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Ab act 
Evidence is presented here that demonstrates the presence of NP185 (AP3) in neuronal cells, specifically 

within syn-aptic terminals of the central nervous system and in the peripheral nervous system, particularly in 
the neuro-muscular junction of adult chicken muscle. Biochemical results obtained in our laboratories indicate 
that NP185 is associated with brain synaptic vesicles, with clathrin-coated vesicles, and with the synaptosomal 
plasma membrane. Also, NP185 binds to tubulin and clathrin light chains and the binding is regulated by 
phosphorylation (Suet al., 1991). Based on these properties and the data reported here, we advance the 
postulate that NP185 fulfills multiple functions in synaptic terminals. One function is that of a plasma mem- 
brane docking or channel protein, another of a signaling molecule for brain vesicles to reach the synaptic 
terminal region, and a third is that of a recycling molecule by binding to protein components on the lipid bilayer 
of the synaptic plasma membrane during the process of endocytosis. In support of these premises, a thorough 
study of NP185 using the developing chick brain, adult mouse brain, and chicken straited muscle was begun by 
temporally and spatially mapping the expression and localization of NP185 in evolving and mature nerve 
endings. To achieve these objectives, monoclonal antibodies to NP185 were used for immunocytochemistry in 
tissue sections of chicken and mouse cerebella. The distribution of NP185 was compared with those of other 
cytoskeletal and cytoplasmic proteins of axons and synapses, namely synaptophysin, vimentin, neurofilament 
NF68, and the intermediate filaments of glial cells (GFAP). The data indicate that expression of NP185 tem- 
porally coincides with synaptogenesis, and that the distribution of this protein is specific for synaptic terminal 
buttons of the CNS and the PNS. 

Abbreviations: ab:antibody; AchR:acetylcholine receptor; En:embryonic day n; DHS:donor horse serum; 
FCS:fetal calf serum; FIF:formaldehyde-induced fluorescence; FITC:fluorescein isothiocyanate; FS:full strength; 
GFAP:glial fibrillary acidic protein; GLU.~.1% glutaraldehyde/PFA/PBS 7.4; mAb:monoclonal antibody; 
MES:2(N-morpholino)-ethanesulfonic acid, pH 6.5 (unless otherwise stated); NGF:neural growth factor; NGS: 
normal goat serum; o.n.:ovemight; OCT:optimum cutting temperature compound:10% polyvinyl alcohol, 5% 
carbowax; PBS:phosphate buffered saline:19 mM NaH2PO4, 81 mM Na2HPO4, 150 mM NaC1, pH 7.4 (unless 
otherwise stated); PFA:4% paraformaldehyde/PBS 7.4; Pn:posthatch day n; RT:room temperature; SCa, SCb:slow 
component a or b of slow axonal transport; SDS-PAGE:SOdium dodecyl sulfate-polyacrylamide gel electro- 
phoresis; stg:stage; TBS/BSA:0.1% bovine serum albumin/TBS pH 7.5; TBS/Tween:0.1% Tween-20/TBS pH 7.4 
TBS:Tris buffered saline:50 mM Tris, 150 mM NaCl, pH 7.4I. 

IntToducHon 

The assembly polypeptides (APs) (Zaremba 
and Keen, 1983), also called adaptor molecules 
(AMs) (Robinson, 1989; Pearse, 1989) belong to a 
diverse group of proteins that bind to membrane- 
limited organelles at specific locations in the cyto- 
plasm and are involved in the budding off of 
vesicles for endocytosis. Functionally, APs rep- 
resent docking sites for the assembly of protein 
lattices on the cytoplasmic surface of vesicles and 
plasma membrane. Structurally, AMs form the 
inner coat of a multilayer system situated directly 
beneath the membrane surface. On clathrin- 
coated pits (CCPs) and on clathrin-coated vesicles 

(CCVs), the protein middle layer is created by the 
inner projections of the 60 kD terminal domain 
of the clathrin heavy chains (CHCs) and prob- 
ably by other associated molecules bound directly 
or indirectly to clathrin. The outer coat protein 
layer consists of the clathrin lattice per se formed 
by the polygonal arrays of CHCs with its associ- 
ated clathrin light chains (LCs). 

The AMs may also link coat proteins with 
receptor molecules embedded in the vesicle mem- 
brane. The carboxyl terminal domain of recep- 
tors protruding from beneath the membrane is 
the contact site for AMs. The AMs are divided in 
groups, based on their binding aflnity for each 
other after elution from hydroxylapatite columns 
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(Robinson and Pearse, 1986), and named HA-I 
and HA-II. The HA-I adaptor complex has a 
heterodimer of ~100 kD polypeptides, y-adaptin 
and ~--adaptin, and two associated polypeptides 
of 47 and 19 kD. The HA-II adaptor complex also 
has a heterodimer of ~100 kD polypeptides, o~- 
adaptin and [3-adaptin, and two other associated 
polypeptides of 50 and 16 kD. Other putative 
AMs have low binding affinity for these com- 
plexes and when purified by chromatography 
appear as single molecules. Some are known as 
AP155 (Keen, 1987), AP180 (Ungewickel et al., 
1986), and NP185 (Kohtz and Puszkin, 1986, 
1988). The HA-I adaptors are present in CCPs and 
CCVs of Golgi cisternae while HA-II adaptors are 
beneath the plasma membrane of CCPs and 
CCVs. The HA-II or AP 2 proteins are similar to 
the inositol polyphosphate receptor complex 
(Timerman et al., PNAS, in press). 

The AMs putatively bind membrane receptors, 
and different AMs may bind the same membrane 
receptor (Pearse et al., 1989; Glickman et al., 1989). 
The mannose-6-phosphate (M6P) receptor report- 
edly is found on both Golgi and plasma mem- 
brane. Both HA-I and HA-II adaptors may bind 
to the cytoplasmic tail of M6P receptors, but at 
different locations, as suggested by binding com- 
petition experiments. Using site-directed muta- 
genesis, the cytoplasmic portion of the receptor 
was modified to replace two tyrosine residues 
with alarrine and valine. This modification did 
not affect HA-I/M6P receptor interaction, but 
abolished HA-II affinity for this receptor. Thus, 
a "tyrosine signal" could play a part in the rec- 
ognition of AMs by plasma membrane CPs, 
where HA-II is naturally found. This suggests an 
involvement of AMs in the cellular traffic of mem- 
brane receptors. 

Extensive work was done on the o~-adaptins 
of HA-II (Robinson, 1989). The o~-adaptin has two 
bands on SDS-PAGE, A and C (band B is 13- 
adaptin). Adaptins o~ A and Ok: are closely related 
to each other. Adaptin ok: is found in all tissues 
(including brain), and % is primarily expressed 
in brain (Robinson, 1987). Robinson cloned the 
cDNAs for these adaptins and determined that 

each is encoded by separate but related genes. 
Screening a mouse brain cDNA library, she sur- 
mised that no other related genes are present, and 
she also carried out in situ hybridization in mouse 
brain sections using antisense DNA to determine 
where o~ A is expressed. Both %,  and ~c were 
present in brain, as expected, but o~ A was found 
highly concentrated in an area corresponding to 
the dentate gyrus of the hippocampus. In con- 
trast, oc was concentrated in both this structure 
and the habenular nucleus of the thalamus. Both 
areas consist of high concentrations of neuronal 
cell bodies. These varying levels of expression in 
areas of the brain suggest differences in cellular 
activation and different roles for the individual 
components of the AMs. Further resolution of the 
hippocampus revealed that % was distributed 
evenly between granule cell and pyramidal cell 
layers. The ok: was much more concentrated in 
the pyramidal cell layer. From these results 
Robinson deduced that o~ a and a c are most abun- 
dant in neuronal cell bodies, and that both adap- 
tins are produced by the same cells but in different 
amounts. She speculated that the intracellular 
differences in o~-adaptin abundance may be asso- 
ciated with subpopulations of coated vesicles, 
such as synaptic versus nonsynaptic vesicles. 

In studying these molecules, it was reported 
that there are polypeptides in CCVs that interact 
with various components of the cytoskeleton 
(Kohtz, at al., 1990; Kohtz and Puszkin, 1989; 
Brady et al., 1985; Puszkin et al., 1982; Schook et 
al., 1979). One of these molecules, recently iden- 
tified in our laboratories and named Covesin, 
appears to act as an organizing site for the poly- 
merization of actin filaments (Kohtz et al., 1990). 
Kinesin, o~-tubulin-activated vesicle-bound motor 
ATPase molecule, binds to CCVs as well as to 
other vesicular organelles (Brady et al., 1982), and 
may facilitate transport of these vesicles. A pro- 
spective AM, which has been extensively stud- 
ied in our laboratories and named NP185 
(Neuronal Protein of 185 kDa), was found to bind 
tubulin and the CLCs. Binding was regulated by 
protein kinases which phosphorylated tubulin 
and CLCs. A Ca 2§ and calmodulin-dependent 
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protein kinase (bound to tubulin) decreased 
NP185 binding to tubulin, while a casein kinase 
II (bound to NP185) enhanced NP185-tubulin 
binding (Kohtz and Puszkin, 1989). Furthermore, 
the NP185 was found to bind to unphosphory- 
lated CLCs, but not to CLCs phosphorylated by 
the CCVcasein kinase II (Schook and Puszkin, 
1985; Suet al., 1991). Finally, NP185 can assemble 
clathrin into cages. NP185 is similar to AP 3 
(Murphy et al., 1991). 

