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ABSTRACT Two recent developments have modified our
traditional concept of the neuron: output synapses have
been discovered intermixed with input synapses and syn-
aptic transmission has been shown to grade with presyn-
aptic voltage. In a number of invertebrate spikeless and
spiking neurons, synaptic transmission lasts for the dura-
tion of the presynaptic depolarization . There is a threshold
presynaptic voltage, but it is sometimes below the spike
threshold, or even below the resting potential . Above the
release threshold, the postsynaptic potential (PSP) grades
over a wide range of presynaptic voltages . The steady-state
cable equation can be used to predict how PSPs spread
within a complex dendritic geometry . Input synapses lo-
cated on long, thin processes develop large PSPs, although
these PSPs attenuate markedly before reaching central
structures. Whereas a proximal dendrodendritic output
synapse would see proximal and distal input synapses as
approximately equal, a distal output synapse would see
many-fold differences in the relative PSP sizes . Thus re-
gional computations could take place in distal dendritic
trees ; a given neuron could compute many different func-
tions of' its inputs . Models are made of Aplysia and lobster
neurons, of a cat spinal motoneuron, and of a neuron in
the rat superior colliculus .

Introduction

Dolls THE NEURON function as a unit, or
processes allowed a measure of regional autonomy?
In the classic view of the neuron, synaptic input and
output sites are strictly segregated, with all inputs
onto the dendrites and soma and all output from the
far ends of the axon. Synaptic inputs affect outputs
only through the intermediary spike mechanism, and
thus all output synapses receive the same message,
generated by the summation of postsynaptic poten-
tials (PSPs) at the spike trigger zone . The discovery
of presynaptic inhibition (Frank, 1959) and its ana-
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tomical correlate of axoaxonic synapses (Gray, 1962)
modified this simple description of nerve cells but
did not seriously challenge the basic concepts of the
neuron as the computational unit of the nervous sys-
tem. The finding of dendrodendritic synapses (Rail
et al., 1966), however, has raised a question : Can
local PSP inputs evoke transmitter release from
nearby output synapses without the need for spikes?
If true, this creates the possibility of dendrites func-
tioning in a semiautonomous fashion, with each den-
drite capable of sending a message based largely on
its local inputs and with the spike trigger zone com-
puting still another function, perhaps more broadly
representative of all inputs to the cell .

Since neurons with intermixed input and output
synapses are common in both vertebrate and inver-
tebrate nervous systems, the need to understand den-
drodendritic synapses is vital . This paper will discuss
two questions that are basic to such an understanding .
(1) What are the input-output properties of spikeless
synaptic transmission? (2) How do PSPs spread within
complex dendritic geometries? Answers to these
questions, together with considerations discussed
elsewhere (Calvin and Graubard, this volume),
should help us to assess which neurons with presyn-
aptic dendrites are likely candidates for regional
computation .

Input-output properties of synapses

To understand how synaptic outputs from dendrites
could function, it is necessary to know what ampli-
tude of depolarization will just evoke transmitter re-
lease, how that release will grade with depolarizations
larger than this threshold, and whether that release
is transient or sustained when a depolarization is
maintained for many seconds .

The best studies of individual synaptic regions
come from the squid giant synapse ; a detailed analysis
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of that synapse by Llinas may be found elsewhere in
this volume. Earlier studies of that synapse (e.g ., Hag-
iwara and Tasaki, 1958 ; Katz and Miledi, 1966) and
of the lamprey giant synapse (Martin and Ringham,
1975) showed that a substantial depolarization is re-
quired to reach the threshold for synaptic release and
that there is a steep input-output curve above this
threshold . Recent studies of squid by Charlton and
Atwood (1977) show a low threshold when long-last-
ing depolarizations are used . Such synaptic proper-
ties as high thresholds and steep input-output rela-
tions seem well adapted to operation via spikes but
poorly adapted for grading release ; indeed, no input
synapses (e.g ., axoaxonics) seem to occur within elec-
trical proximity of these giant output synapses . The
giant synapses seem to be specialized for fail-safe
transmission of spikes through a multineuronal es-
cape-behavior pathway, not for integrative purposes .
There are systems with neurons lacking spikes

(Ripley, Bush, and Roberts, 1968 ; Werblin and bowl-
ing, 1968 ; Mendelson, 1971 ; Zettler and Jarvilehto,
1971 ; Paul, 1972 ; Shaw, 1972 ; Maynard and Walton,
1975; Pearson and Fourtner, 1975 ; Burrows and Sie-
gler, 1976) . However, synaptic input-output curves
for these systems have so far been calculated only by
indirect means (Maynard and Walton, 1975 ; Burrows
and Siegler, 1976) .

One system that might provide a useful model for
cells with dendrodendritic synapses is the lobster sto-
matogastric ganglion. It contains many spiking and
nonspiking neurons that make inhibitory synaptic
connections and have a cell structure that appears to
favor PSP-modulated release (Figure ID) . Recently,
Graubard (1978a) and Graubard, Raper, and Hart-
line (1977) studied graded synaptic transmission be-
tween some of these neurons .

LOBSTER STOMATOGASTRIC NEURONS The stomato-
gastric ganglion of Panulirus interruptus consists of the

FIGURE 1 Neurons with intermingled input and output
synapses . (A, B) Golgi type 11 neuron in lateral geniculate
nucleus of cat is an intrinsic neuron with outputs onto the
principal neurons projecting to visual cortex, both via its
axon terminals (B) but also via dendrodendritic synapses
from its dendritic tree (A) . Invertebrate neurons also have
intermixed input and output synapses . (C) The AM neuron
of lobster stomatogastric ganglion has extensive secondary
and tertiary processes ending in the neuropil, in addition
to the axon exiting from the ganglion . (D) The neuron in
part C straightened out into a stick figure ; the small arrow-
heads of opposite direction show input and output synapses
located on short tertiary processes . The heavy outlining
indicates the extent of glial covering and, thus, regions
where neither input nor output synapses can be found .
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from Famliglietti and Peters, 1972, reprinted by permission
of the Journal of Comparative Neurology ; C and D from King,
1976, reprinted by permission of the Journal of Neuro-
cytology.)



