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Neurons in the brain utilize various firing trains to encode the input signals they have received. Firing behavior of
one single neuron is thoroughly explained by using a bifurcation diagram from polarized resting to firing, and then to
depolarized resting. This explanation provides an important theoretical principle for understanding neuronal biophysical
behaviors. This paper reports the novel experimental and modeling results of the modification of such a bifurcation dia-
gram by adjusting small conductance potassium (SK) channel. In experiments, changes in excitability and depolarization
block in nucleus accumbens shell and medium-spiny projection neurons are explored by increasing the intensity of injected
current and blocking the SK channels by apamin. A shift of bifurcation points is observed. Then, a Hodgkin—Huxley type
model including the main electrophysiological processes of such neurons is developed to reproduce the experimental results.
The reduction of SK channel conductance also shifts the bifurcations, which is in consistence with experiment. A global
bifurcation paradigm of this shift is obtained by adjusting two parameters, intensity of injected current and SK channel con-
ductance. This work reveals the dynamics underpinning modulation of neuronal firing behaviors by biologically important
ionic conductance. The results indicate that small ionic conductance other than that responsible for spike generation can
modify bifurcation points and shift the bifurcation diagram and, thus, change neuronal excitability and adaptation.
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1. Introduction

Even a single neuron is a complex physical system. Neu-
rons receive, transform, and output information in the nervous
system. The functional output signal of a neuron, by defini-
tion, is the action potential.!'! Usually, an action potential oc-
curs when the input to a neuron drives its membrane poten-
tial from polarized resting, resting membrane potential state
around —80 mV formed by unequal (polarized) distribution of
potassium and sodium ions, to a threshold. When the mem-
brane potential increases across this threshold, neuron fires an
all-or-none action potential. The generation of one action po-
tential waveform is also termed a firing or a spike. Under
input with bigger strength, neurons increase firing frequency
and then transit into a depolarized resting, a resting membrane
potential state around —15 mV formed by less polarized dis-
tribution of potassium and sodium ions. The transition from
polarized resting to firing is one threshold, while the transi-
tion from firing to the depolarized resting is the other thresh-
old. Because this transition from firing to depolarized resting
is caused by the blockage of sodium channel activation, it is
also termed a depolarization block.?! In the working brain, all
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neurons function between these two thresholds under contin-
uous driving input from its neighbor neurons. Globally, the
three states segregated by these two thresholds are polarized
resting, various firing pattern, and depolarized resting.[>-01 A
general bifurcation diagram including two bifurcation points
obtained by using input current as the control parameter has
been employed in modeling to globally reveal the dynamics of
neuronal firing. In contrast, experimentation purposely cover-
ing both of the two bifurcations is rarely reported.

The transition from polarized resting to firing has been
investigated in biophysical experiments. Such a transition is
generally used to represent intrinsic membrane excitability.
By using stepwise current injection the changes in intrinsic
membrane excitability have been thoroughly investigated.”-8]
For example, in nucleus accumbens shell (NAcSh) medium-
spiny projection neurons (MSNs) mediating emotional and
motivational signals by various firing trains, prolonged cur-
rent injection has been frequently used to study changes in
excitability involved in drug abuse. In a series of studies on
drug addiction, intrinsic membrane excitability of MSNs has
been found to exhibit very rich changes after different co-
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caine administration procedures. Afterhyperpolarization po-
tential (AHP) plays an important role in such changes."!
AHP describes the hyperpolarization phase of an action po-
tential waveform where the membrane potential falls below
the normal resting potential. During withdrawal from re-
peated morphine exposure, intrinsic membrane excitability
of MSNs was enhanced and both apamin-sensitive AHP and
apamin-insensitive AHP were found to decrease.!'”) This ex-
perimental evidence implies that there is a relationship be-
tween cocaine/morphine withdrawal and variation in AHP. Ion
currents underlying AHP are mediated by small-conductance
voltage-insensitive Ca’*-activated K* channels (SK chan-
nels). Recent experiments also found that intrinsic excitabil-
ity of MSNs was inhibited by changing SK channel con-
ductance during withdrawal from repeated cocaine or am-
phetamine exposure.!>!!l These indicate a possibility that by
adjusting SK channel expression on MSN membranes abused
drugs could change intrinsic excitability via adjusting bifurca-
tion from polarized resting to firing.

