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[Plates 67 to 75]

An electron microscopic study has been made of the axon terminal degeneration in the caudate nucleus
in the cat after lesions in either the cerebral cortex, the thalamus, the cerebral cortex and the thalamus,
the midbrain or within the caudate nucleus. Degenerating axon terminals can be recognized after
a survival period of 4 days as dark, shrunken profiles with indistinct vesicles. After shorter survival periods
the degenerating terminals contain swollen vesicles and have pale cytoplasm. After lesions in all the
above sites there is degeneration of fine myelinated and nonmyelinated fibres. The degenerating terminals
of all the afferent fibres to the caudate nucleus have asymmetrical membrane thickenings and end mainly
on dendritic spines with a small proportion in contact with peripheral dendrites; after damage of the
cerebral cortex or thalamus a few of the degenerating terminals also end upon main stem dendrites
and cell bodies. The projection from the ipsilateral cerebral cortex is greater than that from the thalamus,
which in turn is heavier than that from the contralateral cortex or midbrain. After lesions within the
caudate nucleus degenerating terminals with symmetrical membrane thickenings are found in a region
extending approximately 450 um from the damaged part of the nucleus. These terminals make contact
with nerve cell somata, main stem and peripheral dendrites and the initial segments of axons. After such
a lesion of the caudate nucleus degenerating axon terminals with symmetrical membrane thickenings
are also seen in the globus pallidus and the substantia nigra.

INTRODUCTION

The study of normal material of the caudate nucleus has shown that six cell types are present,
and, of these, one forms over 959, of the total number of cells. It is also possible with the
electron microscope to recognize four varieties of axon terminal, but in normal material the
origin of these cannot be determined. From previous light microscopic investigations with
axonal degeneration methods it is known that the striatum receives fibres from two main
sources, the cerebral cortex (Webster 1961, 1965; Carman, Cowan & Powell 1963; Kemp &
Powell 1970) and the thalamus (Droogleever-Fortuyn 1953; Powell & Cowan 1954; Mehler
1966), as well as smaller projections from the midbrain (Nauta & Kuypers 1957; Nauta &
Mehler 1969) and contralateral cortex (Garman, Cowan, Powell & Webster 1965). As the
axons of most of the intrinsic cells of the caudate nucleus give off collateral branches which
terminate within the nucleus some, if not all, of the varieties of axon terminal must arise from
more than one source. Degeneration of axonal terminals can be recognized with the electron
microscope, and the study of experimental material with selective lesions in the appropriate

regions of the brain should therefore enable one to differentiate the types of terminal according.

to their origin (Kemp 1968). Furthermore, this material should show the part of the neuron
which is being influenced by the fibres of a particular afferent pathway.
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MATERIAL AND METHODS

Most of the observations to be described were made on material taken from the brains of
24 adult cats which were allowed to survive for short periods, varying between 2 and 8 days,
after the placement of a lesion. Under Nembutal anaesthesia and with aseptic precautions
lesions were placed in different parts of the brain, and the experiments can be divided into
five groups according to the site of the damage: in the cerebral cortex (7), in the thalamus (8),
removal of the cortex together with a lesion in the thalamus of the same hemisphere (3), in the
midbrain (3), a small lesion within the head of the caudate nucleus (3). Extensive lesions of the
cerebral cortex were made by suction and involved removal of most of the cortex on the lateral
and medial surfaces of the rostral half of the hemisphere. The lesions in the thalamus, caudate
nucleus and midbrain were electrolytic and were made stereotaxically, those in the first two
structures by a vertical approach and those in the midbrain by a horizontal approach from
behind and laterally with the electrode passing behind the tentorium and below and in front
of the cerebellum, with usually only minor damage to the latter. The damage in the thalamus
and midbrain was made sufficiently large to interrupt most, if not all, of the afferent fibres to
the striatum from these regions.

The animals were perfused, under hypothermia, with a balanced salt solution followed by
a mixture of 49, formaldehyde and 19, glutaraldehyde. After removal from the skull the
brain was stored in the perfusion mixture before small blocks were taken from most parts of
the head of the caudate nucleus on the side of the lesion, and the blocks were numbered so
that it was known from which parts of the nucleus they were taken. In order to study the
contralateral cortico-striate projection, blocks were similarly taken from the caudate nucleus
on the side contralateral to the cortical removal. In some experiments blocks of the putamen
were also removed, and in the brains in which the lesion had been placed within the caudate
nucleus blocks were also taken from the globus pallidus and substantia nigra.

In addition to this material from experiments with short survival periods similar small blocks
were taken from the caudate nucleus of cats in which comparable lesions of the cortex and
thalamus had been placed, but in these experiments the survival periods were much longer,
between 13 and 52 weeks. These experiments with longer survival periods were done primarily
for a study of the changes in dendritic spines in Golgi impregnated material (Kemp & Powell
1971b).

The blocks of tissue for electron microscopy were processed and sections were cut and stained
as described in detail in a preceding paper (Kemp & Powell 19714). In addition to the two
sizes of sections which were used in the studies of normal material, large sections approximately
1 mm by 0.2 mm were cut from the blocks of the caudate nucleus in which a lesion had been
placed within this nucleus; they were taken from the tissue immediately adjoining the lesion
and were used to make ‘maps’ of the distribution of the degenerating terminals according to
the method described by Alksne, Blackstad, Walberg & White (1966).

In all experiments in which lesions had been placed in the thalamus or midbrain the part
of the brain containing the lesion was embedded in paraffin wax and cut coronally at 15 um.
A 11in 20 series of sections was mounted and stained with thionin in order to determine the site
and extent of the lesion.
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FiGUREs 3 to 5. Some of the types of profiles contacted by degenerating terminals (arrows) after a lesion in the
cerebral cortex.

Ficure 3. Varicose dendrite (vd). x 25000.

