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Abstract

Towards the middle of the twentieth century, neuroanatomy was on the decline. It was revived by
the development of two new methods. One was the Nauta-Gygax method, which selectively
stained nerve fibers that had been caused to degenerate by experimental lesions. This allowed
connections between various parts of the nervous system to be better determined. The second was
electron microscopy, which allowed the structure of neurons and the synapses between them to be
examined in detail, and eventually this led to a revival of the Golgi impregnation methods. This
occurred in the 1970s because of the desire of electron microscopists to determine the origins of
the neuronal profiles they encountered in electron micrographs of various parts of the central
nervous system. Eventually this led to the development of Golgi/EM techniques, whereby
individual impregnated neurons could first be characterized by light microscopy and then thin
sectioned for detailed analyses. Examining the axon terminals of such impregnated neurons,
especially those in the cerebral cortex, for the first time revealed details of intercellular
connections and allowed neuronal circuits to be postulated. However, Golgi/EM had only a brief,
but fruitful existence. It was soon superceded by intracellular filling techniques, which allowed the
added dimension that the physiological properties of identified neurons could also be determined.

Keywords
Electron microscopy; Golgi impregnations; synaptic connections

Towards the middle of the twentieth century, anatomy, and especially neuroanatomy, was in
the doldrums. In neuroanatomy a few basic stains were available for examining the central
nervous system and most parts of it had been studied extensively using these stains. Some of
the stains showed neurons in their entirety, while others only showed certain parts of
neurons. To examine individual nerve cells in their entirety a number of variations on the
Golgi impregnation methods were available, but the uncertainty about the quality and extent
of the staining produced after tissue had been impregnated led to the Golgi methods being
surrounded by mystique. In addition many thought that there was not much point in using
the Golgi stain since all of the cell types had already been examined by Cajal and described
in his 1911 volumes. Consequently only a handful of investigators used the Golgi stain. It
was also possible to show entire cells using methylene blue staining on live tissue, but this
never became a popular stain.
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Most investigators preferred to use sectioned material for their studies and a common
technique to apply to them was silver staining. Again there were several silver staining
methods, and each of them revealed all the nerve cells and processes contained within a
section, so that the shapes of the nerve cell bodies could be readily visualized, as could the
number and sizes of processes emerging from them. But unfortunately the silver stained
processes emerging from the neurons soon entered the neuropil, interlaced with other
processes and went out of the plane of section, so that they could rarely be followed for any
distance. For revealing the sizes, shapes and packing densities of nerve cells, Nissl stains
were popular, and myelin stains, such as the Heidenhain methods and the more routine luxol
fast blue method, were available to follow the trajectories of nerve fibers that were
organized into tracts. However, it was rarely possible to determine where the nerve fibers
really ended, since myelinated nerve fibers axons usually lose their sheaths some distance
before they terminate. Even the use of lesions to bring about chromatolysis could only be
used when large neurons were affected, and the consequence was that while the available
staining methods provided information about the kinds of neurons and their cytology in
various parts of the nervous system, the limitations of the stains frustrated attempts to gain
information about the neuronal circuits. A new era began after the end of the Second World
War, when two quite new, and different, methods allowed more detailed information about
connections and cytology of neurons to be obtained. These methods were the Nauta-Gygax
stain and electron microscopy.

The Nauta-Gygax Stain

The Nauta-Gygax method selectively stains nerve fibers that have degenerated following
experimental lesions (Nauta and Gygax, 1954), leaving most of the unaffected nerve fibers
unstained. Using this method, degenerating nerve fibers can be traced quite close to their
sites of termination, and it was believed that even some degenerating axons terminals were
stained (see Guillery, 1970). Some time later Fink and Heimer (1967) introduced a
modification of the Nauta-Gygax stain that did allow degenerating nerve boutons to be
selectively stained, so that the actual sites of termination of nerve fibers could be determined
(Heimer and Peters, 1968). Of course these degeneration techniques are only applicable to
nerve fiber tracts in which the site of the lesion is some distance away from the site of
termination and interpretation of the results depends upon the size and exact location of the
lesions being used to bring about the degeneration of fibers. Nevertheless, these
degeneration techniques opened up an era of tract tracing, because for the first time it
became possible to determine the specifics about connections between parts of the central
nervous system. Of course, the more recent tracts tracing methods using radioactive labels or
dyes have now superceded even these degeneration methods and have allowed finer details
of connections to be determined, but these latter methods did not start to become available
until the 1970s.