cell bodies and neuropilar processes of about thirty
neurons, most of which are motor neurons to the
striated muscle of the gut . The physiological inter-
connections between these neurons have been de-
scribed in detail (Selverston et al ., 1976) . Neuron
structure has been demonstrated by King (1976) us-
ing the method of serial section reconstruction ; Fig-
ure 1C, D shows the branching pattern of one such
neuron. Input and output synapses occur near each
other on fine processes within the neuropil ; they are
thus at some distance from both the soma and the
spike-initiating region . The soma and the larger-di-
ameter processes appear to be sites prohibited for
synaptic interconnection, as they are entirely en-
sheathed in glia (King, 1976 ; heavy lines in Figure
1D) . Since there are many sites of interconnection
between a given pair of neurons, the PSP recorded
intrasomatically is a composite of contributions from
a multitude of sites on a number of different
processes .
While such a system is complex, it has some advan-

tages over the giant synapses . It is possible to examine
both spiking and nonspiking presynaptic neurons
(Maynard, 1972 ; Maynard and Walton, 1975) . There
are a large number of monosynaptic inhibitory con-
nections from which to choose. Such synapses are not
obligatory and occur in a location where they will be
exposed to the voltage fluctuations caused by both
local synaptic inputs and attenuated PSPs from dis-
tant input synapses. Additionally, some of the pre-
synaptic neurons are bursting pacemaker neurons
with endogenous voltage swings of considerable am-
plitude ; such voltage oscillations might also drive
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Figure 2 Spikeless synaptic transmission . At left is a dia-
gram of stimulation and recording conditions . Electrodes
are intrasomatic, but chemical synapses are distributed on
secondary neurites in the neuropil. Records are shown of
spiking neurons with spikes blocked with 2 x 10-7 M TTX .
A long presynapticc current pulse (not shown) produces a
steplike presynaptic voltage change, as shown in the upper
traces of A, B, and C. (A) Depolarization of presynaptic
neuron produces a hyperpolarizing response in the post-
synaptic neuron. The response has a synaptic delay, a peak
response, and a plateau level of hyperpolarization that lasts

graded transmitter release (Graubard, Raper, and
Hartline, 1977) .

POSTSYNAPTIC WAVEFORMS FOR PRESYNAPTIC VOLT-
AGE STEPS Transneuronal input-output properties
were measured by depolarizing the presynaptic cell
with steps of current injected into the soma while
recording the voltage change produced in both the
pre- and postsynaptic cell bodies (Figure 2) . Tetro-
dotoxin (TTX) blocks spikes in this system ; its use
allowed input-output properties to be studied without
interference by spikes or spontaneous PSP input in
either the pre- or the postsynaptic cell . For a long
presynaptic depolarizing current step above the
threshold for transmitter release, one typically ob-
tains pre- and postsynaptic responses like those
shown in Figure 2A. This example is for a spiking
presynaptic neuron in which the spikes have been
blocked by 2 X 10-'M TTX; the waveform is identi-
cal for spiking neurons in TTX (Graubard, Raper,
and Hartline, 1977) and for nonspiking neurons with
or without T TX (Graubard, 1978a) . This typical
postsynaptic waveform consists of a synaptic delay
followed by a hyperpolarization to a peak of inhibi-
tion and then a decay to a maintained plateau. In
most neuron pairs, the plateau hyper polarization is
maintained for the duration of the presynaptic de-
polarization. These peak-plateau postsynaptic re-
sponses have been shown to have the characteristics
of typical chemical synapses ; both peak and plateau
have the same reversal potential. They have been
successfully demonstrated between all tested neu-
ronal pairs having a large, spike-evoked, monosynap-
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for the duration of presynaptic depolarization . (B) Grading
the presynaptic voltage causes a grading of' both peak and
plateau components of postsynaptic response . (C) A hy-
perpolarization of some presynaptic cells causes a depolar-
ization in the postsynaptic cell, indicating that the presyn-
aptic neuron continuously releases transmitter while at rest,
thus inhibiting the postsynaptic cell continuously . Presyn-
aptic cells are PD cells ; postsynaptic neurons are PY cells .
B, C share common calibration ; B, C, and Figure 3B are
from the same preparation . (Data from Graubard, Raper,
and Hartline, 1977 .)
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tic IPSP and from spikeless presynaptic neurons as
well .

The size of the peak response depends on the past
history of the synaptic activity (Graubard, 1978a) ; it
decreases to the plateau size if there has been massive
release in seconds prior to the presynaptic depolari-
zation. Peak-plateau shaped responses occur at the
squid giant synapse but have not been found in stud-
ies of nonspiking neurons of the locust (Burrows and
Siegler, 1976) ; there is also no evidence for a peak-
plateau response at motor endplate when the rate of
miniature endplate potentials is studied as a function
of presynaptic depolarizing current (Quastel, 1974) .

TRANSNEURONAL INPUT-OUTPUT CURVES A trans-
neuronal input-output curve, similar to the synaptic
input-output curves obtained for the giant synapses
(Katz and Miledi, 1966 ; Martin and Ringham, 1975),
can be constructed by applying a series of current
steps to the presynaptic neuron soma (Figure 2B) .
The current causes a steplike change in the intraso-
matic voltage of the presynaptic neuron (for spiking
neurons this procedure is performed in 2 x 10-'M
TTX ) . The amplitude of both peak and plateau com-
ponents of the postsynaptic response can then be
plotted as a function of the presynaptic voltage (Fig-
ure 3) . There is a presynaptic voltage threshold for
obtaining any detectable postsynaptic response . Be-
yond that threshold, the postsynaptic peak and pla-
teau responses both grow with increases in presyn-
aptic voltage .

The position of the release threshold relative to the
resting potential is of paramount importance for the
functional interpretation of such curves . If the
threshold were high, release from output synapses in
fine processes might only occur when spikes retro
gradely invaded the processes from the spike trigger
zone (usually thought to reside on the main axon) .