The transition from firing to depolarized resting has also
been investigated in biophysical experiments. For example, in
response to prolonged depolarizing current steps, some MSNs
showed transition from firing to depolarized resting.['"! The
transition from continuous firing to resting induced by increas-
ing injection current is a depolarization block with a dynamics
of bifurcation from superthreshold limit cycle oscillation to a
resting point,!?! which is commonly seen in the nervous sys-
tem and is of significant biological importance. For example, a
depolarization block appears to be one important mechanism
to suppress network hyperactivity,['?! which may be of rele-
vance to originating or spreading of seizures. In addition, an-
tipsychotic drugs achieve their effects by alleviating psychotic
features of schizophrenia!'*! via inducing depolarization block
in dopamine neurons. ['415)

From the perspective of physics, the dynamics of the
above separately obtained experimental results should be ex-
plained in consistency. Dynamic modeling has revealed that
resting and repeated firing are generated from stable equilib-
rium and limit cycle attractor, respectively. When the strength
of injected current is used as a control parameter, the behav-
ior of their membrane potential oscillation could be driven to
evolve between resting and firing. Studies using Hodgkin—
Huxley model have reveled that the resting-to-spiking behav-
ior corresponds to a transition away from equilibrium point to
a limit cycle. On the other hand, the spiking-to-resting transi-
tion corresponds to a transition away from a limit cycle to an-
other equilibrium point. Bifurcation diagram including these
two transition provides a general and global paradigm for evo-
lution of firing behavior of neurons.!'%! This general paradigm
needs to be extended to specific neurons with richer ionic com-
ponents. The present study will apply this general paradigm to

MSNs and provide experimental evidence for further studying
the role of SK channels in modifying the bifurcation diagram
and the evolution of firing behavior.

In this paper, we report on novel experimental results as
well as modeling the results of the modification of a bifurca-
tion diagram underpinning neuronal firing behavior by biolog-
ically important ionic conductance. In Section 2 the materials
and methods employed in the work are shown. The results
are presented in Section 3. The conclusions and discussions
drawn from this work are given in Section 4.

2. Materials and methods

2.1. NAcSh slice preparation, cell selection, and electro-
physiology

All procedures were performed in accordance with the
institutional guidelines for the Care and Use of Laboratory
Animals as approved by Animal Care Committee of Shaanxi
Normal University. Spragur—Dawley rats (21-30 day old)
were anesthetized with chloralhydrate (400 mg/kg, intraperi-
toneally) and decapitated. Sagittal slices (300 mm) of the nu-
cleus accumbens shell were obtained with a vibratome (Vi-
bratome 1000 plus, Vibratome Company, St. Louis, Missouri,
USA) in oxygenated (95% O, + 5% CO,) and ice-cold artifi-
cial cerebrospinal fluid (ACSF) containing: 125 mM of NaCl,
3 mM of KCl, 2.4 mM of CaCl,, 1.2 mM of MgCl,, 26 mM of
NaHCOs3, 1.25 mM of NaH;POy4, and 10 mM of glucose. The
slices were transferred to a holding chamber and incubated in
oxygenated ACSF at room temperature for at least 1 h before
recording.

The brain slices were anchored in the recording cham-
ber and perfused with oxygenated ACSF continuously at room
temperature (flow rate 1 ml/min—2 ml/min). The cells were
visualized using infrared-differential interference contrast op-
tics. MSNs in NAcSh were identified by their morphology and
high resting membrane potential (<75 mV to — 85 mV). Stan-
dard whole-cell recordings were taken using a MultiClamp
700 B amplifier through an electrode (3 MQ-5 MQ) contain-
ing 120 mM of K-gluconate, 20 mM of KCI, 10 mM of 4-
(2- hydroxyethyl)- 1-piperazineethanesulfonic acid, 0.2 mM of
ethylene glycol tetra-acetic acid, 4 mM of Na; ATP, 2 mM of
MgCl,, and 0.3 mM of GTP-Tris, at pH 7.2-7.4 (285 mOsm—
295 mOsm) in all electrophysiological experiments. Current-
clamp recordings were used to measure evoked action poten-
tials, in which the resting membrane potential was normalized
to — 80 mV in acute slices. Neurons with their input resistance
oscillating at less than 20% were considered to be ‘stable’ and
included for data analysis. The current step protocol was from
—200 pA to 400 pA, in steps of 25 pA and 1-s duration; with

