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Axonal oscillations in developing mammalian nerve axons
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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 burgargnal bursting, 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 after a single impuls¢2]. The other suggestion is that the

An important requirement for the successful evolution tofunction of internodal potassium ion channels is to maintain
large body sizes of organisms is the stable, efficient, and fad resting potential under the mye{ib2,13. In this paper, we
propagation of action potentials across the long axons of these a computational model for a developing mammalian
peripheral nervous system. An elegant solution of this probaxon to explore the role of the spatial distribution of potas-
lem is the development of the myelinated axon, where thé&ium channels with regard to reliability and speed of action
sodium channels are concentrated at the nodes of Ranvigrptential propagation. Our main result is that the observed
separated by segments sheathed with myelin. The myeliponfiguration of juxtaparanodal concentration of potassium
sheath is a high resistance, low capacitance barrier for thehannels optimizes speed and reliability of action potential
axonal membrane and provides the basis for fast propagatigeropagation during the development of the axon.
of action potentials. The nodes of Ranvier are distributed
along the axon where the myelin is interrupted at distances
ranging from 50um to 1000um for different nerves. These Il. THE MODEL
spatial axonal domains differ dramatically from the inter- A. Hodgkin-Huxley equations
nodal axonal regions. Voltage-dependent sodium channels ) , .
can be found in the nodes of Ranvier at a much larger density 1€ €lectrical potential of nerve membranes was first
(approximately 20004m? [1]) than in the internodal region uantlt_at|vely described in terms ofa mathemancal model by
[2-5] (of the order 104m?). Furthermore, the capacitance of H0dgkin and Huxley8]. Accordingly, the time evolution of
the nodes of Ranvier is higher than that of internodal regiontn€ €lectrical potential across the membrane is given by the
\oltage-dependent potassium channels are excluded frof@!lowing equations
nodes of Ranvie[6]; they are clustered beneath the myelin dv
sheaths in regions adjacent to paranodes, called juxtapara- Cma =Z0na(Vna— V) + 0k(Vk = V) + Giead Vieak= V) + 1,
nodes[2,7].

Potassium ion channels play an important role in the 1)
modulation of excitability[1]. In their pioneering work on

L . where ¢, denotes the specific capacitan@apacitance per
neuronal excitability, Hodgkin and HuxIdyg] demonstrat_ed ared of the nerve membrane, amgl,, gx and g the con-

repolarization of action potential in the squid giant axoneductance of the sodlum_ channels, potassium channels and
Blockage of internodal potassium ion channels in young do}[eakage system, respect|v<_aly. The voltaygs, Vi andViea :
sal root9] and regenerating rat nerve fibgis)] results in a denot.e Fh.e sodium, potassym and leakage reversal potentials
bursting activity triggered by a single impulse. Vabnétkal gndl s injected current: While the Ieakqge conductages
: oo " is a constant, the sodium and potassium conductagge,

[11] demonstrated that internodal potassium ion channeland are voltage(V) dependent, i.e
prevent bursting activity in the developing sciatic nerve of 9 9 P T
rat. In contrast, blockage of internodal potassium ion chan- Ona= O (VL D[NV, 1],
nels does not affect the spike waveform and firing properties
of normal mature sciatic nerve fibe$0]. — GV ) ?)

Although sodium ion channels clustered in nodes of Ran- S Y
vier provide the physiological basis for saltatory conduction,wheregy, denotes the maximal sodium conductaiak so-
the function of internodal potassium ion channels remainglium channels opgnandgk the maximal potassium conduc-
unclear. There are two suggestions about the function of intance (all potassium channels operThe gating variables
ternodal potassium ion channels. One suggestion is that theyw, n andh, with 0<m, n, h<1 are voltage dependent, and
stabilize the paranodal axolemma against nodal backfiringoverned by the set of linear equations
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Bn(V) = W' FIG. 1. (a) A chain of three cylindrical compartments that are
sufficiently short to be considered isopotentidl) Equivalent cir-
cuit for a compartmental model of a chain of three successive small

(V) = 6.51V+20.4 cylindrical compartments of passive axonal membrane.
AmiV) = o (V420.4/10.3

The compartmental model replaces the continuous partial
_ —0.304V+25.7) differential equation of the cable modéiq. (5)] by a set of
BrlV) = 1 —g(V+25.2/9.16 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

