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Simulation on the Neuronal Parabolic Bursting of abdominal ganglion of Aplysia jullana
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This paper traced the partial character in the physiology of the abdominal ganglion of Aplysia
juliana commonly found in eastern Asian pacific coast. In addition the simulation of the bursting
activity of a neuron in Aplysia juliana recorded at the neurobiophysics laboratory in Cheju National

University.

But J. Rinzel and Y. S. Lee have showed that parabolic R-15 type bursts can be

generated with a calcium-activated potassium channel. The experimentally measured data have
been compared with the result of simulation by using Mathematica program and their model was

appropriate for the simulation.

I. INTRODUCTION

Many of the neurons of Aplysia abdominal
ganglion display spontaneous activity in one
of two common forms: a more or less regular
firing pattern known as "beating”, or clus-
ters of action potentials separated by rela-
tively long period of hyperpolarization known
as "bursting”. [1]

The R15 cell in the abdominal ganglion of
Aplysia has been used extensively to gain in-
sights into the biophysical mechanisms under-
lying endogeneous bursting activity in nerve
cells: [2] It fires membrane action potentials
in bursts, consisting of regular trains of action
potentials separated by silent periods during
which the membrane potential is hyperpolar-
ized. The burst rhythm persists for many
hours with constant frequency. [3] In R15, the
spike frequency increases until the midburst
and then decreases again (i.e., a parabolic
burst). And a number of Hodgkin-Huxley
equivalent circuit models of R15 have been
developed that simulate aspects of the activ-
ity of R15. [1-9]

In this paper. we partially charactered
physiology of the abdominal ganglion of
Aplysia juliana, which are commonly found in
Eastern Asian Pacific coastal lines, {10]. and
simulated the bursting activity of a neuron
in Aplysia jultana recorded at the neurobio-
physics Lab in Cheju National University by
using Mathematica program for evaluation.

II. MATERIALS AND METHODS

Animals.

Aplysia juliana were purchased from pro-
fessional sea-divers in Jeju. Aplysia juliana
looked similar to Aplysia kurodai in body
color pattern, it did not have inking behavior.
Animals were maintained in a recircular sea
water bath at 17°C.[{10]

III. ELECTROPHYSIOLOGY

The membrane potential of neurons in the
intact abdominal ganglia was recorded by us-
ing Nueroprove Amplifier(Model 1600) with
microelectrodes filled with 3MKCI. The
Impedance of microelectrodes ranged from 5
to 15 MQ. Data was registered by using A/D
converter with LabVIEW.[10]

IV. EXPERIMENTAL RESULTS

The Nervous system of Aplysia juliana can
be divided into two parts, the head ganglia
and the abdominal ganglion. The circume-
sophageal ring forms around the esophagus
and consists of eight head ganglia: two fused
cerebrals, two pedals, two plurals, and two
buccals. They are arrayed in symmetrical
pairs with nerve connectives. They are known
to be mainly involved in the somatic func-
tions of controlling movements of the muscu-
lature. The viceral connectives between the
plural and abdominal ganglia are long and
abdominal ganglion lies some distance behind
the central ganglia. The asymmetric abdomi-
nal ganglion controls many visceral functions
such as reproductive, excretory, circulatory.
and respiratory functions. The ganglion is
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FIG. 1: A: A bursting pattern recorded from
the abdominal ganglion of Aplysia juliana at the
neurobiophysics laboratory in CNU. B,C: The
recorded action potentials at compressed time
scale.

also involved in egg-laying behavior. {10] The
connective tissue sheath enclosing the gan-
glia and nerve connectives of Aplysia juliana
was about 200 to 300 wm in thickness, only
half the size of that of Aplysia kuroda:. The
abdominal ganglion of Aplysia juliana also
seemed to deviate in overall structure from
the prototype ganglia of Aplysia kurodai. The
paired bag cell clusteres of Aplysia juliana ap-
peared to develop prominently, often reach-
ing almost the size of the hemiganglia. The
bursting activity of a neuron in Aplysia ju-
liana recorded at the neurobiophysics labora-
tory in Cheju National University was shown
in FIG.1.

