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INTRODUCTION 

Synaptogenesis is a major event in the ontogenetic development of  nerve cells. 
The formation of  specialized adhesion sites and contact points in the form of apposed 
dense membranes determines which nerve cells, and at what particular sites, will be 
able to communicate with each other. The production of  synaptic vesicles, which are 
presumed to contain the neurochemical transmitters, makes actual communication 
among the nerve cells possible. On the basis of logical considerations it is assumed 17 
that the formation of  adhesion sites is the first step in synaptogenesis, which presum- 
ably is based on some chemical recognition process, or affinity, between cells or cell 
processes that move past each other in the course of development. Some empirical 
evidence is available in support of  this view7,9, lz, but others have claimed that the 
dense membranes and synaptic vesicles are formed at the same time to produce a 
functional synapse4,1L In this paper observations are described which offer clues 
about the possible origin of dense membranes, together with some data relating to the 
sequence of  events in synaptogenesis in the developing cerebellar cortex of the rat. 

METHODS 

Laboratory-bred, Long-Evans hooded rats were used. Several pups of the follow- 
ing age groups, 0, 3, 5, 7, 10, 12, 15 and 21 days, and adolescent rats 30 days of  age, 
were anesthetized with Nembutal. Most of  the animals were perfused with 6~o 
buffered glutaraldehyde; in some of  the younger pups the cerebellum was exposed 
while the animals were alive and the dorsal cerebellum was excised quickly and im- 
mersed in 6 ~ glutaraldehyde. After further fixation in the same solution, the cerebella 
were embedded in agar and cut sagittally or coronally into 235/~m thick blocks on a 
Sorval chopping microtome. These blocks were processed simultaneously in a tissue 
carrier, were then post-fixed in 1 ~o osmium for 1 h, and embedded in Epon-Araldite.  
Thick and thin sections were cut on a Porter-Blum MT-2 ultramicrotome. The thick 
sections were stained with azure B for areal identification with light microscopy. The 

Brain Research, 30 (1971) 311-322 



312 J. aLtmAy 

Fig. 1. Closed coated vesicles (arrows) in the soma of a Purkinje cell. AR. agranular reticulum; GA. 
Golgi apparatus: MVB, multivesicular body; PF, parallel fibers. 3-day-old rat. 

thin sections were s ta ined with lead ci t ra te  and  uranyl  acetate,  and viewed and pho to-  

g raphed  with a Philips-300 elect ron microscope.  

RESULTS 

Coated vesicles in developing neurons 

R o u n d  vesicles, 40-140 nm in d iamete r  and  furnished with an outer  coat ,  were 

seen in var ious  par ts  o f  the cerebel lar  cor tex  in all the animals ,  but  par t icu lar ly  in 

large numbers  in the animals  aged 0-12 days.  The outer  coats  o f  these vesicles had 
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often a fuzzy or spiky appearance; in other instances they could be clearly seen to 
consist of circular discs. In immature nerve cells these coated vesicles were seen in 
highest concentration in a perinuclear position in the vicinity of the Golgi apparatus 
(Fig. 1). Occasionally there was a continuity between the coated vesicles and the 
cisterns of the Golgi apparatus or the cisterns of the agranular reticulum (Fig. 1) 
giving the impression of their production at these sites by 'pinching-off' or budding. 
In animals aged 3-7 days the spherical coated vesicles were very common in the apical 
cytoplasm ('apical cone') of the Purkinje cells; in 7-12-day-old animals they were often 
seen in the perinuclear cytoplasm of the maturing basket and granule cells. 

These coated vesicles were also seen singly or occasionally in pairs in other 
regions of the cytoplasm, particularly in the vicinity of the cell membrane. In the 

Fig. 2. Coated vesicles opposite parallel fibers (PF) in the primary dendrite of a Purkinje cell (PPD). 
10-day-old rat. 
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Fig. 3. Coated vesicles in the spiny branchlets (PSB) of a Purkinje cell smooth dendrite (PSD). AS. 
at tachment sites; PF, parallel fibers, lO-day-old rat. 
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Fig. 4. A, Coated vesicles in the soma of a Purkinje cell, two of these have lip-like protrusions of 
parallel fibers (PF) drawn into their cavities. B, Similar relationship with a parallel fiber which has 
synaptic vesicles (SV). PF, parallel fibers; PSP, transient perisomatic process of the Purkinje cell. 
10-day-old rat. 

