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Abstract
Neuronal firing patterns are influenced by both membrane properties
and dendritic morphology. Distinguishing two sources of morphological
variability—metrics and topology—we investigate the extent to which model
neurons that have the same metrical and membrane properties can still produce
different firing patterns as a result of differences in dendritic topology. Within
a set of dendritic trees that have the same number of terminal segments and the
same total dendritic length, we show that firing frequency strongly correlates
with topology as expressed by the mean dendritic path length. The effect of
dendritic topology on firing frequency is bigger for trees with equal segment
diameters than for trees whose segment diameters obey Rall’s 3

2 power law.
If active dendritic channels are present, dendritic topology influences not only
firing frequency but also type of firing (regular, bursting).

1. Introduction

Neurons are characterized by the shape of their axonal and dendritic arborizations. The soma
and the dendritic arborizations receive and integrate incoming synaptic potentials and trigger
the neuron to generate action potentials, which are transmitted to the neuron’s target cells via
its axonal arborizations. Dendritic morphology is assumed to play an important role in the
generation of time-structured series of action potentials, through the way it influences both
the integration of synaptic inputs and the spread of action potentials backward from soma to
dendrites, as well as through influencing input conductance at the soma (for a review, see Segev
and London (2000)).

Dendritic arborizations show an enormous diversity among and within neuron classes,
both with respect to metrical characteristics (such as the total surface area of the dendritic
1 Author to whom any correspondence should be addressed.
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Figure 1. All the different degree 8 topologies. Upper index: tree asymmetry index. Lower index:
normalized mean path length (each segment has length 1). For display purposes, some segments
have been lengthened (in the simulations, all segments have the same length).

tree and the length and diameters of its segments) and with respect to topological structure
(the connectivity pattern of the segments—as characterized, for example, by the topological
asymmetry of the tree; see the methods section). The variation in topology can be accounted for
by the growth process that generates the dendritic tree (e.g. Van Pelt and Uylings (1999)), and
the mean asymmetry is often different for different neuron classes (e.g. Dityatev et al (1995),
Van Pelt et al (1997, 2001), Van Pelt and Uylings (1999)). It is therefore important to know
whether differences in dendritic topology, generated during growth, contribute to functional
differences: i.e. to the neuron’s electrophysiological properties (e.g. the type of firing patterns
it can generate) and its role in neuronal signal processing.

In vivo and in vitro recordings of the electrical activity of neurons display a wide range
of firing patterns. Experimental and theoretical studies show that differences in firing patterns
between neurons can arise from differences in membrane properties, such as the types and
densities of ion channels (Traub et al 1991, 1994, DeSchutter and Bower 1994, Jaffe et al
1994, Borg-Graham et al 1998). Several studies, however, have also emphasized the role of
dendritic morphology (Bilkey and Schwartzkroin 1990, Mason and Larkman 1990, Pinsky and
Rinzel 1994, Migliore et al 1995, Turner et al 1995, Mainen and Sejnowski 1996, Masukawa
et al 1997, Sysmanzik et al 1999, Sheasby and Fohlmeister 1999, Washington et al 2000,
Bastian and Nguyenkim 2001); see also Schubert et al (2001).

Mainen and Sejnowski (1996), for example, showed that multi-compartmental models of
neocortical neurons that have the same channel densities and kinetics but differ in their den-
dritic shape and size can generate firing patterns ranging from regular spiking to bursting when
stimulated at the soma with a fixed current injection. Reduced models consisting of only a den-
dritic and an axo-somatic compartment can give rise to the same spectrum of firing patterns, by
varying the electrical resistance (coupling) between the two compartments and the ratio of the
dendritic to axo-somatic surface area (Pinsky and Rinzel 1994, Mainen and Sejnowski 1996).

These model studies have shown that dendritic morphology has an influence on firing
pattern, but they have not given insight into the possible separate roles of the two sources
of morphological variability: metrics and topology (e.g. Van Pelt and Schierwagen (1994)).
Stimulating at the soma and using a set of dendritic trees that have the same metrical and
membrane properties but differ in their topological structure, we here investigate the extent to
which dendritic topological structure can affect firing pattern.

