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Abstract Serotonin-induced facilitation of synaptic
transmission at the sensorimotor synapse in Aplysia
occurs in three temporal phases: short-term facilitation
(STF), intermediate-term facilitation (ITF), and long-
term facilitation (LTF). The delayed onset of LTF is
considered to be related to the time-consuming pro-
cesses of transcription and translation in protein synthe-
sis. In this work, we develop a muti-scale mathematical
model that involves gene transcription and protein syn-
thesis with time delays, presynaptic membrane poten-
tial, and excitatory postsynaptic potential for the three
stages of synaptic facilitation. The positive feedback
loop that forms the basis of bistability according to
our bifurcation analysis may account for the transition
between two different states following stimulations.
Our model simulates experimental findings on the gen-
eration of STF, ITF and LTF under different applica-
tions of SHT stimulation. We further confirm that ITF
is dependent on translation, whereas LTF relies on both
translation and transcription. In addition, we find that
the threshold of the number of repeated pulses of SHT
required for the induction of LTF changes with differ-
ent ranges of the time delays. Our model could pro-
vide a useful framework for exploration of dynamical
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mechanisms of different temporal domains of synaptic
plasticity, as well as guiding investigations into other
processes underlying memory formation.
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1 Introduction

Learning and memory are two of the most magical
capabilities of our minds and have attracted intense
interest in neuroscience research [1-5]. It is well estab-
lished that memories can exist in many different tempo-
ral domains ranging from short-term memory (lasting
seconds to minutes) to long-term memory (lasting days,
weeks, or even a lifetime) [6]. Considerable biological
research has been devoted to identifying the tempo-
ral dynamics of different phases of memory [7]. For
example, the gill withdrawal reflex of the marine mol-
lusk Aplysia is known to exhibit sensitization after a
stimulus such as tail shock, providing an experimen-
tal system that is useful in delineating possible cellular
mechanisms contributing to memory storage [8,9].
Under stimulation by different serotonin (SHT)
exposures, the sensitization memory of Aplysia dis-
plays three temporally and mechanistically distinct
phases of synaptic facilitation of sensory neuron to
motor neuron (SN-MN) synapses: short-term facilita-
tion (STF), intermediate-term facilitation (ITF), and
long-term facilitation (LTF) [10,11]. A single brief
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exposure of SHT produces only STF (lasting <30 min)
independent of gene expression. However, five spaced
applications of SHT induce not only ITF (lasting 1-3 h),
which depends exclusively on translation but not tran-
scription, but also LTF (lasting > 24 h), which requires
both protein and RNA synthesis [6,12].

In the induction of ITF by SHT at SN-MN synapses,
activation of protein synthesis in the presynaptic
neuron requires release of an Aplysia neurotrophin
(ApNT), an invertebrate ortholog of the vertebrate
brain-derived neurotrophic factor (BDNF) [13]. ApNT
released from the presynaptic neuron stimulates pro-
tein synthesis in the presynaptic neuron via activation
of phosphatidylinositol 3-kinase (PI3K)/Akt as well
as mitogen-activated protein kinase (MAPK) signal-
ing downstream of presynaptic Aplysia tropomyosin-
related kinase (ApTrk) receptors, which eventually
forms a feedback loop facilitating the persistence of
synaptic plasticity and memory [13]. Positive feedback
loop is known to be an essential ingredient for bista-
bility in biochemical systems [14]. Following a brief
stimulation, the system may switch from a low state to
a high state at a bifurcation point as the system has two
stable steady states. Therefore, bistability caused by a
positive feedback loop is critical for the sustained high
levels of key proteins in the system for the establish-
ment of long-term memory [15].

According to the hypothetical time courses of the
three different phases of facilitation produced by SHT
exposure, ITF overlaps with the decay of STF but not
with LTF, as it decays to baseline within 3 h after SHT
application, that is, several hours prior to the onset of
LTF (10-15 h) [6,16]. Moreover, LTF is not a simple
continuation of ITF but develops separately with much
slower kinetics. The time delay in the expression of LTF
reflects the total time required for SHT-induced protein
synthesis, subsequent transport of proteins to the SN
terminal region, and induction of structural changes at
the synapse [6]. As LTF induction requires gene expres-
sion, which involves a series of steps including binding
of transcription factors to DNA, gene transcription, and
translation in ribosomes, it is necessary to take into
account the role of time delays in processes such as
transcription and translation to understand the delayed
onset of LTF.

