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Foreword

<

- The way we perceive bits of information, often to memorize and ]ater to think with,
has long proved a major challenge to the scientific mind. In attacking this problem we
assume that no paradox exists in using our brains to tell us what they are and how
they function. Instead we largely worry whether we have yet evolved into a life-form
intelligent enough to probe the myriad levels of complexity that underly even the
simplest forms of rational behavior. ‘

The fundamental units we must study are the nerve cells and the synapses that link
them together. In doing so, we must understand how electrical impulses are trans-
mitted along neurons as well as work on the factors that determine how, when and
where the synaptic, interconnections are made. By now many of the questions sur-
rounding the nerve impulse itself have been resolved. But the question of what
synapses are and how they are made remains a mystery which currently is intriguing
to an increasingly large number of the world’s better scientists.

The time thus seemed right to choose the synapse as the focus for our 40th
Symposium. Helping to arrange the program were Drs. Seymour Benzer, Eric Kandel,
Stephen Kuffler, John Nicholls, David Potter and Gunther Stent. Their combined list
of suggested speakers revealed such a great diversity of interests and emphasis that
decisions regarding the final program at times seemed somewhat capricious. The end
result, however, was a most exciting meeting attended by over two hundred and forty
people. Most pleasantly, many of our guests commented that it was the best gathering
of neurobiologists that has occurred in their memories.

Vital to this success were the well-coordinated efforts of Helen Parker and her staff,
who handled all the organizational aspects. Equally impressive, they inspired our
cook to produce meals unlike any seen in the recent history of our Symposia.

Support for this meeting, in particular in the form of travel funds for our speakers
from abroad, came from the National Science Foundation, the National Institutes of
Health, and the U.S. Energy and Research Development Administration. Their con-
* tinued support for so many years is most greatly appreciated.

This resulting Symposium volume was edited with dispatch by Ms. Nancy Ford,
ably assisted by Ms. Annette Zaninovic and Mr. Stephen Jarowski. To persuade some
sixty speakers to produce readable manuscripts within a finite time is never a simple
task, and we are most fortunate in possessing an editorial staff that compares well
with those of the most skilled commercial publishers.

J. D. Watson
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A Guide to the Synaptic Analysis of the Neuropil

SANFORD L. PALAY AND VIOTORIA CHAN-PALAY

Departments of Anatomy and Neurobiology, Harvard Medical School, Boston, M h

So far as our present knowledge goes we are
led to think that the tip of a twig of the [axonal]
arborescence is not continuous with but merely
in contact with the substance of the dendrite or
cell body on which it impinges. Such-a special
connection of one nerve cell with another might
be called a synapsis.
(p- 929)
. each synapsis offers an opportunity for a
‘change in the character of nervous impulses,
that the impulse as it passes over from the
terminal arborescence. of an axon into the den-
drite of another cell, starts in that dendrite an
impulse having characters different from its
own.
(p. 969)

—TFoster and Sherrington (1897)

The criteria for recognizing synapses in morphologi-
cal preparations arise directly out of the definitions
that Sherrington (Foster and Sherrington 1897) gave
when he introduced this term.' By extracting the es-
sence from the two passages introducing this article,
we can reconstruct the definition in the following way:
a synapse is a special connection of one nerve cell with
another, a site where the nerve impulse passes over
from the terminal of an axon into another cell and
starts in that cell an impulse having characters differ-
ent from its own. Or, as Eccles paraphrased it in 1964,
a synapse is an area “of close contact ... specialized
for effective transmission from one neurdne: to
another.” Thus from the beginning, the concept of the
synapse had both morphological and functional com-
ponents. On the morphological side, the concept re-
quires an intercellular gap, a specific location and a
special cellular apparatus for the transfer of the nerve
impulse from one cell to another. Sherrington was
aware of the contemporary histological observations
made with the Golgi method, especially those by
Ramoén y Cajal, who was his guest on the occasion of
the 1894 Croonian Lecture:-As early as 1888, Ramén
y Cajal had seen the terminations of axons in Golgi
preparations of the central nervous system, most con-
vincingly in the cerebellar cortex, where he recognized
the terminals of the basket fibers around the bases of
Purkinje cells and the rosettes by means of which the
mossy fibers articulate with the dendrites of granule
cells. But a distinctive terminal apparatus was not

'Fulton (1949) records in a footrote that the term synapse was
suggested to Sherrington's co-author, Michael Foster, by a Greek
scholar at Cambridge named Verrall. The original synapsis (from
ovvamrw — clasp) was apparently modified into synapse very early
(perhaps by way of the plural for synapsls synapses) since Sherrington
uses the modern form in his Silliman L of 1904 (published in
1906).
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recognized until 1897, the same year as Sherrington’s
first use of the word synapse, when Held, and later
Auerbach (1898), described specialized structures—
called end feet by Held—at the terminations of axons
impinging upon cell bodies and dendrites. These end
feet, or. boutons, were small, spherical or bulbous
swellings at the tips of fibers or even‘in their course,
and these were filled with mitochondria, which were
readily stained by acid fuchsin. The end feet provided
the locus of specialized apparatus on the presynaptic
side of the connection. The postsynaptic site was #arly
identified by Ramén y. Cajal (1894) and other mor-
phologists as the perikaryon or dendritic shaft without
necessarily any postsynaptic specialization. Although
the numerous and varied dendritic appendages were
suspected of having some specific postsynaptic role,
their significance, and indeed their reality, was de-
bated for many years. The Sherringtonian msxght that
the transferred impulse starts a new impulse with its
own characters in the postsynaptic partner failed 'to
stir morphologists of the time into finding a counter-
part in the form of the dendrite.

