1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Comput Neurosci. Author manuscript; available in PMC 2017 October 01.

-, HHS Public Access
«

Published in final edited form as:
J Comput Neurosci. 2016 October ; 41(2): 185-192. d0i:10.1007/s10827-016-0612-X.

Axonal Model for Temperature Stimulation

Sarah Fribancel, Jicheng Wang!, James R. Roppolo?2, William C. de Groat?, and Changfeng
Tail?
1Department of Urology, University of Pittsburgh, Pittsburgh, PA

2Department of Pharmacology and Chemical Biology, University of Pittsburgh, Pittsburgh, PA

Abstract

Recent studies indicate that a rapid increase in local temperature plays an important role in nerve
stimulation by laser. To analyze the temperature effect, our study modified the classical HH axonal
model by incorporating a membrane capacitance-temperature relationship. The modified model
successfully simulated the generation and propagation of action potentials induced by a rapid
increase in local temperature when the Curie temperature of membrane capacitance is below

40 °C, while the classical model failed to simulate the axonal excitation by temperature
stimulation. The new model predicts that a rapid increase in local temperature produces a rapid
increase in membrane capacitance, which causes an inward membrane current across the
membrane capacitor strong enough to depolarize the membrane and generate an action potential.
If the Curie temperature of membrane capacitance is 31 °C, a temperature increase of 6.6-11.2 °C
within 0.1-2.6 ms is required for axonal excitation and the required increase is smaller for a faster
increase. The model also predicts that: (1) the temperature increase could be smaller if the global
axon temperature is higher; (2) axons of small diameter require a smaller temperature increase
than axons of large diameter. Our study indicates that the axonal membrane capacitance-
temperature relationship plays a critical role in inducing the transient membrane depolarization by
a rapidly increasing temperature, while the effects of temperature on ion channel kinetics cannot
induce depolarization. The axonal model developed in this study will be very useful for analyzing
axonal response to local heating induced by pulsed infrared laser.
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Introduction

Nerve stimulation by pulsed infrared laser has been studied extensively in recent years (1zzo
et al., 2006; Wells et al., 2005a b, 2007b), because laser stimulation has many advantages
over electrical stimulation including: 1. high spatial selectivity for stimulating different
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nerve fibers; 2. no electrical artifacts to distort the recording of action potentials; 3. no direct
contact with the nerve. Although the mechanism of action underlying laser stimulation is
still not fully understood, local heating of the nerve by a laser pulse has been suggested to
play a critical role (Wells et al., 2007a). A recent study of human embryonic kidney (HEK)
cells (Shapiro et al., 2012) further shows that the transient increase in membrane
temperature by a laser pulse can produce a rapid increase in membrane capacitance, causing
a depolarizing membrane current. It is known that membrane capacitance is temperature
dependent (Palti and Adelman, 1969) and a local increase in membrane capacitance can
cause redistribution of electrical charges along the axon, thereby inducing a depolarizing
membrane current (Wells et al., 2007a). Therefore, recent studies (Shapiro et al., 2012; Wells
et al., 2007a) have indicated an important role of temperature in laser stimulation of nerve.

Axonal excitation by electrical stimulation is well understood and mathematically modeled
(Hodgkin and Huxley, 1952; Rattay, 1989; Rattay and Aberham, 1993; Tai et al., 2005a,
2005b). However, the membrane capacitance in these axonal models does not change with
temperature. In light of the potential mechanism of laser stimulation, an axonal model
including a capacitance-temperature relationship is needed in order to mathematically
analyze the role of the membrane capacitor in temperature stimulation. Therefore, in this
study we modified the classical axonal model (Rattay and Aberham, 1993) by including a
membrane capacitance that varies with temperature. The classical axonal model is based on
the original Hodgkin-Huxley (HH) membrane model (Hodgkin and Huxley, 1952). The
temperature stimulation was then analyzed and compared between the classical and the
modified HH axonal models. In order to compare the temperature thresholds for axonal
excitation between our model predictions and the animal experiments using laser stimulation
(Wells et al., 2007a), we analyzed the influence of different model parameters including
temperature rising time, length of heated axon, diameter of axon, global axon temperature,
and the Curie temperature of membrane capacitance. The axonal model developed in this
study should be useful for quantitatively analyzing and predicting the effects of laser
stimulation once the spatial-temporal distribution of the laser heating effect is defined
(Thompson et al., 2013).

