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We study neuronal spike propagation in a developing myelinated axon in various stages of its development
through detailed computational modeling. Recently, a form of burstingsaxonal burstingd, has been reported in
axons in developing nerves in the absence of potassium channels. We present a computational study using a
detailed model for a myelinated nerve in development to explore under what circumstances such an effect can
be expected. It is shown that axonal oscillation may be caused by backfiring between the nodes of Ranvier or
through backfiring from internodal sodium channels or by reducing the thickness of the myelin wrapping the
axon between the nodes of Ranvier.
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I. INTRODUCTION

An important requirement for the successful evolution to
large body sizes of organisms is the stable, efficient, and fast
propagation of action potentials across the long axons of the
peripheral nervous system. An elegant solution of this prob-
lem is the development of the myelinated axon, where the
sodium channels are concentrated at the nodes of Ranvier,
separated by segments sheathed with myelin. The myelin
sheath is a high resistance, low capacitance barrier for the
axonal membrane and provides the basis for fast propagation
of action potentials. The nodes of Ranvier are distributed
along the axon where the myelin is interrupted at distances
ranging from 50µm to 1000µm for different nerves. These
spatial axonal domains differ dramatically from the inter-
nodal axonal regions. Voltage-dependent sodium channels
can be found in the nodes of Ranvier at a much larger density
sapproximately 2000/mm2 f1gd than in the internodal region
f2–5g sof the order 10/mm2d. Furthermore, the capacitance of
the nodes of Ranvier is higher than that of internodal region.
Voltage-dependent potassium channels are excluded from
nodes of Ranvierf6g; they are clustered beneath the myelin
sheaths in regions adjacent to paranodes, called juxtapara-
nodesf2,7g.

Potassium ion channels play an important role in the
modulation of excitabilityf1g. In their pioneering work on
neuronal excitability, Hodgkin and Huxleyf8g demonstrated
that potassium ion channels play an important role in the
repolarization of action potential in the squid giant axon.
Blockage of internodal potassium ion channels in young dor-
sal rootsf9g and regenerating rat nerve fibersf10g results in a
bursting activity triggered by a single impulse. Vabnicket al.
f11g demonstrated that internodal potassium ion channels
prevent bursting activity in the developing sciatic nerve of
rat. In contrast, blockage of internodal potassium ion chan-
nels does not affect the spike waveform and firing properties
of normal mature sciatic nerve fibersf10g.

Although sodium ion channels clustered in nodes of Ran-
vier provide the physiological basis for saltatory conduction,
the function of internodal potassium ion channels remains
unclear. There are two suggestions about the function of in-
ternodal potassium ion channels. One suggestion is that they
stabilize the paranodal axolemma against nodal backfiring

after a single impulsef2g. The other suggestion is that the
function of internodal potassium ion channels is to maintain
a resting potential under the myelinf12,13g. In this paper, we
use a computational model for a developing mammalian
axon to explore the role of the spatial distribution of potas-
sium channels with regard to reliability and speed of action
potential propagation. Our main result is that the observed
configuration of juxtaparanodal concentration of potassium
channels optimizes speed and reliability of action potential
propagation during the development of the axon.

II. THE MODEL

A. Hodgkin-Huxley equations

The electrical potential of nerve membranes was first
quantitatively described in terms of a mathematical model by
Hodgkin and Huxleyf8g. Accordingly, the time evolution of
the electrical potential across the membrane is given by the
following equations

cm
dV

dt
= gNasVNa − Vd + gKsVK − Vd + gleaksVleak− Vd + I ,

s1d

wherecm denotes the specific capacitancescapacitance per
aread of the nerve membrane, andgNa, gK andgleak the con-
ductance of the sodium channels, potassium channels and
leakage system, respectively. The voltagesVNa, VK andVleak
denote the sodium, potassium and leakage reversal potentials
andI is injected current. While the leakage conductancegleak
is a constant, the sodium and potassium conductance,gNa
andgK, are voltagesVd dependent, i.e.,

