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advantages in itself, its real value would be in the
safe identification of the cells reached monosynaptically by any given afferent pathway, if it would be
combined by appropriate experimental degeneration
or any other method suitable for tracing pathways.
Strangely this combination of electron microscope
studies with experimental degeneration was tried, so
far, only in the hippocampus (BLACKSTAD, 1965 ;
1976).
One of the most important targets of such a combined approach would be the question of the termination of specific sensory afferents in the cerebral cortex.
It is known that, for example in the visual cortex,
such afferents terminate predominantly in lamina IV
and preferentially on dendritic spines (COWNNIER &
ROSSIGNOL, 1969; lONES & POWELL, 1970 ; GAREY &
POWELL, 1971; PETERS & FELDMAN, 1976; LE VAY
& GILBERT, 1976), but both pyramidal and non pyramidal cells may have spines, and in addition each
major cell category has numerous different types.
More important still, both local interneurons and
the generally projective pyramidal cells have local
axon terminals that appear well stained in most good
Golgi preparations. If we were able to trace to their
synaptic terminals the boutons belonging to any
Golgi-stained cell- the presynaptic afferents of which
had been identified by degeneration-we would have
in our hands three successive links of a neuron chain,
i.e. (i) the afferent identified by degeneration, (ii) the
Golgi stained cell, and (iii) the postsynaptic element
contacted by the axon terminals of the Golgi-stained
cell. The crucial requirement is the uninterrupted
tracing of the axonal ramification and a safe step-bystep cross-correlation between the light microscopy
of each axon terminal and its identification under the
electron microscope in section series.
The present paper gives account of the initial-but
we believe successful- steps of sllch an attempt using
as a paradigm the termination of the geniculocortical
specific afferents in the visual cortex of the rat.
EXPERIMENTAL PROCEDURES
Animals. surgery. fixation

Electrol ytic lesions were placed in the area of the lateral
geniculate nucleus (LGN) of 32 adult rats from our local
breed. lIsing the stereotaxic coordinates of KONIG & KupPEL (1963). The right dorsal LGN was coagulated by means
of an electrode approaching contralaterally through the
left primary visual cortex as described by PETERS & FELDMAN (1976). For the present description two animals were
selected whose lesion was localized to the dorsal LGN
with only a minimal damage in the lateral part of the
lateral posterior nucleus of the thalamus. In both cases
about 60-80% of the geniculate nucleus was coagulated.
Twenty-four hours later the animals were anesthetized
(chloral hydrate 350 mg/kg) and perfused through the heart
with saline for I min , followed by a fixative consisting of
2% (wjv) paraformaldehyde and 1.2% (wj v) glutaraldehyde
(TAAB Ltd .. Maidenhead. U.K.) dissolved in 0.1 M sodium
phosphate buffer (pH 7.2-7.4). After perfusion for 30 min
the skull was opened and the primary visual cortex, ipsila-

teral to the lesion. was excised in toto by aid of a stereotaxic apparatus. using the coordinates of SCHOBER & WINKELMANN (1975). The rest of the brain was embedded into
paraffin, 40 pm sections were stained with thionin, and
used for localizing the extent of the lesions.
Two further sham-operated animals were treated in an
identical manner, serving as controls to evaluate possible
degenerations caused by the electrode tracks.
The tissue blocks containing area 17 were further immersed in the same fixative overnight . followed by washing
for two periods of I h in O.J M sodium phosphate buffer.
The specimens were postfixed at room temperature in 2%
(wj v) osmium tetroxide solution buffered to pH 7.2 with
0.1 M sodium phosphate buffer. The postfixation time
depended largely on the size of the blocks. Osmium tetroxide penetrates the blocks relatively slowly, hence for the
primary visual cortex (roughly 2 x 2 x 5 mm in size) 4-5 h
were necessary to achieve complete penetration.
So far the procedure does not differ from that used for
routine electron microscopy. and if good fixation was
achieved until this stage no further changes had to be
expected during the subsequent steps of the procedure.
Golgi procedure, sectioning alld moul11ing for light microscopy