To gain insight into the induction of the different
temporal phases of synaptic facilitation following SHT
exposure, it is essential to characterize the dynam-
ics of biochemical signaling cascades downstream of
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the stimulus. Mathematical models associated with the
gill withdrawal reflex in Aplysia mainly depict pro-
cesses at a synaptic or molecular level [15,17-22]. To
describe the dynamics of synaptic transmission at the
SN-MN connection mediating the reflex, Gingrich and
Byrne propose a model (G—B model) consisting of two
pools of vesicles representing neurotransmitter release
from the sensory neuron to predict features of synaptic
depression in Aplysia [17]. Zhou et al. modify the G-B
model by incorporating a new term for PKC-dependent
vesicle mobilization process to explore the contribution
of PKC to 5HT-induced STF [19]. Hao and Yang build a
multi-scale mathematical model integrating regulation
of gene transcription, local translation, and membrane
action potential in the presynaptic sensory neuron with
the excitatory postsynaptic potential (EPSP) to investi-
gate the mechanisms underlying the synapse specificity
of LTF in Aplysia [15]. In view of the different stages of
memory, Pettigrew et al. develop a model to examine
dynamical properties of regulatory motifs correlated
with the three temporal domains of facilitation of the
Aplysia SN-MN synapse [18]. However, their model
does not consider the process of presynaptic transla-
tion regulated by ApNT/ApTrk signaling, which has a
critical role in the transition from STF to ITF. Owing
to the complexity of the learning-related neuronal sys-
tem, the dynamical mechanisms of transitions between
the stages of synaptic plasticity are poorly understood.

In the present study, our primary focus is to illumi-
nate the cellular and molecular mechanisms underlying
transitions from STF to ITF and LTF induced by SHT.
We construct a multi-scale mathematical model with
two time delays for the SN-MN synapse that encom-
passes gene transcription, protein synthesis, and mem-
brane potential in the presynaptic neuron, as well as
EPSP. Model simulations exhibit three distinct tem-
poral domains of synaptic facilitation, and depict the
dynamics of levels of molecules as a basis for the induc-
tion of the three stages of memory. Through inhibition
of translation and transcription, we elucidate the roles
of protein and mRNA synthesis in transitions from STF
to ITF and from ITF to LTE. Furthermore, we show that
the threshold of the number of repeated SHT pulses for
LTF increases with the total time delays in the sys-
tem. This model may serve as a template for investi-
gation of dynamical mechanisms of biochemical pro-
cesses underlying different phases of memory.
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2 Model and methods
2.1 Model description

At SN-MN synapses in Aplysia, five pulses of SHT
induce ITF and LTF, whereas one pulse induce only
STF [10,11]. Experiments demonstrates that STF is
independent of gene expression, ITF depends on trans-
lation but not transcription, and LTF requires both pro-
tein and RNA synthesis [6,12]. At molecular level,
activation of protein kinase A (PKA) is an important
mode of intracellular signaling in Aplysia sensory neu-
rons. The transient activation of PKA by 5HT is criti-
cal for STF, whereas more prolonged activation leads
to nuclear translocation of the catalytic subunit where
it activates a transcriptional cascade required for LTF
[11]. Based on the experimental studies, a model is
developed to explore dynamical mechanisms underly-
ing the induction of three different temporal domains
of facilitation.

Figurel shows signaling pathways involved in
synaptic facilitation between sensory neurons and
motor neurons in Aplysia. SHT activates PKA via
an increase in presynaptic cyclic AMP (cAMP), and
causes dissociation of the regulatory subunits and cat-
alytic subunits of PKA [23]. The active catalytic sub-
unit of PKA, in turn, phosphorylates the K™ channel
to reduce specific K™ currents and broaden the action
potential, allowing greater Ca>* influx into the presy-
naptic terminal with each action potential [23]. Subse-
quently, the greater Ca>T influx facilitates transmitter
(glutamate) release and increases EPSP, a measure of
the effectiveness of the synapse between the sensory
neuron and the motor neuron [24]. Serotonin activates
PKA, which leads to synaptic strengthening through
enhanced glutamate (Glu) release produced by greater
Ca’™ influx.

Active PKA can also activate the transcriptional acti-
vator CREB1, which in turn induces the transcription
of ApNT necessary for PKA activity. In addition, acti-
vation of presynaptic PKA enhances ApNT from the
presynaptic neuron to promote local protein synthesis.
The catalytic subunits translocate to the nucleus and
phosphorylate and activate transcription factor CREB 1
to trigger gene expression [23]. In mammalian neurons,
the BDNF [25-27] promoter contains the CREB bind-
ing site CRE, which allows activated CREB to pro-
mote the transcription of BDNF [28,29]. Research on
ApNT expression reveals a high level of expression
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Fig. 1 Signaling pathways involved in synaptic facilitation

restricted to the presynaptic sensory neurons at the SN-
MN synapse, which is consistent with the axonal local-
ization of BDNF in the mammalian central nervous
system (CNS) [13]. As Aplysia neurotrophin is well
conserved with vertebrate neurotrophins, we assume
that CREB1 can induce ApNT gene transcription in
the sensory neuron. In addition, activation of presynap-
tic PKA produces an increase in the release of ApNT
from the presynaptic neuron that in turn acts on presy-
naptic ApTrk receptors and activates downstream sig-
naling including PKA, suggesting a positive feedback
loop [13,30]. The released ApNT also stimulates pro-
tein synthesis, which is thought to replenish the reserve
vesicle pool and other synaptic proteins that support
release of neurotransmitters from the presynaptic neu-
ron [13]. Therefore, we further assume that presynap-
tic ApNT protein synthesis is regulated by ApNT and
ApTrk signaling.

