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DISTRIBUTION AND MOBILITY OF LECTIN RECEPTORS 

ON SYNAPTIC MEMBRANES OF 

IDENTIFIED NEURONS IN THE CENTRAL NERVOUS SYSTEM 

PAUL KELLY, CARL W. COTMAN, CHRISTINE GENTRY, 

and GARTH L. NICOLSON 

From the Department of Psychobiology, University of California, Irvine, California 92717 and the 
Department of Cancer Biology, The Salk Institute for Biology Studies, San Diego, California 92112. 
Dr. Nicolson's present address is the Department of Developmental and Cell Biology, University of 
California, Irvine, California 92717. 

ABSTRACT 

The distribution and mobility of concanavalin A (Con A) and Ricinus communis 
agglutinin (RCA) receptors (binding sites) on the external surfaces of Purkinje, 
hippocampal pyramidal, and granule cells and their attached boutons were studied 
using ferritin-lectin conjugates. Dendritic fields of these cells were isolated by 
microdissection and gently homogenized. Cell fragments and pre- and postsyn- 
aptic membranes were labeled with the ferritin-lectin conjugates at a variety of 
temperatures, and the distribution of lectin receptors was determined by electron 
microscopy. Both classes of these lectin receptors were concentrated at nearly all 
open and partially open postsynaptic junctional membranes of asymmetric-type 
synapses on all three neuron types. Con A receptors were most concentrated at 
the junctional membrane region, indicating that the mature neuron has a special- 
ized nonrandom organization of carbohydrates on its outer surface. 

Lectin receptors located on postsynaptic junctional membranes appeared to be 
restricted in their mobility compared to similar classes of receptors on extrajunc- 
tional membrane regions. Labeling with ferritin-RCA and -Con A at 37~ 
produced clustering of lectin receptors on nonjunctional surfaces; however, Con 
A and RCA receptors retained their nonrandom topographic distribution on the 
postsynaptic junctional surface. The restricted mobility of lectin receptors was an 
inherent property of the postsynaptic membrane since the presynaptic membrane 
was absent. It is proposed that structures in the postsynaptic density may be 
transmembrane-linked to postsynaptic receptors and thereby determine topo- 
graphic distribution and limit diffusion of specialized synaptic molecules. Special- 
ized receptor displays may play an important role in the formation and mainte- 
nance of specific synaptic contacts. 

It has been proposed that specialized molecules of and maintenance of synaptic connections (3, 9, 
the cell surface may play a role in the formation 37). Although this hypothesis is attractive, it will 
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be necessary to identify, isolate, and characterize 
these specialized molecules to understand the in- 
teractions which bond the pre- and postsynaptic 
membranes at the synapse. 

Plant lectins have proved a powerful tool in the 
identification and characterization of cell surface 
receptors on a wide variety of cells including 
neural cells and other  cells of central nervous 
system origin (25). Recent  reports have described 
the distributions of concanavalin A (Con A)- and 
Ricinis communis I agglutinin (RCA)-binding sites 
on nerve endings, dendritic membranes,  and on 
synaptic junctions from whole brain (5, 11,20) .  In 
addition, immobilized plant lectins have been used 
to isolate specific glycoproteins from synaptic 
membranes by affinity chromatography (13, 45). 
To date, however,  studies employing lectins as 
probes for synaptic membrane glycoproteins have 
used mixtures of different cell types. It is not yet 
known whether specific neurons have similar or 
very distinct carbohydrates on their surfaces and at 
their synapses. 

In the present study we describe a method for 
localizing two different classes of saccharide resi- 
dues on the external surfaces of particular neuron 
types in brain with ferritin-lectin conjugates. To 
avoid mixed cell populations, we have chosen to 
examine the Purkinje cells in the cerebellum and 
the granule and pyramidal cells in the hippocam- 
pus of the adult rat. Each of these cell types has its 
cell bodies organized in a discrete layer, receives a 
few well-defined inputs, and sends its dendrites 
into a zone essentially free of dendrites from other 
neurons. In tissue slices, the layers of cell bodies 
and neuropil can be readily isolated by microdis- 
section. Thus, a specific population of cell mem- 
branes can be isolated and examined for possible 
differences in the arrangement of glycocompo- 
nents. 

