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INTRODUCTION
Many researchers have investigated the effects of temperature 

on the firing patterns and electrical activity of neurons in various 
animals including squid, snails, lobsters, frogs, Aplysia, locusts, 
and crayfish [1-6]. We previously explored the mechanisms of 
neuronal reactions governing beating, bursting, and chaotic re-
sponses to changes in temperature using abdominal ganglia of 
Aplysia as a model [7-9]. We performed quantitative analysis of 
temperature-dependent changes in beating and bursting signals 
by calculating the maximum and minimum values for 14 ac-
tion potential (AP) parameters, as well as the interburst interval 
(IBI) [7]. To probe the mechanisms of temperature-dependent 
changes in spikes we simulated various spiking patterns, includ-
ing beating-chaos and bursting-chaos, using a modified Chay-

Lee model with temperature-dependent scaling factors [9]. We 
then performed computational simulations of bursting using a 
modified Plant model composed of equations with temperature-
dependent scaling factors to mathematically clarify the tempera-
ture-dependent changes of bursting patterns in burst-firing neu-
rons. The results revealed that the modified Plant model could 
mimic a variety of real experimental AP parameters with < 50% 
error, suggesting that this approach is suitable for explaining the 
bursting patterns observed in Aplysia R15 cells [8].

Interestingly, in our current experiments, bursting signals dif-
ferent from those acquired using R15 cells were obtained from 
non-specific cells in abdominal ganglia of Aplysia juliana. We 
observed a group of abnormal type 1 bursting signals composed 
of two different spikes with different interspike intervals (ISIs). 
In addition, we observed type 2 abnormal bursting composed of 
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ABSTRACT Temperature affects the firing pattern and electrical activity of neurons 
in animals, eliciting diverse responses depending on neuronal cell type. However, 
the mechanisms underlying such diverse responses are not well understood. In the 
present study, we performed in vitro recording of abdominal ganglia cells of Aplysia 
juliana, and analyzed their burst firing patterns. We identified atypical bursting pat-
terns dependent on temperature that were totally different from classical bursting 
patterns observed in R15 neurons of A. juliana. We classified these abnormal bursting 
patterns into type 1 and type 2; type 1 abnormal single bursts are composed of two 
kinds of spikes with a long interspike interval (ISI) followed by short ISI regular firing, 
while type 2 abnormal single bursts are composed of complex multiplets. To investi-
gate the mechanism underlying the temperature dependence of abnormal bursting, 
we employed simulations using a modified Plant model and determined that the 
temperature dependence of type 2 abnormal bursting is related to temperature-
dependent scaling factors and activation or inactivation of potassium or sodium 
channels.
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various multiplets. The changes in bursting patterns were repro-
ducible when the temperature was swept repeatedly, and these 
changes appeared to be temperature-dependent. Next, we quan-
titatively analyzed the abnormal bursting parameters exhibiting 
temperature dependence. Although we could not construct a 
model to express the activities of type 1 abnormal bursting due to 
limitations with currently available techniques, we constructed a 
model to determine the mechanism of type 2 abnormal bursting 
after dividing the activities of type 2 abnormal bursting cells into 
two separate groups. To examine the temperature dependence of 
type 2 abnormal bursting, a modified Plant model was used to 
simulate the changes in abnormal bursting patterns associated 
with changes in temperature. While the Chay-Lee model math-
ematically explains how beating, bursting, and chaotic bursting 
action potentials occur in excitable cells, the Plant model math-
ematically explains normal bursting signals generated in Aplysia's 
R15 cell.

In the present study, we did not employ the Chay and Lee mod-
el because we could not observe the bursting-chaos phenomenon 
using our experimental setup, although the results were similar to 
previous data showing temperature-dependent changes in spike 
patterns [9]. Finally, we analyzed the components in the modi-
fied Plant model that successfully simulated the activity, and then 
explored the mechanism involved in temperature dependence of 
abnormal bursting in neurons.

METHODS

Animals and preparation of ganglia tissue

Aplysia juliana were obtained from the sea of Jeju-do in South 
Korea and were characterized by the presence of brown spots as 
well as by a characteristic odor [10]. They were stored in a 500 L 
seawater tank in the laboratory. Preparation of abdominal ganglia 
tissue for recording was performed as previously described [10,11] 
and was approved by the Institutional Animal Care and Use 
Committees at Jeju National University. Briefly, before dissection 
of abdominal ganglia, a volume of 0.38 M MgCl2 equivalent to 
half the bodyweight was injected into Aplysia as an anesthetic. 
Abdominal ganglia were removed by dissection and incubated at 
34°C for 40 min in a solution comprising a 1:1 ratio of artificial 
seawater (ASW; 460 mM NaCl, 55 mM MgCl2, 11 mM CaCl2, 10 
mM KCl, 10 mM HEPES, pH 7.6) and isotonic Leibovitz’s L-15 
media (No. L-4386; Sigma-Aldrich Korea, Seoul, Korea) con-
taining 1% protease (type IX; Sigma). The incubated abdominal 
ganglia were washed with ASW and placed in a VS-1203PIN 
incubator (Hanback Co., Daejeon, Korea) at 18°C. For the post-
incubation process, specimens were pinned down and fixed on 
Sylgard plates (Dow Corning, Midland, MI, USA) in Petri dishes 
(50 × 9 mm) filled with ASW:L-15 (1:1).