gNa = ḡNam
3sV,tdfhsV,tdg,

gK = ḡKn4sV,td, s2d

whereḡNa denotes the maximal sodium conductancesall so-
dium channels opend, andḡK the maximal potassium conduc-
tance sall potassium channels opend. The gating variables
m, n andh, with 0,m, n, h,1 are voltage dependent, and
governed by the set of linear equations
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dn

dt
= − fansVd + bnsVdgn + ansVd,

dm

dt
= − famsVd + bmsVdgm+ amsVd,

dh

dt
= − fahsVd + bhsVdgh + ahsVd, s3d

with the rates

ansVd =
0.0462sV + 83.2d
1 − e−sV+83.2d/1.1 ,

bnsVd =
− 0.0824sV + 66d

1 − esV+66d/10.5 ,

amsVd =
6.57sV + 20.4d

1 − e−sV+20.4d/10.3,

bmsVd =
− 0.304sV + 25.7d

1 − esV+25.7d/9.16 ,

ahsVd =
− 0.34sV + 114d
1 − esV+114d/11 ,

bhsVd =
12.6

1 + e−sV+31.8d/13.4. s4d

The voltagesV in Eq. s4d are measured in millivolts.

B. Compartmental model for the axon

In order to describe the spatial and temporal evolution of
the action potential along the heterogeneous axon, a spatially
explicit model of the axon is needed. For a homogeneous
axon, the cable equation for a one-dimensional axonsalongx
coordinated is given byssee, e.g., inf14gd,

cm
] Vsx,td

dt
+ i ionsVd =

d

4ra

]2V

] x2 , s5d

wherera denotes the axoplasmic resistivity,d the diameter
of the axon, andcm the membrane capacitance per area. The
ionic current sources

i ion = gNasV − VNad + gKsV − VKd + gleaksV − Vleakd s6d

are given by the Hodgkin-Huxley model described in the
previous section. Multiplying Eq.s5d with a characteristic
resistanceR, it becomes clear thattm=RC determines the
typical time scale of the cable equation andÎRd/ra the typi-
cal length-scale of the cable equation. Dimensional argu-
ments thus yield to the propagation speed of an action po-
tential u~d1/2/cm. Thus increasing the capacitancecm of the
membrane will decrease the speed of the action potential
while increasing the diameter of the axon will increase the
speed of the action potential.

The compartmental model replaces the continuous partial
differential equation of the cable modelfEq. s5dg by a set of
N ordinary differential equations. There are two key advan-
tages of this model. First, the flexibility of the compartmental
model ensures that this model can embody the structure and
physiological differences of the specific dendrite. Second,
the compartmental model can be implemented directly on a
computer. In the compartmental model, an unbranched re-
gion of an axon is divided into a number of contiguous com-
partmentsf15g. Each compartment is small enough to be
considered as isopotential. Then the differences in physical
properties and potential only occur between two nearby com-
partments rather than in one compartmentf16,17g.

We consider an unbranched, cylindrical region of a pas-
sive axon, divided into three linked compartments. A linked
chain of equivalent electrical circuits illustrating this region
is shown in Fig. 1sad. These compartments are represented
by the equivalent circuit of Fig. 1sbd. As shown in Fig. 1sbd,
the circuit of each compartment consists of a capacitor in
parallel with a resistor. Each compartmenta is joined to its
immediate neighbors by junctional resistorsra−1,a andra,a+1.
If the cylindrical compartmenta has the uniform diameterd
and lengthla, the membrane capacitanceCma

and resistance
rma

of the ath compartment are given by

Cma
= cma

lapd,

ra,a8 =
ra

2
+

ra8

2
=

2rma
la + 2rma8

la8

pd2 , s7d

wherecma
andga are the membrane capacitance and conduc-

tance per unit area, respectively.
The compartmental model is represented by a set of ordi-

nary differential equations. Each equation is derived from
Kirchhoff’s current law. In each compartment,a, the net
current through the membrane,ia, must equal to the longitu-
dinal current that enters that compartment minus the longi-
tudinal current that leaves it. If theath compartment lies

