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Dendritic size and topology influence burst firing in
pyramidal cells
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Abstract. Neurons have highly branched dendrites that form characteristic tree-like
structures. The morphology of these dendritic arborizations is not fixed and can undergo
significant alterations in many pathological conditions. However, little is known about the
impact of morphological changes on neuronal activity. Using computational models of
pyramidal cells, we study the influence of dendritic tree size and branching structure on burst
firing. Burst firing is the generation of two or more action potentials in close succession, a
form of neuronal activity that is critically involved in neuronal signaling and synaptic
plasticity. We show that there is only a range of dendritic tree sizes that supports burst firing,
and that this range is modulated by the branching structure of the tree. Shortening as well as
lengthening the dendritic tree, or even just modifying the pattern in which the branches in the
tree are connected, can shift the cell’s firing pattern from bursting to tonic firing. The
influence of dendritic morphology on burst firing is attributable to the effect that dendritic
size and branching pattern have on the average spatial extent of the dendritic tree and the
spatiotemporal dynamics of the dendritic membrane potential. Our results suggest that
alterations in pyramidal cell morphology, such as those observed in Alzheimer’s disease,
mental retardation, epilepsy and chronic stress, can change neuronal burst firing and thus
ultimately affect information processing and cognition.

Introduction
Neurons exhibit a wide range of intrinsic firing patterns (Connors and Gutnick 1990,
Contreras 2004). A distinct firing pattern that is critically involved in neuronal signaling and
synaptic plasticity is burst firing, the generation of clusters of spikes with short interspike
intervals (Krahe and Gabbiani 2004). Bursts improve the signal-to-noise ratio (Eggermont and
Smith 1996), are transmitted more reliably than isolated spikes (Swadlow and Gusev 2001),
are more effective than single spikes in inducing synaptic long-term potentiation (LTP) (Yun
et al 2002), and can even determine whether LTP or LTD (long-term depression) occurs
(Birtoli and Ulrich 2004).
Two main classes of ionic mechanisms underlying intrinsic neuronal burst firing have
been identified (Krahe and Gabbiani 2004). In so-called dendrite-independent mechanisms—
responsible for bursting in thalamic relay neurons (McCormick and Huguenard 1992), for
example—the fast, spike-generating conductances and the slow, burst-controlling
conductances are co-localized in the soma. Conversely, in dendrite-dependent mechanisms—
involved in pyramidal cell burst firing—these conductances are distributed across the soma
and dendrites, with the interaction between somatic and dendritic conductances playing an
essential role in burst generation. Dendritic voltage-gated Na+ and K+ channels, which
promote propagation of action potentials from the soma into the dendrites, cause the dendrites
to be depolarized when, at the end of a somatic spike, the soma is hyperpolarized, leading to a
return current from dendrites to soma. The return current gives rise to a depolarizing
afterpotential at the soma, which, if strong enough, produces another somatic spike (Williams
and Stuart 1999, Wang 1999). This whole process was described by Wang (1999) as ‘pingpong’ interaction between soma and dendrites.
Although ion channels play a central role in burst firing, dendritic morphology also
appears to be an important modulating factor. In many cell types, including neocortical and
hippocampal pyramidal cells (Mason and Larkman 1990, Chagnac-Amitai et al 1990, Bilkey
and Schwartzkroin 1990), neuronal firing patterns and the occurrence of bursts are correlated
with dendritic morphology. Results from modeling studies also suggest a relationship between
dendritic morphology and firing pattern (Mainen and Sejnowski 1996, Sheasby and
Fohlmeister 1999, Van Ooyen et al 2002, Krichmar et al 2002). However, these studies are
mainly correlative, focus on morphologically very distinct cell classes, use only the
physiologically less appropriate stimulation protocol of somatic current injection, and do not
investigate the impact of topological structure of dendritic arborizations.

In this chapter, we summarize our study (Van Elburg and Van Ooyen 2010) in which
we used computational models of neocortical pyramidal neurons to investigate the impact of a
cell’s dendritic morphology (both size and topological structure) on the ping-pong mechanism
of burst firing, under either somatic current injection or synaptic stimulation of the apical
dendritic tree.

