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Abstract. A mathematical model developed in our laboratory is used to estimate 
and analyse extracellular potentials generated in a volume conductor by a 
geometrically inhomogeneous structure with a step increase or a step decrease 
in its diameter. The transmembrane potentials were calculated using the model 
of Hodgkin and Huxley (1952) and the method of Joyner et al. (1978). Varia­
tions in waveforms of the transmembrane and extracellular potentials were 
described and discussed. Differences in waveforms of the extracellular potentials 
and in declines of their components are due to changes in the source which 
generates these potentials. In case of a propagation block the peak-to-peak 
amplitude of the extracellular potentials calculated over the area of the block 
may be higher than that over the area of propagation of action potentials. The 
possible applications of the results to the analysis of extracellular potentials 
recorded around actual motoneurons during their orthodromic or antidromic 
activation are discussed. 

Introduction 

The model of Hodgkin and Huxley (1952) gives a fair description of transmem­
brane processes occurring in active excitable fibres. Owing to the development 
of methods for solving the system of equations describing the above model, the 
latter has become a basis for theoretical and experimental investigations of 
geometrically or functionally more complex structures. 

Cooley and Dodge (1966) were the first to solve this system of equations 
numerically without assuming a constancy of the excitation propagation veloc­
ity along the fibre, as done by Hodgkin and Huxley (1952). Khodorov et al. 
(1969) extended the method of Cooley and Dodge (1966) for the case of 
geometrical inhomogeneity — a step widening of the fibre; Moore et al. (1975) 
used the Crank-Nicholson method to solve the equations which describe a 
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cylindrical cell, while Joyner et al. (1975) extended this method for structures 
with an arbitrary number of bifurcations and different diameters. The develop­
ment of computing methods has brought a number of publications which have 
contributed to the understanding of the mechanisms of impulse conduction 
along such structures. Dodge and Cooley (1973) modelled a motoneuron and 
sought combinations of the functional properties of its different regions, that 
would yield transmembrane potentials close to those actually recorded; Ramon 
et al. (1975) studied theoretically and experimentally action potentials for some 
geometrical and functional inhomogeneities in an axon, while Parnas and Segev 
(1979) analysed conduction of action potentials along branching axons. Timin 
and Khodorov (1971), Miller and Rinzel (1981), Stephanova and Dimitrov 
(1983) studied changes in the propagation velocity of the action potential at 
different time intervals after a preceding stimulus; Scriven (1981) modelled 
action potentials in a thin unmyelinated fibre. Joyner and Westerfield (1982) 
studied the synaptic activity; Moore and Westerfield (1983) showed experiment­
ally and theoretically the dynamics of the threshold characteristic in inhomoge-
neous areas; Moore et al. (1983) modeled a neuron and studied the site of the 
impulse initiation in it upon changing the functional properties of its parts, etc. 

In clinical practice, mesurements of extracellular potentials are fundamental, 
their interpretation is however, difficult. Even with a bell-shaped transmembrane 
potential, which propagates with a constant velocity along a homogeneous 
striated muscle fibre, the extracellular potentials may have different numbers of 
components (from two to five). Their waveforms led of near and far from a 
structure may be quite different. This has been shown experimentally (Gydikov 
and Kosarov 1972a, b; 1973) and in theoretical studies (Dimitrova 1974; Dimit­
rova and Dimitrov 1974; Dimitrov and Dimitrova 1974b). The picture is even 
more complicated for geometrically and functionally inhomogeneous struc­
tures, such as branching axons and dendrites or an initial segment-soma area of 
a neuron. The waveforms of transmembrane potentials and the velocity of the 
propagation of excitation along such structures are quite different. The trans­
membrane potential profile continuously changes and considerably complicates 
the interpretation of the potentials recorded. Due to this, the spatial distribution 
of membrane excitability was estimated differently by different authors (Brock 
et al. 1953; Fatt 1957; Freygang 1958; Terzuolo and Araki 1961; Nelson and 
Frank 1964; Rosenthal 1971; Grace and Bunney 1983). For example, Freygang 
(1958) assumed that the dendrite membrane together with the main part of the 
soma was passive, while Fatt (1957), and Terzuolo and Araki (1961) believed 
that the somatic membrane and the proximal part of the dendrites were active. 