FIG. 1. sad A chain of three cylindrical compartments that are
sufficiently short to be considered isopotential.sbd Equivalent cir-
cuit for a compartmental model of a chain of three successive small
cylindrical compartments of passive axonal membrane.
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between thesa−1dth and thesa+1dth compartments, the
membrane current of compartmenta is given by

ima
= ia−1,a − ia,a+1, s8d

where ia−1,a is the current that flows from compartmenta
−1 to compartmenta andia,a+1 is the current that flows from
compartmenta to a+1. The membrane current is the sum of
the capacitanceschargingd current and the net ionic current
si iond that flows through the transmembrane resistance. For
the compartmenta, the membrane current can be expressed
as

ima
= Cma

dVa

dt
+ i iona

, s9d

whereVa is the membrane potential measured with respect to
the resting potential. The longitudinal current is the voltage
gradient between two nearby compartments divided by the
axial resistance between the two compartments. Thus com-
bining Eq. s8d and Eq.s9d, we can get the following equa-
tions

ima
= Cma

dVa

dt
+ i iona

=
Va−1 − Va

ra−1,a
−

Va − Va+1

ra,a+1
s10d

or

ima
= Cma

dVa

dt
+ i iona

= sVa−1 − Vadga−1,a − sVa − Va+1dga,a+1,

s11d

wherega−1,a=1/ra−1,a is the axial conductance between the
sa−1dth compartment and theath compartment. For the first
compartment in a chain, only the second term for the longi-
tudinal current appears on the right-hand side of the equa-
tions; for the last compartment in a chain, only the first term
for the longitudinal current appears on the right-hand side of
the equations.

Inserting the explicit expression for the ionic transmem-
brane currentssfor all compartmentsad

ima
= Cma

dVa

dt
+ gleak,asVa − Vleak,ad + gNa,asVa − VNa,ad

+ gK,asVa − VK,ad s12d

into Eq. s11d, one finds

Cm
dVa

dt
= ga−1,aVa−1 + ga,a+1Va+1 − sgleak,a + gNa,a + gK,a

+ ga−1,a + ga,a+1dVa + gleak,aVleak,a + gNa,aVNa,a

+ gK,aVK,a. s13d

We consider two nodes of Ranvier connected by an axon.
There are 10 compartments between two successive nodes
f18g. The present model provides an explicit representation
of the node of Ranvier, the myelin attachment compartments
sMYSAd, the paranode main compartmentssFLUTd and the
internodal compartmentssSTINd. The geometric structure of
the cable model is shown in Fig. 2. Sodium ion channels
exist in a high density in the node of Ranvier, and a very low

density in the internodal region. Potassium ion channels only
exist in the juxtaparanodal region. The nodes consists of a
parallel combination of the nonlinear sodium conductance,
the leakage conductance and the membrane capacitance. The
internodal region consist of a parallel combination of the
nonlinear sodium conductance, nonlinear potassium conduc-
tance, the leakage conductance, and the membrane capaci-
tance. The parameters of the cable model are listed in Table
I.

III. RESULTS

A. Oscillation activity of myelinated axon in development
by blockage of internodal potassium channels

Myelin isolates the cytoplasmic core of the axon from the
extracellular environment, and provides low internodal ca-
pacitance and high transverse resistance for the membrane
f19g. During the development of the axon, the thickness of
the myelin increases and thus, the internodal capacitance and
leakage currents decreasef20g. Due to the segregation of
sodium ion channels and the isolating effect of myelin, the
conductance of internodal sodium ion channels will also de-
crease in developmentf4g. In order to simulate action poten-

FIG. 2. The cable model with 10 internodal compartments. Each
internodal section of the model consists of 2 myelin attachment
compartmentsMYSA, M in the figured, 2 paranode main compart-
mentsFLUT, F in the figured and 6 internodal compartmentssSTIN,
S in the figured. N denotes the nodal compartment.

