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Abstract-In tissue from area CA1 of the rat hippocampus prepared for electron microscopic study by 
thin-sectioning, asymmetric synaptic junctions were found on dendritic spines, spiny dendritic shafts, and 
non-spiny dendritic shafts. In freeze-fractured preparations, aggregates of large particles were found on 
the extracellular half of the postsynaptic membrane at each of these synaptic junctions. Particle aggregate 
areas were measured and particle packing densities were computed at dendritic spine synapses and 
dendritic shaft synapses in area CAl, and compared to similar measures of particle aggregates on dendritic 
spines of cerebellar Purkinje cells. All of these CA1 and cerebellar synapses are excitatory and are thought 
to use glutamate as a neurotransmitter. There was a tendency for the dispersion of particles within 
individual aggregates to be less uniform in larger aggregates in both area CA1 and cerebellar cortex. 
Distinct particle-free zones could be distinguished in the center of particle aggregates on large 
“mushroom-shaped” spines in area CAl. There was no statistically significant difference between the 
particle densities at CA1 dendritic spines (2848 + 863 particles/pm2) and CA1 dendritic shafts (2707 + 718 
particles/pm2). However, the average density of particles at cerebellar dendritic spine synapses 
(3614 k 1081 particles/pm*) was significantly greater than at dendritic spine or shaft synapses found in 
area CA 1. 

Symmetric synaptic junctions were observed on the CA1 pyramidal cell somas and dendritic shafts in 
thin-sectioned preparations. These synapses typically exert an inhibitory action mediated by gamma- 
aminobutyric acid. In freeze-fracture preparations, large varicosities were found apposed to the pyramidal 
somal and dendric membranes, but there were no specializations of particle distribution on either the 
extracellular or the cytoplasmic half of the fractured postsynaptic membranes. This finding parallels 
observations from freeze-fracture preparations of other GABAergic synapses in the central nervous 
system. 

Freeze-fracture techniques have proved to be useful 
tools in the study of synaptic structure and function. 
At the frog neuromuscular junction, for example, 
clusters of particles arrayed on the cytoplasmic half 
of the fractured postjunctional membrane occur in 
roughly the same density and distribution as acetyl- 
choline receptor sites.‘7,25 In rapidly frozen tissue, 
where the true outer surface of the membrane has 
been exposed by etching, these particles appear to 
extend to the membrane surface.‘8,‘9 At mammalian 
neuromuscular junctions, these characteristic par- 
ticles appear to be approximately co-extensive with 
sites labeled by alpha-bungarotoxin.34 Their density 
and their disposition within the membrane thus 
suggest that these particles correspond to the 
acetylcholine receptor proteins. 

At a variety of less well-characterized synaptic 
junctions in the central nervous system, aggregates of 
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particles occur in the fractured postsynaptic mem- 
brane.“.22-24,26,3’,38,39 By analogy to the neuromuscular 

junction, it has been supposed that these postsynaptic 
particles are also related to synaptic function. In 
support of this hypothesis, it has been found that the 
appearance of the postsynaptic membranes is similar 
at synapses which employ the same neurotransmitter. 
In the mammalian CNS, particle aggregates occur on 
the extracellular half of the postsynaptic membrane 
of excitatory synapses which are likely to be 
glutaminergic. Inhibitory synapses using gamma- 
aminobutyric acid (GABA) as a neurotransmitter 
consistently lack any particle specializations in either 
half of their postsynaptic membranes. These sites 
both contrast with the cholinergic neuromuscular 
junction, where the particle aggregate occurs on the 
cytoplasmic half of the postsynaptic membrane. 

In area CA1 of the hippocampus, different neuro- 
transmitters are also active at different synaptic 
locations. Excitatory activation of CA1 pyramidal 
cells and interneurons occurs in the apical and 
basillar dendritic fields and is likely to be mediated by 
glutamate.24.7.9.27.43.44 Inhibitory activation of 
pyramidal cells or interneurons occurs closer to the 
cell bodies or on dendritic shafts and is 
GABAergic, ls5.6.20.37.4’ At many of these synapses, the 
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position of the junctional specializations and/or the 
shape of the related neuronal processes allows for 
unequivocal identification at the electron microscopic 
level.8~‘0 ‘2~‘4~‘6,28,45 In this report we have examined the 
junctional specialization of these hippocampal 
synapses with thin-s~tion and freeze-fracture 
techniques in order to further correlate structure, 
physiological activity, and transmitter type in the 
central nervous system. A quantitative comparison of 
particle densities at excitatory synapses in area CA1 
with excitatory synapses in cerebellar cortex provided 
an opportunity to determine whether differences in 
particle dist~butions at CNS synaptic junctions occur 
and whether such differences can be related to 
neurotransmitter type, synaptic location or synaptic 
size. Preliminary results have been presented 