Data acquisition

In each experiment, an abdominal ganglion was soaked in a 
Petri dish at room temperature, and the temperature was changed 
in each cycle. The temperature was measured with a PT100 tem-
perature sensor connected to TRM-006, a digital thermometer 
(Toho, Kanagawa, Japan). The temperature was increased or de-
creased by a HMN3940 temperature control system (Acetec Co., 
Incheon, Korea). A BJ100-2J pump (Boading Longer Precision 
Pump Co., Hebei, China) was used to maintain the flow inside 
the petri dish. The flow rate was adjusted to 0.14 ml/min. Burst-
ing activities were measured with glass intracellular electrodes 
filled with 3 M KCl and recorded with an NI PCI-6221 DAQ card 
(National Instruments, Austin, TX, USA) using LabVIEW soft-
ware (National Instruments). The recording frequency was 3 kHz 
and 180,000 pairs of data per min were recorded. Simultaneously, 
signals were observed with a 54622A digital oscilloscope (Agi-
lent, Colorado Springs, Colorado Springs, CO, USA). The overall 
status of datasets is presented in Table 1. The data were processed 
with Origin 6.0 (Microcal Software, Inc., Northampton, MA, 
USA) and a C++ program made by the authors.

Overall description of experiments A to E

Previously we reported how the normal bursting pattern of 
R15 neurons in Aplysia juliana changes with periodic tempera-
ture stimulation [8]. In the present study, we sought to examine 
the bursting pattern of unspecified neurons in the abdominal 
ganglion of Aplysia juliana with periodic stimulation of tempera-
ture change. For this purpose, we got the recording data from 
Experiments A to E. The bursting observed in Experiments A to 
D showed type 1 abnormal bursting patterns and the bursting of 
Experiment E exhibited type 2 abnormal bursting.

Table 1 describes the details of each experiment and presents 
two parts of the data obtained from five different experiments 
(Experiments A to E); data recorded at room temperature and 
data recorded during a period of temperature change. The data 
obtained from each experiment at room temperature revealed a 
stable AP before the temperature sweep. At room temperature, 
the average temperature ranges were from 15.2°C to 21.4°C, the 
average amplitude was from 42.7 mV to 70.9 mV, the maximum 
amplitude was from 55.9 mV to 76.7 mV, and the duration was 
from 14 min to 244 min.

Amax (mV) is defined as the difference between the maximum 
and minimum value of the membrane potential recorded for 1 
min. Further information on computational analysis was pub-
lished previously [7-9]. For temperature sweep data acquisition, 
the average temperature change was between 15.2°C and 27.8°C, 
the average recording duration was 1,024 min, the average num-
ber of temperature change cycles was 9, the average number of 
spikes was 20,269, and the average total recording time was 1,783 
min. Microsoft visual C++, Microcal Origin 6.0, and Mathematica 
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10.2 were used for data analysis, and results are presented as mean ± 
standard error (SE).

Specifications for experiment E (analysis of type 2 
abnormal bursting)

During experiment E, 6,885 regular beatings were recorded at 
room temperature (~15°C) for 244 min, as shown in the 1st row 
in Table 2. In the pre-cycle (from room temperature to the maxi-
mum temperature, then to the minimum temperature), 2,159 
spikes were recorded. While periodically applying a sweep of tem-
perature change to neurons in every 2 h cycle, the pattern of ac-
tion potential firing, which depends on the temperature, changed 
regularly; each cycle is composed of an increase in temperature 
from about 13°C (temperature value in the silent state, each ele-
ment in the 2nd column in Table 2) to about 29°C (maximum 
temperature value, each element in the 7th column in Table 2) 
followed by a decrease to about 13°C (temperature value in the si-
lent state, each element in the 12th column in Table 2). Briefly, the 
temperature was increased from about 13°C to about 29°C, then 
decreased to about 13°C. This cycle was continuously repeated for 
44 cycles for 86 h.

In the first three cycles, signals changed slightly after each cy-
cle, and patterns did not show complete temperature dependence. 
After the 4th cycle, characteristic signals occurred repetitively at 
specific temperatures in each cycle. Therefore, although the total 
number of cycles was 44, we selected data from 34 of the 44 cycles 
and divided it into two halves (groups). To determine the tem-
perature dependence and overall pattern change during the tem-
perature change, we selected 34 cycles displaying stable activities 
(the 4th to the 37th cycle); cycles from the 4th to the 20th were as-
signed to the first group, and cycles from the 21th to the 37th were 
assigned to the second group. There were differences between 

signals from the first and second groups. In the first group signals 
appeared to be a mixture of two different patterns, and this was 
barely observed in the second group. Since these mixed signals 
became scarcer as the cycles proceeded, changes in patterns be-
came more similar during each cycle. As summarized in Table 2, 
for experiment E the average minimum temperature was 12.9°C 
± 0.1°C. The first spike appeared at an average temperature of 
17.2°C ± 0.3°C after an average of 16.4 ± 1.0 min during the silent 
phase. An average of 62.6 ± 2.3 maximum numbers of spikes per 
min appeared at an average temperature of 23.7°C ± 3°C during 
the rising phase. An average of 29.0°C ± 0.1°C was the maximum 
temperature during the temperature change cycle. An average of 
30.8 ± 1.1 maximum number of spikes per min appeared at an 
average of 24.7°C ± 1.8°C in the lowering phase. Below an aver-
age of 19.9°C ± 0.2°C, no further spiking appeared. In a last silent 
phase of the cycle, the average duration was 24.3 ± 0.5 min and 
the average minimum temperature was 12.9°C ± 0.1°C.

