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For a better understanding of the phenomenological characteristics of A-V nodal conduction the impulse propagation through 

a transmission line consisting of units obeying the Bonhoeffer-Van der Poll equations was studied. It appears th at impulse 

propagation through such a transmission line shows similarity with A-V nodal conduction. 

Bonhoeffer-Van der Poll model ; impulse transmission line 

Introduction 

In this research we have attempted to improve our 

understanding of a number of A-V nodal conductive 

properties by means of an analog model. In a crude 

simplification the A-V node can be considered as a 

series of coupled excitable cells. If one cell is excited, 

it excites in turn an adjacent cell and so on, the whole 

chain behaving as an impulse transmission line. It was 

thought to be of interest to know if a transmission 

line composed of excitable artificial cells , having typi

cal electrophysiological properties, demonstrates the 

main conductive properties of the A-V node , at least 

qualitatively. If so, properties of the A-V nodal cells 

may possible be related to general membrane proper

ties of excitable cells , which have many features in 

common and as far as they differ they do so mainly 

in detail [1]. Also suggestions for future live experi

ments may be obtained in this way. 

For a preliminary scanning of this field theap

proach of Nagumo et al. [9] has been followed. They 

described a transmission line which basically exists of 

units obeying the Bonhoeffer-Van der Poll equations. 

Although the simplification has its drawbacks we 

found that this model and the A-V node are already 

more or less similar with respect to a number of con

ductive properties. 

Methods 

Equations describing the excitation of axons in the 

case of spatially uniformly excited membranes have 

been given by Hodgkin and Huxley [5]. FitzHugh 

[2] demonstrated that a projection of the four di

mensional Hodgkin-Huxley phase space onto a plane 

shows similar diagrams of nerve excitation as were 

produced by the Bonhoeffer-Van der Poll model [2] 

based on a set of nonlinear differential equations 

mentioned below. 

In principle this projection consists of combining 

the parameters V and m of the Hodgkin-Huxley equa

tions into V- 36m, and combining the n and h param

etersinto O.S(n- h), where V is the membrane voltage, 
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m the sodium activation, h the sodium inactivation 

and n is the potassium activation. The Bonhoeffer

Van der Poll equations are given by 

1 du 
J=- --w-(u-1 u3

) 
c dt 3 

dw 
c-+bw =a-u 

dt 

(1) 

The variabie u shows properties of excitability, 

whereas w represents accomodation and refractori

ness and changes relatively slowly. J corresponds to 

membrane current density. The constants a, band c 

must satisfy the relations: 

The equations belong to a c1ass of equations which 

describe excitable-oscillatory systems. Nagumo [9] 

has proceeded as follows: for the electronic circuit in 

Figure 1 where T is a tunnel diode the following rela

tions are valid: 

j=Cdv-i-f(e) 
dT 

L di R· - + 1 = -v = e - Eo 
d7 

(2) 

where f( e) is the voltage-current characteristic of the 

tunnel diode. To a first approximation this function 

may be written as: 

(p>ü,K>ü) 

where p,io and K are constants. For e=eo fee) equals 

io and has a turning point and the differential resis-
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Fig. 1. Electronic circuit, sirnulating the Bonhoeffer-Van der 

Poll model. 
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Fig. 2. Approxirnation of the voltage-current characteristic of 

the tunnel diode. 

tance·of the diode is - p. In figure 2 fee) is plotted 

versus e. By introducing new variables: 

it can be shown that (1) reduces to (2). The con di

tions for a, band c re sult in: 

L 
p>R, R:>pC, 

Rio + (eo-K) < Eo < R(io + ;~) + (eo -K) 

By coupling the units through resistances r an impulse 

transmission line is created (see Fig.3A). It can be 

shown that the circuit of Figure 3B has equal pro

perties with regard to impulse transmission as the cir

cuit of Figure 3A. For practical reasons the circuit of 

Figure 3B is chosen for the experiments. As aresult 

of the choice of the parameter values a timescaling 

has been introduced and the simulation results are 

not on a real time base. Up till now we have followed 

the train of thought of Nagumo. Below we give our 

experiments concerning the transmission delays as a 

function of stimulation intervals, whereas Nagumo 

[9] has dealt with the attenuation and distortion 

properties of the impulse transmission line. 
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Fig. 3. Impulse transmission line, consisting of several units 

of Fig .. 2, coupled by resistances r (A). In B an impulse trans

mission line is given having the same properties as the circuit 

in A (R=40 ohm, 10 < r < 470 ohm, L=5 mH and 

C=O.4 7 JLF) . 