Itis known from experiments that ITF decays within
3 hafter SHT application, but LTF is not expressed until
10 h after SHT exposure [6]. The delayed onset of LTF
is primarily due to the time needed for protein synthe-
sis. Consequently, time delays should be considered in
processes of gene transcription and translation in the
model.

For the transmitter release process of the sensory
neuron, the synapse contains two pools of vesicles: a
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readily releasable pool (RRP) and a reserve pool (RP).
Vesicle mobilization from RP to RRP and neurotrans-
mitter release from RRP into the synaptic cleft are reg-
ulated by intracellular Ca>* [17,19].

2.2 Mathematical formulations

The model includes the presynaptic protein synthesis,
the presynaptic action potential, and EPSP. We denote
the levels of active PKA, CREB1, ApNT mRNA,
and presynaptic ApNT protein by [PKA], [CREB1],
[MRNA], and [ApNT], respectively. The activity of
presynaptic PKA is regulated by serotonin and ApNT,
expressed as «[SHT] and M);[Ié%’ respectively. The
rate of CREB1 activation promoted by PKA is pre-
sented as a linear function of [PKA] with a coefficient
of A. As suggested by experimental results, it is possible
that the delayed onset of LTF can be attributed partly
to the time needed for new protein synthesis induced
by SHT stimulation [6]. We assume that transcription
of the ApNT gene and translation of ApNT mRNA
are respectively regulated by the transcriptional acti-
vator CREB1 and extracellular ApNT; however, time
delays 71 in the transcription process and 73 in the
translation process are introduced in our formulations.

As a result, CREB1 controls ApNT mRNA synthesis
BICREBI];,?
[CREB1];, 24+ K%’
Hill coefficient of 2 for [CREB 1] represents the require-
ment for two CREB1 monomers to form homodimers.
In light of the dependence of ApNT secretion on presy-
naptic PKA, the synthesis rate of ApNT protein is given
by [mMRNA], (6 + mi}fg}%)(ke + k,[PKA]). Fur-
thermore, @ denotes the basic transcription rate of the
ApNT gene, and  and p define basal activation rates of
presynaptic PKA and CREBI, respectively. Degrada-
tion rates of PKA, CREB1, ApNT mRNA, and ApNT
protein are represented by di, d», d3, and da, respec-
tively. The dynamics of these molecular concentrations

are given by differential equations (1)—(4).

through a Hill-type function where a

d[PKA] _ __YIApNT]

o M e T+ K
—d|[PKA], (1
@ — p + A[PKA] — d»[CREBI1], 2)

d[mRNA] BICREB1],,>
W T — d3[mRNA],
dr [CREB1];,2 + K>

(3)
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d[ApNT S[APNT
diAPNT] [mRNAI, (0 + _OLAPNT]
dr [APNT] + K3
(ke + k,[PKA]) — d4[ ApNT]. )

Equations for the action potential of the presynaptic
neuron are based on the Morris—Lecar (ML) model [31]
and are formulated as:

dv
dr =—gL(V = VL) — gcamoo(V — Vca)
—gxn(V — Vi) + lo, &)

dn

5 = (oo — 1)/, (6)
dgk kg[PKAT?
R gk = ep —digk. 7
q — 8Ko K2+ [PKA]ZgK k8K (N

Here, V is the membrane potential of the presynaptic
neuron. As the catalytic subunit of PKA may cause
phosphorylation of the K* channel, we assume that
the conductance of the presynaptic K* channel (gk)
is dependent on PKA activity in Eq. (7). According to
the ML model, the presynaptic Ca’>* current can be
represented by the following formulation.

Ica = —gcamoo(V — V). (8)

The gating variables m g, oo, and t, are

1
Moo = 5(1 + tanh((V — v1)/v2)), ©)
1
Neo = 5(1 + tanh((V — v3)/v4)), (10)
Tn = 1 €8Y)

¢ cosh((V —v3)/(2v4))

The mathematical model of the process of sensory
neuron transmitter release is modified from the G-B
model of the SN-MN synapse of Aplysia, which con-
tains an RRP and an RP of vesicles. In the G-B model,
vesicle mobilization is described by three fluxes: Ig
and I, which are regulated by the concentration of
intracellular Ca®*, represent the slow and fast fluxes
from RP to RRP, respectively; and Iy p is a flux driven
by differences in concentration between vesicles in the
RRP and RP [17,19]. Furthermore, the RP is refilled
by a flux of vesicles I, and the flux of vesicles during
an action potential from RRP into the synaptic cleft is
represented by Ig.