A. The classical HH axonal model

The unmyelinated axon model (Fig. 1) consists of a 9-mm-long axon segmented into many
small cylinders of length Ax = 0.25 mm, each of which is modeled by a resistance-
capacitance circuitry. The ionic currents passing through the variable membrane resistance
are described by HH equations (Hodgkin and Huxley, 1952). The change of the membrane
potential V,at the n!" segment of the unmyelinated axon is described by:

_Ii n
)

dv, d (Vo 1 =2V +Vogr Ven1—2Ven+Venn
e = — +
dt  4p; Az? Az?

where V=V -V n-Viesi, Vianis the intracellular potential at the nth segment; Ve is the
extracellular potential at the ' segment; Vg is the resting membrane potential (-70 mV);
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dis the unmyelinated axon diameter; pj;is the resistivity of axoplasm (35.4 Qcm); ¢, is the
capacitance of the membrane (1 uF/cn?); /; n1s the ionic current at the nth segment described
by HH equations as follows (Hodgkin and Huxley, 1952; Rattay, 1989; Rattay and Aberham,
1993; Tai et al., 2005a, 2005b):

Ii7n:gNa m’h (VTL_VNQ) +9Kn4 (VTL_VK) +9r (VR_VL)

where gy, (120 kQ™1em™2), gk (36 kQ1em2) and g; (0.3 kQ1em™2) are the maximum
conductances for sodium, potassium and leakage currents respectively. V(115 mV), Vi
(=12 mV) and V; (10.589 mV) are reduced equilibrium membrane potentials for sodium,
potassium and leakage ions after subtracting the resting membrane potential Vog; (-70 mV).
m, h, and n are dimensionless variables, whose values always change between 0 and 1. m
and h represent activation and inactivation of sodium channels, whereas n represents
activation of potassium channels. The evolution equations for m, h, n are the following:

dm/dt=a,,(1—-m)—pB,m
dh/dt=ay,(1—h)—Byh
dn/dt=a,(1-n)—F,n

and

=P ot

exp(3—0.1V,)+1
0.1(1-0.17},)

exp(1-0.1V,)—1

B,=® - 0.125exp (—;—g)
(1)23(T76.3)/1O

a,=o

where T is temperature (°C). The initial values for m, h and n (when V,,=0 mV) are 0.053,
0.596 and 0.318 respectively.

We assume that the unmyelinated axon is in an infinite homogeneous medium (resistivity p,
= 300Qcm). After neglecting the small influence of the axon in the homogeneous medium,
the extracellular potential V, ,at the nth segment along the axon can be described by:

1(t) ]

Ve +23] o

—
<
B
)
1

where /(¢)is an electrical current pulse delivered to a monopolar electrode (with the
indifferent electrode at infinity) that is placed at a location (xg, zg) along the unmyelinated
axon.
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B. The modified HH axonal model for temperature stimulation

A previous study (Palti and Adelman, 1969) using the giant axons of squid (Loligo pealei)
experimentally measured the relationship between axonal membrane capacitance (c,;) and
the temperature (T). By assuming that the temperature-dependency of membrane
capacitance obeys the ferroelectric Curie-Weiss law (Leuchtag, 1995), the experimentally
measured capacitance-temperature relationship can be fitted very well by following
equation:

cm:co—l_,-rc_zj (3)

where kis a constant (2.2 uF/crm? « °C); cpis a constant membrane capacitance (1.182
UF/cmP); T,is the Curie temperature of membrane capacitance (49.8 °C). Since the Curie
temperature is a transition point from ferroelectric phase to paraelectric phase and the global
heat block temperature can cause an axon to transit from an excitable state to an un-excitable
state, it is assumed that the Curie temperature of membrane capacitance is identical to the
global heat block temperature of an axon (Leuchtag, 1995). Therefore, the global heat block
temperature for giant axons of Loligo pealei was predicted to be 49.8 °C.