Electron Microscopy

The other method that revived neuroanatomy was electron microscopy. This approach
opened up a new era of understanding the cytology of neurons and neuroglial cells. 1t also
made it possible to determine the kinds of structures that are postsynaptic to projection
neurons, and for the first time made it feasible to determine the local connections between
neurons of the central nervous system.

The development of the first transmission electron microscope with a useful resolving power
is generally attributed to Ernst Ruska and Max Knoll, in Germany, in 1933, and Ruska’s
efforts were recognized by him being awarded the Nobel Prize in Physics in 1986. In about
1935 Ruska joined the Seimens and Halske Corporation and helped to design the first
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commercially produced electron microscope, which came available in 1939, just as the
Second World War began. But because of the imminence of war Germany decided to make
these electron microscopes only available to its allies. However, Germany was not the only
nation involved in the development of electron microscopes and the first useful prototype of
a transmission electron microscope appears to be the one developed in 1935 in Britain by
Metropolitan Vickers, while in North America, the first useful electron microscope seems to
be the one developed by James Hillier and Albert Prebus in Toronto in 1939. Initially, the
United States lagged behind in the development of electron microscopes, but by 1941 RCA
had developed its own commercial transmission electron microscope, the RCA EM-B.
Several of these instruments were produced. Most were used in the United States although
others were sent to abroad to allies.

Because of the war few electron microscopes were available for biological research.
However, Keith Porter and Albert Claude at the Rockefeller Institute in New York gained
access to an RCA EM-B microscope, which was operated by Ernest Fullam at Interchemical
Corporation, and they were able to examine a cultured fibroblast from a chick embryo that
had been grown by Porter on a polyvinyl film. The fibroblasts were peeled off the film and
transferred to a wire specimen grid, after which they were treated with osmium tetroxide,
washed and then dried to prevent evaporation in the vacuum of the electron microscope. It is
generally agreed that the resulting pictures were the first electron micrographs of a cell
(Porter et al., 1945) and they revealed the Golgi apparatus, and a lace-like reticulum that
Porter later called the endoplasmic reticulum.

Although this showed that it was feasible to examine cells by electron microscopy, it was
obvious that to obtain more detailed images it would be much better to use sections of tissue.
Attempts to produce such sections led to a flurry of activity and the rapid development of
new technology, of which the following are the highlights. Producing thin sections for
electron microscopy required a hard and stable embedding medium. The paraffin wax and
celloidin that were routinely used to embed tissue for sectioning for light microscopy were
too soft to produce thin sections and paraffin wax evaporated in the electron beam. A major
step towards the production of a useful embedding medium occurred in 1949, when the
plastics division at the US Bureau of Standard introduced methacrylates. This was soon
followed by Latta and Hartmann (1950) showing that glass knives could be used to cut thin
sections and that they were much sharper than the steel knives that had been used until that
time. Then in 1952 Palade showed that preservation of tissue by immersion could be much
improved if small pieces of fresh tissue were fixed using buffered osmic acid solutions, and
in 1953 Porter and Blum introduced the first version of the Porter-Blum ultramicrotome that
served for many years as the primary microtome in most electron microscope laboratories.
The next important step took place in 1959, when Glauert et al. introduced epoxy resins for
embedding tissue. This made thin sectioning easier and avoided the disintegration of blocks
of tissue that frequently occurred when methacrylates polymerized. However, epoxy resins
were more electron dense than methacrylates and so tissue in which osmium was the only
electron dense material had little contrast in the electron beam. The increased contrast was
provided by the use of lead stains such as lead hydroxide (Watson, 1958), lead tartrate
(Millonig, 1961), and lead citrate (Reynolds, 1963), which are routinely used today.