In the present model, the dynamics of the pools of
vesicles, regulation of intracellular Ca®* concentra-
tion, synaptic transmission, and vesicle mobilization
from RP to RRP are described by the following equa-

tions:

dCR—(I +Ig+1 Ir) ! (12)
dr - F S VD R VR’



Dynamics and multi-scale modeling

9535

Ig = (Cr-VR) - (Uca/Kc1) - KR), (13)
Iyp = (Cr —CR) - Kyp, (14)
C K
Ip= . —"—, (15)
Cri 14+ 5E
c.F
C
Is = - . pVMg, (16)
Cri
Iy = (Cr —CF) - Ky, 17)
dPVMg Kg 1
- — —PVMs | —, (18)
dr 1+ 55 Ts
cps
dCr 1
Uy —1Ip—Is—Iyp) - —, 19
" Uy —Ifp —Is — Iyp) v (19)
dC¢ 1
— = ((Icq/K —Iy—1p)  —, 20
a (Uca/Kc2) — Iy — Ip) Ve (20)
Ky
Iy=—————, 21
T 1+ My/CR @D
Ip = Cc - Kp. 22)

Here, Cr and CF are the concentrations of vesicles in
the RRP and RP, respectively. Cf; is the steady-state
value of C, C¢ the CaZt concentration in the interior
Ca*t compartment, and V¢ the volume of the interior
Ca* compartment. Kg, Ky, Kc1, Kca, and K¢3 are
constants. Iy is a Ca®* flux that removes Ca%* from
the cytosol owing to active uptake leading to sequestra-
tion or removal from the cell by organelles such as the
endoplasmic reticulum and mitochondria, and Ip is a
flux that removes Ca>t owing to diffusion into com-
partments that are not modeled. K r and K g are the rate
constants, M g and M the concentration constants, Nz
and Ny the Hill coefficients, Ky p and Kp the diffu-
sion constants, and Vg and Vg the volumes of the RRP
and RP, respectively. PVMy is the potential for vesic-
ular mobilization of Ig. Ty is the time constant, Ky
the constant for Ca?* uptake, and My the concentra-
tion constant for Ca>* uptake. Assuming that the rate of
increase of the EPSP is proportional to the total amount
of transmitter released during a stimulus, the EPSP can
be described by the following differential equation:
dEPSP

dr
where v is the rate of decrease of the EPSP. For details
of the release process model, refer to the G-B model
[17,19].

The default parameter values used in this study are
listed in Table 1. The estimation of parameter values is
mainly based on previous models [15,17,19,31], and

= (Cr-VR) - (ca - Kr) — vEPSP, (23)

parameters unavailable from the published literatures
are set to fit the experimental data.

2.3 Methods

In experiments, one to three pulses of SHT induces
short-term (minutes) PKA activation, four to five pulses
induce intermediate-term (3 h) activation, and five
pulses induce long-term (> 20 h) persistent activation
[7]. To realize distinct phases of PKA activation, we
perform synapse stimulations of one, three, four, and
five pulses of 10 puM SHT for 5 min, with an inter-
pulse interval (from the end of one pulse to the onset
of the next) of 15 min to the synapse. In computations,
the stimulations are designed as follows to ensure the
end time of each stimulation programme is at the zero
point:

1 x SHT: one pulse of 10 wM 5HT is applied to the
synapse beginning at f = —5 min;

3 x SHT: three pulses of 10 WM SHT are applied to the

synapse beginning at f = —45 min;

4 x SHT: four pulses of 10 uM SHT are applied to the

synapse beginning at t = —65 min;

5 x SHT: five pulses of 10 wM SHT are applied to the

synapse beginning at t = —85 min.

In the numerical simulations, bifurcation analyses
are performed with XPPAUT, and differential equa-
tions are solved using the Runge-Kutta method [32].
Simulations for EPSP are performed with MATLAB
using the Euler scheme with a time step of 0.1 ms.

3 Results

3.1 The reversible and irreversible bistable switches
of the positive feedback loop

In the model, active presynaptic PKA promotes ApNT
gene transcription via CREB1 and increases release of
ApNT from the presynaptic neuron, which in turn acts
on presynaptic ApTrk receptors and activates PKA to
form a positive feedback loop. From the perspective
of dynamics, a positive feedback loop is usually asso-
ciated with bistability essential for maintaining high
levels of molecules. Therefore, we perform bifurca-
tion analysis to explore the existence and transitions of
steady states based on the positive feedback loop in the
system.

