleus became uniformly green. The cells were incubated for 4–5 h at
room temperature and then kept at 4 °C until use.

Confocal microscopy of Aplysia neurons

Neurons expressing eGFP-PKC Apl II were imaged on a Zeiss laser-
scanning microscope (Zeiss, Oberkochen, Germany) with an Axiovert
200 and a 9 40 or 963 oil-immersion objective with a 25-mW argon
laser with 25% laser output. 5HT (10 lM) was added to the dish in L15
medium containing 50% hemolymph. 5HT was washed away with arti-
ficial seawater (HEPES, pH 7.5, 10 mM; NaCl, 0.46 M; KCl, 10 mM;
CaCl2�2H2O, 11.2 mM; and MgCl2�6H2O, 55 mM). For spaced training,
neurons received five applications of 10 lM 5HT (5 min each) at an
intertrial interval of 20 min. For massed training, neurons received a
single continuous application of 10 lM 5HT for 90 min. All experi-
ments were performed at room temperature (20–23 °C).

Drug treatment

Anisomycin (Sigma), and KT5720 (Calbiochem) were used at
concentrations of 50 lM, and were present in the media throughout
spaced or massed training. There was no pre-incubation with these

drugs prior to 5HT treatment and because of this we erred on the
high side of the concentrations that have been used previously. The
controls used in all experiments were always performed on the same
batch of animals on which the drugs were used.

Image analysis

PKC Apl II translocation was quantified as previously described (Zhao
et al., 2006; Farah et al., 2008, 2009; Nagakura et al., 2010; Farah &
Sossin, 2011a,b; Naqib et al., 2011; Dunn et al., 2012; Farah et al.,
2012). Briefly, the level of PKC Apl II translocation in the cell body
was determined by tracing three rectangles at different locations at the
plasma membrane and three rectangles at different locations in the
cytosol. The width of the membrane rectangles was three to five pixels
wide to minimize cytoplasmic contamination, but otherwise the size of
the rectangles was not constrained. The first two rectangles were traced
at opposite sides of the plasma membrane of the cell and the third at an
angle of ~45° to the first and second rectangles. The cytosol rectangles
were traced in the areas adjacent to the membrane rectangles. For syn-
apses, the entire membrane and cytoplasm of varicosities that adjoined
the motoneuron were traced using NIH Image, and the intensity was
measured. The translocation ratio was measured as the average
intensity (membrane)/average intensity (cytosol) normalized to the
degree of translocation before the addition of pharmacological agents
(Post/Pre). In all figures, the control used to normalize the transloca-
tions in the presence of a drug is the translocation ratio observed after
the first application of 5HT in the presence of that drug. A two-way
ANOVA was used to analyse the data except when comparing desensiti-
zation during spaced applications of 5HT at the 85-min time point to
massed application at the 25 min time point (Fig. 3) where a two-tailed
Student’s t-test was used. All data are presented as means � SEM.

Mathematical modeling

A mathematical model of the desensitization of PKC Apl II translo-
cation in A. californica sensory neurons was constructed in the
MATLAB programming environment. The model consists of a sys-
tem of integro-differential equations with delays, where each equa-
tion describes the change in concentration of the proteins PKC
Apl II, PKA, Desensitizer (D), Anti-Desensitizer (AD), and of each
instance of the signaling complex (S) that consists of the 5HT recep-
tor and the downstream signaling between the receptor and PKC
activation. As we are only interested in PKC Apl II translocation
occurring between the cytosol and plasma membrane (Farah et al.,
2008) a single-compartment model was used.
Two models were developed from the original isolated sensory

neuron model, one model describing PKC Apl II translocation in the
sensory neuron cell body and one model describing PKC Apl II trans-
location in the sensory neuron varicosities making contact with a
motor neuron. The complete models are depicted in Fig. 6. The colors
of this figure correspond to the components of the models. The models
were constructed in a sequential manner. First, the components out-
lined in black and maroon were fitted to data (Farah et al., 2009) at
which point the model’s parameters were specified and not allowed to
change. Following these components’ completion, the component out-
lined in blue was similarly constructed, then the red component and
finally the green component. In order to illustrate this sequential
construction within the model equations, we have named the parame-
ters according to which component they reside in – A for the black
component, B for blue, C for red and D for green.
The most basic component of the model is the translocation of

PKC Apl II from the cytosol to the plasma membrane (maroon
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component). This translocation is proportional to the concentration
of diacylglycerol (DAG) on the membrane and thus the translocation
is given by the following equation:

d
dt
PKC ¼ kDAGp � ðSON þ SADONÞ � kDAGd � PKC; ð1Þ

where kDAGp is the rate of PKC Apl II translocation to the membrane
and kDAGd the rate of PKC Apl II removal from the membrane. SON
represents the proportion of S currently in the active state, which is
capable of translocating PKC Apl II to the membrane. Similarly
SADON represents the proportion of SAD (described below) in the
active state. The inactive state of S is given by SOFF, and SIN1 is a tran-
sition state between SON and SOFF. S can be transformed into three
other states, as will be described next. We require the total amount of
S to remain constant by employing the following restriction:P

i Si ¼ STOT, where i = ON, OFF, IN1, IN2, PKA, AD and D. We
scale each S variable by 1/STOT, such that all parameters ki, where
i = A1–A5, B1–B2, C1–C2 and D1–D3, will have units/min. We have
set STOT = 1, where we refrain from assigning units to the S variables
as we cannot measure the concentrations of PKA or PKC in Aplysia
neurons in order to accurately define a unit of measure. Furthermore,
units are not assigned to any variable with concentration as a possible
dimension. This simplification is justified as we have developed a sin-
gle-compartment model of Aplysia sensory neurons to qualitatively
describe the dynamics of PKC desensitization. Using non-dimensional
variables and parameters allows us to observe important dynamics,
such as relative magnitudes of proteins and the time course of S recy-
cling, which allow us to gain insight into the molecular regulatory
mechanism involved in the desensitization of PKC translocation.
The following equations describe the rates of change of concentration

of the first four S states. CB designates equations pertaining to the cell
body model while SYN corresponds to the synapse model. Equations
with neither CB nor SYN are common to both models.