While small pieces of tissue fixed by immersion in buffered osmic acid solutions and
embedded in epoxy resins produced acceptable fixation of most tissues, the same was not
true of tissue from the central nervous system, in which astrocytes and their processes
swelled to produce unpleasant images. Initially this led to difficulties in the identification of
the various types of neuroglial cells and there were also problems with the preservation of
myelin. In an effort to solve this problem Palay and his colleagues (1962) turned to the
intravascular perfusion of rats with buffered osmic acid solutions. This resulted in fixed
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brains that were black and hard and gave off fumes that fixed the olfactory epithelium and
corneas of the investigators, but brains in which the fixation of the tissue was much superior
to that produced by immersion fixation of small pieces. Perhaps fortunately, in 1963
Sabatini, Bensch and Barnett introduced glutaraldehyde as a less volatile fixative. And this
led to brains being perfused with buffered glutaraldehyde solutions that often contained
paraformadehyde (Karnovsky, 1965), after which pieces were removed, osmicated and
embedded in epoxy resins for thin sectioning. This is the method of preparation now used
routinely in most laboratories doing transmission electron microscopic studies of the
nervous system. The design of ultramicrotomes has also improved and it is common to use
diamond knives to produce the thin sections. As a point of interest, it might be added that
Fernandez-Moran in Venezuela first advocated the use of cleaved diamonds to produce thin
sections as early as 1953, but diamond knives made by polishing cleaved surfaces did not
become commercially available and within a reasonable price range until the 1970s.

Analysis of Electron Micrographs of Nervous Tissue

Although some improvements in both techniques and preservation of tissue were yet to be
made, by the beginning of the 1950s investigators were examining thin sections of nervous
tissue. Attention was first paid to the peripheral nervous system that had fewer components
than the central nervous system. The peripheral nervous system also had the added
advantage that when pieces of it were fixed by immersion reasonably good preservation was
obtained. This was not true when pieces of the central nervous system were fixed by
immersion, because such treatment usually led to a great deal of swelling and distortion of
the components. Thus, as early as 1950 Fernandez-Moran was able to demonstrate that
peripheral myelin has a lamellar structure, and quite soon afterwards it was shown that the
lamellae form a spiral and that the membrane forming the spiraled lamellae is in continuity
with the plasma membrane of the Schwann cell (Geren 1954; Robertson, 1955). However, it
was not until 1960 that the myelin sheaths of nerve fibers in the central nervous system were
demonstrated to have a similar spiraled structure (Peters, 1960; Maturana, 1960). Also,
because of the problems in obtaining adequate fixation the first article on the fine structure
of a neuron in the central nervous system was not published until 1955 (Palay and Palade,
1955), when it was shown that the Nissl substance consists of arrays of granular
endoplasmic reticulum and that neurons contained filaments, while the first description of a
synapse in the vertebrate central nervous system was not published until 1956 (Palay, 1956).

As the preservation of central nervous tissue improved and better images were obtained the
main problem facing those studying the central nervous system by electron microscopy was
how to identify the various kinds of profiles seen in electron micrographs. It must be
remembered that the stains used in light microscopic studies were designed to show only
single nerve cells, or specific parts of nerve cells, but in electron micrographs investigators
were presented with images in which profiles of all parts of neurons and neuroglial cells
were represented. However, within a few years the criteria for identifying profiles of
dendrites and axons were established and it was shown that there were at least two kinds of
synapses present in the cerebral cortex (Gray, 1959), and it soon became apparent that there
were even other morphological types of synapses in other parts of the central nervous
system.

Resurrection of the Golgi techniques

The next problem was to determine where the dendrites, axons and axon terminals that were
represented by profiles in the thin sections originated; and for the axon terminals what were
the postsynaptic structures with which they were synapsing. Interestingly, this led to a
renewed interest in impregnating tissue with the Golgi stain, because this was the principal
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technique for displaying the morphological features of individual neurons. One of the
leaders in advocating Golgi images as a basis for interpreting electron micrographs was
Sanford Palay, who together with Victoria Chan-Palay effectively used this combined
approach to interpret the organization, cytological features and synaptic relationships of
neurons in the cerebellar cortex (Palay and Chan-Palay, 1974). Because the cerebellar cortex
contained only a few different kinds of neurons and has a regularly repeating morphology,
interpretation of the fine structural images was relatively straightforward compared to the
problems associated with interpretation of fine structural images obtained from the cerebral
cortex and other brain regions.