Tissue blocks were transferred directly from the osmi um
tetroxide into 3-5% potassium dichromate solution for 1-4
days. A large volume of about 20-30 ml of dichromate
solution is required for one block in order to dilute sufficiently the phosphate ions present in th e block. otherwise
silver phosphate crystals would form during the following
step. Thereafter specimens were washed in distilled water
for a few seconds and then transferred into 0.75 % silver
nitrate for I day usually, although 5-10 h might suffice,
depending on th e block size.
Section series of 60-150 pm thickness can be cu t most
conveniently using a Sorvall TC 2 tissue chopper, a procedure rendering embedding unnecessary. (Due to the difficulties with embedding Golgi-stained materials, this or any
other procedure avoiding embedding can be recommended.) Sections were collected in 50% ethanol using
Petri dishes and were successively transferred with forceps
sequentially through 70 then 90% ethanol, two changes
of absolute ethanol, two changes of propylene oxide,
15 min in each except for the 70% ethanol. To enhance
contrast for electron microscopy, sections were kept in the
70% ethanol saturated with uranyl acetate for I h. From
the propylene oxide the sections were immersed into Durcupan (Fluka) overnight and were transferred to microscope slides the next day. During mounting the smallest
possible amount of Durcupan resin should be used in
order to fill the space between the coverslip and the slide,
without thickening the interlayer significantly. Following
2 days curing at 56°C the coverslip can be removed by
inserting a razor blade underneath, The result is a smooth
resin surface. which permits the examination of Golgistained cells with high resolution immersion objectives.
Both photographs can be taken and drawings can be made
at this stage and the slides can be stored for an unlimited
time.
Embedding for electron microscopy

Areas selected for electron microscopy were cut around
and separated from th e slid e with the aid of a pointed
piece of razor blade. Usually about 2 mm 2 or somewhat
larger pieces of sections were re-embedded. using a 5 mm
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2. (A-G). Small Golgi-stained cell classified as a spiny interneuron with recurving axon in layer

IV of the primary visual cortex in the rat (cell I in the text). The pial surface is toward the upper

margin in all pictures. (A) Electron micrograph of the perikaryon cut at the level of the axon initial
segment (IS) origin. A bouton (asterisk) containing flattened synaptic vesicles establishes synaptic contact with the IS. This is shown with higher magnification in (C). (B) Partial light micrographic photomontage of the cell with descending axon (A). The main axon turns back (curved arrow) but emits
a slender descending collateral bearing numerous boutons (small arrows). The branching point (curved
arrow) is shown with higher magnification in (G). A segment of the descending branch, indicated
by two horizontal bars in (B), is seen in (F) with higher magnification, and also on electron micrograph
(D). A long-necked bouton (b) seen in (B) and (F) makes an asymmetric synaptic contact (s)} on
the spine of a thin dendrite (asterisk) (D and E). This dendrite has a similar contact (S2) with another
unstained bouton. Ca = capillary, Scale for (A) and (D) is 2 pm, for (B) 20 pm, for (C and E) 0.5 !Im,
for (F) and (G) 10pm.
FIG. 3. (A- G). The rccllrving axon of cell I (also shown on Fig. 2) makes synaptic contact with a
stellate cell at the bottom of laycr IV. (A) Light micrographic reconstruction of the initial part of
the ascending axon branch (curved arrow). Two boutons (arrows) are seen; one of which (b) is shown
with high magnification in (E). (B, C and D) are electron micrographs taken from a long series of
sections, which included the ascending axon (outline arrow). The bouton indicated in (E) is seen in
(D) (large arrow) and was found to make synaptic contact on a smooth dendrite (triangles) crowded
with synaptic boutons. This dendrite (triangles) could be traccd and is shown in (B) and (C) to have
its origin from a large stellate cell (SC). (G) The bouton shown in (E) and (D) and the postsynaptic
dendrite with higher magnification. The pronounced postsynaptic density is readily seen (arrow). (F)
is two sections apart from (G). A non-stained bouton (asterisk) establishes asymmetric synaptic contact
on the same dendrite. A capillary (Ca) serves as an identification mark in the light and electron
micrographs. Scale for (A) is 30 !Im , for (B. C and D) 2 pm, for (E) 10 !LlTI , for (F) and (G) 0.5 pm.
FIG. 4. (A-D). Degenerating bouton (db) in synaptic contact with a spine of an identified dendrite
of cell 1,24 h after the lesion of the ipsilateral dorsal lateral geniculate body. A dendrite (d) in light
micrograph A runs horizontally towards a dark mass of extracellular silver chromate precipitate. The
same dendrite (d) is shown on the electron micrograph (B) at a plane where one of its spines is
in synaptic contact with a degenerating bouton (thick arrow). The contact is seen with high magnification in (C) and a few sections apart in (D) where the plane of sectioning gives a good view of the
synaptic cleft. Note that the postsynaptic density (white bars) in the spine is not penetrated by the
silver chromate. (E- G). Termination of cell 2 situated in layer IV of the primary visual cortex. (E)
Light micrograph of the cell body and a portion of its axon colJaterals. The first two boutons (b7
and b8, see Fig. 7) are seen on the second axon collateral (ac). Both boutons establish synaptic contact
(arrows) in (F) with a smooth dendritic shaft which receives two further synapses from unstained
boutons. (G) One of the boutons (b 16, on Fig. 7) on the ascending axon collateral synapses on a
spine (s) which was found on serial sections to originate from a small horizontally running dendrite
(d) Scale for (A) is 50 pm , for (B) 2 pm , for (C 0, F and G) 0.5 pm, and for (E) 10 {Im.