d
dt
SON ¼ kA1 � 5HT½ � � SOFF � kA2 � SON; ð2Þ

d
dt
SOFF ¼ �kA1 � 5HT½ � � SOFF þ kA3 � SIN1 þ kA5 � SIN2 þ kB2

� SPKA � kkB2bB2a

kkB2bB2a þ PKAkB2b
� �� kC1 � SOFF � ADþ kC2

� SAD � kkC2bC2a

kkC2bC2a þ ADkC2b
� kB1 � PKA� SOFF;

ð3� CBÞ
d
dt
SOFF ¼ �kA1 � 5HT½ � � SOFF þ kA3 � SIN1 þ kA5 � SIN2 þ kB2

� SPKA � kkD2bD2a

kkD2bD2a þ DkD2b
� �� kC1 � SOFF � ADþ kC2 � SAD

� kkC2bC2a

kkC2bC2a þ ADkC2b
� kD1 � D� SOFF;

ð3� SYNÞ
d
dt
SIN1 ¼ kA2 � SON � kA3 þ kA4ð Þ � SIN1; ð4Þ
d
dt
SIN2 ¼ kA4 � SIN1 � kA5 � SIN2; ð5Þ

where [5HT] represents the concentration of 5HT being applied to
the system and is given a standard value of 10 lM during any appli-
cation of 5HT, kA1 represents the rate of transformation of SOFF into
SON, kA2 of SON into SIN1, kA3 of SIN1 into SOFF, kA4 of SIN1 into
SIN2 and kA5 of SIN2 into SOFF. The additional terms in Eqn (3) refer
to the further transformations that SOFF can undergo. Without these

additional terms these equations describe the black model in
Fig. 3A. The first additional transformation of SOFF is mediated by
the catalytic subunit of PKA, where SOFF is converted to SPKA,
which has the following equation:

d
dt
SPKA ¼ kB1 � PKA� SOFF � kB2 � SPKA � kkB2bB2a

kkB2bB2a þ PKAkB2b
� � ;

ð6� CBÞ
d
dt
SPKA ¼ kD1 � D� SOFF � kB2 � SPKA � kkD2bD2a

kkD2bD2a þ DkD2b
� � ;

ð6� SYNÞ

where kB1 is the rate constant of the transformation from SOFF into
SPKA, which is brought about by the activity of the catalytic subunit
of PKA or the protein D. However, the protein AD, through a Hill
function with coefficient kD1b and half saturation kD1a, can inhibit
this conversion. The recycling of SPKA into SOFF occurs with rate
constant kB2, but is inhibited by PKA and D through inhibiting Hill
functions with coefficients kB2b and kD2b, respectively, and half satu-
rations kB2a and kD2a, respectively. Also, activity of AD can convert
SPKA into SAD with a rate constant kD3 and a Hill function with
coefficient kD3b and half saturation kD3a.
The dynamics of the catalytic and regulatory subunits of PKA are

adapted from a model presented by Pettigrew et al. (2005), where
the changes to this model are described in the results. PKA dynam-
ics are given in the following equations:

d
dt
cAMP ¼ Vm � ½5HT�

k5HT þ ½5HT� � ðcAMP� cAMPbasalÞ; ð7Þ

d
dt
R ¼ Kfpka � RC� cAMP2 � Kbpka � R� C; ð8Þ

d
dt
C ¼ Kfpka � RC� cAMP2 � Kbpka � R� C; ð9Þ

d
dt
RC ¼ �Kfpka � RC� cAMP2 þ Kbpka � R� C; ð10Þ

where Vm is the cAMP synthesis rate constant and K5HT is the half
saturation of the Hill function associated with cAMP synthesis. Kfpka

is the rate constant associated with the dissociation of the catalytic
and regulatory subunits, while the reassociation rate is given by
Kbpka. The amount of PKA activity is set equal to the amount of the
free catalytic subunit (C); PKA = C. The parameters associated with
protein synthesis are given the subscript S to differentiate them from
signaling complex dynamics. The synthesis of AD and D are given
by the following equations:

d
dt
AD ¼ ks1 � f PKC; tð Þks1b

kks1bs1a þ f ðPKC; tÞks1b � ks2 � AD; ð11Þ

f ðPKC; tÞ ¼
Z t

t�intPKC

PKCðtÞ � dt; ð12Þ

d
dt
D ¼ ks3 � g PKA; tð Þks3b

kks3bs3a þ gðPKA; tÞks3b � ks4 � D; ð13Þ

gðPKA; tÞ ¼
Z t

t�intPKA

PKAðt � delay DÞ � dt; ð14Þ

AD synthesis depends on the total activity of PKC Apl II over a
previous time window of duration given by intPKC in Eqn (12).
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The integration of PKC Apl II activity leads to the synthesis of AD
through a Hill function with coefficient kS1b and half saturation kS1a.
kS2 represents the AD degradation constant. Similarly, D synthesis
depends on an integration of PKA activity over a time period of
intPKA in Eqn (14), which leads to the synthesis of D with a rate
constant of kS3 and through a Hill function with coefficient kS3b and
half saturation kS3a. The degradation of D is given by rate constant
kS4. D leads to the transformation of SOFF into SPKA, which was
described above in Eqn (6), while AD transforms SOFF into SAD,
whose dynamics are modeled with the following equation:

d
dt
SAD ¼ kC1 � SOFF � AD� kA1 � ½5HT� � SAD þ kA2 � SADON

� kC2 � SAD � kkC2bC2a

kkC2bC2a þ ADkC2b
;

ð15Þ

where kC1 is the rate constant associated with the transformation of
SOFF into SAD, kC2 the rate constant of the recycling of SAD into
SOFF, which can be inhibited by AD through a Hill function with
coefficient kC2b and half saturation kC2a. Also, SAD can become
activated when 5HT transforms it into SADON, whose dynamics are
given in the following equation:

d
dt
SADON ¼ kA1 � ½5HT� � SAD � kA2 � SADON; ð16Þ

whose transformation and recycling rate constants are identical to
those of SOFF into SON. SADON activates PKC Apl II in an identical
fashion to SON in Eqn (1).
The system was solved numerically by employing a 4th-order

Runga–Kutta scheme to solve the differential equations and the Trape-
zoid Rule to solve the integrals (LeVeque, 2007). Parameter estima-
tion was conducted with the help of the MATLAB Optimization
Toolbox and Global Optimization Toolbox, specifically the functions
lsqcurvefit, ga, and fmincon. These functions were used to minimize
the least-squares distance between the modeling output and experi-
mental data. Values of individual parameters are given in Table 1.