It was reported that important interactions of 
clathrin lattices with the cytoskeleton and used 
in those studies highly purified clathrin and indi- 
vidual cytoskeletal proteins. The authors pub- 
lished evidence showing that a-actinin, actin, and 
also calmodulin could bind in vitro to clathrin 
(Schook et al., 1979; Bloom et al., 1981; Lisanti et 
al., 1982, Puszkin et al., 1981). Binding was sev- 
eral years later corroborated in reports from other 
laboratories. The binding of clathrin lattice com- 
ponents to elements of the cytoskeleton, includ- 
ing calmodulin (Lisanti et al., 1982; Salysbury et 
al., 1980) and protein kinases (Schook et al., 1979; 
Hanson et al., 1988,1990), may explain the for- 
mation of protein layers between clathrin lattices 
and the vesicle or the plasma membrane (Su et 
al., 1991). Most importantly, these layers of pro- 
reins constitute an ideal CCVs transport system 
to shuttle cargo molecules between the plasma 
membrane, the Golgi, and endosomes. These 
vesicular organelles are propelled to and oriented 
by docking molecules using the cytoskeleton as 
guiding tracks. 

Nascent and mature synapses contain numer- 
ous CCVs (Miller and Heuser, 1984; Puszkin et 
al., 1983; Rees et al., 1976; Stelzner et al., 1973). 
Unlike any other cells, vesicles in neurons have 
long distances to navigate their cargo of mol- 
ecules "containerized" at the endoplasmic reti- 
culum region to their destination at the synaptic 
terminal. To reach this target, neurons require an 
active, organized, and efficient docking, loading, 
and unloading process at the synapse. This explains 
why there are abundant and diverse types of 
CCVs in brain cells (Puszkin et al., 1983; Bloom 
et al. 1980; Cheng et al., 1980; Puszkin et al., 1989). 

In support of this postulate it was shown that the 
several types of CCVs that exist in brain tissue 
are categorized in accordance with their polypep- 
tide composition, which in turn determines their 
functions (Puszkin et al., 1989). Thus, CCVs cargo 
molecules, constitutive elements, and their AMs 
make them fulfill the unique functions of recy- 
cling neurotransmitters and receptors at synap- 
tic terminals. Since neurons are endowed with an 
axon and their cytoplasm is packed with neuro- 
filaments, it is not surprising that specific mole- 
cules are needed to sustain release and retrieval 
of neurotransmitters at the synapse. The NP185 
may play such a role in mediating and regulat- 
ing some of these functions. 

Methods and Procedures 

Tissue Preparation 
Where appropiate all details of procedures 

already published are referred to their original 
artide in the bibliography. Chick embryos were 
staged chronologically and developmentally. 
Staging time began day of egg laying (embryo 
day zero: E0) and continued for 21 day to hatch- 
ing (E21). Hatching was day zero (P0) and 
subsequent days were F1, P2, and so on. Develop- 
mental staging followed a system based on precise 
defined morphological criteria (Hamburger and 
Hamilton, 1951).Terms used for each develop- 
mental stage were $1, $2, and so on, up to $46, 
and then hatching. Certified pathogen-free fer- 
tilized eggs were obtained from a commercial 
supplier (SPAFAS) and placed in a rocking egg 
incubator (Lyon Electric). Within 12 h, and every 
day thereafter, embryos were harvested, weighed, 
and staged by the same method (Hamburger 
and Hamilton, 1951). For stages E1 to E5, whole 
embryos at each stage were pooled to obtain suf- 
ficient amounts of protein. On E6 and E7, embry- 
onic heads were pooled, and on E8 and El0 
individual heads were used; individual brains 
were used thereafter. Assuming tissue density to 
be near to that of water, equal volumes of PBS 
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were added to each tissue and the contents homo- 
genized in a small glass grinder at 4~ The homo- 
genate was diluted 1:1 with 50 mM Tris, 1% SDS, 
5% 2-mercaptoethanol, 0.02% phenol red, and 
30% glycerin ("sample buffer"). 

Immunoblot Technique 
Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis was performed generally fol- 
lowing one method (Laemmli, 1970). Sample 
preparations were loaded onto one-dimensional 
gels consisting of 10% acrylamide as described 
elsewhere (Puszkin et al., 1989). 

1issue Preparation 
for Immunolocalization 

Chicken embryos were harvested and staged, 
fixed in 0.2% picric acid, 4% formaldehyde, and 
phosphate-buffered saline (PBS), for 30 min 
(Tamboni and de Martino, 1967). Details on the use 
of Healthy adult Balb/c mice, white leghorn 
chickens, including labeling with monodonal anti- 
bodies and preparation of all controls were described 
previously (Perry et al., 1991). Primary monoclonal 
antibodies (mAbs) consisted of 8G8, raised 
against NP185 in this laboratory (Kohtz and 
Puszkin, 1988); obtained from Boehringer 
Mannheim were SY38, NR4, G-A-5, and 3B4, rec- 
ognizing synaptophysin, neurofilament NF68, 
glial fibrillary acidic protein (GFAP), and vimentin, 
respectively. Control tissue sections were incu- 
bated with either the second antibody only, or 
with mouse control ascites and second antibody. 
False positive and false negative reactions were 
possible, and rigorous controls were applied in 
all the experiments (Perry et al., 1991). When 
examining embryonic tissues, which in the earli- 
est developmental stages were not expected to 
express NP185, the problem of false negative 
reactions became important. To make sure that 
the incubation conditions were favorable for 
desired labeling, sections of adult chicken cer- 
ebella were always included with the embryonic 
sections, as positive controls. 

Results 

Developmental Expression 
of NP 185 
To establish crossreactivity of mAb 8G8 in 

avian brain tissue, and to determine the onset of 
expression of NP185 in chick embryo, embryo 
samples were prepared for Western blot analy- 
sis. Figures 1A and 1B show immunoblots of the 
prepared samples. Lanes 2 of Figs. 1A and 1B 
present a sample of bovine brain coated vesicles 
purified by specific method (Schook and Puszldn, 
1985). These are included as positive controls for 
immunoreactivity. The antibody to NP185 cross- 
reacted with avian brain tissue, demonstrated by 
the bands that first appear at El0 (lane 4). Expres- 
sion levels increased with each embryonic day 
thereafter, based on the qualitative increase in 
band density. The total protein content in each 
sample lane was controlled by proportional 
pooling of tissue samples, and by equal dilution 
based on sample weight. 

The results shown above establish the presence 
of NP185 in avian brain tissue, and that the onset 
of expression occurs no later than El0. However, 
earlier expression of NP185 cannot be ruled out. 
The sensitivity of Western blot analysis is depen- 
dent upon adequate levels of protein in the migrat- 
ing sample. It is likely that at earlier embryonic 
days NP185 is expressed, but at levels below 
immunoblot detection. Therefore, immuno- 
histochemistry was performed and the results 
obtained were confirmatory. 

Immunolocalization of NP 185 
Protocols were designed to establish the 

ontogenic distribution of NP185 and it was found 
that the embryonic day of NP185 expression 
detected immunologically was El0. A control 
with chick embryo at E6 displayed no NP185 fluo- 
rescence. Within the one-day window that occurs 
during embryo sampling, the onset of NP185 
expression was rapid, and in samples from four 
similar experiments, E9 tissue sections were nega- 
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Fig. 1 A. Western blots for NP185. Lane 1, MW 
standards; lane 2, brain CCVs (positive control for mAb to 
NP185); lanes 3-10, purified chick embryo tissue, 
embryonic days E1 through E8. NP185 is not expressed. B. 
Lanes 1-2, as before; lanes 3-10, purified embryo tissue, 
embryonic days E9 through E16. NIr185 appears at day 
El0 and continues thereafter. 

tive for NP185 while El0 sections were clearly 
positive. The labeling pattern obtained is shown 
in Fig. 2. Histologically, at El0 the cerebellum 
consists of the external granular layer (E) and 
the mantle (M) layer (Nelsen, 1953). The external 
granular layer is the proliferative zone, which 
produces uncommitted neuroblasts. These cells 
are preneuronal, thus, the external granular layer 

has no synapses. The mantle layer is the migra- 
tory zone, where neuroblasts migrate and dif- 
ferentiate into neurons. Migration and cell 
differentiation is influenced by early, indiscrimi- 
nate synaptic formation (Jacobson, 1978), and the 
mantle accommodates synapses from its onset. 
Immunolabeling of NP185 was strong and com- 
pletely restricted to the mantle. Labeling patterns 
showed reticular fluorescent networks around 
dark cell bodies, a pattern that resembled devel- 
oping rat cerebellum for p65, a synaptic vesicle- 
associated protein with exclusive synaptic 
localiT,~tion (Cambray-Deakin et al., 1987). 