an inter-pulse interval of 10 s.
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2.2. Data acquisition, analysis, and statistics

In response to constant somatic current steps of increas-
ing strength, fi5j, MSNs fire continuously. In the input range,
that values of I, beyond the range of the linear increase for
the I/0O curve, MSNs eventually stop firing, reaching a depo-
larization block in which the membrane potential, during the
current injection, keeps constant, generally around —15 mV. It
is impossible to obtain the exact current intensity at which neu-
ron just goes through spiking-to-resting behavior in biological
experiment, let alone with discontinuous current step stimula-
tion. So, in response to current steps of increasing strength,
the amplitude of current injected at which MSN firing at first
time reaches the depolarization block within the duration of
the current step is considered as the spike-to-resting transition
current intensity, Iy,.

In electrophysiological recordings, two to five cells were
obtained from one rat. In all experiments, data acquisition,
and analysis were performed blindly. Numerical data in the
text and error bars in figures were expressed as a mean = stan-
dard error of the mean. Statistical significance was assessed
using Student’s paired t-test or two-way analysis of variance
(ANOVA). A P value of less than 0.05 was considered to be
statistically significant.

2.3. Computational model of NAcSh MSN

Simulation is performed using Microsoft Visual C++
and Matlab. The differential equations are solved using the
fourth order Runge—Kutta method in steps of 0.01 ms. Mat-
Cont software (which is freely available for download at
http://www.matcont.ugent.be/) based on Matlab is used for bi-
furcation analysis. The continuing equilibria, limit cycles (pe-
riodic orbits), and their bifurcations (including branch points)
of systems of ordinary differential equations (ODEs) are com-
puted with the same prediction—correction continuation algo-
rithm based on the Moore—Penrose matrix pseudo-inverse by
MatCont. The continuation of bifurcation points of equilibria
and limit cycles is based on bordering method and minimally
extended system. MatCont also provides access to all standard
ODE solvers supplied by Matlab, as well as to two new stiff
solvers, ode78 and ode87. We choose from ode 45, ode78, and
ode87 to achieve best precision of computation for bifurcation
diagram.

A simple one-compartmental Hodgkin—Huxley-type neu-
ronal model of MSN is constructed. Modified HH model
added SK current (Isg), SK channels, activated by submi-
cromolar intracellular Ca>*, are selectively coupled with N-
type voltage-gated calcium channels but not other calcium
channels, 718 then an N-type calcium current (Ic,N) is added
to our models. So, the model contains the sodium current
(INa), persistent potassium current (I ), leak current (I1,), N-
type calcium current (Ic,n), and SK current (Isk ), and is de-

scribed by the following equation

dv
Cﬁ_l INa — Ix — I, — Ican — Isk,

where
Ing = gNam3h(V - VNa)a
Ik = gKn4(V — VK),
IL=g.(V-W),

Ican = gCaNcaN( K/ (ki + [Ca® 1)) (V = Vica),
Isk gSK[Ca *i /([Cazﬂ +kg)(V — Ex).

Here gna, 8K, &L, gcaN, and gsk denote the maximal con-
ductance of sodium current, potassium current, leak current,
N-type calcium current, and SK current, respectively; V is the
membrane potential in millivolts; C is the total membrane ca-
pacitance; I is the injected current; Vn,, Vk, VL, and V¢, are
the reversal potentials of their corresponding currents, respec-
tively; m and h are the activation variable and inactivation vari-
able for sodium current, respectively; n is the activation vari-
able for potassium current; and, Cay is the activation variable
for N-type calcium current.