Since ferritin-lectin conjugates do not readily 
penetrate into tissue slices or synaptic clefts, a 
means is required to separate the pre- and post- 
synaptic membranes so that they are accessible to 
the ferritin-lectin conjugates. We have found that 
large, well-preserved fragments of dendritic mem- 
branes with boutons attached can be prepared by 
gentle homogenization of neuropil. At the same 
time many synaptic clefts are opened,  permitting 
access of the ferritin conjugates. Using these 
dendritic fragments, we have determined the 
arrangements and mobilities of surface carbo- 
hydrates in synapses between identified pre- and 
post-synaptic elements.  

Previously, it was proposed (2, 10) that proteins 
on the external surface of the postsynaptic mem- 
brane may be restricted in mobility due to trans- 
membrane anchoring by components in the post- 
synaptic density. The presence of open synaptic 
clefts in our preparations provided an opportunity 
to examine the mobilities of Con A- and RCA-  
binding sites on the postsynaptic surface. We have 
been able to demonstrate a restricted mobility of 
Con A-  and RCA-binding macromolecules within 
the synaptic region compared to similar receptors 
in other  areas of the postsynaptic membrane.  

M A T E R I A L S  A N D  M E T H O D S  

Preparation of  Ferritin-Lectin Conjugates 

Purified Con A (Calbiochem, San Diego, Calif.) was 
coupled to purified ferritin (6 • recrystallized, Miles 
Laboratories, Inc., Elkhart, Ind.) by either of two meth- 
ods. In the first method, Con A was conjugated to 
ferritin in the presence of 0.05% glutaraldehyde (Poly- 
sciences Inc., Warrington, Pa.) essentially as previously 
described (28) at a Con A:ferritin ratio of 1:2 by weight. 
After coupling, excess glutaraldehyde was removed by 
filtration on a Sephadex G-25 column (Pharmacia Fine 
Chemicals, Inc., Piscataway, N. J.) and the conjugate 
was separated from free ferritin and inactive ferritin-Con 
A by affinity chromatography on Sephadex G-100. The 
ferritin-Con A conjugate was eluted with 0.2 M a- 
methyl-D-glucoside (an inhibitor of Con A), concen- 
trated in dialysis tubing against aquacide (Calbiochem), 
and dialyzed extensively at 4~ against 0.4 M NaCl, 50 
mM phosphate buffer (pH 6.5) to remove excess a- 
methyl-D-glucoside. The second method was a modifica- 
tion of the procedures of Kishida et al. (17), which uses 
prederivatized ferritin in a two-step coupling reaction. 
Ferritin was diluted into 7% (vol/vol) glutaraldehyde at a 
final protein concentration of 2 mg/ml. After the first 
step of the reaction, excess glutaraldehyde was removed 
by gel filtration and the derivatized ferritin was concen- 
trated. In the second step, glutaraldehyde-derivatized 
ferritin was coupled to Con A at the same ratio by weight 
as in the first method. After purification by affinity chro- 
matography on Sephadex G-100, the active conjugate 
was separated from unconjugated Con A on an agarose 
column (A-1.5 m; Bio-Rad Laboratories, Richmond, 
Calif.) (28). When this latter procedure was followed, 
the conjugate preparation agglutinated erythrocytes at a 
lower protein concentration (typical titers were at least 
1:1,200), and there was less nonspecific binding to 
membranes in the presence of inhibitory saccharides. 

RCA 1 was purified from castor beans according to the 
method of Nicolson and Blaustein (27). RCA~, the 
120,000-agglutinin, was coupled to ferritin, and the 
conjugate was further purified by agarose affinity chro- 
matography as previously described (28). Immediately 
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before use, ferritin-lectin conjugates were dialyzed 
against 150 mM NaCI in 50 mM sodium phosphate 
buffer (pH 7.0). Because of the loss of activity and the 
tendency of these two lectin conjugates to aggregate with 
time, all membrane-binding experiments were conducted 
within 3-4 days of lectin conjugation. 

Tissue Preparation 

Tissue samples were obtained from 100- to 150-day- 
old albino rabbits. After decapitation, the brains were 
placed immediately in 0.1 M sodium phosphate buffer 
(pH 7.1) and cooled to 2-3~ The hippocampus and 
cerebellum were quickly dissected out and cut into slices 
of 1 mm thickness as previously described (22). Alterna- 
tively, slices of about 300-500 /~m were cut with a 
Sorvall tissue chopper (DuPont lnstruments-Sorvall, 
Newtown, Conn.). The slices were moistened with phos- 
phate buffer and the areas selected for study were cut out 
with the aid of a dissecting microscope. The areas were: 
the granule cell layer and outer two-thirds of the molecu- 
lar layer of the dentate gyrus, the pyramidal cell layer of 
hippocampus regio superior, and the outer part of the 
molecular layer of the cerebellum. About 10 mg wet 
weight of each area was homogenized (2% wt/vol) in 
phosphate buffer by three to four manual passes in a 
tight-fitting Dounce homogenizer (Kontes Co., Vine- 
land, N. J.). The homogenates were centrifuged at 2,000 
g for 4 min at 4~ and the pellet was resuspended in 
sodium phosphate buffer at a final concentration of 0.8- 
1.0 mg protein/ml. These preparations contained large 
synaptic membrane fragments and were evaluated as 
targets for the binding of ferritin-lectin conjugates. 