Since the global heat block temperature could be different for different species of squid, i.e.
35-40 °C for Loligo forbesi (Hodgkin and Katz, 1949) but 49.8 °C for Loligo pealei
(Leuchtag, 1995; Palti and Adelman, 1969), it is possible that the Curie temperature of
membrane capacitance could also be different for different species of squid. The classical
HH axonal model based on data obtained from Loligo forbesi (Hodgkin and Huxley, 1952)
predicted a slightly lower global heat block temperature of 31 °C. In the HH model
membrane capacitance is constant and heat block is caused by the accelerated kinetics of
sodium and potassium channels (Rattay and Aberham, 1993). Because the Curie
temperatures of membrane capacitance for different species of squid are not available, in this
study we analyzed the effect of a range (31-50 °C) of Curie temperatures on temperature
excitation of the axon.

In the classical HH axonal model (Rattay and Aberham, 1993), the membrane capacitance
(¢ is 1 uF/cn? at a temperature of 18.5 °C. If the Curie temperature of membrane
capacitance ( 7,) is 31 °C, we can calculate the constant membrane capacitance ¢, from
equation (3) to be 0.824 uF/cn?. Therefore equation (3) becomes:

0.824+ 2.2
cm=0. —_—
31-T (4)

We also re-calculated the equation (4) with T, at 35, 40, 45, or 50 °C and performed
simulation studies to determine the effect of different Curie temperatures of membrane
capacitance on temperature excitation of the axon.

J Comput Neurosci. Author manuscript; available in PMC 2017 October 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fribance et al.

Page 5

The spatial-temporal distribution of the temperature along the axon induced by a laser pulse
is approximately described by a Gaussian distribution of an exponential decay with time
(Wells et al., 2007a):

(z—x)?

T=To+ATe 222 t<t,

t
" T ()

(z—21)® _t—tr

T=To+ATe 22 e Ta, t>t, (6)

where Tpis the global axon temperature; AT is the maximal temperature increase at the
location x; along the axon; ¢-is the rise time of the temperature; 7,(100 ms) is the time
constant for temperature decay with time (Wells et al., 2007a); 4w is defined as the length of
the heated axon.

The axonal membrane capacitance ¢, is now a variable of time because the axon
temperature changes with time. Therefore, the membrane capacitor current /. is now
described by:

I— dVn (V4 V) dem
C_c’"<dt) e (dt) (®)

Hence, the equation (1) can be modified as:

_Ii n

cm%+(x/n+Vr)dcm— d (‘/”*1_2vn+vn+1+Veyn71—2Ve,n+Ve,n+1) 7
dt 9)

dt 4p; Ax? Azx?

Since there is no electrical stimulation (i.e., /()=0), the extracellular potential V=0 based
on equation (2). Therefore, we can further simplify equation (9) as:

dV, d d [V, 1—-2V,+V,
en A (Vat V) ( nl ot e

= I
dt  4p; Ax? ) " 0)

To simulate axonal excitation by a rapid increase in local temperature, the center of heating
is placed in the middle of the 9-mm-long axon (see Fig. 1), i.e. at the location where x; = 4.5
mm in equations (5) and (6). The model equations were solved by the Runge-Kutta method
(Boyce and Diprima, 1997) with a time step of 1 psec. The simulation software was written
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by the authors using Matlab computer language (MathWorks, Natick, MA), which is
available at https://senselab.med.yale.edu/ModelDB/showModel.cshtml?model=189155.
The simulation was always started at initial condition V},=0. The intracellular potentials at
the two end segments of the modeled axon were always equal to the intracellular potentials
of their closest neighbors, which implemented sealed boundary conditions (no longitudinal
currents) at the two ends of the modeled axon.

A. The classical HH axonal model

The rapid increase in local temperature as described by equations (5) and (6) was first
applied to the classical HH axonal model [see equation (1)] in order to simulate axonal
excitation by temperature stimulation. The increase in local temperature followed a Gaussian
distribution along the axon (see Fig. 1). The classical HH axonal model failed to generate
any action potential when the local temperature increased quickly (within 1-5 ms) by as
much as 47 °C from a global axon temperature of 18.5 °C. The model became unstable
when the temperature increase was greater than 47 °C. The high temperature (65.5 °C =
18.5+47 °C) is un-physiological, indicating the inability for classical HH axonal model to
simulate temperature stimulation.