Results

PKC Apl II translocation desensitizes equally to spaced and continu-
ous applications of 5HT when sensory neurons are co-cultured with
motor neurons. Aplysia sensory neurons were microinjected with
plasmid DNA encoding eGFP-PKC Apl II as described in methods.
During spaced applications of 5HT, sensory neurons co-cultured with
motor neurons were exposed to 5 9 5-min pulses of 10 lM 5HT
with 15 min washes in between successive pulses. Translocation of
eGFP-PKC Apl II was measured in the cell body and in the sensory
neuron varicosities adjoining motor neuron processes in co-cultures.
These varicosities have been shown to have a high probability of
being synapses (Glanzman et al., 1989a; Dale & Kandel, 1993;
Hawver & Schacher, 1993; Conrad et al., 1999). Indeed, Aplysia
sensory neurons rapidly form glutamatergic synapses when cultured
with their in vivo target motor neurons (Dale & Kandel, 1993; Con-
rad et al., 1999) but not when cultured with a non-target motor neu-
ron or with other sensory neurons (Glanzman et al., 1989a; Hawver
& Schacher, 1993). Prior to each experiment, synapse formation was
measured for each sensory–motor neuron pair by assessing synaptic
efficacy electrophysiologically to ensure that synapse formation had
taken place. Following the first 5HT treatment, eGFP-PKC Apl II
translocated from the cytosol to the plasma membrane (Fig. 1A).

When 5HT was washed off, the protein reverted to the cytosol. When
5HT was added again, eGFP-PKC Apl II translocation desensitized,
but to a much lesser extent than previously observed in the isolated
cell body (Farah et al., 2009) (Fig. 1B). After the fifth pulse of 5HT,
PKC Apl II translocation normalized to 5 min was 0.61 � 0.11 in
the cell body and 0.53 � 0.16 in the varicosities compared to
0.15 � 0.05 in isolated sensory neurons (Fig. 1B and C; also Farah
et al., 2009). The amount of desensitization was similar in the cell
body and the varicosities in spaced applications of 5HT [Fig. 1B and
C; not significant in two-way ANOVA (location, time); P > 0.05].
Massed applications of 5HT were performed by continuously expos-
ing co-cultured sensory and motor neurons to 10 lM 5HT for
85 min. Over time, eGFP-PKC Apl II translocation desensitized
(Fig. 2A–C). By 25 min, PKC Apl II translocation normalized to
5 min was 0.45 � 0.06 in the cell body and 0.49 � 0.08 in the vari-
cosities, and by 85 min translocation was 0.11 � 0.04 in the cell
body and -0.03 � 0.08 in the varicosities. The amount of desensiti-
zation was similar in the cell body and the varicosities in massed
applications of 5HT (Fig. 2B and C; no significant effect of location
in ANOVA; P > 0.05), but greater than previously seen in isolated sen-
sory neurons [0.28 � 0.02 at the 85 min time point in isolated sen-
sory neurons; Fig. 2B; (Farah et al., 2009)].
Massed applications of 5HT resulted in a greater amount of desen-

sitization of PKC translocation than spaced applications of 5HT
when the final 85-min time points were used for comparison (translo-
cation normalized to 5 min is 0.61 � 0.11 in the cell body and
0.53 � 0.16 in the varicosities for spaced 85-min and 0.11 � 0.04
in the cell body and -0.03 � 0.08 in the varicosities for massed 85-
min). However, when comparison is made based on equivalent expo-
sure times to 5HT there is no significant difference in the desensitiza-
tion of eGFP-PKC Apl II (Fig. 3A and B; not significant in two-
tailed Student’s t-test). This observation suggests that when sensory
neurons are paired with motor neurons, the desensitization of PKC
Apl II is linear – it depends on the amount of time that the neuron is
exposed to 5HT and not the pattern of exposure. These findings con-
trast to what was observed in isolated sensory neurons, where spaced
applications of 5HT were found to cause an equivalent amount of
desensitization when comparing between 85-min time points and
much greater desensitization when comparing the massed 25-min
time point to the spaced 85-min time point (Farah et al., 2009).

PKA similarly mediates desensitization in both the cell body
and the varicosities

We had previously shown that PKA activity increases desensitiza-
tion of eGFP-PKC Apl II in isolated sensory neurons (Farah et al.,
2009). To determine whether PKA plays a similar role in sensory
neurons co-cultured with motor neurons, a PKA inhibitor, KT5720,
was applied during massed applications of 5HT, as described in
Materials and Methods. KT5720 caused a decrease in the desensiti-
zation of eGFP-PKC Apl II translocation (Fig. 4A–D). A two-way
ANOVA (drug, time) showed a significant effect of KT5720
(P < 0.0001) in both the cell body and the varicosities (Fig. 4E and
F) implying that PKA increases desensitization, as was observed in
isolated sensory neurons. The amount of inhibition by PKA was
similar in the cell body and the varicosities (Fig. 4C and D;
P > 0.05 for location in two-way ANOVA).