Preliminary results of this study have been published in Duijnhouwer et al (2001).

2. Methods

To study the influence of dendritic topological structure on firing pattern, we used a set of
neurons consisting of all the topologically different dendritic trees with eight terminal segments
(i.e. the degree of the trees is 8; see figure 1). (For the basal dendrites of rat pyramidal neurons,
for example, most topologically different tree types can actually be found for trees of a low
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Table 1. Membrane properties. Conductances are in pS µm−2. In addition, the dendrites contain
an internal Ca2+ decay mechanism (which can be viewed as simplified buffering; see Destexhe
et al (1993) and Mainen and Sejnowski (1996)). For both the axo-somatic compartment and
the dendrites, the membrane capacitance (Cm ) is 0.75 µF cm−2 and the axial resistance (Ra ) is
150 � cm. Further, the reversal potentials are ENa = 60 mV, EK = −90 mV, ECa = 140 mV and
Eleak = −70 mV.

Name of conductance Axo-somatic Dendrites

active: active:
Fast Na+ conductance ḡNa = 3000 ḡNa = 15
Fast non-inactivating K+ conductance ḡKv = 150
Slow voltage-dependent non-inactivating K+ conductance ḡKm = 0.1
Slow Ca2+-activated K+ conductance ḡKCa = 3
High voltage-activated Ca2+ conductance ḡCa = 0.3

passive:
Leak conductance ḡleak = 0.33

degree—see Van Pelt and Uylings (1999).) All the segments in the trees (intermediate and
terminal segments) have the same length, diameter (5 µm), and membrane properties, so that
the trees differ only in the way the segments are connected, i.e. their topological structure. In
addition to possessing a dendritic tree, all neurons have an axo-somatic compartment. Based
on somatic surface area measurements of cortical pyramidal neurons (Uylings et al 1994), we
took the diameter and length of the axo-somatic compartment equal to 20 µm.

We also studied the situation where the diameters of the segments in the tree obey Rall’s
3
2 power law (Rall 1959), which says that the diameter of a parent segment, dp, is related to
the diameters of its daughter segments, d1 and d2, as de

p = de
1 + de

2 , where the branch power
parameter e is equal to 3

2 . In this situation, however, it is no longer possible to have a set of
trees that differ only in topological structure, as different topologies will inevitably get different
metrical properties. Based on two different ways of ‘normalizing’ for metrical properties, we
implemented the power law in two ways. In the first implementation, we assumed equal
terminal segment diameters (1.25 µm) across all topologies, based on the observation that the
diameters of terminal segments show only a narrow range of values (Larkman 1991). This
implies, however, that asymmetrical topologies get a higher total dendritic surface area than
symmetrical topologies. In the second implementation of the power law, we kept the total
dendritic surface area the same for all topologies. This implies that we had to assign different
terminal segment diameters to each topology; for the total dendritic surface area and the total
dendritic length we used, root segments become very thick (see section 3.2).

Ion channel types and densities were identical for all trees and were as in Mainen and
Sejnowski’s (1996) two-compartmental model (see table 1), except that we took ḡNa and ḡKv

ten times smaller, to compensate for the fact that we used a larger axo-somatic compartment
than in Mainen and Sejnowski (1996). We studied both the situation where active channels were
present in the dendrites and the situation where they were absent. Neurons were continuously
stimulated at the axo-somatic compartment with a fixed current injection of 100 pA; the
resulting firing patterns were recorded from the axo-somatic compartment. Simulations were
carried out in NEURON (Hines and Carnevale 1997).