TABLE I. Axonal parameters.

Axon diameter 5µm

Axoplasmic resistivity 70V cm

Na+ reversal potential 50 mV

K+ reversal potential −90 mV

Leakage reversal potential −80 mV

Nodal membrane capacitance 2mF/cm2

Na+ conductance in nodal region 800 mS/cm2

Nodal leakage current conductance 8 mS/cm2

Nodal length 1µm

Internodal membrane capacitance 0.005–0.03mF/cm2

Internodal Na+ conductance 0.5–3mF/cm2

Internodal leakage current conductance 0.005–0.03 mS/cm2

MYSA, STIN K+ conductance 0–10 mS/cm2

FLUT K+ conductance 0–86.5 mS/cm2

MYSA length 3µm

FLUT length 20µm

STIN length 50µm
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tials in development, we increase the internodal capacitance,
leakage conductance and internodal sodium channel conduc-
tance proportionally. In order to determine the effect of jux-
taparanodal potassium ion channels, we first set the potas-
sium conductance zero everywhere.

We simulate four groups of data. In the first group, the
conductance of internodal sodium ion channelsgNai
=0.5 mS/cm2, the conductance of internodal leakage current
gleaki

=0.005 mS/cm2 and the capacitance of the internodal
membranecmi

=0.005mF/cm2. In the second group,gNai
=1 mS/cm2, gleaki

=0.01 mS/cm2 and cmi
=0.01mF/cm2. In

the third group,gNai
=2 mS/cm2, gleaki

=0.02 mS/cm2 and
cmi

=0.02mF/cm2. In the fourth group,gNai
=3 mS/cm2,

gleaki
=0.03 mS/cm2 andcmi

=0.03mF/cm2. External current
is injected in node one to evoke an action potential. Action
potentials in the four groups of data are plotted in Fig. 3. In
the first group, the values ofgNai

, gleaki
and cmi

are very
small, corresponding to a more mature axon. As shown in
Fig. 3sad, the action potential evoked in node onessolid lined
by an external current, propagates along the axon to node
two sdashed lined, where it evokes another action potential.
This behavior is consistent with the observation that block-
age of internodal potassium ion channels does not affect the
spike waveform and firing properties of normal mature axons
f10g. As shown in Figs. 3sbd–3sdd, the shape of the action
potentials changes gradually when the values of the intern-
odal sodium conductancegNai

, leakage conductancegleaki
and

internodal capacitancecmi
are increased, corresponding to an

axon in an earlier stage of development. Consistent with ob-
servations in developing axonsf9,10g we observe multiple

spikes in nodes one and two in the absence of potassium
channels. In Fig. 3scd, bursting activity can be observed; in
Fig. 3sdd, tonic spiking can be observed. In the following
section we discuss what parameter changes can cause these
oscillations.

B. Effects of parameters of internodal membrane
on oscillation activity

In order to determine the effect of each parameter, we
only change one parameter value, and keep the values of
other parameters constant. First, we test the effect of leakage
conductance. At constant values ofgNai

=0.5 mS/cm2, and
cmi

=0.005mF/cm2, we change the value ofgleaki
from

0.005 mS/cm2 to 0.03 mS/cm2. An external current pulse is
injected into node one to evoke an action potential. Simula-
tion resultssnot shown in the paperd show that the leakage
current does not change the shape of action potentials. Thus
the leakage current is not the source of oscillation activity.