Incubation Conditions 

Labeling of brain tissue particulate fractions with ferri- 
tin-lectins was carried out at a membrane protein con- 
centration of 0.4-0.5 mg/ml at concentrations of lectin 
conjugates which yielded maximal labeling (0.5-1.0 mg/ 
ml final conjugate concentration). The incubation me- 
dium was 150 mM NaCI in 50 mM sodium phosphate 
buffer, pH 7.0. A few rabbit erythrocytes were included 
in each incubation mixture to serve as an internal control 
since their Con A and RCA receptor distributions are 
well documented (23). Controls with the appropriate 
lectin-binding inhibitors (0.1 M a-methyl-D-glucoside for 
Con A and 0.1 M lactose for RCA) were included in 
each experimental group to evaluate nonspecific binding. 
In most cases, the reaction was carried out for 30 min 
and was terminated by the addition of 5 vol of buffer to 
each reaction mixture. The suspension was centrifuged at 
300 g for 4 min (4~ and the pellet was resuspended in 
buffer made 4% (vol/vol) with glutaraidehyde. In a few 
cases, fixative was added directly to the sample. Samples 
were fixed for 4-5 h in glutaraldehyde and were post- 
fixed in 2% (wt/vol) osmium tetroxide in Caulfield's 
buffer (7) at 4~ for 2 h. The samples were then resus- 
pended in a small volume (30-60/~1) of warm 4% (wt/ 

vol) agar to disperse the particles evenly and carry them 
through the embedding procedure. The agar-embedded 
samples were stained en bloc overnight with 2% (wt/vol) 
uranyl acetate in Kellenberger's buffer (15), dehydrated 
in a graded ethanol series and propylene oxide, and 
embedded in Epon-Araldite. Samples were sectioned, 
stained with lead citrate (32, 39), and examined in a 
Siemens II A electron microscope (Siemens Corp. 
Medical/Industrial Groups, Iselin, N. J.), 

R E S U L T S  

The homogenates  of granule, pyramidal, and Pur- 
kinje cells contained numerous large membrane  
vesicles, many of which had one or more boutons 
attached, some unidentified membrane fragments, 
and synaptosomes which commonly included a 
small postsynaptic membrane  fragment. Approxi-  
mately half of the total asymmetric synapses were 
partially opened,  so that a portion of the postsyn- 
aptic membrane with an underlying postsynaptic 
density (PSD) was unapposed by the presynaptic 
membrane.  About  25% of the total asymmetric 
synapses observed were completely open,  that is, 
only the postsynaptic portion was present. 

In each sample a few erythrocytes were in- 
cluded as an internal control to monitor the con- 
sistency of binding patterns from experiment  to 
experiment.  In agreement with other  reports (23, 
24), erythrocytes bound both lectin conjugates 
uniformly over their outer membrane surface. The 
conjugates used in these experiments produced 
consistent binding patterns for several days after 
conjugation, and all erythrocytes in each sample 
showed indistinguishable patterns of  lectin bind- 
ing. Labeling was specific because the binding of 
RCA-ferri t in was completely abolished by lactose 
(0.1 M) and that of Con A-ferritin by ct-methyl-D- 
glucoside (0.1 M). 