The reticular nature of the labeling pattem is 
better seen at higher magnification in Fig. 3, 
where the division between the synapse-rich 
mantle (M) and the nonsynaptic external granu- 
lar layer (E) is clear and where neuroblasts begin 
their medial migration (arrow). The mantle's 
matrix was clearly labeled for NP185 while the 
extemal granular layer was not. Neuroblasts adja- 
cent to the mantle surrounded the labeled matrix. 
An identical distribution pattern was reported 
with synaptic vesicle-associated p65 (Cambray- 
Deakin et al., 1987). Significantly, the committed 
neuroblasts, which in the external granular layer 
have no protosynaptic neurites, are negative for 
NP185, and the same was also found for p65. As 
the cerebellum matures, synaptic distribution 
becomes more organized and regionally distinct 
and Fig. 4 gives a panoramic view of a single fol- 
ium at E14, labeled for NP185. The labeling pat- 
tern manifestly follows synaptic distribution. The 
early mantle, which arises at E4 (Fujita, 1969), 
divides into the superficial mantle and deep 
mantle zones as early as E6 (Hanaway, 1967). By 
E12, these zones are more distinct, and have been 
referred to as the intermediate and ventricular 
layers (Chuong et al., 1987). The superficial 
mantle zone, nearest to the external granular 
layer, becomes enriched with abundant synaptic 
connections, as the parallel fibers begin to syn- 
apse with the dendritic spines of Purkinje cells 
(Fults et al., 1985; Gray, 1961). As synaptic den- 
sity and organization continue to develop, NP185 
labeling in this region also becomes more dense. 
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In contrast, the deep mantle zone is rich in 
neuronal cell bodies, caused by the migration 
of immature neurons from the external granu- 
lar layer (Fujita, 1969) and from the ependyma 
(Miale and Sidman, 1961). Synapses, which are 
not as extensive as in the superficial mantle zone, 
are displaced by nerve soma. This results in a 
synaptic distribution pattern that is characteris- 
tically reticular--a net with holes, giving the 
appearance of a sectioned sponge (Fig. 5). The 
major contributing factor to this synaptic distri- 
bution is the strong adhesion of the granule cells 
(Mugnaini, 1969). The clumping of the granule 
cell bodies encourages focal organization of the 
synapses around protoglomeruli. The synaptic 
terminals of the mossy fibers, which are so large 
that they have been referred to as "synaptic bags" 
(Gray, 1961) and "synaptic vesicle-fiUed varicosi- 
ties" (Burgoyne and Cambray-Deakin, 1988), sur- 
round the dusters of granule cells. The mossy 
fiber terminals synapse with granule cell den- 
drites, which are close to their originating somas, 
but searated by astrocyte processes (Mugnaini 
and Forstronen, 1967). This establishes a synapse- 
dense neuropil with a nonsynaptic core--the 
glomerulus of the granular layer. Labeling of any 
synapse-specific protein in this structure will 
yield halos of fluorescence surrounding dark 
cores, exactly the pattern seen in labeling of 
NP185 (Fig. 5). This pattern is carried into matu- 
rity. The internal granular layer, which arises 
from the mantle (Fults et al., 1985), maintains this 
reticular synaptic architecture. 

Throughout cerebellar development, the exter- 
nal granlJ|ar layer remains negative for NP185. 
At E13, the granule cells of the extmal granular 
layer begin migrating down Bergmann glial fibers 
to form the internal granular (I) layer (Chuong et 
al., 1987; Palacios-Prfi et al., 1981; Rakic, 1971). 
As these ceils become situated, they are envel- 
oped by mossy fiber rosettes to form glomeruli. 
The granule cells are surrounded by intense fluo- 
rescent labeling of NP185, while the premigra- 
tory granule cells remain negative (Fig. 6). The 
focal synaptic orgar~iT,~ tion in the internal granu- 
lar layer is now well established (I). Climbing 

and mossy fibers, granule cell dendrites, and 
early Golgi cells contribute to the synaptic 
organization in this region (Fults et al., 1985; 
Altman, 1972c). 

In Fig. 7, E15 marks the appearance of a mono- 
layer of Purkinje cells (p), which constitutes the 
nascent Purkinje layer (P) in Fig. 6 (Foelix and 
Oppenheim, 1974). The Purkinje cells have intense 
areolate labeling of NP185. At E15, Purkinje cell 
bodies are studded with spiny processes, or 
pseudopodia. These serve as anchoring sites for 
climbing fibers and basket cell axons, with which 
they form extensive axosomatic synapses 
(Altman, 1972b; Mugnaini, 1969). As the axons 
form baskets around the Purkinje cells (hence the 
name) the pseudopodia retract. Significantly, 
NP185 is localized to the perimembranous space 
corresponding to the site of extensive, transient 
axosomatic synapses, creating intensely fluores- 
cent halos around the cells (Fig. 7). By E15, many 
of the Purkinje cells have developed apical cones 
and early dendritic projections (Palacios-Prfi, 
1981). These make direct contact with parallel 
fibers to form shaft junctions (Landis, 1987). Shaft 
junctions are specialized, transient synapses 
present only during neuronal development. They 
serve as precursors of mature synaptic organiz,l- 
tion, perhaps through target recognition. By elec- 
tron microscopy, Landis observed coated vesicles 
associated with these structures. In Fig. 8, an 
apical cone was visualized. It is strongly labeled 
for NP185. Figure 9 provides a side-by-side example 
of the different patterns of NP185 distribution in 
the developing chick cerebellar cortex. NP185 is 
not found in the external granular layer, where 
synaptic connections are absent. 

The early molecular layer is labeled for NP185 
in a grainy pattern. In the molecular layer, synap- 
togenesis and cellular maturation begin at the 
Purkinje layer, and progress outwardly toward 
the pia mater (Altman, 1972b). Inwardly migrat- 
ing granule cells lay down trailing axons that 
lengthen and align in parallel arrays, as their 
name implies. As younger granule cells migrate, 
their axons are deposited on top of the existing 
parallel fibers. While this is taking place, imma- 
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Fig. 2. Typical NP185 label in early embryo. NP185 distribution in chick embryo cerebellum, 128x. E: external granular 
layer; fluorescence is seen in the mantle. Reticular labeling surrounds the cell bodies. Fig. 3. Reticular immunoreactivity 
surrounding the cell bodies. NP185 distribution at El0 in embryonic chick cerebellum, 320x. E: external granular layer; M: 
mantle. Border between external granular layer and mantle shows cells with leading points into the mantle and with 
intercalated premigratory neuroblasts. Fig. 4. Distribution of NP185 at E14 in chick embryo cerebellum. Panoramic view of 
folium, 320x. S: interfolial space; E: external granular layer; M: mantle is positive for NP185. There is a denser, stronger 
labeling at the edge of the mantle layer. Fig. 5. Early neuropil labeling for NP185 in E15 chick embryo cerebellum, mantle, 
320x. Clusters of immature granule cells (asterisks) are surrounded by synapse-rich neuropils (arrows). Fig. 6. NP185 
distribution at E15 in chick cerebellum, 128x. E: extemal granular layer; P: Purkinje layer; I: internal granular layer. There 
is intense perimembranous labeling of Purkinje cells and labeled proglomerulus in the internal granular layer. Fig. 7. 
Labeling of young Purkinje cells for NP185 in E15 chick embryo cerebellum, 320x. E: external granular layer; I: internal 
granular layer; p: labeled Purkinje cell for NP185; g: migrating granule cell�9 

Molecular Neurobiology Volume 6, 1992 



Neuronal Protein NP 185 261 

ture Purkinje cells produce apical cones that wend 
into the molecular layer. The apical cones evolve 
into dendrites, and establish synapses with par- 
allel fibers (Landis, 1987). Dendritic arborization 
progresses outwardly as the parallel fibers con- 
tinue to stratify. This results in directional 
synaptogenesis, beginning at the Purkinje layer 
and moving externally, toward the pia mater. The 
early molecular cell layer, adjacent to the Purkinje 
layer, is labeled for NP185 in a grainy manner 
(Fig. 9). This labeling pattern is consistent with 
the progression of synaptogenesis (Woodward 
et al., 1969). The label is always strongest in the 
deep molecular layer (nearest the Purkinje layer), 
and progressively diminishes towards the super- 
ficial molecular layer (nearest the pia mater). 

