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ABSTRACT

Examination of variables of aldehyde fixation that may affect the shape of agranular
synaptic vesicles has revealed that even brief storage of aldehyde-perfused nervous tissue
pieces in cacodylate buffer, prior to hardening in osmium tetroxide, has an unusually severe
flattening effect on agranular vesicles of a particular type. These are the vesicles of peripheral
cholinergic axon endings, and of certain central synaptic bulbs. Types of synaptic bulbs
can now be further defined on the basis of shape of agranular synaptic vesicles under con-
trolled conditions of aldehyde fixation. Previously described “S” bulbs in the spinal cord
contain uniformly spheroid vesicles, which are wholly resistant to flattening. Previously
described “F” bulbs contain somewhat smaller agranular vesicles that are flattened after
aldehyde fixation, even when this is followed by prompt hardening in osmium tetroxide
solution. A third type, previously characterized as having irregularly round agranular
vesicles after the above treatment, contains only severely flatiened vesicles when the osmium
tetroxide hardening is preceded by even a brief wash with sodium cacodylate buffer con-
taining sucrose. Moreover, the “third” type is characteristic of all cholinergic peripheral
axon endings examined, as well as the large axosomatic (*1.”") synaptic bulbs of the spinal
cord.

INTRODUCTION

Two new major focal points of interest were
created by the electron microscope in relation to
the quest for understanding of synaptic function in
the nervous system. The first is the structure of the
synaptic interface and its role in chemical and
electrotonic transmission. The second is the nature
of synaptic vesicles, those organelles unknown be-
fore electron microscopy, but now clearly one of
the most characteristic, if not #he most charac-
teristic neuronal structure. The synaptic micro-
vesicles, which are mostly about 300-500 A in
size, and which seem to be universally present in
synaptic bulbs, are moreover variable in size, in
shape, and in electron opacity of contents. Cor-

relation of these variables with specific functional
characteristics of synaptic bulbs, or with different
functional states, has become a major challenge of
neurohistology.

Since the discovery of synaptic vesicles, the
possibility that they might be associated with
synaptic transmitters has been foremost. This con-
cept has been supported by histochemical evidence
for localization of norepinephrine in axon endings
containing small granular vesicles (500 A), in
postganglionic sympathetic nerves (1). Less direct
evidence has been adduced for a similar storage
role for agranular vesicles. Nevertheless, the
plausibility of a role of agranular vesicles in
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synaptic transmission is high, because of their
universal occurrence at axon terminals, their origin
at the time of embryologic onset of function (2),
and their association with synaptic transmitters
such as acetylcholine and noradrenalin in rela-
tively pure synaptosome fractions of central ner-
vous tissue (3). It must be emphasized that agran-
ular microvesicles are prevalent not only in
synaptic telodendria, but also in neuromuscular
and neuroglandular telodendria, as well as in
neurohypophysial axon terminals.

Since synaptic microvesicles are variable in size,
shape, and electron opacity of contents, one must
of course ask whether agranular vesicles of different
synaptic types are regularly associated with trans-
mitters of different types. The variation in synaptic
types in the central nervous system, however, is
matched by a paucity of data concerning localiza-
tion of specific transmitters. In the periphery,
however, a large number of cholinergic synapses
are known, as well as neuromuscular and neuro-
glandular endings of cholinergic nature. These
contain synaptic vesicles of predominantly agran-
ular character.

The first evidence of differentiation of agranular
synaptic vesicles came from observations of flat-
tened vesicles by several workers employing
formaldehyde fixation (4-8). The significance of
this phenomenon was unsuspected, but Lund and
Westrum, and Walberg soon reported that flat-
tening of agranular synaptic vesicles was a result
of fixation with formaldehyde or glutaraldehyde
(9, 10). Synaptic bulbs containing predominantly
spheroid or predominantly flattened vesicles were

then shown to be regularly distributed in such a
manner as to suggest that flattened vesicles might
be characteristic of at least some synaptic bulbs of
inhibitory function (2, 11, 12). In the next few
years numerous reports described the occurrence
of specific synaptic bulbs characterized by synaptic
vesicles either predominantly spheroid or pre-
dominantly flattened (13-18). Average size dif-
ferences of vesicles in specific synaptic bulbs were
also reported (14, 15, 19).