Observed firing patterns were correlated with a number of morphometric parameters:

Topological asymmetry. A typical shape characteristic of a dendritic tree is the connectivity
pattern of its segments (topological structure). A distinction is made between terminal segments
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(ending in a tip) and intermediate segments (ending in a branch point) (see figure 1). To measure
the topological asymmetry of a tree, the tree asymmetry index (Van Pelt et al 1992) was used.
For a given tree αn with n terminal segments, the tree asymmetry index At is defined as

At (α
n) = 1

n − 1

n−1∑

j=1

A p(r j , s j ), (1)

where n − 1 is the number of bifurcation points, A p(r j , s j ) is the partition asymmetry at the
j th bifurcation point, and r j and s j are the number of terminal segments in the two subtrees
emanating from the j th bifurcation point. At each of the n − 1 bifurcation points, partition
asymmetry indicates the relative difference in the number of bifurcation points, r j − 1 and
s j − 1, in the two subtrees:

A p(r j , s j ) = |r j − s j |
r j + s j − 2

(2)

for r j + s j > 2. By definition, A p(1, 1) = 0.
The tree asymmetry index is 0 for a fully symmetrical tree and approaches 1 (for n → ∞)

for a fully asymmetrical tree. The tree asymmetry index has been shown to be a good descriptor
of topological structure (Van Pelt et al 1992).

Mean path length. The mean path length is the sum of all dendritic path lengths measured
from tip to soma divided by the number of terminal segments. Thus, for a given tree αn with
n terminal segments, the mean path length Pt is

Pt (α
n) = 1

n

n∑

j=1

Pj , (3)

where Pj is the length of the dendritic path between the tip of the j th terminal segment and
the soma.

Electrotonic transformed size. This dimensionless measure is based on the electrotonic
transformation (Carnevale et al 1995), which defines electrotonic distance as the natural log of
the voltage attenuation between two points on a neuron. The steady-state voltage attenuation
over every segment in our degree 8 sample was computed using NEURON’s impedance class.
The electrotonic lengths can be summed, resulting in a total electrotonic transformed dendritic
size.

3. Results

3.1. Comparison of the firing patterns between fully symmetrical and fully asymmetrical trees

To investigate whether topological asymmetry has an affect on firing pattern, we first consider
fully symmetrical and fully asymmetrical trees.

First, trees with equal segment diameters and with active dendritic ion channels. For a
total dendritic length of 2100 µm (as there are 15 segments in a degree 8 tree, the length of
each segment is 2100/15 µm), the symmetrical and the asymmetrical tree display the same
type of firing pattern—namely, regular and non-adapting—but the firing frequency is higher
in the asymmetrical tree (figure 2). For a total dendritic length of 1150 µm, tree asymmetry
influences also the type of firing (figure 2). The asymmetrical tree shows burst firing, whereas
the symmetrical tree shows regular firing.
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Total length: 1150 mµ Total length: 2100 mµ

Figure 2. Firing patterns for a fully symmetrical and a fully asymmetrical tree. Active ion channels
are present in the dendrites. All segments have the same diameter (5 µm). Both the type of firing
and the frequency of firing can be influenced by dendritic topology. This is illustrated here for trees
with total dendritic lengths of 1150 and 2100 µm. Scale bars: 100 ms, 25 mV.

Figure 3. Firing patterns for a fully symmetrical and a fully asymmetrical tree. As figure 2, but
without active ion channels in the dendrites. Under these conditions, only the frequency of firing
can be influenced by dendritic topology. Scale bars: 100 ms, 25 mV.

In this model, the presence of active dendritic ion channels is necessary for bursting
to occur (see also Pinsky and Rinzel (1994)); without active channels, only regular firing is
possible, whereby, as in the case with active channels, the firing frequency for the asymmetrical
tree is higher than for the symmetrical tree (figure 3).

If active dendritic channels are present, dendritic topology influences the type (and
frequency) of firing also for trees whose segment diameters obey Rall’s 3

2 power law. The
asymmetrical tree shows burst firing, whereas the symmetrical tree shows regular firing
(figure 4).