The Purkinje layer in Fig. 9 is labeled for NP185 
in the same manner as in Fig. 7. The areolate label- 
ing of the Purkinje cells is apparent in the cell 
marked P. This is characteristic of early Purkinje 
cell labeling for NP185. The staining is clearly not 
confined to the cell body. At E15 (the develop- 
mental stage of the tissue in this figure), Purkinje 
cell somata are studded with spiny processes 
(Foelix and Oppenheim, 1974). These processes 
serve as synaptic anchors for the climbing fibers 
(Altman, 1972b) and basket cell axons (Mugnaini, 
1969). The fuzzy, intense staining seen here con- 
forms to the synaptic arrangement on the 
perisomatic processes. Notably, these transient 
spiny processes begin to retract at E16 and dis- 
appear by E20. The mature Purkinje cell soma is 
covered with a glial sheath, and possesses sig- 
nificantly fewer axosomatic synapses. In like 
manner, the Purkinje cell label for NP185 dimin- 
ishes from a bright, fuzzy halo at E15 to a well- 
defined perimembranous ring at maturity. 
(Compare Fig. 9 with Fig. 12.) As in the develop- 
ing molecular layer, NP185 distribution appears 
to follow synaptic distribution. 

Finally, Fig. 9 shows the lattice structure of the 
early internal granular layer. A protoglomemlus 
is well visualized (g). Individual unlabeled 
granule cell bodies can be seen clumped together 
to form the glomerular core, which is covered by 
a glial sheath. Mossy fiber synaptic bags and gran- 

ule cell dendrites contribute to the synapse-dense 
neuropil. Corsistent with the labeling patterns of 
the molecular OVI) and Purkinje cell (arrow) lay- 
ers (p), NP185 distribution closely adheres to syn- 
aptic distribution in the internal granular layer. 
These findings all suggest a synaptic distribution 
of NP185, even in the immature and transient 
synapses of developing neural tissue. 

Granule cells arise from the extemal granular 
layer and migrate through the mantle to reside 
in what will become the internal granular layer 
(Fults et al., 1985). Figure 10 captures an imma- 
ture granule cell (arrow) during this migration. 
As granule cells migrate, they assume a spindle 
shape, and leave trailing axons that eventually 
become the parallel fibers of the molecular layer 
(Quesada and Genis-Galvez, 1983; Altman, 
1972a). In Fig. 10, both of these characteristics are 
well visualized by the NP185 libel. The migrat- 
ing granule cell (arrow) is followed by its axon, 
which is decorated with punctate fluorescence 
(arrowhead), imparting a beads-on-a-string 
appearance. The fusiform granule cell body is 
wider at the axonal base, which is characteristic 
of this cell (Mugnaini and Forstr~nen, 1967). As 
soon as granule cells enter the matrix of the 
mantle layer, they initiate dendritic develop- 
ment (Quesada and Genis-Galvez, 1983), and 
establish axodendritic synapses with immature 
IMrkinje cells (Landis, 1987; Kim, 1975; Miale and 
Sidman, 1961). With this in mind, the appearance 
of NP185 around the migrating granule cell body 
and immature parallel fiber in Fig. 10 is signifi- 
cant, and again suggests a synaptic distribution 
of this protein. 

NP 185 Distribution 
in Mature Cerebellum 

A low magnification photomicrograph gives 
a multilayered view of NP185 distribution in the 
cerebellar cortex at maturity (Fig. 11). In keeping 
with its high synaptic density, the molecular layer 
is densely labeled for NP185. The labeling in this 
layer is uniform, with the exception of dark holes 
that represent basket cell somata (Obata and 
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Fujita, 1984), and perhaps a fortuitous cross- 
section of a dendritic trunk traversing out of 
plane. Turning back to Fig. 8 it can be seen that 
the NP185 label in the nascent molecular layer is 
composed of innumerable fluorescent grains. In 
the mature, synapse-dense molecular layer 
(Fig. 11), this grainy labeling is so extensive that 
it almost gives a pointflli.~tic illusion of a solid, 
continuous stain. 

In order to map the synaptic distribution in 
chick cerebellum, antisera was generated against 
subcell,_Jlar fractions enriched in synaptic vesicles 
and synaptic plasma membrane (Howe et al., 
1977). Their immunofluorescent data are in 
excellent agreement with the distribution of 
NP185 reported here. In their study, the molecu- 
lar layer is intensely labeled with dense, grainy 
fluorescence. This pattem is characteristic of syn- 
aptic labeling, as reported in other investigations 
of synapse-specific proteins (Leclerc et al., 1989; 
Cambray-Deakin et al., 1987; Wiedenmann and 
Franke, 1985; de Camflli et al., 1983). 

The Purkinje layer has discrete, perimem- 
branous staining around the Purkinje cell bodies 
(P) and dendritic trunks (D). Gone is the areolate 
pattern seen at E15 (Fig. 9). This is because the 
transient perisomatic processes, which are so 
abundant in synaptogenesis, have all retracted. 
The mature Purkinje cell body is left with axo- 
somatic synapses provided by basket cell axons 
(Uchizono, 1969). These connections are less 
numerous and more spatia!ly confined. This 
transformation is demonstrated in two Purkinje 
cells shown in closeup in Fig. 12, where the dis- 
crete localization of NP185 at the perimem- 
branous region of the Purkinje cell body is well 
displayed. The Purkinje cell cytoplasm (p) is 
entirely unlabeled. Punctate concentrations 
(arrowheads) of fluorescent label may signify 
sites of axo-somatic synapses that happen to be 
precisely in the focal plane. An identical label pat- 
tern for the Purkinje cell was observed (Howe et 
al., 1977) in synaptic mapping study of the cer- 
ebeUum. Further corroboration of the synaptic 
nature of this labeling pattern is provided by 
others; the distribution of neuronal membrane 

protein p29 was mapped and compared its dis- 
tribution to that of the synapse-specific, integral 
protein synaptophysin (Baumert et al., 1990). 
The somata of brain stem neurons, known to 
have well established axo-somatic synapses, were 
labeled in a pattern identical to that seen in Fig. 
12. In a study of cerebellar pathology, the distri- 
bution of synaptophysin in the normal cerebel- 
lum, including Purkinje cells was observed (Goto 
et a1.,1989). Their findings on synaptophysin 
labeling of the Purkinje cell body are identical to 
the above findings. An examination of the gen- 
eral distribution of synapsin I in rat cerebellum 
produced identical findings to those above (De 
Camilli et al., 1983). 

Figure 13 also provides a good labeling rep- 
resentation of the granular layer. This layer is 
referred to in ovo as the internal granular layer, 
to distinguish it from its germinal namesake, the 
external granular layer, which disappears shortly 
after hatching. Once established by the proto- 
glomeruli, the overall synaptic architecture (at the 
tissue level) in the granular layer remains in a 
reticular, or net-like, formation. Dark, unlabeled 
glomeruli (G) reside next to bright, intensely 
labeled mossy fiber synaptic bags (S). The glom- 
erulus (G) is outlined with immunofluorescent 
label. This is the vicinity of synapsis between 
Golgi cell axons, mossy fibers, and granule cell 
dendrites (Jacobson, 1978). As in the molecular 
and Purkinje layers, this label pattern is identical 
to another report (Howe et al., 1977). 

In summary, NP185 expression in embryo 
conforms with synaptogenesis, including the 
appearance of transient protosynapses. The 
localization of NP185 waxes with early synaptic 
proliferation, and wanes with synaptic retrench- 
ment, as seen in developing Purkinje cells. In 
mature cerebellum, NP185 distributes according 
to established synaptic organiTation. Conversely, 
NP185 is not found in those places where syn- 
apses do not exist. For example, NP185 is not 
present in neuronal somata, even those of 
Purkinje cells, in which the cytoplasm is easily 
visualiTed. These findings strongly suggest that 
NP185 is synapse-specific. 
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Fig. 8. Apical cones and dendritic processes are labeled for NP185 at the mantle/external granular layer border. E: 
external granular layer. Fig. 9. NP185 labeling in the chick embryonic cerebellar cortex at E15. E: external granular layer; M: 
molecular layer; I: internal granular layer; g: migrating granule cell; p: Purkinje cell. Fig. 10. Migrating granule cell labeled 
for NP185 at E15 in chick embryo cerebellum, 320x. Arrow: migrating granule cell, medially directed with a trailing axon. 
Arrowhead: trailing axon with studded labeling; g: glomerulus. Fig. 11. Immunofluorescent labeling of NP185 in mature 
cerebellar cortex, 128x. M: molecular layer; G: granular layer; g: glomerulus; p: Purkinje cell; Arrow: mossy fiber synaptic 
bag reaching the Purkinje cell layer. Fig. 12. Perimembranous NP185 labeling of Purkinje ceils in adult mouse cerebellum, 
320x. p: Purkinje cell soma; Arrowhead: punctate perimembranous labeling of Purkinje cells. Fig. 13. Glomerular NP185 
labeling in adult mouse cerebellum, 320x. G: glomerulus; S: synaptic bag of mossy fiber. 
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Comparative Distribution 
of NP185 with Other 
Neuronal Proteins 