Modified Plant model for simulation of type 2 
abnormal bursting

To simulate the temperature-dependent bursting patterns of 
neurons in Aplysia, we modified the Plant model [12,13] with 
temperature-dependent scaling factors [7,8,14]. The Plant model 
was used previously to analyze fast and slow processes during 
parabolic bursting [15]. In our present study, the components of 
the modified Plant model include a fast sodium current INa, a fast 
potassium current IK, a slow inward calcium current ICa, calcium-
activated potassium current IK(Ca), and leak current, ICl.

��� � ��������� ����� � �� � ������� � ���  

= 
��� �

	�������� �������� � ���� � 
	��������� � ����

���
	������ � 
	����� ��
�����

���� � ��� � � 
	����� � ���� 

	
(1)

Table 1. Overall descriptions of experiments

Experiments A B C D E Total Average

Data recorded at room temperature
   Animal weight (g) 257 161 145 255 270
   Temperature 20.7 ± 0.0 21.4 ± 0.0 20.8 ± 0.0 21.1 ± 0.0 15.2 ± 0.0
   Number of spikes/min 45.9 ± 1.5 24.6 ± 2.7 16.6 ± 1.4 38.4 ± 0.8 28.6 ± 0.1
   Vmin (mV) –13.9 ± 0.0 –25.2 ± 0.2 –35.3 ± 0.8 –34.2 ± 0.2 –27.3 ± 0.1
   Aave (mV) 42.7 ± 0.1 63.3 ± 3.6 70.9 ± 0.3 70.4 ± 0.4 64.6 ± 0.4
   Amax (mV) 55.9 ± 0.4 72.1 ± 0.4 76.7 ± 0.4 76.7 ± 0.4 65.3 ± 0.4
   Duration of constant temperature (min) 60 45 71 14 244
Data selected for analysis
   Range of temperature change 13.8−25.4 17.6−28.2 16.6−29.7 15.4−26.9 12.8−28.8 15.2−27.8
   Recording duration (min) 229 561 166 338 3,826 5,120 1,024
   Number of temperature change cycles 
      (total number)

2 (6) 5 (7) 1.5 (2.5) 3 (8) 34 (44) 45 (67) 9 (13)

   Number of spikes (total number) 7,170
(31,765)

20,652
(34,050)

6,798
(8,355)

15,213
(39,074)

51,515
(99,333)

101,348
(212,577)

20,269
(42,515)

   Total recording time (min) 1,176 930 379 1,034 5,400 8,919 1,783

Values are presented as mean ± standard error.
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where V represents the membrane potential, and VNa, VCa, VK, 
and VCl are the reversal potentials for the Na+, Ca2+, K+, and Cl– 
currents, respectively. gNa, gCa, gK, and gCl are the maximal con-
ductances for the respective currents, and gK(Ca) is the maximal 
conductance for the calcium-activated potassium current. The 
voltage-dependent activation and inactivation variables are ex-
pressed as m and h, respectively. The activation variable for the 
potassium channels is n. The slow activating conductance for the 
calcium current is expressed as χ.

Ca, which denotes the intracellular free calcium concentration, 
is treated as a parameter. The maximal relaxation time constants 
of h and n are represented by τh and τn, respectively, and ρ–1 is an 
estimation of the time-constant of the Ca equation. The tempera-
ture-dependent scaling factor ρ(T) is defined as ρ(T) ≡ 1.3

T–T0

10°C, and 
is also defined as ϕ(T) ≡ 3T–T0

10°C [7,8]. The steady-state values of acti-
vation (inactivation) variables –m∞, χ∞, and n∞(h∞) are functions 
of voltage. τh, τχ, and τn are relaxation time constants. Constant 
values for defining equations for steady-state values of activation 
(inactivation) variables and relaxation constants are represented 
by aa, bb, cc, dd, c1, c2, m1, m2, m3, h1, h2, c5, c6, c7, c8, etc.
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Glossary for equations

A, action potential amplitude
A ave, averaged action potential amplitude
A max, maximum action potential amplitude
Ca, slow change in intracellular free calcium concentration
ICa, slow inward calcium current
IK, fast potassium current
IK(Ca), calcium-activated potassium current
ICl, leak current
INa, fast sodium current
T0, reference temperature (= 21.6°C)
V, membrane potential
VCa, reversal potential for calcium current
VK, reversal potential for potassium current
VCl, reversal potential for leak current
VNa, reversal potential for sodium current
Vmin, membrane potential at the negative peak
Cm, membrane capacitance
gCa, maximal conductance for calcium ion current
gK, maximal conductance for potassium ion current
gK(Ca), maximal conductance for calcium activated potassium 

ion current
gCl, maximal conductance for leak current
gNa, maximal conductance for sodium ion current
h, voltage-dependent inactivation variable for sodium channel
m, voltage-dependent activation variable for sodium channel
n, activation variable for potassium channel
Kp, dissociation constant
Kc, constant values involved in the calcium ion concentration
aa, bb, cc, dd, a, b, c1, c2, m1, m2, m3, h1, h2, c5, c6, c7, c8, constant 

values involved in defining an equation for steady-state values of 
activation (inactivation) variables and relaxation constants