The gating variables are described as follows:

%'f = 0w (V) — (0 (V) + Bu(V))m
% = (V) — (e (V) + Bu(V))h,
% = 0y (V) = (0u(V) + Ba(V))n,
di;’N = (Can,. (V) — Cay)/Tcay (V).

The dynamics of intracellular calcium concentration
[Ca**]; are given by

d[Ca*"];

dt = _k11CaN —kz[Caer],'.

The parameters for gating variables and calcium dynam-
ics are

(V) = 0.0125(V +30) /(1 —exp(—(V +30)/10.0)),

)=
B(V) = 0.5exp(—(V +55.0)/18.0),
och( ) = 0.00875exp(—(V +55.0)/20.0),
Bu(V) =0.125/(1.0 +exp(—(V +25.0)/10.0)),
0, (V) = 0.00125(V +45.0) /(1 — exp(—(V +45.0)/10.0)),
B.(V) = 0.015625exp(—(V +55.0)/80.0),
v

Can, (V) =1.0/(1.0+exp(—(V +45.0)/7.0)),
Teay (V) = 18.0exp(—(V +70.0)2/5.0) +0.3.

The values of the parameters used for simulation are
given in Table 1. We use the parameters in the original
Hodgkin—Huxley model for the sodium, potassium, and leak
currents. These parameters are slightly modified to fit the ex-
perimental data of MSNs. However, the mechanisms high-
lighted are robust to parameter variations, and still hold using
the original values. The parameters for the N-type calcium

current are cited from Ref. [19].
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The global bifurcation can be obtained by adjusting con-
trol parameter /. Then, the changing of parameter gsk in mod-
eling and in experiment enables one to explore the role of SK
channels in modifying the global bifurcation diagram obtained
by adjusting control parameter /.

Table 1. Parameters used in the model.

Parameter  Value  Parameter Value Parameter  Value
c I pFlem?  gna 200.0mS/ecm? Ky, 0.0001
VNa 50 mV 2K 11.0 mS/cm? ki 0.002
Vk —82mV gL 2 mS/cm? ky 0.00125
Vi —-73mV  gean 2 mS/cm? kq 0.4
Vea 120 mV 85K 0.4 mS/cm?

3. Results
3.1. Biophysical experimentation

In previous neurophysiological studies of NAcSh MSNs,
two types of MSNs have been identified according to their
responsiveness to stepwise current injection.[!%) In these two
types, type I MSNs could be driven by the injected current to
transit across the threshold from polarized resting to firing. We
experimentally identify type II MSNs to study the bifurcation
from an equilibrium point to a limit cycle.

One typical example for responsiveness of NAcSh type 11
MSN to current injection before and after application of SK
channel blocker apamin is shown in Fig. 1(a). Before applica-
tion of apamin, when the intensity of injected current is 175 pA
and less, this type II MSN is still at rest. Then, it fires at fol-

control apamin
(a) P

20 mV]_,

200 ms

_{”"—1175 pA

400 pA

36

[\e}
N
.

Spike number
=
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(0] S R ) R
100 200 300 400
In.j/PA

lowing current steps up to 400 pA, and fires throughout the du-
ration of the current step. The current intensity of 200 pA is the
resting-to-firing transition current amplitude, named rheobase
current amplitude in neurobiology. The rheobase current am-
plitude decreases to 175 pA after application of apamin.

Since this type II MSN fires continuously when being
driven by current injection with intensities up to 200 pA and
more, maximum and minimal voltage values of the action
potentials can be used to show the relationship between fir-
ing amplitude and injected current intensity. An example for
this relation of this type II MSN neuron before application of
apamin is shown in Fig. 1(b).

In experiment, the MSN's observed show reasonable indi-
vidual variations. The main conclusion is reached by statistics
between different groups. When compared with the control
group, a bath application of apamin (100 nM) for 20 min se-
lectively blocking SK channel significantly increases the ac-
tion potential number [F(1,22) = 5.882, P < 0.05, n = 13,
two-way ANOVA; LSD post-hoc test] (Fig. 1(c)) and reduces
the rheobase current amplitude (control: 190.3 &+ 11.8 pA;
apamin: 167.3 = 9.1 pA, p < 0.05 paired t-test ) (Fig. 1(d)).