-0.34V+ 114 S . o .
an(\V) = ——— oo physiological differences of the specific dendrite. Second,
1- e(V+114)/11 ’ h K

the compartmental model can be implemented directly on a
computer. In the compartmental model, an unbranched re-

V) = 12.6 @) gion of an axon is divided into a number of contiguous com-

Bn(V) = 1 + e (V+3L8/134" partments[15]. Each compartment is small enough to be
] o considered as isopotential. Then the differences in physical
The voltagesV in Eq. (4) are measured in millivolts. properties and potential only occur between two nearby com-

partments rather than in one compartmigiré,17).
B. Compartmental model for the axon We consider an unbranched, cylindrical region of a pas-

Pive axon, divided into three linked compartments. A linked
rhain of equivalent electrical circuits illustrating this region
¥ shown in Fig. 1a). These compartments are represented
By the equivalent circuit of Fig.(b). As shown in Fig. 1b),

In order to describe the spatial and temporal evolution o
the action potential along the heterogeneous axon, a spatial
explicit model of the axon is needed. For a homogeneou
axon,.the C.able. equation for a ong-dlmen5|onal detongx the circuit of each compartment consists of a capacitor in
coordinatg is given by(see, e.g., in14]), parallel with a resistor. Each compartments joined to its

IV(X,t) . d #V immediate neighbors by junctional resistogs; , andr,, ,.1.
Cm dt +ijon(V) = 0. 952 (5 If the cylindrical compartment has the uniform diametet
Pa and lengthl ,, the membrane capacitanﬁga and resistance
where p, denotes the axoplasmic resistivity,the diameter r,, of the ath compartment are given by
of the axon, and,, the membrane capacitance per area. The

ionic current sources Cm, = Cm | o7d,
iion = gNa(V - VNa) + gK(V - VK) + glealév - Vleak) (6) ; o Zrmala + 2rmar|a’
are given by the Hodgkin-Huxley model described in the Mo =5 ¥ =5 (7)

previous section. Multiplying Eq(5) with a characteristic

resistanceR, it becomes clear that,,=RC determines the wherec,, andg, are the membrane capacitance and conduc-
typical time scale of the cable equation ayRd/ p, the typi-  tance per unit area, respectively.

cal length-scale of the cable equation. Dimensional argu- The compartmental model is represented by a set of ordi-
ments thus yield to the propagation speed of an action pomary differential equations. Each equation is derived from
tential u=d'/?/c,,, Thus increasing the capacitanggof the  Kirchhoff's current law. In each compartment, the net
membrane will decrease the speed of the action potentiaurrent through the membrarig, must equal to the longitu-
while increasing the diameter of the axon will increase thedinal current that enters that compartment minus the longi-
speed of the action potential. tudinal current that leaves it. If theth compartment lies
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between the(a—1)th and the(a+1)th compartments, the
membrane current of compartmemtis given by

o INIMIF|S[S|5]5[S|5|FM|N

wherei,-,, is the current that flows from compartmeamt
-1 to compartmend andi, .. is the current that flows from
compartmentr to a+1. The membrane current is the sum of , ,
the capacitancécharging current and the net ionic current ___ F'G- 2. The cable model with 10 internodal compartments. Each
(i) that flows through the transmembrane resistance. deternodal section of the model consists of 2 myelin attachment

ompartmen{MYSA, M in the figure, 2 paranode main compart-
the compartmen, the membrane current can be eXpn:"sse(fment(FLUT, F in the figure and 6 internodal compartmer(STIN,

as S in the figure. N denotes the nodal compartment.
im =C EA 9
Im, = ©m, dt *lion, © density in the internodal region. Potassium ion channels only

. ) . exist in the juxtaparanodal region. The nodes consists of a
whereV, is the membrane potential measured with respect tarallel combination of the nonlinear sodium conductance,

the resting potential. The longitudinal current is the voltagethe |leakage conductance and the membrane capacitance. The
gradient between two nearby compartments divided by thghternodal region consist of a parallel combination of the
axial resistance between the two compartments. Thus componlinear sodium conductance, nonlinear potassium conduc-
bining Eq.(8) and Eq.(9), we can get the following equa- tance, the leakage conductance, and the membrane capaci-

tions tance. The parameters of the cable model are listed in Table
l.
. dV . Va— - Va Va B th
|ma = Cmad_ta + |iona = r : - r = (10)
ala wartl Ill. RESULTS
or A. Oscillation activity of myelinated axon in development
. av, . by blockage of internodal potassium channels
Ima = Cma_ + 'ionu = (Va—l - Va)ga—l,a - (Va - Va+1)ga,a+11 - .
dt Myelin isolates the cytoplasmic core of the axon from the