elsewhere. I5 

EXPERIME~A~ PROCEDURES 

Adult rats of the Long-Evans strain were anesthetized 
with intraperitoneal sodium pentobarbitol and perfused 
with fixatives containing 1 or 2% paraformaldehyde and 
1.25 or 2.5% glutaraldehyde with 2 mM CaCI, in 0.1 M 
sodium cacodylate buffer at pA 7.35 and 37°C for 
15-30 min. Two animals were perfused with I% para- 
formaldehyde, 1% glutaraldehyde and 0.5% acrolein in the 
same buffer followed by 6% glutaraldehyde. All animals 
were left undisturbed for 1 h. Then the hippocampus was 
removed and sliced transversely to its longitudinal axis, and 
the cerebellum was sliced sagittally into 200 or 4OOpm 
slices. 

Several specimens were postfixed in 1% osmium tetroxide 
in 0.1 M sodium cacodvIate buffer at 22°C for I h. Some 
tissue was soaked in i% tannic acid in 0. I M sodium 
cacodylate buffer at 22°C for 1 h. These samples, and others 
not pre-soaked in tannic acid, were stained en bloc with 
uranyl acetate prior to dehydration and embedding in Epon 
812. 

Freeze -fracture 

The 200pm slices were equilibrated through 12.5-25% 
glycerol in 0.1 M sodium cacodylate buffer and frozen 
between gold hats by immersion in melting Freon 22 
(monochlorodifluoromethane) at - 1.55 to - 160°C. Com- 
plementary replicas were obtained in a Balzers 400 freeze- 
fracture apparatus, cleaned in Ciorox, rinsed in water, 
picked up on formvar coated slot grids or copper mesh 
grids, and viewed in a JEOL IOOCX electron microscope. 

Quantitation of particle densities 

Micrographs of particle aggregates on CA1 dendritic 
spines and CA1 dendritic shafts from the hippocampus of 
7 animals, and cerebellar Purkinje cell dendritic spines from 
the cerebellum of 4 of the same animals were enlarged 
approximately 150,000 times. These micrographs were 
scrambled. and coded so that counts, judgements of fixation 
quality, angle of tilt, and particle size measurements were 
made without specific knowledge of fixation conditions, or 
animal number. 

The areas of each aggregate were measured and the 
particles were counted twice using a GRAF/PEN sonic 
digitizing tablet interfaced to a MINC PDPlt laboratory 
computer. Areas of discrete particle-free zones, like those 
shown in Fig. 5, were subtracted from the total aggregate 
area when computing the densities. The mean density of 
these 2 counts was computed. If more than 5% error in these 

count was obtained and all three were averaged. If more 
than 5% error still remained, the micrograph was removed 
from the sample as being too difficult to measure and count 
accurately. Six micrographs, including one cerebellar spine 
and five CA1 spines, were removed in this fashion because 
of particle overlap due to sharp shadowing angles or 
because the boundaries of the aggregate were not well- 
defined. 

Fixation quality of each dendrite was judged excellent, 
good or fair on a low magnification negative of the same 
field from which the high magnification prints were made 
for quantitation. The evaluation of fixation quality was 
based on particle dispersion at non-junctional areas of the 
membrane. Regions of “excellent” membrane fixation had 
a uniform dispersion of particles on the cytoplasmic and 
extracellular halves of non-junctional membranes. “Good” 
fixation was characterized by some regions of non-uniform 
particle dispersion on the non-junctional membranes. “Fair 
to poor” fixation resulted in ridges of particles separated 
by large patches of particle-free areas on non-junctional 
membranes. 

Each aggregate was also evaluated for angle of tilt with 
respect to the apparent plane of the photog~dph. Particle 
shadow lengths and the dark shadow due to tilt with respect 
to the electron beam were used to judge the angle at which 
the aggregates were viewed. The tilt angle was estimated as 
high (40”), medium (25”), low (lo”), or none (O@).” Then the 
areas measured were increased through division and the 
densities were decreased through multiplication by the 
cosines of these angles. 

