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Recent physiological work has used quantal analysis to in-
vestigate the properties of synaptic transmission and long-
term potentiation in hippocampal area CA1. These analyses
have revealed changes in the strength of excitatory post-
synaptic responses following long-term potentiation that
could be mediated by cellular mechanisms in the presyn-
aptic element, in the postsynaptic element, or in both ele-
ments. In these studies, either minimal stimulation, presum-
ably involving a single presynaptic axon, or recordings from
pairs of CA3 and CA1 cells have been used. Interpretation
of these quantal analyses requires knowledge about wheth-
er single or muitiple synapses occur between the presyn-
aptic axon and its target CA1 pyramidal cells. Here, light
and serial electron microscopy was used to begin to examine
this question and a related question concerning the ultra-
structure of spines on multiple-synapse boutons.

Light microscopic analyses of Golgi preparations revealed
that about 20% of the axons occurring in stratum radiatum
come into close apposition with two to four different den-
drites of a target CA1 cell. An “apposition” was defined as
a point where the axons and dendrites crossed in the same
focal plane and therefore were sufficiently close to allow a
dendritic spine to reach the axon and possibly establish a
synaptic contact. An additional 4% of the axons wound back
and forth across individual dendrites, possibly forming mul-
tiple synapses closely spaced along the dendrites. Serial
electron microscopy revealed that 24 % of the individual ax-
onal boutons in stratum radiatum make synapses with mul-
tiple dendritic spines arising from either the same or different
dendritic segments. Two adjacent boutons of the same axon
could aiso be found to synapse with different spines of the
same dendrite. Together with the light microscopic analysis,
these observations suggest that multiple synapses occur
between single axons in stratum radiatum and their target
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CA1 cells, and that at least some of these synapses may
occur at different electrotonic distances. If these muttiple
synapses have different physiological strengths, then they
may obscure or smooth peaks in the frequency histograms
that are used for quantal analyses.

A three-dimensional analysis was done to compare the
dimensions of pairs of dendritic spines synapsing with in-
dividual axonal boutons. When the pairs of spines associ-
ated with a single bouton arose from different dendrites, at
least some of which were likely to have come from different
cells, the differences between their volumes and the areas
of the postsynaptic densities were on average 100% and
ranged up to 650%. This finding suggests that the presyn-
aptic axon alone does not determine the morphology of its
postsynaptic partner. In contrast, when the pairs of spines
could be traced to the same postsynaptic cell (n = 6 pairs)
they had volumes and postsynaptic density areas that dif-
fered by only 35% on average and not more than 81%. This
intriguing observation suggests that coactivation of the pre-
and postsynaptic cell may be an important factor in deter-
mining spine and synapse morphology in area CA1.

[Key words: dendritic spines, Golgi, serial electron mi-
croscopy, axonal boutons, postsynaptic density, reconstruc-
tion, quantal analysis, long-term potentiation]

Many studies of synaptic transmission in the hippocampus have
focused on the phenomenon of long-term potentiation (LTP),
a form of plasticity that results in enhanced synaptic transmis-
sion that can last for hours to days following repeated or ap-
propriately patterned afferent stimulation. In hippocampal area
CALl, the induction and early expression of the potentiation are
known to involve several presynaptic and postsynaptic com-
ponents, while the mechanism(s) of enduring LTP remains con-
troversial. Recent physiological findings suggest that synaptic
transmission at excitatory CA1 synapses is quantal in nature
and that potentiation occurring at least during the first hour
posttetanus may have a predominantly presynaptic component
(Bekkers et al., 1990; Malinow and Tsien, 1990; Voronin et al.,
1990; Malinow, 1991). In contrast, other experiments also using
quantal analysis in area CA1 suggest that the potentiation is due
to an increase in quantal size that is generated postsynaptically
(Foster and McNaughton, 1991; Manabe et al., 1992). Recent
experiments have shown that both pre- and postsynaptic mech-
anisms may be involved depending on the state of the synapse
prior to induction (Kullman and Nicoll, 1992; Larkman et al.,
1992).