@ Springer



9536 L. Hao, Z. Yang
Table 1 Default parameter values of Eqs. (1)—-(23)

Parameter Value Source Parameter Value Source
[5-HT] (uM) 0 (WM min—1) 0.0004

o (min~!) 0.118 y (WM min~1) 0.5

di (min~1) 0.15 0 (WM) 0.001

A (min~!) 0.16 d> (min~1) 0.2

o (WM min~1) 0.008 B (WM min~") 0.064

K1 (pM) 0.8 d3 (min~") 0.004

K> (nM) 4 71 (h) 3

8 (min~ 1) 0.02 K3 0.45

dy (min~1) 0.08 6 (min~") 0.000004

ke (min~1) 0.6 kp (min~! uM~!) 0.78

7 (h) 3 kg (min~!) 0.115

Ky (WM) 0.5 gko (mS/cm? min~!) 1.3

dg (min~1) 0.12 C (WE/cm?) 20 [31]
gL (mS/cm?) 2 31] gca (mS/cm?) 4 [31]
Vi (mV) —50 [31] Vea (mV) 100 [31]
Vg (mV) —70 [31] v (mV) -1 [31]
vy (mV) 15 [31] v3 (mV) 10 [31]
v4 (mV) 14.5 [31] ¢ (ms™1) 0.06667 [31]
v (ms~1) 0.02 [15] Ip (WA /cm?) 35 [15]
Kci (wA/em?) 10° [15] Kcy (WA/cm?) 1 [15]
Kc3 (mS/cm? ms) 100 [15] My 790 [17]
Kp 0.338 [17] Kyp 0.001 [17]
Cr 100 [17] Np 2.83 [17]
Ng 1.75 [17] T 213 [17]
Ky 0.005 [17] Vi 6.08 [17]
Ve 2.15 [17] Vg 1 [17]
Kr 21 [17] Kg 35 (17]
Mp 0.0008 [17] Mg 0.075 (17]
Kr 3.16 [17] Ky 2907 (17]

We first consider a two-parameter bifurcation dia-
gram for the stimulus strength [SHT] and the positive
feedback strength y, as shown Fig. 2a. The parameter
plane ([SHT], y) is divided into a bistable region (yel-
low region) and a monostable region (green region) by
the saddle-node bifurcation curves (black curves) SN1
and SN2 from the codimension-2 cusp point (CP). The
dynamics of the system as [SHT] changes may thus
exhibit a reversible switch when y < 0.4 WM min~!
(below the magenta dashed line in Fig. 2a) and an irre-
versible bistable switch when y > 0.4 uM min~!
(above the magenta dashed line in Fig.2a). We further
examine the bistable behaviors under SHT stimulation
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to simulate experimental data through one-parameter
bifurcation analysis with respect to [SHT] for fixed y.
Bifurcation diagrams for [PKA] (blue curves) and gg
(red curves) versus [SHT] are illustrated in Fig.2b, ¢
for two different values of y, 0.35 and 0.5, respectively.
When y = 0.35uM min~—!, there is a reversible switch
of bistability between the two saddle-node bifurcation
points (SN1 and SN2), such that [PKA] increases dur-
ing stimulation and decreases rapidly to a low stable
state after the stimulation with SHT (see Fig. 2b). When
y = 0.5 uM min~!, only one saddle-node bifurcation
point (SN1) is located in the physiological range of the
parameter, so the bifurcation diagram shows an irre-
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Fig. 2 Bifurcation diagrams of the system with 1 = 7 = 0 h.
a Two-parameter bifurcation diagram in the ([S-HT], y) plane.
Black curves depict the loci of the saddle-node bifurcation points.

versible switch (see Fig. 2¢). Thus, [PKA] (gx ) reaches
a high (Iow) level under stimulation with SHT and per-
manently remains in the high (low) stable steady state
even after the stimulation. The above bifurcation anal-
ysis indicates that bistability is critical for maintaining
a high level of [PKA], which may have a significant
role in the induction of long-term synaptic facilitation
and long-term memory.

The phosphorylation by active PKA of the K+ chan-
nel to reduce K+ currents contributes to presynaptic
spike broadening, which in turn improves Ca* influx
to enhance transmitter release and further increases
EPSP amplitude [23]. Therefore, we examine the spike
duration of presynaptic membrane potential and the
amplitude of EPSP for different values of gx. The
time courses of V and EPSP in Fig.3al, bl illustrate
that the time durations of the spike become short and
EPSP amplitudes gradually decrease as the value of
gk changes from 6 mS/cm? (red) to 7 mS/cm? (yel-
low), 8 mS/cm? (green), and 9 mS/cm? (blue). Fur-
thermore, we obtain the decreasing trends for both the
spike duration of the presynaptic action potential and
EPSP amplitude with the increasing gk, as shown in
Fig.3a2, b2.

b Bifurcation diagrams of [PKA] (blue) and gg (red) versus [5-
HT] at y = 0.35 uM min~!. ¢ Bifurcation diagrams of [PKA]
(blue) and gg (red) versus [5-HT] at y = 0.5 uM min~!