(11) extracellular environment, and provides low internodal ca-

_ ) pacitance and high transverse resistance for the membrane
whereg,; ,=1/r,1, is the axial conductance between the[1g]. puring the development of the axon, the thickness of
(a=1)th compartment and theth compartment. For the first he myelin increases and thus, the internodal capacitance and
compartment in a chain, only the second term for the Iongi1eakage currents decreaf20]. Due to the segregation of
tudinal current appears on the right-hand side of the equasodium ion channels and the isolating effect of myelin, the
tions; for the last compartment in a chain, only the first termconductance of internodal sodium ion channels will also de-

for the longitudinal current appears on the right-hand side ogrease in developmept]. In order to simulate action poten-
the equations.

Inserting the explicit expression for the ionic transmem-

TABLE I. Axonal parameters.
brane currentgfor all compartmentsy)

] . Axon diameter um
Im, = CmaF + ieaka(Va = Vieaka) + Inaa Ve~ VNaa) Axoplasmic resistivity 702 cm
Na* reversal potential 50 mV
*Ok,alVa = Vi.a) (12 K* reversal potential -90 mv
into Eq. (11), one finds Leakage reversal potential -80 mV
dv Nodal membrane capacitance uE[cmf
Cmd_tck =00-14Va-1% 9a.0+1Var1 ~ (Qleaka ¥ INaa + Ok, o Na* conductance in nodal region 800 mSfcm
Nodal leakage current conductance 8 mS7cm
+0a-1.0 t a,ar) Vo + JieakaVieaka T INaaVNaa Nodal length pm
+ Ok o VK a- (13 Internodal membrane capacitance 0.005—uB3cn?
We consider two nodes of Ranvier connected by an axonl.me'rnocIal Na conductance 0.5-AF/cn?
There are 10 compartments between two successive nodiyernodal leakage current conductance 0.005-0.03 mS/cm
[18]. The present model provides an explicit representatiofYSA, STIN K* conductance 0-10 mS/ém
of the node of Ranvier, the myelin attachment compartment§LUT K* conductance 0-86.5 mS/ém
(MYSA), the paranode main compartme(®.UT) and the  MYSA length 3um
internodal compartmentSTIN). The geometric structure of FLUT length 20um

the cable model is shown in Fig. 2. Sodium ion channelsst) jength

50um
exist in a high density in the node of Ranvier, and a very low:
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FIG. 3. Action potentials of two connected nodes without jux- FIG. 4. Action p_oten_tials of two connecteo_l ngdes without jux-
taparanodal and internodal potassium channels. The solid lines reffParanodal potassium ion channels. The solid line denotes the ac-
resent the action potential of node one and the dashed lines dendi@ Potential of node one, while the dashed line represents the
the action potentials of node two. Current is injected into node onéction potential of node two. Stimuli current is injected in node one.
to evoke an action potential(a) gng=0.5MS/CrR; Qs The parameters arg,=0.5 mS/cm, giax=0.005 mS/crhy cpy
=0.005 MS/crh Cp=0.005uF/cP. (b) Gyg=1 MS/CI; Geg - O.0054F/CT (@), Gy =0.01F/cnf (b), Gy =0.02 uF/cn (c),
=0.01 mS/ch; ¢n=0.01uF/cn?. () Ong=2 MS/CN; Giea andcy, =0.03 uF/cnt (d).
=0.02 mS/cm; ¢y =0.02uF/cn?. (d) gna=3 MS/cn; Giea
=0.03 mS/cr; cm=0.03MF/cm?. spikes in nodes one and two in the absence of potassium

channels. In Fig. @), bursting activity can be observed; in
tials in development, we increase the internodal capacitanc&ig. 3(d), tonic spiking can be observed. In the following
leakage conductance and internodal sodium channel condusection we discuss what parameter changes can cause these
tance proportionally. In order to determine the effect of jux-oscillations.
taparanodal potassium ion channels, we first set the potas-
sium conductance zero everywhere. B. Effects of parameters of internodal membrane