Next we investigate the effect of the internodal membrane
capacitance. At constant values ofgNai

=0.5 mS/cm2 and
gleaki

=0.005 mS/cm2, we change the value ofcmi
from

0.005mF/cm2 to 0.03mF/cm2. An external current pulse is
injected into node one to evoke an action potential. The sub-
sequent membrane potentials at both nodes are plotted in
Fig. 4. As shown in Fig. 4, the shape of the action
potentials—similar as in Fig. 3—change gradually as the in-
ternodal membrane capacitance is increasing. When the ca-
pacitance increases beyond a certain value, the axon can re-
spond with multiple spikessat each noded to a single action
potential. For large enough capacitance, tonic oscillation oc-
curs. Thus, a relative big value of internodal membrane ca-
pacitance in development is a source of axonal oscillation if

FIG. 3. Action potentials of two connected nodes without jux-
taparanodal and internodal potassium channels. The solid lines rep-
resent the action potential of node one and the dashed lines denote
the action potentials of node two. Current is injected into node one
to evoke an action potential.sad gNai

=0.5 mS/cm2; gleaki
=0.005 mS/cm2; cmi

=0.005mF/cm2. sbd gNai
=1 mS/cm2; gleaki

=0.01 mS/cm2; cmi
=0.01mF/cm2. scd gNai

=2 mS/cm2; gleaki
=0.02 mS/cm2; cmi

=0.02mF/cm2. sdd gNai
=3 mS/cm2; gleaki

=0.03 mS/cm2; cmi
=0.03mF/cm2.

FIG. 4. Action potentials of two connected nodes without jux-
taparanodal potassium ion channels. The solid line denotes the ac-
tion potential of node one, while the dashed line represents the
action potential of node two. Stimuli current is injected in node one.
The parameters aregNai

=0.5 mS/cm2, gleaki
=0.005 mS/cm2, cmi

=0.005mF/cm2 sad, cmi
=0.01mF/cm2 sbd, cmi

=0.02mF/cm2 scd,
andcmi

=0.03mF/cm2 sdd.
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the internodal potassium ion channels are blocked.
A simple theory can predict the onset of axonal oscilla-

tions. Given the refractory time of a node of abouttr
=2 ms, an action potential starting out at node one and
propagating to node two can backfire to node one if the
propagation speed of the action potentialu is less than 2D /tr
whereD is the distance between the two nodes, i.e., for our
model axonD=350mm. Thus backfiringbetween two sub-
sequent nodesis expected to occur if the speed of the action
potential is below 0.35 m/s. The speed of the action poten-
tial in Fig. 4sad is approximately 0.7 m/s while it is only
0.35 m/s in Fig. 4sbd with a larger internodal capacitance.
Consistent with the simple criteria developed above, backfir-
ing is seen in Fig. 4sbd. As described below, this theory is not
complete. Other effects than the competition between refrac-
toriness and propagation time are relevant for axonal oscil-
lations.

Next we study the effect of internodal sodium ion chan-
nels. At constant values ofgleaki

=0.005 mS/cm2, and cmi
=0.005mF/cm2, we change the value ofgNai

from
0.5 mS/cm2 to 3 mS/cm2. An external current pulse is in-
jected into node one to evoke an action potential there. The
subsequent action potentials of node one and node two are
plotted in Fig. 5. Increasing the conductance of internodal
sodium ion channels, the shape of the action potentials
changes suddenly. Below a sodium conductance ofgNai
=2 mS/cm2, tonic spiking can be observed, below a sodium
conductance ofgNai

=3 mS/cm2, tonic oscillation can be ob-
served. Thus, a relatively large value of internodal sodium
conductance in development can induce axonal oscillation
when the internodal potassium ion channels are blocked.

Because there are no low-threshold calcium ion channels
in the system, the mechanism of the oscillation activity is

purely due to backfiring of action potential. Increasing the
internodal sodium conductance will enhance the excitability
of the internodal membrane, enhance the back propagation of
the action potential and thus can facilitate onset of axonal
oscillation.

The next question we consider is whether internodal so-
dium channels arenecessaryfor the axonal oscillation. To
this end we block all internodal sodium channels, i.e., we set
the internodal sodium conductance to zero. In order to guar-
antee the success of action potential propagation from node
one to node two, we increase the axon diameter to 10µm,
and shorten the length of the internode to 250µm. Increasing
the capacitance of the internodal membrane, i.e. reducing the
speed of action potential propagation we find axonal oscilla-
tion. Thus internodal sodium ion channels are not necessary
for axonal oscillation.