Synaptophysin 

To confirm that NP185 is confined to the syn- 
apse, its distribution was compared with that of 
two neuronal proteins, synaptophysin and NF68. 
In neurons, synaptophysin is synapse-specific 
0Niedenmann and Franke, 1985) and NF68 is pre- 
dominantly axonal (Liem et al., 1978). Synapto- 
physin is an integral protein (Jahn et al., 1985) 
found in presynaptic membrane 0Niedenmann 
and Franke, 1985). It is also found in the neuro- 
muscular junction (Torri-Tarelli et al., 1990). It is 
a hexamer that is very similar to other channel- 
forming proteins (Thomas et al., 1988). It has four 
transmembrane domains (Stidhof et al., 1987), 
and binds to calcium (Burgoyne, 1990). It prob- 
ably plays a central role in membrane retrieval 
(Valtorta et al., 1989). 

Synaptophysin has been used by others as a 
comparative synaptic marker when mapping the 
distribution of other proteins (Cabalka et al., 1990; 
Goto et al., 1989; Reynolds and Wilkin, 1988). 
Synaptophysin expression correlates well with 
synaptogenesis (Knaus et al., 1986). All of these 
features makes synaptophysin a useful compara- 
tive marker in the present study. The monoclonal 
antibody SY38 does not crossreact with chicken 
brain or chick embryo. Therefore, comparison of 
synaptophysin distribution with NP185 distribu- 
tion was limited to adult murine brain. The cer- 
ebella of the chicken and mouse agree very well 
in cytoarchitecture and neurogenesis (Fujita, 
1969), although much of the maturation of the 
murine cerebellum occurs postnatally. 

Figure 14 shows the distribution of immunore- 
activity for synaptophysin in adult mouse cer- 
ebellum. The distribution pattern seen here is 
identical with that reported by others (Leclerc et 
al., 1989; Goto et al., 1989; Reynolds and Wilkin, 
1988). The molecular layer is intensely labeled in 
a dense, continuous arrangement, consistent with 

the high density of parallel fiber-Purkinje cell 
dendrite synapses. The granular layer has a floc- 
culent pattern of immunoreactivity, that reflects 
the tufted formation of the synaptic glomeruli. 
The white matter, which essentially is a large 
bundle of axons, is completely negative for stain. 
Figure 15 provides a more magnified view of the 
labeling patterns in the different cerebellar lay- 
ers. At the higher magnification seen in this fig- 
ure, the reticular labeling pattern in the granular 
layer is more apparent. The label in the molecu- 
lar layer is dense and grainy. The distribution of 
NP185 is virtually the same, as can be seen by 
comparing this figure with Fig. 11. In Fig. 16, the 
distribution of synaptophysin (arrows) labeling 
around a Purkinje cell (P), known to be synapse- 
specific in the cerebellum, agrees with the distri- 
bution of NP185. This supports the argument that 
NP185 is localized to synapses. 

Neurofilament NF68 

Neurofilaments are a class of intermediate 
filaments that are neuron-specific (Romand et 
al., 1988). They comprise a triplet of proteins 
with molecular weights of 68, 160, and 200 kD 
(Liem et al., 1978). They are distributed in most 
neurons of the central nervous system 
(Trojanowski et al., 1986), primarily in axons 
(Hoffman and Lasek, 1975). As such, they are 
useful neuronal markers (Luthman et al., 1988; 
Osborn, 1983), especially for axonal histochem- 
istry (Hoffman and Cleveland, 1988). The 68 kD 
neurofilament (NF68) undergoes self-assembly 
and participates in the organization of the axo- 
hal cytoskeleton (Geisler and Weber, 1981). The 
authors of this review chose the protein as a 
nonsynaptic neuronal marker. 

Chick embryos beginning with embryonic day 
E2 were examined. Although it was reported that 
neurofilaments are expressed in the chick embryo 
as early as E3 (Tapscott et al., 1981), no expression 
of NF68 in the cerebellar plate was detected until 
E6. This is the period during which the external 
granular layer and mantle are forming (Fujita, 
1969). This is also when nascent Purkinje cells 
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arise from neuroblasts  in the ventricular 
(ependymal, E) layer (Miale and Sidman, 1961). 
In the E6 embryo, labeling for NF68 appears as a 
ring surrounding the outer border  of the 
ependyma around the fourth ventricle (V). This 
is shown in Fig. 17. By E7, the distribution is more 
extensive, covering more than half of the 
ependymal layer (Fig. 18). The organization has 
increased, and the labeled area is comprised of 
an array of parallel bands, which are not to be con- 
fused with the thin, distinct radial fibers discussed 
in the section of comparison for neurofilaments. 

In contrast to these findings, NP185 does not 
appear until El0. The ependyma, like the exter- 
nal granlflar layer, remains negative for NP185. 
By E18, NF68 is concentrated in the cytoplasm 
and axons of Purkinje cells (Fig. 19, p). Here NF68 
is found exclusively in the Purkinje cells. The cyto- 
plasm is strongly labeled, allowing visualization 
of the dendritic hillock up to the first bifurcation. 
The nucleus is unlabeled, and stands out in strong 
contrast to the perikaryal stain. The axon (arrow- 
head) of these cells are well labeled. The axons 
can be easily seen projecting all the way to the 
white matter. 

At higher magnification, the perikaryal stain 
is seen to be punctate and concentrated in a region 
corresponding to the endoplasmic reticulum (Fig. 
20). This finding exactly agrees with a study that 
confirmed this subcellular distribution by 
electron microscopy (Langley et al., 1988). They 
noted that in the cytoplasm, the neurolaments 
remain in a granular, nonfilamentous form. The 
perikaryal concentration of granular neurofila- 
ments is transient, and disappears by maturity 
(Bignami et al., 1985). It probably reflects intense 
production for axonal expansion (Sinicropi and 
McIlwain, 1983). 

At this stage of cerebellar development, the 
differences in distribution between NF68 and 
NP185 are marked. NP185 is extensively distrib- 
uted throughout the cerebellar cortex in a grainy 
or flocculent pattern. It never is seen in any fila- 
mentous type of distribution. In contrast, at 
E18--E19, NF68 is exclusively confined to the cyto- 
plasm and axons of Purkinje cells, as well as axons 

of other neurons. This is the expected distribu- 
tion of an axonal, nonsynaptic neuronal protein. 

In the immature Purkinje cell, such as the E15 
Purkinje cell seen in Fig. 9, some cytoplasmic 
staining for NP185 is apparent. This can signify 
the buildup phase of NP185 production, analo- 
gous to that speculated for NF68. Yet more sig- 
nificant is the much more intense areolate staining 
outside of the Purkinje cell body, where early 
synaptogenesis is taking place. This pattern is 
never seen with NF68. 

A remarkable shift in NF68 distribution occurs 
by the time Purkinje cells reach maturity. The 
Purkinje cells become entirely negative for 
NF68; concomitantly, basket cell axons become 
intensely labeled for NF68, and remain so 
throughout maturity. Basket cell axons are readily 
identified by their distribution. They run along 
the Purkinje/molecular layer border, perpen- 
dicular to the longitudinal axis of the Purkinje 
cells (Altman, 1972a). These axons then descend 
into the Purkinje layer to embrace the Purkinje 
cell body by forming their characteristic basket 
of pinceaux (Langley et al., 1988; Uchizono, 1969). 
An example of this basket arrangement is given 
in Fig. 21. 

