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How multiple-synapse boutons could
preserve input specificity during an
interneuronal spread of LTP

Kristen M. Harris

A model is proposed whereby the spread of long-term potentiation (LTP) between potentiated
and neighboring neurons is initiated by a retrograde signal that is restricted to the synaptic clefts
of the potentiated neurons. Next, a change, such as enhanced release of neurotransmitter, occurs
in the presynaptic boutons that are associated with the potentiated synapses.This change affects
all synapses that are located on the potentiated boutons, and leads to LTP at synapses on neigh-
boring neurons that share multiple-synapse boutons with the initially potentiated neurons. In
this model, restricting the retrograde signal to the potentiated synaptic clefts ensures the
axonal-input specificity of LTP, and the induction of the secondary LTP requires the same cellu-

lar mechanisms as those of induction of the primary LTP.
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ONG-TERM POTENTIATION (LTP) is a form of

synaptic plasticity that is accepted widely as a
cellular model for stabilization of synapses during
development, learning and memory. A characteristic
of LTP is axonal-input specificity, such that only the
activated synapses become potentiated while neigh-
boring, naive synapses remain unchanged'™. How-
ever, it has been shown recently that LTP can spread
from potentiated neurons to neighboring neurons
that were not otherwise activated to induce LTP (Refs
5-7). One model to explain this spread of LTP has
been that the signal that is initiated at the potentiated
postsynaptic neuron spreads intracellularly through
the input axons for a limited distance to activate other
cells that are associated with the same axons®. Another
hypothesis has been that this interneuronal spread of
LTP occurs by diffusion of a retrograde messenger
beyond the activated synapses to neighboring synapses
on other neurons®*'%, Here, an alternative model is
considered wherein the retrograde signal is restricted
to the activated synaptic clefts, and the spread is in-
itiated at multiple-synapse boutons (MSBs) of the acti-
vated inputs that synapse on both the potentiated and
the neighboring neurons.

Physiological and structural evidence for the
limited presynaptic spread of LTP

Two groups have presented evidence that LTP
spreads to neighboring pyramidal cells in hippo-
campal area CAl (Refs 5 and 6). In the first exper-
iments, organotypic cultures of hippocampal slices
were used in combination with intracellular, extra-
cellular and optical recordings®. Two neighboring cells
were impaled, and action potentials were elicited
independently in each cell to establish that they were
not'synaptically or electronically coupled. Test stimuli
were delivered extracellularly to axons that synapsed
with both of the cells. Test stimuli alone did not pro-
duce potentiation in either cell; however, when one
cell was depolarized during the test stimulation, both
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cells became potentiated, suggesting a spread of LTP to
the neighboring cell. Optical recordings of the sur-
rounding hippocampal cells, stained with a voltage-
sensitive dye, suggested that the spread of LTP was
limited to cells within 150 um of the potentiated cell.

Later experiments® examined several conditions
that were involved in this spread of LTP among CA1
pyramidal cells (Fig. 1). A similar paradigm was used
in which two cells were impaled and one cell, referred
to as the ‘paired cell’, was depolarized while test
stimuli were delivered to the presynaptic axons of
both cells. The responses of both cells were monitored
for at least 1h, and then biocytin was injected into
both cells to define the extent of their dendritic
arbors. If the two cell bodies were within 150 um of
one another, and had extensively intermingled den-
drites, then the LTP spread from the paired cell to the
close neighboring cell (Fig. 1A and B). Alternatively, if
the two cells were farther apart and had no dendritic
overlap, then LTP occurred in the paired cell only, and
no change in response occurred in the distant neigh-
bor (Fig. 1C and D). The primary potentiation aver-
aged 184%, and ranged from no potentiation in three
cells to 330% of baseline; while the secondary poten-
tiation in the neighboring cells averaged 134%, and
ranged from no potentiation in four cells to 253% of
baseline (Fig. 1A; see also Fig. 1D of Ref. 6).