In the observed type I and type II MSNs, type I MSNs
could be easily driven by the injected current to transit across
the threshold from firing to depolarized resting. We then ex-
perimentally identified type I MSNs to study the bifurcation
from the limit cycle to another equilibrium point.
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Fig. 1. NAcSh type II MSN spiking patterns in response to increasing current steps. (a) Evoked action potentials induced by 175 pA and 400 pA of injecting
currents before and after apamin application in type II MSN. (b) An example for the relation between firing amplitude and injected current intensity of
type II before apamin application, A: resting potential voltage; A: maximum and minimal voltage values of the action potentials. (c) Bath application of
apamin significantly increases the number of evoked spikes. (d) Bath application of apamin significantly reduces the rheobase current amplitude. n = 13 and

*P < 0.05.
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A typical example for responsiveness of NAcSh type I
MSN to current injection before and after application of SK
channel blocker apamin is shown in Fig. 2(a). Before appli-
cation of apamin, when the intensity of injected current is in-
creased to 75 pA and more, this type I MSN exhibits contin-
uous firing. When the intensity of the injected current is in-
creased to 225 pA, it cannot fire continuously throughout the
duration of current step. Near this current intensity this type I
MSN is driven to transit across a bifurcation from the limit cy-
cle to a depolarized equilibrium point. In experimentation, the
current intensity of 225 pA is defined as the firing-to-resting
transition current amplitude, Iy,. The value of [, decreases to
175 pA after application of apamin.

The relationship between firing amplitude and injected
current intensity of this example type I MSN is shown in
Fig. 2(b). When injected current intensity is less than 75 pA,
this example type I MSN stays at a polarized resting equilib-
rium point. When the injected current intensity is between
75 pA and 225 pA, this neuron fires throughout the duration
of current injection. When injected current intensity is larger
than 225 pA, this neuron stays at a depolarized resting equi-

(a)

Control

‘\\Apamin

100
(b)
504 N
A
> Aa,
E oo A
= AAAAADAL
AA
—50} A AA
A
AA
—100

0 100 200 300 400
In.j/pA

librium point.

By comparison with control, bath application of apamin
(100 nM) for 20 min selectively blocking SK channels signifi-
cantly reduces the threshold intensity of transition from firing
to depolarized resting, i, (control: 278.5 + 25.8 pA; apamin:
232.1 £24.2 pA, p < 0.01 paired t-test, n = 8) (Fig. 2(c)).

The above experimental results show that the input—
output functions of both type I and type II MSNs are modu-
lated by SK channels. This action is achieved by changing the
membrane potential to make it more depolarizing by mediat-
ing a potassium ion efflux.

In both the present and a series of previous experiments,
type I MSNs can be stimulated to transit across two thresholds
and exhibit adaption, while type II MSNs are able to transit
across only the transition from resting-to-spiking and exhibit
no adaptation.'%! Such a difference results from the difference
in expression between ion channels and neurotransmitter re-
ceptors, including dopamine receptor, [?°! in these two types of
MSNSs. Such a different expression may explain the difference

in the effect of SK channel blocker on firing dynamics between
the two types of MSNs.

400r () ——

—
320} x

240

Ith/pA

160

Control Apamin

Fig. 2. NAcSh type I MSN spiking patterns in response to increasing current steps. (a) Evoked action potentials induced by 75, 125, 175, and 225 pA of
injecting currents before and after apamin application in type I MSN. (b) An example for the relation between firing amplitude and injected current intensity
of type I MSN before apamin application, A: resting potential voltage; A: maximum and minimal voltage values of the action potentials. (c) Bath application

of apamin significantly reduces Iy. n = 8 and **P < 0.01.