Methods

Pyramidal cell
We used a morphologically and biophysically realistic model of a bursting layer 5 pyramidal
cell (Mainen and Sejnowski 1996) implemented in NEURON (Hines and Carnevale 1997).
The pyramidal cell was activated by either somatic or dendritic stimulation. For somatic
stimulation, the cell was continuously stimulated with a fixed current injection of 0.2 nA. For
dendritic stimulation, the cell was stimulated by synapses that were regularly distributed
across the apical dendrite. Each synapse was randomly activated.
We investigated the effect of both dendritic size and dendritic topology on burst firing.
The size of a dendritic tree is the total length of all its dendritic segments. The topology of a
dendritic tree is the way in which the dendritic segments are connected to each other. For
example, a tree with a given number of terminal segments can be connected in a fully
asymmetrical (Fig. 4A) or a fully symmetrical way (Fig. 4B)
To investigate how the dendritic size of the pyramidal cell influences burst firing, we
varied the total length of the cell’s apical dendrite according to two methods. In the first
method, we successively pruned terminal segments from the apical dendritic tree. Starting
with the full pyramidal cell morphology, in each round of pruning we randomly removed a
number of terminal segments from the apical dendritic tree. From the reduced dendritic tree,
we again randomly cut terminal segments, and so on, until the whole apical dendrite was
eliminated. This whole procedure of starting with the complete apical dendritic tree and
sequentially stripping it of all its segments was repeated 20 times. The density of synapses
was kept constant during pruning, so with dendritic stimulation pruning also changed the total
input to the cell. With somatic simulation, the total input to the cell did not change when the
apical dendrite was pruned.
In the second method, we kept the dendritic arborization intact and changed the size of
the apical dendrite by multiplying the lengths of all its segments by the same factor. Thus, the

entire apical dendritic tree was compressed or expanded. For dendritic stimulation, we kept
the total synaptic input to the cell constant by adapting the density of the synapses. So, both
with somatic and dendritic stimulation, the total input to the cell did not change when the size
of the apical dendrite was modified.
To examine the impact of the cell’s dendritic branching structure on burst firing, we
varied the topology of the apical dendritic tree by swapping branches within the tree. The
apical dendritic trees that were generated in this way had exactly the same total dendritic
length and other metrical properties such as total dendritic surface area and differed only in
their topological structure. The total input to the cell, both with somatic and dendritic
stimulation, did not change when the topological structure was altered.

Morphologically simplified cells
We also studied a set of morphologically simplified neurons, consisting of all the 23
topologically different trees with 8 terminal segments (two examples are shown in Fig. 4A,
B), but with the same ion channel composition as in the full pyramidal cell model. All
dendritic segments had the same length, so the tree topologies did not differ in total dendritic
length. All terminal segments were given the same diameter (0.7 μm; Larkman 1991), while
the diameters of intermediate segments were calculated using Rall’s power law (Rall 1959),
with a branch power of 1.5. This implied that asymmetrical topologies had a higher total
dendritic surface area than symmetrical topologies. We therefore also considered the case in
which all segments in the tree had the same diameter (3 μm) and all tree topologies thus had
the same dendritic surface area. The neurons were continuously stimulated with a fixed
current injection of 0.03 nA (0.1 nA for the non-Rall neurons) at the soma, or by uniformly
distributed synapses across the dendritic tree.
To examine how the size of the dendritic tree influences firing pattern, we changed the
total dendritic length of a given tree topology by multiplying the lengths of all its segments by
the same factor. For dendritic stimulation, the total number of synapses on the tree was
thereby kept constant. Thus, both with somatic and dendritic stimulation, the total input to the
cell did not change when the size of the dendritic tree was modified.

Quantifying burst firing
Bursting is defined as the occurrence of two or more consecutive spikes with short interspike
intervals followed by a relatively long interspike interval. To quantify bursting, we used the
burst measure B developed in Van Elburg and Van Ooyen (2004). This measure is based

solely on spike times and detects the correlated occurrence of one or more short (intraburst)
interspike intervals followed by a long (interburst) interspike interval. It quantifies the extent
of bursting in the whole spike train; it does not try to identify individual bursts. The higher the
ratio of inter- to intraburst interspike intervals, the stronger the bursting and the higher the
value of B .

Input conductance and mean electrotonic path length
The input conductance of a pyramidal cell was determined by applying a subthreshold current
injection at the soma. The ratio of the magnitude of the injected current to the resulting
change in membrane potential at the soma is defined as the input conductance of the cell.
To quantify the electrotonic extent of a dendritic tree, we used the mean electrotonic
path length (MEP) (Van Elburg and Van Ooyen 2010). For a given terminal segment, the
electrotonic path length is the length (normalized to the electrotonic length constant) of the
path from the tip of the segment to the soma. This electrotonic path length is determined for
each terminal segment, and the sum of all electrotonic path lengths is divided by the total
number of terminal segments to obtain the MEP of the dendritic tree.