τh, maximal relaxation time constant of h
τn, maximal relaxation time constant of n
τh, τχ, τn, relaxation constant of h, χ , and n respectively
χ, slowly activating conductance for calcium current
ρ–1, estimation for the time-constant of the Ca-equation
ρ(T), temperature-dependent scaling factor; ρ(T) = 1.3 T–T0

10°C

ϕ(T), temperature-dependent scaling factor; ϕ(T) = 3T–T0

10°C

RESULTS

General characteristics of type 1 abnormal bursting in 
experiments A to D

First of all, in the present study, not only parabolic bursting 
observed in R15 cells in Aplysia but also bursting that exhibits 
regular bursting activity such as square-wave bursting and ellip-
tic bursting will be referred to as a normal bursting. Otherwise, 
all other irregular bursting signals that can be measured in ab-

dominal ganglion cells of Aplysia will be referred to as abnormal 
bursting and we classified the abnormal bursting patterns to type 
1 and type 2. Briefly, type 1 abnormal single bursting is defined 
as a bursting composed of electrical firings having a relatively a 
long ISI followed by regular electrical signals with a short ISI in 
the active phase of bursting. Type 2 abnormal single bursting is 
similar to a normal bursting when macroscopically looking at the 
spiking pattern of the active phase of bursting, but it consists of a 
wide variety of multiplets such as a doublet, triplet, and so on.

Fig. 1 shows representative patterns of type 1 abnormal burst-
ing composed of two kinds of spike components with a long ISI 
followed by short ISI regular firings at different specific tem-
peratures, which were obtained from experiments A to D. The 
experimental details of experiments A to D are given in Table 
1. Fig. 1A and D shows similar firing patterns for different tem-
peratures during recording. In Fig. 1A, the bursting duration is 
shorter in the low-frequency spike component of the burst with 
a long ISI, and longer in the high-frequency spike component 
with a short ISI, compared with each bursting component of the 
single burst shown in Fig. 1D. In Fig. 1C, the ISI is irregular in the 
low-frequency spike component, and the amplitudes of the high-
frequency spike component are smaller than those of the other 
bursting patterns in Fig. 1. Additionally, the burst durations in 
Fig. 1B are shorter than those of the other bursting events in Fig. 
1. As mentioned above, data from experiments A to D are similar. 
However, since the number of spikes and the number of tem-
perature change cycles in experiment D was greater than those in 
Experiment A, and other parameters were more stable (Table 1), 
we further analyzed the results of experiment D.

During experiment D, data obtained from 696 min to 1,044 
min were processed manually using Microcal Origin 6.0. Fig. 2 
presents the overall change in spiking pattern following a tem-
perature sweep from the highest temperature to the lowest tem-
perature (data recorded from 729 min to 776 min in experiment 
D). At high temperatures beating was dominant (Fig. 2, 1st row). 
As the temperature decreased, there were low-frequency beatings 
with long durations followed by high-frequency beatings with 
short durations (Fig. 2, 2nd row). As the temperature was fur-
ther decreased, the duration of low-frequency bursting became 
shorter, and the duration of high-frequency bursting became 
longer (Fig. 2, 3rd row). At the lowest temperature, the duration of 
low-frequency bursting was longer than at high temperature, and 
the patterns of high-frequency bursting were distorted (Fig. 2, 4th 
row).

Temperature-dependent changes in bursting 
parameters in type 1 abnormal bursting

Fig. 3 shows the temperature dependence of various bursting 
parameters in type 1 abnormal bursting. Fig. 3A–D illustrate the 
characteristics of bursting parameters in the rising and lowering 
phase. The IBI decreased as the temperature increased in both 
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rising and lowering phases, and it was higher in the rising phase 
than in the lowering phase (Fig. 3A). The number of bursts per 
min increased and then decreased as temperature increased, and 
it was higher in the lowering phase until it reached the maximum 
value around 22°C (Fig. 3B). The duration of whole bursts de-

creased in the rising phase as temperature increased, but in the 
lowering phase it also decreased as temperature increased, but in-
creased dramatically above 24°C (Fig. 3C). The frequency showed 
similar changes in pattern to the number of bursts per min as 
temperature increased (Fig. 3D).

B

C

D

A

Fig. 1. A representative of type 1 abnormal burst from each experiment (A–D). V(t), membrane potential.

Fig. 2. Type 1 abnormal bursting pattern changed by a sweep of temperature from the highest temperature to the lowest temperature (from 
729 min to 776 min). Data were obtained from experiment D. T(oC), temperature. V(t), membrane potential.
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Fig. 3E–H show the analysis of a low-frequency burst (f-
burst) and a high-frequency burst (r-burst). The duration of a 
partial burst decreased in the r-burst of the rising and lowering 
phase and in the f-burst of the rising phase as the temperature 
increased. By contrast, in the f-burst of the lowering phase the 
duration of a partial burst increased as the temperature increased, 
and it was markedly increased over 24°C (Fig. 3E). We assume 
that the increase in the duration of the whole burst in the lower-
ing phase over 24°C (Fig. 3C) was due to the increase in duration 
of the f-burst in the lowering phase (Fig. 3E). Fig. 3F shows that 
the frequency of the partial burst in the r-burst increased as the 
temperature increased, but remained unchanged in the f-burst 
as the temperature changed (Fig. 3F). In general, the number of 
spikes per burst decreased in both phases of the r-burst and the 
rising phase of the f-burst as the temperature increased, while in 
the lowering phase of the f-burst as the temperature increased, 
but increased from 22°C (Fig. 3G). Interestingly, the frequency 
and number of spikes were much higher in the r-burst than in the 
f-burst, indicating a higher frequency burst in both phases in the 
r-burst compared to the f-burst (Fig. 3F, G).