By carefully inspecting the sequence of action potentials
in Fig. 4 we realize that the qualitative picture of action
potentials bouncing back from node two to node one seems
to be only correct at the onset of axonal oscillation. In Fig.
4sdd node one fires the second time before node two has ever
fired. Furthermore, the period of the oscillationsssame fig-
ured is too short for action potential propagation delayed
spikes as can be seen by the long time interval between the
first spike of node one and the first spike of node two. Thus
our hypothesis is that the backfiring can occur through so-
dium channels in the internode. To this end we remove node
two and evoke an action potential in node one.

We delete the second node, evoke action potentials at the
remaining node and perform simulations under the same
conditions as in Figs. 3–5. In the presence of internodal so-
dium channels we find—similar as in the case with two
nodessFigs. 3–5d—onset of axonal oscillation with increas-
ing internodal membrane capacitance and sodium channel
conductancessee Fig. 6 for the effect of increasing internodal
sodium channelsd. Thus, as hypothesized above, axonal os-
cillations can be facilitated through backfiring at internodal
sodium channels. In the absence of internodal sodium chan-
nels, however, no oscillation can be observed in the absence
of the second node. Thus, in the absence of internodal so-
dium channels, only backfiringbetween nodesgenerates ax-
onal oscillation.

C. The role of internodal potassium ion channels

In order to test the role of internodal potassium ion chan-
nels, we set the conductance of potassium ion channelsgK i

in
juxtaparanodes to 6 mS/cm2. For the conductance of the in-
ternodal sodium channels and internodal membrane capaci-
tance we pick values at which axonal oscillations are ob-
served, i.e.,gNai

=0.5 mS/cm2, gleaki
=0.005 mS/cm2, and

cmi
=0.03mF/cm2. In the absence of internodal potassium

channels, the axon exhibits oscillation as shown in Fig. 4sdd.
The action potentials in the presence of internodal potassium
ion channelsssee Fig. 7d do eliminate axonal oscillation,
consistent with the experimental observation inf11g. Thus
internodal potassium ion channels stabilize the internodal
axolemma against oscillation.

An interesting point is that the required potassium con-
ductance in order to prevent axonal oscillation depends on

FIG. 5. Action potentials of two connected nodes without jux-
taparanodal potassium ion channels. The solid line depicts the ac-
tion potentials of node one and the dashed line represents the action
potential of node two. An electrical current pulse is injected into
node one to evoke an action potential. The parameter values are
gleaki

=0.005 mS/cm2, cmi
=0.005mF/cm2, gNai

=0.5 mS/cm2 sad,
gNai

=1 mS/cm2 sbd, gNai
=2 mS/cm2 scd, andgNai

=3 mS/cm2 sdd.
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the spatial distribution of these channels. In order to inhibit
the oscillation activity for the parameter sets in Fig. 3sdd, the
conductance of potassium ion channels in juxtaparanodes
must be larger than 200 mS/cm2. Instead, if internodal po-
tassium ion channels are distributed uniformly along the
axon, an internodal potassium conductance of as low as
1 mS/cm2 is sufficient to inhibit the oscillation activity.
Thus, a uniform distribution of internodal potassium ion
channels is more efficient to inhibit the oscillation activity
than a localized juxtaparanodal distribution. On the other

hand, the conduction speed is also affected by the distribu-
tion of the potassium channels. In general, internodal and
juxtaparanodal potassium channels slow down the speed of
the action potential of the purely passive cable. Localizing
the potassium channels on the juxtaparanodes, however,
leaves the internodes almost passivesexcept some internodal
sodium channelsd and thus the reduction of the conduction
speed is small in comparison to a uniform distribution at the
same conductance. In Fig. 8, the effects of internodal potas-
sium channels on action potential propagation speed in two
cases are shown. For an internodal membrane capacitance of
0.02mF/cm2, a maximum internodal sodium conductance of
2.0 mS/cm2 the propagation speed in the absence of potas-
sium channels is 0.366 m/s. For a maximum internodal po-
tassium channel conductance of 10 mS/cm2 the conduction
speed is 0.249 m/s for a uniform potassium channel distri-
bution, but 0.348 m/s for juxtaparanodal distribution.