FiGure 4. Dendrite of a medium spiny cell (d). x 80000.

Ficure 5. Cell soma (c). x 50000. n, nucleus.
(Facing p. 414)
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FiGures 6 to 9. Varieties of profile contacted by degenerating terminals (arrows) after a lesion in the thalamus.

FiGuRE 6. Spine (s) from the dendrite (d) of a medium spiny cell. x 30000. g, glia.
FiGure 7. Main stem dendrite (d) of a giant cell containing pale mitochondria (m). x 40000.

Ficure 8. Spine (s) arising from the peripheral dendrite (d) of a giant cell. Note the pale mitochondria (m).
x 40,000. g, glia.

Ficure 9. Degenerating terminal ‘en passant’ in contact with a spine (s). x 30000. g, glia.
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Ficure 10. Two degenerating terminals (arrows) in contact with spines (s) after a lesion in the contralateral
cerebral cortex. x 40000.

Ficure 11. Terminal en passant (arrow) showing early degenerative changes after a lesion in the midbrain. x 25000.

Ficure 12. Degenerating terminal en passant (arrow) in contact with a spine (s) after a lesion in the contralateral
cerebral cortex. x 25000.

Ficure 13. Degenerating terminal (arrow) in contact with a spine (s) after a lesion in the midbrain. x 30000.
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F1Gures 14, 15. Large degenerating terminals (arrows), after a combined lesion of the cerebral cortex and thala-
mus, each forming synaptic contacts with more than one spine (s). g, glia. 14, x 45000; 15, x 40000.

F1Gurke 16. Part of a bundle of myelinated fibres some of which are degenerating (double arrows) after a lesion in
the thalamus. x 7000.

Figures 17, 18. Exposed postsynaptic membrane thickenings (arrow heads) in the caudate nucleus 112 days after
a combined lesion in the cerebral cortex and thalamus. x 80000. s, spine.

Ficure 19. Degenerating myelinated nerve fibre (double arrow) after a lesion in the midbrain. x 30000.
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Ficures 20 to 23. Varieties of processes of caudate neurons contacted by degenerating terminals (arrows) with
symmetrical membrane thickenings after a lesion in the caudate nucleus.

Ficure 20. The initial segment of an axon (is). Note the grouped neurotubules and undercoating of the axon
membrane. x 80000.

Ficure 21. Large dendrite (d). x 30000. g, glia.

FiGure 22. Peripheral dendrite (d). x 48000

Ficure 23. Cell soma (c). x 40000. n, nucleus.
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Ficure 24. Dendrite (d) of the globus pallidus covered with axon terminals many of which are making synaptic
contact (arrows) with it. x 9500.

Ficure 25. Varicose dendrite (d) of the globus pallidus receiving many synapses. x 7000.

Ficure 27. Serial synapse in the substantia nigra. The first synapse is asymmetrical and is from terminal t1 to
terminal t2, and the second synapse is symmetrical from terminal t2 to a dendrite (d). Arrows indicate
degenerating preterminal axons. x 27000. Note the difference in size of the vesicles in the three terminals
shown here; the polymorphic vesicles in t2 are smaller than those in the most common type of terminal in
the substantia nigra (on left of t2), and those in t1 (associated with an asymmetrical synapse) are the smallest.

FiGuRe 28. A possible example of a similar serial synapse in the globus pallidus if the terminal t2 which receives
an asymmetrical synapse from terminal t1, makes a definite synapse, on an adjoining section, with the
dendrite (d). x 26000.
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FicUrE 26. Two dendrites of the substantia nigra, one cut longitudinally (d1) and the other transversely (d 2);
both are in synaptic contact with numerous axon terminals, and the complex thus formed is ensheathed with
glia (g). Arrow indicates a degenerating preterminal axon. x 21500. Note the similarity in the structure and
synaptic organization shown in this electron micrograph of the substantia nigra with that of the globus
pallidus shown in figure 24.

Ficures 27 and 28. For legends see facing page.
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Fiure 29. A dendritic spine (s) on a dendrite (d) of the globus pallidus. Axon terminals make asymmetrical
synapses on to the spine and adjoining part of the dendrite. x 20000.

Fi1cure 30. Degeneration of axon terminals (double arrows) and preterminal axons (arrow) in the substantia
nigra 4 days after a lesion in the caudate nucleus. x 17000.

Ficure 31. Dendrite of the substantia nigra (d) upon which an axon terminal (t1) makes an asymmetrical
synapse and another (t2) makes a symmetrical synapse. x 43000.



Kemp & Powell Phil. Trans. R. Soc. Lond. B, volume 262, plate 75

FicUure 32. Axon terminals (double arrows) and preterminal axon (arrow) in the substantia nigra at different
stages of degeneration 4 days after a lesion in the caudate nucleus. d, dendrite. x 29000.

FiGurE 33. Axon terminal (arrow) which is making a symmetrical axodendritic synapse in the substantia nigra
in an early stage of degeneration 4 days after a lesion in the caudate nucleus. d, dendrite. x 37000.

Ficure 34. Degenerating axon terminal (arrow) in symmetrical synaptic contact with a dendrite in the globus
pallidus; 4 days after a lesion in the caudate nucleus. d, dendrite. x 30000.