3-7-day-old  animals  this was f requent  in the apical cone of  the Purkinje cells; in the 
10-15-day-old animals  in the smoo th  branches  (Fig. 2) and spiny branchlets  (Fig. 3) o f  
the Purkinje cell dendrites. But they were also seen in m a n y  other  regions, including 
occasionally in parallel  fibers (Fig. 2; Fig. 3, b o t t o m  left; Fig. 4A). Coated  vesicles 
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that were in contact with the cell membrane often had an opening into the extracellular 
space or were in various phases of  apparent folding or unfolding, resembling flask- 
shaped pinocytosomes (Fig. 3). Significantly, these open coated vesicles were usually 
situated opposite cell processes with which synaptic relation is common in older 

animals, such as in the dendrites of  Purkinje cells opposite parallel fibers (Fig. 3). The 
impression was gained that the parallel fibers were often drawn toward the coated 
vesicles (Fig. 3, left) and in some instances a lip-like protrusion of the parallel fiber was 
situated inside the cavity of  the coated vesicle (Fig. 4). 

The open coated vesicles seen in maturing nerve cells were situated opposite cell 
processes with a simple membrane,  opposite cell processes with dense membranes 

(Fig. 2, top left; Fig. 5A) or were continuous with dense membranes (Fig. 3, bottom 
right; Fig. 5A). Occasionally material of  low opacity was seen in the intercellular cleft 
or in the cavity of  the coated vesicle (Fig. 2, middle left; Fig. 3, top right). Rarely, 
paired open coated vesicles were apposed on both sides of  the intercellular cleft (Fig. 
4A, top right). 

In the same position where open coated vesicles were often seen in contiguity 
with other cell processes, single or double apposed flat dense membranes were also 
seen (Fig. 3; Fig. 5A, B). When apposed dense membranes were between nerve 
processes which enter into synaptic relation but have no desmosomes, such as between 
the spines of  Purkinje cells and parallel fibers, they were identified as early attachment 
sites. 

Coated vesicles in mature neurons and other cells 

Few closed or open vesicles were seen in most regions of  the cerebellar cortex in 
the 21- or 30-day-old rats. An exception to this was the frequent occurrence of a 
specialized coated vesicle in the club terminals of  mossy fiber axons in the cerebellar 

glomeruli (Fig. 6). These coated vesicles had small concentric discs, or granules, with 
an empty or dense core. In the open form on the surface of the glomerulus, the dense 
or empty core was continuous with the extracellular space. These granular coated 
vesicles were often close to or contiguous with synaptic membranes.  Golgi apparatus 
was not seen in these mossy axon terminals. Instead, these granular coated vesicles 
were often seen in an apparent  process of  division. These seemingly dividing coated 
vesicles were most frequent in parts of  the mossy terminal where the concentration of 
synaptic vesicles was lower than usual, presumably in the preterminal region of the 
a x o f l .  

Coated vesicles were also seen occasionally in the Purkinje cells in 30-day-old 
rats, in the vicinity of  the Golgi apparatus. In addition to these presumed production 
sites, closed or open coated vesicles were also seen at sites where synapses are not 
normally formed, such as in the axon of Purkinje cells. Moreover, coated vesicles in 
both open and closed forms were frequent, particularly in the cerebellum of younger 
animals, in neuroblasts at sites where synapses are not formed (as in the external 
granule cells in the external granular layer) and also in non-neural elements, such as 
glia cells. 
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A 

Fig. 5. A, Purkinje cell dendrite with coated vesicles that are continuous with dense membranes. Some 
of these are associated with contiguous dense membranes of apposed parallel fibers. B, Purkinje cell 
spiny branchlet with coated vesicles and at tachment sites (AS). 10-day-old rat. 
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Fig. 6. Granular coated vesicles in mossy fiber terminals in glomeruli. Arrows point to open or closed 
granular coated vesicles in contact with the surface membrane. G, granule cell dendrites; M, multi- 
plying (?) granular vesicles. 30-day-old rat. 

DISCUSSION 

Coa ted  vesicles were observed by many  invest igators  in var ious  tissues and cell 

types,  and they were descr ibed under  different names,  such as brist le vesicles, acantous  

vesicles or  acan thosomes  5. They were also seen in the nervous  system and referred to 

as complex  vesicles s, a lveolate  vesicles a4, mic rop inosomes  2, or  'vesicles in baskets  u°. 