The mechanism by which bursting is generated is as follows (see Mainen and Sejnowski
(1996)). Once a spike is initiated in the soma, current leaks into the dendrites. The active ion
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Total length: 1800 mµ

Figure 4. Firing patterns for a fully symmetrical and a fully asymmetrical tree. Active ion channels
are present in the dendrites. The diameters of the segments in the trees obey Rall’s 3

2 power law (with
equal terminal segment diameters of 1.25 µm). The type (and frequency) of firing is influenced by
dendritic topology, illustrated here for trees with a total dendritic length of 1800 µm. Scale bars:
100 ms, 25 mV.

channels in the dendrites prolong this dendritic depolarization. After the soma has repolarized,
current that returns from the dendrites into the soma produces an after-depolarization, which
can give rise to another somatic spike. For both trees with equal segment diameters and trees
whose segment diameters obey Rall’s 3

2 power law, this forward–backward interaction between
the soma and dendritic tree is influenced by dendritic topology, as topology determines how
much current leaks into the dendrites and how much current returns (see also section 3.3).

3.2. Correlations between morphometric parameters and firing frequency

To test whether in general tree asymmetry correlates with firing frequency, we recorded firing
patterns from every degree 8 topology (see figure 1) and correlated firing frequency with
the tree asymmetry index. We used a total dendritic length of 2150 µm because at this
length each neuron shows the same type of firing, i.e. regular, non-adapting firing, so that
differences in firing pattern reduce to differences in firing frequency. For trees with equal
segment diameters, figure 5(A) shows that there is a weak positive correlation between firing
frequency and tree asymmetry. Mean path length, however, proves to correlate much stronger
with firing frequency (figure 5(B)). The correlation between firing frequency and mean path
length also holds when there are no active ion channels in the dendrites (figure 5(C)). A third
measure we correlated with firing rate is the electrotonic transformed size (see methods), which
also shows a strong correlation (figure 5(D)).

It is important to realize that the correlation between firing frequency and mean path length
holds within a set of trees that have the same degree and the same total dendritic length. Within
such a set, the variability in mean path length is caused by topological variability. Increasing
the total dendritic size of a tree, e.g. by increasing the lengths of all its segments, also increases
the mean path length of the tree, but this results not in a higher but in a lower firing frequency
(see section 3.4), because the input conductance is increased.

We also tested whether the correlation between firing frequency and mean path length holds
if segment diameters obey Rall’s 3

2 power law (figure 6). In the first implementation of this
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Figure 5. Correlation between firing frequency and various morphometric parameters. All
segments of a tree have the same diameter (5 µm). Total dendritic length is 2150 µm. Except
for (C), all trees have active dendritic channels. Correlation between firing frequency and the
tree asymmetry index (A), mean path length (B, C), and electrotonic transformed size (D). ((A):
R2 = 0.40, b (slope) = 9.8; (B): R2 = 0.92, b = 0.051; (C): R2 = 0.96, b = 0.054; (D):
R2 = 0.92, b = 77).

law—in which we assumed that all topologies have the same terminal segment diameter—
we still find a positive correlation, but the variation in firing frequency becomes smaller
(figure 6(A)), because under this implementation, asymmetrical topologies get a higher total
dendritic surface area, which results in a higher input conductance and thus a lower firing
frequency (see further section 3.3). In the second implementation of the power law, we kept
the total dendritic surface area the same for all topologies (see methods). We set the total surface
area at 2.75 × 104 µm2, which is equivalent to the surface area of a tree with equal segment
diameters of 5 µm and a total dendritic length of 1750 µm. We used a total dendritic length of
1750 µm, rather than 2150 µm, to avoid very low firing frequencies. The firing frequencies
become so low because under this implementation of the power law the root segments are very



318 A van Ooyen et al

26

30

34

38

42

46

550 600 650 700 750 800

Mean path length ( m)µ

Fi
rin

g
fre

qu
en

cy
(H

z)

