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TEMPERATURE-DEPENDENT TRANSITIONS OF BURST
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Environmental temperature exerts significant influences on neuronal firing and information
encodings. Concepts on the mechanisms of the respective effects are still elusive and
controversial. In our study, we examined the effect of temperature on firing patterns in a
model cortical pyramidal neuron. It was found that a variety of firing patterns is obtained
under different temperatures. In addition, the transition modes between these firing patterns
display a clear periodic bifurcation phenomenon when the temperature varies within a certain
range. Several typical bifurcation modes were found, in particular period-doubling bifurcation

and period-adding bifurcation.
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periodic bifurcation, firing patterns.

INTRODUCTION

The activities of neurons are mainly manifested in their
electrical behaviors. The respective kinds of behavior
are commonly represented as potential differences
between the inside and outside of neurons, which are
also termed as the membrane potential (MP); action
potentials (APs) are the most important form of changes
in the latter. Except for the intrinsic mechanisms, such
as the distribution of ion channels [1, 2], morphology
of the neuron [3, 4], and permeability of the neuronal
membrane [5, 6], other factors, such as types of
external stimuli [7, 8], noise (internal or external) [9,
10], and temperature [11, 12], can all contribute to the
electrical responsiveness of neurons.

As an unignorable factor in the neural systems,
temperature can exert crucial influences on the
functional properties of neurons. Variation in
temperature can lead to changes in the basic properties
of excitable cells, e.g., the MP, input resistance, shape
and amplitude of APs, and propagation of the latter [13].
Earlier documents have shown that the permeability
ratio between sodium and potassium is temperature-
dependent, and this ratio in gastroesophageal
giant neurons of a marine mollusc may rise with
increased temperature [14] but decreases in cat spinal
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motoneurons under rapid local temperature changes
[15]. In addition, different kinds of animals may
behave dissimilarly under a certain temperature; some
animals are mostly activated at higher temperatures
[16], while others may incline to be activated at lower
temperatures [17].

Temperature dependences in the nervous system
were subjected to intense research because of their
physiological significance and dynamical complexity.
For instance, Yang and Jia [18] studied the effect of
temperature on neuronal spontaneous AP trains and
concluded that the increase in patch temperature
could lead to a decrease in the mean open rates of
sodium and potassium channels of a Hodgkin—Huxley
(HH) neuron, and the mean duration of spikes also
decreased. Thompson et al. [19] investigated the
temperature-dependent intrinsic membrane properties
and synaptic potentials in guinea pig CA4/ hippocampal
pyramidal neurons. They concluded that reductions
in temperature, e.g., by 5 to 10°C from the normal,
can significantly change the intrinsic and synaptic
characteristics of these neurons, and adaptation
of spiking of hippocampal CA/ neurons during a
prolonged depolarizing stimulus can be enhanced at
low temperatures. Some researchers examined the
effects of temperature on the neuron firing patterns
using computational approaches. For example, Du et
al. [12] analyzed firing behaviors of a cold receptor
neuron in a conductance-based model using computer
simulation; these authors used ISI distance as a measure
for neuronal information encoding, to characterize the

309



L. WANG, S. LIU, J. ZHANG, and Y. ZENG

effects of temperature in the mentioned model neuron.
Their simulation results showed that neuronal spike
sequences of cold receptor neurons are more strongly
affected by noise under low temperatures, while the
impacts are relatively small at high temperatures.
Yuan et al. [20] studied the impact of environmental
temperature on spike properties of an HH neuron
subjected to direct current stimulation and concluded
that changes of neuronal burst spiking with variation
of environmental temperature are realized due to shifts
in the environment-dependent spiking threshold.

Based on these valuable and instructive studies, we
examined the influence of temperature on neuronal
burst firing behavior and its transition modes in
a model pyramidal neuron. Numerical results of
this study not only illustrate the important role of
temperature in the generation and switching of various
burst firing patterns, but also give us specific transition
modes from which we can clearly see how these firing
patterns change from one type to another.

MODEL AND METHODS

The model we investigated is that of a cortical
pyramidal neuron simplified to two compartments
(soma and dendrite). We used the mathematical
expression of the two-compartment model [21]. The
somatic compartment included only the channels
necessary for spike generation (Na® and K¥), while
the dendritic compartment included a slow potassium
and a persistent sodium current (Fig. 1A). Although
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simplified, as compared with some other models
including more types of ion channels [4, 22-24], this
minimized two-compartment model can successfully
capture the phenomenon of complex bursting, i.c., a
typical firing behavior of cortical pyramidal neurons
[21]. The neuronal MPs follow the equations below.