Of additional interest is the fact that in a single
functional area, the motoneuron neuropil of the
monkey, a third population of agranular vesicles
(L bulbs) was observed, characterized by irregu-
larly spheroid or heterogeneous vesicles, as well as
by distinctive morphological features of the
synaptic bulb itself (19). The use of vesicle shape
as a criterion of function of course must be applied
with caution, unless separate supporting evidence
is also available. This report is intended to offer
data that help to characterize the “third type” of
agranular vesicle population and that point to an
association of this type with cholinergic teloden-
dria.

Concurrent with numerous reports describing
“spheroid” and ““flattened’’ synaptic vesicle pop-
ulations in many vertebrate nerve centers, as well
as in invertebrate systems (20, 21), some un-
certainty was created by reports of variation of
proportion of synaptic bulbs with flattened vesicles,
due to differences of fixation (9, 22). In our own
attempts to improve the general quality of fixation
with aldehyde perfusion of monkeys, we too be-
came aware of variables in aldehyde fixation that

All figures at same magnification and from same animal (I 68), fixed by perfusion with 2%
glutaraldehyde and 0.5%, paraformaldehyde in sodium eacodylate buffer. Magnification

bar indicates 1 u.

Figugre 1

Axon ending (E) in ciliary muscle of the monkey (M). Aldehyde perfu-

sion, followed by osmium hardening without prior wash in buffer. X 51,000,

Ficure 2 Axon ending (E), from same ciliary muscle as in Fig. 1, but tissue washed
for 1 hr in buffer prior to osmium hardening. M, ciliary muscle. Note the flattening of

agranular vesicles.

Fiaure 8 Axon ending (E) in adrenal medulla of monkey I 68. Tissue not washed
before osmium hardening. 4, adrenal medullary cells.

Figure 4 Axon ending (E) from same adrenal medulla as inl Fig. 3, but tissue washed
1 hr in buffer prior to osmium hardening. A, adrenal medullary cells. Note the flatten-

ing of vesicles.
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could have a significant flattening effect on agran-
ular synaptic vesicles. These variables affected the
third type for the most part, and not the major “S”
and “F”’ types of synaptic bulbs in the motoneuron
neuropil. Cholinergic peripheral endings are also
highly susceptible. Flattening of the third type is
especially accentuated by even brief storage in
cacodylate buffer after aldehyde fixation, prior to
hardening in osmium tetroxide. Because of the
indications of selective sensitivity of different
populations of synaptic vesicles to flattening, an
attempt was made to exploit these differences in
order to better define the vesicle types.

MATERIALS AND METHODS

In an effort to gain insight into the possible sources
of the morphological variation of central synaptic
vesicles, we have examined a large number of synaptic
loci in the central and peripheral nervous system,
including sites where the cholinergic nature of the
synapse has been established. Since our original work
on central synaptic bulbs was done in the monkey,
the same species was used in all cases, and uniform
primary fixation was performed by means of aortic
perfusion of aldehyde solutions at room temperature
via the left ventricle (6), followed by hardening of
dissected fragments in 29, phosphate-buffered
osmium tetroxide for 1 hr. Various aldehyde mixtures
in phosphate or cacodylate buffer, and at pH 7.0-7.2,
were employed. Solutions were always hypertonic
(440-500 milliosmols). Material from 20 monkeys
contributed to this study. Five were considered as
“standard,” and these were perfused with 2149, glu-
taraldehyde in 0.067 msodium cacodylate buffer plus
50 mg of CaCl;/100 ml. Superior results were later
achieved by using 29, glutaraldehyde and 0.5%, para-
formaldehyde, instead of 214 %, glutaraldehyde, in the
manner of Karnovsky (23). Over a period of 2 yr, in
the course of other studies, other variations of pro-
cedure were also employed in attempts to improve
results with aldehyde fixation, and in an effort to
establish the degree of reliability of the structural
marker characteristic of agranular synaptic vesicles
(spheroid or flat shape).