Ferritin-Con A Binding 

Ferritin-Con A bound to the dendritic mem- 
brane surface of all three neuron types to similar 
extents and in similar distributions. Few ferritin- 
lectin molecules bound to extrajunctionai regions, 
and what did bind was found in randomly distrib- 
uted clusters or patches (Figs. 1 and 2). In con- 
trast, the junctional area of the postsynaptic mem- 
brane (i.e., the portion overlying the PSD) was 
studded with molecules of  ferritin-Con A.  Ferri- 
tin-lectin molecules formed a closely-packed row 
along the postsynaptic junctional membrane in 
most cases, whereas the amount  and density of 
conjugate bound to extrajunctional membrane 
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FIGURE 1 Ferritin-Con A conjugate binding to dendritic membrane of pyramidal cells (a, b, c) and 
granule cells (d, e) (4~ Junctional regions (arrows) display numerous ferritin particles. Outside the 
junctional region, binding is reduced. Bar is 0.2 ttm. 
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FmVRE 2 Ferritin-Con A conjugate binding to dendrites of Purkinje cells (a) or granule cells (b) at 
37~ Conjugate bound to the junctional region is dense and linear (arrows), whereas that on the 
extrajunctional surface tends to be organized in clusters. A cluster is seen adjacent to the linear array in a 
junction (a, arrow C) (c) and clusters are seen in a surface view of a membrane (arrows C'). At 4~ 
erythrocytes show uniform binding (d) and at 37~ the conjugate appears in aggregates (c). Bar is 0.2 ~.m. 

varied and was very rarely found in arrays charac- 
teristic of postsynaptic regions. Occasionally, fer- 
ritin-Con A was observed within the clefts of in- 
tact synaptic junctions. This phenomenon ap- 
peared more frequently when incubations were 
carried out at 37 ~ than at 4~ 

About  95% of 130 bare postsynaptic sites 
bound ferritin-Con A,  and more than 85% of 160 
partially opened synapses bound significant quan- 
tities of  conjugate.  Approximately the same quan- 
tities of conjugate were bound to dendritic sur- 
faces at 4 ~ and 37~ 

While temperature did not markedly affect the 
quantity of ferritin-lectin conjugate that was 
bound, the distribution of bound ferritin-Con A 
varied. When incubations were carried out at 
37~ Con A conjugate molecules that were 
bound outside the synaptic junction region often 
appeared clustered (Fig. 2a,  b) ,  similar to the pat- 
terns observed on the surfaces of adjacent erythro- 
cytes (Fig. 2c) .  However ,  no such aggregation 
could be seen when the tissue was labeled with 
ferritin-Con A at 4~ These results indicate that 
extrajunctional binding sites for Con A are mobile 
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and undergo temperature-dependent ligand-in- 
duced aggregation (25, 26). In contrast, ferritin- 
Con A molecules were linearly arrayed along the 
junctional postsynaptic membrane surface at 
either temperature, suggesting a relative lack of 
lateral mobility. In a few cases, this inherently 
linear arrangement of binding sites could be seen 
to change to clustered or aggregated outside the 
boundary of the PSD at 37~ (Fig. 2a).  

The dense linear arrangement of Con A-binding 
sites which characterized the junctional postsyn- 
aptic membrane was not found elsewhere when 
incubations were carried out at 4~ Presynaptic 
membranes and myelin membrane surfaces bound 
the conjugate the same way as did extrajunctional 
postsynaptic membranes, while ferritin-Con A did 
not bind to outer mitochondrial membranes. 

Ferritin-RCA Binding 
Ferritin-RCA molecules were bound randomly 

along the extrajunctional dendritic membrane and 
presynaptic membranes at 4~ (Figs. 3 and 4). 
The extrajunctional dendritic (Figs. 3 a, 4 a,c) and 

presynaptic (Fig. 4b,f)  membranes generally 
bound more ferritin-RCA than -Con A conju- 
gates; however, the three cell types displayed little 
difference in the density or distribution of RCA- 
binding sites. About three to five • more ferritin- 
RCA than ferritin-Con A conjugate bound to 
erythrocytes. 

About 85% of the bare postsynaptic junctional 
membranes and 60% of those which were par- 
tially exposed bound significant amounts of ferri- 
t in-RCA conjugate over background. Some post- 
synaptic junctional membranes bound as much 
ferritin-RCA as Con A conjugate (Figs. 3a, 4a), 
but others bound much less (Figs. 3c, 4b, c, d). 
Portions of the granule cell dendrite membranes 
sometimes bound particularly small amounts of 
ferritin-RCA conjugate (Fig. 4). However, as was 
the case for ferritin-Con A binding, no striking 
differences among neuron types were evident in 
the binding of ferritin-RCA. Myelin did bind ferri- 
tin-RCA conjugate, whereas mitochondria did 
not. Capillaries bound very large quantities of 
conjugate. 