Results
Employing a standard model of a bursting pyramidal cell (Mainen and Sejnowski 1996), we
investigated how dendritic morphology influences burst firing by varying either the size or the
topology of the apical dendrite. We also examined a set of morphologically simplified cells
with systematic differences in dendritic topology.

Pyramidal cell

Dendritic size. To investigate how pyramidal cell size influences burst firing, we changed the
total length of the apical dendrite according to two methods. In the first method, we
successively pruned terminal branches off the apical dendrite. Both with somatic and with
dendritic stimulation, the degree of bursting decreased as the dendritic tree became shorter
(Fig. 1A). Reducing the size of the apical dendrite ultimately transformed the bursting
pyramidal cell into a tonically firing cell. The removal of only a few small terminal segments
could be enough to completely change the firing state of the cell (Fig. 1B). Because of the

random activation of synapses, the changes in the degree of bursting were more gradual with
dendritic than with somatic stimulation.
In the second method, we kept the dendritic arborization intact and varied the size of the
apical dendritic tree by multiplying the lengths of all its segments by the same factor. Both
with somatic and with dendritic stimulation, and in line with the previous results, burst firing
disappeared as the total dendritic length was decreased (Fig. 2A). Interestingly, the pyramidal
cell also did not exhibit burst firing when the apical dendrite became too large. Only when the
length of the apical dendrite remains within a certain range are bursts generated. Fig 2B
shows the firing patterns of the pyramidal cell at increasing lengths of its apical dendrite.

Dendritic topology. To examine whether dendritic branching structure, or topology, could
influence burst firing, we varied the topology of the apical dendritic tree by swapping
branches within the tree. Thus, all the dendritic trees generated in this way had exactly the
same metrical properties (total length, total surface area) and differed only in the way their
branches were connected. Within this set, we found pyramidal cells that produced firing
patterns ranging from tonic firing to strongly bursting (Fig. 3). Just remodeling the topology
of the apical dendrite could completely change the firing state of the cell and turn a bursting
cell into tonically firing cell or vice versa. Interestingly, dendritic topology not only affected
whether a cell exhibited bursting or not (Fig. 3A-C versus Fig. 3D-F), but also influenced the
fine structure or degree of bursting. The cell displayed in Fig. 3A generated (with somatic
stimulation) two-spike bursts alternating with single spikes. The cells in Figs. 3B and 3C both
produced a pattern of two-spike bursts, but the relative sizes of the interspike intervals
between and within bursts were different. Although dendritic stimulation introduced
irregularities in firing pattern because of the stochastic nature of the activation of synapses,
somatic and dendritic stimulation yielded comparable results.

Morphologically simplified cells

Dendritic size and topology. To analyse more precisely the effect of dendritic morphology
on burst firing, we also investigated (Van Elburg and Van Ooyen 2010) a set of 23
morphologically simplified neurons consisting of all the topologically different trees with 8
terminal segments (two examples are shown in Fig. 4A, B). The total length of a given tree
topology was varied by changing the lengths of all the segments in the tree by the same factor.
Under all conditions (somatic or dendritic simulation, trees with uniform segment diameters

or trees whose segments diameters obeyed Rall’s power law), bursting occurred only for a
certain range of tree sizes, as in the full pyramidal cell model. Interestingly, this range
depended on the topology of the dendritic tree: trees with an asymmetric branching structure
started bursting at a lower total dendritic length than trees with a symmetric branching
structure, and also stopped bursting at a lower total dendritic length.
Also under all conditions, we found that both the onset and the cessation of bursting
were strongly correlated, not to the input conductance, but to the mean electrotonic path
length of the dendritic tree (see Methods), with burst firing occurring only within a certain
range of path lengths. Burst firing occurred when the mean electrotonic path length was
higher than a certain critical value. At the same total dendritic length, asymmetrical trees have
a higher mean electrotonic path length than symmetrical trees, and consequently reached this
critical value earlier than symmetrical trees as dendritic length was increased.