In order to perform these physiological experiments, either
minimal stimulation of axons in stratum radiatum (s. radiatum)
or recording from pairs of synaptically connected CA3 and CAl
cells is used. Minimal stimulation involves positioning an elec-
trode in the middle of's. radiatum as far from the recording site
as possible in an attempt to activate just one fiber (Larkman et
al., 1991; Kullman and Nicoll, 1992). The stimulus strength is
adjusted to give frequent apparent failures so that the assump-
tion can be made that when an activation does occur it is of a
single axon. Under these circumstances, LTP is assumed to
result from enhancement of the efficacy at a single synapse.
Interpretation of the amplitude histograms can then be used to
determine whether the changes occur pre- or postsynaptically.
Intracellular or whole-cell patch recording from an individual
CA1 cell, followed by impalement of CA3 cells until one is found
to activate the CALl cell, is used to achieve recordings from pairs
of synaptically connected cells (Sayer et al., 1990; Malinow,
1991). At issue is whether minimal stimulation or paired cell
stimulation activates one or more than one synaptic connection
between two cells (Redman, 1990; Bekkers and Stevens, 1991,
Edwards, 1991; Korn and Faber, 1991). If more than one con-
nection is activated, then LTP could involve the strengthening
or recruitment of new synapses that were initially very weak or
silent, instead of, or in addition to, strengthening the first syn-
apse. To improve interpretation of these physiological findings,
the uncertainty of whether the responses could involve one or
more synapses needs to be resolved.

The neuronal circuitry of the hippocampus has been studied
since the turn of the century (Ramon y Cajal, 1911; Lorente de
No, 1934; Amaral and Whittier, 1989). It is known that the
CA3 pyramidal cell axons have many varicosities along their
length and that they form excitatory en passant synapses pri-
marily onto dendritic spines of the CA1 pyramidal cells (Wes-
trum and Blackstad, 1962; Andersen et al., 1966a,b). One set
of CA3 axons, the Schaffer collaterals (Schaffer, 1892), traverses
s. radiatum of the ipsilateral area CA 1, and a second population
of CA3 axons, the commissurals, branch and project to s. ra-
diatum of the contralateral hippocampus (Blackstad, 1956). Other
inputs to CAl pyramidal cells in s. radiatum include associa-
tional fibers from CA3 cells in adjacent lamellae, and cholinergic
fibers from the medial septum that terminate close to the py-
ramidal cell body layer (Andersen et al., 1961; Powell, 1963;
Frotscheret al., 1986). Axons from interneurons are also present
in s. radiatum; however, their frequency is relatively low and
their synapses occur primarily onto dendritic shafts and cell
somas of both the CAl pyramidal cells and other interneurons
(Schlander and Frotscher, 1986). Depending on the specific tra-
jectory of the radiatum axons in a particular hippocampus, min-
imal stimulation in s. radiatum could activate any of these axons.

No studies have yet been done to determine the number of
synapses made between single radiatum axons and their target
CAl pyramidal cells. An earlier estimate, based on the dendritic
branching patterns, the approximate trajectories of the radiatum
axons, and the interbouton distances, suggested that on average
1.3 contacts could be made for each axonal collateral (Andersen,
1990). Ideally, recordings from a single pair of pre- and post-
synaptic cells followed by injections of an electron-dense dye
and examination at the electron microscopic (EM) level would
be used to determine directly the frequency of multiple synapses
between these axons and their target CA1 cells, and their relative
efficacies. This approach has not yet been done and will be
technically demanding, given the low frequency with which pairs
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of cells can be recorded from (Friedlander et al., 1990; Sayer et
al., 1990; Foster and McNaughton, 1991; Malinow, 1991).

Since numerous physiological studies are presently utilizing
quantal analyses that rely on minimal stimulation or paired-
cell recordings, it is important to establish with greater certainty
whether more than one synapse can occur between a radiatum
axon and its target CA1 cells. An approach was adopted here
wherein populations of CA1 pyramidal cells and radiatum axons
were evaluated in two sets of tissue that were available from
other experiments. First, light microscopic (LM) analysis of Gol-
gi-impregnated neurons from Harris et al. (1980) was used to
evaluate the likelihood of multiple contacts between radiatum
axons and different dendrites of single CA1 pyramidal cells.
Next, serial electron micrographs from Harris et al. (1992) were
used to determine the frequency with which individual axonal
boutons synapse with more than one dendritic spine and wheth-
er these spines arose from the same or different dendrites and/
or cells. The boutons that make more than one synapse are
called multiple-synapse boutons (MSBs).