3.2 Induction of short-, intermediate-, and long-term
synaptic facilitation under four different SHT
stimulations

3.2.1 Measures of short-, intermediate-, and
long-term synaptic facilitation

In the sensory neuron, stimulation using one, three,
four, and five pulses of SHT give rise to three indepen-
dent phases of PKA activation, which are shown to be
correlated with three distinct phases of synaptic facili-
tation of the SN-MN synapse based on measurements
of increases in EPSP [7,18]. Thus, we next examine
the amplitudes of EPSP at 15 min, 2 h and 24 h after
stimulation to acquire the induction of STF, ITF, and
LTF of the synapse, respectively.

The presynaptic action potential (V) and EPSP are
illustrated in Fig. 4. Following one pulse of SHT stim-
ulation, there are notable increases in the time dura-
tion of the presynaptic action potential and amplitude
of EPSP at 15 min after stimulation, whereas there is
almost no change at 2 h or 24 h after stimulation (see
Fig.4al-d1). As shown in Fig. 4a2—d2, similar impacts
on presynaptic action potential and EPSP are observed
following three pulses of SHT exposure. These findings
provide evidence in support of the consensus that both
one and three pulses of SHT stimulation only induce
STF. Application of four pulses of SHT results in sig-
nificant increases in the spike time duration and ampli-
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Fig. 3 Time courses of V (a1)
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tude of EPSP at both 15 min and 2 h but has no effect at
24 h after stimulation (see Fig. 4a3—d3), indicating that
four pulses of SHT stimulation can produce STF and
ITF but not LTF. As shown in Fig.4a4—d4, the spike
duration and EPSP amplitude at 15 min, 2 h and 24 h
after application of five pulses of SHT exposure are all
markedly elevated, suggesting the generation of STF,
ITF, and LTF.

3.2.2 Molecular mechanisms underlying short-,
intermediate-, and long-term synaptic
facilitation

We further discuss changes at the molecular levels to
elucidate molecular mechanisms underlying the three
temporal phases of synaptic facilitation. Figure Sal—a4
shows the time courses of [SHT] in the four stimulus
protocols of one, three, four, and five pulses of SHT
exposure. Application of one or three pulses of SHT
only evoke transient PKA activation (see Fig. 5bl, b2),
which is not enough to induce high levels of ApNT
mRNA and ApNT protein (see Fig. 5c1-d1 and c2—d2).
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A minor increase in ApNT provides little feedback to
PKA activity, and so PKA has to return to baseline soon
after stimulation. Correspondingly, the conductance of
the K channel (gx) decreases transiently, so short-
term increases occur in the spike duration and EPSP
amplitude (see Fig. Sel-gl and e2—-g2).

Four pulses of SHT enhance PKA activity for sev-
eral hours, resulting in a temporary elevation of ApNT
mRNA and ApNT protein levels, followed by rapid
decay (see Fig. 5b3—d3). As a result, the spike duration
and the EPSP amplitude increase with decreasing gg,
and then decrease within hours with elevation of gg
(see Fig.5e3—-g3).

Following the application of five pulses of SHT,
[PKA] shows an oscillatory increase for about four
hours before returning to its basal level, with a fur-
ther an elevation of ApNT mRNA levels for about five
hours owing to time delays in gene transcription and
translation (see Fig. 5b4, c4). Accordingly, the increase
in the ApNT protein concentrations activates PKA for
about ten hours through positive feedback, such that the
low PKA activity increases again and remains at a high
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Fig.4 Presynaptic action potentials and EPSPs following stimu-
lations with one, three, four, and five pulses of SHT. al-a4 Rep-
resentative presynaptic action potential traces before and after
stimulation. bl-b4 Durations of the action potential, normal-

level thereafter (see Fig. 5b4—d4). In addition, the con-
ductance of the K+ channel decreases to a low level and
so both the spike duration and the amplitude of EPSP
increase and persist at high levels (see Fig. 5e4—g4).

ized to the spike duration without stimulation, before and after
stimulation. c1-c4 Representative EPSP traces before and after
stimulation. d1-d4 Amplitudes of EPSP, normalized to the EPSP
amplitude without stimulation, before and after stimulation

3.2.3 Sensitivity analysis of short-, intermediate-, and
long-term synaptic facilitation to all the
parameters

As parameter values can affect system dynamics,

it is possible that the simulation results for different
phases of synaptic facilitation would change when the
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model parameters are varied. To examine the sensitivity
of STF, ITF, and LTF to variations in parameter values,
we alter each parameter in equations (1)-(4) by 10%
and examine changes in EPSP amplitudes at 15 min,
2 h, and 24 h after five pulses of SHT application (see
Fig.6).

