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 analysts 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 arve 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-
ovdinating pre- and postsynaptic modifications. Third,
quantal analysis indicates that stimulation of a single
axon can release multiple quanta. Anatomical evidence
shows that cell pairs can be comnected 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. Our 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 CA1 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®1314, 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'®6. 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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Fig. 2. Heterogeneity in the size and shapes of dendritic spines and their synapses in hippocampal
area CA1. (A) Cytoplasmic profile (P-face) of a small, thin, or ‘pedunculated’ dendritic spine (filled
square) revealed by freeze-fracture electron microscopy to be near to a large, mushroom-shaped
dendritic spine (open square) of the same dendritic segment. (B) Thin-section view of two spines

heterogeneity. Dendritic spines are
the major postsynaptic targets of
excitatory synapses that have been
studied using quantal analysis.
Freeze-fracture profiles (Fig. 2A)
reveal that adjacent dendritic
spines can have very different
shapes. The synapse usually occurs
on the spine-head, which is con-
nected to the parent dendrite by a
thinner spine-neck (Fig. 2B). Spine
volume can be definitively estab-
lished by three-dimensional recon-
struction from serial electron micro-
scope (EM) sections (Fig. 2C).
Such reconstructions show that
spine volume varies by over an
order of magnitude (Fig. 3). Since
even neighboring spines can have
very different sizes, this hetero-
geneity must arise through a syn-
apse-specific mechanism.

Does this variability of post-
synaptic structure account for
the variability in postsynaptic effi-
cacy? This question cannot yet be
answered definitely, but the follow-
ing observations make it likely that
efficacy and size are related. Like
other excitatory synapses, the syn-
apses onto CA1 cells have special-
ized regions that are the site of
synaptic transmission. In these
regions the synaptic cleft widens
[about 10-20nm (Ref. 20)] and
there are specialized pre- and post-
synaptic structures. Just below the
postsynaptic membrane is a struc-
ture called the postsynaptic density
(PSD) that is characteristic of asym-
metric [Gray’s Type I (Ref. 21)]

with similarly diverse shapes that also have different types of postsynaptic densities (PSDs). The ~Synapses (Fig. 2B). The PSD is
smaller spine has a continuous, macular-shaped PSD (filled square), while the larger spine has an Physically linked to the glutamate
electron-lucent perforation in the PSD (open square). (C) Three-dimensional reconstruction of a receptors/ion channels that mediate
segment of CA1 pyramidal cell dendrite revealing multiple spine shapes along its length. (D) Particle ~synaptic transmission**?*, Freeze-
aggregate on the extracellular half of the membrane (E-face) at the site of a synapse on the head of fracture studies of the synaptic
a thin dendritic spine (filled square). [(A), (B) and (D) are modified from Ref. 18:; (C) is modified region show a discrete aggregate

from Ref. 19.]
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that the larger the distance between a synapse and
the soma, the smaller the synaptic current at the
soma'’. This is not likely to be the exclusive cause of
mepc heterogeneity because similar heterogeneity is
seen when mepcs are stimulated by application of
hypertonic solution at a fixed dendritic location®.
Furthermore, little or no correlation is found between
the size and the kinetics of mepcs®!. If electrotonic
distance were the major factor determining size, then
the small mepcs generated distally should have been
the slowest because electronic spread results in
kinetic slowing!”. There must therefore be another
major cause of size variability. The most likely
remaining possibility is that synapses onto the same
CA1 cell differ in their postsynaptic responsiveness to
transmitter.

Anatomical studies of the synapses that generate
the mepcs also provide evidence for postsynaptic

of particles [~2800 particles/um?

(Ref. 18)] (Fig. 2D), at least some
of which are likely to be the glutamate-gated channels
that mediate synaptic transmission. The size of the
particle aggregates varies from spine to spine by more
than an order of magnitude. Since larger spines have
larger synaptic regions (Fig. 3), they probably have
more synaptic channels and are therefore likely to have
greater efficacy.

We conclude that there is both anatomical and
physiological evidence for postsynaptic heterogeneity,
and that spine size is likely to be one of the factors
that determines postsynaptic efficacy. An intriguing
possibility is that the heterogeneities in size and
efficacy are the anatomists’ and physiologists’ views of
the animal’s stored memories.

Coordinated pre- and postsynaptic changes
Work using quantal analysis has sought to deter-
mine whether the enhanced synaptic efficacy during
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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”%1° 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!®2>26, 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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Fig. 5.