In Figure 3A the release threshold is about 18 mV
depolarized from the presynaptic neuron's resting
potential . Thus only individual PSPs of substantial
size (as seen at the output synapses, not the soma)
could cause release . Smaller PSPs could not cause
release unless background levels of other
biased the resting potential upwards .
Some presynaptic neurons, however, have resting

potentials much closer to the release threshold . In
Figure 2C a neuron pair demonstrates the typical
peak-plateau hyperpolarizing waveform to presyn-
aptic depolarization . If the presynaptic neuron is hy-
perpolarized, the postsynaptic response is not absent,
as might be predicted . Instead, a small depolarization
is observed. The input-output curve (Figure 3B) still
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FIGURE 3 Transneuronal input-output curves derived
from experiments like that of Figure 2 . Abscissa : Amplitude
of presynaptic soma voltage produced by a current step .
Ordinate : Peak response in postsynaptic neuron . (A) Non-
spiking presynaptic neuron EX I and spiking postsynaptic
neuron GM (data from Graubard, 1978a) . (B) Spiking neu-
rons PD and PY ; data from the experiment used for Figure
2B, C (Graubard, Raper, and Hartline, 1977) . For both cell
pairs, increasing depolarization of the presynaptic neuron
above the release threshold causes increasing hyperpolari-
zation of the postsynaptic neuron . In A, however, the re-
lease threshold is about 18 mV depolarized from the pre-
synaptic cell's resting potential (RP), while in B, the release
threshold is about 5 mV below the resting potential .

has the usual shape, but the release threshold is more
negative than the cell's resting potential . Thus the
presynaptic neuron is continuously releasing trans-
mitter at its resting level, and any small fluctuation in
presynaptic membrane potential causes an inverted
fluctuation in the postsynaptic membrane potential .
The resting potential of the postsynaptic neuron
therefore includes a bias of -0 .5 mV from this par-
ticular presynaptic neuron's resting release ; the con-
tribution from the postsynaptic cell's other inputs is
unknown . Both neurons of this pair are spiking neu-
rons recorded in TTX. These results suggest that
graded release might be important for this cell pair
even in the absence of TTX when the presynaptic
cell is free to fire .

Figure 4 shows a different cell pair that has an
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FIGURE 4 Augmentation of graded release by a presyn-
aptic spike . Long current pulse in the presynaptic LP neu-
ron straddles the threshold for causing a spike . Spike-
evoked IPSP is small in comparison to graded release . Such

input-output curve similar to that of Figure 3B .
There is no TTX in the bathing medium, and just
enough current is injected into the presynaptic soma
to straddle the condition for eliciting a presynaptic
spike. Two superimposed sweeps are shown, dem-
onstrating the hyperpolarizing response of the post-
synaptic neuron with and without the increment
caused by the spike (the spike is greatly attenuated in
the somatic recording) . The spike causes a standard
transient IPSP to be superimposed on the hyperpo-
larizing waveform of the graded response ; note that
the graded response is larger than the spike-evoked
contribution . Thus graded release can be at least as
significant as spike-evoked communication between
neurons. Some of these presynaptic neurons exhibit
endogenous pacemaker oscillations, which can pro-
duce significant postsynaptic effects even when
subthreshold for spike production (Graubard, Raper,
and Hartline, 1977) .

PROPERTIES OF SPIKELESS SYNAPTIC: TRANSMISSION
Such studies, and the studies of giant synapses and
of spikeless neurons that preceded them (see the pa-
pers by Llinas and by Pearson in this volume), allow
several important conclusions to be drawn regarding
graded synaptic transmission . (1) It can occur from
either spiking or nonspiking presynaptic neurons . (2)
It can be long-lasting, with the postsynaptic plateau
response maintained for the duration of the presyn-
aptic depolarization . (3) The presynaptic release
threshold can be well above the resting potential in
some cases but below the presynaptic resting potential
in other cases . (4) Postsynaptic response grades with
presynaptic voltage and can be sensitive to small pre-
synaptic voltage fluctuations. (5) The peak compo-
nent may be absent or large and, in the lobster neu-
rons described, quite depressed by a recent history of
synaptic release .

These transneuronal input-output properties are
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spikeless release is probably important in the function of
many spiking neurons within this ganglion . (Data from
Graubard, Raper, and Hartline, 1977 .)

presumably the result of many individual synapses
located on numerous pre- and postsynaptic processes
acting together to form the composite response . Sim-
ply because the composite exhibits a threshold and
grades with presynaptic depolarization does not im-
ply that the individual synapses have such properties .
Just as the distribution of thresholds in a motoneuron
pool contributes to grading muscle tensions, so might
the individual synapses have distributed properties
not detectable by the transneuronal input-output
method .

If the presynaptic release threshold were so high
that only spikes could cross it, the output synapse
could be interpreted in terms similar to those used
for axoaxonic synapses and presynaptic inhibition (as
Ralston, 1971, pointed out in his discussion of pre-
synaptic dendrites in thalamus) . If the threshold were
low relative to the sizes of local PSPs, incoming PSPs
might continuously modulate release . This might
permit some measure of regional autonomy for each
dendritic branch, in contrast to the picture of den-
dritic output synapses being driven synchronously by
a spike from an axonal trigger zone. Much depends
upon the PSPs within the dendritic tree : How big are
they at the input synapse? How do they decrement
as they spread passively throughout the dendritic
tree? The influence of cell shape and membrane re-
sistivity on PSP spread is the subject of the second
portion of this paper .

Influence of dendritic geometry on synaptic
potentials

Vertebrate and invertebrate neurons come in an
enormous variety of sizes and shapes . Membrane re-
sistivity can vary by a factor of a thousand between
neurons. There is a large variation in dendritic ge-
ometry, even when one considers only neurons that
make serial synapses . Can we derive general princi-
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pies about how the members of this varied group
function? In particular, for neurons with intermixed
input and output sites, do the shape of the cell and
the location of the input and output synapses say
anything about how that cell operates?