Results 

1. Fixed rates 
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First the model has been stimulated with constant C 

stimulation rates. It was found that the delays be-

tween the stimulation impulses and upstrokes of the 

'evoked' action potentials increased at decreasing 

stimulation intervals. The delays at the 21st unit ver-
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Fig. 4. Steady state relation between total conduction delay 

and stirnulation interval (continuous line). Results were ob

tained from an impulse transmission line shown in Fig. 3B 

using 21 units. The dashed line shows a plot of the funtion 

g(r)=Aexp(-O'r)+C. (A = 5.9510
6

,1/0' = 37.3 JLsecand C = 

400/.lsec). 

Fig. 5. Oscilloscope recordings of the responses of the first (A 

second tra ce and B) and the last unit (A third trace and C) 

af ter a frequency step. The first trace of A shows the stimula

tion pulses. B, resp. C is a triggered superposition of A2, resp. 

A3. 

sus the stimulation intervals have been plotted in 

Figure 4. This result can be compared with the 

steady-state relation between conduction time and 

stimulation interval for the A-V node [4,6] . 

2. Frequency steps 

a. Another rather essential property of the A-V 

node, namely its gradual adaptation to frequency 

changes, can also be demonstrated with the analog 

model. This is shown in Figures S and 6. In Figure SA 

the stimulation impulses are shown together with the 

responses of the first cen and the last cen, respective

ly. In Figure SB a superposition of the responses of 

the first cen is given. In Figure SC the responses of 
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Fig. 6. Oscilloscope recordings of the responses of the last 

cel!, showing increasing conduction time af ter a frequency 

step from 4.5 msec to 440 fJ,sec (A), 420 fJ,sec (B) and 415 fJ, 

sec (C). The scope is triggered at a pulse 330 fJ,sec af ter the 

stimulation pulses (upper traces in A, Band C). 

the last cell are superimposed. In Figure SB the oscil

loscope is triggered by the stimulation pulses, in 

Figure SC by a pulse with a constant delay after the 

stimulation pulses~ This figure shows that the total 

delay increases gradually. Also in Figure 6 recordings 

are shown of the 'action potentials' of the last cello It 

can be concluded that the adaptation to frequency 

changes tends to the adaptation properties found for 

A-V nodal tissue [3, 4], i.e. the number of beats 

during the adaptation to a new rhythm changes rela

tively more than the duration of the adaptation. 

. b. Gradual adaptation of a single cell to frequency 

changes will result in gradual adaptation of the whole 

transmission line. However, from the gradual adapta-
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tion of a whole chain it cannot be concluded that 

each single cell also shows this property. It can be 

shown that a transmission line consisting of units of 

which the transmission delay is determined solely by 

the last stimulus interval will show gradual adaptation 

effects more or less similar to the adaptation effect 

found in the A-V node. This has been proved theo

retically for transmission lines consisting of different 

numbers of cells. For simplicity the train of thought 

is given below for a transmission line of two elements 

for a frequency step from To to Tl (see Fig. 7) where

as the transmission delay of each cell is considered to 

be given by the function g(T) from Figure 4. In the 

steady state, with stimulation interval T
O 

the delay of 

each cell is go' as indicated at the first two intervals 

of Figure 7 (A). Af ter the first impulse af ter the fre

quency step the situation as indicated by B in Figure 

7 is created. Af ter the second impulse the situation C 

is achieved. The total delays af ter the first, respec

tively second impulse af ter the frequency step are gl 

+ gz' respectively 2g
1 

• From this it can be seen that a 

transmission line consisting of elements of which the 

delay depends only on the preceding stimulation in

terval already shO\ys gradual adaptation properties. 

In Figure 8 the normalized adaptations to a fre-
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Fig. 7. Gradual adaptation of conduction time g for two cells 

after a frequency step in stimulation interval from TO to Tl 

(1) derived from the steady state relation (2) between con

duction time and stimulation interval. 
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Fig. 8. Plots of eomputed normalized adaptation of delay 

after a step fr om 400 to 500 J.Lsee of transmission lines eon

sisting of 10 (1), 20 (2), 40, 80,160, resp. 230 (6) units, go, 

resp. g~ indieate the steady state conduction times at stimu

lation intervals of 400 , resp. 500 J.Lsee. 

quency step from 400 to 500 f.1sec of transmission 

lines consisting of different numbes of cens of which 

the conduction delay is given by g(7)/21 have been 

plotted. The function g has been taken from Figure 4. 

lt can be seen that the adaptation takes more time for 

transmission lines consisting of more elements. 
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Fig. 9. Excitation moments of four sueeessive units (eells 15, 

16, 17, 18) of the transmission line in case the coupling 

resistances are 470, resp. 20 ohm (B). The arrows indicate the 

thresholds of the several units. 
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3. Cel! coupling 

In the analog model each cen is triggered by the 

previous one. In Figure 9A the moments of excitation 

of four successive cens in the chain and the way they 

reach their thresholds are shown. In this experiment 

where the coupling resistances rare 470 ohm, the 

influence in the nonactive state of a cen upon the 

adjacent one is negligible, as the potentialof the ad

jacent cen only starts to rise after the foregoing cen 

has passed its threshold. When the coupling re sis

tances were reduced to 20 ohm this influence was still 

weak but not negligible. This is shown in Figure 9B. 