Particle size was measured in eleven aggregates from each 
synaptic location that had favorable shadow angles. Twenty 
particles in each aggregate were measured perpendicular to 
the shadow angle with an eyepiece micrometer (total = 660 
particles). 

Statistical methods 

The RSI statistical package (Bolt, Beranek and Neuman, 
Cambridge, MA) was used to test differences in particle 
packing densities at different synaptic locations, between 
animals, or for different tilt angles, with an analysis of 
variance followed by pairwise comparisons using the t 
statistic. Before applying the I statistic, distributions were 
tested for normality with the Wilkes-Shapiro or 
Kolomogorov-Smirnov tests, and homogeneity of variance 
with an F test. A non-parametric x2 test was used to test 
whether fixation quality varied across animals. Spearman’s 
rho (r,) tested whether there were correlations between 
particle packing densities and fixation quality or the aggre- 
gate area available for quantitation. 

The pyramidal cell layer of area CA1 was readily 
identified in freeze-fracture replicas, and was used as 
a reference for determining relative position of syn- 
aptic junctions in the dendritic fields. The proximal 
apical dendritic shafts could often be traced for 
50-I 00 pm from individual pyramidal cell bodies and 
synaptic features were studied along these connected 
segments. In the apical field approximately 
10&300~m from the cell body lever, shorter den- 
dritic segments were classified as spiny or non-spiny, 
and presumed to belong to the spiny pyramidal ceils 
or non-spiny interneurons. respectively. Similarly, the 
cell body later served as a reference in thin-sectioned 
preparations for comparisons. Dendritic spines on 
Purkinje dendrites in the molecular layer of the 

two measures and co&ts occurred, a third measure and cerebellar cortex were studied for quantitative com- 
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Fig. 1. Synapses studied in thin-sectioned and freeze-fractured preparations. The dendritic spines of CA I 
pyramidal cells (A), dendritic shafts of spiny (B) and non-spiny neurons (C) form excitatory synapses with 
the Schaffer and commissural axons (S-C) from ipsi- and contralateral CA3 pyramidal cells (not shown 
here). Interneurons in area CA1 form inhibitory synapses with CA1 pyramidal cell bodies (D), proximal 
dendritic shafts (E), some distal spiny (F) and non-spiny dendritic shafts (G). Dendritic spines of cerebellar 
Purkinje cells form excitatory synapses (H) with parallel fibers (P) arising from granule cells (not shown 

here). 

parisons of particle packing densities. These were 
identified on the basis of previously described cri- 
teria.23 These synaptic locations are diagrammed in 
Fig. 1 in their relative positions, with presumed 
sources of afferent innervation. 

Synaptic junctions on dendritic spines 

There was a wide range in the variation of size and 
shape of dendritic spines in area CA1 of the hippo- 
campus. In fortuitous fractures, nearby spines re- 
vealed in continuity with the parent dendrite ranged 
in size from small with a long, thin neck to relatively 
large and mushroom-shaped (Fig. 2). In thin- 
sectioned preparations, the small spines usually had 
a simple asymmetric synaptic junction, characterized 
by a dense postsynaptic thickening, a cleft with dense 
staining material and a presynaptic varicosity with 
round vesicles (Fig. 3). When viewed through serial 
sections, these postsynaptic thickenings appeared 
macular. Larger dendritic spines in area CA1 fre- 
quently had electron-lucent regions perforating the 

electron-dense postsynaptic thickening (Figs 3 and 
13), which had an overall annular or perforated shape 
when viewed through serial sections. 

In freeze-fractured preparations, particles ranging 
in size from 6 to 17 nm could be found in aggregates 
on the extracellular half of the fractured spine mem- 
branes. In some fractures, these aggregates were seen 
adjacent to a widened synaptic cleft and a presynaptic 
varicosity filled with vesicles (Fig. 4). We studied 77 
particle aggregates on CA1 dendritic spines and 
surveyed many other spine fragments where the 
aggregates were not visible. There was no evidence 
for presynaptic varicosities to be apposing the spine 
membranes in the absence of a postsynaptic particle 
aggregate. Often, particle aggregates were near the 
edge of a fractured membrane, so that some of the 
aggregate was not available for viewing. None the 
less, many such incompletely visualized aggregates 
could be characterized by the dispersion of particles 
within the aggregates as shown in Table 1. Aggre- 
gates with distinct particle-free zones were at the 
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Table I. Particle disnersion within aaereaates 