The dimensions of pairs of spines synapsing with the MSBs
were compared through three-dimensional reconstruction to de-
termine the relative degree of similarity among the pairs arising
from the same or different dendrites (Harris and Stevens, 1989;
Harris et al., 1992). If activation or other chemical signaling by
the presynaptic axon alone were sufficient to determine the mor-
phology of the postsynaptic spine, then both spines in all pairs
of spines that synapse with MSBs should have the same mor-
phology whether they arose from dendrites on the same or dif-
ferent CA1 cells. If however, coactivation of the pre- and post-
synaptic cells is required to mold spine and synapse morphology,
then pairs of spines occurring on the same CA1l cell should be
more similar to one another than pairs of spines occurring on
different CA1 cells.

Materials and Methods

Light microscopy of Golgi-impregnated hippocampus. In earlier work
(Harris et al., 1980), the rapid Golgi method was used on hippocampal
slices from adult Long-Evans rats of both sexes (50-60 d old). In the
present study, well-impregnated radiatum axons and CAl pyramidal
cells from these slices were viewed using a 63 x Neofluor oil immersion
lens with a numerical aperture of 1.25. The final magnification of 1260 x
was achieved through a 2 x optivar and 10x eyepieces on a Zeiss light
microscope. The depth of field was calculated to be 0.27 um using the
formula supplied by Zeiss: D = (1000/(7 x N.A. x TM)) + (\ /(2 «
N.A.?)), where D is depth of field, N.A. is numerical aperture, TM is
total magnification, and X is wavelength of light (550 nm was used as
the middle of the range of visible light). The IBAS image analysis system
(Zeiss/Kontron) was used to photomontage axons and their point(s) of
close apposition with dendrites of a single CAl pyramidal cell as a
uniformly focused image. A Neofluor 100x oil immersion lens was
used for the illustrations in the Figures 1-3. This lens has an N.A. of
1.3, and at the final magnification of 1000 x also has a 0.27 um depth
of field. By way of caution, the depth of field calculated here is the
theoretical depth of field for these objective lenses; the perceived depth
of field may be greater (see Results).

Serial electron micrographs. Serial electron micrographs from Harris
et al. (1992) were used to evaluate the relative frequencies of multiple-
synapse boutons (MSBs) and single-synapse boutons (SSBs) in s. radia-
tum. Details of their preparation are available in Harris et al. (1992).
Briefly, the animals were perfused under deep pentobarbital anesthesia
with fixative containing mixed aldehydes and processed for electron
microscopy. Thin sections were obtained utilizing a diamond knife, at
a Reichert Ultracut III ultramicrotome, and section thickness was de-
termined as described in Harris et al. (1992) to range from 0.055 to
0.11 pm depending on the series utilized. The electron micrographs
were located 200-250 um from the CAl pyramidal cell body layer in
a 70-d-old male rat of the Long-Evans strain. Three series were assessed,
consisting of 68, 53, and 27 sections, respectively. In addition, MSBs
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from Harris and Stevens (1989), also located 200-250 um from the CA1
cell layer, were used to compare similarities and differences among pairs
of spines synapsing with the MSBs.

Three-dimensional reconstructions, editing, measurement, and display
of MSBs, dendritic spines, and PSD surface areas. Reconstructions were
obtained by positioning the electron micrographs under a video camera,
capturing the image in a Gould frame grabber that was interfaced to a
VAX 11/780, and using AUTOTRACE software, developed at Children’s
Hospital Image Graphic Laboratory (IGL) to trace the neuronal mem-
brane and the postsynaptic densities (PSDs). The images of adjacent
sections were microaligned by switching between the stored image and
the live image and moving the live image to minimize motion of all
the structures in the field (Harris and Stevens, 1988, 1989; Harris et
al., 1992). The program PANDORA, also developed in the IGL (Pearlstein
et al., 1986), was used to edit and analyze the reconstructions quanti-
tatively. An Interactive Computerized Analysis Reconstruction System
(ICAR, ISG Technologies, Mississauga, Ontario, Canada) was used to
display, rotate, and photograph the reconstructed images.