FIG. 5. (A- F). Degenerating boutons, 24 h after lesioning the ipsilateral dorsal LGN , on the spines
of cell 2. A. Electron micrograph of two dendrites (d l , d 2 ) of the Golgi-stained cell shown on light
micrograph B. The pial surface is toward the left. In electron micrograph (A) d 2 is Cllt in three segments,
but many of its spines are in the plane of the section at places where the dendrite shaft itself is
not seen. A group of spines (thick arrow) beside a capillary (Ca) is shown with higher magnification
on (C) and a few sections apart on (D). One spine (SPI) is in contact with a degenerating bouton
(db) while another (SP2) receives a bouton containing round synaptic vesicles. (E). Another dendrite
(d) of the same cell is contacted on its shaft by a bouton (asterisk) containing round vesicles. A
degenerating bouton (db) is in synaptic contact with two spines, one of them (spd is stained and was
found on serial sections to originate from the dendrite (d) vvhile the other one (SP2) is not stained
and belongs to another cell, (F) An electrodense, degenerating bouton (db) is in synaptic contact
with a stained spine of the same cell. Note that on micrographs (e D, E and F) the postsynaptic
density is not penetrated by the silver chromate in the spines. (G) Light micrograph of the surface
of the block during sectioning for electron microscopy. Arrow indicates the point where the staining
of the axon came to an abrupt end. In electron micrograph H it is seen that the main axon (A)
becomes myelinated at this point. Ca, capillary, GL impregnated glia, P, pyramidal cell; da, degenerating
axon: <lC, lowermost axon collateral seen in Figs 6 and 7. Scale for (A) is ~ pm , for (B) 20 pm , for
(C- F) 0.5I1m , for (G) 50//ln and ror (H) 211111.
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FIG.

6. Drawing of cell 2 identified as a small pyramidal cell in layer IV of the rat primary
in the depth of the cortex
indicated at the left. Small bar, 100 J-tm;
J-tm.
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F IG. 7. Part of the axonal field of the cell shown on F ig. 6. T he main axon emits three co llat erals
before it becomes m yeli nated. T he impregnation stops at the beginning of th e m yelin sheath . Sixteen
of the bouton s were studied at the el ectron microscopic le vel to ide n ti fy th e postsnyapt ic element.
Scale, 50 pm.
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Some of the dendrites of cell 2 were examined for
synapsing degenerating visual afferent terminals.
Spines of all of the examined dendrites were found
in synaptic contact with degenerating boutons (Figs
SC-F). Some of the boutons, in addition to synapsing
with an impregnated spine, made contacts with nonstained spines too (Fig. SE), as was observed also in
ceIl No. 1. In spite of the relative frequency of
degenerated boutons, the vast majority of spines of
this cell was in contact with normal axons. Most of
the normal axon-spine boutons contained spherical
vesicles and made asymmetric contacts as also those
contacting dendrite shafts (Fig. SE), although the latter were not numerous. Normal boutons containing
flattened vesicles and having Gray type 11 (symmetric)
membrane attachments were found mainly on the
soma and on the surface proper of the larger dendrites, only rarely on that of distal dendrites. The initial axon segment was covered by synapsing boutons
containing flattened synaptic vesicles.
DISCUSSION