IV. SUMMARY AND CONCLUSIONS

We simulated the action potentials of two nodes con-
nected by an axon. Our simulation results show that block-
age of internodal potassium ion channels can induce axonal
oscillations indevelopingaxons, but has no effect on the
action potentials of normalmatureaxons. These results are
consistent with the experimental resultsf9,10g. Our simula-
tion results also show—consistent with experimental results
f11g—that internodal potassium ion channels stabilize the in-
ternodal axolemma, and prevent axonal oscillation in devel-
oping axons. We tested the effects of axonal parameters with
respect to onset of axonal oscillation. While the leakage cur-
rent has no effect on axonal oscillation, increasing internodal
sodium conductance as well as increasing internodal mem-
brane capacitance can facilitate axonal oscillation. Increasing

FIG. 6. Action potentials of a single node connected to an in-
ternode without juxtaparanodal potassium channels. The solid line
depicts the action potentials at the node. An electrical current pulse
is injected into the node to evoke an action potential. The parameter
values are gleaki

=0.005 mS/cm2, cmi
=0.005mF/cm2, gNai

=0.5 mS/cm2 sad, gNai
=1 mS/cm2 sbd, gNai

=2 mS/cm2 scd, and
gNai

=3 mS/cm2 sdd.

FIG. 7. Action potentials of two connected nodes with juxta-
paranodal potassium ion channels. Solid line is the action potential
of node one. Dashed line is the action potential of node two. Stimuli
current is injected in node one. The parameters aregNai
=0.5 mS/cm2, gleaki

=0.005 mS/cm2, andcmi
=0.03mF/cm2.

FIG. 8. The effects of internodal potassium channels on action
potential propagation speed. The solid line depicts the effect of
localized potassium channels in juxtaparanode on action potential
propagation speed. The dashed line depicts the effect of uniformly
distributed internodal potassium channels on action potential propa-
gation speed. The parameter values aregleaki

=0.005 mS/cm2, cmi
=0.02mF/cm2, andgNai

=2 mS/cm2.
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the conductance of internodal sodium ion channels increases
the excitability of the axon and therefore also the chance for
back-propagation leading to axonal oscillation. Increasing
the capacitance of internodal membrane affects axons in two
aspects. First, an increasing capacitance leads to a slower
propagation speed and thus an increase in the time an action
potential takes to propagate between node one and node two
or node one and some other internodal active site and back to
node one. If this time is large enough, reexcitation of node
one leads to backfiring and possibly to persistent axonal os-
cillations. The other aspect is that it increases the charge
carried by the back propagated action potential. We further-
more find that one node connected with an axon is sufficient
to induce axonal oscillation if sufficient numbers of sodium
channels are present along the axon. In order to investigate
the oscillation mechanism, we first chose the simplest model,
two nodes connected by an axon. We also simulate the sys-
tems with three nodes and four nodes, and get the similarly
qualitative result of the system with two nodes.

The mechanism of oscillation, tonic oscillation, tonic
spiking described in this paper is facilitated by back propa-
gation of action potentials on the axon. This mechanism is