Next, we analyzed the spike of the low-frequency burst (t-spik-
ing) and the spike of the high-frequency burst (s-spiking) in the 
partial burst. The maximum amplitude in t-spiking decreased in 
the rising phase, whereas it increased in the lowering phase of t-
spiking, and in both phases of the s-spiking as the temperature 
increased (Fig. 3H). In contrast to the frequency and number of 
spikes, the maximum amplitude was much higher in the spikes of 
low-frequency bursts than in those of high-frequency bursts.

General characteristics of type 2 abnormal bursting in 
experiment E

To calculate changes in various parameters upon changes in 

temperature, data from 34 temperature change cycles were split 
into two halves (groups); the first half was from the 4th cycle to 
the 20th cycle, and the second half was from the 21st cycle to the 
37th cycle (Specifications for experiment E [analysis of type 2 
abnormal bursting] in METHODS). Fig. 4A and B show the rep-
resentative spiking patterns obtained in the 10th cycle of the first 
group, and in the 34th cycle of second group, during temperature 
change from the minimum (13°C) to the maximum (29°C), fol-
lowed by the minimum (13°C). Table 2 shows data obtained from 
each temperature change cycle during experiment E. Cells exhib-
ited complicated patterns of action potential firings following an 
increase in temperature, which were more complicated than those 
following a decrease in temperature. In addition, the patterns of 
activity generated by increasing the temperature were quite dif-
ferent from those obtained by decreasing the temperature. When 
the temperature was increased to 29°C from 13°C, we observed 
a variety of abnormal bursting signals indicating vigorous activ-
ity with a short IBI, specifically multiplets mixed with singlets, 
doublets, and so on. When the temperature was decreased from 
29°C to 13°C, abnormal bursting signals yielded more simplified 
patterns with a longer IBI compared with those observed when 
the temperature was increased. The patterns of activity generated 
by an increase or a decrease in temperature were more consistent 
than the results of each cycle (Table 2). We defined these abnor-
mal bursting signals composed of multiplets as type 2 abnormal 
bursts. A typical example of a type 2 abnormal single burst is 
the single burst generated at 21.6°C, labeled with a yellow box in 
Fig. 4A, consisting of one singlet, one quartet, one pentet, two 
doublets, and three triplets (Fig. 4A, inset, (a), (b), (c), (d), and (e), 
respectively in the enlarged view of type 2 abnormal single burst). 
As the experiment progressed, the peak values of the average am-
plitude per cycle gradually decreased. The duration of tranquility 
that persisted after the onset of temperature increase (i.e., the 

B

C

D

E

F

G

H

A

Fig. 3. Temperature-dependent change of various parameters in type 1 abnormal burst. Data were obtained from experiment D. (A) Interburst 
interval. (B) Number of bursts per minute. (C) Duration of a whole burst. (D) Frequency. (E) Duration of partial bursts. (F) Frequency of partial bursts. (G) 
Number of spikes per burst. (H) Av,max, maximum action potential amplitude.
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duration which is needed to generate the first spike after starting 
a temperature sweep) gradually lengthened from the early cycles 
(Fig. 4A) to the late cycles (Fig. 4B) in experiment E. The dura-

tion of tranquility observed following a decrease in temperature 
was comparable to that during an increase in temperature in each 
cycle (Fig. 4A, B).

Fig. 4. A representative type 2 abnor-
mal burst from each experiment E. 
(A, B) Overall type 2 abnormal bursting 
pattern in response to temperature 
change obtained from the 10th cycle (A) 
and 34th cycle (B) during experiment E. 
Differences in the pattern between in 
the rising phases and lowering phase 
of temperature can be observed during 
the 10th cycle, but the 34th cycle shows 
a more simplified pattern than the 10th 
cycle. Inset in (A), an example of a typical 
type 2 abnormal single burst composed 
of (a) a singlet, (b) a doublet, (c) a triplet, 
(d) a quartet, and (e) a pentet.

A

B
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Temperature-dependent changes in type 2 abnormal 
bursting patterns

As shown in Fig. 5A, the IBI was higher in the lowering phase 
than in the rising phase in the first and second half. Between 
20°C and 25°C, the IBI was higher in the rising phase in the sec-
ond half than in the rising phase in the first half (Fig. 5A). In Fig. 
5B, Vmin is between –24 mV and –28 mV, except values at the low-
est and highest temperatures. Vmin was slightly increased during 
the lowering phase in the first half, and in both phases in the sec-
ond half, as the temperature increased (Fig. 5B). The maximum 
amplitude decreased in both phases of total cycles as the tempera-
ture increased. However, the maximum amplitudes in the first 
half were higher than in the second half. The values for the rising 
and lowering phases of the first and second groups were similar 
(Fig. 5C). The average amplitudes decreased in both phases of the 
first and second groups as temperature increased, and the average 
amplitudes were higher in the lowering phase than in the rising 
phase in first and second halves (Fig. 5D). The overall number 
of spikes per cycle generally decreased as the cycles progressed, 
but it fluctuated more in the first half than the second half (Fig. 
5E), although the exact reason was not identified. Before the 30th 
cycle, the temperature at which the last spike occurred in the low-
ering phase (LST) was greater than the temperature at which the 

first spike occurred in the rising phase (FST), and after the 30th 
cycle the LST and FST were similar (Fig. 5F).