Some attempts were also made to solve these problems using mathematical 
models. Rail (1962a) examined a particular case of a passive soma-dendrite 
complex with a fixed geometry. Dvorak and Srch (1977) suggested a way of the 
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calculation of extracellular potentials around an active cell which consisted of 
a long unmyelinated axon and ellipsoidal soma without any dendrites. Dimit­
rova (1985) studied influences of different geometric relations between an active 
short soma and dendrites on the extracellular potentials. However, there has 
been no attempt to systematically examine the influence of different geometrical 
parameters on the profile of transmembrane potentials and hence on ex­
tracellular potentials around a structure. 

The large number of papers which describe transmembrane processes are a 
good basis for calculations of extracellular potentials around inhomogeneous 
structures. 

The purpose of the present paper was to study changes in transmembrane 
and extracellular potentials in a case of the most simple geometric inhomoge-
neity, namely, a step change in the diameters of a structure. 

Methods 

The Hodgkin-Huxley (1952) model was used to calculate transmembrane potentials in the time and 
distance domain. The system of differential equations was solved according to Joyner et al. (1978). 
The structure studied was presented as two interconnected cables having different diameters. The 
diameter of the initial part of the cable (the site of the stimulus application) was of the order of that 
of a motoneuron soma (50 /mi). The structure was long (1—2.5 cm) in order to eliminate the effect 
of its boundaries on the potentials studied. The resistance of the extracellular volume conductor was 
assumed to be zero, the time step was 10/JS, the temperature was 20°C. Boundary conditions: 
V , = K, (the stimulus was applied to the zero segment), VL + , = O.The remaining parameters were 
the same as reported by Hodgkin and Huxley (1952). 

The extracellular potentials Ve(x, y) were calculated on the basis of the distribution of the 
transmembrane potential profile along the structure at a moment t (Plonsey 1969, 1977; Pattle 1971; 
Dimitrova 1985): 

VÁX,y) = KľJ-L±a\z) X~Z dz (D 
J.-i Ôz [(X - zf + K,yf12 

where x, y are coordinates of the point at which the extracellular potentials were calculated; z is the 
coordinate of the respective segment along the structure; a(z) is the radius of the structure in segment 
z; Vm(z) is the transmembrane potential in segment z; z,, z2 are coordinates of the structure ends; 
and Km is the anisotropy coefficient of the volume conductor. 

Only one wave of the potential profile was considered, namely that right to the site of stimula­
tion. 

In the present paper, results of calculations of transmembrane and extracellular potentials for 
a homogeneous fibre and for structures with a 2; 4; 5; and 0.25 — fold step change in the diameters 
are described. The radial distances from the structure axis were 0.5; 1; and 2 mm, the anisotropy 
coefficient of the volume conductor was 1. 

Results 

Figure 1 represents a reference pattern for transmembrane (A) and extracellular 
(B) potentials generated by a geometrically homogeneous fibre. The ex-
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tracellular potentials are triphasic. Upon increasing the radial distance, the 
duration of the negative phases increases, and the amplitudes of the first and the 
second positive phase become equal, as described earlier (Dimitrov and Dimit­
rova 1974c). In all cases considered, at sites remote from the geometrical 
inhomogeneities and from the fibre ends, the transmembrane potentials, as a 
function of time, do not depend on the fibre diameter (see, e. g., Figs. 1 A, 2A) 
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Fig. 1. Transmembrane {A) and extracellular (B) potentials generated by a geometrically homoge­
neous fibre. The radial distances (y) of the points of observation from the fibre axis were 0.5: 1: and 
2mm (SI, 52, S3). 

I. Step Increase in the diameter 

a) Below the critical value (Fig. 2) 

When the diameter increased twice, which is far below the critical value at which 
a propagation block occurs, an approximately 10 % decrease of the transmem­
brane potential amplitude, slowing down of the depolarization processes and an 
increased total duration of the potential were observed in the narrow part of the 
structure in the vicinity of the diameter increase (Fig. 2,41). In the thicker part, 
the amplitude and the velocity of propagation stabilized at a value typical of a 
homogeneous fibre with the larger diameter. The relatively small changes in the 
waveforms of the transmembrane potentials, together with the clearly observed 
changes in their propagation velocity, resulted in a considerable widening of the 
transmembrane potential profile in the thicker part of the structure (Fig. 2A2). 