Number of particle aggregates in each 
dispersion category 

Dispersion 
category I 2 3-6 0 Total 

CA1 spines 31 27 9 IO 77 
Cellebellar spines 31 17 0 4 52 
CA1 shafts _ 39 12 4 2 57 

Dispersion categories: 1, uniform dispersion of particles in 
a macular aggregate; 2, non-uniform dispersion of par- 
ticles in a macular aggregate; 3, uniform dispersion of 
particles around particle-free zones; 4, non-uniform 
dispersion of particles around particle-free zones: 5, 
uniform dispersion of particles in an anastomosin~ 
aggregate; 6, non-uniform dispersion of particles in an 
anastomosing aggregate; 0, aggregate broken and too 
small to classify by dispersion category. 

extreme of a continuum of non-uniform particle 
dispersion within the aggregates. An example of this 
type of aggregate is illustrated in Fig. 5 and is likely 
to be a freeze-fracture equivalent of the perforated 
synapses seen in thin-section preparations. 

When compared to the CA1 dendritic spines, Pur- 
kinje cell dendritic spines appeared more uniform in 
shape and size (Fig. 61, and particles ranging from 7 
to 20 nm were dispersed more uniformly in macular 
aggregates (Fig. 7, Table I). 

Non-spiny dendritic shafts 

In thin-sectioned preparations, many asymmetric 
synaptic junctions were found along non-spiny den- 
dritic shafts in area CA1 and were characterized by 
a thick electron-dense postsynaptic specialization, a 
cleft with dense staining material, and a presynaptic 
varicosity with an accumulation of round vesicles 
(Fig. 8). There were also symmetric synaptic junc- 
tions on non-spiny dend~tes, characterized by thin 
pre- and postsynaptic thickenings, dense staining cleft 
material and an accumulation of round and flattened 
vesicles in the presynaptic varicosity (Figs 8 and 11). 

The extracellular half of the factured membranes 
of non-spiny dendrites bore distinct aggregates of 
particles ranging in size from 7 to 23 nm (Fig. 9). All 
six categories of particle dispersion were observed, 
with the majority of particle aggregates having uni- 
form particle dispersion in a macular pattern (Table 
1). Non-spiny dendritic segments were typically ap- 
posed to several presynaptic varicosities, clustered 
adjacent to one another (Fig. 9). Some of these 
presynapti~ varicosities had large particles on the 
cytoplasmic half of the fractured junctional mem- 
brane, and the contour of the varicosity appeared to 
be indented at the site of the junction. Other vari- 
cosities were relatively flat, with uniform particle 
dispersion on the cytoplasmic half of their mem- 
branes. These differences in presynaptic membrane 
structure might reflect differences in the rate of 
transmitter release during the interval of fixation, 
and/or different types of axons. In some instances, the 
particle aggregate on the extracellular half of the 

fractured dendritic membrane was seen to be co- 
extensive with a widened junctional cleft and apposed 
to a cross-fractured presynaptic varicosity containing 
vesicles (Fig. IO). Less frequently, a presynaptic 
varicosity was observed in apposition to the extra- 
cellular half of fractured non-spiny dendritic mem- 
brane without evidence of a postsynaptic particle 
aggregate; these probably correspond to the sym- 
metric synaptic junctions (Fig. 10, cf. Fig. 1 I). 

Asymmetric junctions on spiny dendritic shafts 

Occasionally, we observed particle aggregates on 
the extracellular half of fractured spiny dendritic 
shaft membranes (Fig. 12). These were assumed to 
represent synaptic junctions, although in no case was 
the presynaptic component visible. In thin-sectioned 
preparations, asymmetric junctions were also ob- 
served less often on spiny dendritic shafts than on the 
non-spiny dendritic shafts (Fig. 13). 

Quantitation of particle packing densities 

We calculated the particle packing densities in 
aggregates on CA1 dendritic spines and CAI den- 
dritic shafts and compared these with the packing 
density found on cerebellar dendritic spines. Figures 
14 and 1.5 illustrate dendritic spines from area CA1 
and cerebellar cortex at the actua1 magnification that 
was used to count particles. Outlines of the measures 
and counts that were obtained using a lighted mag- 
nifying ring over each picture are also illustrated. 
Both of these aggregates were classified in dispersion 
category 2, with estimated tilt angles of 25” and 0 , 
respectively. 