Simulation of temperature-dependent type 2 
abnormal bursting

To compare the simulation and experimental results, experi-
mental data suitable for the simulation were selected (Fig. 4A). 
Table 3 describes the 34 variables associated with simulation of 
the modified Plant model; values of variables used for simulation 
were measured during the rising phase at 12.8°C (S), 15.6°C (Lf), 
18.2°C (Ls), 21.6°C (Mf), 24.2°C (Ms), 27.6°C (Hf), and 29.1°C 
(Hs), and are presented in the first five graphs at the top of Fig. 
4A. Among the 34 variables in Table 3, all except the first six vari-
ables (italics, Table 3) are fixed. Data from R15 cells adapted from 
our previous work [8] are shown in the column on the right.

In Fig. 6, the seven blue line graphs show data for experimental 
E, labeled S, Lf, Ls, Mf, Ms, Hf, and Hs in Fig. 4A. The red line 
graphs show simulation data based on the modified Plant model 
using parameter values shown in Table 3 at each temperature. 
The topmost graph (S) corresponds to values of variables shown 
in the first column in Table 3. The left graph (Lf) in the second 
row corresponds to values of variables shown in the second 
column in Table 3. All other graphs correspond to consecutive 

B

C

D

E

F

A

Fig. 5. Temperature-dependent changes in parameters of the type 2 abnormal burst during different phases of temperature change. (A) In-
terburst interval. (B) Vmin, membrane potential at the negative peak. (C) Amax, maximum action potential amplitude. (D) Aave, average of action potential 
amplitude. (E) Number of spikes per cycle. (F) Temperature in each cycle. FST, temperature to generate the first spike in the rising phase; LST, tempera-
ture to show the last spike in the descending phase. Note that bursting in the first half of the experiment E differs from the bursting observed in the 
second half.



Temperature-dependent changes in abnormal neuronal bursting patterns 

Korean J Physiol Pharmacol 2020;24(4):349-362www.kjpp.net

359

columns in Table 3. Overall tendencies were simulated based on 
the experimental results. Fig. 7 depicts an enlarged view of the 
four complicated graphs (Ls, Mf, Ms, and Hf) for medium to 
high temperatures in Fig. 6. In the Ls graph in Fig. 7, the number 
of simulated spikes is slightly larger than the number in the ex-
perimental results, but the simulated results yielded a shorter IBI. 
In the Mf graph in Fig. 7, the simulated and experimental results 
are similar. In the Ms graph in Fig. 7, the simulated results show a 
larger IBI but fewer spikes compared to the experimental results. 
In the Hf graph in Fig. 7, the simulated results show a shorter 
duration and spikes have a smaller amplitude than those in the 
experimental results. The overall simulation results were highly 
reproducible compared with the experimental results.

DISCUSSION

Abnormal bursting during long-term recording

The data obtained from experiment E (Table 2) are striking. 
The first notable observation was perfect beating at room temper-
ature, contrasting with a wide variety of temperature-dependent 
firing patterns after four cycles of temperature stimulation. The 
second notable observation was highly reproducible data for 44 
cycles recorded every 2 h without supplying additional oxygen. 
These data differ from other data recorded in the lab because they 
were acquired over a significantly longer duration, although the 
reason for the long duration remains unknown. Some cells lo-
cated at the right rostral side of the dorsal ganglion were exposed, 
as revealed by anatomical microscopy analysis. Therefore, in the 