Here the Purkinje cells are completely unla- 
beled. Their presence is only indicated by the 
highly stained baskets which surround them 
(p, arrows). This result is identical to other pub- 
lished studies (Stemberger et al., 1982; McKay 
and Hockfield, 1982). These baskets are of course 
formed by the axons of their namesakes. The 
filamentous labeling seen in the granular layer 
probably represents axons of mossy fibers and 
Purkinje cells (Langley et al., 1988). Figure 22 
gives a closeup of the Purkinje layer (one 
Purkinje cell is delineated). The labeling seen 
here is so different from that seen in Fig. 19 
that at first it is hard to imagine that the same 
monoclonal antibody has been used. In superfi- 
cial appearance, NF68 seems to redistribute from 
the cytoplasm and axons of the Purkinje cells 
to the axons of basket cells. This startling change 
is best appreciated by comparing Fig. 20 with 
Fig. 23. In Fig. 23, an individual Purkinje cell is 

Molecular Neurobiology Volume 6, 1992 



266 Puszkin et al. 

15 

' 7  
, j , ,  

Fig. 14. Synaptophysin distribution in adult mouse cerebellum, 32x. W: white matter, M: molecular layer; G: granular 
layer. Fig. 15. Differential distribution of synaptophysin in adult mouse cerebellum, 80x. W, M, G: same as Fig. 14. Fig. 16. 
Perimembranous synaptophysin labeling of Purkinje cells in adult mouse cerebellum, 360x. Arrows: punctate labeling 
resembling P185 labeling. Fig. 17. Earliest expression of NF68 at day E6 in chick embryo, 80x. V: fourth ventricle; E: ependyma 
outer perimeter labeled for NF68. Arrow: cytoplasmic foot-pads with intense NF68 fluorescence. Fig. 18. Expression of 
NF68 at day E7 in chick embryo, 128x. Label covers outer half of ependyma and it is organized into parallel bands. 

outlined by hand drawn dots and by an immu- 
nofluorescent pinceaux of basket cells. The 
Purkinje cell body, which is so dearly labeled in 
Fig. 20, appears absent. 

This seemingly paradoxical result was first 
noticed by Bignami et al. (1985), who obtained 
exactly the same results presented here. They 
noted that the cytoplasm of the immature 
Purkinje cells, while immunochemically positive 
for neurofilament proteins, was devoid of actual 

filaments. From this they surmised that in the 
cytoplasm of these immature cells, the neurofila- 
ments must reside in a nonpolymerized form. 
This "granular" form of neurofilament proteins 
probably represents the early synthesis of the 
nonpolymerized subunits, which are being 
produced in abundance to meet the needs of the 
growing cell. The subcellular localization of NF68 
in the endoplasmic reticulum (Langley et al., 
1988) supports this hypothesis. 
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The apparent redistribution of NF68 from the 
immature Purkinje cell to the mature basket cell axon 
is caused by the conversion of NF68 from its early, 
nonpolymerized form to its mature, polymerized 
state. In the immature neuron, the neurofilaments 
are rapidly expressed and processed within the cell 
body; as the cell matures, the proteins are trans- 
ported to their natural destination away from the 
cellbody, where they are concentrated. This redis- 
tribution is probably regulated by phosphoryla- 
tion (Langley, 1988). Viewed in this light, it is not 
surprising to observe NF68 leaving the cytoplasm 
of one cell even as it collects in the axon of a differ- 
ent cell, if both cells are undergoing maturation. 
This is the case for the basket and Purkinje cells. 

As a further comparison of the distributions 
of NP185 and NF68 in the mature Purkinje layer, 
Fig. 12 may be contrasted with Fig. 22. The basket 
cell axons make synaptic connections to the Purkinje 
cell somata 0_andis and Reese, 1974), although not 
as extensively as in immaturity. The axonal pattem 
of distribution in Fig. 22 is entirely different than 
that seen in Fig. 12, which has no filamentous label. 
NP185 stain is limited to the membrane region 
of the Purkinje cell; NF68 stain loosely surrounds 
the cell. The punctate labeling around the Purkinje 
cell, seen with N~85  stain, is absent with NF68 
stain. These results further confirm the synaptic-- 
as opposed to axonal--distribution of NP185. 

Comparative Distribution 
of Nonneuronal Proteins 
To determine whether NP185 is truly neuron- 

specific, as opposed to nervous tissue-specific, the 
distribution of two intermediate filaments, glial 
fibrillary acidic protein (GFAP) and vimentin was 
mapped. In the cerebellum, both proteins are 
exclusively located in glia cells (Graeber et al., 
1988; Schiffer et al., 1986). The distribution of these 
proteins was compared with that of NP185. 

Gllal Fibrillary Acidic Protein 
GFAP is an intermediate filament found in astro- 

cytes (Pelc et al., 1986; Bovolenta et al., 1984). It is 
distributed in the granular, Purkinje, and mole- 

cular layers of the cerebellum (Ghandour et al., 
1980). As such, this protein is a good marker of 
cerebellar glial cells. Chick embryo cerebella were 
examined from E8, which is the day of onset of 
glial differentiation in the avian cerebellum 
(Fujita, 1969). Expression of GFAP was first 
detected at E16, long after initial glial differen- 
tiation. The late onset of GFAP expression rela- 
tive to glial development in the mouse was 
reported (Schnitzer et al. in 1981). The distribu- 
tion of immunofluorescent labeling shown in Fig. 
24 gives an example of the labeling pattern in the 
molecular layer. The Bergmarm gila fibers are 
strongly and exclusively labeled (arrows). This 
finding is identical to other published results 
(Wilkin and Levi, 1986; Sommer et al., 1981; 
Bignami and Dahl, 1973). Bergmann glia are rea- 
dily identified by their linear, parallel organi:,a- 
tion in the molecular layer, sometimes referred 
to as palisade architecture (de Blas, 1984). The fibers 
of the Bergmal~ glia radiate--hence their com- 
mon name, the radial fibers--out toward the pial 
surface of the cerebellar cortex (bf). During migra- 
tion, the granule cell is in direct contact with these 
fibers (Burgoyne and Cambray-Deakin, 1988). 
These glial processes serve as guiding pathways 
for medial migration of the nascent granule cell 
from the external granular layer to the internal 
granular layer (Grovas and O'Shea, 1984; Rakic, 
1971). In Fig. 11 there is a complete absence of 
neuronal staining. The distribution of the im- 
munofluorescent label in the molecular layer is 
entirely unlike that seen for MP185 (Fig 11). 

Vimentin 
This molecule forms an intermediate filament 

in cells of mesenchymal origin (Franke et al., 
1978), including microglia (Graeber et al., 1988). 
It is also found in astrocytes and ependymal cells 
(Schnitzer et al., 1981). Like GFAP, it is a useful 
marker of nonneuronal cells in the cerebellum. 
Chick embryo brains were examined from E2 (the 
cerebellar plate from E4) up through hatching. 
Vimentin expression is first detected in the cere- 
bellum at E7. The expression of this glial protein 
precedes that of GFAP by 9 embryonic days, a 
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considerable span in the 21-d developmental per- 
iod of the chick embryo. This marked difference 
in onset between vimentin and GFAP was noted 
(Schnitzer et al., 1981). In the cerebellar cortex, 
labeling occurred exclusively in the radial fibers 
of the Bergmann glia in the molecular layer. At 
earliest expression, E7, these fibers were short, 
sparse, unaligned, and deep within the mantle. 
By El0, these fibers had established their termi- 
nal pods at the pial surface. The fibers were still 
sparse, but more aligned. By E16, the day of onset 
of GFAP expression, the radial fibers were well 
aligned in an orderly array---the palisade arrange- 
ment (de Blas, 1984). An example is given in Fig. 
25. Although the expression of GFAP lagged 
behind that of vimentin by nine embryonic days, 
once they both are expressed, the distribution of 
these proteins is identical in Bergrnann fibers (bf, 
arrows). Others noted this in previous compara- 
tive studies (Bovolenta et al., 1984; Schnitzer et 
al., 1981). As was seen with GFAP distribution of 
the labeling was nonneuronal, and followed a 
distribution entirely different than that of NP185. 

To summarize, the labeling patterns of the 
nonneuronal proteins GFAP and vimentin are 
entirely different from those of NP185. This is true 
throughout all developmental stages after the 
proteins first appear. Vimentin is earliest in 
expression, commencing at E7; NP185 follows 
next at El0; GFAP is last at E16. NP185 does not 
codistribute with either glial protein, which are 
reliable markers for nonneuronal cerebellar cells 
(Schnitzer, 1981). This evidence strongly suggests 
that NP185 is neuron-specific. 

Localization of NP 185 
in the Neuromuscular Junction 

Based on the above findings, which strongly 
suggest that NP185 is synapse-specific, it seemed 
reasonable to look for NP185 in a peripheral 
synapse. If NP185 is synapse-specific, one could 
predict that it is also localized in the neuromus- 
oflar junction. From the earliest days of coated 
vesicle research, CCVs were observed in the neu- 
romuscular junction (Heuser and Reese, 1973). 
Clathrin-coated plaques (0.5-1 gra), pits (0.1-0.15 
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gm), and vesicles are all found in neuromuscu- 
lar junctions, even embryonic ones (Bloch and 
Pumplin, 1988). Coated pits and vesicles partici- 
pate in membrane insertion and removal of ace- 
tylcholine receptors. Bursztajn demonstrated that 
coated vesicles internalize acetylcholine receptors 
(Bursztajn and Fischbach, 1984), and are involved 
in AchR transport (Bursztajn et al., 1987). These 
observations make it appropriate to look for 
NP185 in the neuromuscular junction. 