In area CAl, the order of particle packing densities 
across dispersion categories for aggregates on den- 
dritic spines was category 1 > 3-6 > 2 > 0 (see Table 
1 for dispersion category definitions~. Only category 
0 was signi~cantly less than the other categories 
(t = 3.14, P < O.OOS), and the combined mean (It: SD} 
for categories l-6 was 2848 k 863 particles/LLm2. Par- 
ticle packing densities in aggregates on spiny den- 
dritic shafts did not differ significantly from that in 
aggregates on non-spiny dendritic shafts. The order 
of particle packing densities at these CA1 shaft 
aggregates was dispersion category 1 > 2 > 3-6 > 0. 
None of these differences were significant, and the 
combined mean for categories l-6 was 2707 It 718 
particles/pm*. For cerebellar dendritic spines, particle 
packing density in category I was insignificantly 
greater than category 2 and the combined mean was 
3614 & 1081 particles/pm. 

The mean particle packing density in aggregates on 
cerebellar dendritic spines was significantly greater 
than at CA1 spines (t =4.21, df = 113, P <O.OOl) 
and at CA1 dendritic shafts (t = 4.93, df = 80, 
P < 0.0001). These differences were also significant 
when dispersion categories I and 2 were compared 
separately across the three regions. Particle packing 
densities in aggregates at CA1 dendritic spines and 
dendritic shafts did not differ significantly. For all 



Fig. 2. Dendritic spines on CA1 pyramidal cells. The plane of fracture has exposed the cytoplasmic half 
of the membrane of a CA1 dendritic shaft and two dendritic spines arising from it. The first spine (open 
square) is large and mushroom-shaped with the base at the dendritic shaft. The second spine (closed 
square) is smaller and lollipop-shaped with the stem at the dendritic shaft. In the head of the second spine, 
there are pits in the cytoplasmic half of the membrane adjacent to a widened synaptic cleft which are about 
the same diameter as the particles in the extracellular half of the membrane (closed circle). A third spine 
(closed triangle) on a neighboring dendritic is similar to the second spine in size and shape. Magnifi~tion 

as in Fig. 3. 

Fig. 3. Two neighboring dendritic spines in a thin-sectioned preparation of the same region. The synaptic 
junction of the smaller spine (closed square) has a dense postsynaptic thickening adjacent to a synaptic 
cleft containing osmophillic material and a presynaptic varicosity with round vesicles. The postsynaptic 
thickening of the synaptic junction on the larger spine is perforated by electron lucent regions (open 

square). Bar = 0.5 pm for Figs 2-7. 

Fig. 4. Particle aggregate on an area CA1 dendritic spine. The particles aggregated on the extracellular 
half of the spine head membrane (closed square) are co-extensive with the widened synaptic cleft and a 

cross-fractured presynaptic varicodty. Magnification as in Fig. 3. 

Fig. 5. Particle aggregate on CA1 dendritic spine. There are particle-free zones within the aggregate (open 
squares), which may correspond to the electron-lucent zones seen in junctions such as that in Fig. 3 (open 

square). Magnification as in Fig. 3. 

Fig. 6. Purkinje cell dendritic spines. The fracture has exposed the cytoplamic half of the membrane of 
two cerebellar dendritic spines (closed squares), one of which is apposed to a cross-fractured parallel fiber 

varicosity (closed circle). Magnification as in Fig. 3. 

Fig. 7. Particle aggregate on a Purkinje cell dendritic spine. The aggregate on the extracellular half of 
the spine membrane is macular (closed square), without particle-free zones, and is adjacent to a 

vesicle-filled varicosity. Magnification as in Fig. 3. 

Fig. 8. Non-spiny dendritic shaft in area CAI. The dendritic shaft has three asymmetric synaptic junctions 
(closed circles) with presynaptic varicosities containing round vesicles. Two other junctions have been 
sectioned obliquely, and the vesicles of the presynaptic varicosities are oval and round (open circles). 

Bar = 0.5 pm for Figs 8 and 9. 

Fig. 9. Presynaptic varicosities adjacent to a segment of non-spiny dendritic shaft in area CAI. Two 
particle aggregates are visible on the extracellular half of the fractured dendritic shaft membrane (closed 
circles). The varicosities indicated by the stars are aligned along the course of the dendrite and probably 

formed synapses with it. Magnification as in Fig. 8. 

Fig. 10. Non-spiny dendritic shaft in area CA1 with a particie aggregate. The aggregate (closed circle) 
appears to be co-extensive with a cross-fractured varicosity tilled with vesicles. On the same dendritic 
segment, a portion of the fractured membrane adjacent to another varicosity does not have evidence. of 
a particle aggregate (open circle), but in this instance, the precise location of the junction may not be 

included. Magnification as in Fig. 1 I. 