Ficure 35. Two axon terminals making axodendritic synapses in the globus pallidus and at different stages of
degeneration 4 days after a lesion in the caudate nucleus. The one above (arrow) is at a very early stage of
degeneration and is darker than the normal terminals on either side of it; the terminal below (double arrow)
is at a later stage and is much darker and distorted. d, dendrite. x 21000.
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REsuLTs

The appearance of the degenerating axons and terminals which are present in the caudate
nucleus following lesions in the cerebral cortex, contralateral cerebral cortex or thalamus is
very similar. Since the process of degeneration in this region does not seem to differ essentially
from that in other parts of the brain (e.g. Colonnier & Gray 1962; Walberg 1964; Westrum
1966; Jones & Powell 1970) only a brief description will be given. After a survival of 2 days some
terminals are a little paler than normal and a proportion of the synaptic vesicles within them
are swollen (Pinching 1969; Cuénod, Sandri & Akert 1970); glycogen-like granules are
commonly present. A very few terminals are seen whose cytoplasm is darkened and in which
the swollen vesicles are crowded together. Four days survival is the earliest at which degenerating
myelinated and nonmyelinated fibres are seen in any number. After this time most of the
altered terminals contain very dark cytoplasm, vesicles are not clearly seen and the profile is
distorted and shrunken (Walberg 1964; Westrum 1966) (figures 4 and 7, plates 67 and 68); at
this survival period many of the terminals have glial processes close to them (figures 6 and 8,
plate 68). A slightly earlier stage is also seen where the cytoplasm is moderately dark and the
vesicles uniformly swollen and tightly packed together (figures 11 and 13, plate 69). Any mito-
chondria present are distorted or broken up at both these stages (figure 15, plate 70). Endings
at an advanced stage of degeneration become progressively more common after 6 or 8 days
survival and here the glial processes invade the degenerating terminals and engulf them (Jones
& Powell 1970) (figure 9, plate 68). The number of degenerating terminals found after lesions
in the cerebral cortex or thalamus is greatest 6 days following placement of the lesion. After
4 days survival the degeneration is half as dense, while increasing the survival period to 8 days
does not increase the density compared with the 6-day survival. After long survivals of 16 weeks
the degenerating terminals are no longer evident, but exposed postsynaptic membrane thicken-
ings on spines and dendrites apposed by glial or neural processes are seen (Pinching 1969)
(figures 17 and 18, plate 70). This brief description of the appearance of the degeneration also
applies to that seen in the nucleus after a lesion in the midbrain except that in this case the
changes take longer to occur, the degeneration still being at a fairly early stage after a survival
of 5 days (figures 11 and 13, plate 69).

Lestons in the cerebral cortex

A lesion in the cerebral cortex involving most of the lateral and medial surfaces of the
hemisphere gives rise to degeneration of thinly myelinated nerve fibres of 0.6 to 2 um close to
the internal capsule and scattered in the neuropil; they are also present in the fibre bundle
which lies beneath the ependymal layer. The number of degenerating axons seen in the bundles
of fibres is very variable and an estimate of the proportion degenerating is not possible.
Scattered degenerating non-myelinated fibres are also present sometimes close to degenerating
terminals. These all form synapses with asymmetrical membrane thickenings and are, most
probably, the small terminals with round vesicles which can be seen in the normal nucleus;
occasionally the terminals are en passant. Most of the degenerating terminals contact spines
which arise from medium or small dendrites of medium spiny cells or the dendrites with con-
spicuous neurotubules and small mitochondria. A degenerating and a normal terminal, both
of which form synapses with asymmetrical membrane thickenings, have not been seen con-
tacting one spine though a second normal terminal with symmetrical membrane thickenings

35 Vol. 262. B.



416 JANET M. KEMP AND T.P. S. POWELL

may be present. Other degenerating terminals form synapses with the shafts of the peripheral
dendrites from which the spines arise (figure 4, plate 67) and occasionally with varicose dendrites
(figure 3, plate 67) and the dendrites of giant cells. A degenerating terminal is found more rarely
in contact with main stem dendrites and cell somata of medium spiny cells (figure 5, plate 67)
and small cells.

There is evidence of grouping of terminals so that adjacent parts of a section may have very
different densities of degeneration. A large cortical lesion may result in the degeneration of
about 50 9, of the terminals forming synapses with asymmetrical membrane thickenings within
an area which is severely affected; in view of the clustering, however, it is probable that a more
realistic estimate of the numbers of terminals from the cerebral cortex to the caudate nucleus
as a whole would be between 30 and 40 %, of the terminals of this one type.

Lesions in the thalamus

The lesions in the thalamus were large and were so placed that most of the efferent fibres
from the intralaminar nuclei were almost certainly interrupted. In the majority of the brains
most of the mediolateral extent of at least the ventral half of the thalamus was destroyed at the
level of the anterior end of the mediodorsal nucleus. It should be noted that there was no
evidence in the thionin-stained sections of either direct or ischaemic involvement of the body
of the caudate nucleus or of the globus pallidus, and that there was no suggestion of ischaemic
necrosis in the thin sections of the head of the caudate nucleus examined with the electron
microscope.

After such a lesion in the thalamus there is degeneration of thinly myelinated nerve fibres in
the head of the caudate nucleus; they are between 0.5 and 2.5 um diameter (figure 16, plate 70)
and are similar to those seen after a lesion in the cerebral cortex. These and degenerating non-
myelinated fibres are distributed widely throughout the nucleus and in the subependymal
layer. All the degenerating terminals form synapses with asymmetrical membrane thickenings
and are again probably the small terminals with round vesicles; some may be en passant (figure 9,
plate 68). Most of the degenerating terminals are in contact with spines arising from medium
spiny cells (figure 6, plate 68), from dendrites with conspicuous neurotubules and small mito-
chondria and more rarely with the spines of giant cells (figure 8, plate 68). Very occasionally
a second normal terminal with an asymmetrical contact region forms a synapse with the same
spine, but more commonly the second terminal has a symmetrical contact region. Degenerating
terminals also form synapses with the shafts of the peripheral dendrites of medium spiny cells
and of the dendrites with well-marked neurotubules and small mitochondria, but they are less
common than after a lesion in the cerebral cortex. The fibres from the thalamus have also been
seen ending upon main stem dendrites and cell bodies of medium spiny cells and giant cells
(figure 7, plate 68). '

There is some evidence that the fibres from the thalamus are arranged in groups in the caudate
nucleus in the same manner as the afferent fibres from the cerebral cortex and consequently
there is a similar difficulty in estimating the number of thalamic terminals in the nucleus.
Furthermore, there seem to be two phases of degeneration. After 3 days survival there are only
a few degenerating terminals and these are at a more advanced stage of degeneration than those
after a cortical lesion of the same survival, almost all being surrounded by glia. After 6 days
survival the density of degeneration is about four times greater and most of the darkened pro-
files are still clearly recognizable as terminals. If these factors are taken into account a reasonable
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estimate of the number of terminals arising from the thalamus is probably between 20 and
25 9, of the total number of terminals with asymmetrical membrane thickenings. This is con-
siderably less than the number which arise from the cerebral cortex and though the number
of degenerating endings on spines does not appear to be very different the cortical fibres also
terminate more frequently on the shafts of dendrites.