Figure 6a illustrates the time course of normalized
EPSP amplitude after stimulation, when all parameters
take default values, and indicates the points for sensi-

Intermediate-term (2 hr)

Long-term (24 hr)

tivity testing in the three stages of synaptic facilitation.
In Fig. 6b—d, each pair of blue bar and yellow bar corre-
sponds to the percentage change in the EPSP amplitude
with +10% and —10% changes in parameter values,
relative to the case with the default value of one param-
eter. As shown in Fig. 6b, STF showed low sensitivity
to all 17 parameters, as measured by the EPSP ampli-
tude at 15 min after stimulation. ITF, as represented
by the EPSP amplitude at 2 h after stimulation, varies
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with moderate sensitivity for ten of the parameters and
with low sensitivity for the remaining parameters (see
Fig. 6¢). However, the sensitivity of LTF, as measured
by the EPSP amplitude at 24 h after stimulation, is low
only for two of the parameters; it is high for all of the
other parameters (see Fig.6d). The high sensitivity of
LTF is critical for simulating the threshold pulses of
SHT for the induction of the long-term phase of synap-
tic facilitation.

In summary, all the results presented above suggest
that one or three pulses of SHT can induce a short-term
phase of PKA activity and STF, whereas four pulses
of SHT stimulation can produce an intermediate-term
phase of PKA activity and ITF. Moreover, five pulses of
SHT generate both intermediate- and long-term phases
of PKA activity, as well as ITF and LTF, with ITF
decaying back to baseline several hours before the
emergence of LTF. These simulation results obtained
with our model are consistent with experimental find-
ings [7]. In addition, STF and ITF are not sensitive to
most of the parameters, but LTF is sensitive to almost
all parameters.

3.3 Induction of ITF and LTF requires protein and
mRNA synthesis

Induction of STF requires neither protein nor RNA
synthesis, whereas ITF relies on translation but not
transcription, and LTF depends on both transcription
and translation [6]. Thereby, we try to verify ITF
induced by four or five pulses of SHT and LTF induced
by five pulses of SHT by inhibiting ApNT protein or
mRNA synthesis, when controlling the rate coefficients
of translation and transcription § and S, respectively.

When translation is blocked (§ = 0), the EPSP
amplitude is elevated significantly at 15 min but not at 2
h or 24 h after stimulation, as shown in Fig. 7al, b1, a3,
b3; thus, both ITF and LTF are abolished by inhibition
of protein synthesis. When transcription is repressed
(B = 0), there is an increase in the amplitude of EPSP
at both 15 min and 2 h but not 24 h after stimulation
(see Fig.7a2, b2, a4, b4), suggesting that inhibition of
mRNA synthesis only prevents LTF produced by five
pulses of SHT.

We further explore the molecular requirements of
ITF and LTF based on the dynamics of the [PKA] con-
centration and the conductance of the K™ channel gx
(see Fig. 8). In the case of repression of protein synthe-

@ Springer

sis (6 = 0), transient PKA activation leads to a brief
decrease in the conductance of the KT channel that
can only give rise to a short-term increase in the EPSP
amplitude (see Fig.8al—cl and a3—c3). When 8 = 0,
PKA activity is enhanced, reducing K+ conductance
and elevating the EPSP amplitude for a few hours after
four or five pulses of SHT application (see Fig. 8a2—
c2 and ad4—c4), implying that ITF can be induced even
when the gene transcription process is blocked.

In conclusion, we have confirmed that ITF relies on
translation and LTF depends on both translation and
transcription, requiring different stages of gene expres-
sion.

3.4 Contribution of time delays in transcription and
translation to number of pulses of SHT required
for onset of LTF

A long time is required for new mRNA and protein syn-
thesis in the long-term phase of persistent PKA activity,
as well as the long-term form of synaptic facilitation,
resulting in delayed onset of LTF after spaced exposure
to SHT. Therefore, we explore the effects of time delays
71 and 17 in the transcription and translation processes
on the threshold of the number of pulses required for the
long-term phase of PKA activity. Here, we still allow
for a pulse of 10 wM SHT for 5 min with an inter-pulse
interval of 15 min.