Importance of electrotonic distance and dendritic topology for burst firing. Why is mean
electrotonic path length important for bursting? In the burst firing mechanism of pyramidal
cells, a somatically generated action potential propagates into the dendritic tree and
depolarizes the dendrites, creating a potential difference between distal dendrites and soma.
This leads to a return current from dendrites to soma, which, if strong enough, produces
another somatic spike (‘ping-pong’ mechanism; see also Introduction). The arrival of the
backpropagating action potential in the dendritic tips marks the onset of the return currents. If
these return currents reach the soma when the delayed-rectifier K+ conductance is still high, it
will be difficult for the soma to depolarize and produce a spike. Since the propagation
velocity of voltages and currents is proportional to the electrotonic length constant (Koch
1999), the mean electronic path length is a measure for the average time it takes for a
backpropagating action potential to travel to the dendritic tips (and for the return current to
move to the soma). Thus, if the mean electronic path length is too small, the return current
will arrive too early at the soma, when the delayed-rectifier K+ conductance is still high, so
that it cannot produce another spike—that is, no bursting. Furthermore, if the electrotonic
distance between soma and distal dendrites is too small, the large conductive coupling will
lead to currents that quickly annul membrane potential differences between soma and distal
dendrites. This prohibits a strong and long-lasting differentiation in membrane potential
between soma and distal dendrites, which is the generator of the return current.
However, if the electrotonic distance between soma and distal dendrites is too large,
bursting will also not occur. Note that even in the absence of a return current, the cell will

generate a next spike as a result of the external (somatic or dendritic) stimulation. So, what
the return current in fact does when it causes bursting is to advance the timing of the next
spike. If the electronic distance is too large, the return current will arrive too late—that is, not
before the external stimulation has already caused the cell to spike. Furthermore, if the
electrotonic distance is too large, the potential gradient between distal dendrites and soma will
become too shallow for a strong return current.
Importantly, the mean electrotonic path length depends also on the topology of the
dendritic tree, which accounts for the influence of dendritic topology on burst firing. In
asymmetrical trees, the terminal segments are on average further away from the soma than in
symmetrical trees. Consequently, at the same dendritic size, asymmetrical trees have a higher
mean electrotonic path length—as well as ‘normal’ mean path length—than symmetrical trees
(both in trees with uniform segment diameters and in trees whose segments diameters obey
Rall’s power law). As a result, asymmetrical trees reach the critical values of mean
electrotonic path length from where bursting starts, and from where it stops, at lower dendritic
sizes than symmetrical trees. Fig. 4 illustrates the importance of electrotonic distance and the
impact of topological structure on burst firing.
In general, the results obtained with dendritic stimulation are comparable to those
produced with somatic stimulation (Figs. 1-3). In the ping-pong mechanism of burst firing,
the sequence and timing of events start when a somatic action potential propagates into the
dendritic tree. How this action potential is generated in the first place, by current injection into
the soma or as a result of summation of dendritic synaptic inputs, appears not to be crucial.

Discussion
Burst firing is critically involved in synaptic plasticity and neuronal signaling, and it is
therefore important to know what factors might affect bursting. We showed that either
shortening or lengthening the apical dendrite tree beyond a certain range can transform a
bursting pyramidal cell into a tonically firing cell. Remarkably, altering only the topology of
the dendritic tree, whereby the total length of the tree remains unchanged, can likewise shift
the firing pattern from bursting to non-bursting or vice versa. Moreover, both dendritic size
and dendritic topology not only influence whether a cell is bursting or not, but also affect the
number of spikes per burst and the interspike intervals between and within bursts.
The influence of dendritic morphology on burst firing is attributable to the effect
dendritic length and dendritic topology have, not on input conductance, but on the spatial

extent of the dendritic tree, as measured by the mean electrotonic path length between soma
and distal dendrites. For the spatiotemporal dynamics of dendritic membrane potential to
generate burst firing, this electrotonic distance should be neither too small nor too large.
Because the degree of symmetry of the dendritic tree also determines mean electrotonic path
length, with asymmetrical trees having larger mean path lengths than symmetrical trees,
dendritic topology as well as dendritic size affects the occurrence of burst firing.
In Mainen and Sejnowski’s (1996) two-compartment model for explaining the role of
dendritic morphology in shaping firing pattern, the spatial dimension of morphology was
completely reduced away. Although the model is able to reproduce a wide range of firing
patterns, it does not capture the essential influence of dendritic morphology on burst firing,
for which, as we have shown here, the spatial extent of the dendritic tree and the resulting
spatiotemporal dynamics of the dendritic membrane potential are important.
Our results are in accord with empirical observations suggesting that pyramidal cells
should have reached a minimal size to be capable of burst firing. In weakly electric fish, the
tendency of pyramidal cells to fire bursts is positively correlated with the size of the cell’s
apical dendritic tree (Bastian and Nguyenkim 2001). In rat prefrontal cortex (Yang et al 1996)
and visual cortex (Mason and Larkman 1990), the classes of pyramidal cells that exhibit burst
firing have a greater total dendritic length than the other classes.
In addition, the developmental time course of bursting shows similarities with that of
dendritic morphology. In rat sensorimotor cortex, the proportion of bursting pyramidal cells
progressively increases from postnatal day 7 onwards, while at the same time the dendritic
arborizations become more complex (Franceschetti et al 1998). In pyramidal cells from rat
prefrontal cortex, the total lengths of apical and basal dendrites increase dramatically between
postnatal days 3 and 21, with neurons capable of burst firing appearing only from postnatal
day 18 onwards (Zhang 2004, Dégenètais et al 2002).
Dendritic morphology can undergo significant alterations in many pathological
conditions, including chronic stress (Sousa et al 2000, Radley et al 2004, Cook and Wellman
2004, Magariños et al 1996), epilepsy (Teskey et al 2006), hypoxic ischemia (Ruan et al
2006), Alzheimer (Yamada et al 1988, Moolman et al 2004), and disorders associated with
mental retardation (Kaufman and Moser 2000). Functional consequences of these
morphological changes are usually interpreted in terms of loss or formation of synaptic
connections as a result of a diminished or expanded postsynaptic surface area. Our modeling
results indicate that alterations in dendritic morphology can directly modify neuronal firing,
irrespective of changes in total synaptic input.

