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ABSTRACT

Here for the first time we present the use of a new approach to visualizing neuronal
electrotonic architecture, L vs. x plots. This approach is illustrated by an examination of
how subtle anatomical changes affect electrical signaling in a neuron. Diameter
variations within the range of morphometric experimental error changed the electrotonic
architecture of a hippocampal granule cell in ways that were most clearly seen in L vs. x
plots.

INTRODUCTION

Elsewhere we introduced the electrotonic transformation, a method for analyzing
neuronal electrical signaling which is based on a new definition of electrotonic length L
as the logarithm of attenuation1,3,19. This L always has a simple, direct relationship to
attenuation, and in the special case of an infinite cylinder it is identical to the classical
“cable theory”15 definition of (physical distance x) / (length constant λ). However, unlike
the classical L, our new definition does not require that the cell be reducible to an
equivalent cylinder. Furthermore, it emphasizes the direction-dependence of attenuation2,
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a fact that the classical definition tends to obscure. Finally, since attenuation over a path
with consistent direction of propagation is multiplicative, the new L is additive over the
same path.

The electrotonic transformation maps the cell from anatomical space, where the
metric is physical distance x, to electrotonic space, where the metric is our new L. The
direction-dependence of attenuation means that each physical segment of the cell has two
different representations in electrotonic space, according to the direction of signal flow.
Because voltage attenuation in one direction equals current and charge attenuation in the
opposite direction2, the voltage attenuations provide a complete description of electrotonic
architecture.

We also described two graphical displays of the results of this mapping, noting that
each had its particular strengths. The first, which has been illustrated with several
examples1,3,4,19, redraws the cell so that each branch is proportional to its electrotonic
length L rather than its physical length x. These neuromorphic figures quickly provide a
qualitative impression of the overall electrotonic architecture of the cell. The second
format, which has not yet been demonstrated in publication, shows L as a function of x (L
vs. x plots) and is better suited to more quantitative analyses.

Here we use both graphical representations to examine how small variations in
dendritic diameter, within the range of experimental error, alter electrical signaling in a
granule cell from the dentate gyrus of rat hippocampus. This first published example of
the use of L vs. x plots demonstrates the utility of this format for revealing features of
electrotonic architecture that may otherwise be less apparent.

METHODS

The basic anatomical data were obtained with a 3D morphometric system that
combines fluorescence video microscopy with a computer-controlled stage positioner.
This system and procedures for animal anesthesia, brain removal, specimen preparation
and quantitative morphometry are detailed elsewhere6,7,13,14,16. Measurements from five
granule cells from the suprapyramidal blade of the dentate gyrus of rat hippocampus
(Sprague-Dawley, age 35-60 days) constituted the “Widefield data.” Dendritic diameters
were remeasured at intervals of ~5 µm with a BioRad MRC 600 confocal scanning laser
microscope (CSLM) to obtain the “CSLM data.”

We constructed two sets of multicompartmental models based on these two data
sets, thereby bracketing the range of diameter measurements that might be expected from
present light microscope morphometric techniques. The biophysical parameters were Cm
= 1 µf/cm2, Ri = 200 Ω cm (Claiborne et al.8), and Rm = 26,900 Ω cm2 (from τm reported
by Staley et al.17, assuming Cm = 1 µf/cm2). The effect of dendritic spines was simulated
by including additional membrane area5,8,18, assuming a spine density of 1.6 / µm of
dendritic length9 and an average surface area of 1.4 µm2 / spine.10,11 Higher total spine
area would reduce the differences we observed, and lower total area would enhance them.

We computed the somatic input resistances (RN) of these models with NEURON12

and generated their electrotonic transforms with an efficient recursive algorithm that
computes attenuations in the frequency domain3,19. Since we were interested in the
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spread of steady-state (DC) signals, frequency was 0 Hz for this study. Action potentials
and most synaptic potentials will attenuate more severely with distance than these DC
calculations indicate3,4,19.

RESULTS

The dendritic diameters were smaller for the CSLM data than for the Widefield data,
an effect that was proportionally greatest in the thinnest, most distal branches. Specific
details of these effects on the anatomical and electrical properties of granule cells will be
presented elsewhere (O’Boyle et al. in preparation), but the two most obvious
consequences of using CSLM data were to reduce total surface area to less than half of
the value calculated from the Widefield data, and to increase the computed input
resistance at the soma (RN) by a factor of two14.

The relative strengths of the L vs. x plots are most clearly seen when compared to the
neuromorphic renderings of the same data. The left side of this figure shows a lateral
view of the anatomy of
one of the granule cells
that we analyzed. The
center column presents
the neuromorphic repre-
sentations of the DC
electrotonic transforms of
this neuron computed
from the Widefield data,
and the right column
corresponds to the CSLM
data. The scale bars for
these representations are in terms of the logarithm of voltage attenuation for signals
spreading away from (top, Vout), or toward the soma (bottom, Vin).