Protein translation only affected desensitization in varicosities

We have previously shown that applying a protein translation inhibitor
to isolated sensory neurons causes an increase in desensitization
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during massed applications of 5HT (Farah et al., 2009). To determine
whether protein translation plays a similar role in sensory neurons
co-cultured with motor neurons, a protein translation inhibitor, aniso-
mycin, was applied during massed applications of 5HT. Anisomycin
caused no significant change in the desensitization of eGFP-PKC
Apl II translocation in the cell body of sensory neurons (Fig. 5A and
E; no effect of anisomycin in two-way ANOVA, P > 0.05). However,
anisomycin did cause a significant reduction in desensitization in vari-
cosities (Fig. 5B and F; significant effect of anisomycin, P < 0.0001
in two-way ANOVA). Theses data represent the first difference in desen-
sitization dynamics we observed between the cell body and the
varicosities.
Interestingly, the amount of desensitization observed in varicosi-

ties with anisomycin is similar to the amount observed with the
PKA inhibitor KT5720 (Fig. 5G; not significant in two-way ANOVA,
P > 0.05). Also, anisomycin caused a decrease in desensitization in
the varicosities during massed applications of 5HT whereas in iso-
lated sensory neurons anisomycin had the opposite effect and actu-
ally increased desensitization (Farah et al., 2009). This reversal of
the effect of anisomycin on the desensitization of PKC Apl II trans-
location in the varicosities and its lack of effect in the cell body
indicates that the signaling pathway responsible for PKC Apl II
desensitization is significantly altered after synapse formation. We

next used mathematical modeling in order to understand the changes
being made to the signaling pathway responsible for the desensitiza-
tion of PKC translocation after synapse formation.

Describing the model architecture

A model was previously created to explain this signaling network in
isolated sensory neurons (Naqib et al., 2011). Modifications were
made to this model in order to explain the desensitization dynamics
observed when the sensory neuron forms synapses with a motor
neuron.
The basic unit of the model is the signaling complex, S, which

consists of the 5HT GPCR and all of the downstream steps between
the receptor and the production of DAG, which is capable of acti-
vating and translocating PKC Apl II to the membrane (Sossin,
2007; Sossin & Abrams, 2009). While this pathway consists of mul-
tiple steps, such as G-protein activation of phospholipase C and
phospholipase D (Farah et al., 2008), these are not likely to be
important for modeling of desensitization, as in most systems the
amount of the activatable GPCR is the rate-limiting quantity that is
decreased during desensitization (Ferguson, 2001; Gainetdinov
et al., 2004; Hanyaloglu & von Zastrow, 2008), and throughout we
will refer to S as the 5HT receptor, with the understanding that

Table 1. Values of model parameters for both the cell body and synapse models

Parameter

Value

Notes Found in equation(s)Cell body Synapse

kA2 1 1 SON into SIN1 2, 4
kS1a 6 6 Half saturation of Hill function synthesizing AD 10
kD3b 0.3372 0.3372 Hill coefficient of Hill function inhibiting SOFF into SPKA (via AD) 3, 6
kDAGp 200 200 DAG synthesis rate constant 1
kDAGd 102 102 DAG degradation rate constant 1
kA1 105 105 SOFF into SON 2,3
kS1b 4 4 Hill coefficient of Hill function synthesizing AD 11
kS3 0.4483 0.4483 D synthesis rate constant 13
kA3 3 3 SIN1 to SOFF 3, 4
kA4 0.2371 0.2371 SIN1 to SIN2 4, 5
kS3a 6 6 Half saturation of Hill function synthesizing D 13
delayD 10 10 PKA delay in D synthesis 14
intPKA 15 15 PKA integration window 14
kD3 0.0764 0.0764 SPKA into SAD 6, 15
kD3b 0.1385 0.1385 Hill coefficient of Hill function activating SPKA into SAD 6, 15
kS1 0.026 0.026 AD synthesis rate constant 11
kS2 0.2 0.2 AD degradation rate constant 12
kC1 2 2 SOFF into SAD 3, 15
kC2 0.1 0.1 SAD into SOFF 3, 15
kS4 0.2847 0.2847 D degradation rate constant 13
kD1 8.0441 8.0441 SOFF into SPKA (via D) 3, 6
kD1a 5.33 9 10�8 5.33 9 10�8 Half saturation of Hill function inhibiting SOFF into SPKA (via AD) 3, 6
Vm 3.6 3.6 cAMP synthesis rate constant 7
Kfpka 105 105 PKA subunit dissociation rate constant 8–10
intPKC 15 15 PKC integration window 12
kA5 0.003 0.003 SIN2 to SOFF 3, 5
kB2a 0.5 0.5 Half saturation of Hill function inhibiting SPKA into SOFF (via PKA) 3, 6
kB2b 6 6 Hill coefficient of Hill function inhibiting SPKA into SOFF (via PKA) 3, 6
kC2b 1 1 Hill coefficient of Hill function inhibiting SAD into SOFF 3, 15
kB2 0.2 0.2 SPKA into SOFF 3, 6
kD2b 0.4187 0.4187 Hill coefficient of Hill function inhibiting SPKA into SOFF (via D) 3, 6
K5HT 14 9 10�6 14 9 10�6 Half saturation of Hill function synthesizing cAMP 7
Kbpka 3 3 PKA subunit reassociation rate constant 8–10
kB1 0.1276 0.1276 SOFF into SPKA (via PKA) 3, 6
kD3a 1.6 9 104 1.6 9 104 Half saturation of Hill function transforming SPKA into SAD 6, 15
kC2a 1 1 Half saturation of Hill function inhibiting SAD into SOFF 3, 15
kB2a 53.1 53.1 Half saturation of Hill function inhibiting SPKA into SOFF (via D) 3, 6
cAMPbasal 0.005 0.005 Basal concentration of cAMP 7
kS3b 4 4 Hill coefficient of Hill function synthesizing D 13
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changes in S may also reflect changes in the signaling pathway
between the 5HT receptor and PKC.
GPCRs can enter a number of different pathways, such that S can

exist in several different states. We model the change in concentration

of each state with respect to time. S can be in one of three types of
state – an active state in which DAG is being produced and PKC is
being translocated, an activatable state that is capable of being
activated by 5HT and producing DAG and translocating PKC, or an

A

B C

Fig. 1. PKC Apl II translocation in cell body and varicosities during spaced applications of 5HT. (A) Representative confocal fluorescence images of sensory
neurons expressing eGFP-PKC Apl II during 5 9 5-min pulses of 5HT with 15-min washes. The top row illustrates PKC Apl II translocation in the cell body
and the bottom row illustrates translocation in the varicosities. Quantification of PKC Apl II translocation (bars) and modeling output (line) in (B) the cell body
(n = 3) and (C) the synapse (n = 13 varicosities in three neurons); CB, cell body.