THE FINE STRUCTURE OF SYNAPSES

The criteria for recognizing a synapse at the light
microscopic level of inspection therefore included first,
a junction between an axon and a nerve cell body
or its processes and second, some sign of specialization
at the junction parallel to the local functional
differentiation—a change in shape of the axon (a
varicosity, swelling, rosette or terminal bud), an ac-
cumulation of mitochondria or a definite termination.
Identification at the electron microscopic level (Palay
1956a,b; Peters et al. 1976) requires at least the same
criteria, which are easy to satisfy, and adds several
further distinctions visible only at this level of inspec-
tion. These include first, the definition of the junction
itself; second, new structural specializations within the
presynaptic element; third, structural specializations
within the postsynaptic element; and fourth, the dis-
covery of totally unexpected dendro-dendritic and
axo-axonic synapses. The greatly increased number of
structural features disclosed by the electron micro-

scope permits the construction of a vastly increased
number of distinctive patterns. As a result, it is now
possible in some parts of the central nervous system
not only to identify synapses, but also to recognize the
specific synapses made by particular neuronal types
(see, for example, Palay and Chan-Palay 1974). This
new capability opens the possibility of mapping'the
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2 PALAY AND CHAN-PALAY

Figure 1. The synaptic interface of an axo-dendritic synapse
in the dentate nucleus of a monkey, Macaca mulatta: sv,
synaptic vesicles; sc, synaptic cleft; psd, postsynaptic density;
sd, secondary postsynaptic densities. A coated vesicle is
visible on the postsynaptic side near the bottom of the field.
Magnification, 252,000%.

organization of the central nervous system with a high
degree of detail. The delineation of the detziled struc-
ture and functional patterns of ‘synapses in defined
parts of the central nervous system is now a major
preoccupation of neurocytologists.

Figure 1 provides an example of the essential struc-
tural specializations revealed by electron microscopy
of synaptic junctions. The simplest components are an
axonal terminal containing clusters of small vesicles, a
dendrite with dense material adherent to the cytoplas-
mic side of its membrane, and a synaptic cleft dis-
tinctly separating the apposed surface membranes of
the two partners. The presynaptic mitochondria ex-
pected from light microscopic preparations are better
shown in lower power micrographs (Fig, 2).

The Synaptic Cleft

Each cell in the central nervous system, as
elsewhere in the organism, is enclosed in an inde-
pendent cell membrane and is separated from its neigh-
bors by a continuous interstitial space. Although the
dimensions of this space vary widely according to
location and the methods of preparing the tissue, it is
generally about 20-30 nm deep. It probably contains
glycoproteins, which may be either attached to or an
integral part of the adjacent plasmalemmas (Pease and
Peterson 1972). In most electron micrographs pre-
pared by the present'conventional methods, this inter-
stitial material is very imperfectly preserved (or.at
least poorly demonstrated) and only appears as occa-
sional patches of threadlike material crossing the
interstitial space.

The synaptic cleft is that part of the continuous
interstitial space which intervenes between the two
members of the synapse and across which the nerve
inpulse must somehow “pass over” (Palay 1956b). It,
too, varies widely in depth, but the deviations from the
average range of the general interstitial space bear a
consistent relation to the type of synapse involved (see
below). In Figure 1, the synaptic cleft is 2-3 times as
deep as the nonsynaptic interspace and contains a
dense lamina'of poorly defined texture, thought to be
largely glycoprotein (Pease and Peterson 1972; Cotman
and Taylor 1974).  This lamina approximates in ex-
tent the widened zone of the junction and the dense
material adherent to the cytoplasmic side of the post-
synaptic plasmalemma. The critical point to notice is
that the apposed plasmalemmas are intact, discrete
and independent. Before the application of electron
microscopy. to the study of the nervous system, the
synaptic cleft could not be visualized, and the nature
of the effective junction ' between nerve cells was
reasoned to be a disjunction. In some favorable speci-
mens with large 'synaptic junctions, the interface be-
tween the two members appeared in the light micro-
scope as a dense, but tenuous, membrane or plate, to
which Bodian (1942) gave the name synaptolemma.
Electron microscopy shows ‘this to be a cleft continu-
ous with the normal interstitial space and bounded by
apposed plasmalemmas (Palay 1956a,b).

The Pre- and Postsynaptic Densities

Although the plasmalemmas on either side of the
synaptic cleft ‘were originally described (Palay
1956a,b) as “thickened” and the use of this misleading
expression still persists, it is clear that the plasmalem-
mas themselves are not morphologically altered as
they pass through the region of the synapse (Fig. 1).
Instead, dense material attaches to their cytoplasmic
surfaces. This material is usually described as filamen-
tous in texture, although individual filaments are not
often discernible because of overlap in the thickness of
the sections. Instead, the material has a shaggy, free
margin in the cytoplasmic matrix. Cotman and his