We simulate four groups of data. In the first group, the on oscillation activity
conductance of internodal sodium ion channdlg, .
=0.5 mS/cm, the conductance of internodal leakage cjrrent In order to determine the effect of each parameter, we

_ . . only change one parameter value, and keep the values of
Giea=0-005 mS/crm and the capacitance of the internodal other parameters constant. First, we test the effect of leakage
membranecmi:0.00S,uF/cmz. In the second groupg,

conductance. At constant values mai:O.S mS/cm, and
=1 mS/cn{ Oieal; =0.01 mS/crf and ¢y, =0.01 uF/cn?. In Cm=0.005uF/cn?, we change the value Offey from
the third group,gy, =2 mS/cnt, geax=0.02 mS/cr and g 65 ms/crfito 0.03 mS/c An external current pulse is
Cm=0.02uF/cn?. In the fourth group,gng=3 mS/cnf, injected into node one to evoke an action potential. Simula-
Gieak =0.03 mS/crf and ¢, =0.03 uF/cn?. External current  tion results(not shown in the papgishow that the leakage
is injected in node one to evoke an action potential. Actioncurrent does not change the shape of action potentials. Thus
potentials in the four groups of data are plotted in Fig. 3. Inthe leakage current is not the source of oscillation activity.
the first group, the values @fn,, Jeax andcy, are very Next we investigate the effect of the internodal membrane
small, corresponding to a more mature axon. As shown icapacitance. At constant values 9f,=0.5 mS/cm and
Fig. 3(a), the action potential evoked in node ofselid line) Gleak =0.005 mS/crh we change the value of,, from
by an external current, propagates along the axon to nodg 005 wF/cn? to 0.03wF/cn?. An external current pulse is

two (dashed ling where it evokes another action potential. jnjected into node one to evoke an action potential. The sub-
This behavior is consistent with the observation that blocksequent membrane potentials at both nodes are plotted in

age of internodal potassium ion channels does not affect theijg. 4. As shown in Fig. 4, the shape of the action
spike waveform and firing properties of normal mature axongotentials—similar as in Fig. 3—change gradually as the in-
[10]. As shown in Figs. @)-3(d), the shape of the action ternodal membrane capacitance is increasing. When the ca-
potentials changes gradually when the values of the intermpacitance increases beyond a certain value, the axon can re-
odal sodium conductancg,, leakage conductan@f..x and  spond with multiple spikegat each nodeto a single action
internodal capacitanog, are increased, corresponding to an potential. For large enough capacitance, tonic oscillation oc-
axon in an earlier stage of development. Consistent with obeurs. Thus, a relative big value of internodal membrane ca-
servations in developing axori9,10] we observe multiple pacitance in development is a source of axonal oscillation if
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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-
_100 i dium channels ar@ecessaryfor the axonal oscillation. To
0 10 20 this end we block all internodal sodium channels, i.e., we set
the internodal sodium conductance to zero. In order to guar-
50 _ antee the success of action potential propagation from node
' one to node two, we increase the axon diameter tqurh0
0 | and shorten the length of the internode to 25@ Increasing
l‘."'\h" N the capacitance of the internodal membrane, i.e. reducing the
-50 MUYHKAYN speed of action potential propagation we find axonal oscilla-
tion. Thus internodal sodium ion channels are not necessary
-100; 0 20 for axonal oscillation.
time (ms) 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

FIG. 5. Action potentials of two connected nodes without jux- o .
- o ; to be only correct at the onset of axonal oscillation. In Fig.
taparanodal potassium ion channels. The solid line depicts the ac:

tion potentials of node one and the dashed line represents the actié%d)dn?:detgne fires tthhe Secqng t"];nteh befor‘_a”n?de two hf?‘s ever
potential of node two. An electrical current pulse is injected into ired. Furthermore, the period of the oscillatiofsame fig-

node one to evoke an action potential. The parameter values aH,f?) is too short for action potentie}l PfF’Paga“O” delayed
Jiea =0.005 mS/crh ¢, =0.005uF/cn?, gy,=0.5 mS/cr (a), spikes as can be seen by the long time interval between the