Equal terminal segment
diameters; Active dendrite;
Total length is 2150 mµ

diameters; Passive dendrite;
Equal terminal segment

Total length is 2150 mµ

26

30

34

38

42

46

550 600 650 700 750 800

Mean path length ( m)µ

Fi
rin

g
fre

qu
en

cy
(H

z)

Equal terminal segment
diameters; Passive dendrite;
Total length is 1000 mµ

26

30

34

38

42

46

260 300 340 380

Mean path length ( m)µ

Rall’s 3/2 power law

A

C D

Equal dendritic surface area;
Active dendrite;
Total length is 1750 mµ

1.5

2.5

Mean path length ( m)µ

650550450

2.0

B

Figure 6. Correlation between firing frequency and mean path length when the diameters of the
dendritic segments obey Rall’s 3

2 power law, implemented either with equal terminal segment
diameters for all topologies (1.25 µm; (A), (C), and (D)) or with keeping the total dendritic surface
area equal across different topologies (B) (see further section 3.2). In (A) and (B), the dendritic
tree has active channels; in (C) and (D), it has not. The total dendritic length is 2150 µm in (A)
and (C), 1750 µm in (B), and 1000 µm in (D). ((A): R2 = 0.80, b = 0.029; (B): R2 = 0.98,
b = 0.0021; (C): R2 = 0.95, b = 0.0024; (D): R2 = 0.97, b = −0.018).

thick (10.7 µm in a fully asymmetrical tree, 12.8 µm in a fully symmetrical tree). Also with
this implementation of the power law, we find a positive correlation between firing frequency
and mean path length (figure 6(B)), although the variation in firing frequency is very small.

For a total dendritic length of 2150 µm, the positive correlation in trees that obey Rall’s 3
2

power law (with equal terminal segment diameters) still holds if there are no active dendritic
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channels present (figure 6(C)), although now the variation in firing frequency becomes very
small (see further section 3.3). For a much smaller total dendritic length, e.g. 1000 µm, there
is a negative correlation, again with a small variation in firing frequency (figure 6(D)).

3.3. Input conductance and dendritic topology

In this section, we further discuss the results described in sections 3.1 and 3.2. A large part of
the results can be explained by considering the input conductance (at the soma) of a neuron with
a passive dendritic tree and soma. Analytically, the input conductance in a passive dendritic
tree can be determined using the formalism developed by Rall (1959) or, alternatively, from
the current–voltage relation at the root segment using the formalism developed in Van Pelt
(1992). The latter formalism gives a vector implementation of the Laplace-transformed cable
equations, whereby the connectivity pattern of the segments in the tree is mapped directly
onto the structure of the conductance matrix G (see also Van Pelt and Schierwagen (1994)).
Using this formalism, and under the condition that all segments in the tree have the same
diameter, one can show analytically that a symmetrical tree has a higher input conductance
than an asymmetrical tree (see also figures 7(A), (E)). A higher input conductance means that
more current leaks into the dendritic tree, and this results in a lowering of the firing frequency.
Another way of understanding the difference in input conductance between a symmetrical
and an asymmetrical tree is to consider that in a symmetrical tree the dendritic segments
are, on average, located closer to the soma (i.e. are connected more ‘in parallel’) than in an
asymmetrical tree (where the dendritic segments are connected more ‘in series’).

For equal diameters, there is a weak negative correlation between input conductance and
tree asymmetry (figures 7(A), (E)), which is in agreement with the weak positive correlation
found between firing frequency and tree asymmetry (figure 5(A)). For equal diameters, there
is a much stronger negative correlation, however, between input conductance and mean path
length (figures 7(B), (F)), which is in agreement with the strong positive correlation found
between firing frequency and mean path length,both when the dendritic tree has active channels
(figure 5(B)) and when it has not (figure 5(C)).