Establishing NP 185 Localization 

The immunolabeling shown in Fig. 26 establishes 
the presence of NP185 in chicken skeletal muscle. 
The distribution of NP185 is confined to areas, 
some as large as 120 Ima diameter, with distinct 
concentrated points. This distribution pattern is 
consistent with the morphology of the neuromus- 
cular junction (Purves and Lichtman, 1985). The 
motor nerve terminal is often referred to as a 
single synapse, but in fact it is a collection of many 
synaptic boutons. The boutons are polymorphic 
sacs that extend into the complementary troughs 
of the postsynaptic endplate (Carry and Morita, 
1984). The general arrangement of a neuromus- 
cular junction is illustrated in Fig. 26, which is a 
high-resolution scanning electron micrograph of 
a striated muscle fiber. The saccular structure of 
the terminalbouton constitutes a pocket (curved 
large black arrows); the presynaptic material local- 
ized in these pockets has been mostly removed 
during the treatment of the fiber for scanning elec- 
tron microscopy (small black arrows) and are 
unevenly distributed over the general area asso- 
ciated with the neuromuscular junction (Scott et 
al., 1988). However, for immunohistochemical 
tagging of a presynaptic protein, this limitation 
is not found, since in the frozen muscle the presyn- 
aptic structure remains on the muscle fiber, while 
the axon shaft ia removed. Immunofluorescence 
is manifested as an archipelago of irregular bright 
dots when the neuromuscular junction is viewed 
from above. This is exactly what is seen in Figs. 
26 and 28 (arrows). In Fig. 28, the labeled area fol- 
lows the sagital axis of the underlying muscle fiber, 
which is shown by phase contrast microscopy in 
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Fig. 19. Purkinje cells labeled for NF68 at E18 chick embryo, p: Purkinje cells; Arrowhead: axon with NF68 labeling. Fig. 
20. Perikaryal labeling of NF68 at E19 chick embryo cerebellum, 320x. p: Purkinje cells with punctate labeling round 
nucleus. Dashed lines show contour of a Purkinje cell. Fig. 21. Immunolabeling for NF68 in adult chicken cerebellar cortex, 
80x. G: granular layer; M: molecular layer; p: Purkinje cells are unlabeled but are surrounded by immunolabeled basket 
cell axons. Fig. 22. Same as before showing NF 68 in basket cell axons at 128x p- contour of Purkinje cells also shown by 
arrowheads. Fig. 23. Same as before showing NF68 labeled basket cell axons around a Purkinje cell in adult chicken 
cerebellum, 320x. Fig. 24. Immunolabeling for GFAP in the molecular layer of E17 chick embryo cerebellum. The 
Bergmann fibers are exclusively labeled. Fig. 25. Vimentin in Bergmann glial fibers of E16 chick embryo cerebellum, bf: 
parallel lines are individual fibers of Bergmann glia. 
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Fig. 29 (white asterisks and curved arrows). The 
speckled labeling in Fig. 28 is very loosely orga- 
nized, following short lines of fluorescent dots 
giving an overall parallel pattern (curved arrows). 

The organization of the fluorescent points var- 
ied. Often the speckles were seemingly randomly 
distributed within the labeled area, as seen in Fig. 
30. The speckles were sometimes queued. This 
figure gives a more magnified view of NP185 
localization in a neuromuscular junction of skel- 
etal muscle. The punctate labeling is distributed 
over a small region. The points seen in Fig. 26 
occasionally seem to form small constellations of 
curves or loops. This looping is reminiscent of 
the endplate visualiTed by Gunther and Letinsky 
using zinc-iodide/osmium tetroxide staining 
(1982), and Fig. 27 shows evidence that this pat- 
tern really reflects an underlying structure. When 
the skeletal muscle was viewed in crosssection, 
labeling of NP185 occurred along the muscle 
fiber perimeter. An example is shown in Fig. 31. 
In this instance the label is continuous, not punc- 
tate. The absence of punctation is likely when the 
neuromuscular junction is viewed laterally, rather 
than from above as shown in tubular-like struc- 
ture at the bottom of Fig. 27. The labeling con- 
figuration seen here is identical to published 
results of neuromuscular junction labeling taken 
in cross-section (Fontaine et al, 1988; Bender et 
al., 1976). Occasionally the NP185 label was laid 
out in linear fashion, which seemed to follow the 
linear arrangement of the neuromuscular junc- 
tion more commonly seen in Amphibia (Silver, 
1963). The incidence of positive labeling was high 
and the dimensions of the labeled areas agree 
with that of others who visualized the avian neu- 
romuscular junction by histochemical methods 
(Scott et al., 1988; Silver, 1963; Cole, 1955). 

Double Labeling 
of NP185 and AchR 

The above results confirm the presence of NP185 
in skeletal muscle tissue, and suggest that NP185 
is sequestered in a particular region of the muscle 
fiber. However, these results cannot establish the 

localiTation of NP185 at the neuromuscular junc- 
tion. For this reason, double-labeling experiments 
were performed. To label the neuromuscular 
junction, fluorescein-conjugated c~-bungarotoxin 
(o, BT-F) was used. This snake venom derivative 
is known to bind selectively and irreversibly to 
acetylcholine receptors (AchR) in the postsynap- 
tic endplate of the neuromuscular  junction 
(Chang and Lee, 1963). It can bind to the recep- 
tors both intracellularly and on the cell surface 
(Bursztajn et al., 1987). Rhodamine-conjugated 
IgG (IgG-R) was used as the probe for mAb 8G8. 
Figures 32A and B give an example of the double 
labeling of AchR and NP185. The fluorescent 
label for AchR is continuous; in contrast, the 
label for NP185 is punctate. These patterns are 
especially apparent in the areas accented by arrows. 
They appear as loops that do not correspond to 
the AchR label. Except for these regions, the label- 
ing is generally coextensive, with the NP185 
label tending to be more discrete than continu- 
ous. In Figs. 33C and D, another example of AchR 
and NP185 codistribution is seen. Once again, the 
label for NP185 is speckled (arrow). There is also 
a speckled label for AchR, but not to the same 
degree as for NP185. In chick myotubes, AchRs 
are commonly aggregated in patches in the sar- 
colemma (Cohen and Pumplin, 1979). This pat- 
tern is readily visible under epifluorescent light 
microscopy. Clustering of AchR is induced by 
innervation (Bloch and Pumplin, 1988; Anderson 
et al., 1977). This distribution is caused by 
cytoskeletal anchoring of the receptors (Pumplin 
and Bloch, 1987). The AchR clusters seen in Figs. 
32 A and C are highly reactive with the bungaro- 
toxin reagent and yield high fluorescein labeling 
at this focal level, which is the same used for 
visualization of rhodamine fluorescent clusters 
of NP185 labeling in Figss. 32 B and D. 

However, as was always the case, NP185 has 
a much more punctate distribution, with many 
points that have overall correspondence, but not 
strict overlapping with the AchR clusters, is is 
important to note since the labeling of NP185 is 
coextensive with the labeling of AchR, covering 
the same tissue area. 
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Fig. 26. Immunolocalization of NP185 in chick skeletal muscle. Longitudinal section of p34 chicken, 320x, showing 
fluorescent points creating a limited region. Arrows: short queue of speckles. Fig. 27. Scanning electron micrograph 
showing the surface of a striated muscle fiber with presynaptic material remaining from the treatment procedures. Fig. 28. 
Linear labeling for NP185 in a neuromuscular junction of pectoral muscle at p34 of chicken, 320x. Fig. 29. Phase contrast 
microscopy of muscle fiber shown in Fig. 28, delineating with asterisks and arrows the neuromuscular junction labeled for 
NP185 of the prior figure. Fig. 30. NP185 immunolabeled muscle synaptic terminal of shorter length than that shown 
before. Asterisk: blood vessel. Fig. 31. NP185 immunolabeled muscle cross-section at 320x. Arrow: synaptic junction runs 
along the perimeter of fiber. 
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Fig. 32. Codistribution of AchR and NP185. A and C: alpha-bungarotoxin labeled neuromuscular junction showing 
intense green fluorescence for AchR. B and D: NP185 label of same field and depth of focus with speckling of rhodamine 
label at thick arrows (see text for further details). 

Discussion 

NP185 first becomes detectable in the avian 
cerebellum at El0, which corresponds to impor- 
tant neurogenic events. Although protosynapses 
are formed between E7 and E9, the first appear- 

ance of morphologically mature synapses in the 
cerebellar cortex occurs at EIO (Foelix and 
Oppenheim, 1974). These synapses are character- 
ized by increased membrane thickening and a 
marked increase in synaptic vesicles. Within the 
mantle, the nascent molecular and Purkinje 
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layers begin to develop at this stage (Foelix and 
Oppenheim, 1974). There is abundant synapto- 
genesis in this region as the Purkinje cells migrate 
to their final position and climbing fibers estab- 
lish synaptic contact with Purkinje cell bodies 
(Shimono et al., 1976). 