As described above, stimulation with three, four,
and five pulses of SHT generate short-, intermediate-,
and long-term PKA activation at (71, 72) = (3 h, 3 h),
respectively. Next, we control the time delays t; and
7> simultaneously to examine the PKA activity under
the three stimulation conditions. As shown in Fig.9a,
three pulses of SHT exposure causes short-term PKA
activation at (71, ©2) = (4 h,4h), (1, ») = (3h, 3 h),
and (71, 2) = (2 h, 2 h), but long-term PKA activa-
tion when (71, 20) = (0 h, 0 h). Application of four
pulses of SHT activates PKA for the intermediate-term
phase at (71, 72) = (4 h,4 h) and (71, 2) = (3 h, 3 h),
but for the long-term phase at (11, 72) = (2 h,2 h)
and (71, 72) = (0 h, 0 h) (see Fig.9b). Following five
pulses of SHT, long-term PKA activation is induced
at (tr1,2) = (3 h,3 h), (r1,2) = (2 h,2 h), and
(11, 2) = (0 h, 0 h), whereas the intermediate-term
phase of PKA activity appears at (1, 72) = (4 h,4 h)
(see Fig.9c). These results indicate that lower (higher)
total time lags in the mRNA and protein synthesis
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processes decrease (increase) the number of repeated
pulses of SHT required for long-term PKA activation,
which may correlate with the number of SHT applica-
tions required for LTF. Thus, we further consider the
threshold of the number of pulses of SHT needed for
induction of the long-term phase of synaptic facilitation
under different time delays. As shown in Fig. 10, the
induction of LTF requires three to eight spaced pulses
of SHT when the values of both 71 and 7, range from
0 to 6 h. Thus, the number of repeated SHT pulses for
LTF can be further regulated by the total value of the
time delay in the system.

4 Discussion

Experiments on synaptic plasticity in Aplysia confirm
that three distinct temporal phases of synaptic facil-
itation (short-, intermediate-, and long-term) can be
induced at the SN-MN synapse by different patterns
of SHT treatment [6,12]. To probe the mechanisms
responsible for the induction of these three stages of
facilitation, we develop a multi-scale mathematical
model with time delays representing key biochemi-
cal processes related to synaptic plasticity involving

regulation of gene expression, presynaptic membrane
potential, and EPSP. Bifurcation analysis of the model
is performed to reveal the nonlinear dynamics. The
two-parameter bifurcation diagram with respect to the
stimulus strength and the positive feedback strength is
divided into a bistable region and a monostable region
by the saddle-node bifurcation curves. For different
positive feedback strength, one-parameter bifurcation
analysis of the model demonstrates reversible and irre-
versible bistable switches based on a positive feedback
loop. Specifically, the irreversible switch permanently
elevates SHT stimulated PKA at the high stable steady
state, which may correlate with the induction of LTF.
The model is validated by confirmation of experi-
mental findings that one or three pulses of SHT gen-
erate short-term phase of PKA activity and STF, and
four pulses of SHT give rise to intermediate-term PKA
activation and ITF, whereas five pulses of SHT lead to
both intermediate- and long-term modes of PKA acti-
vation and thus ITF and LTF. Notably, the sustained
high level of PKA activity after stimulation is due to
the positive feedback loop composed of PKA activation
and regulation of ApNT expression in the system. Fur-
ther simulations through repression of translation and
transcription in the model demonstrate that the induc-
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Fig.10 The threshold number of pulses of SHT for LTF is depen-
dent on time delays 7| and 1

tion of STF requires neither mRNA nor protein syn-
thesis, whereas ITF relies on protein but not mRNA
synthesis, and LTF depends on both mRNA and pro-
tein synthesis. These simulation results are also in line
with experimental observations.

Just like different phases of facilitation reported in
experimental studies, ITF expressed immediately after
SHT exposure decays to baseline within 3 h, whereas
LTF is not expressed before 10 h after SHT admin-
istration. In the model, the delayed onset of LTF can
be attributed primarily to the time needed for the syn-
thesis of mRNA and protein. We therefore alter time
delays in transcription and translation to determine the
threshold of the number of SHT pulses required for the
induction of LTF. We conclude that the pulse number
increases with the total values of the time delay. These
results signify that the number of repeated SHT pulses
for LTF can be controlled by time delays.

This paper develop a computational model to expound
the dynamical mechanisms of SN-MN synapses under-
lying the induction of three stages of synaptic facilita-
tion in Aplysia. The model also provides a framework
for understanding other similar processes, and can be
used in the biophysical modeling of neural systems for
synaptic plasticity, learning and memory. In addition,
mathematical modeling and dynamical analysis may
establish supporting theories for experimental studies.
Accordingly, the model can be used in neuroscience
research to connect extensive biophysical processes

associated with synaptic plasticity and reveal the under-
lying complex dynamics of experimental phenomena.

Recent studies suggest that short-term synaptic plas-
ticity in Aplysia is induced by covalent modifications
on one side of the synapse, whereas long-term plas-
ticity is expressed by synaptic remodeling involving
both sides [30]. Furthermore, the presynaptic positive
feedback loop consists of presynaptic PKA and ApNT,;
a transsynaptic positive feedback loop involving PKA
and ApNT in the presynaptic neuron and ApNT in the
postsynaptic neuron also contributes to synaptic facili-
tation at the SN-MN synapse [30]. Our proposed model
introduces the presynaptic positive feedback loop but
does not consider the transsynaptic one. In future work,
we will further investigate both presynaptic and post-
synaptic mechanisms and focus on cooperative inter-
actions between them that are essential for synaptic
plasticity.
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