V. MODELS

All living cells are enclosed by a thin mem-
brane, which is made up of phospholipid and
protein molecules. The phospholipids provide
the basic structure of the membrane and the
proteins carry out specific functions. Embed-
ded in the phospholipid bilayer are many dif-
ferent types of protein molecules. The ability
of proteins to control the flow of ions is the
underlying reason for the electrical activity
exhibited by many types of cells. The driving
force for ionic movement through open chan-
nels stems from the differences in the electric
potential and the ionic concentrations across
the membrane. The membrane potential is
the voltage difference that exists across all
biological membranes. It arises from an im-
balance of electrical charges across the mem-
brane, as well as ionic current flow through
the membrane. Thus, there are two forces
acting on any ion, namely an electrostatic
force due to the membrane potential and a
diffusional force due to the concentration dif-
ferences.

In particular, the membrane can be
thought of as a leaky capacitor. The mem-
brane current 7, thus is the sum of the ca-
pacitive current and all ionic currents, viz.,

. av
m = CmE+ZIionsa (1)

where C,, is more-or-less constant specific
capacitance of the membrane, V is the mem-
brane potential, ¢ is the time, and 3 I,ns
is the sum of all ionic currents, depending
on the types of channels present in the mem-
brane.

Normally, ¢,, is zero, due to Kirchhoff’s
Law, which essentially restates the law of con-
servation for charge. That is, the capacitive
and ionic currents are in balance,

dv
Cm'at— = -Zlionsr (2)

The above expression forms the start-
ing point for all mathematical models of
membrane electrical activity following the
Hodgkin-Huxley modeling theory. An impor-
tant assumption is that all ionic currents flow
independently of each other.
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In particular, by Ohm’s Law,

V -V,
11071 = _zon_’ 3
Rion ( )

where R,,, is the resistance of mem-
brane to the ion. However, instead of re-
sistence, physiologists prefer to use conduc-
tance, which is the reciprocal of resistance.
Defining the conductance of the ion, g;,,. to
be

ion — 5 4
g R (4)

equation (3) becomes

Izon = gion(‘/’ - ‘/m'n)‘ (5)
The conductance g;,, in effect measures
the permeability of the membrane to the ion.

VI. THE PLANT MODEL

The R-15 pacemaker neuron of Aplysia
fires membrane action potentials in bursts,
and perhaps it is the most widely-studied
bursting pacemaker. Although a number of
Hodgkin-Huxley equivalent circuit models of
R-15 have been developed, the form studied
here is taken from Plant’s paper.[5]

Following the scheme introduced by
Hodgkin and Huxley. the conductance of the
voltage-gated Na*. and K% channel is writ-
ten as

gNa = gNamgo h, (6)

gk = gkxn®. (7)

where gna, i are the maximum conduc-
tance of the channels and m is the voltage
dependency of the steady-state function, h is
inactivation parameter, and n? is the fraction
of K+ activation. Similarly, the conductance
of the voltage-gated Ca?* channel is written
as

9Ca = JCa T . (8)

where a slowly activating conductance, r,
may include sodium and calcium. The con-
ductance for the Ca®*- activated K+ channel
is written by Plant as

Ca/Kd

1+C(1/1\’d. (9)

9K-Ca = JK-Ca

where gx - ¢4 is the maximum conductance
of the channel, Ca is the intracellular calcium
concentration, and Ky is the dissociation con-
stant for Ca®* bound to channel gate.

The flow of other ions is reflected in a leak-
age current of non-specific nature. The leak-
age current is assumed to have a constant,
relatively small, conductance g .

Based on equations (5) - (9), the ionic cur-
rents are

Ina(V) = gnam> h (V= Vna),  (10)

Ix(V) = g n® (V-Vk), (11)

Ica(V) = geax (V= Veg). (12)
Ik_ca(V) = gK—Ca%: (V - Vk).
(13)

I(V) = go(V-Vp), (14)

where Ing. Ix, Ica. I5c_ca. IL are the cur-
rents flowing through the voltage-gated
Nat,Ca®**, and K* channels, the Ca?*-
activated K+ channel, and the leakage chan-
nel respectively. Viq, Vi, Vea, and Vi, are
the Nernst potentials for sodium, potassium,
calcium, and the leakage respectively.