It would be convenient if we could resolve this
question by directly recording PSPs at a number of
different sites around the cell. Technically, however,
this is an unrealistic approach for most neurons, so
we must resort to calculations based on measure-
ments of neuron geometry and estimates of the re-
sistivity of the cytoplasm and membrane . We will use
cable theory calculations to make educated guesses
about what such experiments might reveal .

The steady-state cable equation can be easily ap-
plied to neurons with complex branching patterns
(Rall, 1959 ; Graubard, 1973 ; Jack, Noble, and Tsien,
1975) . The soma of the neuron is transformed into
an isopotential sphere and the dendritic geometry
into a series of finite or infinite cable segments . With
such a system, it is easy to calculate how voltage (or
current) spreads within a cell . Synaptic inputs are
also considered in the steady state, as an approxi-
mately quantal (0 .1 nanomho) synaptic conductance
change and a 60 mV driving potential . Thus the PSPs
we will describe resemble the long-lasting responses
of the stomatogastric neurons in Figure 2 . Spike-
evoked PSPs are transients ; the peak of such PSPs
will be attenuated even more than the results from
our steady-state calculations . The area under such a
transient PSP, however, is directly comparable to our
steady-state results (Jack, Noble, and Tsien, 1975) .

Other non-steady-state effects, such as those caused
by varying membrane resistivities or by the historic
effects of synaptic transmission, will not be discussed
in this paper .

In order to cover a wide range of neuron shapes
and membrane resistivities, we will consider four dif-
ferent neurons . Our first example from Aplysia rep-
resents one extreme : the cell has a branching pattern
in which very small processes branch from very large
ones (Figure 5A) ; the neuron's membrane resistivity
is so high that little current leaks across the cell mem-
brane within the neuropil (the length constant is
large). Thus the cell demonstrates, almost purely, the
effect of branching pattern . The second neuron,
from the stomatogastric ganglion, has a more typical
membrane resistivity and branching pattern . The
third cell, a cat spinal motoneuron, has become the
classic neuron to which other cells are compared . The
fourth cell, a horizontal cell from the rat superior
colliculus, presents another extreme : a cell with long,
thin, relatively unbranched dendrites . Of these four
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FIGURE 5 AplysiaLl2-L13 neuron voltage attenuation. (A)
Drawing of a Procion dye injection (after Graubard, 1973) ;
only a few of the thin secondary branches are shown . (B)
Schematic drawing of cell, showing (not to scale) the 280

µm soma, the 30 µm main axon, and a 2 µm diameter
secondary process beginning 500 µm from the soma . The
secondary process terminates 1,000 µm from the branch
point. The figure is arranged so that the processes from
soma to distal tip fall on a straight line to facilitate plotting
the voltage gradient. (C) Simulated movement of a record-
ing electrode along the neuron (Rinzel and Rall, 1973) .
Ordinate is voltage relative to applied voltage at a given
point (stars) . Graph of voltage spread calculated from
steady-state cable equations (R,,, = 550,000 S1-cm', Ri = 90
SZ-cm ; membrane infolding taken into account as in (Graubard, 1975) . A voltage applied to the soma (star) falls

to 95` ,( of its original value by the 500 µn> branding,
but little additional attenuation occurs distally along the
2 µm x 1,000 µm secondary process (large arrows) . A
voltage applied at the distal tip (star) falls to 3rle of' its
original value before reaching the branch point (small ar-
rows) . Voltages applied more proximally along the second-
ary process attenuate less .
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neurons, all but the motoneuron probably make se-
rial synapses, much like the dendrodendritic synapses
of the Golgi type II cell shown in Figure IA, B .
Consideration of these neurons has led to some sur-
prising conclusions :

1 . Input synapse location may make only a minor
difference in somatic PSP size ; there is often little
disadvantage in placing an input synapse on the distal
dendrites rather than on the soma .

2 . PSPs within the dendritic tree can be large, es-
pecially in distal dendrites ; moving an input synapse
from soma to distal tip could greatly increase the PSP
size in the distal tip . Thus input synaptic location
would be very important to a distally located output
synapse, even if it were unimportant to a centrally
located spike trigger zone .

ANALYSIS OF AN APLYSIA NEURON The L12-L13
neuron of Aplysia abdominal ganglion (Figure 5A) is
hardly a typical neuron, but an analysis of it is par-
ticularly instructive as preparation for understanding
the effects of branching patterns, as distinct from
those of length constant, on voltage transmission
within neurons . Initially the cell was studied (Grau-
bard, 1973, 1975) because of its long, large axon :
the sphere-plus-cable shape allows intrasomatic cur-
rent injection and voltage measurements to be inter-
preted with the aid of the Rail (1960) method. The
membrane and axoplasmic resistivities were esti-
mated ; these values, together with the cell geometry,
allow calculations to be made of the voltage profiles
within the neuron that result from various locations
of an input synapse .

Synapses on Aplysia neurons are almost never as-
sociated with the cell soma and are relatively infre-
quent on the large-diameter processes . Synapses are
commonly found between small processes in the neuropil ; input and output synapses can be near each

other on the same fine process (a serial synapse)
(Graubard, 1973, 1978b) . Thus, in some respects,
these neurons may have a structure analogous to the
Golgi type II cell of Figure IA, B, with both axonal
and dendritic output synapses .

Voltages do attenuate within cablelike structures
because of the imperfect insulation provided by the
surface membrane . As it happens, the Aplysia neuron
has an exceptionally high membrane resistivity
(Rm = 550,000 fl-cm', although infolding of surface
membrane in the soma and large-diameter processes
may make the effective R m as much as a factor of ten
lower) ; this resistivity greatly reduces the effect cur-
rent leakage has on voltage profiles . For example, the
length constant of the 30-µm-diameter axon (Figure

5A) is in the range 5-15 mm ; only about 1 mm of
this axon is within the ganglion, so it is within about
10% of being isopotential within the ganglion .
Voltages spread very well from the soma or axon

out to the tips of the small-diameter processes (Figure
5C). This property makes it possible to measure the
reversal potential of a PSP with little error, providing
the membrane resistivity remains constant over the
surface of the cell (Graubard, 1975) . However, there
is asymmetry in the transmission of voltage . Voltages
are sharply attenuated as they spread from the tips
of the small-diameter processes toward the axon and
soma. This attenuation results from the branching
pattern of the cell and not from the length constant
of the small-diameter process . To understand the
mechanism, one must consider the effects of the load-
ing of the fine process by the large-diameter axon .