The total area of each PSD was measured through serial sections. For
cross-sectioned synapses, the PSD area equaled its length on adjacent
sections multiplied by section thickness and added across sections. For
obliquely sectioned PSDs, the enclosed areas were measured and if more
than one adjacent section contained portions of the PSD, a connector
was drawn where the area overlapped and the total area equaled the
enclosed areas plus the length of each connector multiplied by the section
thickness. The volumes of dendritic spines were computed by multi-
plying the area of each contour that contained cytoplasm, by the section
thickness and adding half the computed volume for any edge sections
containing the gray wall of the plasmalemma, as described in previous
publications (Harris and Stevens, 1988, 1989; Harris et al., 1992). The
RS statistical package (Bolt, Beranek and Newman, Cambridge, MA)
was used for all statistical analyses.

Results

Light microscopy. In the Golgi preparations, CAl pyramidal
cells and axons coursing through their dendritic arbors were well
impregnated, affording the opportunity to evaluate whether in-
dividual axons came into close apposition with one or more
dendrites of a single CA1 cell. When the axons and the dendrites
intersected in the same focal plane, the crossing was defined as
an “apposition.” We estimated that the perceived depth of field
is unlikely to be greater than 0.5-0.7 pm because we could
perceive different parts of individual dendritic spines and axonal
boutons as in or out of focus. Since our earlier studies (Harris
and Stevens, 1989) established CA1l spines to be on average
0.95 um long, this seemed an appropriate estimate for the per-
ceived depth of field. In any case, dendrites and axons observed
crossing within this focal plane will be sufficiently close to one
another such that a synapse could form, though serial EM ex-
amination is required to show that a synapse indeed occurs (see
below).

The CA1 pyramidal cells were identified by their location and
their spiny apical and basilar dendrites. This region of the CAl
apical dendritic field is illustrated in Figure la. Axons in s.
radiatum were thinner than dendrites, were spine-free, had var-
icosities along their lengths, and coursed through s. radiatum
perpendicularly to the apical dendrites of the CAl pyramidal
cells. Since the Schaffer collateral, commissural, and associa-
tional fibers are intermingled in s. radiatum and cannot be dis-
tinguished in the Golgi preparations, they were considered as a
single population of radiatum axons. Similarly, physiological
studies in hippocampal slices that use stimulating electrodes
positioned in this part of the field can also activate any of these
axons.

Eighty-five well-impregnated axons were located in s. radia-
tum between 19 and 370 um from the apical edge of the CAl
pyramidal cell body layer. The total height of the apical dendritic

fields ranged from about 370 to 600 um from the cell bodies to
the hippocampal fissure; none of the 85 axons occurred among
the outer third of a particular dendritic arbor where the perforant
path input predominates. The most proximal axons may have
included among them some cholinergic inputs. Individual axons
were followed in the LM as they traversed the entire breadth of
an apical dendritic arbor of a single CA1 pyramidal ceil (Fig.
la). All of the dendritic branches coming into apposition with
a single axon were followed, through focus, to confirm their
origin at a single CA1 pyramidal cell.

These axons were observed to make a single apposition on
one dendrite (76%) or multiple appositions (24%) on up to four
dendrites of a CAl cell (Table 1). An apposition was classified
as “single” when only one crossing of the dendrite was observed
(Fig. 1b,¢). However, at this resolution it was impossible to
determine whether synapses were formed on adjacent spines
just beneath the axonal bouton (see the EM analysis below).
Similarly for cases of axons in apposition with two dendrites
(Fig. 2a,b), three dendrites (Fig. 2¢,d), and four dendrites (Fig.
2¢), it could not be determined whether each apposition might
involve single or multiple synapses. Three axons wound back
and forth across a single dendrite and apposed multiple dendritic
spines, thus suggesting that an individual axon can form mul-
tiple synapses on a single dendrite (Fig. 3). With LM, it could
not be determined whether any of the appositions defined here
actually made synapses with the postsynaptic dendrites. How-
ever, these LM observations support the hypothesis that indi-
vidual radiatum axons may form multiple synapses onto the
same and different dendrites of a single CA1 pyramidal cell, an
observation that is confirmed as part of the EM analysis pre-
sented next.