In the cerebral cortex, the characteristics of pyramidal cells were well known from Golgi
preparations, but there was little information about the other kinds of neurons present,
beyond those shown in the drawings made by Cajal. As pointed out by DeFelipe and Jones
(see DeFelipe and Jones, 1988) “With the exception of Lorente de N&’s understandably
superficial account of 1938, virtually no Golgi study of significance was published on the
neocortex for nearly fifty years after 1922, the year in which Lorente de N6, Cajal’s
illustrious pupil, published his first - and the master himself published his last- paper on the
cortex of rodents.” One important exception to this statement that should not be overlooked
is the study carried out by O’Leary (1941) on the visual cortex of the cat.

For the cerebral cortex, among the first to return to analyses using Golgi staining were
Szentagothai (1969) and Valverde (1970) and as an example of the state of knowledge of
cortical neurons at that time, it is noteworthy that in a 1969 publication Szentagothai divides
neurons of the cerebral cortex into two basic types, pyramidal cells and stellate cells. He
shows both Golgi and electron microscope images and while he was clear about the
distinguishing features of pyramidal cells, including the fact that their cell bodies and
proximal dendrites receive axon terminals with flattened vesicles which were believed even
then to be inhibitory (Colonnier, 1968), the description of the stellate cell type is very vague
and in retrospect appears to apply to a pyknotic neuron. In the previous year, 1968,
Colonnier had carried out an in depth survey of the types of synapses present in the visual
cortex of the cat using formaldehyde perfused material and reinforced Gray’s (1959)
conclusion that there are two basic types of synapses in cerebral cortex. However, Colonnier
advocated a different nomenclature. He suggested that Gray’s type 1 synapses, at which the
axon terminals have round vesicles and synaptic junctions with prominent postsynaptic
densities, should be referred to as asymmetric synapses, and that Gray’s type 2 synapses,
should be referred to as symmetric synapses, because of the symmetrically disposed
densities at the synaptic junction. It is important to note that the use of aldehyde fixation
resulted in the synaptic vesicles at symmetric synapses being pleomorphic, so that while
some synaptic vesicles had round profiles others had oval, or elongated profiles. Moreover,
Colonnier was able to show that pyramidal cells have only symmetric synapses on their cell
bodies, mostly asymmetric synapses on their dendritic spines and few synapses on their
dendritic shafts. Other neurons, which Colonnier believed to be stellate cells, had both
symmetric and asymmetric synapses on their cell bodies and both types of synapses also
occurred on smooth dendritic shafts, which Colonnier believed to belong to the stellate cells.
Because lesioning pathways such as the corpus callosum led to the degeneration of axon
terminals forming asymmetric synapses, it was generally concluded that the axon terminals
forming asymmetric synapse originated from the plexuses of pyramidal cells, and this was in
concert with the belief that asymmetric synapses are excitatory and symmetric ones are
inhibitory.

Although it was known from Golgi studies that there are several different types of stellate,
or non-pyramidal cells, in the cerebral cortex, when a cell body of one of these neurons was
encountered in thin sections prepared for routine electron microscopy, it was not possible to
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determine to what type of non-pyramidal cell it belonged. Nor was it possible to be certain
where the axon terminals forming symmetric synapses originated, although it was generally
believed on the basis of Golgi preparations that they originated from intracortical plexuses
of non-pyramidal cells. This view was supported by the studies of Szentagothai (1968) who
showed that when slabs of cerebral cortex are isolated and examined two months later, many
of the Gray type 1 axodendritic synapses had been lost, but the Gray type 2 synapses on the
cell bodies of pyramidal cells persisted, suggesting that they originate from intrinsic
neurons.

Another problem associated with studies of the cerebral cortex concerned the identity of the
neurons postsynaptic to cortical inputs. For example although it was known from
degeneration studies that thalamocortical axons terminate in layer 4 of cortex and form
asymmetric synapses, the identity of the postsynaptic elements could not be determined by
routine electron microscopy. To answer these and other questions the obvious solution
seemed to be to examine Golgi impregnated neurons by electron microscopy.