FIGURE 3 Ferritin-RCA conjugate binding to pyramidal cell dendritic surfaces (a, c). Postsynaptic sites 
are designated by arrow. The small spine-like protuberance shown in c (S) was characteristic of this 
sample. The post-synaptic site in (a) shows more binding than that in (c). Binding to the surface of a 
erythrocyte is shown for comparison (b). Bar is 0.2 ~m. 
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FIGURE 4 Ferritin-RCA conjugate binding to granule cell dendrites (a-d), the mossy fiber synapse of the 
granule cell (e) and a bouton bound in the molecular layer (f). The postsynaptic sites (arrows) in (a) and 
(b) show moderate concentrations of bound conjugate, while those in (c) and (d) show very little binding. 
The extrajunctional membranes in (a) and (c) possess moderate quantities of bound conjugate. The outer 
surface of the mossy fiber ending in (e) shows a scattered array of conjugate while the synaptosome (S) in 
(f) shows heavy binding. Bar is 0.1 /.~m in a-d and 0.5 ~.m in e and f. 



In some cases, a budding or blebbing of the 
presynaptic or postsynaptic membrane was seen 
where there was no underlying cytoplasmic struc- 
ture. Invariably, these areas lacked label. These 
blebs are probably lipid-rich domains which could 
have been artifactually created during membrane 
preparation or fixation procedures. They may lack 
bound conjugate because lectin receptors are una- 
ble to redistribute laterally into these regions. 

DISCUSSION 

The present study demonstrates the presence of 
Con A- and RCA-binding sites on the outer sur- 
face of granule, pyramidal, and Purkinje cell den- 
drites, and on the outer surface of attached bou- 
tons. The binding sites were particularly concen- 
trated on the postsynaptic junctional membrane at 
asymmetric-type synapses. While the ferritin-Con 
A conjugates bound at relatively high densities to 
all such membranes, the binding of ferritin-RCA 
was more variable. 

Nearly all postsynaptic junctional membranes 
from all three neuron types bound ferritin-Con A 
or -RCA conjugates, indicating that the postsyn- 
aptic membrane surfaces of asymmetric synapses 
were particularly rich in D-mannosyl- and D-galac- 
tosyl-like residues. Of the two classes of lectin 
receptors, Con A receptors were the most concen- 
trated at the junctional region compared to extra- 
junctional areas. Extrajunctional surfaces of the 
postsynaptic membranes displayed marked reduc- 
tions in the quantities of Con A conjugates bound 
compared to junctional regions. The differential 
organization of lectin receptors along the neural 
cell surface indicates that the membrane of the 
mature neuron has a highly specialized pattern or 
display of carbohydrates along its surface. This 
receptor pattern or display could be of importance 
in determining where synapses form on the neu- 
ronal surface. 

In order for distinct receptor patterns to be 
established on cell surfaces characterized by fluid 
surface membranes (35), the mobility of surface 
molecules must be under control to limit their lat- 
eral diffusion (26). In the case of lectin receptors 
on neural cells, the extrajunctional postsynaptic 
Con A-binding sites seem to be more mobile than 
those in the synapse regions. Ferritin-Con A con- 
jugates induced clustering of their receptors at some 
points along the extrajunctional membrane sur- 
face at 37~ but not at 4~ Matus et al. (20) 
have also reported that extrajunctional lectin- 
binding sites are relatively mobile. In contrast, 

Con A receptors were not clustered at 37~ in 
junctional regions of the postsynaptic membranes. 
In the junctional regions of postsynaptic mem- 
branes, ferritin-Con A conjugates were always 
arrayed in a dense monolayer. The restricted mo- 
bility of Con A-binding sites on this portion of the 
postsynaptic surface appeared to be an inherent 
property of this membrane, since it was demon- 
strable even when the presynaptic membrane was 
absent. It has previously been noted that at intact 
synapses, intramembranous particles seen in the 
postsynaptic membrane are immobile (18). Most 
likely, this too is an inherent property of the post- 
synaptic membrane. 

Although the mechanism that restrains the mo- 
bilities of postsynaptic receptors in the synaptic 
regions is unknown, the underlying PSD may be 
responsible for the comparatively restricted mobil- 
ity of Con A-binding sites at the synaptic junc- 
tional surface. We have previously suggested that 
the PSD could serve to anchor receptors for neu- 
rotransmitters and other unique constituents of 
the postsynaptic membrane (2, 10), and this hy- 
pothesis is strengthened by the recent demonstra- 
tion in the PSD of a protein similar to tubulin (12, 
40, 41). Neurofilaments also appear to be a part 
of the PSD (44). In other cellular systems, micro- 
tubules and microfilaments have been suggested 
as important cytoskeletal components involved in 
the transmembrane regulation of surface mem- 
brane receptor mobility (4. 26~ 2% 30, 38, 42) 
and they may play a similar role in neurons. The 
presumptive glycoproteins which bind the lectins 
may even extend from the PSD through the post- 
synaptic membrane, similar to the transmembrane 
glycoproteins found in erythrocyte membranes 
(33). Alternatively. however, it may be that the 
Con A receptors in the postsynaptic membrane 
overlying the PSD may self-associate as does bac- 
teriorhodopsin in the purple membrane of Halo- 
bacterium (6 .26 .37) .  Additional experiments are 
necessary to distinguish between the transmem- 
brane control and self-association hypotheses or a 
combination of the two. 