Ona=1 mS/cnt (b), gua=2 MS/cnt (c), andgy. =3 mS/cn? (d) first spike of node one and the first spike of node two. Thus
Nag » INg ' Ng : L -
our hypothesis is that the backfiring can occur through so-
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the internodal potassium ion channels are blocked. dium channels in the internode. To this end we remove node
A simple theory can predict the onset of axonal oscilla-two and evoke an action potential in node one.
tions. Given the refractory time of a node of abont We delete the second node, evoke action potentials at the

=2 ms, an action potential starting out at node one andemaining node and perform simulations under the same
propagating to node two can backfire to node one if theconditions as in Figs. 3-5. In the presence of internodal so-
propagation speed of the action potentias less than &/7,  dium channels we find—similar as in the case with two
whereA is the distance between the two nodes, i.e., for ouhodes(Figs. 3-3—onset of axonal oscillation with increas-
model axonA=350 um. Thus backfiringoetween two sub- ing internodal membrane capacitance and sodium channel
sequent nodeis expected to occur if the speed of the actionconductancésee Fig. 6 for the effect of increasing internodal
potential is below 0.35 m/s. The speed of the action potensodium channe)s Thus, as hypothesized above, axonal os-
tial in Fig. 4(a) is approximately 0.7 m/s while it is only cillations can be facilitated through backfiring at internodal
0.35 m/s in Fig. 4b) with a larger internodal capacitance. sodium channels. In the absence of internodal sodium chan-
Consistent with the simple criteria developed above, backfirnels, however, no oscillation can be observed in the absence
ing is seen in Fig. ). As described below, this theory is not of the second node. Thus, in the absence of internodal so-
complete. Other effects than the competition between refracdium channels, only backfiringetween nodegenerates ax-
toriness and propagation time are relevant for axonal oscilenal oscillation.

lations.
Next we study the effect of internodal sodium ion chan- C. The role of internodal potassium ion channels
nels. At constant values Ofjes=0.005 mS/crh and Cm In order to test the role of internodal potassium ion chan-

=0.005uF/cn?, we change the value ongai from  nels, we set the conductance of potassium ion chamgls
0.5 mS/cm to 3 mS/cm. An external current pulse is in- juxtaparanodes to 6 mS/énfor the conductance of the in-
jected into node one to evoke an action potential there. Théernodal sodium channels and internodal membrane capaci-
subsequent action potentials of node one and node two atance we pick values at which axonal oscillations are ob-
plotted in Fig. 5. Increasing the conductance of internodaberved, i.e.,gy,=0.5 mS/cr, Jieak =0.005 mS/cr, and
sodium ion channels, the shape of the action potentialami:o_ogﬂp/crgﬁ_ In the absence of internodal potassium
changes suddenly. Below a sodium conductanceg@f channels, the axon exhibits oscillation as shown in Fid).4
=2 mS/cnd, tonic spiking can be observed, below a sodiumThe action potentials in the presence of internodal potassium
conductance ofjy, =3 mS/cn3, tonic oscillation can be ob- jon channels(see Fig. 7 do eliminate axonal oscillation,
served. Thus, a relatively large value of internodal sodiunconsistent with the experimental observation[i1]. Thus
conductance in development can induce axonal oscillatiointernodal potassium ion channels stabilize the internodal
when the internodal potassium ion channels are blocked. axolemma against oscillation.

Because there are no low-threshold calcium ion channels An interesting point is that the required potassium con-
in the system, the mechanism of the oscillation activity isductance in order to prevent axonal oscillation depends on
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FIG. 8. The effects of internodal potassium channels on action
FIG. 6. Action potentials of a single node connected to an in-potential propagation speed. The solid line depicts the effect of
ternode without juxtaparanodal potassium channels. The solid linéocalized potassium channels in juxtaparanode on action potential
depicts the action potentials at the node. An electrical current pulseropagation speed. The dashed line depicts the effect of uniformly
is injected into the node to evoke an action potential. The paramete¥istributed internodal potassium channels on action potential propa-
values are gleakzo,oo5 mS/crh cm:O.OOS,uF/cmZ, Ona gation speed. The parameter values ggg‘ﬁ:0.00S mS/crfy Cm
=0.5 mS/cm (a), gng=1 mS/cnt (b), gna =2 MS/cn? (c), and =0.02 uF/cn?, andgy, =2 mS/cnd.
Ong =3 mS/ent (d).
hand, the conduction speed is also affected by the distribu-
the spatial distribution of these channels. In order to inhibittion of the potassium channels. In general, internodal and
the oscillation activity for the parameter sets in Figd)3the  juxtaparanodal potassium channels slow down the speed of
conductance of potassium ion channels in juxtaparanodese action potential of the purely passive cable. Localizing
must be larger than 200 mS/éminstead, if internodal po- the potassium channels on the juxtaparanodes, however,
tassium ion channels are distributed uniformly along thdeaves the internodes almost pasdi@ecept some internodal
axon, an internodal potassium conductance of as low asodium channe)sand thus the reduction of the conduction
1 mS/cnt is sufficient to inhibit the oscillation activity. speed is small in comparison to a uniform distribution at the
Thus, a uniform distribution of internodal potassium ion same conductance. In Fig. 8, the effects of internodal potas-
channels is more efficient to inhibit the oscillation activity sium channels on action potential propagation speed in two
than a localized juxtaparanodal distribution. On the othercases are shown. For an internodal membrane capacitance of
0.02 uF/cn?, a maximum internodal sodium conductance of
2.0 mS/cm 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 mS7¢he conduction
speed is 0.249 m/s for a uniform potassium channel distri-
bution, but 0.348 m/s for juxtaparanodal distribution.