Fig. 11. Synaptic junctions (closed circle) on a non-spiny dendrite in area CAI, The separation between 
the symmetric synaptic junction (open circle) and asymmetric synaptic junction (closed circle) is 
approximately the same as the separation of the two varicosities shown in Fig. IO. Bar = OS pm for Figs 

10 and II. 
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Fig. 12. Particle aggregate on a spiny shaft in area CAI A large particle aggregate with a particle-free 
zone (closed circle) on the extracellular half of the dendritic membrane is located near the base of a 

dendritic spine origin (closed square). Magnification as in Fig. 13. 

Fig. 13. Asymmetric synaptic junctions on a spiny CA1 dendrite. Two asymmetric synaptic junctions are 
present on the shaft of the dendrite (closed circles). The origin of a large, mushroom-shaped spine is 

indicated by closed squares. The large spine has a “perforated” synaptic junction. Bar = 0.5 pm. 

Fig. 14. Particle aggregate on a CAI dendritic spine. The inset shows the number and distribution of 
counted particles on the fractured spine membrane. Magnification as in Fig. 15. 

Fig. IS. Particle aggregate on a Purkinje cell dendritic spine. The inset shows the number and distribution 
of counted particles used in statistical analyses. Bar = 0.5 pm. 

Fig. 16. Symmetric synaptic junctions on CA I pyramidal cell bodies. Two symmetric synaptic junctions 
on adjacent pyramidal cell bodies are characterized by thin pre- and postsynaptic thickenings separated 
by a cleft with electron-dense material (open circles). There is an accumulation of round and ellipsoidal 

vesicles in the presynaptic varicosity. Bar = 0.5 pm. 

Fig. 17. Symmetric synaptic junction on the proximal dendritic shaft of a CA I pyramidal cell. The details 
of the junctional specialization are like those illustrated in Fig. I6 (open circle). Magnification as in 

Fig. 16. 

Fig. 18. Extracellular half of the fractured CA I pyramidal cell membrane adjacent to a vesicle-filled 
varicosity. The open circles indicate two vesicle-filled varicosities, each juxtaposed to the soma of a 
pyramidal cell. There is no specialization of particle distribution on the extracellular half of the membrane, 
even in the immediate vicinity of the axonal varicosity. The site of the synaptic junction of the lower 
varicosity is revealed by the vesicles fused with the presynaptic membrane (large arrows). Magnification 

as in Fig. 16. 

Fig. 19. Vesicle-filled varicosity adjacent to a CAI pyramidal cell body. lntramembrane particles are 
widely dispersed over the extracellular half of the fractured membrane, and no aggregation or 

specialization of the particles is evident in the region coextensive with the varicosity. Bar = 0.5 pm. 

Fig. 20. CA1 Spiny dendritic shaft with apposed axonal varicosity. There is no specilization of particle 
distribution on the extracellular half of the membrane in the vicinity of the vesicle-filled varicosity (open 

circle). The origin of a spine is indicated by the closed square. Magnification as in Fig. 16. 

Fig. 21. Spiny dendritic shaft with apposed axonal varicosity. No specialization of particle distribution 
is found in the extracellular half of the fractured membrane adjacent to a vesicle-filled varicosity (open 
circle). A closed square indicates the location of a dendritic spine origin. Magnification as in Fig. 19. 
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regions combined, particle packing density decreased 
with increasing aggregate area (r = -0.24, df = 182, 
P 4 0.001). 

Particle packing densities at these synaptic junc- 
tions were not influenced by fixation quality (see 
Experimental Procedures, quantitation of particle 
densities). In the brain of a single animal, different 
parts of single hippocampal or cerebellar replicas 
revealed areas of excellent, good, or fair fixation. 
Qualitative observations suggested, however, that 
fixation did not change the location of particle aggre- 
gates. Even in poorly fixed regions, discrete particle 
aggregates could be found on dendritic spines and on 
the shafts of non-spiny or spiny neurons at synaptic 
locations. Some of these were photographed and 
included in the quantitative analysis of particle densi- 
ties. For CA1 spines, dendritic fixation varied 
significantly across animals (x2 = 62.31, df = 12, 
P < O.OOl), but fixation quality did not correlate with 
particle packing densities in the synaptic aggregates 
(rr = 0.08, P > 0. I). For CA1 dendritic shafts and for 
cerebellar dendritic spines, the fixation quality did 
not vary significantly across animals and also did 
not correlate with particle packing densities in the 
synaptic aggregates. 