The physiological role of the postsynaptic junc- 
tional lectin-binding components is at present un- 
known. It could be that they are involved in the 
specification of synapses, but their distribution 
was similar on all the dendritic membranes which 
were examined. Of course, lectins would not be 
expected to show the same specificities of binding 
as neural recognition components, and it is known 
that Con A and RCA will recognize several classes 
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of membrane glycoproteins (25). In this respect, 
lectins will bind to a variety of membrane glyco- 
components on the basis of their carbohydrate 
composition. Alternatively, the lectin receptors 
present at the synaptic junction could play a func- 
tional role as postsynaptic receptors or critical 
enzymes in excitatory synaptic transmission. For 
example, Michaelis et al. (21) reported that Con 
A inhibits the high-affinity binding of glutamate to 
synaptic membranes, and Mathers and Usherwood 
(19) have shown that Con A prevents the desensi- 
tization of glutamate receptors on insect muscle 
fibers. 

A more likely possibility is that the lectin-bind- 
ing sites are involved in synaptic adhesion (I I). In 
many other systems, membrane surface glycocom- 
ponents have been shown to be involved in cell- 
sorting events and intercellular adhesion (14, 34, 
43). After an afferent nerve makes contact with an 
appropriate postsynaptic site, a synaptic junction 
forms which in mature synapses is sufficiently 
strong to resist dissociation by denaturing agents, 
extremes of pH, chelators, and relatively harsh 
detergent treatments (8, 9, 16). These linkages 
may make use of the lectin-binding glycocompo- 
nents to form covalent or very strong noncovalent 
bonds. For this purpose, highly distinctive classes 
of carbohydrates between neuron types may not 
be necessary. We would hypothesize that during 
synaptogenesis these lectin-binding glycocompo- 
nents are inserted along with the coated vesicles 
which fuse into the membrane and form the PSD 
(1, 31). These coated vesicles are derived from 
the Golgi apparatus (31) where they may acquire 
their carbohydrate. It may be that the coated 
vesicles bring surface carbohydrates to the post- 
synaptic membrane surface and that these mole- 
cules serve as templates for presynaptic mem- 
branes to become securely bonded to the post- 
synaptic membrane. 

The authors wish to thank Pat Lemestre for secretarial 
aid and Dr. J. Victor Nadler for his helpful comments on 
the manuscript. 

This study was supported by National Institutes of 
Health Research grant NS 08597 to C. W. Cotman 
and Research Grant PCM76-18528 from the National 
Science Foundation to G. L. Nicolson. P. Kelly was the 
recipient of National Institutes of Health postdoctoral 
fellowship, 1 F22 NS00187. 

Received for publication 1 April 1976, and in revised 
form 11 June 1976. 

REFERENCES 

1. ALTMAN, J. 1974. Coated vesicles and synaptogen- 
esis. A developmental study in the cerebellar cortex 
of the rat. Brain Res. 30:311-322. 

2. BANKER, G., L. CHURCHILL, and C. W. COTMAN. 
1974. Proteins of the postsynaptic density. J. Cell 
Biol. 63:456-465. 

3. BARONDES, S. H. 1970. Brain glycomacromolecules 
and interneuronal recognition. In Neurosciences 
Second Study Program, F. O. Schmitt, editor. 
Rockefeller University Press, New York. 747-760. 

4. BERLIN, R. D., J. M. OLIVER, T. E. UKENA, and 
H. H. Yrs. 1974. Control of cell surface topogra- 
phy. Nature ( Lond. ). 247:45-46. 

5. BrrnGER, H., and H. P. SeHNEBU. 1974. Bindings 
of concanavalin A and Ricin to synaptic junctions of 
rat brain. Nature (Lond.). 249:370-371. 

6. BLAUROCK, A. E., and W. STOECKEmUS. 1971. 
Structure of the purple membrane. Nat. New Biol. 
233:152-i55. 

7. CAULFIELO, J. B. 1957. Effects of varying the vehi- 
cle for OsO4 in tissue fixation. J. Biophys. Biochem. 
Cytol. 3:827-829. 