Combined lesions in the cerebral cortex and thalamus

As would be expected, the number of degenerating myelinated fibres seen in the caudate
nucleus after lesions in the cerebral cortex and thalamus is greater than after either lesion alone.
There are also more degenerating terminals with asymmetrical membrane thickenings after
the combined lesion, though normal endings still remain with both types of membrane
thickening. The degenerating endings do not seem to form the distinct clusters seen after
a lesion in either the cerebral cortex or thalamus, but whether or not there are smaller variations
in the density of the degeneration is difficult to determine. After such a combined lesion an
occasional darkened terminal is seen, which may contain the remains of several mitochondria
and which is in contact with a number of spines (figures 14 and 15, plate 70). Such a relation-
ship is characteristic of the large terminals, with round vesicles, which form contacts with
asymmetrical membrane thickenings and which were identified in normal material; exact
identification is impossible as the degenerating profiles are shrunken. Terminals making multiple
axospinous synaptic contacts have not been seen after lesions in the cerebral cortex or thalamus
alone. However, these large terminals are rare and may be confused with small terminals
unless they are sectioned across their widest point and so, though present, may not have been
identified after the selective lesions.

Lestons in the contralateral cerebral cortex

In accord with the earlier evidence from light microscopical examination of experimental
material (Carman et al. 1965) the degeneration in the caudate nucleus after a lesion in the contra-
lateral cerebral cortex is limited to the dorsolateral quadrant of the head of the nucleus and is
considerably less dense than after either of the other lesions. Degenerating myelinated and non-
myelinated fibres are present as well as degenerating axon terminals. The latter have contact
regions with asymmetrical membrane thickenings. The degenerating terminals contact spines
of medium spiny cells (figure 10, plate 69) and of dendrites with conspicuous neurotubules and
small mitochondria. There are few degenerating axodendritic endings, and these may be in
contact with medium spiny dendrites and dendrites with well-marked neurotubules and small
mitochondria. Any of these degenerating terminals may be en passant (figure 12, plate 69).
Though isolated degenerating terminals are found they are also commonly seen in small widely
separated groups. Each of the groups may contain two or three darkened processes in close
proximity to one another (figure 10, plate 69), Such groups are more obvious than after either of
the other lesions and this may be due to the sparseness of the degeneration.

Lesions in the midbrain

The lesions in the midbrain were large and varied in extent and position in different experi-
ments. In the antero-posterior dimension they were situated between the posterior end of the
inferior colliculus and the anterior third of the superior colliculus. Mediolaterally they in-~
volved principally either the midbrain tegmentum, red nucleus and the ventral part of the
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substantia nigra, or, more laterally, the dorsolateral part of the substantia nigra, the brachium
of the inferior colliculus and the adjoining medial geniculate nucleus. In several experiments
an attempt was made to place a large lesion confined within the limits of the substantia nigra.
Although the direct electrolytic damage in these brains was found to be restricted to the
substantia nigra there was also a variable extent of ischaemic necrosis of the overlying
tegmentum due to involvement of the blood vessels which traverse the site of damage. It is
certainly possible to place small lesions within the substantia nigra, suitable for light micro-
scopical axonal degeneration studies, but, because of the small amount of degeneration in
the thin sections of the striatum used for electron microscopy it was not considered practicable
to search for degeneration after such lesions. For these reasons no attempt has been made
in the present investigation to differentiate between a projection to the striatum from the
midbrain tegmentum or from the substantia nigra.

The degeneration resulting from these large lesions of the midbrain is very sparse and though
fairly widespread in the caudate nucleus tends to be a little more dense near the ventrolateral
margins. Degenerating thinly myelinated fibres of about 0.75 to 2 um in diameter (figure 19,
plate 70) are present, but there are many fewer than after any of the lesions previously described.
The degenerating terminals all form synapses with asymmetrical membrane thickenings and
some of the terminals are en passant (figure 11, plate 69). These terminals are most commonly
found in contact with spines (figures 11 and 13, plate 69) though whether these arise from medium
spiny cells alone or from cells of other types is not known as the spines have not been seen in
continuity with identifiable dendrites. Some degenerating terminals are in contact with the
dendrites of medium spiny cells. There is no evidence of grouping of degenerating terminals
after damage to the midbrain in contrast to the arrangement seen after the other lesions.

Lestons in the caudate nucleus

As all the known extrinsic fibres to the caudate nucleus terminate with asymmetrical mem-
brane thickenings and the normal nucleus contains a significant proportion of terminals with
symmetrical membrane thickenings the latter, by inference, should be intrinsic. In order to
confirm this hypothesis, small lesions were placed in the caudate nucleus, and tissue im-
mediately adjacent and 2 and 3 mm away from the lesion was examined.