Chronic stress, as well as daily administration of corticosterone, induces extensive
regression of pyramidal apical dendrites in hippocampus (Sousa et al 2000, Magariños et al
1996, Woolley et al 1990) and prefrontal cortex (Radley et al 2004, Cook and Wellman
2004). As a result of a decrease in the number and length of terminal branches, the total apical
dendritic length can reduce by as much as 32% (Cook and Wellman 2004). Similarly large
alterations have been observed in response to mild, short-term stress (Brown et al 2005). Our
results predict that stress and the accompanying reduction in apical dendritic length could turn
a bursting neuron into a non-bursting one. Indeed, Okuhara and Beck (1998) found that two
weeks of high corticosterone treatment caused a decrease in the relative number of
intrinsically bursting CA3 pyramidal cells. Since burst firing of CA3 pyramidal cells is
critically involved in LTP (Bains et al 1999), this could have profound functional
consequences for hippocampal information processing (Pavlides et al 2002).
With regard to epilepsy, a significant decrease in total dendritic length and number of
branches has been found in pyramidal cells following neocortical kindling (Teskey et al
2006). In line with our results, Valentine et al (2004) reported that cells recorded from the
primary auditory cortex of kindled cats showed a reduction in the amount of burst firing and a
decrease in the number of spikes per burst.
In Alzheimer’s disease, various aberrations in dendritic morphology have been
observed—including a reduction in total dendritic length and number of dendritic branches
(Yamada et al 1988, Moolman et al 2004) and alterations in the pattern of dendritic
arborization (Arendt et al 1997)—which may contribute to the abnormal neurophysiological
properties of Alzheimer pyramidal cells (Stern et al 2004). The anomalies in morphology
could influence the cells’ ability to produce burst, and, because of the role of burst firing in
LTP and LTD (Yun et al 2002, Birtoli and Ulrich 2004), ultimately affect cognition. In
disorders related with mental retardation, the observed alterations in dendritic length and
pattern of dendritic branching (Kaufman and Moser 2000), e.g., changes in the degree of
symmetry of the apical dendrite (Belichenko et al 1994), may likewise be hypothesized to
contribute to impaired cognition.
In conclusion, our results show that alterations in either the size or the topology of
dendritic arborizations, such as those observed in many pathological conditions, could have a
marked impact on pyramidal cell burst firing and, because of the critical role of bursting in
neuronal signaling and synaptic plasticity, ultimately affect cognition.

Outlook
One way to test experimentally the importance of mean electrotonic path length for burst
firing is to study whether the occurrence of bursting in a large set of electrophysiologically
similar pyramidal cells correlates with the mean electrotonic path length (or alternatively,
‘normal’ path length) of their apical dendrites. Direct experimental testing of the influence of
dendritic morphology on burst firing could be done by physically manipulating the shape or
size of the dendritic tree, e.g., by using techniques developed by Bekkers and Häusser (2007).
In line with our results, they showed that dendrotomy of the apical dendrite abolished bursting
in layer 5 pyramidal cells.
Since firing patterns characteristic of different classes of neurons may in part be
determined by total dendritic length, we expect on the basis of our results that a neuron may
try to keep its dendritic size within a restricted range in order to maintain functional
performance. Indeed, Samsonovich and Ascoli (2006) have shown that total dendritic size
appears to be under intrinsic homeostatic control. Statistically analyzing a large collection of
pyramidal cells, they found that, for a given morphological class and anatomical location,
fluctuations in dendritic size in one part of a cell tend to be counterbalanced by changes in
other parts of the same cell so that the total dendritic size of each cell is conserved. We predict
that dendritic topology may similarly be protected from large variations. In fact, there could
be a trade-off between dendritic size and dendritic topology. In a set of bursting pyramidal
cells, we expect that apical dendritic trees with a lower degree of symmetry are shorter in
terms of total dendritic length or have thicker dendrites to reduce electrotonic length than
those with a higher degree of symmetry.
We investigated the impact of dendritic morphology on the ping-pong mechanism of
burst firing (Williams and Stuart 1999, Wang 1999) in pyramidal cells. Future computational
studies could also examine the role of morphology in other mechanisms of burst firing
(McCormick and Huguenard 1992).