W h a t  we have called here ' open  coated  vesicles'  have general ly been descr ibed as t ran-  

sient surface special izat ions serving the funct ion o f  micropinocytosis '- ' ,  16. 

Two types o f  micropinocyt ic  vesicles were described5, 6. In one the f lask-shaped 

invaginat ion  has a smooth  surface, in the o ther  it has a f i lamentous outer  coat .  Both 
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are believed to serve the function of accumulating substances from the extracellular 
space and transporting them into the cell interior. The smooth surfaced vesicles are 
presumed to be non-selective, whereas the coated vesicles are thought to absorb and 
carry selectively certain substances, such as proteins. Thus, it was assumed that the 
accumulation of protein in oocytes of insects was due to such micropinocytosisl, 15, 
and the same mechanism was implicated for the uptake of ferritin by erythropoietic 
cells of the bone marrowa,L 

In accordance with this general interpretation, Andres 2 suggested that the 
'micropinosomes' that he observed in the nervous system of adult rats (in the glomer- 
ulus of the olfactory bulb and in the cerebellar mossy fiber terminals) were involved in 
the resorption of transmitter substances liberated by the synaptic vesicles and in their 
transportation to the Golgi apparatus for resynthesis. He also offered the speculation 
that the synaptic vesicles, in turn, are produced in the Golgi apparatus. Andres' 
hypothesis is not easy to reconcile with our results which show, first, that these coated 
vesicles are much more common in immature animals at sites of but prior to the com- 
mencement of synaptogenesis and, second, that they are frequently present in pros- 
pective postsynaptic (rather than presynaptic) sites, as in the soma and dendrites of 
the Purkinje cells. 

The hypothesis that we wish to present here attributes to the coated vesicles 
found in maturing neurons a major role in synaptogenesis by making the assumption 
that they provide future synapses with transient adhesion membranes or lasting 
synaptic dense membranes. Our observations indicated that the concentration of 
coated vesicles in the vicinity of the Golgi apparatus was the highest in those regions of 
maturing nerve cells where there was rapid growth in preparation fcr neuronal differen- 
tiation and synaptogenesis. Thus coated vesicles were seen in great numbers in the 
3-7-day-old rats in the apical cones of Purkinje cells (which differentiates a few days 
later into the dendritic system), and in the 10-15-day-old animals in the Purkinje cell 
dendrites and in the soma of the differentiating stellate and granule cells. Accordingly, 
we postulate that the cisterns of the Golgi apparatus and the associated cisterns of the 
agranular reticulum are the sites where the coated vesicles are produced through an 
apparent process of 'pinching-off' or budding. The coated vesicles found near or on the 
surface of the soma or dendrites are either formed regionally or have migrated from the 
site of production outward. At this stage the coated vesicles were indistinguishable 
from micropinosomes, but we assume that this is not their primary function but, 
rather, that they provide dense membranes for the assembly of prospective or existing 
attachment sites or for the synaptic dense membranes directly. These two alternatives 
are entertained for the following reason. In the youngest animals (3-7 days), parallel 
fibers were seen facing coated vesicles located in the soma of Purkinje cells; in older 
animals (7-10 days) these coated vesicles were seen, and often in large numbers, in 
relation to the smooth dendrites and branchlets of the Purkinje cells. However, in the 
mature cerebellum, parallel fiber synapses are commonly maintained with the spines of 
the dendritic branchlets. Accordingly, the adhesion membranes seen represent 
either temporary contacts 12 or else the complex formed is a permanent one which is 
jointly displaced during ontogenylL If the adhesion membranes are temporary forma- 
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tions, their identification as the early synapse is not useful. 
The first major assumption made is the outward migration of coated vesicles 

from the Golgi apparatus to the surface. To prove or disprove this it will be necessary 

to use a radioactive labeling procedure. Moreover, in the case of  the granular coated 
vesicles of  the mossy fiber terminals, regional multiplication was indicated, as previ- 
ously suggested by Gray s . The experimental identification of flattened coated vesicles 
with the synaptic dense membranes may be even more difficult. Although this 
hypothesis does not attribute a primary pinocytic function to the open coated vesicles, 
the observation that parts of  the parallel fiber may be occasionally 'drawn into' the 
coated vesicle does indicate such a function also. This observation suggests the 

possibility of  exchange of  some material between interacting pre- and postsynaptic 

elements. 
It has been debated by earlier investigators whether or not dense membranes, at 

at tachment sites, are formed before 7,9,n,12 or together4,13 with the synaptic vesicles. 