Pre- and postsynaptic
specializations appear
to be matched in size
and shape. (A) Thin
section of the head of
a dendritic spine
(from rat cortex) at a
point where the
postsynaptic density
s contiguous with the
dense cleft material,
and the presynaptic
extent of vesicles.

(B) Presynaptic dense
projections (dp),
intercleft layer (icl) .
and postsynaptic e
density (psd) are
coextensive when
revealed by the
ethanolic
phosphotungstic acid
protocol (E-PTA).

(C) En face view of
the presynaptic grid
can be continuous.
(D) Perforation in the
postsynaptic density :
isparalleled by (E),a  E-PTA
perforation in the
presynaptic dense
projections, and

(F), the array of dense
projections viewed
en face. (G) Three-
dimensional
reconstruction of a
hippocampal
dendiitic spine (gray)
that contains two
perforations in the
postsynaptic density
(white). A window of
translucency was
used to reveal the
upper perforation
through the spine.
(H) Freeze-fracture
en face view of two
particle-free zones in
the middle of a
particle aggregate,
these particle-free
zones are located in
the E-face, and are
thought to be the
membrane equivalent
of the perforation in
the postsynaptic
density. [(A)-(F) are
taken from Ref. 27,
(G) is modified from
Ref. 26; and (H) is
from Ref. 18.]

Scale bar shown in
(F) applies to all
figures (A)~(F).
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Fig. 6. Perforated postsynaptic density (PSD) with a complex morphology and a spinule. (A) Thin section through the

middle of a perforation with the spinule projecting out of the perforation. (B) Three-dimensional reconstruction of the
spine (gray) that is viewed from the top of the highly irregular PSD surface. (C) Side view of the profile of the spinule

projecting from the PSD. (Modified from Ref. 19.)

A third line of evidence involves the perforations of
these specializations. Larger PSDs are often seen to
have a perforation, a region of low density in the
center (Figs 5D, E, see also Figs 2B and 6). Serial EM
reconstruction®® shows definitely that the perfor-
ation in the PSD is not an artifact of the sectioning
angle (Fig. 5G). Perforations are also seen in the
presynaptic grid (Fig. 5F), and these perforations are
exactly in register with those in the PSD (Fig. 5E). A
perforation can also be seen in the array of freeze-
fracture particles in the postsynaptic membrane
(Fig. 5H).

Taken together, these anatomical results indicate
that a coordinated process governs the growth of pre-
and postsynaptic structures. Moreover, the ex-
quisitely detailed registration of structural specializ-
ations on the two sides of the synapse further
suggests that the synapse is a structural unit. Indeed,
there is direct evidence for a strong structural linkage
between the presynaptic and postsynaptic cells: when
the brain is homogenized, the PSD and the associated
glutamate channels remain attached to the presyn-
aptic terminal (reviewed in Heuser and Reese®). The
molecules involved in trans-synaptic structures are
not known, but may involve the adhesion molecules
implicated in synapse formation®>>2, It has been
widely speculated that, because induction of LTP is
postsynaptic and because there are consequent pre-
synaptic changes, there must be a diffusible retro-
grade messenger. However, the existence of
structural links between presynaptic and postsynaptic
cells raises the possibility that coordination of growth
might be achieved structurally, without a diffusible
messenger-"33,

It would clearly be of great interest to visualize
individual synapses as they undergo LTP and ask
directly whether both pre- and postsynaptic growth
occurs, but this has not yet been possible. What has
been done is to compare the average density and
dimensions of synapses in preparations that have
undergone LTP with those in preparations that have
not (reviewed in Wallace et al.®*). Some of these
studies have reported that during LTP there is an
increase in the average spine area and PSD length, as
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measured on single thin sections. There have also
been reports of presynaptic changes, specifically a
clustering of vesicles closer to the site of release® 3,
These studies have relied on measurements of single
sections, which can lead to misinterpretations as
discussed in Harris ef al.?6. In another study, serial
EM constructions of sample dendrites were used to
reveal changes both in spine geometry and a doubling
of spine number during LTP (Refs 37-39). Taken as a
whole, these results suggest that LTP is associated
with both pre- and postsynaptic structural changes.
We have emphasized the possibility that structural
changes are involved in plasticity, but processes
involving modulation of existing structures are prob-
ably also involved. For instance, modulation of exist-
ing receptors by phosphorylation, could change syn-
aptic efficacy without changing the synaptic structure.
All that can be said at this point is that models of LTP
based solely on biochemical changes would seem
unlikely given the evidence for structural hetero-
geneity. In a model proposed by one of us (J.L.), the
efficacy of synaptic transmission is stored through
activity-dependent changes in the fraction of PSD
calmodulin-kinase molecules in the phosphorylated
(‘on’) state®®. To be consistent with the anatomical
evidence, this model would have to be extended to
include a process by which the number of calmodulin-
kinase switches increases as the synapse grows.