An important and novel feature of the degeneration after an intrinsic lesion of the caudate
nucleus is the presence of degenerating terminals with symmetrical membrane thickenings as
well as some with asymmetrical contact regions. The majority of the darkened endings with
symmetrical membrane thickenings are in contact with the shafts of dendrites of medium spiny
cells and dendrites with conspicuous neurotubules and small mitochondria (figure 22, plate 71),
though some also contact the spines arising from these dendrites, main stem dendrites (figure 21,
plate 71) and cell somata (figure 23, plate 71). They are also present on the initial segments of
axons (figure 20, plate 71). The total density of the degeneration is similar to that seen after
a lesion in the cerebral cortex.

Sections have been taken which are about 1 mm long and include a small part of the lesion
at one end together with an undamaged part of the nucleus. The distribution of the terminals
with symmetrical and asymmetrical membrane thickenings was plotted on a map of the section
(figure 1). While the dark endings with asymmetrical membrane thickenings are distributed
throughout the section, those with symmetrical contact regions are found only within a distance
of about 450 um of the damaged part of the nucleus. These endings show some evidence of
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forming clusters (figure 1). The site of termination of endings with asymmetrical membrane
thickenings did not seem to differ from that seen after any of the extrinsic lesions.

The globus pallidus and substantia nigra were also examined after lesions in the caudate
nucleus in an attempt to determine the mode of termination of the efferent fibres from the
caudate nucleus. A systematic study of the structure and connexions of the globus pallidus and
substantia nigra has not been done as part of this investigation, and only those findings relevant
to the interpretation of the observations upon the intrinsic organization of the striatum will be
mentioned. Several brief reports of certain aspects of the ultrastructure of the globus pallidus
and substantia nigra have already appeared (Fox, Hillman, Siegesmund & Sether 1966; Mori
1965, 1966; Bak 1967; Adinolfi 19694, b; Rinvik & Walberg 1969; Schwyn & Fox 1969; Kemp
1970) and recently a detailed account of the substantia nigra by Rinvik & Grofova (1970); the
present account is in essential agreement with these.

Neither of the regions has many neurons, the dendrites have few spines (figure 29, plate 74)
and some of them are distinctly varicose (figure 25, plate 70). The dendrites are, however,
studded with axon terminals making synaptic contact (figures 24 and 26, plates 72 and 73), and
the whole complex is ensheathed with glia. The majority of the terminals contain vesicles which
are smaller than the large polymorphic ones in the caudate nucleus which are associated with
symmetrical membrane thickenings but are not flattened like the small ones in the caudate
nucleus. A few of the endings with symmetrical membrane thickenings contain smaller vesicles,
but the size difference between these and the larger ones is not as striking as between the large
and small vesicles in terminals with symmetrical membrane thickenings in the caudate nucleus.
A small proportion of the axon terminals contain round vesicles and their synaptic thickenings
are asymmetrical (figure 31, plate 74). Dense core vesicles of around 100 nm are commonly
found in all types of terminal. In both the substantia nigra and the globus pallidus a few
examples of serial synapses have been seen (figures 27 and 28, plate 73). In both these regions
the first synapse has asymmetrical membrane thickenings and the second has a symmetrical
thickening associated with polymorphic vesicles which are smaller than those in the majority
of terminals with this type of synaptic thickening.

After a lesion in the caudate nucleus severe degeneration is found in both the globus pallidus
and the substantia nigra. After a survival period of 4 days there is a great range in the appear-
ance of the degeneration (figure 32, plate 75); the majority of the degenerating terminals are
dark but are not very shrunken and the vesicles can still be seen within them (figures 32 to 35,
plate 75) ; some are at an earlier stage while others are more advanced and are grossly shrunken,
with the vesicles not discernible, and are partially engulfed in glia. The degeneration in the
globus pallidus is particularly dense and several degenerating terminals can be seen in contact
with dendrites both in longitudinal and transverse section (figure 35, plate 75). In both structures
the dark terminals form symmetrical synaptic thickenings in contact with dendrites and cell
bodies. In one brain in which white matter had been involved by the lesion there is an occa-
sional ending with asymmetrical membrane thickenings.

DiscussioN

The appearance of the degeneration in the caudate nucleus after lesions involving different
pathways, or damage to the nucleus itself, does not seem to be different from that seen in a number
of other regions of the brain (Colonnier & Gray 1962; Walberg 1964; Westrum 1966; Alksne e? al.
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1966; Jones & Powell 1970). Though the degenerative change is quite advanced after 4 days
survival many more degenerating profiles are seen after 6 days, but at this stage the degenerating
terminals are either so dark or attenuated that it is difficult to distinguish certain terminals
from preterminal fragments. After shorter survivals very few terminals are seen showing the
early stages, suggesting that the onset of the visible changes is rapid. The enlargement of the
vesicles appears to be an important criterion in the establishment of early degeneration and
confirms the observations of other workers (Pinching 1969; Cuénod et al. 1970).

Estimates of the percentage of terminals degenerating after lesions in the cerebral cortex and
thalamus were attempted but the results were considered to be unreliable. In the first place it is
not possible to be certain that all the fibres from either area have been interrupted, and this is
particularly so in regard to the fibres from the thalamus to the striatum. Further difficulty arises
from the spread in the time course of the degeneration as discussed above. Finally, terminals
from both areas are in groups so that in order to obtain a reliable estimate of the size of the
projection to the caudate nucleus from either source very extensive counts would be required.

Comparison of the density of the degeneration after damage to the different pathways to the
striatum indicates that the largest projection probably arises from the cerebral cortex, is less
from the thalamus and is small from the contralateral cerebral cortex and midbrain (figure 2).
Bearing in mind the qualifications mentioned in the previous paragraph, about 30 to 40 9, of
the terminals with asymmetrical membrane thickenings could arise in the cerebral cortex and
about 20 to 25 9, in the thalamus. The projections from the contralateral cerebral cortex and
midbrain almost certainly represent only a few per cent of the total asymmetrical contacts.
This suggests that slightly less than half of the asymmetrical contacts in the caudate nucleus
may arise from the intrinsic cells of the nucleus. A direct estimate of the number of these is not
possible as lesions within the caudate nucleus inevitably interrupt fibres entering from the
internal capsule or subcallosal fasciculus and which are passing to regions beyond the damaged
area.