LOADING OF CABLE SEGMENTS Along an infinite ca-
ble, it is quite simple to compute voltage decrements :
voltages decrement exponentially with distance in the
steady state ; the length constant is the distance at
which the voltage falls to 37% of its original value .

A fine cylindrical process 2 µm in diameter and
1,000 µm long will be considered initially . If this 2
µm process were infinitely long, voltage would fall
about 17% over 1,000 µm (Figure 6) . It is not infinite,
however, so its 5.6 mm length constant is of little use
as an index of the attenuation to be expected . Look-
ing outwards from the main axon, one effectively
sees a 1,000 µm segment of cable with a sealed end .
The voltage will decrement only 1 .6% in this case,
not 17I . Conversely, if one is looking clown this
1,000 µm cable from its distal end, one sees it ter-
minated by a 30 µm axon . This termination "loads"
the cable segments so that the original voltage will
fall to 3% of its original value (Figure 6), showing
that the voltage attenuation is very asymmetrical be-
cause the terminations are asymmetrical . Thus the
PSP generated at a distal site will lose most of its
original size by the time it reaches the main axon,
even if the main axon itself spreads it into the soma
with little further decrement . By itself, this might
suggest that, as seen from the soma or the spike-
initiating region on the axon, distal synapses will be
weak whereas somatic synapses will be much more
effective .

THE LOCAL PSP SIZE COMPENSATES FOR ATTENUA-
TION The large attenuation of the PSP from the
distal synapse would seem to contradict our earlier
conclusion that the location of the input synapse
often makes relatively little difference in the deter-
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FIGURE. 6 Attenuation as a function of terminating load .
Graph follows the convention of' Fignre 5G . Secondary
process of '2 µm x 1,000 µm exhibits very different voltage
attenuations, depending on its termination . Were the cyl-
inder to extend infinitely, the exponential fall of the voltage
applied at the distal tip would reach the 83`/ level by 1,000
µm. Were the termination a sealed end, it would only fall
to the 98i( level (illustrating why voltages spreading distally
toward a sealed end decrement so little ; see Figure 5C,
large arrows). However, centripetal spread of voltages
along the secondary process is strongly affected by the 30
µm main axon, which terminates the process centrally ; this
loading results in a nearly linear fall of the voltage to the
3I level . Thus length constant per se gives little indication
of the severity of voltage attenuation .

mination of somatic PSP size. But what determines
the size of the PSP at the site of the synapse (the
"local PSP")? The size of the PSP at the synaptic site
(VPs „) is a function of the synaptic conductance (gPS„)
and driving potential (.,SP) and of the input con-
ductance of the cell computed for that specific loca-
tion (g i„ ) :

Vasp -	 gPsi)Ep1,
gasp + gin

The input conductance of the cell, g in , is not
stant; it varies as a function of the location where it
is measured . It will be small at the tip of a thin process
and it will get larger when measured nearer the axon
or the soma. For example, if the input conductance
were 10 times the synaptic conductance change, then
the local steady-state PSP would be 9% of the synaptic
battery-e.g., 5.4 mV for a 60 mV battery . This is
approximately the situation for distal synapses on
very thin, long neurites ; when the input conductance
is 1,000 times the synaptic conductance, as can hap-
pen at central sites such as a 30 Am axon or on the

con-
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soma, then the local PSP would be 0 .1 % of the bat-
tery-e.g., 60 µV for a 60 mV battery . Sixty micro-
volts is about the size of the "quantal PSPs" observed
intrasomatically in Aplysia neurons (Castellucci and
Kandel, 1974) .

Thus, while distal sites are associated with severe
attenuation, they are also associated with large local
PSP sizes. This compensation is not complete, but the
size of the PSP measured in the soma is often only
10-20% lower for a distally originating PSP than for
a somatically originating one .

PSP SIZE PROFILES Figure 7 shows the calculated
version of a hypothetical experiment in which the
recording microelectrode is moved from the distal
tip, past the input synaptic site, down onto the main
axon and into the soma . As in Figure 5B, C, we have
rearranged the cell's geometry so that the soma, the
first 500 µm of the large axon, and the 1,000 Am of
the thin neurite are stretched out in a line . This
allows a simple plot to be made of PSP size as a
function of the position of the recording site .

For an input synapse on the distal tip (point 3 in
Figure 7), the local PSP size is large. The PSP falls
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FIGURE 7 Profile of PSP amplitude and attenuation with
distance for three different input synapse locations along
a secondary process . Ordinate : Steady-state PSP (in mV)
resulting from 0 . 1 nanomho conductance and 60 mV driv-
ing potential . Abscissa : Location of simulated recording
electrode .
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almost linearly until it reaches the junction with the
large axon, where it is 3% of its original size of 1 .7
mV. For the 500 µm between the junction and the
soma, the voltage loss is very small . For an input
synapse located halfway out the secondary process
(point 2 in Figure 7), the local size of the PSP is 900
µV; it too falls almost linearly as the large axon is
approached. What is notable is that this 900 µV PSP
spreads distally to the tip with very little decrement,
as one might expect from Figure 5C . An input syn-
apse at the junction of the primary and secondary
processes produces a 48 µV PSP locally ; this voltage
also spreads distally virtually unattenuated .
Thus the voltage as measured at the distal tip

would be strongly influenced by the location of the
synaptic inputs, even though the somatic voltages are
not. Figure 8 explicitly plots the size of the PSP mea-
sured in the soma as a function of synaptic location,
not only for the three sites shown in Figure 7 but for
all points. The maximum differences between so-
matic and distal input sites are less than 10% for this
example. Figure 8 also shows the voltage measured
at the distal tip as a function of synaptic location . The
voltage grows from 46 µV to 1,700 µV, a 37-fold
increase and quite in contrast to the 10% effect of
synaptic location on the somatic PSP . If the thin neu-
rite is 4 tm in diameter, the input conductances are
larger and the local PSPs smaller ; thus the distal PSP
increases by only 10-fold .