In both experiments, no monosynaptic connec-
tions or gap junctions occurred between the neigh-
boring cells, hence it was concluded that the poten-
tiation must spread via the input axons that formed
synapses on the dendrites of both cells. Currently,
there is wide agreement that the induction of LTP
occurs postsynaptically'*-'¢; therefore, if LTP is to spread
to neighboring cells via the input axons, there must
be a retrograde message from the potentiated cell to
signal the presynaptic axons when LTP has occurred.
Many candidates for retrograde signals exist, ranging
from mechanochemical signaling via proteins that
span the synaptic cleft'”'® to diffusible molecules®'.
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Fig. 1. Presynaptic spread of long-term potentiation (LTP) is limited to neighboring CA1 pyramidal cells with
extensive dendritic overlap. (A) Long-term potentiation was induced by pairing postsynaptic depolarization of one cell
(Pair, arrow) with extracellular stimulation of axons that synapse on both cells. In the paired cell, the primary
potentiation plateaued at an average of 200% baseline. After some delay, the close neighboring cell also became
potentiated. (B) Camera lucida tracings of a pair of cells that contributed to the ensemble averages in A. Scale bar,
100 um. (C and D) Distant cells having no intermingling of their dendritic arbors with the paired cell did not become

potentiated. Scale bar, 100 um. Reproduced, with permission, from Ref. 6.
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Candidate proteins that are thought to span the
synaptic cleft include integrin-type molecules' and
neural cell-adhesion molecules®; peptides that block a
subclass of the integrins have been shown to disrupt
the stabilization of LTP (Refs 21-23). Four diffusible
molecules have been identified, including nitric
oxide, carbon monoxide, arachidonic acid and
platelet-activating factor®'°. While it is not clear what
the exact action is for each of these molecules, nor
when during the course of LTP they exert their main
effects, evidence suggests that they might act indi-
vidually, or in concert, to enhance conditions for
either synaptic potentiation or depression!!'22,

The axonal-input specificity is restricted even
among adjacent synapses in the neuropil, as demon-
strated routinely in experiments of LTP where two
stimulating electrodes, located ‘on beam’ across from
one another, are used as the experimental and naive
inputs, respectively’**. Tetanus delivered to the
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experimental stimulating electrode
produces LTP at that input only
and not at the naive input. Since
the axons between these two
stimulating electrodes are highly
intermingled, even synapses that
are located right next to one
another in the neuropil do not
necessarily exhibit LTP from acti-
vation of a subset of the inputs.
Hence, there must be a highly
specific mechanism in place to
ensure that either the retrograde
signal does not spread beyond the
cleft of the activated synapses, or
that if it does spread beyond the
cleft, it only causes potentiation at
other synapses that are located
specifically on the potentiated
axonal inputs.

One possibility is that the retro-
grade signal works only at ‘recently’
activated synapses®. However,
since neurons in the hippocampus
can be active spontaneously, there
could still be a nonspecific spread
of LTP to axonal inputs that were
not part of the potentiated pathway
but that were active spontaneously
just after the input pathway was
activated. Here, an alternative
model is proposed that ensures
input specificity, and that is also
consistent with current physio-
logical data regarding the spread of
LTP to neighboring neurons.

A model that involves MSBs in
the spread of LTP

In hippocampal area CA1, most of
the excitatory axons that course
through the middle of the apical
dendritic field arise from the py-
ramidal cells of the ipsilateral and
contralateral area CA3. In Golgi
impregnations, it was possible to
show that a single branch of these
axons can contact two to four dif-
ferent dendrites of a target CA1 cell?® (Fig. 2A). These
axons are known to be highly branched, and each
branch runs approximately parallel to the others?”%;
hence, the intermingled dendrites of neighboring CA1
cells are likely to be multiply innervated by each of
the many axon collaterals. Electron microscopy
revealed that a single presynaptic bouton in the
stratum radiatum can make synapses with two or
more dendritic spines that arise either from dendrites
of the same cell or dendrites of neighboring cells?*?,
These boutons are referred to as MSBs (Figs 2 and 3).
Approximately 20-40% of the synapses in a typical
plane of neuropil were found to occur on these MSBs
(Ref. 26). Since the spines are too short to reach more
than 1-2 pm from their parent dendrite, only py-
ramidal cells with highly intermingled dendritic
arbors can share the same population of MSBs (Fig. 3).

The following estimates illustrate how the inter-
mingled dendrites of close neighboring CA1 pyramidal