Table 3. Values of variables for simulation based on the modified Plant equation

Variables for 
simulation

Assigned parameter sets for simulation

Experiment E R15
cells12.8°C 15.6°C 18.2°C 21.6°C 24.2°C 27.6°C 29.1°C

h 26 60 25 60 31 14.1 34 1
h1 8 9 7 22 19 10 22 25
h2 30 65 101.7 89.7 64 57.7 48 55
n 2.0 5 2 3.8 2.3 4.2 3.5 1
c5 15 59 51 40 53 57 51.3 55
c6 30 50 45.8 60 36 46 47 45
c7 46 46 46 46 46 46 46 80
c8 5 5 5 5 5 5 5 10
cc 0.023 0.023 0.023 0.023 0.023 0.023 0.023 0.016
dd 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.1
x 7,000 7,000 7,000 7,000 7,000 7,000 7,000
ρ 1.6E-4 1.6E-4 1.6E-4 1.6E-4 1.6E-4 1.6E-4 1.6E-4
Kc 0.019 0.019 0.019 0.019 0.019 0.019 0.019 0.0275
T0 21.6 21.6 21.6 21.6 21.6 21.6 21.6 23
K(Ca) 3.5 3.5 3.5 3.5 3.5 3.5 3.5 4
K 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.6
Cl 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.017
VNa 42 42 42 42 42 42 42 40
VCa 136 136 136 136 136 136 136 140
VCl –41 –41 –41 –41 –41 –41 –41 –40
bb 0.068 0.068 0.068 0.068 0.068 0.068 0.068 0.08
m1 47 47 47 47 47 47 47 50
m2 27 27 27 27 27 27 27 25
m3 31 31 31 31 31 31 31 18
Kp 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.2
cm 1 1 1 1 1 1 1 1
Na 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
Ca 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007
VK –75 –75 –75 –75 –75 –75 –75 –75
c1 127/105 127/105 127/105 127/105 127/105 127/105 127/105 127/105
c2 8,265/105 8,265/105 8,265/105 8,265/105 8,265/105 8,265/105 8,265/105 8,265/105
a 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
b –18 –18 –18 –18 –18 –18 –18 –18
aa 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
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current study electrodes were directly pinned to neurons without 
protease treatment. We assumed that cells were not damaged by 
proteases since it was possible to record signals for a long time. In 
this experiment, cells exhibited regular beating activity at room 
temperature, and activity was altered by temperature changes. 
Finally, we observed two types of abnormal bursting patterns, 
revealing temperature-dependent changes during long-term re-
cording. In general, a type 1 abnormal single burst was composed 
of two kinds of spikes with a long ISI followed by short ISI regular 
firings. By contrast, a type 2 abnormal single burst was composed 
of repetitive series of multiplets mixed with singlets, doublets, 
triplets, etc.

Mechanism underlying the temperature dependence 
of abnormal busting

As shown by the experiment with R15 cells, the mechanism 
could be clarified by fixing every parameter identically through-
out the temperature change [8]. To determine the mechanism 
of the change in pattern following temperature change, we 
simulated the action potential activity using the modified Plant 
equation. By simulating type 2 abnormal bursting, we explored 
the mechanisms of complicated signal patterns. In this case, 
we were unable to fix six different parameters throughout the 
temperature change. Thus, although we could not clarify exactly 
the mechanism of abnormal bursting, we can assume that the 

Fig. 6. Comparison of the experimen-
tal results and the simulation results. 
The seven blue line graphs show the 
data of experimental E marked as S, Lf, 
Ls, Mf, Ms, Hf, Hs in Fig. 4A. The red line 
graphs are the simulation data gener-
ated by the modified Plant model. Note 
that the simulated results are reproduc-
ible and similar to the experimental 
results. V(t), membrane potential.
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mechanisms of action potential firings in response to tempera-
ture change are related to n and h gate operations. This is because 
variables associated with n and h gate operations cannot be fixed 
throughout the temperature change. Thus, we conclude that the 
mechanisms of temperature dependence in these neurons are 
related to temperature-dependent scaling factors, and variability 
in the functions of activation/inactivation in a potassium and/
or sodium channel. In relation to the function of ion channels 
in temperature-dependent abnormal bursting, although it is not 
easy to uncover the molecular mechanisms of channels involved 
in temperature-dependent abnormal bursting in neurons in this 
paper, we can suggest several hypotheses on the basis of previous 
reports published by other researchers. First, the bursting pat-
terns obtained from neurons in the abdominal ganglion of Aply-
sia juliana are similar to those obtained from the Dbx1+ inspira-
tory neurons within the pre-Bötzinger complex (pre-BötC) of 
the mammalian brainstem showing network-wide synchronous 
bursting [16]. This bursting rhythm has been found to be relevant 
to the calcium-activated nonspecific cationic current [17], persis-
tent sodium current [18], and sodium-potassium pump [19] as a 
single self-coupled neuron model. In the future, if a new model 
to combine a Plant model and a single self-coupled neuron model 
could be established, we expect that the mechanism of tempera-
ture-dependent bursting can be explained in relation to the ion 
channel current. Second, when considering that Aplysia naturally 
lives in sea water at 10°C–20°C, heat shock can be induced at 
29°C. Heat shock induced by elevated temperature may cause the 
clearance of extracellular K+ through increased insertion of more 
Na+/K+ ATPase pumps into the cell membrane [20,21] and finally 
alters membrane excitability [22]. Moreover, heat shock has been 

known to prolong the conductance of Na+, Ca+2, or other non-
selective cation channel or to reduce the K+ conductance. These 
alterations of ion channels increase the afterdepolarizations fol-
lowing an action potential leading to lowering the threshold for 
subsequent action potential firing [23]. Finally increased mem-
brane excitability by elevated temperature-induced heat shock 
may lead to high frequency bursts of action potentials. Taken to-
gether, temperature may change intrinsic membrane excitability 
through alterations in the properties of ion channels and active 
transporters. However, it requires more studies in the future.

Potential applications

Although neurons in Aplysia are different from those in hu-
mans, the structures of ion channels involved in temperature 
dependence may be similar. Our results suggest that n and h gate 
operations are associated with temperature dependence. This 
indicates that pharmacological antagonists or agonists for n and 
h gates may act as modulators of temperature dependence [24]. In 
this regard, these targets should be further investigated to assist 
the development of pharmacological therapeutics for hypother-
mia and new types of antipyretics to reduce injury to neural tis-
sues.
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Fig. 7. An enlarged view of the bursting patterns selected from the experimental results and the simulated results shown in Fig. 6. The blue 
line graphs show the data of experimental E and the red line graphs are the simulation data generated by the modified Plant model. V(t), membrane 
potential.