Serial electron microscopy. Serial electron micrographs (from
Harris and Stevens, 1989; Harris et al., 1992) were used to
determine whether individual axonal boutons in s. radiatum
actually form synapses with more than one postsynaptic den-
dritic spine. Several examples of two spines from the same
dendrite were found to receive synaptic input from a single
axonal bouton. The synapses had thickened PSDs and the pre-
synaptic axon contained clear round vesicles, a typical appear-
ance for excitatory asymmetric synapses in this region (Westrum
and Blackstad, 1962). In Figure 4, the dendritic spine profiles
can be traced through serial sections to their origins at a single
dendrite. These synapses would have been classified as “single
appositions” in the LM analysis above. A second example il-
lustrates that adjacent boutons of a single axon can aiso form
synapses onto spines from the same parent dendrite (Fig. 5; see
also Fig. 7). These synapses may have been recognized as “mul-
tiple appositions onto the same dendrite” in the LM analysis.
Together, these observations suggest that the LM analysis may
have underestimated the frequency of multiple synapses be-
tween individual radiatum axons and their target CAl pyra-
midal cells.

Quantitative analysis of the frequency of MSBs. A quantitative
analysis was completed to ascertain the relative frequencies of
single- and multiple-synapse boutons in s. radiatum. Each ax-
onal bouton that had a synapse on the central reference section
was viewed through serial sections to determine whether it made
just this single synapse (SSB) or if multiple synapses were formed
by the bouton (MSB). As illustrated in Figure 6, only two MSBs
had both of their synapses transected by this part of the reference
section. Ten of the other boutons on this part of the reference
section were found to be MSBs, through serial section viewing,
though they appear as SSBs on the reference section. The fre-
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Figure 1. Golgi-impregnated CA1 pyramidal cells and axons in s. radiatum. a, Two CA1l pyramidal cells and the radiatum axons that traverse
their apical dendritic arbors. Distance from the cell body layer is indicated on the left. b, Radiatum axons making single appositions. The arrowheads
identify single appositions at 259 ym and 293 pm from the cell body layer. ¢, Higher magnification of the apposition at 259 um.
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Figure 3. Photomontages of multiple appositions (arrowheads) between single radiatum axons and individual CA1 pyramidal cell dendrites. These
radiatum axons were located as follows: a, 248 um; b, 207 um; and ¢ 43 um from the pyramidal cell body layer. Scale bar in ¢ is for a—c.

quency of MSBs was determined in relation to the total number
of boutons in order to establish an upper limit for multiple
synapses that would have appeared as “single appositions™ in
the LM.

A total of 202 axonal boutons were analyzed on the three EM
series. Of these, 49 (i.e., 24%) were MSBs (Table 2). All but two
of these MSBs formed synapses onto two dendritic spines; the
other two made synapses onto three dendritic spines. The fre-
quency of MSBs identified on the single reference sections av-
eraged only 4%, in contrast with the 24% of the same boutons
that actually formed multiple synapses when viewed through
serial sections (Table 2). This discrepancy emphasizes the im-
portance of examining serial electron micrographs to determine
accurately the features of synaptic connectivity in the neuropil.

—_

Three-dimensional viewing to ascertain dendritic origins. All
of the 100 dendritic spines that synapsed with the 49 MSBs
were traced through serial sections, where possible, to their or-
igins with CA1 pyramidal cell dendrites. The pairs of spines
synapsing with 21 MSBs could be traced to different dendritic
segments; with 4 MSBs, to the same dendrite; and with 2 MSBs,
to different dendrites on the same cell. The origins of spines
synapsing with the remaining 22 of the MSBs were not complete
within the series. Since the width of the photographic fields was
about 25 um and the length of continuous serial sections was
less than 5 um, it was impossible to ascertain whether the other
“different” dendritic segments arose from the same or from
different cells, except for the two spine pairs mentioned above.
These two pairs confirm that spines on different dendrites of