Most of the degenerating terminals with asymmetrical synapses seem to be of the small
variety. Identification of the large type of terminal is difficult, as the affected profiles shrink,
but they can be recognized with reasonable certainty if they contact a number of spines.
Degenerating terminals of this type have been seen after a combined lesion of the cerebral
cortex and thalamus indicating that such terminals arise from cells outside the caudate nucleus
in either or both of these areas. In normal material the number of large terminals is not sufficient
to account for the entire projection from either the cerebral cortex or the thalamus and so the
small terminals must certainly arise from cells in both areas. One possible origin for the large
terminals could be a different variety of cell situated in either region. On the other hand, it is
possible that they might originate from the same cells as the small terminals. There is some
evidence from Golgi impregnated material and from electron microscopy that all small terminals
may be en passant and such terminals have been seen degenerating after lesions in the cortex or
thalamus. Large terminals may also be en passant and so could lie in series with small terminals
along the same non-myelinated axon.

Following lesions in the thalamus two phases of degeneration with apparently the same region
of termination seemed to be present in the caudate nucleus. One of these was past its peak at
3 days survival while the other was approaching a similar stage 6 days after the operation. If
this difference in the rate of degeneration is a reflexion of two groups of fibres it would suggest
that there may either be two regions in the thalamus projecting to the same site within the
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caudate nucleus or that the projection from the intralaminar nuclei is both by direct fibres and
collateral branches. Another explanation is possible in view of the recent report of Miledi &
Slater (1970) that the rate of degeneration of the nerve terminals at muscle endplates in the rat
diaphragm is directly related to the length of the degenerating peripheral nerve stump. The
intralaminar nuclei extend over a large part of the antero-posterior extent of the thalamus and
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F1Gure 2. Schematic figure to show the site and mode of termination, and the relative proportions, of the main
afferent and intrinsic fibres of the caudate nucleus upon the medium spiny cell of this nucleus.

therefore the fibres from the more anterior of these nuclei are shorter than those from the more
posteriorly placed. If the rate of degeneration in the central nervous system is similar to that in
the periphery the terminals of the fibres from the anterior parts of the intralaminar system may
degenerate more rapidly than the remainder.

Degeneration of terminals with symmetrical membrane thickenings is seen only after a lesion
in the caudate nucleus and clearly indicates that both types of symmetrical terminal arise from
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cells within the nucleus. The fact that the terminals in the globus pallidus and substantia nigra,
which arise from the caudate nucleus, also have symmetrical contacts indicates that one or
both of the cells in the caudate nucleus with long axons are the source of some, if not all, of the
terminals of this type within the nucleus. Since the long axon cells of the caudate nucleus have
collateral branches terminating within the nucleus, it is surprising that the vesicles in the
terminals with symmetrical contacts in the caudate and terminals with this type of contact in
the globus pallidus and substantia nigra in the same brains are not similar; the majority of the
terminals in the substantia nigra and globus pallidus have vesicles which are slightly smaller
than the large polymorphic vesicles in the caudate nucleus. This may be due to a difference
in the site of the nuclei and the effect of a difference in diffusion times of the fixative to the
more deeply situated structures.

It seems unlikely that the giant cell and the medium-sized long axon cell, which are probably
the origin of the fibres to the globus pallidus and substantia nigra, are the only source of terminals
with symmetrical contacts which form as much as 10 9, of the total number of terminals in the
caudate nucleus, for the collateral branches associated with these cells are not profuse. Further-
more, these cells form a very small proportion of the total. It has not been possible to identify
the terminals of any other cell type even with this degree of certainty.

A further problem is the identification of the cell of origin of those intrinsic fibres of the
caudate nucleus which terminate with asymmetrical membrane thickenings. That such fibres
exist is indicated by the findings in experiments with combined lesions of the cerebral cortex
and thalamus that a considerable number of terminals with asymmetrical membrane thickenings
persist unchanged, and that these cannot be accounted for by projections from the contralateral
cerebral cortex and midbrain. Furthermore, it is probable that these asymmetrical terminals
of intrinsic fibres are greater in number than the terminals with symmetrical membrane
thickenings. It would appear, on the basis of the available evidence, that the common medium
spiny cell is a likely candidate as this cell is the most numerous type and has a profuse collateral
plexus.

Though the maps showing the distribution of the symmetrical contacts in relation to a lesion
in the nucleus show that the degeneration has a limited distribution, it is rather more wide-
spread than might have been expected, extending about 450 um from the lesion. Study of
normal Golgi impregnated material has shown that the collateral plexus of most cell types does
not extend beyond the dendritic field of the parent cell, which is about 250 to 300 um from the
cell body. One possible explanation for the discrepancy may be that the measurements have
been made on two kinds of material which, though fixed by the same procedure, subsequently
received different treatment. Another possibility is that in the Golgi material the terminal
parts of very fine axons are not readily impregnated, and consequently the full extent of the
collateral branches of the intrinsic cells is not seen. Furthermore, some of the very fine fibres
may arise as branches from the nodal regions of the myelinated fibres of long axon cells.