The mean path length measures how close, on average, the dendritic segments are to
the soma; and the closer the segments are to the soma, the higher the input conductance.
Although there is a correlation between tree asymmetry and mean path length (the highest
mean path length is found in the fully asymmetrical tree, and the lowest mean path length in
the fully symmetrical tree; see figure 8), firing frequency does not correlate so well with the
tree asymmetry index, because, in the calculation of the tree asymmetry index, all partition
asymmetries are weighted equally; i.e. the partition asymmetry associated with a bifurcation
point far away from the soma contributes as much to the tree asymmetry as a partition
asymmetry associated with a bifurcation point closer to the soma. For the effect on input
conductance and thus firing frequency, however, asymmetries closer to the soma are more
important than those further away.

In figures 5(B)–(D), the trees with a high firing frequency have in common that the partition
associated with the bifurcation point closest to the soma is fully asymmetrical; i.e. at this
bifurcation point, the tree is partitioned into two subtrees such that one has 1 and the other
has n − 1 terminal segments. This again shows that partition asymmetries associated with
bifurcations closer to the soma are relatively more important in influencing firing frequency.

For a total dendritic length of 2150 µm, the positive correlation between firing frequency
and mean path length still holds when segment diameters obey Rall’s 3

2 power law (figures 6(A),
(C)). In contrast to trees with equal segment diameters, the trees that obey Rall’s rule (with
equal terminal segment diameters) show a positive correlation between input conductance and
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Figure 7. Correlation between input conductance and tree asymmetry (A, C, E) and between input
conductance and mean path length (B, D, F) in degree 8 neurons with a passive dendritic tree and
soma. Total dendritic length is 2150 µm. Input conductance is determined analytically from the
current–voltage relation at the root segment using the formalism developed in Van Pelt (1992). In
(C) and (D), the diameters of the segments in the dendritic tree obey Rall’s 3

2 power law, whereby
the diameters of the terminal segments are set at a fixed value of 1.25 µm. In the other panels,
all the segments in the tree have the same diameter: 5 µm (A, B) or 1.25 µm (E, F). For equal
diameters, there is a negative correlation between input conductance and mean path length (and
tree asymmetry); for segment diameters that obey Rall’s power law, a positive correlation. Note
that with Rall’s power law, asymmetrical topologies (high mean path length) get a higher total
dendritic surface area, resulting in a high input conductance. ((A): R2 = 0.39, b = −1.1; (B):
R2 = 0.97, b = −0.0059; (C): R2 = 0.54, b = 0.54; (D): R2 = 1.0, b = 0.0026; (E): R2 = 0.37,
b = −0.36; (F): R2 = 0.94, b = −0.0020; regression lines are not drawn).

mean path length (figure 7(D)), because implementing Rall’s rule with equal terminal segment
diameters gives asymmetrical topologies (and thus those with high mean path length) a higher
total dendritic surface area than symmetrical trees, which increases the input conductance of
asymmetrical trees. However, despite the fact that input conductance increases with increasing
mean path length, we still find that firing frequency increases with increasing mean path length
(although the variation in firing frequency is reduced). Note that the membrane capacitance
of the dendritic tree has no effect on input conductance, since input conductance is measured
under constant current conditions. Thus, interestingly, capacitance effects of the dendritic tree
when the soma is generating action potentials—plus, in the case of figure 6(A), the effects of
active channels in the dendritic tree—must be responsible for keeping up a positive correlation
between firing frequency and mean path length. If there are no active channels in the dendritic
tree and if the tree is much smaller (e.g. 1000 µm), these effects are apparently not strong
enough to keep a positive correlation between firing frequency and mean path length, and



The effect of dendritic topology on firing patterns in model neurons 321

Tree asymmetry index

M
ea

n
pa

th
le

ng
th

573

771

0 1

Figure 8. The correlation between mean path length and tree asymmetry index for the degree 8
topologies (total dendritic length is 2150 µm). (R2 = 0.51, b = 206).

we find a negative correlation instead (figure 6(D)) (although with a small variation in firing
frequency).