50 T T T

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 normahatureaxons. These results are
consistent with the experimental resulgs10]. Our simula-

membrane potential (mV)

-100 . .
0 5 10
time (ms)

15

20

tion results also show—consistent with experimental results
[11]—that internodal potassium ion channels stabilize the in-

ternodal axolemma, and prevent axonal oscillation in devel-

FIG. 7. Action potentials of two connected nodes with juxta- OPINg axons. We tested the effects of axonal parameters with
paranodal potassium ion channels. Solid line is the action potentidespect to onset of axonal oscillation. While the leakage cur-
of node one. Dashed line is the action potential of node two. Stimulrent has no effect on axonal oscillation, increasing internodal
current is injected in node one. The parameters afg sodium conductance as well as increasing internodal mem-
=0.5 mS/cm, giea =0.005 mS/crfy andcy, =0.03 uF/cnt. brane capacitance can facilitate axonal oscillation. Increasing

011910-6



AXONAL OSCILLATIONS IN DEVELOPING MAMMALIAN ... PHYSICAL REVIEW E 71, 011910(2005

the conductance of internodal sodium ion channels increasesmilar to that of oscillation in cortical cells, where the back
the excitability of the axon and therefore also the chance fopropagation of action potentials by the dendritic tree causes
back-propagation leading to axonal oscillation. Increasinghe oscillation activity[21,22. But it is different from the
the capacitance of internodal membrane affects axons in twmechanism of oscillation in thalamic cells, where the so-
aspects. First, an increasing capacitance leads to a slowsratic low-threshold calcium current induces the oscillation
propagation speed and thus an increase in the time an actiaetivity [23,24]. In Pinsky and Rinzel's mod¢R5] for CA3
potential takes to propagate between node one and node tvpyramidal cells, oscillation in their CA3 models is the inter-
or node one and some other internodal active site and back tction between the lower threshold, fast, sodium currents in
node one. If this time is large enough, reexcitation of nodeghe soma compartment and the higher threshold, slower Ca
one leads to backfiring and possibly to persistent axonal osand Ca dependent currents in the dendrite compartment. In
cillations. The other aspect is that it increases the chargmodel sensory neurd26], there is a saddle-node bifurcation
carried by the back propagated action potential. We furtheref periodic orbits that separates tonic spiking from oscilla-
more find that one node connected with an axon is sufficiention. A ping-pong effect that has been described by Pinsky
to induce axonal oscillation if sufficient numbers of sodiumand Rinze[25] and Laing and Longtifi26] caused by soma-
channels are present along the axon. In order to investigatendrite interaction models by two compartments is similar
the oscillation mechanism, we first chose the simplest modein appearance to the one we report along the axon in this
two nodes connected by an axon. We also simulate the sygaper. Different physical properties of the two compartments
tems with three nodes and four nodes, and get the similarlgre the cause for the ping-pong of excitation between soma
qualitative result of the system with two nodes. and dendrites. In our paper, we study axonal dynamics only
The mechanism of oscillation, tonic oscillation, tonic and find a ping-pong effect along the axon under specified
spiking described in this paper is facilitated by back propaphysiological conditions and specified spatial distribution of
gation of action potentials on the axon. This mechanism ison channels.
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