A thickening of the structure had different effects on extracellular potentials 
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above the thinner and thicker part. An additional negative-positive potential was 
generated above the thinner part and above the site of diameter change, as a 
result of the thickening. Depending on the location of the point of recording, 
this additional potential appeared on the background of the negative or the 
second positive phase (Fig. 2 B). At any radial distance this may increase the 
duration of the negative phase of the extracellular potential as compared with 
the respective values for a homogeneous thin fibre (Fig. 1 B). 
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Fig. 2. Transmembrane (A) and extracellular (B) potentials generated by a structure with a twofold 
step increase in diameter. The transmembrane potentials are shown for segments J = 40; 80; 120; 
160; 200 (A\) and for times / = l ; 2 ;3 ;4 ;5ms (A2). The coordinates of the points of observation 
were* = 0.6; 0.8; 1; 1.2; 1.4cm, and y = 0.5; 1; 2mm (SI, 52, S3). The geometry of the structure 
is shown schematically in the right upper corner. The diameter change is at x = 1 cm (segment 80). 
The arrow indicates the direction of the propagation of excitation along the structure. 

The amplitudes of the first positive and the negative phase gradually increase 
above the thicker part to reach stationary values characteristic of a homoge­
neous fibre with a diameter equal to that of the larger part. Close to the structure 
the duration of the negative phase of the extracellular potentials remained 
practically unchanged, whereas at longer distances, it was shorter as compared 
with that generated by a homogeneous thin fibre (compare Figs. 2 B and 1 B for 
identical radial distances). Potential amplitudes above the thicker part were 
higher than those above the thinner part. 

An increase in the radial distance resulted in an extension of the area above 
the structure, where the influence of an increased diameter could be observed. 
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b) Nearly the critical value, but below it (Fig. 3) 

In this case, at a fourfold increase in the diameter, a more than a twofold 
decrease in the transmembrane potential amplitude, a decrease in the velocity of 
the depolarization processes and a decremental reverse conduction were obser­
ved in the thinner part (Fig. 3,41). In the thicker part, close to the site of the 
diameter change, there was a substantial delay in the development of the initial 
part of the depolarization phase and a subsequent fast restoration of the 
transmembrane potential amplitude. 
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Fig. 3. Transmembrane (A) and extracellular (B) potentials generated by a structure with a fourfold 
increase in diameter. Transmembrane potentials in the time domain are shown for segments 65 -s- 92 
at every 3 (A 1). Transmembrane potentials in the distance domain are shown for times 1 -=- 2.8 ms 
at every 0.2ms (A2). For other conditions see Fig. 2. 

The delay in the development of depolarization resulted in a substantial 
decrease in the amplitude of the transmembrane potential profile and in a 
change in the steepness of the depolarization front (Fig. 3,42). When the 
excitation wave approached the point where the structure became thickened, the 
depolarization front became steeper in the thin part of the structure. When the 
excitation wave entered the thicker part, the depolarization front sharply be­
came initially less steep, and subsequently both its slope and amplitude in­
creased first gradually and then sharply, to reach values characteristic of a 
thicker fibre. The peak was simultaneously rounded up. Also, the propagation 
velocity of the excitation changed, to reach values characteristic of a thicker 
fibre. As a result, the profile was much more extended in this part of the 
structure than in a fibre with a twofold diameter. 
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The more pronounced changes in the profile and in the power of elementary 
sources (proportional to a2), as compared with those in a structure with a 
twofold diameter, were reflected in the extracellular potentials (Fig. 3). The long 
delay in the development of the depolarization phase, during the spread of 
excitation through the inhomogeneous section resulted in a substantial 
prolongation of the phases of extracellular potentials generated during this 
period. These phases (negative above the thinner part of the structure and above 
the inhomogeneity, and the first positive above the thicker part) had a complex 
configuration which changed upon shifting the position of the recording point. 
This reflects the above described dynamics in the development of the depolariza­
tion phase. The development of the repolarization phase in the thicker part of 
the structure and the propagation of excitation along it gave rise to a second 
positive phase above the thinner part of the structure, considerably greater than 
those observed with a twofold diameter. At longer radial distances the ex­
tracellular potentials above the thin part, as well as those above the inhomoge­
neity, became practically biphasic, negative-positive, with a complex negative 
phase. Above the thicker part, the potentials were triphasic. Upon increasing the 
distance axially from the site of the inhomogeneity, the amplitudes of the first 
positive and the negative phase increased to reach values characteristic of a thick 
fibre. At long radial distances (Fig. 3 B3) the shortening of the negative phase 
of the extracellular potential above the thicker part, as compared with the 
negative phase generated by a homogeneous thin fibre (Fig. 1 B), was more 
marked than with a twofold diameter. 