Figure 1. Both with somatic and with dendritic stimulation, pyramidal cell burst firing
decreased as the apical dendrite became shorter. A, The degree of bursting, as measured by
the burst measure B, against the total length of the apical dendritic tree. The total length of the

apical dendritic tree was gradually reduced by successively removing terminal segments.
Results are shown of 20 times starting with the complete apical dendritic tree and randomly
removing terminal segments until the whole tree was eliminated. The complete apical
dendritic tree had a total length of 36865 μm. B, Examples from the experiment in A showing
that the removal of only a few small terminal segments from the apical dendritic tree could
change the firing state of the cell. Morphology of pruned pyramidal cells, and voltage traces
for both somatic and dendritic stimulation. Left, Bursting cells (Top, 9772 μm; Bottom, 8925
μm). Right, Non-bursting cells (Top, 8184 μm; Bottom, 6927 μm). Scale bar: 100 ms, 50 mV.
Scale bar (anatomy): 100 μm. Arrows in the bursting cells indicate the branches that were
shorter or absent in the non-bursting cells. (Reproduced from Van Elburg and Van Ooyen
2010)

Figure 2. Both with somatic and with dendritic stimulation, pyramidal cell burst firing
disappeared when the apical dendrite became either too large or too small. We varied the size
of the apical dendrite by scaling the entire apical dendrite, thus keeping the dendritic
arborization intact. A, The degree of bursting against the factor by which the length of all the
apical dendritic segments was multiplied. B, Voltage traces obtained for different sizes of the
apical dendrite. Left, somatic stimulation. Right, dendritic stimulation. Scale bars: 100 ms, 50
mV. (Reproduced from Van Elburg and Van Ooyen 2010)

Figure 3. Both with somatic and with dendritic stimulation, dendritic topology affected
pyramidal cell burst firing. We varied the topology of the apical dendritic tree by swapping
branches within the tree. Thus, all the pyramidal cells shown had exactly the same total
dendritic length and dendritic surface area and differed only in the topology of their apical
dendrite (basal dendrites were the same). Voltage traces for three bursting cells (A-C), and
three non-bursting cells (D-F). Scale bar: 100 ms, 50 mV. Scale bar (anatomy): 100 μm. MEP
values indicate the mean electrotonic path length of the apical dendritic tree. (Reproduced
from Van Elburg and Van Ooyen 2010)

Figure 4. The importance of electrotonic distance for burst firing and the impact of dendritic
topology illustrated with a fully asymmetrical and a fully symmetrical tree. A, B, At this
dendritic size, the asymmetrical tree (A) generated bursts, whereas the symmetrical tree (B)
produced single spikes. The segment diameters in the trees obeyed Rall’s power law, and both
trees had the same total dendritic length (1600 μm). The cell was stimulated at the soma.
Scale bars: 100 ms, 20 mV. The ticks on top of the action potentials in A and B indicate the
spikes that are shown at t + 0 and t + 13 in panel C. C, The membrane potential evolution
over time in the asymmetrical tree (top row) and the symmetrical tree (bottom row) along the
dendritic paths indicated in A and B. Time is relative to the first spike (at 0 ms), and
membrane position on the x-axis runs from soma to the tip of the terminal segment. Because
the distance between soma and terminal segment is smaller in the symmetrical than in the
asymmetrical tree, the membrane potential evolution in the symmetrical tree had less spatial
differentiation, the membrane potential reached a lower value at the distal end, and the distal
membrane potential started decreasing earlier in time so that the return current from dendrites
to soma reached the soma at a time when the delayed-rectifier K+ channels were still open,
preventing the generation of a second spike. (Reproduced from Van Elburg and Van Ooyen
2010)