A

B C

Fig. 2. PKC Apl II translocation in cell body and varicosity during massed applications of 5HT. (A) Representative confocal fluorescence images of sensory
neurons expressing eGFP-PKC Apl II during an 85-min exposure to 5HT. The top row illustrates PKC Apl II translocation in the cell body and the bottom row
illustrates translocation in the varicosities. (B and C) Quantification of PKC Apl II translocation (bars) and modeling output (line) in (B) cell bodies (n ≥ 4) and
(C) the synapse (n = 10 varicosities in five neurons); CB, cell body.
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inactivated state in which 5HT will not cause PKC translocation.
Thus, the ratio of S in activatable vs. inactivated will dictate the
amount of translocation of PKC Apl II when 5HT is added, and thus
the amount of desensitization.
The complete model architecture of the isolated sensory neuron

model that has been previously examined and validated (Naqib
et al., 2011) is presented in Fig. 6A. The model components (color-
coded) were developed sequentially, with maroon and black first
then blue, red and finally green. The maroon component represents

only the translocation of PKC to the plasma membrane and its
subsequent dissociation from the membrane. The black component
represents the homologous desensitization pathway that occurs even
in the presence of a protein translation inhibitor and a PKA inhibi-
tor. In this pathway, the S complex begins in SOFF, which is then
activated by 5HT to SON. The complex is then inactivated, SIN1,
from which it can then either quickly recover, returning to SOFF, or
be converted to a stably inactivated state SIN2, from which it only
recovers to SOFF very slowly. When only this system is operative,

A B

Fig. 3. Comparison of desensitization during spaced and massed applications of 5HT. Comparing the amount of desensitization of PKC Apl II translocation
(data from Figs 1 and 2) after equivalent exposure times to 5HT (5 9 5-min 5HT pulses = 25 min massed 5HT) in (A) the cell body and (B) the varicosities.
NS, not significant.

A

B

C

E F

D

Fig. 4. PKC Apl II translocation in cell body and varicosity during massed applications of 5HT with KT5720. Representative confocal fluorescence images of
(A) sensory neuron cell bodies and (B) varicosities expressing eGFP-PKC Apl II during an 85-min exposure to 5HT in the presence of the PKA inhibitor
KT5720. (C and D) Quantification of PKC Apl II translocation (bars) and modeling output (line) in (C) cell bodies (n = 5) and (D) the synapse (n = 10 vari-
cosities in five neurons). (E) Comparison of PKC Apl II translocation in the cell body of control (from Fig. 2B) vs. KT5720 treated cells. (F) Comparison of
PKC Apl II translocation in the varicosities of control (from Fig. 2C) vs. KT5720-treated cells.
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the S complex slowly accumulates in SIN2. Both these components
were required to fit the rate of desensitization that occurs in the
absence of PKA and protein synthesis (Naqib et al., 2011). The red
component represents the additional pathways operative with no
PKA activity but when protein synthesis is active. In this case, the
hypothetical AD protein is produced and converts the S complex to
SAD, a state in which the receptor can be activated, SAD(ON), but not
inactivated. The blue component represents the additional pathways
operative with PKA activity but no protein synthesis. In this case,
PKA activity converts the SOFF complex to SPKA, an inactivated
state. The conversion of the SOFF complex was necessitated by the
ability of PKA to inactivate the complex even when 5HT was no
longer present (Farah et al., 2009). Interestingly, conversion from
SPKA to SOFF occurs rapidly once PKA activity is removed, and thus

the model predicts that recovery is faster when PKA activity is
present and the S complex accumulates in SPKA compared to when
PKA activity is absent and the S complex accumulates in SIN2. This
prediction has been validated (Naqib et al., 2011). The green com-
ponent of the model represents the additional pathways operative
when both PKA and protein synthesis are active. In this case, PKA
induces protein synthesis of the hypothetical D protein that, similar
to PKA, coverts SOFF to SPKA. To prevent D from overriding AD
during massed applications of 5HT required AD to inhibit the
actions of D (Naqib et al., 2011), and these pathways are also
outlined in green.
Two new models were created by modifying the isolated sensory

neuron model. One model was created for the cell body (Fig. 6B)
and one for the synapse (Fig. 6C). These changes were based on a

A

B

C

E

G

F

D

Fig. 5. PKC Apl II translocation in cell body and varicosity during massed applications of 5HT with anisomycin. Representative confocal fluorescence images
of (A) sensory neuron cell bodies and (B) varicosities expressing eGFP-PKC Apl II during an 85-min exposure to 5HT in the presence of the protein translation
inhibitor anisomycin. (C and D) Quantification of PKC Apl II translocation (bars) and modeling output (line) in (C) cell bodies (n = 5) and (D) the synapse
(n ≥ 9 varicosities in five neurons). (E) Comparison of PKC Apl II translocation in the cell body of control (from Fig. 2B) vs. anisomycin treated cells. (F)
Comparison of PKC Apl II translocation in the varicosities of control (from Fig. 2C) vs. anisomycin-treated cells. (G) Comparison of PKC Apl II translocation
in the varicosities of anisomycin-treated (Fig. 5D) vs. KT5720-treated (Fig. 4D) cells.
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directed approach, testing models directly based on the findings of
the new data as opposed to starting de novo and generating a new
model. We were also guided by biological plausibility and known
differences between signal transduction in the cell body and the
synapse (see Discussion). The two new models share some common
modifications from the isolated sensory neuron model. All of these
shared modifications affected the dynamics of the protein AD, the
hypothetical protein that prevents desensitization, and whose imple-
mentation was necessary for two reasons. First, as described above,
applying a protein translation inhibitor during massed applications
of 5HT no longer increased desensitization but in fact decreased it
(Fig. 5). As the previous model accounted for protein synthesis-
dependent protection from desensitization through the production of
AD, this clearly needed to be modified. This finding suggests that
rapid synthesis and degradation of AD was no longer occurring over
the time course of these experiments and thus it appears that there