Observations of Araldite-embedded, lead-stained
sections in the RCA-3F electron microscope were
made of the following tissues, in most animals: cervical
motoneuron neuropil, nucleus gracilis, precentral
cortex, ciliary ganglion, coeliac ganglion, last ab-
dominal ganglion, adrenal medulla, ciliary muscle,
iris constrictor, lateral rectus muscle, intercostal
motor end-plates. Peripheral nerve endings in the
last eight structures are of known cholinergic
character.
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RESULTS

Findings in this study relate to the following three
essential points: (@) the effects of fixation on the
shape of the vesicles of the major synaptic bulb
types in the spinal motoneuron neuropil (S and F
types); (b) the effects on agranular vesicles in L
bulbs of motoneurons, where our initial study indi-
cated a population of agranular vesicles of heter-
ogeneous shape; and finally, (¢) the effects on
known cholinergic endings. With variation of alde-
hydes (4%, formaldehyde, 214°%, glutaraldehyde,
and a mixture of 29, glutaraldehyde and 0.5%
paraformaldehyde), of buffer, or of osmolarity,
only minor fluctuations from the appearance after
“standard’’ fixation was noted. This was true, how-
ever, only if perfused tissue was fragmented and
hardened in osmium tetroxide without prior
washing. Storage for several hours in glutaralde-
hyde or formaldehyde fixative after removal from
the perfused animal, and subsequent osmium
tetroxide hardening, had little effect on the shape
of vesicles as compared with the standard. How-
ever, storage for as little as 14 hr in sucrose-contain-
ing cacodylate buffer, prior to osmium hardening,
as is commonly practiced (24), was found to have a
profound flattening effect on agranular synaptic
vesicles of all cholinergic nerve endings studied in
peripheral tissues (ciliary muscle, ciliary ganglion,
iris constrictor, adrenal medulla, coeliac ganglion,
last abdominal ganglion, lateral rectus muscle, in-
tercostal muscle). The effect was confirmed by
comparing paired samples of tissues in four ani-
mals. All procedures were identical except that one
set of fragments from each tissue was placed di-
rectly into osmium after removal from the animal,
whereas a paired set was first stored in cacodylate
buffer for periods of a 14 hr to overnight. Figs. 1-4
illustrate two such comparisons, in axon terminals
of ciliary muscle and of adrenal medulla. Spec-
imens shown in Figs. I and 3 were not washed
prior to hardening, and those shown in Figs. 2 and
4 were washed in buffer for 1 hr before hardening
in osmium.

The sensitivity of agranular synaptic vesicles to
washing in buffer after aldehyde perfusion, re-
sulting in severe flattening, would be of little
interest were it not for the fact that such sensitivity
was not found in the spheroid (8) agranular vesicles
of certain spinal synaptic bulbs. In Figs. 5 and 6,
for example, from the same animal shown in
Figs. 1-4, the S bulbs contain mostly spheroid
vesicles, relatively unaffected by the washing,
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Figure 5 Dendrite (D) from cervical motoneuron neuropil of monkey I 68, bearing three synaptic
bulb profiles with three distinctive agranular vesicle populations, S, ¥ (left), F (right). Tissue was washed
in buffer prior to osmium hardening. S vesicles mostly unaffected; F vesicles (left) flattened by aldehyde
fixation, but similar in washed and unwashed specimens; F vesicles (right) elongated and apparently
severely flattened by washing of tissue.

Ficure 6 Dendrite (D) in cervical motoneuron neuropil of monkey I 68. Tissue washed in buffer
before osmium hardening. Vesicles in S bulb relatively little affected. Vesicles in F bulb severely flattened.



whereas F bulbs show severe flattening of agran-
ular vesicles. A certain proportion of small synaptic
bulbs contain populations of agranular vesicles
that are relatively flattened after standard alde-
hyde fixation, and that are only moderately sub-
ject to further flattening after buffer washing.
These vesicles tend to be smaller than those of
other F vesicle populations and may represent a
distinct functional species. They are especially
characteristic of the axo-axonic synaptic bulbs
which are presynaptic to group Al afferent root
fiber endings (19). In cats, Khattab has reported
that the axo-axonic synaptic bulbs in the spinal
cord contain spherical vesicles (25). His illustra-
tion, however, indicates to us that the vesicle
population of these bulbs exhibits vesicles of dis-
tinctly smaller size than typical S vesicles, and
relatively flattened as well. The contrast is more
marked in the monkey (Fig. 7). In Fig. 7, more-
over, the F bulb, which is presynaptic to the group
Al afferent root fiber ending labeled R, shows ad-
ditional flattening of vesicles in a washed specimen,
whereas in the R bulb one can observe only a slight
degree of flattening due to the washing procedure.