B. The modified HH axonal model

When the Curie temperature of membrane capacitance is 31 °C [see equation (4)], the
modified HH axonal model [see equation (10)] successfully simulated the generation and
propagation of an action potential induced by local temperature stimulation (Fig. 2). In the
middle of the axon (4.5 mm location), a rapid (within 1 ms) increase in local temperature by
8 °C from a global axon temperature of 18.5 °C generated an action potential propagating in
both directions (see Fig. 2). The temperature stimulation and axonal responses at the 4.5 mm
location as shown in Fig. 2 were plotted in Fig. 3 for more detail illustration. The local
temperature increase from 18.5 to 26.5 °C within 1 ms (Fig. 3A) caused the membrane
capacitance to increase from 1 to 1.313 pF/cm? (Fig. 3B), which resulted in a peak inward
current about 50 pA/cm? across the membrane capacitor (Fig. 3C) and produced a
membrane depolarization strong enough to generate an action potential (see the 8 °C plot in
Fig. 3D) that can propagate along the axon (see Fig. 2). A temperature increase less than

8 °C (see the 7.9 °C plot in Fig. 3D) failed to generate a propagating action potential,
indicating that a minimal increase in local temperature (i.e. a threshold temperature) is
required to excite the axon.

The threshold temperature increases linearly with the rise time () of the local temperature
(Fig. 4A), while the rate of threshold temperature increase is inversely proportional to the
rise time (Fig. 4B). The higher temperature required by a longer rise time also resulted in a
larger increase in membrane capacitance (Fig. 4C).

Global axon temperature can also influence the threshold temperature. A higher global axon
temperature requires a smaller increase in local temperature (Fig. 5A) to excite the axon.
However, the total threshold temperature is still higher for a higher global temperature (Fig.
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5B), which also results in a larger increase in membrane capacitance (Fig. 5C). For the same
global axon temperature (18.5 °C), a small diameter axon requires a smaller temperature
increase than large diameter axon for excitation (Fig. 6A), thereby a lower threshold
temperature (Fig. 6.B) and a smaller increase in membrane capacitance (Fig. 6C).

The Curie temperature of membrane capacitance is critical for temperature stimulation of
the axon. When the Curie temperature of membrane capacitance changes from 31 °C to
50 °C, the action potential generated by a rapid increase in local temperature can only be
observed at Curie temperature of membrane capacitance below 40 °C (Fig. 7). A higher
Curie temperature of membrane capacitance requires a higher temperature increase to
generate an action potential. For a longer length of heated axon (2 mm), the temperature
must increase quickly within a shorter time period (t, = 0.5 ms) in order to generate an
action potential when the Curie temperature of membrane capacitance is 40 °C.

The decay time of temperature ( 7,) does not influence the temperature threshold for axon
excitation (Fig. 8A). Reducing the length of the small axon segment from 0.25 mm to 0.1
mm only produces a negligible change of the temperature threshold (Fig. 8B).

Discussion

This study modified the classical HH axonal model by incorporating a relationship between
membrane capacitance and temperature. This modified HH axonal model successfully
simulated axonal depolarization and excitation induced by a rapid increase in local
temperature, while the classical HH model failed to simulate this excitation. This result
indicates that the capacitance-temperature relationship is critical for temperature stimulation
of the nerve. It also provides theoretical evidence to support the hypothesis that pulsed
infrared laser excites the nerve by a focused heating that rapidly increases local temperature
of the nerve and producing membrane depolarization. The axonal model developed in this
study will be useful for quantitatively analyzing the axonal response to laser stimulation
with a defined spatial-temporal distribution of the laser heating effect (Thompson et al.,
2013). The failure of the classical HH axonal model to simulate the generation of action
potentials by temperature stimulation also indicates that the temperature effects on ion
channel kinetics may influence the threshold for triggering action potentials as well as the
frequency and pattern of firing (Shapiro et al., 2013), but are not responsible for the initial
membrane depolarization that is essential for axonal excitation induced by temperature
stimulation.