The model descriptions of this pyramidal neuron
are as follows:

a,
Co =g WV, ~ Ey) =gV, E) -
8.
_gLeak(V.v _ELenk)_j(Vs _Vd)+lsoma’
dv, (1)
m Ttd = _gNaPmMS(Vd —Ey)—8gxsq(Vy—Ey)—
8.

- gLeak (Vd - ELeak) _E(Vd - Vs) + ]dendrite’

where / ~and [, . are current injections to the

compartments. The voltage-dependent gating variables
are described using standard HH formalism.

ﬂ_ x, (V)—x _
dt - ¢x Tx (V,T) (x m:ha”»Q)a (2)
I, =g, (T)a"b"(V =V )(x = m,h,n,q), (3)

In Eq. (2), T is the environmental temperature,
t (V,T) is the function of V"and T, and x is the activation
and inactivation variable, like ¢ and » in Eq. (3). In
Eq. (3), g(7) is the maximum channel conductance,
and Vy is the equilibrium potential.

In order to take into account the impacts of

/
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kS F i g. 1. Scheme of a two-compartment model of
a cortical pyramidal neuron (A) and schematic
diagram of interspike intervals (ISIs) in neuronal
spike trains (B). Interspike interval s denotes the
ISI between adjacent spikes within a burst, while
an ISI b denotes the ISI between adjacent bursts.
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P u c. 1. CxemMa IBOKOMIAPTMEHTHOI MOJENi
KOPTHKAJIBHOTO TipaMigHOro HelpoHa (4) Ta
CXEMaTH4Ha Jliarpama MDKIMITYJIbCHUAX 1HTEpBaTiB
Y HEHPOHHHX IMITYJIECHHX MOCIIIOBHOCTSIX (B).
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temperature on firing behaviors of the pyramidal
neuron, the following nonlinear relations between
temperature and g (7), ¢ (V,7), were introduced
(similarly to [20]). This kind of nonlinear relationship
was previously used [12, 25, 26], but with different
base of the exponential-type function.

g,(T) =g, exp( - ho), (@)
1.V T) = 1. (V)exp(——10). )

As in [20], Eqgs. (4) and (5) are used to simulate the
impact of temperature on neuronal firing activities.
These two effects can be manifested by the fact that
with increase in temperature the ion conductance
would increase, while the time constant of the ion
channel gating variable would decrease. The T,
and T are the specified temperature values, with
which environmental temperature can affect the ion
conductances and time constants of the channel gating
variables [20], and 7| is the temperature under which
electrophysiological experiments on neurons were
conducted. According to the literature on pyramidal
neuron experiments [27-29], we chose T, = 35 °C.
Other parameters and expressions contained in this
model are as follows:

a =—0.1(V.+ 31)/(exp(~0.1(V, + 31)) — 1),

B, =4dexp(~(V, + 56)/18),

a, = 0.07(exp(—(V, + 47)/20),

B, = 1/(exp(=0.1(V. + 17)/ + 1),

a =—0.01(V, +34)/(exp(=0.1(V, + 34)) — 1),

B, = 0.125exp(—(V, + 44)/80),

m, = 1/(1+exp(~(V, + 57.7)/ 1.7)),

q, = U(1+exp(~(V, + 35)/ 6.5)),

7, =200/(exp(~(V, + 55)/ 30) + exp((V,, + 55)/ 30).

The basic value of the membrane capacitance is
C, = luF/cm®. The asymmetry between the areas of two
compartments is taken into account in the parameter
p = somatic area/total area, which has a base value of
p = 0.15 [21]. The coupling conductance is g, =
= 1mS/cm?. The initial temperature scaling factors are
¢,=10.0 and ¢,=¢ =3.33; these three parameters are kept
as constants during our simulations, and they are used
to characterize the amplitude of temperature affecting
each gating variable. The ion conductances are g, , =
= 0.18, g,,, = 0.12, g, = 0.7, g, = 55, and g, =
= 20 mS/cm? while the equilibrium potentials are
E, . =-65E =55 and E,_=-90(mV).

Leak
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Simulations were performed using MATLAB
software, and the fourth-order Runge—Kutta algorithm
was employed to calculate the MP values with a time
step of 0.01 msec. We only injected direct current
3.5 HA/cm? into the dendritic compartment and
investigated the somatic APs in this study. In our
simulation, initial values of the somatic and dendritic
MP were set as —64 mV, while initial values of the
other gating variables were set as 0. In order to avoid
the influence of initial values, we disposed the values
within a 0 to 300 msec range and analyzed the somatic
AP values during a 300 to 1000 msec segment.