should be a constant level of AD. AD is thus now part of the black
component, present in the absence of PKA and protein synthesis.
Second, spaced applications of 5HT no longer caused a significantly
greater amount of desensitization than massed applications (Fig. 3).
Previously, we explained this difference in desensitization due to
stimulus patterns on the competition between AD and D (Naqib
et al., 2011). As this difference in desensitization is no longer
occurring, it suggests removing the competition between AD and D.
This uncoupling could be done by removing AD’s inhibition of
PKA and D’s activity, and removing AD’s ability to transform SPKA
into SAD.
To determine whether these modifications were sufficient to fit

the new data, we first fitted the new AD parameters to experiments
in which a minimal part of the pathway was operative. Applying a
PKA inhibitor reduces the model architecture to only the maroon
and black components (Fig. 6). These components constitute the

A

D

G H I

E F

B C
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homologous desensitization pathway and the AD protection from
desensitization pathway. A constant value of AD was estimated by
fitting the model to eGFP-PKC Apl II translocation measurements
taken during a continuous 90-min application of 5HT in the pres-
ence of the PKA inhibitor KT5720 (Fig. 4C and D). The parameter
estimation methods used are outlined in Materials and Methods. A
suitable fit to the data was achieved by setting the constant concen-
tration of AD at 0.0447 (arbitrary units) in the cell body and 0.0754
(arbitrary units) in the synapse. Constant AD improved the least-
squares fit for the cell body data from 0.026 to 0.015 and at the
synapse from 0.056 to 0.032 (see fit of the model to the data in
Fig. 4C and D).
The cell body-specific modifications only involved removing D

activity. Applying a protein translation inhibitor during massed
training did not cause a significant change in the desensitization of
PKC translocation. This finding suggests that D is not active in the
cell body. In addition to the modifications to AD described above,
removing D was able to suitably fit the PKC Apl II translocation
dynamics at the cell body without further changes (Fig. 5C; least-
squares fit improved from 0.41 to 0.080 after removing D). In
contrast, at the synapse, applying a protein translation inhibitor
decreased desensitization significantly. This finding suggests that D
is generated by protein synthesis at the synapse. Interestingly,
although applying a PKA inhibitor during massed application of
5HT caused a significant decrease in desensitization, it did not
cause a significantly different amount of desensitization compared
to when a protein translation inhibitor was applied (Fig. 5G). This
observation suggests that PKA’s effects are mediated through D
alone and not directly. Thus, PKA’s ability to transform SOFF into
SPKA was removed at the synapse. This modification resulted in a
suitable fit to the data at the synapse in the absence of protein syn-
thesis (Fig. 5D; the least-squares fit improved from 0.41 to
0.0054).
Applying 5HT with no inhibitory drugs results in similar

amounts of desensitization at the cell body and synapse during
both spaced and massed applications of 5HT (Fig. 3). However,
at the cell body the amount of desensitization with no drugs and
with anisomycin are similar (Fig. 5E). Thus, the model consisting

of a homologous desensitization pathway, a PKA-dependent
desensitization pathway, and an AD protection from desensitiza-
tion pathway with a constant amount of AD is sufficient to
explain the signaling network mediating the desensitization of
PKC translocation at the cell body [spaced, least-squares value of
0.0057 compared to fit of 0.49 with the old model (Fig. 1B);
massed, least-squares value of 0.014 compared to 0.092 with the
old model (Fig. 2B)].
The desensitization of PKC translocation at the synapse required

the synthesis and activity of D. D is necessary as applying protein
translation inhibitor significantly reduced desensitization (Fig. 5F),
meaning that removing the inhibitor would allow D to become
active and increase desensitization. Several parameters are involved
in D synthesis, degradation and activity (Table 1). Only one needed
to be altered from the original isolated sensory neuron model – the
threshold of the Hill function regulating D synthesis (kS3a). Using a
parameter estimation method it was found that a value of 17.9512
(originally 6 in the isolated sensory neuron model) resulted in a suit-
able fit to both spaced and massed applications of 5HT
(least-squares value for spaced improved from 0.84 to 0.015 while
the least-squares fit for massed was actually increased from 0.032 to
0.051 by this modification; Figs 1 and 2).
To examine the differences made to the model we plotted the

distribution of the signaling complexes during massed (Fig. 6D–F)
and spaced (Fig. 6G–I) applications of 5HT either with the old
model or the new models at the cell body and the synapse. A major
difference during massed application is the increased desensitization
(sum of SPKA and SIN2) due to the lack of an increase in SAD
because AD is no longer being synthesized. This is exacerbated by
an increase in the amount of S present in SPKA due to the lack of
AD inhibition of the Soff-to-SPKA pathway. Without inhibitors, the
cell body and synapse appear similar but the conversion of Soff to
SPKA is protein synthesis-dependent at the synapse but not in the
cell body. This can be seen by the delay in SPKA in Fig. 6F com-
pared to Fig. 6E. The decreased desensitization in spaced applica-
tions of 5HT (mainly mediated by a decreased build-up of receptor
in SPKA) is mostly mediated by the increased level of receptor in
SAD, due to the constant AD in the new model as opposed to the