362

https://doi.org/10.4196/kjpp.2020.24.4.349Korean J Physiol Pharmacol 2020;24(4):349-362

Hyun NG et al

REFERENCES
1.	Burrows M. Effects of temperature on a central synapse between 

identified motor neurons in the locust. J Comp Physiol A. 1989; 
165:687‐695.

2.	Dalton JC, Hendrix DE. Effects of temperature on membrane po-
tentials of lobster giant axon. Am J Physiol. 1962;202:491‐494.

3.	Frankenhaeuser B, Moore LE. The effect of temperature on the 
sodium and potassium permeability changes in myelinated nerve 
fibres of Xenopus laevis. J Physiol. 1963;169:431‐437.

4.	Heitler WJ, Edwards DH. Effect of temperature on a voltage-sensi-
tive electrical synapse in crayfish. J Exp Biol. 1998;201(Pt 4):503‐513.

5.	Hodgkin AL, Katz B. The effect of temperature on the electrical ac-
tivity of the giant axon of the squid. J Physiol. 1949;109:240‐249.

6.	Kerkut GA, Ridge RM. The effect of temperature changes on the 
activity of the neurones of the snail Helix aspersa. Comp Biochem 
Physiol. 1962;5:283‐295.

7.	Hyun NG, Hyun KH, Hyun KB, Han JH, Lee K, Kaang BK. A 
computational model of the temperature-dependent changes in 
firing patterns in Aplysia neurons. Korean J Physiol Pharmacol. 
2011;15:371‐382.

8.	Hyun NG, Hyun KH, Hyun KB, Lee K. Temperature-dependent 
bursting pattern analysis by modified Plant model. Mol Brain. 
2014;7:50.

9.	Hyun NG, Hyun KH, Lee K, Kaang BK. Temperature dependence 
of action potential parameters in Aplysia neurons. Neurosignals. 
2012;20:252‐264.

10.	Lim CS, Chung DY, Kaang BK. Partial anatomical and physiological 
characterization and dissociated cell culture of the nervous system 
of the marine mollusc Aplysia kurodai. Mol Cells. 1997;7:399‐407.

11.	Lee SH, Lim CS, Park H, Lee JA, Han JH, Kim H, Cheang YH, Lee 
SH, Lee YS, Ko HG, Jang DH, Kim H, Miniaci MC, Bartsch D, Kim E, 
Bailey CH, Kandel ER, Kaang BK. Nuclear translocation of CAM-
associated protein activates transcription for long-term facilitation 
in Aplysia. Cell. 2007;129:801-812.

12.	Plant RE. Bifurcation and resonance in a model for bursting nerve 
cells. J Math Biol. 1981;11:15‐32.

13.	Plant RE, Kim M. Mathematical description of a bursting pace-
maker neuron by a modification of the Hodgkin-Huxley equations. 

Biophys J. 1976;16:227‐244.
14.	Finke C, Freund JA, Rosa E Jr, Braun HA, Feudel U. On the role of 

subthreshold currents in the Huber-Braun cold receptor model. 
Chaos. 2010;20:045107.

15.	Rinzel J, Lee YS. Dissection of a model for neuronal parabolic burst-
ing. J Math Biol. 1987;25:653‐675.

16.	Picardo MC, Weragalaarachchi KT, Akins VT, Del Negro CA. Phys-
iological and morphological properties of Dbx1-derived respiratory 
neurons in the pre-Botzinger complex of neonatal mice. J Physiol. 
2013;591:2687‐2703.

17.	Pace RW, Mackay DD, Feldman JL, Del Negro CA. Inspiratory 
bursts in the preBötzinger complex depend on a calcium-activated 
non-specific cation current linked to glutamate receptors in neona-
tal mice. J Physiol. 2007;582(Pt 1):113‐125.

18.	Paton JF, Abdala AP, Koizumi H, Smith JC, St-John WM. Respirato-
ry rhythm generation during gasping depends on persistent sodium 
current. Nat Neurosci. 2006;9:311‐313.

19.	Rubin JE, Hayes JA, Mendenhall JL, Del Negro CA. Calcium-acti-
vated nonspecific cation current and synaptic depression promote 
network-dependent burst oscillations. Proc Natl Acad Sci U S A. 
2009;106:2939‐2944.

20.	Hou N, Armstrong GA, Chakraborty-Chatterjee M, Sokolowski 
MB, Robertson RM. Na+-K+-ATPase trafficking induced by heat 
shock pretreatment correlates with increased resistance to anoxia in 
locusts. J Neurophysiol. 2014;112:814‐823.

21.	Money TG, Rodgers CI, McGregor SM, Robertson RM. Loss 
of potassium homeostasis underlies hyperthermic conduction 
failure in control and preconditioned locusts. J Neurophysiol. 
2009;102:285‐293.

22.	Pulver SR, Griffith LC. Spike integration and cellular memory in a 
rhythmic network from Na+/K+ pump current dynamics. Nat Neu-
rosci. 2010;13:53‐59.

23.	Money TG, Anstey ML, Robertson RM. Heat stress-mediated 
plasticity in a locust looming-sensitive visual interneuron. J Neuro-
physiol. 2005;93:1908‐1919.

24.	Maingret F, Lauritzen I, Patel AJ, Heurteaux C, Reyes R, Lesage F, 
Lazdunski M, Honoré E. TREK-1 is a heat-activated background K+ 
channel. EMBO J. 2000;19:2483-2491.