RESULTS

In order to characterize the transition modes between
different firing patterns, we introduced such indices
as interspike intervals (ISIs). The bifurcation diagram
of ISIs has been widely used to describe the transition
among various firing patterns [12, 25, 30-32]. The
value of ISI is denoted as the time difference between
adjacent peaks in spike trains, which is illustrated in
Fig. 1B.

For a given neuronal spike train {z/,¢),....,t!},
under a parameter Par, we can easily get the ISI
sequence {At],At},...,At!} with the value of Par ; here
At!=t! —t!.Thus, Par correspondsto {At],At),...,At},
while for the value of Par, we can also obtain an ISI
sequence {Az;,Az,...,At}} . Similarly, for the values of
Par,, Par,, ..., Par , we can get a total of n sequences
of ISIs. Finally, the ISI bifurcation diagram with
Par is plotted when we take Par as a variable in the
horizontal axis and take the ISI sequence as a variable
in the vertical axis.

Influence of Temperature on Firing Behaviors of
the Pyramidal Neuron. With variation of temperature,
the model pyramidal neuron exhibits a variety of
firing patterns, which are demonstrated in Fig. 2A-L.
From this figure, we can see that the cell shows clear
period-doubling and period-adding firing phenomena.
With temperature increasing from 30 to 42°C, the cell
doubling bifurcates from period-1 spiking (Fig. 2A)
to period-2 bursting (B), and then doubling bifurcates
to period-4 bursting (data not shown). This kind of
transition route is usually called period-doubling
bifurcation. After a complex firing region, the period
number varies from four to three (C), and the period-
adding bifurcation trend (period numbers increase
steadily) lasts until the period number reaches
twelve (L) within this parameter region. In Fig. 3B,
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we can observe that, with increased temperature,
neuronal instantaneous firing frequency shows a clear
upward trend, which indicates that high temperature
gives higher firing frequency of neurons. Similar
temperature-frequency curves have already been found
in Aplysia neurons [11]. Bifurcation diagrams of ISI
demonstrated in Fig. 3A also show obvious period-
adding and period-doubling bifurcation phenomena
between different firing patterns. Simulation results
shown in Fig. 3 indicate an apparent variation rule on
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how temperature impacts on neuronal firing sequences
in cortical pyramidal neurons.

From the model equations (1)-(5), we obtain that
temperature does not affect neuronal firing frequency
and ISI values directly. Temperature exerts its effect
by changing the ion channel conductance [see Eq.
(4)]; then, the varied ion conductances would alter
the corresponding ion currents; consequently, the
neuronal responsiveness and firing behavior would be
influenced. In Fig. 4, we give the relation curves for the
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Fig. 3. Bifurcation diagrams of the ISIs, msec (A) and instantaneous
firing frequency, sec™ (B) with respect to the temperature, °C.

P u c. 3. bidypkaniiini xiarpamMu MiKIMITYIbCHUX 1HTEPBAJiB, MC
(A) Ta MUTTEBOT YacTOTH PO3PsAIB, ¢ (B) mozao temneparypu, °C.

ion conductance with respect to temperature according
to Eq. (4). The four kinds of ion conductances [g, (7),
g(D), g.,(T), and g (T)] show an obvious positive
relationship with temperature. Considering direct
relations between the ion conductance and neuronal
MP, we present further discussions concerning the

#2°C influence of the ion conductance on neuronal firing
behavior in the next section.
Effects of Ion Conductance on Neuronal Firing
Patterns. The influence of temperature on neuronal
firing behavior is found to be indirect in this study.
From Fig. 4, we can see that the increase in temperature
will lead to positive variation of the ion conductance;
thus, the effects of ion conductances are discussed
here.
Ion channels consisting of a large number of specific
proteins are biophysical components naturally existing
, in the neuronal membranes. The open and closed states
30 33 36 39 42°c of these channels can play a fundamental role in the
mS/cm? A mS/cm? B
- 50 -
35}
201
!
30 33 36 39  42°C 30 33 36 39 42°C
C 1.8 D
1.4
1.0 F i g. 4. Dependences of the ion conduc-
tances with respect to the temperature 7.
A-D) g, (D), g(T), gD, and g, (D),
0.6 respectively.
‘ , ‘ , 0.2 L . . _ . P u c. 4. 3anexxHOCTi I0HHUX TIPOBITHOC-
30 33 36 39 42°C 30 33 36 39 42 °C Teil BiJl TeMIIepaTypH.
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Fig. 5. Bifurcation diagrams of the ISIs with respect to the ion conductances. A-D) g (T), g,(7), g, ,(7), and g, (T), respectively. 7'=35°C.
When considering variation of one ion conductance, the values of other ion conductances are the same as those presented in the Model and

Methods paragraph.