The primary objective of this study was to develop
a simple, routinely applicable method for exactsynapse to synapse-tracing and/ or identification of
portions of neuron chains which, due to various difficulties, would defy elucidation by conventional light
and electron microscopic procedures. The proposed
procedure remains within the limits of the classical
Golgi and electron microscopic techniques, and does
not require any special chemical techniques or apparatus not generally available in neurohistological
laboratories. Only minor modifications and a few
simple technical tricks were needed beyond the procedures developed by STELL (1964), BLACKSTAD (1965,
1970) and LE VAY (1973).
It is essential for this approach to identify under
the electron microscope not only portions of individual Golgi-stained dendrites or ofaxons, but to be
able to reconstruct and cross-correlate with the Golgi
picture all important parts of the dendritic tree and
axonal arborization in the electron microscopical
series. The most important condition is to prevent
the dissolution and displacement of the silver chromate precipitates. Perhaps the most encouraging
result of this study was that, when the dissolution
is decreased to a minimum, the character of the
synapses, both received or given by a Golgi-stained
nerve element can readily be recognized on the basis
of pre- and postsynaptic densities and the synaptic
cleft. As it was shown in both cells studied, the postsynaptic density in the spines is not penetrated by
the silver chromate, hence synapses can be identified
even if the presynaptic bouton is undergoing degeneration.
The difficulties in identifying synapses and other
details in Golgi-impregnated nerve elements quite understandably prompted the recent efforts to replace the
original silver chromate with a secondary precipitate

that would not obscure the internal details of the
stained element (BLACKSTAD, 1975; RAMON-MoLINER
& FERRARI, 1976; F AIR EN , PETERS & SALDANHA,
1977). The results of these new efforts are very encou raging indeed; however, it remains a question whether
the advantage of gaining a better insigh t in to the internal structure is worth the disadvantage of losi ng
the strong contrast given by the original precipitate
in the light microscopic picture. Whenever not only
the input of any given Golgi stained ceIl becomes
of interest but also its output , i.e. the synapses that
its axon establishes 10caIly, the identification of the
Golgi-stained axon terminals becomes crucial. LE
VAY (1973) was already able to identify Golgi-stained
boutons of neurons in the cerebral cortex that establish both GRAY (1959) type I and type 11 contacts.
While an identification under the electron microscope
of a Golgi-stained dendrite is relatively easy, the unequivocal tracing of delicate axon collaterals and their
individual terminals may become very troublesome.
The best way to overcome the difficulties is to make
a series of high-resolution light micrographs (for the
reconstruction of the entire ar borization) using large
condenser apertures, both while the cell is stiIl in the
Golgi section and also at different stages of thi n sectioning. The large condenser aperture and high power
of the light microscope narrows the depth of field ,
but this is primarily what is needed for the safe identification of any detail in the electron microscope series.
Outlines of capiIlaries, recognizable both on the
photographs and also on the block surface, are most
useful landmarks. Many details of the Golgi sections
become apparent only after removal of the overlying
tissue surface layers during thin sectioning. The ini tial
smooth bottom surface of the block makes it possible
to take light microscope photographs at any stage
of sectioning.
The pattern of degeneration in the primary visual
cortex following the electrocoagulation of the ipsilateral LGN was found similar to that described in
the cat and monkey (GAREY & POWELL, 1971) and
in the rat (PETERS & FELDMAN, 1976). From earlier
studies in different species (CAJAL, 191 1; GAREY &
POWELL, 1971; SZENTAGOTHAI, 1969 ; 1970 ; 1973;
LUND, 1973) it has been suspected alread y that the
main recipients of the specific afferents in the visual
cortex are the spiny stellate cells, abundantly present
in layer IV of the visual and other primary sensory
cortices. However, the evidence for this assumption
is only circumstantial, and contrary evidence seems
to be available in the motor cortex, where the termination of thalamic afferents on pyrimidal cell apical
dendrite spines was ascertained (STRICK & STERLING,
1974). It seems, therefore, essential to iden tify unequivocally the various types of neurons receiving direct
contacts from the specific afferents. Although I have
been able to identify a three-neuron chain. the evidence presented here does not entirely resolve this
particular problem.
On the basis of the scanty direct data now av ailable