LONG THIN DENDRITES AND SYNAPTIC EFFICACY The
longer and thinner the neurites on which the input
synapses are located, the larger the distal-tip voltages
can become. Utilizing long, thin neurites for locating
input synapses does not appreciably affect the sizes
of somatic or axonal PSPs (provided that the electro-
tonic length of the process is short and synaptic con-
d uctance is much less than the input conductance of
the cell at that location) .
The bar histograms in Figure 9 summarize the

steady-state PSP sizes for four input synaptic loca-
tions, as seen at four different measuring locations
within the neuron . Measured at the soma, all four
inputs appear nearly the same size (exact sizes can be
found in Figure 8) ; such equipotentiality is also the
case at the axonal recording site (approximately
where the spike trigger zone might be located) . A
dendrodendritic output synapse at the tip of the
proximal neurite would naturally see input 1 as very
large . It is considerably larger than input 2, located
200 btm out the 1,000 µm neurite. Inputs 3 and 4 are
approximately the same size at this distal tip as they
are in the soma and at the axonal recording sites .
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Figure 7) . Top : PSP size in the soma changes little as the
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input synapse location because the local PSP depends on
the input conductance of the cell seen from the synaptic
site . An increase in secondary process diameter increases
input conductance and thus reduces distal-tip PSP size .
Distal-tip PSP varies over 37-fold range for 2

µ

rn diameter
secondary process, over l0-fold for 4 µm diameter process .

Thus an output synapse at the distal tip will see nearly
all inputs as about equal to one another, except for
input synapses on its parent neurite ; those inputs will
grade dramatically with location . Similarly the distal
tip of the other thin neurite will weigh its local inputs
more strongly and see inputs on other neurites as
small and equal .

Thus, in theory, this cell has the property that each
neurite is able to compute a picture of the input
information somewhat different from that of any
other neurite and different from that of an axonal
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FIGURE. 9 Aplysia summary schematic, showing the PSPs
from four input synaptic locations (represented in bar his-
togram form) measured at the soma, on the axon distally,
and at the distal tips of two different secondary processes .
Measured in the soma and main axon, all input sites are
within 10% of their mean . An output synapse at a distal
tip, however, would be much more strongly affected by
inputs along the same secondary process than by inputs
elsewhere .

trigger zone . Should the output synapse be located
on the proximal end of the long neurite, this would
not be true ; regional autonomy requires isolation by
a long thin neurite (Figure 8) . Midway out a long,
thin neurite, an output synapse would weigh all distal
synapses strongly but relatively equally (as may be
inferred from Figure 7) ; PSP strengths will fall as the
input locations move proximally along the neurite .
One could design a variety of circuits in this manner,
all using the single neuron ; it remains to be seen
whether any Aplysia neurons actually make use of this
potential for simultaneously computing many differ-
ent functions of their inputs . There are indications
(e.g., Waziri, 1976) that they do .

More typical cell geometries and resistivities

Although the synaptic location properties noted thus
far have been a result of geometric aspects of the
L12-L13 Aplysia neuron, the so-called cable proper-
ties, which are markedly dependent on the mem-
brane leakage of currents, have affected voltage at-
tenuations in only very minor ways . This neuron is
extreme in at least two ways : (1) a very high R,,,,
which minimizes leakage ; and (2) large differences in
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diameter between the thin neurites and the more
central processes (e .g ., diameter changes at the junc-
tions from 2 µm to 30 µm), which exaggerate geo-
metric effects .

This extreme case is educational because it enables
one to identify the geometric, as opposed to the cable,
factors that control the PSP size and interactions . Yet
we were most curious to see how PSPs would behave
in neurons that did not share these extreme mem-
brane and geometric properties .

THE LOBSTER As noted in Figure 1D, neurons in
the lobster stomatogastric ganglion have input and
output synapses intermixed on fine processes of the
nerve cell . Although they are like Aplysia neurons in
this respect, their geometry and their membrane re-
sistivities are much less extreme .

We have not modeled all of the processes shown in
Figure 1D, but the 10 .tm axon, 7 µm x 200 µm
secondary processes, and 2 gm x 100 µm tertiary
processes (Figure 10) exhibit characteristic properties
not especially sensitive to inaccuracies in the central
loading that might result from our incomplete model .
More extensive electrical reconstructions have been
done by Glasser (1977 ; see also Selverston et al .,
1976); our Figure 10 cell diagram is greatly simplified
but will serve to illustrate a few basic points in com-
parison to the Aplysia results in Figure 9 . Figure 10
summarizes our calculations based on an R. of 3,600
fl-cm' and an R ; of 90 ohm-cm; this yields an intraso-
matic input resistance of 3 .2 Mohm .
These 2-7-10-15 gm diameter changes at junc-

tions are more typical of most "standard" neurons
than 2-to-30 diameter jumps . Also more typical is the
RR„ which falls into the range estimated for cat spinal
motoneurons (see Barrett and Crill, 1974) . A model
for this lobster neuron thus eliminates the
treme features of the Aplysia neuron .
There are significant membrane leakage losses that

affect the PSP profiles in Figure 10 ; the geometric
factors, however, still provide the major features . A
recording site near input synapse 1 at the distal end
of the dendrite receives a potent effect from the local
synapse, less potent effects from other inputs on the
same secondary process, and much smaller inputs
from elsewhere in the cell . Recording in the soma,
the four inputs are not all equal, as they were in the
Aplysia example: inputs I and 2, from the more prox-
imal secondary branch, are somewhat stronger than
those from the more distal secondary branch . Just
the opposite relative weighting is seen at a distal re-
cording site on the axon, approximately where the
spike trigger may reside. This situation occurs be-