3.4. The effect of total dendritic length on firing frequency

For neurons with a given dendritic topology, and with equal segment diameters, we studied the
relationship between firing pattern and total dendritic length by increasing the length of the
dendritic segments. As expected from the fact that a larger dendritic size gives a higher input
conductance, the firing frequency drops with increasing total dendritic length (figure 9). At
the same time, the differences in firing pattern between topologically different cells become
more pronounced. For small trees, there are hardly any differences in firing frequency; the
differences in firing frequency increase when the trees become bigger. At intermediate total
dendritic lengths, a phase transition in firing behaviour occurs: cells start bursting, which
explains the humps in the graph. This phase transition occurs for different topologies at
different total dendritic lengths. When the total dendritic length is further increased, the cells
revert to a regular firing pattern.

4. Conclusions and discussion

Using a set of model dendritic trees that have the same metrical and membrane properties
but differ in topological structure has enabled us to study systematically the extent to which
topology affects neuronal firing patterns. Using these models, we have shown that neurons that
differ only in the topology of their dendritic tree can produce different firing patterns during
somatic stimulation, even though they share the same types and densities of ion channels and
have the same metrical properties. We have found the strongest effects of dendritic topology
on firing frequency in dendritic trees with equal segment diameters and the smallest effects in
passive dendritic trees that obey Rall’s 3

2 power law.
For dendritic trees with equal segment diameters, and within a set of trees that have the

same degree and the same total dendritic length, there is a strong positive correlation between
firing frequency and mean path length,and a weak positive correlation between firing frequency
and tree asymmetry. These correlations are found both in the absence and in the presence of
active dendritic channels. If active dendritic channels are present,dendritic topology influences
not only firing frequency but also type of firing (regular, bursting). The positive correlation
between firing frequency and mean path length is in agreement with the negative correlation
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Figure 9. The influence of total dendritic length on the firing frequency of the fully symmetrical
and asymmetrical degree 8 neurons, as well as of the degree 1 neuron. All the segments in a tree
have the same diameter (5 µm) and there are active channels in the dendrites.

between input conductance and mean path length, as measured in trees without active channels
in soma and dendrites.

If we want to obtain a better correlation between firing frequency and the tree asymmetry
index, a weighted form of the tree asymmetry index may be considered in which partition
asymmetries associated with bifurcation points closer to the soma are weighted more than
partition asymmetries associated with bifurcation points farther away from the soma. Different
weighting schemes are considered in Van Pelt et al (1992).

For dendritic trees whose segment diameters obey Rall’s 3
2 power law, we still find in most

cases a positive correlation between firing frequency and mean path length, despite the fact that
in these trees input conductance increases with increasing mean path length. As capacitance
does not play a role in the measurement of input conductance, this implies that there must be
important effects of the dendritic membrane capacitance (when the soma is generating action
potentials) and of the active channels. There seems to be a balance between these effects and
the (opposing) effect of the input conductance, because if the active channels in the dendrites
are absent, we find in small dendritic trees a negative correlation between firing frequency
and mean path length. Thus, in small, passive trees, the effects of input conductance seem to
dominate the effects of dendritic capacitance.

As for dendritic trees with equal segment diameters, if active dendritic ion channels
are present in trees whose segment diameters obey Rall’s 3

2 power law, dendritic topology
influences not only firing frequency but also type of firing (regular, bursting).

Although we find a correlation between firing frequency and mean path length for dendritic
trees that obey Rall’s 3

2 power law, the variation in firing frequency is small (especially for
passive trees). Thus for these cells, changes in dendritic topology have only little effect on
firing frequency—a property that may actually be desirable if the structure of the dendritic
tree should not interfere with the cell’s ability to measure input strength. We did not examine
how the variation in firing frequency depends on the types and densities of ion channels, and
it would be interesting to study whether other choices for these membrane properties could
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result in a bigger variation in firing frequency. The type of firing (bursting, regular) may be
more sensitive to dendritic topology than the frequency of firing; this is what we are currently
investigating.