c) Above the critical value (Fig. 4) 

At a temperature of 20 °C and with a fivefold increase in the structure diameter, 
the excitation wave failed to propagate through the inhomogeneity. The am­
plitude of the transmembrane potential in the thin part of the structure de­
creased when the excitation wave approached the thickening, and was not 
restored (Fig. 4 A) unlike the case of the structure with a fourfold diameter 
(Fig. 3 A). This is why the extracellular potential lacked components corres­
ponding to the restoration of the amplitude and to the development of the 
repolarizatin phase in the thicker part. Above the thinner part, the thickening 
did not result in the generation of additional negative-positive potentials, as in 
the previous cases; negative potentials were only generated. The extracellular 
potentials before and above the site of diameter change were positive-negative, 
with small positive phases, and negative phases of complex configurations, with 
practically no second positive phases. Above the thicker part, the extracellular 
potentials were positive-negative, the positive phase being greater than the 
negative one. The latter rapidly decreased with increasing axial distance from 
the site of the inhomogeneity (Fig. 4 B). In spite of the propagation block, the 
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amplitudes of the extracellular potentials (of the positive component and the 
peak-to-peak amplitude) above the thicker part, close to the widening, were 
greater than those above the thinner part. 
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Fig. 4. Transmembrane (A) and extracellular (B) potentials generated by a structure with a fivefold 
increase in diameter. For details see Fig. 3. 

II. Step Decrease in the Diameter (Fig. 5) 

When the structure diameter was abruptly decreased (four times), an approxim­
ately 10 % increase in the amplitude of the transmembrane potential, a decrease 
of the depolarization time and of the total duration of the transmembrane 
potential before the area of the diameter change were observed. In the thinner 
part, the transmembrane potential was rapidly restored to values characteristic 
of a homogeneous thin fibre (Fig. 5,41). The spatial profile changed in accor­
dance with shape changes of the transmembrane potential and changes in its 
propagation velocity along the structure (Fig. 5 A2). When the point of registra­
tion was moved closer to the site where the fibre became narrower, the ex­
tracellular potential became biphasic, positive-negative (Fig. 5 B). The first 
positive phase was similar to that observed with homogeneous structures. The 
negative phase gradually decreased in amplitude, the steepness of the descending 
part of this phase initially increased, when the depolarization front entered the 
thinner part, and substantially decreased thereafter, when the repolarization 
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processes started in the thinner part. This resulted in a prolongation of the 
negative phase above the thicker part of the structure. 

Above the thinner part of the fibre, small triphasic potentials generated by 
it developed on the background of higher positive-negative potentials generated 
by the thicker part of the structure (Fig. 5 C). The latter potentials were similar 
to those generated beyond the fibre end (Dimitrova 1974; Dimitrova and 
Dimitrov 1974). Upon increasing the radial distance, the extracellular potentials 
around the inhomogeneity (Fig. 5 B, O became similar to those recorded in the 
area near the end of the fibre (Dimitrova 1974; Dimitrova and Dimitrov 1974). 
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Fig. 5. Transmembrane (A) and extracellular (B and C) potentials generated by a structure with a 
fourfold decrease in diameter. Transmembrane potentials in the time domain are shown for seg­
ments 35 H- 62 at every 3 (.41). Transmembrane potentials in the distance domain are shown for 
times 1 -=- 2.8 ms at every 0.2 ms (A2). The diameter changes at segment 50 (x = 0.625 cm). The 
coordinates of the points of observation: B, x = 0.4; 0.5; 0.6; 0.7; 0.8cm; y = 0.5; 1; 2mm; C, 
x = 0.7; 0.75; 0,8; 0.85; 0.9cm; y = 0.5; 1; 2mm. 
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III. Effects of the Transmembrane Potential Profile and Power of the Elementary 
Generators on the Extracellular Potentials 