The modified HH axonal model reveals a possible mechanism for temperature stimulation of
nerve. A rapid increase in local temperature can cause a rapid increase in local membrane
capacitance, which can induce an inward capacitative current that depolarizes the axon
membrane (see Fig. 3). The same mechanism has also been shown in HEK cells during
infrared laser stimulation (Shapiro et al., 2012). A previous study using squid axon
(Leuchtag, 1995; Palti and Adelman, 1969) also showed that an increase in axonal
temperature can increase membrane capacitance from about 1 pF/cm? to 3 pF/cm2.
Therefore, in this study the membrane capacitance was limited to an increase less than 2
HF/cm? (see Fig. 4C). Within this capacitance range, the local temperature increase required
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to excite the axon was 6.6-11.2 °C for a rapid temperature increase within 0.1-2.6 ms (Fig.
4A). A study using rat sciatic nerve showed that a 6-10 °C increase in temperature was
required to elicit action potentials during laser stimulation with pulse durations of 0.005-5
ms (Wells et al., 2007a). Furthermore, our simulation results indicate that a smaller increase
in local temperature can excite the axon if the temperature increase is faster (Fig. 4A-B),
while previous studies in gerbil cochlea showed that a shorter duration laser pulse required
less radiant exposure of laser energy to excite the auditory neurons (lzzo et al., 2007, 2008).
The requirement for a rapid increase in local temperature for axonal excitation fits very well
with laser stimulation because laser can rapidly increase the local temperature of a nerve
within milliseconds.

Our results also predicted that higher global axon temperature will require a smaller increase
in local temperature to excite the nerve (Fig. 5A). A previous study using rat sciatic nerve
showed that laser stimulation at a frequency >5 Hz could gradually build up local
temperature due to a slow dissipation of heat (Wells et al., 2007a). Therefore, our simulation
result indicates that during high frequency laser stimulation, the laser pulse energy might be
reduced after initial stimulation while still achieving the same stimulation effect. Although
the increase in local temperature is smaller for a higher global axon temperature, the
maximal local temperature required to excite the axon is higher for a higher global axon
temperature (Fig. 5B). Since a local temperature build-up is inevitable with high frequency
laser stimulation, reducing the laser pulse energy after the initial stimulation becomes
critical to achieve prolonged high frequency stimulation. Otherwise, the excess heat could
increase the local temperature to levels sufficient to cause heat block of action potential
generation or nerve tissue damage.

The other prediction from this study is that a smaller increase in local temperature is
required to excite axons of small diameter than axons of large diameter (Fig. 6A). This result
indicates that laser stimulation might induce painful sensation when it is used to stimulate
afferent nerves, because the small nociceptive afferent nerve fibers will always be excited
before excitation of the large non-nociceptive afferent nerve fibers. However, this prediction
would only be true when the small and the large nerve fibers are located in close proximity.
This predication also indicates that laser stimulation might be able to produce a
physiological recruitment of muscle fibers when stimulating the motor axons, i.e. activation
of small motor axons first before activating large motor axons. Electrical stimulation does
not have this advantage and always activates large motor axons first, producing an un-
physiological recruitment of muscle fibers leading to quick muscle fatigue (Bickel et al.,
2011).

The relationship between axonal membrane capacitance and temperature, i.e. equation (3),
was derived based on ferroelectric Curie-Weiss law by fitting experimental data obtained
from axons of Loligo pealei (Leuchtag, 1995; Palti and Adelman, 1969). It reveals that the
Curie temperature of membrane capacitance for axons of Loligo pealei is 49.8 °C (Leuchtag,
1995). By assuming that the Curie temperature of membrane capacitance is identical to the
global heat block temperature (Leuchtag, 1995), it is predicated that heat block of axons of
Loligo pealei occurs at 49.8 °C. In this study we employed the equation (3) and tested a
range of Curie temperatures (T = 31-50 °C) because different species of squid have
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different global heat block temperatures and therefore may have different Curie temperatures
of membrane capacitance. The axons of Loligo forbesi have a global heat block temperature
between 35 and 40 °C (Hodgkin and Katz, 1949), but the classical HH axonal model (Rattay
and Aberham, 1993) based on the data obtained from axons of Loligo forbesi predicts a
global heat block temperature of 31 °C. Our simulation shows that temperature excitation of
axons can only occur when Curie temperature of membrane capacitance is below 40 °C (Fig.
7), which is probably due to the fact that the ion channel kinetics in our model is derived
from axons of Loligo forbesi (Hodgkin and Huxley, 1952). In order to successfully simulate
temperature stimulation at 50 °C, ion channel kinetics derived from axons of Loligo pealei
might have to be used in the model. However, currently the ion channel kinetic data are not
available for axons of Loligo pealei. In addition, at the Curie temperature of 31 °C our
model predicts that a 6.6-11.2 °C temperature increase is required for axonal excitation (Fig.
4A and Fig. 7), which agrees very well with the 6-10 °C increase required by laser
stimulation of rat sciatic nerve (Wells et al., 2007a). This agreement indicates that the Curie
temperature or global heat block temperature of 31 °C that is predicted by the HH model is
also the best fit for the model to simulate the temperature stimulation. It is unfortunate that
there is no animal data available describing the relationship between axonal membrane
capacitance and the temperature for axons of Loligo forbesi. Therefore, the experimentally
measured Curie temperature is not available for axonal membrane capacitance of Loligo
forbesi. Additional experiments using Loligo forbesi to measure the axon membrane
capacitance at different temperatures are warranted in light of our results and recent studies
of laser stimulation of axons (1zzo et al., 2006; Shapiro et al., 2012; Wells et al., 2005a b,
2007b).