Golgi Electron Microscopy

Among the early proponents of the Golgi electron microscope technique were Blackstad
(1965) and Stell (1965) and an account of the early attempts to examine Golgi impregnated
material by electron microscopy has been given by Blackstad (1970). The general approach
was to fix tissue in aldehydes and then to carry out a Golgi impregnation en bloc, after
which the block of impregnated tissue was sectioned, examined by light microscopy, and
suitably impregnated neurons embedded for electron microscopy. The precipitate produced
by the Golgi reaction is silver chromate, which fills an impregnated neuron and can make
thin sectioning very difficult. Even if the solid precipitate of silver chromate does not fall
out of the thin section, it completely obscures the cytoplasm of the impregnated neurons and
when the thin section is hit by the beam of the electron microscope the deposit usually heats
up and melts the surrounding plastic, leading to the formation of holes. Nevertheless, study
of such preparations produced some useful data, but the difficulties inherent in using this
procedure led to various attempts to reduce or alter the silver chromate precipitate. Accounts
of some of these attempts can be found in articles by Blackstad (1965), Peters (1981) and
Waterlood (1992). The most successful modification was that developed by Fairén et al.
(1977), in which gold was substituted for the silver chromate. Essentially the impregnated
neurons were gold toned by immersing sections in gold chloride, after which they were
transferred to oxalic acid to reduce the gold, and finally deimpregnated in sodium thiosulfate
that removes the silver salts. The result of the gold toning is that small gold particles now
label the impregnated neurons and these particles do not impede thin sectioning or obscure
the cytological details. An example of this approach is shown in Fig. 1.

The strength of the Golgi/electron microscope (Golgi/EM) approach is that neurons can be
first examined in the light microscope to determine their overall features, after which they
can be thin sectioned and specific parts of the impregnated neurons examined in the electron
microscope. Using this technique it was shown that in the cerebral cortex the axons of both
pyramidal and spiny stellate cells have terminals that form asymmetric synapses, while the
axons of non-pyramidal cells form symmetric synapses (e.g. LeVay, 1973; Parnavelas et al.,
1977; Peters and Fairén, 1978). An example of a gold toned axon terminal from a smooth
stellate cell forming a symmetric synapse with the cell body of a pyramidal cell is shown in
Fig. 2. Also, for the first time it was possible to examine the synaptic relationships between
two impregnated and specifically identified neurons, namely a stellate cell that formed
synapses with a pyramidal cell (Peters and Proskauer, 1980). It also was shown, as only
previously suspected, that all of the axonal boutons formed by an individual neuron are of
the same morphological type. The weakness of the Golgi /EM approach is that the kinds of

Brain Res Rev. Author manuscript; available in PMC 2013 March 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Peters

Page 7

neurons that can be examined depends upon the vagaries of the Golgi impregnation. There is
also the added problem that myelinated axons do not impregnate, which is the reason that
some investigators using the Golgi methods prefer to use young animals in which the axons
have not yet fully myelinated.

For the cerebral cortex, most of the focus of Golgi/EM was on the nonpyramidal neurons, of
which very little was known, especially about where their axons terminate. In general terms,
these studies showed that some nonpyramidal neurons, such as the multipolar and bitufted
cells, form symmetric synapses with the cell bodies and dendritic shafts of both pyramidal
and nonpyramidal neurons (e.g., LeVay, 1973; Peters and Fairén, 1978; Peters and
Proskauer, 1980; Fairén and Smith-Fernandez. 1992), while the basket cells prefer to
synapse on the cell bodies and proximal dendrites of pyramidal and non-pyramidal cells
(e.g. DeFelipe and Fairén, 1982; Somogyi et al., 1983). On the other hand a type of double
bouquet cell examined by Somogyi and Cowey (1981; 1984) preferred to synapse with the
dendritic shafts that appeared to belong to other non-pyramidal cells. But the nonpyramidal
cell type with the most specific terminations was shown to be the chandelier cell (see Figs. 3
and 4), which synapses almost exclusively with the initial axon segments of groups of
pyramidal cells (e.g. Somogyi, 1977; Fairén and Valverde, 1980; Peters et al., 1982;
Somogyi et al., 1982). The outcome of these studies was that for the first time some of the
intrinsic connectivity of the cerebral cortex was revealed, so that neuronal circuits could be
proposed.