4. Blocking ofimpulses 

Also blocking phenomena could be demonstrated. 

This is shown in Figure 10 (A-H). In each part of the 

Fig. 10. Responses of four cells from the transmission line in 

different situations of constant stimulation. 
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figure four recordings are shown, i.e. the responses of 

the second, the seventh, the fifteenth and the last 

(2Ist) cell, respectively. In A, all stimuli were con

ducted through the analog model. In B, blocking of 

impulses occurred between the fifteenth and the last 

cell (4:3 block). Increase of stimulation frequency 

causes an increase in blocked pulses in the last part of 

the transmission line (3:2 block) (C). A further in

crease of stimulation frequency can cause several 

types of blocking of impulses (Figure 10 D,E,F,G,H). 

5. Dual pathways 

Up till now only one-dimensional models have 

been considered here . We thought it of interest to 

study the behavior of a chain with two parallel path

ways of e.g. different lengths [7, 8]. Apart from the 

concept of longitudinal dissociation in the A-V node 

the cells in a pathway in the A-V node will not only 

be ranged after each other. In Figure IIA the chain 

used is given schematically. In Figure lIB the re

sponse to stimuli is shown for the first ceU (first 

trace), for the last ceU in the a-pathway (ad, for the 

last ceU in the ,B-pathway (,BI) and for the ceU where 

B 

c 

Fig. 11 . Responses of the eells 1, al , f3 1 , resp. ai} of the 

transmission line given in A for different stimulation inter

vals. 
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the a- and the ,B-pathway meet each other (a,B). The 

coupling resistances between al -a,B and ,BI -a,B are 

chosen so that neither al nor ,BI alone can excite a,B. 

The activations of both ceUs are necessary to activate 

a,B. Because the a-pathway is shorter than the other, 

the al response reaches a,B earlier than the ,BI re

sponse. In the fourth trace of Figure IIB a local re

sponse due to the al response is shown. Af ter the ,BI 

response the unit a,B is excited. Increase in stimulus 

frequency causes slightly increased conduction times 

along the a- and ,B-pathways and may eventuaUy cause 

blocking of impulses. The result of such a frequency 

change is shown in Figure lIC. Now, two local activa

tions due to thc al and,Bl responses can be seen. 

Discussion 

For reasons mentioned in the introduction it is of 

interest to compare the conductive properties of the 

impulse transmission line described above with the 

properties of the A-V node [3 , 4] . First attention has 

been focussed upon the relationship between conduc

tion time and stimulation rate. The general trend in 

both cases is rather similar. As a next point , in agree

ment with- th~ phenomenological results found for 

the A-V 'node, gradual adaptation of the conduction 

time after a step in stimulation rate is also found in 

the transmission line. Such an adaptation could be 

detected weakly in a single unit. However, a transmis

sion line consisting of units of which the transmission 

delay is determined solely by the last stimulus inter

val already shows adaptation effects more or Ie ss simi

lar to the adaptation effect found in the real A-V 

node . FIOm these results it may be concluded that 

the A-V node , although it does not adapt itselfinstan

taneously to changes in stimulation rate does not 

necessarily consist of elements which show gradual 

adaptation properties. Another property of the A-V 

node is that impulses may be blocked inside the node. 

Such a property could indeed be shown in the single 

pathway transmission line. Blocking is found at dif

ferent levels. However, it should be stressed that these 

effects are allied to inhomogenities in the transmis

sion line. It may be that the behavior of the line 

becomes more complicated and less predictabIe when 

via the coupling resistances not only the directly pre

ceeding unit influences a subsequent one, but that a 
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eeIl is influenced by other units as weIl. In the afore

mentioned transmission line such effects were very 

weak and their contribution to the overall properties 

of the line are negligible. 

Total blocking of impulses could be demonstrated 

in a transmission line with two pathways. In the range 

of low stimulation frequences this was not possible 

for a transmission line consisting of a single pathway. 

Also the phenomenon 'concealed conduction' can be 

simulated by coupled differential equations belonging 

to the same class as mentioned above [11]. From the 

aforementioned results it appears that a transmission 

line consisting of simple excitable units may show 

already in a qualitative way some properties as found 

for the A-V conduction system in situ. For establish

ing more quantitative relations between properties of 

A-V nodal eells and their coupling to conduction 

properties of the A-V node, the elements used here 

are not well enough representative for A-V nodal 

ceUs. Therefore it is felt worthwhile to continue this 

research by considering also transmission lines con

sisting of units based on the Hodgkin-Hux1ey equa

tions modified by Noble and coupled in a more real

istic way. Up till now the results demonstrate that: 

1. with the model in vivo situations can be simulated, 

2. such simulation may contribute to the understand

ing of A-V nodal conduction properties. 
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