3.2. Dynamic modeling

The MSN model that was previously described in our ma-
terial and methods section is employed to reproduce the above
experimentally observed results. To be in consistence with the
above experimentation, where apamin is used to modify the bi-

furcations driven by adjusting parameter /j,j, and gsk and [ are
used as modification and bifurcation parameter, respectively.
The units of gsk and I are mS/cm? and pA, respectively. gsk
is kept at 2.8 to simulate the experimental observation before

application of apamin, and then changed into 0.4 to simulate
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the experimental results after apamin application.

Two experimental processes, one before and the other af-
ter apamin application, are simulated and shown in Fig. 3(a).
The range of injected current intensity is from 75 pA to
225 pA. Changing gsk from 2.8 to 0.4, Iy, which is the thresh-
old corresponding to bifurcation from limit cycle to depolar-
ized equilibrium, is modified from 225 pA to 175 pA. The dy-
namic model used in the present study is one-compartmental,
which enables us to perform dynamic analysis on bifurcation
but introduces slight difference in the above parameter range
as compared with experiment. Simplification of the three-
dimensional morphological structure affects the RC time con-
stant and the specific point of bifurcation. [>!]

The ‘global’ bifurcation diagram driven by adjusting /
with gsk set at 2.8 is shown in Fig. 3(b). There are two Hopf
bifurcations (HB) points. The first HB point corresponds to
a subcritical Hopf bifurcation; that is, a phenomenon which
occurs when a stable equilibrium point becomes unstable with
the emergence of a stable limit cycle. Beyond it, the neuron
exhibits a regular train of firing. When [ increases, the am-
plitude of the firing oscillations decreases and finally reaches
the second HB point, which is a supercritical Hopf bifurcation.
The membrane potential reaches an equilibrium point; that is,
depolarization block.

In experiment, Iy, obtained from a number of tested neu-
rons (n = 8) shows an obvious individual difference. However,
apamin application changes Iy, for all of the neurons tested.

We then set the values of gsk to be 20, 11, 8, 6, 4, and 2.8.
~ ()

75 pA 125 pA

0.4 mS/cm’ E.S mS/cm

100 .
gsk = 2.8 mS/cm” (b)
50 F
> oh‘o
£ o} :
= : % HB2
b

—50F

—100

0 100 200 300 400

I/pA

I i
I o

Then we reduce the values of gsk into 15, 6, 4, 2.8, 1.2, and
0.4, respectively, to simulate /i, changes seen in each individ-
ual neuron before and after bath application of apamin. The
simulation result is shown in Fig. 3(c), which is consistent with
the experimental result.

Finally, we simulate ‘globally’ the firing behavior by ad-
justing two parameters gsk and /. As shown in Fig. 4, in the re-
gion below 25 mS/cm? (which is reasonable in neurobiology),
between the two bifurcation points MSNs generate continuous
firing, and parameter Iyg; and Iyg; shift toward smaller values
when parameter gsk is reduced. This diagram clearly indicates
the dynamics underpinning the experimental results.

Within the range of current injected in experiment, type
I MSN has two thresholds and three states that are polarized
resting, firing, and depolarized resting, respectively. Type II
MSN has only one threshold and two states that are polarized
resting and firing. However, 2-paramter bifurcation diagram
suggests that Type Il MSN should have the second threshold,
but this is out of the experimental window. To test this predic-
tion experimentally, we perform electrophysiological record-
ings on rat brain slices. The amplitudes of current injected
is even stepped to 1000 pA.!'?! Different type I MSNs enter
into depolarized blocks at different current steps (unpublished
data).

Dependence of the dynamical properties of the model
varying with I and gsk in the intervals [0, 450] pA and [0,
25] mS/cm?, respectively. Iy and Iy, decrease with the re-
duction of gsk.

175 pA

30 mV

400
(20) (c)
S~
L (11)
NN
£ (6) \6)
ool @ \4)
(2.8) %2.8)
1.2)
160 04)
Control  Apamin

Fig. 3. (color online) Simulations of MSN spiking patterns in response to increasing current steps. (a) Simulated action potentials evoked by 75, 125, 175,
and 225 pA of injecting currents when the values of gsk are 2.8 and 0.4, respectively. (b) The ‘global’ bifurcation diagram driven by adjusting / with gsk set
to be 2.8. (O: HB point; e: maximum and minimal voltage values of the action potentials; solid line: stable equilibrium point; grey line: unstable equilibrium
point. (c) Simulation of /i reduction by reducing gsk of each MSN, data in bracket are the values of gsk.
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Fig. 4. The 2-parameter bifurcation diagram.

