Quantal analysis and synaptic anatomy — integrating two
views of hippocampal plasticity

John E. Lisman and Kristen M. Harris

The excitatory synapses onto CAl pyramidal cells have
become a model system for understanding the activity-
dependent changes in synapses that underlie learning
and memory. Here we examine physiological and
anatomical results that are relevant to understanding
the mechanisms of synaptic transmission and plasticity
at these synapses. Three main points are discussed.
First, quantal analysis indicates a large heterogeneity of
postsynaptic efficacies for different synapses on the same
cell. Reconstructions from electron microscopy show
that synapse size is also highly heterogeneous. Reasons
for suspecting a relationship between synaptic size and
efficacy are discussed. Second, physiological evidence
indicates that the changes during long-term potentiation
are both pre- and postsynaptic. Similarly, several lines
of anatomical evidence suggest that plasticity affects the
structure of both the pre- and postsynaptic elements. The
detailed registration of structures across the synapse
and the physical linkage between pre- and postsynaptic
elements suggest a ‘structural unit hypothesis’ for co-
ordinating pre- and postsynaptic modifications. Third,
quantal analysis indicates that stimulation of a single
axon car: release multiple quanta. Anatomical evidence
shows that cell pairs can be connected by multiple
synapses, suggesting that multiple quanta may be re-
leased at independent sites. These results raise the possi-
bility that one component of synaptic plasticity is mediated
by changes in the number of functional synaptic sites.

It is widely thought that memory is stored by an
ensemble of synapses that individually change their
efficacies during learning. For this reason, elucidation
of the mechanisms underlying long-term potentiation
(LTP), a process that involves synapse-specific
changes in efficacy’, is a major goal of current efforts
to understand the cellular basis of learning and
memory. Most of the work on LTP has been done in
the CAl region of the hippocampus, and substantial
progress has been made in understanding some of the
processes involved. Induction of LTP is governed by
the Hebb rule and involves Ca®* influx mediated by
the NMDA receptor/channel complex (reviewed in
Brown et al.?). More recently, the focus of research
has turned to the expression of LTP - the mechan-
isms responsible for enhanced transmission. There
are several related questions here. Do the mechan-
isms involve structural growth or modulation of
existing structures? Is the modification presynaptic,
postsynaptic or both? Does it take place at a single
site of synaptic contact or at multiple sites? Much of
the recent work on LTP expression has used the
physiological tool of quantal analysis®>'°, but there has
also been progress in understanding the anatomy of
the synapses involved. Qur goal here is to review the
physiological and anatomical data, and to make con-
nections between the two where possible.
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Heterogeneity of synaptic efficacy and
synaptic size

If memories are stored in nerve networks through
synapse-specific changes, learning should produce
heterogeneity of synapses and experimenters should
find evidence of such heterogeneity in regions of the
brain that are involved in memory. Both physiological
and anatomical studies have observed such hetero-
geneity in the hippocampus, a region of the brain
critical for memory processes!*!2. The physiological
evidence for heterogeneity of synapses comes from
analysis of spontaneous miniature excitatory post-
synaptic currents (mepcs) in hippocampal CAl cells.
These events are thought to arise from the spon-
taneous release of a single synaptic vesicle at any of
the thousands of synapses on the cell. Figure 1 shows
that mepcs recorded in a CAl cell are highly vari-
able® '3 One explanation is that the variability
results from nonuniformity in the transmitter content
of synaptic vesicles. This explanation is, however,
inconsistent with histograms of elicited responses
resulting from the summation of a variable number of
quanta. These histograms sometimes have evenly
spaced peaks (see below) that would not occur if
different vesicles contained significantly different
amounts of neurotransmitter'>'®, Another expla-
nation could be that mepcs are generated at different
electrotonic distances from the soma; theory indicates
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Fig. 1. Amplitude histograms of spontaneous miniature
synaptic currents (mepcs) are very broad, with events
ranging from 2 to 20pA. The width of the distribution
(open bars) is much larger than that of the noise (filled
bars). Events were recorded using a whole-cell clamp from
a CA1 pyramidal cell. The large sized events cannot be
attributed to presynaptic action potentials since the size
distribution is not altered by tetrodotoxin, as documented
in the paper from which the figure was taken. The inset
shows the average mepc waveform; calibration 5 pA and
20 ms. (Reproduced, with permission, from Ref. 6.)
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LTP is due to presynaptic changes, postsynaptic
changes or both. Recent evidence (Fig. 4; Ref. 10) is
based on analysis of responses elicited by minimal
stimulation”®1°, In favorable cases, the amplitude
histogram shows evenly spaced peaks, as would be
expected if the response is composed of a variable
number of nearly identical quanta. As shown in Fig. 4,
the separation between peaks can almost double
during LTP (note the doubling of the abscissa scale in
the lower histogram). This increase in separation
indicates that the response to each quantum increases,
and implies that LTP enhances the postsynaptic re-
sponse to a quantum of transmitter. Further support
for an increase in the quantal response is the increase
in the amplitude of spontaneous mepcs during LTP
(Ref. 6). However, the data cannot be wholly
explained by a change in responsiveness to each
quantum of neurotransmitter. In particular, the de-
crease in the number of failures* and changes in the
relative size of the different peaks”®!? suggest that
there is also an increase in the number of quanta that
contribute to the response during LTP, probably due
to enhanced release of vesicles (but see Edwards®*).
The physiological results therefore suggest that the
enhanced efficacy during LTP is due to both pre- and
postsynaptic changes.

Several lines of anatomical evidence also suggest
that plasticity involves both pre- and postsynaptic
changes. Moreover, the evidence indicates that there
must be a mechanism for coordinating pre- and
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Fig. 3. Correlation (r) between area of postsynaptic
density (PSD; in um?), spine volume (in um® and the
number of vesicles in the presynaptic axonal bouton.
(Modified from Ref. 19.)
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Fig. 4. Amplitude histograms of responses (excitatory
postsynaptic currents; EPSCs) elicited by minimal stimu-
lation before and during LTP. Note the presence of evenly
spaced peaks indicating summation of quanta. During
LTP, the amplitude between peaks is increased (note
doubling of the scale on the x-axis), indicating enhanced
postsynaptic responsiveness. During LTP, there is also a
reduction of the number of failures (at zero current),
indicating enhanced presynaptic release of neurotrans-
mitter. Data were obtained by whole-cell recording of a
CA1 pyramidal cell, as described in Liao et al.™®

postsynaptic changes. The general line of argument is
that while there is enormous variability from synapse
to synapse, the size of the presynaptic structure in
any one synapse is closely related to the size of its
respective postsynaptic structure. The first line of
evidence comes from analysis of the spines and
presynaptic boutons. As mentioned above, the area of
PSD is correlated with the volume of the dendritic
spine and this is also the case for other post-
synaptic structures such as the smooth endoplasmic
reticulum!®-%>-%6, Anatomical analysis also shows that
the size of presynaptic elements varies. Importantly,
a correlation is found between the size of the pre- and
postsynaptic structures: the volume of the pre-
synaptic bouton!? and the total number of vesicles it
contains (Fig. 3) correlate closely with the size of
postsynaptic structures.

The second line of evidence involves the size of
specializations at the synapse. A specialization called
the synaptic grid is seen at the presynaptic active
zone [especially in ethanolic phosphotungstic acid
(E-PTA)-stained material?’]. From the grid emerge
‘dense projections’ that may be involved in vesicle
docking and release. As shown in Figs 5A-C, the
lateral dimensions of the presynaptic grid are very
close to that of the postsynaptic density and the ends
of the two structures are in register.
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