The mean particle packing density at each of the 
four tilt angles was not significantly different for any 
of the 3 regions. There were no significant differences 
in particle packing densities between the 4 animals 
used to study both area CA1 and cerebellum. Three 
additional animals were used to complete the study of 
area CAI, and they produced a statistically 
insignificant increase in the mean particle packing 
densities at CA1 spine and shaft synapses. 

Synapses on CA 1 pyramidal cell bodies and apical 
dendritic shafts 

In thin-sectioned preparations, symmetric synaptic 
junctions on the pyramidal cell bodies and on the 
spiny dendritic shafts were characterized by thin 
electron-dense submembrane material on both pre- 
synaptic and postsynaptic processes, and a slightly 
widened cleft containing electron-dense material. The 
presynaptic varicosity contained both round and 
flattened vesicles Figs 16 and 17). In freeze-fracture 
preparations, vesicle-filled varicosities were fre- 
quently found in apposition to the pyramidal cell 
bodies and spiny dendritic shafts (Figs 18 and 19). At 
these sites, the extracellular half of the pyramidal cell 
membrane was indistinguishable from surrounding 
non-junctional membrane, where particle distribu- 
tion was uniform and relatively sparse. The cyto- 
plasmic half of the pyramidal cell membrane was 
similar to that illustrated in Fig. 2 of the spiny CA1 
dendritic shaft, where particles are densely and uni- 
formly distributed over both junctional and non- 
junctional regions. 

In some instances, the cytoplamic half of the 
presynaptic varicosity had large pits at the sites where 
vesicles had fused with the presynaptic membrane 

(Fig. 18). These vesicle fusion sites provided a precise 
guide to the location of the active zone of the axonal 
varicosity. Varicosities were also found apposed to 
the spiny apical dendritic shafts. At these sites the 
extracellular half of the membrane had uniform and 
sparsely distributed particles like those seen at the cell 
bodies (Figs 20 and 21). 

DISCUSSION 

Synapses thought to exert an excitatory action at 
CA1 dendritic spines and dendritic shafts have asym- 
metric, electron-dense junctional specializations when 
viewed in thin-sectioned preparations and an aggre- 
gate of particles on the extracellular half of the 
postsynaptic membranes in freeze-fracture prepara- 
tions. The particle packing density and overall shape 
of particle aggregate at CA1 synapses are more 
diverse than at cerebellar spine synapses, and range 
from uniform packing in essentially macular aggre- 
gates to non-unifo~ packing in anastomosing aggre- 
gates. There was also a tendency for particle dis- 
persion within individual aggregates on CA1 spines, 
CA1 shafts or cerebellar spines to be less uniform in 
larger aggregates. Particle packing density was 
greater in aggregates on cerebellar dendritic spines 
than in aggregates on either CA1 dendritic shafts. 
Synapses thought to exert an inhibitory action at the 
CA1 pyramidal cell somas or dendritic shafts have 
symmetric electron-dense junctional specializations in 
thin-sectioned preparations. There were no special- 
izations of particle distribution on either half of the 
postsynaptic membrane at these junctions in freeze- 
facture preparations. 

Despite overall similarities in the appearance of 
particle aggregates at excitatory synapses, quan- 
titative analyses showed that there are important 
differences between hippocampal and cerebellar ex- 
citatory synapses. Particle packing densities in aggre- 
gates at hip~ampal dendritic spine and shaft 
synapses are significantly less than those of synapses 
on Purkinje cell spines, even though all these synapses 
are thought to utilize glutamate as a neuro- 
transmitter.27~40~42~M The differences are not due to 
vagaries of fixation or to anomalies caused by 
shadowing angles, and are not simply a function of 
overall aggregate shape. These results suggest that the 
nature of the neurotransmitter is not solely 
responsible for the patterns of particle distribution 
occurring in the postsynaptic membrane. There are 
many possible explanations for the differences in 
particle packing densities, including differences in 
glutamate receptor subtypes in hipp~mpus and 
cerebellum, or the influence of other proteins found 
in the postsynaptic membrane.7a,9a 