From equation (2), the rate of change for
the membrane potential V then satisfies
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o = —lna(V)+ Ix(V) +
Ica(V)+ Ik_co(V) + IL(V)],

(15)
The inactivation and activation variables

h.n, and z satisfy the relaxation equations
introduced by Hodgkin and Huxley, namely,

dh hoo(V) —h

@~ oy W
dn _ ne(V)-n

2 (0 L
dx _ a:oo(V)—:c’ (18)

dt Ta

The voltage dependencies of the steady-
state functions h., and n.., and the func-
tions T, 7, corresponding to the time con-
stants have exactly the same form as in
Hodgkin and Huxley model. However, be-
cause of the proposed importance of the
change in the intracellular calcium concentra-
tion, a fifth equation is required. The equa-
tion for Ca thus is

% = plKcxz (Vea — V) — Cal, (19)

The variable Ca represents the calcium
ion concentration at the inner face of the
membrane. It is increased by inward cal-
cium current at a rate p K. z (Vo — V)
where V-, is the equilibrium potential for cal-
cium(assumed constant), and it is decreased
at a rate p Ca.

The definition of the steady-state func-
tions Mec, hoos Moo and T and the functions

VII. RINZEL AND LEE’S FAST AND
SLOW PROCESSES

Without question, Ca is the slowest vari-
able while V, h, and n are substantially faster

Th(V), (V) complete the description of the
Plant model. They are

. ay(V)
YoolV) = —=L———, (20)
ay (V) + By(V)
_ 3.8
(V) = ——1 (21
R G PN
fory = m, hyn,and z = h, n, where
50-V
Qm(V) = O'IF‘ (22)
e 1w —1
Bn(V) = €™, (23)
an(V) = 0.07e5m, (24)
1
Br(V) = =0, (25)
e 6 +1
-V
an(V) = 0012V (95)
e _
Ba(V) = 0.125¢" 5, (27)
V) = ! 28
(V) = AB VI 1 (28)

Here a,(V), 3,(V) (y =m, h, n) are ac-
tivation time constants and inactivation time

constant respectively. Moreover V = %V%—

8285 = 1.21V +78.71. and unit’s of a’s, and

8’s are 3.

than . Based on these comparisons we iden-
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FIG. 2: Membrane currents contributing to the electrical activity. A: Left top panel illustrates a burst
generated by the Rinzel and Lee’s model with the parameters represented in section V. B,C,D: the
total ionic current lion, fast inward Na¥ current In., delayed rectifier current Ix contributing to
the spikes during a burst are plotted respectively below the membrane potential on the same time
scale. E: Corresponding level of Ca are shown in the right top panel. F, G, H:The slow inward Ca?t
current Icq, the outward Ca*-activated K+ current /x _ca, and the leakage current I are illustrated
respectively below it.

tify the fast subsystem (FAST) as
dh heo(V)—h

= = 3
dt (V) ! (30)
W p(V.honiz,Ca) dn _ neV)—m (31)
dt s dt m(V)
—  —[Iar -V
- 5_’““ Mo AV = Viva) in which r and Ca are treated as parame-
—gca  (V = Vea) ters. The slow subsystems (SLOW) is
Ca
_ 4 _
(g n* + 0k-ca ———) (V - Vg
(9w m gr-c os+ca VTV dr  ax(V)-z (32)
—g(V = Vi), (29) dt Ty '
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dd%zp[ch(Vca—V)—Ca]. (33)

where V = V(t;z,Ca) is an attracting so-
lution of Egs. (29)-(31).[8]

The key idea in Rinzel's treatment of the
system is to identify a fast and a slow sub-
system. Due to the smallness of the p in
Eq.(33), the time course of Ca is much slower
than that of the remaining variables, V and
n. In fact, the dynamics of Ca determine the
time scale of the slow overall periodic behav-
jor. [11]

A common feature of these model is that
bursting cells have an inward current (which
depolarizes the membrane) and a competing
outward current (which hyperpolarizes the
membrane). These competing currents are
the basic components of the spikes during
the active phase. There is also an outward
"pacemaker” current which, is modulated by
activation of Ca-dependent K-channels. The
termination of the spike train, thus, is due
to the activation of a calcium-dependent out-
ward potassium current, and this activation
switches the membrane to hyperpolarization.
(3]