The electrotonic architectures computed from Widefield and CSLM data differ
strikingly. The proximal dendrites are the most prominent feature of the Widefield Vout
neuromorphic figure (top center). This indicates that most of the attenuation for
somatofugal voltage spread would be in the proximal dendrites. Recomputing the
attenuations using the CSLM data has two effects. First, the neuromorphic figure (top
right) is larger because the total attenuations from the soma to each of the dendritic
terminations are greater. Second, the distal branches actually account for most of the
electrotonic extent of the cell, while attenuation in the proximal branches is in fact less
severe than the Widefield data indicated.

The neuromorphic figures for Vin (bottom) are much larger than for Vout (top), a
difference we have observed in other neuronal classes3,4,19. Using the CSLM data to
calculate attenuations has four noteworthy consequences. First, the neuromorphic figure
is much larger than for the Widefield data. Second, this increase seems almost entirely
due to more severe attenuation in the distal branches. Third, somatopetal attenuation in
the proximal branches seems relatively unaffected by the use of CSLM data, unlike

 Widefield      CSLM  
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somatofugal attenuation. Fourth, using the CSLM data enhances the direction-dependent
asymmetry of attenuation.

Each point in the L vs. x
plots represents a short segment
of the neuron. The abscissa is the
anatomical distance of the
segment from the soma, and the
ordinate is the calculated elec-
trotonic distance of the corre-
sponding model compartment for
voltage spreading away from
(top, Vout) or toward (bottom,
Vin) the soma. Individual
dendritic branches appear as
chains of adjacent points, the
slopes of which indicate the
severity of attenuation with
distance.

The L vs. x plots of Vout attenuations (top) confirm the basic observations made from
the neuromorphic figures. First, the Widefield data (top left) suggest that most of the
voltage drop occurs in the proximal half of the dendritic tree. The branches in the distal
half of the tree appear as nearly horizontal chains of points since they are almost
isopotential along their lengths. As before, computing the attenuations from the CSLM
data (top right) shows that signal loss is less severe in the proximal branches, but the
overall electrotonic extent of the cell is larger because attenuations are much greater in the
distal branches.

However, the L vs. x plots reveal two additional facts. First, the nearly isopotential
regions are restricted to 50 - 100 µm adjacent to each termination. Second, throughout
most of the dendritic tree attenuation is ~ ex/λ, with λ as small as ~1000 µm in some
branches and as large as ~3300 µm in others.

For Vin (bottom), the differences between Widefield and CSLM results are even
more noticeable in the L vs. x plots than in the neuromorphic figures. From the Widefield
data (bottom left) Vin attenuation seems almost an exponential function of distance, with
length constant λ ~370 µm in all branches, whether proximal or distal. Using the CSLM
data (bottom right) has several effects. First, as pointed out in the neuromorphic figures,
attenuation is more severe, most of it occurring in the distal branches. Second, the L vs. x
plot makes it clear that a simple exponential does not apply to most branches, although it
might approximate attenuation in proximal branches with λ ~230 - ~420 µm.

It is noteworthy that, regardless of which data set was used, the Vout electrotonic
distances from the soma to the dendritic terminations are scattered over a wide range.
This implies that the dendritic tree cannot be reduced to an equivalent cylinder15. In the
Widefield L vs. x plot for Vin (bottom left), the electrotonic distances from the dendritic
terminations to the soma are clustered around a central value of 1.2 - 1.3 log units.
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However, when the more accurate CSLM data are used (bottom right) these somatopetal
distances prove to have a large variance, so once again the equivalent cylinder
approximation is invalid.

DISCUSSION

This study shows how L vs. x plots provide insights to electrotonic architecture. One
fact that was immediately evident from these plots is that the dendritic trees of granule
cells cannot be reduced to an equivalent cylinder. Other observations emerged from side-
by-side comparisons. For example, the sealed-end boundary condition dictates that the
terminal slopes in the L vs. x plot for Vout will be horizontal (lim(dL/dx) = 0 as x
approaches each dendritic termination). While the Widefield data attenuations show this
influence along most of the physical length of the terminal branches, the CSLM data
attenuations indicate that this effect occurs only in the most distal part of each terminal
branch.

Elsewhere we will present the specific effects of small dendritic diameter variations,
within the expected range for current morphometric techniques, on the electrotonic
architecture of granule cells of the dentate gyrus. For the particular cell shown here, the
Vin attenuations computed from Widefield data indicate that voltage decays exponentially
with distance, with a length constant that is nearly identical in all branches. The CSLM
data lead to a quite different conclusion: the steep slope of the distal branches in the L vs.
x plot corresponds directly to the rapid decay of membrane potential with distance for
signals spreading toward the soma, and contrasts strongly with the much shallower slope
of the proximal branches. Furthermore, using the CSLM data increased and redistributed
the electrotonic extent of this cell for both Vin and Vout, so that most of its electrotonic
length is in the distal rather than the proximal branches. These effects, which are most
readily seen in the L vs. x plots, could have important implications both for synaptic
integration and for the design and interpretation of biophysical experiments.
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