P u c. 5. BipypkaniiiHi giarpaMu MiKIMITYJIBCHUX IHTEPBaJiB 100 IOHHUX MTPOBITHOCTEH.

generation of neuronal APs [33, 34]. In addition, some
specific type of ion channels is thought to have critical
impacts on firing properties of the neurons [21, 22,
35]. Diagrams shown in Fig. 5 are the bifurcation
maps for the ISI with respect to the ion conductances
of the four above-mentioned different ion channels.
In Fig. 3, the variation of temperature can cause the
cell to exhibit a clear periodic firing phenomenon;
during this all four different ion conductances change.
Thus, we cannot distinguish which ion channel(s)
give(s) a primary contribution to the emergence of this
periodic firing behavior. In Fig. 5A-D, we present the
simulation results of the ISI bifurcation diagrams with
respect to each of the four ion conductances. When
investigating the effect of one ion conductance, such
as g,,(T) in Fig. 5A, the other three ion conductances
were kept invariable.
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By observing four bifurcation maps in Fig. 5, we
can find the transition rule of neuronal firing patterns
(ISI' bifurcation diagrams) with respect to g, .(T)
and g, (7). The latter are more evident than those of
gy.(D) and g (7). In Fig. 5C, D, we can clearly see the
periodic bifurcation phenomena with increase in the
corresponding ion conductance; this transition rule is
comparable to that corresponding to the ISI diagram in
Fig. 3A. The relation between the temperature and ion
conductance shows a positive correlation. Moreover,
earlier documents have confirmed that /|, (persistent
sodium current) and /[ (slow potassium current)
play some crucial roles in the generation of various
neuronal firing behaviors, and the variation in these
two currents can induce the firing patterns to switch
from one type to another [1, 2, 6, 21]. Thus, the explicit
transition rules with the varied ion conductance in
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Fig. 5C, D are understandable. Yet, the transition rules
induced by the perturbation of g (7) and g (7T) are
rather complex, as shown in Fig. 5A, B. Although
a period-doubling bifurcation phenomenon can be
observed when g, (7) varies within a small region (see
insert in Fig. 5B), the whole transition mode when
g,(T) changes within a larger region is complex. This
needs further investigation in future works.

DISCUSSION

The environment in which neurons fire AP sequences
is changeable rather than invariable, and the
varied temperature may exhibit certain impacts
on the neuronal excitability. An earlier study [36]
demonstrated that the neuronal spike threshold shows a
transient increase when temperature increases steadily
and shows an opposite variation when temperature
decreases. Experiments on hypothalamic tissue slices
showed that temperature exert certain impact on the
neuronal MP and inward currents [37]. Moreover,
there are still some studies showing that temperature
can affect synaptic transmission among neurons [38,
39], the voltage-sensitive conductances [40], and
the output of neural circuits [41]. Thus, elucidation
of the possible role that temperature plays in the
generation of different firing patterns can facilitate
our understanding of how temperature might affect
neuronal firing behavior.

Spiking and bursting are the most commonly
observed firing behaviors in neural systems where
they play important roles in signal processing and
information encoding. Many models generating these
two typical firing patterns were subjected to intense
research due to their physiological significance and
dynamical complexity [2, 12, 25, 35]. The transition
have modes between different spiking and bursting
patterns also attracted interest from many researchers
[42-44]. Fast/slow bifurcation analysis is the most
frequently used approach to study the bifurcation
structure contained in the transition between different
firing patterns. For example, Tsaneva-Atanasova et
al. [43, 44] utilized this approach to investigate the
bursting patterns in endocrine cells. Duan et al. [42]
applied two-parameter bifurcation analysis to neuronal
firing activities in the Chay model using this approach.
In addition to the fast/slow analysis approach, the
bifurcation diagram of ISI is another commonly used
method, which can describe the transition among
various firing patterns to some extent [12, 25, 30].

HEWPO®U3ZUOJIOTMS / NEUROPHYSIOLOGY.—2012.—T. 44, Ne 4

In our study, the ISI diagram is used to analyze the
transition between different spiking and bursting
patterns induced by variations of the temperature and
ion conductances.