In contrast with the vesicle populations of the
large axodendritic R bulbs, which show only
moderate flattening of some vesicles after washing,
and are therefore intermediate in sensitivity to
washing, as compared with S or F vesicle popula-
tions, the large axo-somatic L bulbs on motoneu-
rons are highly sensitive. After standard aldehyde
fixation, these unusual synaptic bulbs contain pop-
ulations of irregularly spheroid agranular vesicles,
as do the R bulbs. When the sucrose-buffer wash
is employed, however, the vesicles are severely
flattened. Figs. 8 and 9, for example, are from

paired samples of tissue, of which one (shown in
Fig. 8) has not been washed prior to osmium hard-
ening, and the other (shown in Fig. 9) has been
washed for 1 hr. In each case the synaptic bulb is of
the L type, also characterized by its relation to an
underlying subsynaptic cistern and Nissl body in a
primary motoneuron dendrite (D). It is therefore
possible to categorize certain synaptic bulbs of the
motoneuron neuropil on the basis of shape of pop-
ulations of agranular vesicles under defined prep-
arative conditions. These classes moreover may be
further identified by other specific morphological
and topographic characteristics.

Class 1

S-type synaptic bulbs of motoneuron neuropil
and of motor cortex are in this category. Almost all
agranular vesicles are relatively uniform in size,
and resistant to flattening, irrespective of variations
in fixing procedures, including a buffer wash prior
to osmium hardening. Variations in aldehyde
concentration, osmolarity, and type of buffer used
in aldehyde solution also have little effect. In the
motoneuron neuropil, evidence suggests that these
synaptic bulbs appear first in development and are
excitatory (2).

Class 2

F-type synaptic bulbs of motoneuron neuropil
are in this category. Agranular vesicles may be
somewhat smaller than those of the S-type and are
always flattened after aldehyde fixation in mam-
mals. Accentuation of flattening usually follows a
postfixation wash in buffer. This is the second
most common type found in the motoneuron
neuropil (19). Similar bulbs are found in many

Figure 7 Group Al afferent root fiber ending (R) on dendrite (D) in cervical motoneuren
neuropil. Tissue washed in buffer prior to osmium hardening. Vesicles in R bulb are partly
flattened as compared with unwashed specimens. Axo-axonic bulb has vesicles of the F
type. Arrows indicate serial synaptic junctional sites.

Figure 8 Portion of large (6 &) synaptic bulb (L) in contact with primary dendrite of
motoneuron (D). The subsynaptic cistern (arrow) and Nissl body are characteristic.
Tissue unwashed prior to osmium hardening. Vesicles irregularly round, with some flattened

profiles.

Figure 9 Portion of large (6 u) synaptic bulb (L) in contact with primary dendrite of
motoneuron (D). Same region as shown in Fig. 8, but tissue was washed in buffer for 1 hr
prior to osmium hardening. Note severe flattening of most synaptic vesicles, as com-
pared with relative resistance to flattening of R bulb in Fig. 7. Arrow indicates postsynaptic

cistern.
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centers in the vertebrate central nervous system,
and are thought to be of inhibitory character (20,
21). In snake and frog spinal cord, the flattening of
vesicles of the F-type bulbs has been observed after
immersion fixation with osmium (26). It is ap-
parent therefore that gradations in sensitivity to
flattening of agranular vesicles exist on the basis of
animal types, as well as on the basis of fixation
procedure. In the instance of F-type synaptic bulbs
of the monkey spinal cord (19), it is likely that
more than one functional category will be identi-
fied ultimately. The axo-axonic bulbs presynaptic
to R bulbs are, for example, not so severely flat-
tened by buffer washing as are other bulbs of class
2. The contrastisalso suggestedin the two synaptic
bulbs shown in Fig. 5.

Class 3

Cholinergic peripheral endings and spinal cord
L bulbs are in this category. Agranular synaptic
vesicles are not smoothly spheroid after “‘standard”
glutaraldehyde fixation but are irregularly round,
with a scatter of flattened vesicles. Most of the
vesicles in the synaptic bulb approximate the size of
S vesicles with, however, greater size variation.
Crystalline-like arrays of packed vesicles, such as
appear with S vesicles, do not seem to occur. With
the use of a wash in sucrose-buffer, even as short as
15 hr, the class 3 agranular vesicles are largely
flattened. All synaptic bulbs of peripheral auto-
nomic ganglia, of motor end plates, and of adrenal
medulla appear to be of this type. In addition, the
irregularly round vesicles of the large L bulbs of
the motoneuron neuropil respond in similar fashion
to the sucrose-buffer wash.