Although the modified HH axonal model could be further improved by optimizing the
capacitance-temperature relationship, it has successfully simulated the axonal excitation by a
rapid increase in local temperature and the temperature increase agrees well with animal
studies (Wells et al., 2007a). Meanwhile, the predictions by this model will certainly need to
be confirmed by future animal studies. The model developed in this study will be useful in
analysis of axonal responses to laser stimulation because the spatial-temporal distribution of
the heat generated by laser stimulation can be determined quantitatively (Thompson et al.,
2013). The model analysis can help to optimize the parameters of laser stimulation, save
laser energy, and avoid potential nerve tissue damage by excess heat. This new model will
also be useful for analyzing the effects of local temperature change on axonal conduction or
blockade.
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Fig. 1.

Ugmyelinated axon model to simulate action potential generation by temperature
stimulation. A: The unmyelinated axon is segmented into many small cylinders of length Ax,
each of which is modeled by a resistance-capacitance circuit based on the Hodgkin Huxley
model. R, Axoplasm resistance. R, Membrane resistance. C,;; Membrane capacitance. V;
Intracellular potential. V: Extracellular potential.
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Fig. 2.
Action potential is induced by a rapid increase in local temperature at the 4.5 mm location

along the axon and propagates in both directions. The local temperature rapidly increased by
8 °C from 18.5 °C within 1 ms. The length of heated axon is 2 mm with a Gaussian
distribution of the temperature centered at 4.5 mm. Axon diameter: 2 um.
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Fig. 3.

A?apid increase in local temperature (A) caused an increase in membrane capacitance (B)
that generated inward current across the membrane capacitor (C) and produced membrane
depolarization and a propagating action potential (D). The solid lines in A-D were taken
from Fig. 2 at the center of temperature stimulation (4.5 mm location). Legends in D
indicate that an 8 °C increase from 18.5 °C within 1 ms was the threshold temperature for
generating a propagating action potential. Axon diameter: 2 pm.
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Fig. 4.
The rise time (t,) of local temperature determines the minimal temperature and capacitance

increases required for generating an action potential. A. Temperature increase. B. Rate of
temperature increase. C. Capacitance increase. Axon diameter: 2 pm. Global axon
temperature: 18.5 °C. Length of heated axon: 2 mm.
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Fig. 5.

Imgluence of global axon temperature on the minimal temperature and capacitance increases
required for generating an action potential. A. Temperature increase. B. Threshold
temperature. C. Capacitance increase. Legends in A indicate the global axon temperature.
Axon diameter: 2 um. Length of heated axon: 2 mm.
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Influence of axon diameter on the minimal temperature and capacitance increases required
for generating an action potential. A. Temperature increase. B. Threshold temperature. C.
Capacitance increase. Legends in A indicate the axon diameter. Global axon temperature:
18.5 °C. Length of heated axon: 2 mm.
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Fig. 7.

Tr?e minimal temperature increase required for generating an action potential is increased as
the global heat block temperature (Ty) increases from 31 °C to 40 °C. For a longer length of
heated axon (2 mm), the temperature must quickly increase within a short time period (t, =
0.5 ms) in order to generate an action potential when the global heat block temperature is
high (40 °C). Global axon temperature: 18.5 °C. Axon diameter: 2 um.
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Fig. 8.
The minimal temperature increase required for generating an action potential is not changed

significantly by different decay time of the temperature (A) or by reducing the length of
axon segment (B). Global axon temperature: 18.5 °C. Axon diameter: 2 ym. Length of
heated axon: 2 mm.
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