The suggested correlation between round vesicles in terminals with asymmetrical membrane
thickenings and excitation and flat vesicles in terminals with symmetrical membrane thickenings
with inhibition has some support from electrophysiological studies made on the caudate nucleus.
Both intracellular and extracellular recordings from units in the caudate nucleus after stimula-
tion of the cerebral cortex or thalamus (Rocha-Miranda 1965; Sedgwick & Williams 1967;
Purpura & Malliani 1957; Vernon, Hull, Bernardi & Buchwald 1969) have shown that the
earliest response is frequently excitatory in the form of an EPSP, which may or may not have
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superimposed spikes. These observations can be related to those in the present study, which show
that the afferent fibres from these sources terminate with asymmetrical membrane thickenings,
which, by reference to the normal, contain round vesicles. The latencies of these responses
suggest that the fibres are of fine calibre and conduct at approximately 2 m/s (Rocha-Miranda
'1965; Sedgwick & Williams 1967) which is supported by the anatomical findings that the
degenerating fibres after extrinsic lesions are of the order of 0.5 to 2 um in diameter. Inhibitory
responses have also been shown after stimulation of the cerebral cortex (Rocha-Miranda 1965)
by a decrease in the frequency of the spikes or by long-lasting hyper-polarization of the
neurons (Vernon et al. 1969) which follows the EPSP. A sequence of an EPSP followed by an
IPSP is also seen after stimulation of the thalamus (Purpura & Malliani 1967; Vernon et al.
1969). These longer latency inhibitory effects could be due to activation of neurons situated
within the nucleus which have an inhibitory effect on the cells from which the recording is
being made. It is significant that neurons giving rise to axons with terminals which have flat
vesicles or large polymorphic vesicles, both of which are associated with symmetrical membrane
thickenings, are known to be present in the caudate nucleus in contact with all cell types and
they may be the basis of the inhibitory effects.

The available evidence suggests that there may be two pathways to the striatum from the
midbrain, from the substantia nigra (Andén et al. 1964 ; Frigyesi & Purpura 1967; Connor 1968;
Hokfelt & Ungerstadt 1969) and the midbrain tegmentum (Nauta & Kuypers 1957). The present
study has not differentiated between these two projections; that from the midbrain tegmentum
has certainly been involved and possibly also the projection from the substantia nigra. It is
interesting that all the degenerating endings found after large lesions in the midbrain terminated
with asymmetrical membrane thickenings so that if fibres from both regions were interrupted
it seems likely that they would have similar effects upon striatal neurons. The results of stimu-
lating the substantia nigra and recording from units in the caudate nucleus have been equivocal
(Frigyesi & Purpura 1967; Connor 1968). Frigyesi & Purpura recorded long latency excitatory
effects while Connor found predominantly inhibitory effects, though he also found a few units
with shorter latency which were facilitated by nigral stimulation. Further work is required,
however, to clarify the anatomical problems associated with the projection of the midbrain
upon the striatum (see Mettler 1970).

Though the strio-pallidal (Kemp 1970) and strio-nigral (Kemp 1970; Grofovd & Rinvik
1970) fibres terminate with symmetrical contacts, correlation with the physiological findings is
less easy. Malliani & Purpura (1967) found predominantly inhibitory effects on cells of the
entopeduncular nucleus of the cat following stimulation of the caudate nucleus. Similar, but
longer latency, effects were noticed after stimulation of the thalamus and presumably arose
through the activation of the cells of the caudate which in turn send their axons to the ento-
peduncular nucleus. On the other hand, Frigyesi & Purpura (1967) found predominantly
excitatory influence on the cells of the substantia nigra from the caudate nucleus. Since the
globus pallidus and substantia nigra both receive axons which end in symmetrical membrane
thickenings it is surprising that the efferent fibres to these two regions have apparently
different effects. Whether these findings are evidence of a failure of the correlation of the mor-
phology of the axon terminal with its functional effects or that the recordings were made from
an area of the substantia nigra which does not receive a direct projection from the striatum
cannot be ascertained. However, if the correlation of morphology and function should be
correct, that terminals with symmetrical membrane thickenings have inhibitory effects, the
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finding that the strio-pallidal and strio-nigral fibres end with this type of thickening would be
further evidence to that for the Purkinje cell (Eccles, Ito & Szentagothai 1967) and the vestibulo-
spinal projection (Wilson & Yoshida 1969) that neurons with long axons may be inhibitory.

The fibres of the collateral plexus of the caudate nucleus are arranged so that the axons cross
from one dendrite to another and do not lie parallel to them. The afferent fibres to the nucleus,
which form part of this plexus, are therefore arranged in a very different way from those in the
globus pallidus. Fox et al. (1966) have shown that the long pallidal dendrites are ensheathed in
axons which lie parallel to them and electron microscopy shows that the dendrites are studded
with terminals (Fox ef al. 1966; Adinolfi 1969a; Kemp 1970). Many of these terminals arise
from the same source for some pallidal dendrites are surrounded by degenerating terminals
after lesions in the caudate nucleus. This comparison of the arrangement of the terminals in
the caudate nucleus and globus pallidus may be considered further. Although in both nuclei
there is clearly convergence of afferent fibres onto relatively few cells, it would appear that there
are distinct differences in the internal organization of the constituent cells of these structures.
Thus in the caudate nucleus afferent fibres from sources as different as the neocortex, thalamus
and midbrain all appear to terminate in relation to several types of cells in any particular part
of the nucleus. As only a small proportion of these cells are the source of efferent fibres from the
nucleus, however, it would follow that there is a considerable degree of integration by the inter-
neurons. In the globus pallidus the available evidence suggests that the numerous afferents from
adjoining parts of the striatum converge upon the same type of long axon cell, but whether
there is also further interaction by interneurons, as in the caudate nucleus, remains to be
investigated.

An interesting pattern has emerged from a study of the overall arrangement of the terminals
from the cerebral cortex and thalamus. After lesions in either area the terminals appear to be
arranged in clusters and in view of the observations made in the Golgi impregnated material
on the arrangement of the afferent fibres to the nucleus (Cajal 1911; Kemp & Powell 19714)
it is possible that these clusters are due to the branching of the incoming fibres. After a combined
lesion this clustering is not so evident which suggests either that the fibres from the two regions
are influencing small and discrete, neighbouring parts of the nucleus, or that the greater amount
of degeneration has blurred the clustering. When taken in conjunction with the observations
to be presented in the next paper (Kemp & Powell 1971 ) it is probable that the second alterna-
tive is correct. It must be emphasized that these clusters of endings from either the cerebral
cortex or thalamus are small compared with the total size of the dendritic field of a nerve cell.