two ex-



FIGURE 10   Lobster neuron summary schematic, showing
the PSPs from four input synaptic locations (represented
in bar histogram form) . Inputs are at 100 µm along a 7
µm x 200 µm secondary process (points 2 and 3) and at
the tip of a 2 µm x 100 gm tertiary process (points 1 and
4); the secondary processes are 100 µm and 200 µm from
the soma along a 10 µm diameter axon that enlarges to 15

cause of the membrane leakage losses along the 10
µm main axon . Unlike the Aplysia example, the 1 mm
length constant estimated for the stomatogastric axon
is not appreciably longer than the distance the axon
traverses within the neuropil. This means that the
position where the secondary processes branch from
the main axon may have some influence on relative
PSP sizes, but there is still little influence of actual
synaptic location along the secondary process itself .
The length of the tertiary processes, and their takeoff
point along the secondary process, have little signif-
icance for central PSP sizes .

Thus the old notion that proximal synapses are
potent and distal synapses are relatively ineffective
(Chang, 1952 ; Eccles, 1957) does not hold for this
lobster neuron, but leakage losses do create some
effects. However, it is the leakage along the primary
axon rather than in the finer processes that is impor-
tant. Thus the axon within the neuropil, near the
spike trigger zone, will exhibit a different weighting
of input PSPs than would be recorded in the cell
soma. The propensity of invertebrate nervous sys-
tems for locating the cell body on a synapse-free side
process, rather than at the center of the funneling of

µm distally . Unlike the Aplysia example (Figure 9), mem-
brane leakage of current significantly decrements PSPs
along the main axon so that the branch point location is
important (compare soma and axon bar histograms) . Input
synapse location along secondary-tertiary process produces
less than 30 17c difference in central PSP size, but a 7-fold
difference in distal PSP size .

dendrites into the axon as in mammalian CNS neu-
rons, creates problems of technical interpretation for
PSP sizes and spike thresholds . As we shall see, how-
ever, the electrical reconstruction of a cat spinal mo-
toneuron is otherwise little different from our lobster
case in its implications for synaptic location .

THE SPINAL MOTONEURON We have created a tra-
ditional model neuron (see Rall, 1962) in which the
3/2 power of the branch diameter is conserved look-
ing peripherally at branchings, with an electrotonic
length of the equivalent cylinder of 1 .0, a membrane
resistivity of about 3,100 f2-cm', and a soma diameter
of 80 µm . With nine such dendrites, this results in
an intrasomatic input resistance of 1 .1 Mohm and a
dendritic dominance of 14, quite consistent with a
large cat spinal motoneuron and probably with many
other large CNS neurons . Our goal here is not to
model particular motoneurons accurately (see Barrett
and Crill, 1974) but to provide a comparison of our
previous examples with a class of the larger neurons
in the central nervous system .

As in the lobster case and unlike the Aplysia ex-
ample, retrograde voltage spreading out the den-
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drites exhibits some loss . The synaptic reversal po-
tential of a PSP from a distal-tip input would be
overestimated by 50% using intrasomatic current in-
jection and voltage measurement (Calvin, 1969) .
Again, central loading brings down the PSP size as
the measurement point approaches the soma ; unlike
the Aplysia and lobster cases, the soma here has an-
other eight identical dendrites leaving it, which con-
tribute the central loading on our model branch . A
plot of soma PSP size as a function of synaptic loca-
tion (in a manner analogous to the Aplysia plot in
Figure 8) shows that a distal synapse is 36% "less
effective" than a somatic input. A major culprit is the
leaky membrane, aided by the side branches, which
provide significant diversion paths . Looking at the
distal-tip PSP as a function of input synaptic location,
one sees again the enormous range (35-fold) that
characterized the Aplysia example. Cat spinal moto-
neurons have not, however, been reported to possess
dendrodendritic output synapses (see Conradi,
1976) . To the extent that CNS neurons with dendro-
dendritic synapses have branching patterns that con-
serve the 3/2 power of branch diameters, this result
indicates that distal dendrodendritic output synapses
can achieve significant local computation .

THE SUPERIOR COLLICULUS HORIZONTAL CELL Neu-
rons, such as those illustrated in Figure 11, that have
long, thin dendrites and a small soma will, in many
cases, not fit the descriptive model we have just given
for neurons with significant central loading on the
dendritic processes . This is perhaps best shown by
examining another extreme case : the horizontal cells

Superior Colliculus

L
1

	

2 3 4

FIGURE 11 Horizontal cell from rat superior colliculus .
Neuron spans about 1,000 µm, but diameters are seldom
larger than 1-2 µm . Four input synapse locations (num-
bered arrows) are shown ; bar histograms beneath each
arrow show relative strengths of all four input synapses
measured at that site . Broken bars indicate the local PSP is
actually 3-5 times larger than shown . Besides the local PSPs
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of superior colliculus. They are located in the super-
ficial layer where dendrodendritic synapses are com-
mon (Lund, 1969 ; Sterling, 1971) ; indeed, Sterling
(1971) has hypothesized a role for inhibitory dendro-
dendritic synapses and graded synaptic release in the
receptive-field organization of this layer . While it is
not known whether the horizontal cells are spiking
or nonspiking, they have both dendrodendritic syn-
apses (Langer and Lund, 1974 ; Cuenod, this volume)
and a respectable axon . This cell is thus particularly
suitable for an analysis of the implications of spikeless
transmission and dendritic geometry for regional
computation within neurons .

We have modeled the entire dendritic tree shown
in Figure 11 . Unlike our previous examples in which
values of R m were chosen to satisfactorily predict the
typical values of intrasomatic input resistance ob-
tained experimentally, there are no intracellular re-
cordings from these horizontal cells from which to
obtain input resistances . We have therefore explored
R m values that generally bracket the values obtained
in other CNS neurons (1,000-4,000 fl-cm 2 ), although
increasing R m even to 20,000 f-cm 2 does not appre-
ciably affect our conclusions. Figure 11 is based on
Rm = 3,600 ohm-c m2 and R ; = 90 fl-cm .