References
Arendt T, Schindler C, Brückner MK, Eschrich K, Bigl V, Zedlick D, Marcova L (1997)
Plastic neuronal remodeling is impaired in patients with Alzheimer's disease carrying
apolipoprotein epsilon 4 allele. J. Neurosci. 17: 516-529.
Bains JS, Longacher JM, Staley KJ (1999) Reciprocal interaction between CA3 network
activity and strength of recurrent collateral synapses. Nat. Neurosci. 2: 720-726.
Bastian J, Nguyenkim J (2001) Dendritic modulation of burst-like firing in sensory neurons. J.
Neurophysiol. 85:10-22.
Bekkers JM, Häusser M (2007) Targeted dendrotomy reveals active and passive contributions
of the dendritic tree to synaptic integration and neuronal output. Proceedings of the
National Academy of Sciences 104: 11447-11452.
Belichenko PV, Oldfors A, Hagberg B, Dahlström A (1994) Rett syndrome: 3-D confocal
microcospy of cortical pyramidal dendrites and afferents. NeuroReport 5: 1509-1513.
Bilkey D, Schwartzkroin P (1990) Variation in electrophysiology and morphology of
hippocampal CA3 pyramidal cells. Brain Res. 514: 77-83.
Birtoli B, Ulrich D (2004) Firing mode-dependent synaptic plasticity in rat neocortical
pyramidal neurons. J. Neurosci. 24: 4935-4940.
Brown SM, Henning S, Wellman, CL (2005) Mild, short-term stress alters dendritic
morphology in rat medial prefrontal cortex. Cerebral Cortex 15: 1714-1722.
Chagnac-Amitai Y, Luhmann, HJ, Prince DA (1990) Burst generating and regular spiking
layer 5 pyramidal neurons of rat neocortex have different morphological features. J.
Comp. Neurol. 296: 598-613.
Connors BW, Gutnick MJ (1990) Intrinsic firing patterns of diverse neocortical neurons.
Trends Neurosci. 13: 99-104.
Contreras D (2004) Electrophysiological classes of neocortical neurons. Neural Networks 17:
633-646.
Cook SC, Wellman CL (2004) Chronic stress alters dendritic morphology in rat medial
prefrontal cortex. J. Neurobiol. 60: 236-248.
Dégenètais E, Thierry AM, Glowinski J, Gioanni Y (2002) Electrophysiological properties of
pyramidal neurons in the rat prefrontal cortex: an in vivo intracellular recording study.
Cerebral Cortex 12: 1-16.

Eggermont JJ, Smith GM (1996) Burst-firing sharpens frequency-tuning in primary auditory
cortex. Neuroreport 7: 753-757.
Franceschetti S, Sancini G, Panzica F, Radici C, Avanzini G (1998) Postnatal differentiation
of firing properties and morphological characteristics in layer V pyramidal neurons of
the sensorimotor cortex. Neuroscience 83: 1013-1024.
Hines ML, Carnevale NT (1997) The NEURON simulation environment. Neural Comput. 9:
1179-1209.
Kaufmann WE, Moser HW (2000) Dendritic anomalies in disorders associated with mental
retardation. Cerebral Cortex 10: 981-991.
Koch C (1999) Biophysics of Computation. Oxford University Press, New York, Oxford.
Krahe R, Gabbiani F (2004) Burst firing in sensory systems. Nature Reviews Neuroscience 5:
13-23.
Krichmar JL, Nasuto SJ, Scorcioni R, Washington SD, Ascoli GA (2002) Effects of dendritic
morphology on CA3 pyramidal cell electrophysiology: a simulation study. Brain
Research 941: 11-28.
Larkman AU (1991) Dendritic morphology of pyramidal neurones of the visual cortex of the
rat: I. Branching patterns. J. Comp. Neurol. 306: 307-319.
Magariños AM, McEwen BS, Flügge G, Fuchs E (1996) Chronic psychosocial stress causes
apical dendritic atrophy of hippocampal CA3 pyramidal neurons in subordinate tree
shews. J. Neurosci. 16: 3534-3540.
Mainen Z, Sejnowski T (1996) Influence of dendritic structure on firing patterns in model
neocortical neurons. Nature 382: 363-366.
Mason A, Larkman A (1990) Correlations between morphology and electrophysiology of
pyramidal neurons in slices of rat visual cortex. II. Electrophysiology. J. Neurosci. 10:
1415-1428.
McCormick DA, Huguenard JR (1992) A model of the electrophysiological properties of
thalamocortical relay neurons. J. Neurophysiol. 68: 1384-1400.
Moolman DL, Vitolo OV, Vonsattel J-P G, Shelanski ML (2004) Dendrite and dendritic spine
alterations in Alzheimer models. J. Neurocytology 33: 377-387.
Okuhara DY, Beck SG (1998) Corticosteroids influence the action potential firing pattern of
hippocampal subfield CA3 pyramidal cells. Neuroendocrinology 67: 58-66.
Pavlides C, Nivon LG, McEwen BS (2002) Effects of chronic stress on hippocampal longterm potentiation. Hippocampus 12: 245-257.