Fig. 6. Model networks. The networks of the three models. In all models, S represents the signaling complex consisting of the 5HT receptor coupled to PKC
activation and all other signaling components in between 5HT binding to the receptor and PKC activation (such as G-proteins and phospholipase C). (A) The
original model (described in Naqib et al., 2011) postulates that this complex can be in a number of different states that are either active (SON and SAD(ON)),
poised for activation (i.e. only 5HT is required to activate the receptor – SOFF and SAD) or inactivated (i.e. 5HT cannot activate the receptor – SIN1, SIN2 and
SPKA). The difference between SIN1 and SIN2 is that while SIN1 is converted rapidly to SOFF, SIN2 is only converted very slowly to SOFF. SPKA is an inactivated
receptor state stimulated by PKA and the D (Desensitizer) protein acting on SOFF. Active PKA and D protein inhibit the return of this receptor to the SOFF state.
SAD is a receptor state that is induced by the AD (Anti-Desensitizer) protein acting on either SOFF or SPKA. The AD protein also inhibits PKA and the D protein
from converting SOFF to SPKA. The signaling complex in this state can be activated by 5HT and the AD protein inhibits the return of this protein to the SOFF
state. The model also involves protein synthesis of the AD protein downstream of PKC activity and protein synthesis of the D protein downstream of PKA acti
vity. The colors correspond to the components of the models (see diagram). The models were constructed in a sequential manner (Naqib et al., 2011). First, the
components outlined in black and maroon were fitted to data generated in the absence of protein synthesis and PKA. The maroon component describes the
translocation of PKC to the membrane and its subsequent dissociation from the membrane. The black module represents the homologous desensitization path-
way. Following completion of these components, the component outlined in blue was constructed with data generated in the absence of protein synthesis but
the presence of PKA, and represents the PKA-mediated desensitization pathway. The red component was constructed with data generated in the presence of pro-
tein synthesis but the absence of PKA, and represents the AD pathway induced by production of the AD protein. Finally, the green component was constructed
in the presence of both PKA and protein synthesis, and represents both the desensitization pathway induced by synthesis of the D protein and the interactions
between the AD and D pathway. (B) The model network of PKC translocation in the cell body of co-cultured sensory–motor neurons. AD is now a constant
and thus the AD pathway is represented in black. There is no protein synthesis of D and thus the green components have also been removed. (C) The model
network of PKC translocation at the synapse of co-cultured sensory–motor neurons. As in (B), AD is a constant so the AD pathway is represented in black.
PKA acts only through synthesis of D in this model and thus the blue pathways (PKA and no protein synthesis) are now green (no inhibition). (D–F) Distribu-
tion of the signaling complexes during massed applications of 5HT either with (D) the old model described in Naqib et al., 2011 or the new models at (E) the
cell body and (F) the synapse of a sensory neuron, co-cultured with a motor neuron. (E and F) Modeling of S dynamics in response to experimental protocol
from Fig. 2A. The black line represents the ratio of SOFF and SON to total S, the red line the ratio of SIN2 to total S, the blue line the ratio of SPKA to total S,
and the green line represents the ratio of SAD and SADON to total S. (G–I) Distribution of the signaling complexes during spaced applications of 5HT either (G)
with the old model described in Naqib et al., 2011 or the new models at (H) the cell body and (I) the synapse of a sensory neuron co-cultured with a motor
neuron. H and I represent modeling of S dynamics in response to the experimental protocol from Fig. 1A.
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old model, where AD synthesis was minimal during spaced train-
ing.

Discussion

We previously studied the desensitization of PKC translocation in
response to different patterns of 5HT application in isolated Aplysia
sensory neurons. In that study we found that spaced applications of
5HT caused greater desensitization than massed applications of
5HT. In the present study, we expanded our work by examining the
desensitization of PKC translocation in co-cultured sensory and
motor neurons, where the sensory neuron has formed synaptic con-
nections with the motor neuron. We found that synapse formation
results in a change in the desensitization of PKC translocation,
spaced applications of 5HT no longer causing greater desensitization
than massed applications. This suggests that the sensory neuron has
undergone a change during synapse formation in the signaling
network regulating the translocation and activation of PKC. Further-
more, we also found differences in the role of protein synthesis
between isolated and co-cultured sensory neurons. In isolated
sensory neurons, applying a protein translation inhibitor had a differ-
ential effect on spaced and massed applications of 5HT, reducing
desensitization during spaced applications of 5HT and increasing
desensitization during massed applications of 5HT (Farah et al.,
2009). We found that applying a protein translation inhibitor to
sensory neurons co-cultured with motor neurons only reduces desen-
sitization in the varicosities. Applying a PKA inhibitor was found to
decrease desensitization in both the cell body and varicosities of
co-cultured sensory neurons, similar to isolated sensory neurons
(Farah et al., 2009).
In order to explain these differences we modified our original

isolated sensory neuron model of the signaling network underlying
the desensitization of PKC translocation (Naqib et al., 2011). We
created two new models – one of the cell body of sensory neurons
co-cultured with motor neurons and one of the synapses of these sen-
sory neurons. These new models were able to explain the change in
desensitization of PKC translocation by assuming changes in protein
expression and location after synapse formation. The models were
able to explain the reduction in desensitization following spaced
applications of 5HT by reducing PKA’s ability to increase desensiti-
zation. In the original model, PKA could directly and indirectly,
through D activity, increase desensitization. In the sensory–motor
neuron pair models, PKA could only directly increase desensitization
in the cell body and acted exclusively through D in the synapse. The
increase in desensitization following massed desensitization was
modeled by reducing AD’s ability to protect S from inactivation.
We do not argue that these models are unique in being able to

explain the new desensitization dynamics. We have not verified these
models with additional experiments and it is possible that other
network architectures or parameter values could model these experi-
mental findings. However, we developed these models from the
original isolated sensory neuron model, which was experimentally
validated, with the principle of least modifications necessary to
explain the new data. Requiring the smallest number of modifications
to the signaling network in order to elicit new behavior is more biolog-
ically plausible than reconstructing the network from the ground up.
Furthermore, as discussed below, these modifications are biologically
plausible. Our original model proposed a biochemical method of dif-
ferentiating between spaced and massed stimuli. These new models
provide an example of how a cell can restructure a biochemical
signaling network in order to modulate its response to the same 5HT
stimulus.