Purkinje cell development offers an example 
of the close association of NP185 expression with 
synaptic distribution. In maturity, only one 
climbing fiber contacts each Purkinje cell 
(Mariani and Changeux, 1981), but during early 
development of these neurons, each Purkinje cell 
body is in synaptic connection with many climb- 
ing fibers. These synapses subsequently undergo 
retrenchment. By maturity, one climbing fiber 
forms synapses with the dendrites of one Purkinje 
cell. The Purkinje cell body itself now only has 
minor axo-somatic synapses with basket cell 
axons. The distribution of NP185 in the Purkinje 
layer reflects these developmental changes: The 
early Purkinje cell soma, covered with terminal 
boutons of several climbing fibers, has an intense 
areolate label; the mature Purkinje cell soma 
has only a perimembranous label with a few 
punctate concentrations. 

Clathrin molecules appear early in neuroblasts 
and thereafter clathrin-coated vesicles play a piv- 
otal role in synaptogenesis (Altman, 1971). They 
are concentrated at incipient synaptic sites, espe- 
cially at future postsynaptic membranes. They 
may provide prospective synapses with the mate- 
rial necessary to form early adhesion plaques, 
through direct insertion of electron-dense mem- 
brane. It was found that coated vesicles congre- 
gated at newly formed synaptic junctions 
(Stelzner et al., 1973). This group postulated that 
clathrin-coated vesicles could contribute to syn- 
apse formation by releasing adhesion mediators 
into the extracellular space (exocytosis), or alter- 
natively, by incorporating recognition factors into 
the cell (endocytosis). Eckenhoff and Pysh (1979) 
found that coated vesicles internalize apposed 
membrane in neurons undergoing synapto- 
genesis. This internalization probably allows the 
transfer of morphogenetic material essential for 
early neurite growth and for later synaptic 

remodeling. Coated vesicles are also common in 
the developing neuromuscular junction (Bloch 
and Pumplin, 1988). 

Coated vesicles are implicated in more than 
early synaptogenesis. They are a general feature 
of the postsynaptic membrane of mature syn- 
apses (Waxman and Pappas, 1969). Based on 
their ubiquity, they are undoubtedly vital in 
maintaining mature synaptic function as well as 
forming new synaptic sites. Given the close con- 
nection of coated vesicles and synapses, and the 
association of NP185 with CCVs, it is not surpris- 
ing that NP185 has a synapse-specific distribu- 
tion. A key question on the role of NP185 in 
synaptogenesis is that while clathrin molecules 
are expressed early, before differentiation, why is 
NP185 expressed just when active synapses are 
established? This leads to the postulate that 
NP185 is needed for synapses to function or 
rather to maintain their function. 

The synaptic association of NP185 and CCVs 
is supported (Cheng et al., 1980). They raised a 
polyclonal antibody against clathrin HC, and 
studied its distribution in rodent cerebellum by 
immunohistochemistry. The distribution pattern 
is identical to that seen for NP185: dense, grainy 
labeling in the molecular layer; reticulate label- 
ing in the granular layer; distinct, perimem- 
branous labeling of Purkinje cells, with punctate 
concentrations. From this distribution, the authors 
inferred that clathrin HC is highly concentrated 
in synaptic terminals. The work by the authors 
of this review adds a temporal relationship between 
these two proteins. 

By themselves, the results in chick embryo and 
adult chicken strongly suggest that NP185 is 
localized in the synapse. The further work in this 
study corroborates this finding. Using antibod- 
ies to other proteins for comparative immuno- 
histochemistry is useful in tracking a protein at 
the light microscopic level. This technique has 
been successfully used by others (Baumert et al., 
1990; Goto et al., 1989; Reynolds and Wilkin, 1988; 
Eriksdotter-Nilsson et al., 1987; Pelc et al., 1986; 
Schiffer et al., 1986). NP185 distribution is identi- 
cal to that of synaptophysin, which in the central 
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nervous system is neuronal and synapse-specific. 
In contrast, NF68, which is neuronal and axon- 
specific (nonsynaptic), has an entirely different 
distribution. Both of the nonneuronal proteins, 
GFAP and vimentin, have distributions com- 
pletely unlike that of NP185. Therefore, NP185 is 
both neuron-specific and synapse-specific. 

The distribution of NP185 in the neuromus- 
cular junction is the final evidence of synapse- 
specificity. Coated vesicles are on the postsynaptic 
side of the neuromuscular junction, distributed 
in AchR dusters in domains nearby, but sepa- 
rate from the AchR domains (Pumplin, 1989). 
Coated vesicles are present from the very begin- 
ning of contact formation between the neurites 
of ciliary neurons and chick embryo myotubes 
(Bursztajn, 1984). This contact is regarded as a 
good in vitro model of a developing neuromus- 
cular junction. As the growth cone comes in con- 
tact with the myotube, it extends numerous 
filopodia along the myotube surface. This mul- 
tiple contact may be necessary for proper neuro- 
muscular development, perhaps by preparing the 
myotube for mature association with a functional 
motor neuron. Eventually a single neuronal pro- 
cess gains dominance,  and the developing 
myotube loses most of the other neurite contacts. 
This loss is analogous to synaptic retrenchment 
after initial abundant proliferation, the final step 
in synaptogenesis. Throughout the course of 
neurite-myotube association, coated vesicles are 
observed to be in close apposition to contact sites. 
As the dominant neuronal process matures, this 
association remains. Coated vesicles internalize 
acetylcholine receptors was demonstra ted 
(Bursztajn et al.,1987). Chloroquine, which blocks 
Iysosomal fusion, produces accumulation of ace- 
tylcholine receptors in postsynaptic coated 
vesicles (Bursztajn and Libby, 1981). 

The contact and adhesion model (Bloch and 
Pumplin, 1988), assigns to clathrin-coated plaques 
and vesicles a role in neuromuscular synapto- 
genesis. AchR clustering in the postsynaptic 
membrane of the neuromuscular junction occurs 
in response to innervation of young muscle fibers. 
Three membrane domains are constructed in the 

process of receptor clustering. First, nerve and 
muscle membranes contact each other. Adhesion 
molecules, perhaps such as neural cell adhesion 
molecules (N-CAM), then strengthen this contact. 
Microfilaments attach to the acytoplasmic side 
of the membrane at points of innervation, 
where nerve and muscle membranes adhere. It 
is likely that talin and vinculin, interacting with 
the membrane-associated receptors of the adhe- 
sion molecules, establish an anchor on the cyto- 
plasmic surface that allows further cytoskeletal 
organization. Clathrin-coated plaques form 
next to the contact domains. Clathrin-coated 
vesicles insert acetylcholine receptors in the 
postsynaptic membrane. The insertion of cetyl- 
choline receptors triggers the formation of a 
spectrin-actin network. This network grows to 
create domains rich in acetylcholine receptors. 
This model probably applies to synaptogenesis 
in the central nervous system. 

NP 185 Is Synapse-Specific 

In brain, NP185 is closely associated with 
clathrin-coated vesicles (Kohtz and Puszkin, 
1988). Since clathrin-coated plaques and vesicles 
are crucial in synaptogenesis, NP185 undoubt- 
edly plays an important part in synaptic func- 
tion. NP185 has phosphorylation-modulated 
binding affinity for clathrin LCs (Suet al., 1991), 
and also binds to tubulin in a casein kinase II- 
regulated manner (Kohtz and Puszkin, 1989). 
These characteristics are reminiscent of synapsin I, 
a neuronal protein associated with synaptic 
vesicles on their cytoplasmic surface (Ueda and 
Greengard, 1977). Its binding affinity to SVs is 
decreased five-fold when it is phosphorylated 
(Schiebler et al., 1986). Phosphorylation is cata- 
lyzed by Ca2§ protein 
kinase II (Huttner et al., 1981). Synapsin I binds 
with neurofilaments (Goldenring et al., 1986) and 
microtubules (Baines and Bennett, 1986). When 
in the unphosphorylated state, it promotes 
crosslinking of synaptic vesicles at the presynap- 
tic membrane (Steiner et al., 1987). Like other 
neuronal proteins, it is found in the neuromus- 
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cular junction (Valtorta et al., 1988). Lastly, it 
shares the same cerebellar distribution as NP185 
(de Camilli et al., 1983). Considering these prop- 
erties, it is tempting to speculate that NP185 may 
serve as a cytoskeletal docking protein for CCVs, 
in a manner  analogous to that of synapsin I for 
SVs (Valtorta et al., 1989). Alternatively, NP185 
may be part of or regulate an ion channel or 
receptor molecule for endocytosis. 
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