a) Effect of the transmembrane potential profile 

Let us consider extracellular potentials (Fig. 6,4) generated by a hypothetical 
fibre. At any moment its potential profile is the same as that in a case of a 
structure with a fourfold increase in diameter but its radius is constant and equal 
to that of the initial part of the structure. The nature of the extracellular 
potentials generator is quasi-quadrupole in this case, similarly as in the homoge­
neous fibres (Dimitrov and Dimitrova 1974a). In both parts of the structure, at 
long distances from the inhomogeneity, the lengths of the depolarized zones are 
proportional to the propagation velocities of the excitation along these parts, 
since the duration of the transmembrane potentials in homogeneous parts of the 
structure does not depend on the structure diameter (Figs. \A,2A and Gold­
stein and Rail 1974). The differences in the amplitudes of the potentials above 
the parts with shorter and longer profile respectively, and change in their ratio 
upon increasing the radial distance, result from the non-monotonous depen­
dence of the amplitudes of the extracellular potentials on the length of the 
depolarized zone (Dimitrova 1973). Changes in the ratios of the different 
potential components (Fig. 6 A), which, in the case of a quasi-quadrupole nature 
of the generator, reflect also changes in the amplitude and asymmetry of the 
potential profile (Dimitrov and Dimitrova 1974a), differ from those shown in 
Fig. 3B. The conditions of the generation of these potentials are also different. 
Let us, therefore, consider another possibility. 

b) Effect of the power of the elementary generators 

Our studies have shown that when the excitation wave approaches the site of the 

diameter change, the power of the elementary sources I -a2(z) I increases 

as compared with that typical of the homogeneous thin fibre. It continues to 
increase in the region of increased diameter where it reaches its maximal values. 
The values are substantially larger than those in the long thin fibre. 

Therefore, let us consider extracellular potentials generated by the thicker 
part of the fibre only (Fig. 6 B). The ratios of the components of the negative 
phases change during the development of the profile in the thicker part of the 
structure adjacent to the region where the diameter is changed. During the initial 
period of this development the depolarization front changes from very slightly 
inclined to steeper, and its amplitude rises. The steepest region of the profile is 
near the position where the diameter is changed (Fig. 3 A2). Therefore, close to 
the structure, the maximum of the negative potential is near the place where the 
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diameter changes (Fig. 6 B\). At longer radial distances the negative maximum 
of the extracellular potentials shifts axially to the thinner part of the structure, 
approximately at 0.7>> (Dimitrova 1985). Thus, at longer radial distances the 
potentials aside the position where the diameter changes may exceed those above 
that position (Fig. 6 S3). During subsequent periods of the development of the 
depolarization front the profile peak becomes rounded up and the steepest 
sections of the profile and the negative maxima of the extracellular potentials are 
shifted towards the thicker part of the structure. Consequently, the ratio changes 
of the different components of the extracellular potentials, imposing a different 
declines of these components with the distance from the structure, may be a 
reflection of the dynamics in the development of the distributed source. Analo­
gous considerations also concern the first positive phase of the extracellular 
potentials in the area of the site of the diameter change. 
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Fig. 6. Extracellular potentials generated by structures having the same profile of the transmem­
brane potentials as that calculated for the fourfold step increase in the structure diameter. A: the 
radius of the structure is constant along the entire structure length and is the same as in its initial 
part; B: extracellular potentials generated by the thicker part of the structure only. For coordinates 
of the points of observation see Fig. 2. 

The amplitudes of the negative phase of the extracellular potentials grow 
upon increasing the axial distance from the inhomogeneity. This growth con­
tinues until the profile no longer contributes by further expansion to the am­
plitude increase (x x 1.4 cm). Far from the structure, the duration of the nega­
tive phase decreases (Figs. 6 53, 2 S3, 3 53, x = 1.4 cm) as compared with a 
homogeneous thin fibre (Fig. 1 53), due to the fact that the potential profile in 
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the thicker part of the structure is prolonged at the expense of an increase in the 
propagation velocity of the excitation along the structure (Dimitrov 1987). 

For other ratios of diameters of the two parts of the structure the regularities 
in the development of the extracellular potential are similar to those discussed 
above. Differences only occur in the actual ratios of different components. They 
are determined by the amplitude and asymmetry of the transmembrane poten­
tial profile, as well as by the dynamics of the development of the distributed 
source which generates the extracellular potentials. 

In geometric inhomogeneities examined in the present paper the effects of 
the parameters which characterize the generator and its power in the thicker part 
of the structure, are more pronounced than those of the whole profile of the 
transmembrane potentials and its asymmetry. Consequently, the peak-to-peak 
amplitude of the extracellular potentials above the thicker part of the structure 
may be greater than that above the thinner one (Fig. 4 B), even when a propaga­
tion block occurs. 