8. COrMAN, C. W. 1976. Lesion-induced synaptogen- 
esis in brain: A study of dynamic changes in neu- 
ronal membrane specializations. J. Supramol. 
Struct. 4:319-327. 

9, COrMAN, C. W., and G. BANKER. 1974. The mak- 
ing of a synapse. Rev. Neurosci. 1:1-62. 

10. COTMAN, C. W., and D. TAYLOR. 1972. Isolation 
and structural studies on synaptic complexes from 
rat brain. J. Cell Biol. 55:696-711. 

11. COa~MAN, C. W., and D. TAYLOR. 1974. Localiza- 
tion and characterization of Con A receptors in the 
synaptic cleft. J. Cell Biol. 62:236-242. 

12. FLIT, H., P. KELLY, and C. W. COTMAN. 1976. The 
identification of a protein related to tubulin in the 
postsynaptic density. Proc. Natl. Acad. Sci. U. S. A. 
In press. 

13. GURD, J. W., and H. R. MAHLER. 1974. Fractiona- 
tion of synaptic plasma membrane glycoproteins by 
lectin affinity chromatography. Biochemistry. 
13:5193-5198. 

14. HAUSMAN, R. E., and A. A MOSCONA. 1975. Puri- 
fication and characterization of the retina-specific 
cell-aggregating factor. Proc. Natl. Acad. Sci. U. S. 
A. 72:916-920. 

15. KELLENBERGER, E., A. RYTER, and J. SECHAUD. 
1958. Electron microscope study of DNA-contain- 
ing plasmas. II. Vegetative and mature phase DNA 
as compared with normal bacterial nucleoids in dif- 
ferent physiological states. J. Biophys. Biochem. 
Cytol. 4:671-678. 

16. KELLY, P., P. KAUPS, G. LYNCH, and C. COTMAN. 
1975. Studies on the nature of the chemical bonds 
underlying synaptic connectivity. Abstracts of the 

KELLY El" AL. Synaptic Membrane Carbohydrates 495 



5th Annual Meeting of the Society for Neurosci- 
ence. 607. 

17. KISHIDA, Y., B. R. OLSEN, R. A. BERG, and D. J. 
PaocKoP. 1975. Two improved methods for prepar- 
ing ferritin protein conjugates for electron micros- 
copy. J. Cell Biol. 64:331-339. 

18. LANDIS, D. M., and T. S. REESE. 1974. Membrane 
structure in rapidly frozen, freeze-fractured cerebel- 
lar cortex. J. Cell Biol. 63:184a. 

19. MATHERS, D. A., and P. N. R. USHERWOOD. 1976. 
Concanavalin A blocks desensitisation of glutamate 
receptors on insect muscle fibres. Nature (Lond.). 
259:409-411. 

20. MATUS, A., S. DE PETRIS, and M. C. RAFF. 1973. 
Mobility of Con A receptors in myelin and synaptic 
membranes. Nature (Lond. ). 244:278-279. 

21. MICHAEL1S, E. K., M. L. MICHAELIS, and L. L. 
BOYARSKY. 1974. High-affinity glutamic acid bind- 
ing to brain synaptic membranes. Biochim. BiD- 
phys. Acta. 367:338-348. 

22. NADLER, J. V., C. W. COTMAN, and G. S. LYNCH. 
1974. Subcellular distribution of transmitter-related 
enzyme activities in discrete areas of the rat dentate 
gyrus. Brain Res. 79:465-475. 

23. NICOLSOt% G. L. 1972. Topographical studies on 
the structure of cell membranes. In Membrane Re- 
search, C. F. Fox, editor. Academic Press Inc., New 
York. 53-70. 

24. NICOLSON, G. L. 1973. Neuraminidase 'unmasking' 
and the failure of trypsin to 'unmask' fl-D-galactose- 
like sites on erythrocyte, lymphoma and normal and 
virus-transformed fibroblast cell membranes. J. 
Natl. Cancer Inst. 50:1443-1451. 

25. NICOLSON, G. L. 1974. The interactions of lectins 
with animal celt surfaces. Int. Rev. Cytof. 39:89- 
190. 

26. NICOLSON, G. L. 1976. Transmembrane control of 
the receptors on normal and tumor cells. I. Cyto- 
plasmic influence over cell surface components. 
Biochim. Biophys. Acta. 457:57-108. 