Synapse formation causes a change and redistribution of
protein expression and activity

The cell body and synapse models share some common modifica-
tions. In both models, the concentration of the protein AD, which
decreases desensitization, was held at a fixed amount whereas in the
isolated sensory neuron model, AD synthesis was dependent on
PKC activity. This modification accounted for the observation that
applying a protein translation inhibitor could no longer increase
desensitization as it did in isolated sensory neurons. We were unable
to remove AD completely from the model as that caused too great a
desensitization. Furthermore, spaced and massed applications of
5HT no longer caused a differential desensitization of PKC translo-
cation. In the isolated sensory neuron model, competition between
AD and D carried out this differential desensitization. As spaced
and massed applications of 5HT no longer caused a differential
desensitization of PKC translocation, much of this competition was
uncoupled in both models, leaving AD and D to interact with just
SOFF and not each other.
In the isolated sensory neuron AD’s function was to prevent S

inactivation and desensitization of PKC translocation. AD was
hypothesized to bind the GPCR in either the SOFF or SPKA state.
This binding was hypothesized to either retain the GPCR on the
membrane or cause its recycling back to the membrane. The new
models retain AD’s ability to prevent inactivation of the GPCR;
however, the new AD does not affect SPKA. These modifications
suggest that following synapse formation the original isolated
sensory neuron AD protein is replaced with a protein capable of
capturing the GPCR in the same SAD state but lacking some of the
original capabilities of AD.
AD was hypothesized to be a PDZ protein (Naqib et al., 2011);

these are adapter proteins capable of retaining GPCRs on the
membrane (Romero et al., 2011). Many PDZ proteins have been
identified with functions varying from tethering the GPCR to the
plasma membrane to directing the assembly of accessory proteins to
affecting GPCR trafficking (Jean-Alphonse & Hanyaloglu, 2011;
Romero et al., 2011). The AD of the new models shares some of
these functionalities, making it also likely to be a PDZ protein. It is
plausible that there are multiple PDZ proteins capable of binding the
GPCR responsible for activating PKC, and that they are differen-
tially expressed in the isolated sensory neuron and sensory neuron
co-cultured with a motor neuron, suggesting that synapse formation
causes a switch in expression of PDZ proteins.
Another alteration to protein expression involved both PKA and

the hypothetical protein D. Inhibiting protein translation only
reduced desensitization in the synapse and had no effect on the
cell body, suggesting that D activity was only present in the syn-
apse. Furthermore, applying a PKA inhibitor resulted in a decrease
in desensitization equivalent to the decrease seen after inhibition of
protein translation. This observation suggests that PKA was not
directly causing desensitization in the synapse but was acting only
through D activity. Our model suggests that following synapse
formation the expression and activity of D is redistributed from
the cell body and to the synapse. Redistribution of protein expres-
sion following synapse formation has been previously observed.
For example, mRNA of syntaxin, a protein involved in vesicle
docking and fusion during neurotransmitter release, is initially con-
centrated at the axon hillock but then becomes targeted away after
synapse formation (Hu et al., 2003). Another example is sensorin,
whose mRNA decreases in concentration at the axon hillock and
gets targeted to distal sites after synapse formation (Hu et al.,
2002).
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Our model hypothesizes that, at the synapse, PKA does not drive the
receptor to SPKA; only D has this ability. The differential activity of
PKA can also be explained by a differential distribution of PKA
subtypes between the cell body and synapse. PKA is composed of cata-
lytic subunits inhibited by bound regulatory (R) subunits (Corbin et al.,
1973; Corbin & Keely, 1977; Potter & Taylor, 1979). There are two
known classes of R subunits – RI and RII (Reimann et al., 1971;
Corbin et al., 1975). In Aplysia, RI is expressed in the cell body of sen-
sory neurons while RII is located in synapses (Liu et al., 2004). Not
only are these subtypes differentially expressed in the cell body and
synapse but they also have unique preferences to cellular structures and
locations. Aside from inhibiting the catalytic subunit of PKA, the R
subunit is also responsible for binding to A-kinase-anchoring proteins
(AKAPs), a large family that targets PKA to specific subcellular com-
partments and assembles multi-protein signal complexes in order to
facilitate signal propagation through specific pathways (Pidoux & Tas-
ken, 2010). The RI and RII subunits have unique populations of AK-
APs to which they bind, as well as a small subset of AKAPs that are
common to the two subunits (Huang et al., 1997; Angelo & Rubin,
1998; Li et al., 2001). In turn, different AKAPs also have unique sub-
cellular targets and molecular binding partners (Wong & Scott, 2004).
Thus, with the cell body and synapse expressing different PKA regula-
tory subunits, it is possible that different signaling pathways are being
activated by PKA in each compartment. The RI subunit might directly
affect SOFF and not D synthesis while the RII subunit would only affect
PKC translocation through D activity.

Comparison of findings from cultured cells and ganglia

Our investigations have been limited to Aplysia sensory and motor
neurons cultured in dishes. Desensitization of PKC Apl II activation
has been observed in intact ganglia where a second application of
5HT was found to facilitate depressed synapses, a process mediated
by PKC Apl II (Manseau et al., 2001), half as much as the first appli-
cation (Dumitriu et al., 2006). There may also be differences in the
state of the 5HT receptor coupled to PKC in the ganglia, as opposed
to in culture, as the 5HT antagonist spiperone, which is capable of
blocking PLC-coupled 5HT receptors in mammals (Hoyer et al.,
1994), blocks PKC-mediated downstream effects of 5HT in ganglia
(Dumitriu et al., 2006) but not in cultured neurons (Nagakura et al.,
2010). One explanation is that the 5HT receptor responsible for acti-
vating PKC Apl II is modified by receptor-binding proteins. These
modifications could affect its antagonist specificity as well as its inter-
nalization and trafficking, causing differential desensitization dynam-
ics and drug interactions. Our results suggest that there is a great deal
of complexity in the regulation of G-protein signaling and distinct reg-
ulation of these GPCRs may explain differences, not only between
cultured neurons and neurons in the animal but also during develop-
ment, ageing and responses to external agents such as stress.
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