similar to that of oscillation in cortical cells, where the back
propagation of action potentials by the dendritic tree causes
the oscillation activityf21,22g. But it is different from the
mechanism of oscillation in thalamic cells, where the so-
matic low-threshold calcium current induces the oscillation
activity f23,24g. In Pinsky and Rinzel’s modelf25g for CA3
pyramidal cells, oscillation in their CA3 models is the inter-
action between the lower threshold, fast, sodium currents in
the soma compartment and the higher threshold, slower Ca
and Ca dependent currents in the dendrite compartment. In
model sensory neuronf26g, there is a saddle-node bifurcation
of periodic orbits that separates tonic spiking from oscilla-
tion. A ping-pong effect that has been described by Pinsky
and Rinzelf25g and Laing and Longtinf26g caused by soma-
dendrite interaction models by two compartments is similar
in appearance to the one we report along the axon in this
paper. Different physical properties of the two compartments
are the cause for the ping-pong of excitation between soma
and dendrites. In our paper, we study axonal dynamics only
and find a ping-pong effect along the axon under specified
physiological conditions and specified spatial distribution of
ion channels.

f1g B. Hille, Ion Channels of Excitable MembranessSinauer As-
sociates Inc., Sunderland, MA, 2001d.

f2g S. Y. Chiu and J. M. Ritchie, J. Physiol.sLondond 313, 415
s1981d.

f3g P. Shrager, J. Physiol.sLondond 392, 587 s1987d.
f4g P. Shrager, J. Physiol.sLondond 404, 695 s1988d.
f5g P. Shrager, Brain Res.483, 149 s1989d.
f6g S. Y. Chiu, J. M. Ritchie, R. B. Rogart, and D. Stagg, J.

Physiol.sLondond 292, 149 s1979d.
f7g H. Wang, D. D. Kunkel, T. M. Martin, P. A. Schwartzkroin,

and B. L. Tempel, NaturesLondond 365, 75 s1993d.
f8g A. L. Hodgkin and A. F. Huxley, J. Physiol.sLondond 117,

500 s1952d.
f9g C. M. Bowe, J. D. Kocsis, and S. G. Waxman, Proc. R. Soc.

London, Ser. B224, 355 s1985d.
f10g J. D. Kocsis, S. G. Waxman, C. Hildebrand, and J. A. Ruiz,

Proc. R. Soc. London, Ser. B217, 77 s1982d.
f11g I. Vabnick, J. S. Trimmer, T. L. Schwarz, S. R. Levinson, D.

Risal, and P. Shrager, J. Neurosci.19, 747 s1999d.
f12g S. Y. Chiu and J. M. Ritchie, J. Physiol.sLondond 322, 485

s1982d.
f13g S. Y. Chiu and J. M. Ritchie, Proc. R. Soc. London, Ser. B

220, 415 s1984d.
f14g J. Keener and J. Sneyd,Mathematical PhysiologysSpringer-

Verlag, Berlin, 2000d.
f15g D. H. Perkel and B. Mulloney, Am. J. Physiol.235, 93 s1978d.
f16g W. Rall, Neural Theory and ModellingsStanford University

Press, Stanford, CA, 1964d.
f17g P. C. Bressloff, Phys. Rev. E50, 2308s1994d.
f18g C. C. Mcintype, A. G. Richardson, and W. M. Grill, J. Neuro-

physiol. 87, 995 s2002d.
f19g C. Koch,Biophysics of Computation: Information Processing

in Single NeuronssOxford University Press, New York, Ox-
ford, 1999d.

f20g S. G. Waxman and J. M. Ritchie, Science228, 1502s1985d.
f21g D. Franceschetti, E. Guatteo, F. Panzica, G. Sancini, E. Wanke,

and G. Avanzini, Brain Res.696, 127 s1995d.
f22g R. Azouz, M. S. Jensen, and Y. Yaari, J. Physiol.sLondond

492, 211 s1996d.
f23g H. Jahnsen and R. Llinas, J. Physiol.sLondond 349, 205

s1984d.
f24g W. Guido and T. Weyand, J. Neurophysiol.74, 1782s1995d.
f25g P. F. Pinsky and J. Rinzel, J. Comput. Neurosci.1, 39 s1994d.
f26g C. R. Laing and A. Longtin, Phys. Rev. E67, 051928s2003d.

AXONAL OSCILLATIONS IN DEVELOPING MAMMALIAN … PHYSICAL REVIEW E 71, 011910s2005d

011910-7