Figure 11 shows four different locations for an
input synapse. The bar histogram beneath each site
shows the relative strength of the PSP recorded at
that site from each of the four inputs ; this is the
weighting that a dendrodendritic output site would
perceive .

Because the dendrites are long and thin (diameter
usually less than 1-2 µm), there is considerable mem-

50p
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becoming large at the distal tips of long processes (as in
Figures 9 and 10), the primary feature of these PSP profiles
is the large loss due to membrane current leakage along
the long, thin processes ; central loading and branching do
not play important roles here. A dendrodendritic output
synapse would perceive input synapse strengths very dif-
ferently, depending on its location .



brane leakage affecting the voltage profiles . This can
be appreciated by looking at input 3 (on the soma),
comparing the heights of the third bar in each of the
four histograms . The somatic input falls to 53% of
its original height before reaching the right distal tip
(site 4) and falls to 16% of its original height before
reaching the left distal tip (site 1) . Local inputs at the
distal tip are very large in size because of the low
input conductance at those sites ; the broken bars in
histograms 1 and 4 are actually 5 and 3 times higher
than shown . Synaptic efficacy at the soma also varies
considerably (bar histogram beneath site 3), in con-
trast to earlier examples where the soma did not see
much variation in the synaptic efficacy with input
location .

If there were a dozen output synapses scattered
along the dendritic tree, a dozen different sets of
weightings of the input array would be computed, all
within this one neuron . These 1,000-µm-wide hori-
zontal cells project their dendritic trees a substantial
distance across the topographic representation of the
visual space mapped onto the superior colliculus
(Langer and Lund, 1974) ; thus each output synapse
should weigh the light patterns in the visual field
differently . Such a horizontal cell with a dozen output
synapses distributed along its dendritic tree could do
the job that might otherwise require a dozen different
neurons with smaller dendritic trees scattered
throughout the colliculus .

This conclusion, of course, depends on the as-
sumptions made in the model and on the dendro-
dendritic synapses having input-output properties
similar to those presented earlier . We do not know
the role of spikes in such neurons ; the weighting of
inputs seen at the soma is presumably that seen by
an initial-segment spike trigger zone . If spikes retro-
gradely invaded the dendritic tree, the output from
a dendrodendritic synapse would also be occasionally
augmented by a spike (in a manner in Figure 4) with
an input weighting corresponding to that of the soma
rather than the local weighting .

Discussion

The compensation for attenuation provided by in-
creases of local PSP size with isolation suggests that
dendritic spines may not affect central PSP sizes by
simple, passive cable properties ; thus changes in the
neck of the dendritic spine would not produce a
significant modulation of central PSP sizes . Of course,
if the synaptic conductance change were so large that
the local PSP always approached the synaptic reversal
potential, then the compensation capability would be

lost and spine necks could modulate central PSP sizes
(see Rall and Rinzel, 1971) . To the extent that the
transient and steady-state components of PSPs be-
have differently in passive spread and local PSP size,
then the implications of dendritic geometry will vary .
Our conclusions address only the implications of sus-
tained PSPs (such as those shown in Figure 2) in
which synaptic conductances are small relative to in-
put conductances .

In this paper, we have attempted only a consider-
ation of passive and synaptic properties . The intra-
neuronal cascade of processes connecting the input
synapses with the output synapses is simplified in
spikeless transmission, and one may examine the
steady-state passive properties for the implications of
dendritic geometry . In our companion paper (Calvin
and Graubard, this volume), we try to place the pas-
sive and synaptic properties in the perspective of
subexcitable phenomena (local resistance changes,
rebounds), nonpropagated local responses and den-
dritic spikes, repetitive firing from an initial-segment
trigger zone, intermittent conduction, and presyn-
aptic inhibition/facilitation .

Using four exemplary neuron shapes, we have
gone from one extreme (membrane leakage is un-
important, branching determines everything) to an-
other (branching is minor, but leakage is quite sig-
nificant) . In all cases, distal-tip output synapses could
see their local inputs as far more important than
other input synapses . This potential for regional
computation is markedly augmented by locating out-
put synapses far out on long, thin dendrites, thus
isolating them from larger central structures. Such
isolation has the effect of keeping input conductances
low at distal tips, thus allowing local PSPs to become
many times larger than PSPs spreading retrogradely
to the distal tip from inputs elsewhere .
Coming back to our original question-How do

dendrites function when they contain output syn-
apses as well as input synapses?-we can make the
following statement : Unless the release threshold is
unusually high, it is likely that dendrodendritic syn-
apses will operate even without spikes because of the
large size of local PSPs in the distal dendritic tree .
Unless the membrane resistivity is so high that it
forces the dendritic tree toward isopotentiality, it is
likely that different output synapses from the same
neuron will integrate input synaptic activity differ-
ently. Thus it seems hard to escape the conclusion
that regional computation exists .

Many neurons with dendrodendritic synapses will
still, by PSP summation at the initial segment, pro-
duce a spike train that activates the distant output

DENDRITIC GEOMETRY AND SPIKELESS SYNAPTIC TRANSMISSION 329



synapses on the end of the axon . As the spike retro-
gradely invades the dendritic tree (Calvin, 1978),
dendrodendritic output synapses will be similarly ac-
tivated, although such release may be conditioned by
local inputs in the manner suggested for presynaptic
inhibition at axoaxonic synapses . A proximal dendro-
dendritic synapse would see about the same weight-
ing of input synapses as an initial-segment trigger
zone, but it might have a threshold for graded release
that is lower than the spike threshold . As dendro-
dendritic synapses are located more distally, weight-
ing of input synapses will change to favor local inputs .
Output synapses isolated from more proximal struc-
tures by long, thin dendrites would have the greatest
opportunity for regional computation, simply be-
cause local PSPs would be very large . Thus neurons
with distal dendrodendritic synapses are the cells
most likely to produce semiautonomous regional
computation .
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