In another set of studies, Golgi/EM was combined with axon terminal degeneration (Peters
etal., 1977). Thus after lesions had been made in the lateral geniculate nucleus of the rat,
and the visual cortex Golgi impregnated, it was shown that the degenerating thalamic
afferents form synapses with all neuronal elements contained in layer IV of visual cortex
that are capable of forming asymmetric synapses. This includes the spines of basal dendrites
of layer 111 pyramidal cells, the spines of the apical dendrites of layer V pyramidal cells (Fig.
5), the spines of spiny stellate cells, and the perikarya and dendrites of smooth multipolar
and bipolar cells (Peters et al., 1979; Peters and Kimerer, 1981). A similar result was
obtained when this approach was used to examine the thalamic afferents to mouse
somatosensory cortex (White, 1978; Hersch and White, 1981) and to cat visual cortex
(Hornung and Garey, 1981), thus showing that the thalamic afferents to cerebral cortex do
not terminate on specific cortical cell types.

The outcome of these studies was that for the first time the sites of termination of afferents
to the cerebral cortex were revealed, and some of the intrinsic connectivity of the cerebral
cortex was understood. Consequently it became possible to speculate meaningfully about
cortical neuronal circuits. However, although the Golgi/EM studies made important
contributions to our understanding on neuronal circuits, the technique had only a short life.
It was soon superseded by the technique of intracellular filling, which was first introduced in
1976 (e.g. Cullheim and Kellerth, 1976; Kitai et al, 1976; Light and Durvic, 1976).

The technique of recording from neurons that are subsequently filled to reveal their
morphology has rapidly expanded and this approach has advanced our knowledge of cortical
circuitry immensely (e.g., Somogyi et al. 1998). And in retrospect it has become evident that
Golgi impregnations do not impregnate neurons randomly, as had been believed since the
time of Cajal. For example, prior to intracellular filling and the introduction of antibody
labeling, which showed double bouquet cells to be quite common (e.g., Peters and Sethares,
1997), only a few double bouquet cells had been visualized (see Somogyi and Cowey,
1984). Furthermore it has also become evident that the Golgi method does not show the
complete axonal plexuses of most neurons, because the axonal plexuses revealed by
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intracellular filling are generally much richer than those impregnated by the Golgi method
(e.g., Martin, 1988).

What is the future of the Golgi technique? Because of increased ease of use and the greater
amount of information that can be obtained from intracellular filling, one can suspect that
few investigators will be using the Golgi method in the future. And interestingly electron
microscopy now finds itself in the doldrums and it has become little more than a
handmaiden to other approaches. Furthermore, while the electron microscopists of the 1970s
and 1980s strove to produce high quality images, this is no longer a worthwhile goal, since
most editors of Journals believe that words speak louder than pictures and reduce images to
such an extent that no details can be seen in the electron microscopic and other images
presented in many scientific Journals. It is also true that the fine structure of most parts of
the normal central nervous system of normal animals has been examined, so there is little
new to be seen. The future of electron microscopy lies in detailing the binding sites of
antibodies, and in examining the brains and other tissues of animals that have been affected
by such events as disease, increasing age, and alterations in their genetics, because electron
microscopy is still the best means to determine subtle alterations in morphology.
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Fig. 1.
A transversely sectioned, gold toned, Golgi impregnated apical dendrite (Ap) of a layer 5

pyramidal cell. The small gold particles mark both the main shaft of the apical dendrite as
well as the spines (sp) emanating from it. Scale bar = 1pm.
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Fig.2.
A gold toned axon terminal (At) from a smooth stellate cell in rat visual cortex forming a
symmetric synapse (arrow) with the perikaryon of a pyramidal cell (pyr). Scale bar = 1um.
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Fig. 3.
A gold toned, Golgi impregnated plexus of a chandelier cell in layer 3 of rat visual cortex.

The plexus consists of vertical strings of axonal bouton (arrows) that extend along the initial
axon segments of pyramidal cells. Scale bar = 50m.
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Fig.4.
Light microscopic image of the axon terminal (At) from the axon plexus of a chandelier cell

forming a symmetric synapse (arrow) with the initial axon segment (ais) of a layer 3
pyramidal cell. Scale bar = 1um.
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Fig. 5.
The spine (sp) of a Golgi impregnated and gold toned apical dendrite (Ap) in rat visual

cortex forming an asymmetric synapse with a degenerating geniculo-cortical axon terminal
(d). Scale bar = 1um.
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