Discussion 

Brock et al. (1953), Freygang (1958), Terzuolo and Araki (1961), Nelson and 
Frank (1964), Rosenthal (1971), Grace and Bunney (1983) proposed different 
interpretations of the intra- and extracellular potentials recorded in experiments 
on single neurons. This multiplicity of views is due to our poor understanding 
of the processes, as well as to numerous parameters which seem to play a role 
in the generation of the potentials studied. Simulations described in the present 
paper show that a change of even one geometric parameter may be of impor­
tance for transmembrane and extracellular potentials. In addition to alterations 
of transmembrane potentials as described for some geometric inhomogeneities 
by Cooley and Dodge (1966), Khodorov et al. (1969), Dodge and Cooley (1973), 
Goldstein and Rail (1974), Joyner et al. (1978), and Moore et al. (1983), the 
nature of the distributed source generating extracellular potentials also under­
goes changes. Our data have shown that this results in a shift of the maxima of 
the extracellular potential components, in differences in the decline of these 
components and, consequently, in changes in the waveforms of the extracellular 
potentials. Potentials calculated for points above the inhomogeneity may show 
a negative plateau and a peak which decline in different ways. These potentials 
resemble those recorded by Fatt (1957), Terzuolo and Araki (1961), Nelson 
and Frank (1964) around motoneurons. To what extent, however, does the 
analogy between motoneurons and the structures examined by us hold? 

In the present paper geometrically inhomogeneous structures were presented 
as two interconnected cables of different diameters. The structures were long, 
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their initial diameters were of the order of that of a striated muscle fibre or a 
motoneuron soma. According to Rail (1962a) dendrites load the soma of a 
motoneuron in such a way that the soma-dendrite complex may be presented as 
an equivalent cylinder with a diameter equal to that of the soma. As for their 
shapes, the structures examined in the present paper may thus represent an 
analog of the branching axons (Parnas and Segev 1979) or dendrites (Rail 
1962b; Goldstein and Rail 1974) and an approximation of the axon-soma-
-dendrite complex of a motoneuron as well. It is an approximation, since the 
extension of a nerve cell from its initial segment to its soma is gradual. When 
the diameter changes gradually the transmembrane processes are analogous to 
those observed with step changes. However, these processes not only depend on 
the ratio of the diameters in the homogeneous parts but also on the length (/) 
of the region between these parts (Joyner et al. 1978). Thus, at a given stage, the 
number of parameters examined can be reduced. We therefore assume the 
length (/) to be zero. In their models of a motoneuron. Dodge and Cooley (1973) 
and Moore et al. (1983) used structures similar in their shapes to those con­
sidered in our simulations. 

In addition to their shape, structures are also characterized by their size. In 
the time domain the transmembrane processes depend on the shape of the 
structure only (Goldstein and Rail 1974; Joyner et al. 1978; the present paper 
-see Fig. 2,41). but in the distance domain they are strongly affected by the 
actual values of the diameter. The latter determines the propagation velocity of 
excitation and, hence, the length of the potential profile. According to the cable 
theory, when the diameter of a structure changes TV-times, this involves y/Ň-
-times scale change in the distance domain (z). In this case, the extracellular 
potentials maintain their waveforms at points with coordinates x, = x/y/Ň and 
y] = y/y/Ň, but their magnitudes are proportionally changed TV-times at these 
points (see formula 1). Keeping in mind this possibility of the transformation of 
the calculation results for any value of the initial diameter of the structure, we 
may conclude that all our results may be used to analyse transmembrane and 
extracellular potentials recorded in experiments on structures of real sizes. The 
only pre-condition is a similarity between the shape of the real structures and 
those of the model. Taking into account the similarity between the waveforms 
of transmembrane potentials recorded in actual experiments (Fatt 1957; Ter­
zuolo and Araki 1961) and those calculated for the case of a nearly critical 
increase of the diameter (Fig. 3,41), as well as the considerable length of the 
structures examined in the present paper, we may consider that the structures 
used in our model may represent a geometrical analog of both branching axons 
or dendrites of some nerve cells and the region between the initial segment and 
the soma of a motoneuron. Then, a step increase in or a decrease of a structure 
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diameter would correspond to an antidromic or orthodromic excitation of a 
motoneuron respectively. 