Golgi electron microscopy of neuron chains
the problem of the termination of specific afferents
appears to be more complicated than thought hitherto. At this stage the information is still very preliminary. Cell No. 1, identified in this study as recipient
of specific afferents, might be either some type of pyramidal cell or a stellate cell. I am inclined to regard
this neuron as a spiny interneuron on the basis of
its recurrent main axon and descending thin collateral
giving off numerous boutons and because of its
rounded soma and its thin, long dendrites. It must
be admitted that the arrangement of dendrites is not
indisputably that of a stellate cell and so final judgement on this problem must await the results of further
investigations. Cell 2, on the other hand, shows the
characteristics of a small pyramidal cell, as judged
from its strong apical dendrite, the characteristic
arborization patterns of its initial axon collaterals,
and from its descending axon that became myelinated
at the appropriate distance from the soma. It should
be mentioned, though, that a myelinated axon of local
origin is no proof of the pyramidal nature of its cell.
The numerous myelinated axons persisting particularly in the stria of Gennari in chronically undercut
or isolated cortical slabs have long been known, and
we have been able to identify in the course of the
present study the myelin sheath ofaxons in several
clearly identified interneurons (P. SOMOGYI, unpublished observations).
It is not quite easy to account for the relatively
small number of boutons undergoing degeneration as
compared to the total axon-spine synapse population
of any given neuron receiving monosynaptic input
from the specific sensory pathway. Although our
lesions did not destroy the LGN totally, the frequency
of degenerating boutons was found to be similar to
that shown earlier in area 17 (GAREY & POWELL,
1971; PETERS & FELDMAN, 1976). It would probably
be hazardous to enter into far-reaching, especially
functional, speculations before more and different
types of cells were sampled, with more exact quantitative procedures, for the proportion of degenerated
versus intact synapses. A significant risk enters with
the large time differences in the process of degeneration even within the same system. But one can nevertheless envisage for the near future a combination of
this procedure with quantitative assays of persisting
synapses after complete destruction of certain different pathways and sufficient delay given for the degeneration of all synapses involved. Whatever the
future results of such studies, we have to be prepared
already at this stage for the conclusion that the whole
specific afferent pathway can account only for a
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minority of the entire (axon-spine) synapse population
of a smaller spiny stellate or pyramidal cell (even in
lamina IV).
The major potentialities of this technique are in
the identification of the local syanpses established by
Golgi-stained neurons. For interneurons this is virtually the only way to clarify their true forward connexions. However, even for projective neurons- many
of which, like the pyramidal cells, have numerous and
functionally most important local connexions- this
procedure seems to be essential. Using the degeneration technique for identifying the afferent connexions
of any Golgi-stained cell, the identification of the
axon terminals of this same cell introduces the third
link in a neuron chain.
Our results confirm those of LE VAY (1973) that
pyramidal cells establish asymmetric synapses. Cell
1, which is tentatively identified as a spiny stellate
cell, also makes asymmetric synapses. The asymmetric
character of the synaptic junction is in agreement
with the assumed excitatory nature of these neurons
(SZENT AGOTHAI, 1969; 1970; 1975). I t has also been
suggested that cells receiving monosynaptic input
from specific afferents relay it further to pyramidal
cells (SZENTAGOTHAI, 1969; 1973; 1975). Although this
may be the case in other laminae, it was rather surprising to find that in layer IV about 50% of the
boutons of both cells synapse on smooth dendrite
shafts of stellate cells. The stellate cell nature could
be identified unequivocally in the cell shown in Fig.
3, the dendrites of which were devoid of spines and
richly covered with synaptic boutons. The results
obtained from the examination of the two cells clearly
suggest a neuron circuit involving : (i) the visual afferent (ii) spiny interneuron, or monosynaptic visual
target pyramidal cell, and (iii) non spiny stellate cell,
which in turn might be of an inhibitory nature. This
latter possibility might be especially important in
view of the relatively small number of degenerated
specific afferent terminals in contact with non-spiny
dendrites (GAREY & POWELL, 1971; PETERS & FELDMAN, 1976).
In conclusion, these two examples illustrate that
it has become possible to trace unequivocally three
successive links of a chain belonging to three different
neurons.
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