The model has a slowley activating conduc-
tance, z, for inward current which, in general,
may include sodium and calcium. The accu-
mulation of calcium during the burst turns on
9k -ca (an outward current) which counter-
acts the slow inward current. During the in-
terburst or silent phase, this conductance de-
cays as calcium is removed. The consequenct
slow depolarization eventually leads to re-
activation of the slow V-dependent inward
current, onset of the active phase, and thus

il

Once the bifurcation structure of the fast
subsystem is understood, the dynamics of Ca
are included in order to account for the over-
all bursting behavior. The first step in the bi-
furcation analysis is to determine the steady
states. We require,

to activation of the rapid, spike-generating
currents.[§]

There is evidence that the termination of
the bursts, and the interburst hyperpolariza-
tion that follows, are the results of an increase
in the intracellular Ca®* ionic concentration.
The increase in [Ca?*); is brought about by
the action of the voltage-gated Ca?* chan-
nels during the burst of spikes. Calcium entry
through this channel is vital to diverse neu-
ronal functions such as transmitter release,
spike initiation, and rhymic firing. [3]

VIII. SIMULATION OF THE
BURSTING ACTIVITY OF A NEURON
IN Aplysia juliana

The values of all parameters we used in this
simulation are as follows:

Cro = 1uF/em?, Vo = 42mV,
Voo = 150mV, Vi = — 120mV,
Vo = —40mV, gne = 4.0mmho/cm?,
dca = 0.0061mmho/cm?,
gk = O.Smmho/cmz,
Gk-ca = 0.03mmho/cm?,
gL = 0.02mmho/em?, p = 0.00001497%,
K. = 0.0399%,
A=09 B = -2 1 = 255

Membrane currents contributing to the
electrical activity during a typical burst was
shown in FIG.2. Left top panel of FIG.2 illus-
trates a burst generated with the parameters
shown just before. The the fast inward cur-
rent In,, the delayed rectifying K+ current
Ik, the slow inward Ca?t current Ic,, the
Ca?*-activated K+ current Tx_c,, and the
leak current I, contributing to the spikes dur-
ing a burst are plotted below the membrane
potential on the same time scale.

Iss(V;Ca)
gNa mooshoc(v)(v - VNa)
+9Ca Too (V - VCa)

Ca
g L —_— (V = V]
+{ gk noo® + gr_ca 083 Ca ( )
+gL(V - Vi)
= 0. (34)
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FIG. 3: A. Comparison of an action potential recorded from the exemplar cell(the dark one) and a
simulated action potential (the light one). B. The solid curves are the simulated action potentials
obtained fromed the Rinzel and Lee’s model and the dasded curves are the recorded action potentials
for comparison of mambrane voltage behavior between action potentials.

Note that we denote Ca as a parameter in
Iss by use of the semicolon.

Fig.4A,B,C show the behavior of Iss as a
function of V for several biophysical values of
JNa- 9K - Ca, and Ca respectively. Fig.4D also

IX. DISCUSSION

For the evaluation and algebraic manipula-
tion of analytic prescriptions, many modelers
have used symbol manipulation program like
Mathematica and Maple with success. [12]

In this paper, using Mathematica program,
we have simulated the bursting activity of
neuron R15 in  Aplysia juliana recorded at

shows that there is one steady state (Iss =
0 ) at high value of V. Similarly, for lower
values of V| there are three and four steady
states. [11]

the Neurobiophysics laboratory in CNU. The
Rinzel and Lee’s model based on the Plant’s
model was use to simulate the activity of R15.
Although the recorded and simulated results
did not coincided exactly, we saw the possi-
bility to have better results in the near future.
Membrane currents and Steady-State I-V re-
lationships contributing to the electrical ac-
tivity will be analyzed.
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FIG. 4: A: Iss as a function of V for gna= 0.0, 2.0, 3.0, and 4.0. B: Iss as a function of V for gx—ca=
0.0, 0.03, 0.1, and 0.3. C: Iss as a function of V for Ca= 0.004, 0.04, 0.4, and 1.0. D: Curve of steady
states of the fast subsystem.
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