Figure 2. Multiple appositions by single radiatum axons onto different dendrites of their target CAl pyramidal cells. a, Two appositions (large
arrowheads) onto two different dendrites of the same CA1 pyramidal cell revealed through photomontage in the same focal plane at low magnification.
The dendrites were followed through focus to confirm their origin at the same pyramidal cell. The apposition indicated by a small arrowhead at
the right of the figure is on a dendrite of a different pyramidal cell. b, The two appositions in @ at higher magnification; the axon was located 263
pm from the pyramidal cell body layer. ¢ and &, Low and high magnification of three appositions onto three different dendrites of the same CAl
pyramidal cell. This axon was located 259 um from the pyramidal cell body layer. ¢, Photomontage of radiatum axons located 19 um and 43 um
from the pyramidal cell body layer making three and four appositions, respectively (arrowheads), onto dendrites of the same CA1 pyramidal cell.
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Figure 4. An MSB (star) in area CAl synapsing with two neighboring dendritic spines of the same dendrite (DEN). Serial sections 37-40 of series
k36 are illustrated in a—d, respectively. The MSB (star), two dendritic spines (s/, 52), and their corresponding PSDs (p1, p2) are labeled where they
are found in each section. The origin of spine 1 (s/) occurs in section 37 (a) and the origin of spine 2 (s2) occurs on the same dendrite in section
40 (d). These prints were enlarged 12-fold from the original negatives to illustrate the MSB (and hence have a somewhat *‘grainy” appearance);
the scale bar in d is for a—d.
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Figure 5. Adjacent axonal boutons synapsing with two dendritic spines from the same parent dendrite and with one dendritic spine from a different
dendrite (see also reconstruction in Fig. 7). Sections 27, 30, 32, and 36 of series k34 are illustrated, respectively, in a—d. The axon is longitudinally
sectioned, and two adjacent axonal boutons are identified by friangles and squares. a, In this section the origin of spine 1 (s1) on dendrite 1 (denl)
can be seen. b, Here the axonal boutons contain synaptic vesicles and are connected by a constricted interbouton region of the axon (three small
arrows). The head of spine 1 (sI) and the origin of spine 2 (s2) with dendrite 1 (denl) are present. ¢, The axonal boutons are filled with vesicles
in this section and appear as two separate profiles that synapse with the dendritic spine heads (s/ and s2). Synapses and PSDs (p/, p2) are also
indicated. d, This section is the reference section of the series where one of the axonal boutons makes another synapse onto the head of branch 1
(bI) of a different dendritic spine (s3 in Fig. 7). The scale bar in 4 is for a-d and maiches that of Figure 7.

the same CA1 cell can form synapses with the same radiatum
axon. It is presumed that some of the other parent dendrites
arose from different cells based on the apparently divergent
trajectory of the dendrites and, conversely, that some dendrites
arose from the same cells.

Comparison of the dimensions of pairs of spines on MSBs.
Three-dimensional reconstructions have been obtained for 27
MSBs and their corresponding dendritic spines and PSDs (10
MSBs were randomly selected from the 49 observed here; 8
MSBs were from Harris and Stevens, 1989; 9 were from Harris

Table 1. Frequency of radiatum axons observed by LM to make
single or multiple appositions with individual CA1 pyramidal cells

Multiple appositions on

Single 1 2 3 4
appositions Dendrite Dendrites Dendrites Dendrites
Number 65 3 14 2 1
% total 76% 4% 17% 2% 1%
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Figure 6. Part (approximately one-third) of the reference section for series k36. Two MSBs (curved arrows) have their PSDs transected by this
reference section. Ten other axonal boutons (marked by solid circles) have only one synapse on this section, but when viewed through serial sections
are correctly identified as forming multiple synapses (MSB8s). For all of the MSBs, arrowheads point to the synapses from the presynaptic side. All
of the other boutons with PSDs on this reference section were indeed SSBs when viewed through serial sections.

et al., 1992). Spines sharing the same bouton were observed to
have both similar and different shapes. All shape classes, in-
cluding thin, stubby, mushroom, and branched, could be ob-
served, in pairs of all combinations, on single MSBs as illustrated
in Figure 8. The pairs of spines in Figure 8, @ and b, arose from
different dendritic segments and illustrate that spines with gross-
ly different morphologies can synapse with a single bouton. The
two thin spines in Figure 8¢ arose from the same dendritic

segment, while the large mushroom spine came from a different
dendritic segment. The two spines in Figure 84 arose from two
different dendrites of the same CA1 cell. One head on each of
four branched spines synapsed with the reconstructed MSBs,
and three are illustrated in Figures 7 and 8¢,d.