Class 4

R-type synaptic bulbs of the spinal cord, of
group Al afferent root fibers, are of this category
(19). After standard aldehyde fixation, the agran-
ular vesicles tend to be larger and more irregular
in shape than S vesicles. The agranular vesicles are
intermediate in sensitivity to flattening, as com-
pared with other classes.

Class 5

G-type of synaptic bulbs of the spinal cord are of
this category (19). The agranular vesicle popula-
tion is associated with an unusually high propor-
tion of granular vesicles of about 600-800 A. The
agranular vesicles themselves are not clearly dif-
ferentiatable at the present time.
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DISCUSSION

It has been known for many years that formal-
dehyde fixation is a complicated process, in which
the assets of the reagent, as a cytoplasmic fixative
second only to osmium tetroxide (27), are balanced
by its inability “to protect the cell from changes
caused by subsequent histological treatments”
(28). The latter deficiency, as is well known, may
be remedied by postfixation, or hardening, in
osmium tetroxide. Prior to hardening, living cells
have been observed to undergo alternative shrink-
age and swelling, in 5% formaldehyde, for ex-
ample, indicating that simple osmosis could not be
the sole factor in water movement across ‘‘fixed”
cell membranes (28).

The introduction of glutaraldehyde, as a fixative
with improved qualities of preservation of cellular
structure and enzymatic activity (24), has not
eliminated the problem of instability of aldehyde-
fixed tissues prior to hardening (29). Nevertheless,
fixation comparable to that obtainable with pri-
mary osmium fixation may be obtained with
regularity if a standardized procedure of glutaral-
dehyde perfusion is followed. Moreover, such
fixation, under appropriate conditions, may be
used to define classes of agranular synaptic vesicles,
which are quite obscure in primary osmium-fixed
mammalian tissues, because of variations in mem-
brane stability of the vesicles in aldehyde solutions.

The observation of flattened agranular synaptic
vesicles in a variety of centers in the nervous system
was first associated with the use of aldehyde fix-
atives under conditions that did not permit assess-
ment of the significance of this findings. Subse-
quent work, by demonstrating the consistent
distribution or morphology of synaptic bulbs
containing either predominantly flattened or
spheroid agranular vesicles, left no doubt that the
aldehyde sensitivity of agranular vesicles was a
selective and useful identifying feature of one type
of synaptic ending. Our own unpublished studies
indicate a moderately good correlation of synaptic
bulbs containing spheroid agranular vesicles with
bulbs of Gray’s Type 1 (30) in both motor cortex
and spinal motoneuron neuropil of the monkey,
and of flattened vesicles with bulbs of Gray’s Type
2.

The reports of these two types of agranular
vesicle populations in synaptic bulbs in many other
centers in constant proportions, by a number of
investigators, has contrasted with doubts expressed
concerning the reliability of the criterion of vesicle
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shape in the identification of specific types of
synaptic bulbs (22). The Norwegian workers cor-
rectly emphasized the need for careful definition of
the character of the aldehyde used for fixation.
However, our characterization of a type of synaptic
bulb, with agranular vesicles of exceptional sensi-
tivity to flattening, under appropriate conditions,
indicates another possible reason for difficulty in
characterizing synaptic vesicles by means of shape.

Of greater significance, however, is the finding
that this type of synaptic bulb is characteristic of all
of a variety of peripheral cholinergic endings sub-
jected to test, as well as certain central synaptic
bulbs with vesicles that we have previously referred
to as “irregularly spheroid”. An instance of un-
usual interest is the L bulb of the monkey spinal
cord, which, usually in adjacent pairs, form a
characteristically large (5~7 u) synaptic complex
overlaying subsynaptic Nissl bodies of the soma or
proximal dendrites of motoneurons (19). Erulkar
et al. have offered evidence that the cholinergic
endings of recurrent collaterals of motoneurons
may be of the size of the L bulb complex, and may
represent the functional unit previously considered
to be the “Renshaw cell” (31). This point is, how-
ever, at variance with the generally accepted view.
It may be merely coincidental that our evidence is
consistent with the concept of Erulkar et al., in the
sense that agranular vesicles of L synaptic bulbs
respond to buffer-induced flattening in the same
way as peripheral cholinergic axon endings.

Another finding that acquires added interest as a
result of our work is that of McDonald and
Rasmussen (32) who report that the two types of
synaptic bulb in the ventral cochlear nucleus de-
fined by Lenn and Reese (14), can be divided into
three classes on the basis of agranular synaptic
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