A wide range in particle packing density has been 
described in the postsynaptic membranes of several 
synapses. If one limits consideration to junctional 
specializations with a macular shape, it has 
been reported that the particle packing density 
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of the glutaminergic excitatory synapse of primary 
auditory afferents on principal cells in the 
anteroventrocochlear nucleus is 1888 + 156 particles/ 
pm2.13 This density is less than both area CA1 
synapses and cerebellar spine synapses. Invertebrate 
neuromuscular junctions known to be excitatory and 
to use glutamate as a neurotransmitter have been 
studied in freeze-fracture preparations. In the moth, 
~an~~ca sexta, particles about 9 nm in size form 
aggregates in the extracellular half of the post- 
synaptic membrane with a density of 4080 + 730 
particles//lm2.36 In contrast, the glutaminergic 
neuromuscular junction of the locust, Schistocerca 
gregaria, has a particle packing density of only 480 
particles/~m* on the extraceliular half of the 
postsynaptic membrane.B These values are almost 
completely outside the range of values we found for 
CNS glutaminergic synapses and may reflect 
differences between the CNS and neuromuscular 
synapses or phylogenetic differences, even though the 
neurotransmitter seems to be the same. 

For these particles, they calculated a conductance of 
2.1 pS/particle, a value in the range of that expected 
for NA+-K’ channel in these same synapses. 

The reasons for the heterogeneity of particle pack- 
ing density in macular aggregates are unknown. It is 
possible that the differences between hippocampal 
and cerebellar synapses are a reflection of differences 
in the proportions of glutamate receptor sub-types, 
though there is no direct evidence to show that any 
of the aggregated particles are receptors. Never- 
theless, if particles represent receptors and/or ion 
channels, then particle packing densities and the 
shape of the aggregate might be related to synaptic 
function. At the frog neuromuscular junction, it 
seems likely that the particles arrayed on the cyto- 
plasmic half of the fractured postsynaptic membrane 
actually represent acetylcholine receptor sites, partly 
because the particle density corresponds fairly well to 
the estimated receptor density.*’ Particle densities in 
freeze-fracture preparations of other systems have 
been related to possible functions of the intra- 
membranous proteins they are thought to represent. 
For example, Pumplin et UZ.~~ have measured an 
average density of 1500 rt 300 particles/nm’ on the 
cytoplasmic half of the presynaptic membrane of the 
squid giant synapse. Calculations assuming that one 
particle represented a single Ca*+ channel have a 
computed channel conductance of 0.2~s for each 
channel (“particle”). This value compared favorably 
with measured estimates of 0.06-0.6pS for Ca*+ 
channels obtained from physiological studies of the 
same synapses. The extracellular half of the post- 
synaptic membrane of the squid giant synapse had a 
density of 2000 f 400 particles/pm2 in an aggregate. 

Particles are not always uniformly dispersed within 
the aggregates at synaptic junctions. Non-uniform 
dispersion might result from uneven partitioning of 
proteins when the membrane is fractured.35 In areas 
without obvious particles. the protein might have 
been cleaved, or pulled out of the membrane to the 
complementary side and therefore not be visible as a 
particle.32 An alternative, more likely, explanation is 
that the particle-free regions are the freeze-fracture 
representation of the electron-lucent regions seen in 
the postsynaptic density of some synapses in thin- 
sectioned preparations.9b This explanation is sup 
ported by the more frequent observations of non- 
uniform particle dispersion on large CA1 dendritic 
spines. In thin-sectioned preparations these large 
spines frequently have postsynaptic densities with 
electron-lucent perforations4j In the frog cerebellum, 
large particle aggregates on granule cell dendritic 
shafts have particle-free zones in them and smaller 
shaft aggregates have more uniform particle dis- 
persion. *’ Thus, there is a general tendency for par- 
ticle dispersion to be non-uniform in larger aggre- 
gates. The reasons for this tendency are not apparent. 
It has been suggested that “perforated” synaptic 
junctions on hippocampal dendritic spines represent 
a stage in the division of the junction,3o but our 
observations add little further evidence to that 
suggestion. 

In area CA 1, like other CNS structures, inhibitory 
synapses have synaptic junctions with no obvious 
specializations of particle dist~bution on either the 
cytoplasmic or extracellular half of the fractured 
membrane. Presumably, intramembranous particles 
associated with synaptic function at these junctions 
either cleave such that they are unrecognizable, or 
partition with the cytoplasmic half of the membrane 
and are there in sufficiently low numbers that they 
cannot be discerned against the high background of 
non-junctional particles. 
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