The dimensions of the spines and PSDs were measured and
compared pairwise for each MSB. Pairs of spines synapsed with
25 of the MSBs and triplets of spines synapsed with two of the
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Table 2. Frequency of MSBs as revealed by serial section versus single section analyses

Series k33 Series k34 Series k36 Total

Total number of axonal boutons 42 87
Serial section identification
Number of MSBs 9 15
Percentage of total that were indeed MSBs 21% 17%
Single section identification
Number of MSBs 1 2
Percentage of total identified as MSBs 2% 2%

73 202

25 49

34% 25%
5 8
7% 4%

Series numbers match those assigned for Harris et al. (1992).

MSBs for a total of 56 spines. For the branched spines, the PSD
areas and volumes of just the branch that synapsed with the
MSB were measured, because in no case did the second branch
of the spine share the same MSB as the first branch. Fifty-six
of the PSDs and 43 of the spines were complete in these series.
The range in area for the 56 PSDs was from 0.02 to 0.26 um?.
The greatest difference (650%) occurred between two spines with
PSD areas of 0.02 pum? and 0.17 um?, respectively. These two
spines were not complete in the series and hence the difference
in their volumes could not be computed. The range in the total
volumes of the 43 complete spines was from 0.015 to 0.27 um?.
The greatest difference (330%) occurred between a pair of spines
with volumes of 0.04 and 0.16 um?®. In sum, spines of all sizes
and shapes with the full range in PSD areas could occur in pairs
on individual MSBs.

Twenty-three pairs of spines synapsing with MSBs could not
be traced to the same CA| cell (though as discussed above, some
of these may indeed have come from the same cell), and six
pairs of spines could be traced to the same CA1 cell (Table 3).
A pairwise comparison of the 23 pairs of spines of unknown
origin revealed an average difference of about 100%. This is in
marked contrast with the less than 40% average difference in
the dimensions of spine pairs known to originate from the same
cell (Table 3). Since this number is small, no statistical evalu-
ation of the contrast is made. However, 8 of the 23 (35%) pairs
of spines from unknown origin showed greater than 100% dif-
ference in their dimensions; therefore, two of six pairs would
be predicted to have greater than 100% differences. None of the
six pairs of spines arising from the same CA1 cells had greater
than 81% difference in their dimensions. These observations
suggest that both sharing of a presynaptic axon and arising from
the same postsynaptic cell may lead to spines of more similar
morphologies than sharing only a presynaptic bouton or arising
only from the same postsynaptic dendrite.

Discussion

These results extend our understanding of the connectivity be-
tween axons in s. radiatum and their target CA1 pyramidal cells.
LM examination of Golgi impregnated neurons revealed that
20% of the radiatum axons come into close apposition with
more than one dendrite of individual CA1 pyramidal cells. While
this LM analysis cannot unequivocally establish the existence
of synapses, the results certainly suggest that multiple synapses
may be made by a single radiatum axon onto different CA1
dendrites. Analysis of serial electron micrographs revealed that
24% of the axonal boutons in s. radiatum form synapses with
two or three dendritic spines. These MSBs would have been
counted as single appositions in the LM and further suggest that

up to 44% of the radiatum axons may be making multiple syn-
apses on a single CA1l pyramidal cell. This estimate includes
only a single branch of each of the radiatum axons, though
several collateral branches have been reported to emerge from
axons in s. radiatum (Andersen, 1975, 1990; Tamamaki and
Nojyo, 1991). The degree of collateral branching also depends
on the age of the animal with younger animals having more
collaterals (Swann et al., 1991). Since each of the axonal col-
laterals could make multiple synapses onto individual CA1 py-
ramidal cells, the total frequency of multiple synapses between
pairs of CA3 and CA1 cells could be higher than those estimated
here, and could depend on the age of the animal. Together, these
observations demonstrate that stimulation, which is restricted
to even a single pair of synaptically coupled CA3 and CA1 cells,
could activate multiple synapses on the target CA1 cell.