Using the results of our study, in should be taken into account that, at a 
given stage, a branching thin axon or dendrites are entirely set equal to an 
equivalent thick cylinder. This is absolutely correct for the time domain, but not 
for the distance domain. The potential profile in a thick cylinder is longer than 
that in thin dendrites connected to the soma. This is reflected in specific values 
of the amplitudes (Dimitrova 1973) and in shifts of the maxima of different 
potential components at different radial distances (Dimitrov and Dimitrova 
1974a, c) and in the duration (Dimitrov 1987) of the extracellular potentials 
calculated. However, the dynamics of the transmembrane potential profile and 
the reasons for differences in the degree of radial decline of the extracellular 
potential potential components will remain unchanged. 

Our studies have shown that changes in the geometry of the excitable 
structures should always be considered when intra- and extracellular potentials 
generated by such structures are to be interpreted. Changes in geometry may 
explain alterations in the waveforms of the extracellular potentials recorded at 
different distances from the structure, changes in the degree of the decline of 
different components, higher potentials above regions of block, and differences 
in the waveforms of extracellular potentials recorded during antidromic or 
orthodromic activation. 

The present results are however insufficient to allow a detailed interpretation 
of potentials generated by actual inhomogeneous structures. Influence of a short 
soma, that of the finite length of the dendrites, of their branching, of differences 
in functional properties of individual parts of a structure, etc., on the transmem­
brane and extracellular potentials, should also be investigated. 

References 

Brock L. G., Coombs J. S., Eccles J. C. (1953): Intracellular recording from antidromically activated 
motoneurones. J. Physiol. (London) 122, 429—461 

Cooley J. W., Dodge F. A. (1966): Digital computer solutions for excitation and propagation of the 
nerve impulse. Biophys. J. 6, 583—599 

Dimitrov G. V. (1987):Time characteristics of the extracellular potentials generated during activa­
tion of an excitable fibre. Electromyogr. Clin. Neurophysiol. (in press) 

Dimitrov G. V., Dimitrova N. (1974a): Influence of the asymmetry in the distribution of the 
depolarized level on the extracellular potential field generated by an excitable fibre. Electro­
myogr. Clin. Neurophysiol. 14, 255—275 

Dimitrov G. V., Dimitrova N. (1974b): Extracellular potential field of a single striated muscle fibre 
immersed in anisotropic volume conductor. Electromyogr. Clin. Neurophysiol. 14, 425—436 

Dimitrov G. V., Dimitrova N. (1974c): Extracellular potential field of an excitable fibre immersed 
in anisotropic volume conductor. Electromyogr. Clin. Neurophysiol. 14, 437-458 



Simulation of Potentials for Step Changes in Diameter 33 

Dimitrova N. (1973): Influence of the length of the depolarized zone on the extracellular potential 
field of a single unmyelinated nerve fibre. Electromyogr. Clin. Neurophysiol. 13, 547—558 

Dimitrova N. (1974): Model of the extracellular potential field of a single striated muscle fibre. 
Electromyogr. Clin. Neurophysiol. 14, 53—66 

Dimitrova N. (1985): Extracellular potentials around active structures with short geometric inho­
mogeneities. Electromyogr. Clin. Neurophysiol. 25, 361—373 

Dimitrova N., Dimitrov G. V. (1974): Extracellular potential field of a single striated muscle fibre. 
Electromyogr. Clin. Neurophysiol. 14, 270—292 

Dodge F. A., Cooley J. W. (1973): Action potential of the motoneuron. IBM J. Res. Develop. 17, 
219—229 

Dvorak I., Srch L. (1977): A method for evaluation of the electric potential field of a neuron with 
time-dependent surface potential. Comput. Program. Biomed. 7, 171 —178 

Fatt P. (1957): Electric potentials occurring around a neuron during its antidromic activation. J. 
Neurophysiol. 20, 27- 60 

Freygang W. H. (1958): An analysis of extracellular potentials from single neurons in the lateral 
geniculate nucleus of the cat. J. Gen. Physiol. 41, 543 564 

Goldstein S. S., Rail W. (1974): Changes of action potential shape and velocity for changing 
core-conductor geometry. Biophys. J. 14, 731-757 