Our data showed that apposed open coated vesicles or flattened dense membranes 
with intracleft material are often present before synaptic vesicles appear. Indeed, we 
also observed that a single dense membrane may be present (usually on the postsynap- 
tic side, as in the soma or dendrites of  the Purkinje cells) before the apposed dense 
membrane is formed. Although these observations suggest that adhesion sites are 
often present before vesicle-filled functional synapses appear, we also observed 
frequently the presence of  open coated vesicles in the vicinity of  or in continuity with 
dense membranes of  apparently mature, vesicle-containing synapses. Presumably this 
permits the enlargement of  existing ones. Such an expansion or modification of exist- 
ing synapses can be reconciled with the presence of  granular coated vesicles (with emp- 
ty or dense concentric cores) in the mossy fiber terminals in the mature cerebellar 

cortex of 30-day-old rats. Incidentally, the presence of these granules (which have been 
associated with secretory granules) suggests the possibility that in addition to providing 
specialized dense membranes, the coated vesicles also liberate chemicals into the 
extracellular space. (The absorption of  the granules by pinocytosis from the cleft 
junction appears very unlikely, offering added support  for the hypothesis of  outward 
movement  to the surface.) 

Can the opposing theories that were presented be reconciled? On the one hand, 
there is the generally held view that in many cell types coated vesicles are involved in 
micropinocytosis, a view that is supported by good evidence. On the other hand, we 
have the present observations that suggest that in nerve cells of  the developing or 
mature cerebellum (although obviously not in the glia cells) the coated vesicles provide 
the dense membranes with early at tachment sites or synapses. A resolution of this is 
possible if it is assumed that the dense membranes in both instances represent a 
special macromolecular assembly whose function is the recognition of and reaction 
with selected substances. According to this view, the addition of these coated dense 
membranes to the smooth surfaced micropinocytic vesicles makes possible the selec- 
tive (instead of indiscriminate) uptake and transportation of certain substances, as 
postulated by Fawcett 5,6. Similarly, the deposition of the same type of dense mem- 
brane at at tachment sites of  future synapses creates the receptor sites which determine 
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the responsiveness of  synapses to neurochemical transmitters and other chemicals 
(such as hormonal agents). 

SUMMARY 

The distribution of  coated vesicles was examined by electron microscopy in the 
cerebellar cortex of  rats aged 0, 3, 5, 7, 10, 12, 15, 21 and 30 days. Vesicles with exter- 
nal coverings were identified in closed (spherical), open (flask-like) and flattened forms. 
Closed coated vesicles were seen in large numbers in the vicinity of  the Golgi appara- 
tus, and sometimes in direct continuity with its cisterns, in rapidly growing regions of  
immature neurons, such as the apical cones of  Purkinje cells in 3-7-day-old animals, 
and in the dendrites of  Purkinje cells in the 7-10-day-old animals. Closed, open and 
flat coated vesicles were seen on the surface of  cells, and in neurons these were fre- 
quently opposite cell processes with which synapses are formed, such as in the den- 
drites of  Purkinje cells opposite parallel fibers. Occasionally, these open coated vesicles 
were situated opposite cell processes which had dense membranes, and sometimes 
they were continuous with the dense membranes of  early attachment sites or presump- 
tive synapses. In the mossy axon terminals in the glomeruli, open granular coated 
vesicles were common in the 21- and 30-day-old rats. 

It was postulated that the coated vesicles may be involved in the formation of  
early attachment sites or of  the dense membranes of  synapses, and the following 
sequence of  events was suggested. Througla a budding process spherical, coated dense 
membranes are formed from the membranes of  the cisterns of  the Golgi apparatus. 
These spherical vesicles migrate to the surface of  cells and after attachment to the 
membrane open up and unfold over its surface. When this unfolding becomes com- 
plete the fiat dense membranes contribute material to attachment sites or synaptic 
membranes. Coated vesicles may also contribute to the expansion of  the dense 
membrane surfaces of  already formed synapses. The relation between these coated 
vesicles and micropinosomes was discussed and examples were illustrated where 
parts of  the parallel fiber actually protruded into the cavity of the Purkinje cell coated 
vesicles. 
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