Lo L

P

1\

=y

Dendritic spines linearize the summation

of excitatory potentials
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In mammalian cortex, most excitatory inputs occur on dendritic
spines, avoiding dendritic shafts. Although spines biochemically
isolate inputs, nonspiny neurons can also implement biochemical
compartmentalization; so, it is possible that spines have an addi-
tional function. We have recently shown that the spine neck can
filter membrane potentials going into and out of the spine. To
investigate the potential function of this electrical filtering, we
used two-photon uncaging of glutamate and compared the inte-
gration of electrical signals in spines vs. dendritic shafts from basal
dendrites of mouse layer 5 pyramidal neurons. Uncaging potentials
onto spines summed linearly, whereas potentials on dendritic
shafts reduced each other’s effect. Linear integration of spines was
maintained regardless of the amplitude of the response, distance
between spines (as close as <2 um), distance of the spines to the
soma, dendritic diameter, or spine neck length. Our findings
indicate that spines serve as electrical isolators to prevent input
interaction, and thus generate a linear arithmetic of excitatory
inputs. Linear integration could be an essential feature of cortical
and other spine-laden circuits.
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I nneocortex and many other brain areas, most excitatory inputs
terminate on dendritic spines (1); so, spines must therefore
likely be of major importance for the functioning of neural
circuits (2). Spines can compartmentalize calcium (3), partly
because their peculiar morphologies, with a small head separated
from the dendrite by a slender neck, enable the biochemical
isolation between inputs (4-6). This compartmentalization is
thought to underlie input-specific forms of synaptic plasticity,
such as long-term potentiation (7-9).

Theoretical work spanning several decades has suggested
that spines are ideally poised to play a major role in altering
the electrical properties of synaptic inputs (2, 10-14). Indeed,
recent work has called into question the view that the sole
function of spines is one of biochemical compartmentalization.
First, nonspiny neurons can compartmentalize calcium with as
good a degree of biochemical isolation between inputs as spiny
cells (15, 16). Also, by using glutamate uncaging and second
harmonic measurements of membrane potential on spines of
layer 5 pyramidal neurons, we have demonstrated that the
spine neck filters membrane potentials (17). The filtering was
bidirectional, i.e., both spine potentials transmitted to the
dendrite and dendritic potentials transmitted to the spine were
strongly attenuated. This implies that spines could isolate
inputs electrically, an idea previously suggested based on
theoretical calculations (11, 12, 18). More generally, passive
cable models predict that inputs onto dendrites will shunt each
other if they are close (19, 20). Therefore, dendritic spines
could provide an electrically isolated postsynaptic region to
prevent interaction between different excitatory inputs, re-
sulting in a linear integration (21).

Consistent with these predictions, experiments using ionto-
phoretic application of glutamate or synaptic activation of
dendrites from hippocampal pyramidal cells demonstrated that
summation of excitatory inputs is remarkably linear (22, 23). In
addition, neocortical neurons integrate excitatory inputs linearly
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in vitro (24) and in vivo (25). Summation experiments using
one-photon uncaging of glutamate or extracellular stimulation
on neocortical pyramidal neurons have confirmed that excita-
tory inputs as close as 40 wm can sum linearly, although closer
stimulation, or stimulation with stronger currents, generated
local spikes (26-28). These studies did not examine input
integration with a spatial resolution of single inputs, important
because the predicted cable shunting would arise from interac-
tion between very close, or neighboring, inputs. This problem has
been solved by the recent introduction of two-photon uncaging
of glutamate (29), made possible by the synthesis of a new
generation of 4-methoxy-7-nitroindolinyl (MNI) chemical cages
(30). With high numerical aperture objectives, the two-photon
point spread function is comparable to the size of a typical spine
head (31), and two-photon uncaging can be used to precisely
activate glutamate receptors in a spatial region comparable to
that activated physiologically by a single excitatory input. Indeed,
recent two-photon glutamate uncaging experiments have ex-
plored dendritic summation, finding linearity of integration for
inputs for regimes when several spines are activated (32, 33). At
the same time, these studies did not explore the possibility that
spines are necessary for linear integration.

In the present work, we pose the question whether, because
the spine neck acts as an electrical filter (17), spines are the
reason pyramidal neurons integrate linearly. For this purpose,
we use two-photon uncaging of MNI-glutamate as an optical tool
to generate a local depolarization in a desired position of the
dendritic tree (spine or shaft locations) with a spatial resolution
that allow us to differentiate between excitation at two shaft
locations vs. excitation at two (or three) spine locations. We
therefore examined input summation onto dendritic spines or
shafts of neocortical neurons from mouse visual cortical slices
and characterized the potential effect of interspine distance,
distance from the soma, and spine neck length. Our experimen-
tal design was simple: uncage glutamate onto spines separately
and then together, evaluate the summation of their combined
effect by measuring the generated somatic depolarization, and
compare these results with uncaging experiments in nonspiny
regions of the dendritic shaft.

Our results demonstrate that uncaging events sum linearly
(=100% of expected arithmetic sum) if they occur on spines, but
they sum sublinearly, interfering with each other and resulting in
an average ~70% summation, if they occur on dendritic shafts.
Linear summation is present even among immediately neigh-
boring spines and is not affected by input size, interspine
distance, distance to the soma, dendritic diameter, or spine neck
length. Our results confirm that the spines can electrically isolate
excitatory inputs and are determinants in effecting a linear
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