4. Conclusion and discussion

In this paper, we report on novel experimental and numer-
ical result of modification of the bifurcation diagram under-
pinning neuronal firing behavior. Previous investigations have
proposed that a general bifurcation diagram can be employed
to explain the changes in neuronal firing patterns. 3322241
Such findings lead to important improvements in theoretical
understanding of physical principles governing neuronal bio-
physical behaviors. Our present work further focuses on the
modification of the general bifurcation diagram to reveal dy-
namics underpinning modulation of neuronal firing behaviors
by biologically important ionic conductance. The results in-
dicate that some small ionic conductance other than those re-
sponsible for spike generation, such as the SK conductance
studied in this paper, can modify bifurcation points and shift
the bifurcation diagram and thus change the excitability and
adaptation of neurons. This enriches the understanding of bi-
furcation dynamics underpinning neuronal encoding.

The findings provided in the present study should be of
help for deeper understanding of a number of neurobiological
phenomena, such as adaptation in MSN firing behaviors and
its changes after chronic administration of abused drugs. A
promotion of adaptation in MSN is found after cocaine or am-
phetamine application or chronic morphine withdrawal.!1%->]
Our results give not only a possible pathway of the action of
abused-drugs, SK channel, but also a dynamic mechanism,
modification of bifurcation from limit cycle to depolarized
equilibrium, for such experimental observations.

The transition from limit cycle to depolarized equilib-
rium, that is, depolarization block in biology, has gradually
drawn more attention because of its biological function. In a
visual system, there are two types of photoreceptors in the hu-
man retina: rods, and cones. In a dark environment, rods are
responsible for vision and the cones are inactive (scotopic vi-
sion). In the light, however, cones are active (photopic vision)
and the rods enter into a depolarization block. In a central ner-

vous system the depolarization block also plays an important

role in suppressing network hyperactivity, which sometimes
destroys the network stability and leads to over-excitability. ']

Experimental study demonstrates that the intrinsic ex-
citability, usually measured by rheobase and firing frequency,
of a neuron is adjustable. In a series of studies on drug addic-
tion, intrinsic membrane excitability of MSN has been found,
exhibiting very rich changes after different cocaine adminis-
tration procedures. More generally, neuronal output is deter-
mined by both synaptic input and intrinsic neuronal excitabil-
ity. It has been widely documented that dynamic changes in
both the synaptic strength and the intrinsic excitability of MSN
in the NAc contribute to the development and/or relapse of
drug addiction.!”>5-271 Some researches indicate that the spike
adaptation is also dynamic, which is caused by the transition
from limit cycle to the depolarized resting. Our previous study
showed that the selective activation of GluN2A or GIuN2B-
containing NMDARs enhanced the spike adaptation or intrin-
sic excitability, respectively.!!!l Chronic withdrawal from re-
peated morphine exposure induces a trichotomous modifica-
tion in the membrane properties of NAcSh MSNs in a cell
type-specific manner, an enhancement of intrinsic excitability
in type II neuron, and a promotion of spike adaptation in type
I neuron.!!1%1 All of these previous results now can be under-
stood more deeply with help of the conclusion of the present
study.

A number of simple models
variables, 3% like the one constructed by Izhikevich,?8-30]

with only a few

are not only successful in reproducing many neuronal firing
behaviors but also convenient in bifurcation analysis. Al-
though the main phenomena of our present experimentation
can also be qualitatively simulated by using such simple mod-
els (data not shown here), in this study we employ an HH type
model, which includes six variables and many ionic conduc-
tance parameters to realistically reproduce the experimental
processes. Such reproduction targeting specific channels can
guide further experiment and link experiment with theories.
Deeper theoretical study on dynamics on shifts of bifurcation

needs to be done with simpler models in the future.
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