The groups of terminals seen after an intrinsic lesion may arise from the collateral axons of
single cells which have been damaged. Such a lesion affects only the terminals of axons entering
the area from one side and the interstices between the groups of degenerating terminals with
symmetrical membrane thickenings may be filled with terminals from the adjacent undamaged
parts of the nucleus.

It should be emphasized that this electron microscope study of the termination of the fibres
of the major afferent pathways to the caudate nucleus has not shown any marked difference in
their mode or site of termination (figure 2). In particular it has not been possible to determine
whether the fibres from the cerebral cortex and the thalamus are ending upon the same or
different cells. The further elucidation of this question is the subject of the following paper.
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FIGURES 3 to 5. Some of the types of profiles contacted by degenerating terminals (arrows) after a lesion n the
cerebral cortex.

Ficure 3. Varicose dendrite (vd). x 25000,
FicUure 4. Dendrite of a medium spiny cell (d). x 80000.

Ficureg 5.

'

‘ell soma (c¢). x 50000. n, nucleus.



FIGUREs 6 to 9. Varieties of profile contacted by degenerating terminals (arrows) after a lesion in the thalamus.

F1GURE 6. Spine (s) from the dendrite (d) of a medium spiny cell. x 30000. g, glia.
FiGURE 7. Main stem dendrite (d) of a giant cell containing pale mitochondria (m). x 40000.

FIGURE 8. Spine (s) arising from the peripheral dendrite (d) of a giant cell. Note the pale mitochondria (m).
x 40,000. g, gha.

FiGUre 9. Degenerating terminal ‘en passant’ in contact with a spine (s). x 30000. g, glia.



Figure 10. Two degenerating terminals (arrows) in contact with spines (s) after a lesion in the contralateral
cerebral cortex. x 40000.

Figure 11. Terminal en passant (arrow) showing early degenerative changes after a lesion in the midbrain. x 25000.

Ficure 12. Degenerating terminal en passant (arrow) in contact with a spine (s) after a lesion in the contralateral
cerebral cortex. x 25000.

Ficure 13. Degenerating terminal (arrow) in contact with a spine (s) after a lesion in the midbrain. x 30000.



F1GURES 14, 15. Large degenerating terminals (arrows), after a combined lesion of the cerebral cortex and thala-
mus, each forming synaptic contacts with more than one spine (s). g, glia. 14, x 45000; 15, x 40000.

FiGure 16. Part of a bundle of myelinated fibres some of which are degenerating (double arrows) after a lesion in
the thalamus. x 7000,

Ficures 17, 18. Exposed postsynaptic membrane thickenings (arrow heads) in the caudate nucleus 112 days after
a combined lesion in the cerebral cortex and thalamus. x 80000. s, spine.

FiGure 19. Degenerating myelinated nerve fibre (double arrow) after a lesion in the midbrain. x 30000.



Ficures 20 to 23. Varieties ol processes of caudate neurons contacted by degenerating terminals (arrows) with
symmetrical membrane thickenings after a lesion in the caudate nucleus.

Ficure 20. The initial scgment of an axon (is). Note the grouped neurotubules and undercoating of the axon
membrane. x 80000,

Ficure 21. Large dendrite (d). x 30000, g, gha.

Figure 22, Peripheral dendrite (d). x 48000

Figure 23. Cell soma (c). x 40000. n, nucleus.



F1GURE 24. Dendrite (d) of the globus pallidus covered with axon terminals manyv of which are making synaptic
contact (arrows) with it. x 9500,

Ficure 25. Varicose dendrite (d) of the globus pallidus receiving many synapses. x 7000,



FicUre 26. Two dendrites of the substantia nigra, one cut longitudinally (d1) and the other transversely (d2);
both are in synaptic contact with numerous axon terminals, and the complex thus formed is ensheathed with
olia (g). Arrow indicates a degenerating preterminal axon. x 21500. Note the similarity in the structure and

synaptic organization shown in this electron micrograph of the substantia nigra with that of the globus
pallidus shown in figure 24.

Ficures 27 and 28. For legends see facing page.



Ficure 29. A dendritic spine (s) on a dendrite (d) of the globus pallidus. Axon terminals make asymmetrical
synapses on to the spine and adjoining part of the dendrite. x 20000.

Ficure 30. Degeneration of axon terminals (double arrows) and preterminal axons (arrow) in the substantia
nigra 4 days after a lesion 1n the caudate nucleus. x 17000.

Figure 31. Dendrite of the substantia nigra (d) upon which an axon terminal (t1) makes an asymmetrical
synapse and another (t2) makes a symmetrical synapse. x 43 000.



Ficure 32. Axon terminals (double arrows) and preterminal axon (arrow) in the substantia nigra at different
stages of degeneration 4 days after a lesion in the caudate nucleus. d, dendrite. x 29000.

Ficure 33. Axon terminal (arrow) which is making a symmetrical axodendritic synapse in the substantia nigra
in an carly stage of degeneration 4 days after a lesion in the caudate nucleus. d, dendrite. x 37000.

FiGure 34. Degenerating axon terminal (arrow) in symmetrical synaptic contact with a dendrite in the globus
pallidus; 4 days after a lesion in the caudate nucleus. d, dendrite. x 30000.

Ficure 35. Two axon terminals making axodendritic synapses in the globus pallidus and at different stages of
degeneration 4 days after a lesion in the caudate nucleus. The one above (arrow) is at a very early stage of
degeneration and is darker than the normal terminals on either side of it; the terminal below (double arrow)

is at a later stage and is much darker and distorted. d, dendrite. x 21000.