Based on a cortical pyramidal neuron model and
ISI bifurcation diagrams, the effects of environmental
temperature on neuronal firing behaviors are discussed
in our paper using a computational approach. From the
analysis of numerical results presented in our study,
we can see that pyramidal neurons, which perform
functional roles in the reliable signaling and synaptic
plasticity, can exhibit numerous firing patterns when
temperature varies within a certain region. Bifurcation
diagrams of the ISIs can give more intuitive results
on how these different firing patterns switch from one
type to another. The periodic bifurcation phenomenon
consisting in the ISI diagrams may inspire us to study
the potential roles of temperature in the firing pattern
transitions in pyramidal neurons. Temperature changes
did not affect the neuronal firing frequency and ISI
directly in our model, while temperature can directly
influence the ion conductance [see Egs. (4) and (5)]. We
further examined the influence of the ion conductances
on neuronal firing behaviors. Simulation results in
Fig. 5 clearly show that periodic firing phenomena
can be obtained when g, .(7) and g, (T) vary, but the
variation of g (7) and g (T) produces rather complex
bifurcation phenomena, even though period-doubling
bifurcation emerges when g (7T) was changed within
narrow limits. One possible reason for the distinction
between the ISI bifurcation diagrams in Fig. 3 and Fig.
5 is that the periodic bifurcation phenomenon of ISI in
Fig. 3 is induced by increased temperature. From Fig.
4 we get that the changes in temperature can cause
variation of all the four ion conductances. So, the
periodic bifurcation phenomenon of ISI demonstrated
in Fig. 3A is induced by the variation of all four ion
conductances simultaneously, while Fig. 5 shows
how the ISI bifurcation diagrams change when one
ion conductance varies alone, while the other three
are kept invariable. Another possible reason is that
some ion channels are more temperature-sensitive
than others [45-47], which may be the cause of the
difference of ISI bifurcation diagrams with respect to
the ion conductance (this is shown in Fig. SA-D).

It is worth noting that we have mainly investigated
the effect of temperature on neuronal firing behaviors
and the transition modes between the latter in a model
pyramidal neuron in our study, while some factors other
than temperature may also contribute to the formation
of numerous firing patterns. These factors are external
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stimulation, noise (internal or external), neuronal
morphology, etc. These factors deserve more attention
in future studies. In addition, since the activities of the
brain are largely represented as collective behavior of
numerous neurons, investigating the firing properties
of a single neuron is the first step to explore how the
brain works. Future studies will examine dynamic
behavior of large neural networks, which contain
many neurons with various firing properties [48, 49].
Finally, the fast/slow approach can also be used to
analyze the exact bifurcation structures consisting in
the transition modes demonstrated in this study.

JI. Ban!, L. Jho', ]]. Kan?, A. 3en’®

3AJIEXHI BIA TEMITEPATYPU IIEPETBOPEHHSA
IMTATEPHIB ITAYKOBUX PO3PAJIB Y MOJEJIbBHOMY
HIPAMIJTHOMY HEMPOHI

'TliBIeHHOKHTAHChKHUiT TEXHONOT1YHNI yHiBepcuTeT, ['yaH-
wxoy (Kuraif).

>bioMennYHUN 1H)KEHEPHUIT eHTp, IIeKiHChKUH TEXHOJIOTiY-
Huii yHiBepcuret (Kurait).

PeswowMme

Temneparypa cepeIoBHINa iCTOTHO BIUIMBAE Ha IeHEpPAIio iM-
MyJbCHOT aKTUBHOCTI HEPOHOM 1 KoxyBaHHs iHpopmarlrii. Kon-
Lemnuil 1010 MeXaHi3MiB BiJNOBIJHUX €(EeKTiB 3aJUIIAI0OTHCS
MMOKH II0 He3aBepIICHWMH 1 CymepewinBuUMH. Y Harmriii po6o-
Ti MH JOCHI[KyBaJd BIUIMB TEMIEPAaTypH Ha HAaTepH po3psi-
IiB, TEHEpOBAaHHX MOJCNBHUM IMipaMigHUM HeWpoHOM. Byio
3’SCOBAaHO, II0 B yMOBAaX HEOZHAKOBHX TEMIIEPaTyp MOXYThb
dbopmyBaTucs pi3Hi matepHu immynbcanii. KpiM Toro, mo6mu-
3y MepexoAiB MiX IMMHU MaTepHaMu Mpu Bapiamii Temmepary-
PH B IEBHUX MEXaX BUSBISIBCS YiTKO BUPKCHHH HEHOMEH me-
piognunoi 6idypxrarnii. Cioctepiraiucs JeKiabka XapakTepHUX
BHIB Oipypkanii, 30kpema Oidypkaiii 3 MoABOEHHIM Mepioay
Ta HEKPATHUM 3POCTAHHAM OCTaHHBOTO.
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