For dendritic trees with equal segment diameters, the variation in firing frequency as a
result of differences in dendritic topology is larger. In biological neurons, the branch power
parameter e (see methods) can be larger than 3

2 (the larger e, the smaller the differences in
segment diameters). For example, values of e = 2 were reported for guinea pig Purkinje cells
(Rapp et al (1994), analysed in Van Pelt et al (2001)) and rat Purkinje cells and neocortical
pyramidal neurons (Hillman 1979), and values of 1.5 < e < 2 for rat visual cortex pyramidal
neurons (Larkman et al 1992). On the basis of our results, we would predict that the larger e,
the bigger the effect of dendritic topology on firing frequency.

Rather than trying to mimick existing experimental data on firing patterns, the goal of this
study was to begin to explore the extent to which dendritic topology can affect firing pattern.
We are not aware of any studies that have investigated whether or not topological variation is
actually used in biological neurons to derive functional differences. Given the natural variation
in dendritic topology (see introduction), and the results of our study, it would be interesting to
look into dendritic topology as a possible factor contributing to functional differentiation.

A prediction of the model is that if we have a set of neurons with the same membrane
properties (but with different metrical and topologies properties of their dendritic trees) and
with the same firing frequency when stimulated at the soma, there may be a ‘trade-off’ between
metrics and topology: in order to have the same firing frequency, asymmetrical trees should
have a higher total dendritic length than symmetrical trees.

In order to test directly whether dendritic topology has an effect on firing pattern requires
neurons with dendritic trees that differ only in their topology and that have as much as
possible the same metrical and membrane properties. Using laser–scissor technology, it is
in principle possible to manipulate (e.g. prune) dendritic morphology to create arbitrarily
topologies (compare experiments by Goslin and Banker (1989) on transecting axons at various
distances from the soma to study the development of polarity).

The electrical activity generated by a neuron with a particular dendritic morphology could
subsequently change that morphology. Dendritic morphology is remarkably responsive to
levels and patterns of neuronal activity (for reviews, see Van Ooyen (1994) and McAllister
(2000)) and can change dramatically both during development and in adulthood (e.g. Purves
et al (1986), Bailey and Kandel (1993),Wu et al (1999)). A major pathway by which activity af-
fects morphology is through calcium signalling. Neuronal electrical activity and synaptic input
affect calcium influx through voltage-gated calcium channels; intracellular calcium concentra-
tion, in turn, modulates the dynamics of the tubulin and the actin cytoskeleton, which control
neurite elongation and branching (Forscher 1989,Sánchez et al 2000, Acebes and Ferrús 2000).
Both the firing frequency and the type of firing are important in affecting neurite outgrowth.
For example, Fields et al (1990) found that phasic stimulation is more effective in inhibiting
neurite outgrowth than is stimulation with the same number of impulses at a constant frequency.

The precise dendritic topology may play a role in learning. Mel (1999) suggested models
of development and learning that depend critically on computations in dendritic subregions
(see also Mel et al (1998)).

Although stimulation of a neuron with a fixed current injection at the soma is used in many
in vitro and in vivo studies and has also been used in many modelling studies—including this
study—to explore the relationship between neuronal morphology and firing patterns, synaptic
stimulation of the entire dendritic tree is a biologically much more realistic stimulation regime.
It will therefore be important to test whether and how our results are affected when this
stimulation regime is used. In addition to influencing the input conductance at the soma,
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dendritic topology will then also influence the integration of synaptic inputs. The results of
the present study will allow us to better distinguish between both these influences.

In Duijnhouwer et al (2001), it was shown that the results of Mainen and Sejnowski
(1996)—obtained with somatic stimulation—on the relationship between type of spiking
(regular firing or bursting) and dendritic morphology can be reproduced when synaptic
stimulation of the dendritic tree is used.

Although we are aware that dendritic topology is just one factor contributing to the
electrophysiological behaviour of the neuron, and that further research into the role of dendritic
morphology is needed, we conclude from this study that neurons that have the same types and
densities of ion channels and the same metrical properties can still produce different firing
patterns (both with respect to firing frequency and type of firing) as a result of differences in
dendritic topology.
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