27. NICOLSON, G. L., and J. BLAUSTEIN. 1972. The 
interaction of Ricinus communis agglutinin with nor- 
mal and tumor cell surfaces. Biochim. Biophys. 
Acta. 266:543-547. 

28. NICOLSON, G. L., and S. J. SINGER. 1974. The 
distribution and asymmetry of saccharides on 
mammalian cell membrane surfaces utilizing ferri- 
tin-conjugated plant agglutinins as specific saccha- 
ride stains. J. Cell Biol. 60:236-248. 

29. POSTE, G., D. PAPAHADJOPOULOS, K. JACOBSON, 
and W. J. VAIL. 1975. The effect of local anes- 
thetics on membrane properties. II. Enhancement 
of the susceptibility of mammalian cells to aggluti- 
nation by plant lectins. Biochim. Biophys. Acta. 
394:520-539. 

30. POSTE, G., D. PAPAHADJOPOULOS, and G. L. NI- 
COLSON. 1975. The effects of local anesthetics on 
transmembrane cytoskeletal control of cell surface 

receptor mobility and distribution. Proc. Natl. 
Acad. Sci. U. S. A. 70:4430-4434. 

31. REES, R. P., M. B. BUNt~E, and R. P. Bunge. 
1976. Morphological changes in the neuritic 
growth cone and target neuron during synaptic 
junction development in culture. J. Cell Biol. 
68:240-263. 

32. REYNOLDS, E. S. 1963. The use of lead citrate at 
high pH as an electron-opaque stain in electron 
microscopy. J. Cell Biol. 17:208-212. 

33. SEGREST, J. P., I, KAnNE, R. L. JACKSON, and V. 
T. MARCHESl. 1973. Major glycoproteins of the 
human erythrocyte membrane: Evidence for an 
amphipathic molecular structure. Arch. Biochem. 
Biophys. 155:167-183. 

34. SHut, B. D., and S. ROTH. 1975. Cell surface 
glycosyitransferases. Biochim. Biophys. Acta. 
415:473-512. 

35. SINOER, S. J., and G. L. NICOLSON. 1972. The 
fluid mosaic model of the structure of cell mem- 
branes. Science (Wash. D. C.). 175:720-731. 

36. SINGER, S. J. 1974. The molecular organization of 
membranes. Annu. Rev. Biochem. 43:805-833. 

37. SPERRY, R. W. 1963. Chemoaffinity in the orderly 
growth of nerve fiber patterns and connections. 
Proc. Natl. Acad. Sci. U. S. A.  50:703-710. 

38. UKENA, T. E., J. Z. BORYZENKO, M. J. KARNOV- 
SKY, and R. D. BERLIN. 1974. Effects of colchi- 
cine cytochalasin B and 2-deoxyglucose on the 
topographical organization of surface-bound con- 
canavalin A in normal and transformed fibro- 
blasts. J. Cell Biol. 61:70-82. 

39. VENABLE, J. H., and R. COGGESHALL. 1965. A 
simplified lead stain for use in electron micros- 
copy. J. Cell Biol. 25:407-408. 

40. WALTERS, B. B., and A. I. MATUS. 1975. Tubulin 
in the postsynaptic junctional lattice. Nature 
(Lond. ). 257:496-498. 

41. WESTRUM, L. E., and E. G. GRAY. 1976. Micro- 
tubules and membrane specializations. Brain Res. 
105:547-550. 

42. YAHARA, I., and G. M. EDELMAN. 1975. Modula- 
tion of lymphocyte receptor mobility by locally 
bound concanavalin A. Proc. Natl. Acad. Sci. U. 
S. A. 72:1579-1583. 

43. YAMADA, K. M., S. S. YAMADA, and I. PASTAN. 
1975. The major cell surface glycoprotein of chick 
embryo fibroblasts is an agglutinin. Proc. Natl. 
Acad. Sci. U. S. A. 72:3158-3162. 

44. YEN, S.-H., P. KELLY, R. LIEM, C. COTMAN, and 
M. L. SHELANSKI. 1976. The neurofilament pro- 
tein is a major component of the postsynaptic 
density. Abstracts of the 6th Annual Meeting of 
the Society for Neuroscience. In press. 

45. ZANETTA, J. R., I. G., MORGAN, and G. GOMBOS. 
1975. Synaptosomal membrane glycoproteins: 
Fractionation by affinity chromatography on con- 
canavalin A. Brain Res. 83:337-348. 

496 THE JOURNAL OF CELL BIOLOGY" VOLUME 71, 1976 