Grace A. A., Bunney B. S. (1983): Intracellular and extracellular electrophysiology of nigral 
dopaminergic neurons. 2. Action potential generating mechanisms and morphological cor­
relates. Neuroscience 10, 317—332 

Gydikov A., Kosarov D. (1972a): Volume conduction of the potentials from separate motor units 
in human muscle. Electromyogr. Clin. Neurophysiol. 12, 127—147 

Gydikov A., Kosarov D. (1972b): Extraterritorial potential field of impulses from separate motor 
units in human muscles. Electromyogr. Clin. Neurophysiol. 12, 283—305 

Gydikov A., Kosarov D. (1973): The influence of various factors on the the shape of the myopoten-
tials in using monopolar electrodes. Electromyogr. Clin. Neurophysiol. 13. 319—343 

Hodgkin A. L., Huxley A. F. (1952): A quantitative description of membrane current and its 
application to conduction and excitation in nerve. J. Physiol. (London) 117, 500—544 

Joyner R. W., Westerfield M. (1982): Effects of rectification on synaptic efficacy. Biophys. J. 38, 
39—46 

Joyner R. W., Westerfield M., Moore J. W., Stockbridge N. (1978): A numerical method to model 
excitable cells. Biophys. J. 22, 155—170 

Khodorov B. I., Timin Y. N., Vilenkin S. Ya.. Gulko F. B. (1969): Theoretical analysis of the 
mechanisms of conduction of a nerve pulse over an inhomogeneous axon. I. Conduction 
through a portion with increased diameter. Biofizika 14, 304—315 (in Russian) 

Miller R. N., Rinzel J. (1981): The dependence of impulse propagation speed on firing frequency, 
dispersion, for the Hodgkin-Huxley model. Biophys. J. 34, 227 - 259 

Moore J. W., Westerfield M. (1983): Action potential propagation and threshold parameters in 
inhomogeneous regions of squid axons. J. Physiol. (London) 336, 285—300 

Moore J. W., Ramon F., Joyner R. W. (1975): Axon voltage-clamp simulations. I. Method and tests. 
Biophys. J. 15, 11—24 

Moore J. W., Stockbridge N., Westerfield M. (1983): On the site of impulse initiation in a neurone. 
J. Physiol. (London) 336, 301—311 

Nelson P. G., Frank K. (1964): Extracellular potential field of single spinal motoneurons. J. 
Neurophysiol. 27, 913—927 

Parnas I.. Segev I. (1979): A mathematical model for conduction of action potentials along 
bifurcating axons. J. Physiol. (London) 295, 323—343 



34 Dimitrova 

Pattle R. E. (1971): The external action potential of a nerve or muscle fibre in an extended medium. 
Phys. Med. Biol. 16, 673—685 

Plonsey R. (1969): Bioelectric Phenomena. Mc Graw-Hill Book Comp. New York 
Plonsey R. (1977): Action potential sources and their volume conductor fields. Proc. IEEE 65, 

601—611 
Rail W. (1962a): Electrophysiology of a dendritic neuron model. Biophys. J. 2, 145- 167 
Rail W. (1962b): Theory of physiological properties of dendrites. Ann. N. Y. Acad. Sci. 96, 1071 

— 1092 
Ramon F.. Joyner R. W., Moore J. W. (1975): Propagation of action potentials in inhomogeneous 

axon regions. Fed. Proc. 34, 1357—1363 
Rosenthal F. (1971): Relationships between positive-negative extracellular potentials and intracel­

lular potentials in pyramidal tract neurons. Electroenceph. Clin. Neurophysiol. 30. 38—44 
Scriven D. R. L. (1981): Modeling repetitive firing and bursting in a small unmyelinated nerve fibre. 

Biophys. J. 35, 715- 730 
Stephanova D. I., Dimitrov G. V. (1983): Mathematical analysis of the mechanisms of conductance 

along excitable fibres in the recovery cycle. Electromyogr. Clin. Neurophysiol. 23. 35—47 
Terzuolo C. A., Araki T. (1961): An analysis of intra- versus extracellular potential changes 

associated with activity of single spinal motoneurons. Ann. N. Y. Acad. Sci. 94, 547—558 
Timin Y. N.. Khodorov B. I. (1971): Analysis of the mechanisms of nerve impulses propagation in 

the relative refractory period on a mathematical model of the squid giant axon. Neirofiziologiya 
3, 434—441 (in Russian) 

Final version accepted March 27, 1986 