Radley JJ, Sisti HM, Hao J, Rocher AB, McCall T, Hof PR, McEwen BS, Morrison JH
(2004) Chronic behavioral stress induces apical dendritic reorganization in pyramidal
neurons of the medial prefrontal cortex. Neuroscience 125: 1-6.
Rall W (1959) Branching dendritic trees and motoneuron membrane resistivity. Exp. Neurol.
1: 491-527.
Ruan Y-W, Zou B, Fan Y, Li Y, Lin N, Zeng Y-S, Gao T-M, Yao Z, Xu ZC (2006) Dendritic
plasticity of CA1 pyramidal neurons after transient global ischemia. Neuroscience 140:
191-201.
Samsonovich AV, Ascoli GA (2006) Morphological homeostasis in cortical dendrites. PNAS
103: 1569-1574.
Sheasby BW, Fohlmeister JF (1999) Impulse encoding across the dendritic morphologies of
retinal ganglion cells. J. Neurophysiol. 81: 1685-1698.
Sousa N, Lukoyanov NV, Madeira MD, Almeida OFX, Paula-Barbosa NM (2000)
Reorganization of the morphology of hippocampal neurites and synapses after stressinduced damage correlates with behavioral improvement. Neuroscience 97: 253-266.
Stern EA, Bacskai BJ, Hickey GA, Attenello FJ, Lombardo JA, Hyman BT (2004) Cortical
synaptic integration in vivo is disrupted by amyloid-beta plaques. J. Neuroscience 24:
4535-4540.
Swadlow HA, Gusev AG (2001) The impact of 'bursting' thalamic impulses at a neocortical
synapse. Nature Neuroscience. 4: 402-408.
Teskey GC, Monfils M-H, Silasi G, Kolb B (2006) Neocortical kindling is associated with
opposing alterations in dendritic morphology in neocortical layer V and striatum from
neocortical layer III. Synapse 59: 1-9.
Valentine PA, Teskey GC, Eggermont JJ (2004) Kindling changes burst firing, neural
synchrony and tonotopic organization of cat primary auditory cortex. Cerebral Cortex
14: 827-839.
Van Elburg RAJ, Van Ooyen A (2004) A new measure for bursting Neurocomputing. 58-60:
497-502.
Van Elburg RAJ, Van Ooyen A (2010) Impact of dnedritic size and dendritic topology on
burst

firing

in

pyramidal

cells.

PloS

Comput

Biol

6(5):

e1000781.

doi:10.1371/journal.pcbi.1000781.
Van Ooyen A, Duijnhouwer J, Remme MWH, Van Pelt J (2002) The effect of dendritic
topology on firing patterns in model neurons. Network: Computation in Neural Systems
13: 311-325.

Wang X-J (1999) Fast burst firing and short-term synaptic plasticity: a model of neocortical
chattering neurons. Neuroscience 89: 347–362.
Williams SR, Stuart GJ (1999) Mechanisms and consequences of action potential burst firing
in rat neocortical pyramidal neurons. J. Physiol. (Lond.) 521: 467-482.
Woolley C, Gould E, McEwen BS (1990) Exposure to excess glucocorticoids alters dendritic
morphology of adult hippocampal pyramidal neurons. Brain Res. 531: 225-231.
Yamada M, Wada Y, Tsukagoshi H, Otomo E, Hayakawa M (1988) A quantitative Golgi
study of basal dendrites of hippocampal CA1 pyramidal cells in senile dementia of
Alzheimer type. J. Neurol. Neurosurg. Psyhiatry 51: 1088-1090.
Yang CR, Seamans JK, Gorelova N (1996) Electrophysiological and morphological
properties of layers V-VI principal pyramidal cells in rat prefrontal cortex in vitro. J.
Neurosci. 16: 1904-1921.
Yun S H, Mook-Jung I, Jung MW (2002) Variation in effective stimulus patterns for
induction of long-term potentiation across different layers of rat entorhinal cortex. J.
Neurosci. 22: RC214.
Zhang Z-W (2004) Maturation of layer V pyramidal neurons in the rat prefrontal cortex:
intrinsic properties and synaptic function. J. Neurophysiol. 91: 1171-1182.