If the pairs or triplets of spines synapsing with individual
MSBs arose from different cells and had the same morphologies,
then one might conclude that signals from the presynaptic axon
alone are sufficient to produce the uniform postsynaptic struc-
ture. To evaluate this question, the area of the PSDs and the
volumes of spines synapsing with individual MSBs were mea-
sured and compared pairwise. The PSD area provides an ana-
tomical marker of synaptic strength because PSDs have been
reported to contain neurotransmitter receptors, ion channels,
and proteins that are fundamental for synaptic function (Kelly
et al., 1984; Siekevitz, 1985; Kennedy et al., 1990). In addition,
both the PSD area and the spine volume are highly correlated
with the size of the axonal bouton and the total number of
vesicles it contains (Harris and Stevens, 1989). Here we have
shown that the difference in area between pairs of PSDs syn-
apsing with MSBs ranges from 0% to 650%, and from 6% to at
least 330% for spine volume. These differences suggest that the

Table 3. Percentage differences in the dimensions of pairs of spines
synapsing with the same MSB

Spine pair
location PSD area Spine volume
Not traced to the 98 + 140% 96 + 87%
same CAl cell (0-650%) (6-330%)
(n=23) (n=15)
Traced to the 37 £ 31% 35+ 25%
same CAl cell (0-81%) (8-77%)
(n=16) (n==6)

Percentage differences in the dimensions were calculated as ((| spine 1 — spine 2|/
smallest spine in the pair) * 100) and presented as the mean = SD with the full
range in parentheses; #» = number of pairs evaluated.



different




presynaptic axon alone is unlikely to determine the morphology
of the postsynaptic partners, unless local signals exist within a
single bouton. MSBs have a greater volume and contain more
vesicles than nonsharing boutons, suggesting a greater synaptic
demand on boutons with more than one postsynaptic element
(Harris and Stevens, 1989). The question is whether this syn-
aptic demand is shared equally among pairs of spines on an
MSB. Perhaps a local presynaptic signal could arise from a
nonuniform distribution of these vesicles or a nonuniform dis-
tribution in the number/size of release sites in the bouton, there-
by creating an environment in which one spine on the MSB
could be very large and the other very small.

When two spines from the same CA1 pyramidal cell synapsed
with a single presynaptic axon, their morphologies were very
similar. These results must be considered preliminary because
many dendritic origins could not be determined. The obser-
vation is intriguing, however, in that it suggests that simulta-
neous pre- and postsynaptic coactivation of these pairs of syn-
apses may result in their similar spine and PSD morphologies.
Such a hypothesis is in accordance with Hebb’s postulate (1949)
that coactivation is required for the strengthening of synapses
between cells, an event that is also necessary for the induction
of LTP in hippocampal area CA1l.

Considerable evidence has accumulated to suggest that the
morphology of both the pre- and the postsynaptic components
changes in response to LTP (for review, see Wallace et al., 1991).
Controversy remains, however, as to whether the change reflects
alterations in existing synapses and boutons or if new ones with
different morphologies are formed (Harris et al., 1992). It has
been reported from a single section analysis that the incidence
of MSBs might decrease with LTP in the dentate gyrus (Des-
mond and Levy, 1990). Since a large difference occurs between
counting MSBs on single versus serial EM sections, a different
result could be obtained if their frequency following LTP were
quantified by viewing them through serial sections. In addition,
the frequency of branched spines has been reported to increase
following LTP in area dentata (Trommald et al., 1990). Several
ofthe MSBs evaluated in our study had the head of one branched
spine as a postsynaptic partner. In all cases the second head of
the branched spine synapsed with a different axonal bouton;
therefore, it seems unlikely that branched spines in area CAl
result from the splitting of a formerly single synapse into two
spines.

All of the synapses occurring at either MSBs or SSBs may
have quantal properties. However, if the multiple synapses oc-
curring between two cells are not fired at the same time and
strength, the resulting frequency histograms could be smoothed
by the intermittent coincidence or asynchrony of activation.
Thus, the occurrence of multiple synapses may explain why less
than 30% of experiments, in which the EPSCs are recorded from

e
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CAl cells, produce response histograms with clearly defined
peaks (Kullmann and Nicoll, 1992). The observations presented
here demonstrate that multiple synaptic connections occur be-
tween individual radiatum axons and their target CAl cells.
Evidence is also presented for both similar and dissimilar syn-
aptic strengths among the multiple synapses. The results support
the need to determine whether variable synaptic strengths occur
among the multiple synapses of a particular pair of recordings
in order to interpret subsequent quantal analyses.
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