Multiple synaptic sites between pairs of cells

Knowing the number of synaptic sites that connect
a pair of cells is critical to understanding synaptic
transmission and the way it is affected by plasticity. If
multiple sites are involved, LTP induction might
convert a non-functional site into a functional one or
stimulate the growth of new sites. The multi-peaked
histograms of elicited responses (Fig. 4) indicate that
the postsynaptic response to a single presynaptic
action potential involves the linear summation of
multiple quanta. However, these data by themselves
leave it unclear whether these quanta are released at
the same synapse or at multiple synapses.

Work at other central nervous system synapses,
the inhibitory synapse of the goldfish (Carassius
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auratus) Mauthner cell*! and the excitatory synapses
onto cat motoneuronsls, demonstrates that the re-
sponse to stimulating a single axon is due to multiple
synapses, each of which releases a vesicle with a
probability less than one. This implies that elicited
responses are due to the summation of single quanta
generated at multiple boutons rather than multiple
quanta at a single bouton. Indeed, there are both
theoretical calculations and experimental evidence
suggesting that the thousands of transmitter molecules
released by a single vesicle nearly saturate the
postsynaptic receptors at central synapses!® 164243,
In this case, it necessarily follows that linearly
summating quanta must be due to vesicles released at
different sites.

In area CAl, there is now evidence that a single
axonal branch can make multiple synapses with its
target pyramidal cells***5. In addition, it is clear that
these axons themselves are highly branched***¢,
raising the possibility that more than one of these
branches synapse onto the same pyramidal cell
Based on this evidence, it is likely that at least some
of the quanta in multi-quanta responses are released
at different spines. Because of transmitter degra-
dation, reuptake and dilution, the transmitter released
at one spine is unlikely to interact with the transmitter
released at other spines.

It is more difficult to assess what happens if
multiple quanta are released at the same spine. As
mentioned above, there are reasons to believe that a
single vesicle can release enough transmitter to
saturate the postsynaptic receptors locally, but this
may not be true for large synapses or when the PSD
becomes segmented into different regions. Simu-
lations of diffusion and binding of transmitter within
the synaptic cleft are just beginning to be done*"*8,
but the number of variables is large, and little can be
said with certainty. Serial section reconstruction indi-
cates that the shape of the PSD can be very complex
(Fig. 6). Complicating the picture still further, there is
often a spinule*® near the middle of the synapse that
extends the lateral dimensions of the extracellular
space and must therefore affect the diffusion of
transmitter.

There are hints that the complexity of synaptic
structure is related to plasticity. Anatomical studies
suggest that PSDs are segmented through an activity-
dependent process. The best evidence for this comes
from work on the dentate gyrus, where across-animal
comparisons show that LTP produces an increase in
segmented PSDs®. If transmitter released at each
segment acts only on that segment, the formation of
segmented PSDs would effectively increase the
number of synapses, a possibility that has import-
ant implications for quantal analysis. There is also
evidence that the frequency of spines having a spin-
ule increases following LTP (Ref. 36), raising the
possibility that spinules may be involved in syn-
aptic growth®®. Clearly, we are now at the threshold
of understanding many fascinating aspects of synaptic
plasticity in the central nervous system.

Concluding remarks

There has been substantial physiological and ana-
tomical investigation of CAl synapses but there has
been little or no crosstalk between these approaches.
As we have argued here, there are sufficient data to

begin to formulate ideas about the relationships
between structure and function at these synapses.
Experiments that combine physiological and ana-
tomical approaches are becoming technically feasible,
and are likely to be done in the near future. The study
of central nervous system synapses is at a particularly
exciting stage because relatively little is known about
fundamental structure—function issues, because new
methods are becoming available for attacking these
issues and because it is clear that the insights
achieved will be important for the understanding of
learning and memory.
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