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Until recently our knowledge of the detailed structure of the reptilian nervous
system has been based almost entirely on observations made on serial sections of
normal material prepared by routine neuro-histological methods. Most of these
observations were reported in the older literature and were ably summarised by
Kappers, Huber & Crosby, in 1986. In spite of the well-known limitations of the
methods a considerable body of knowledge has been built up. Its interpretation,
however, in terms of connexions between different parts of the nervous system, has
depended in many cases on a presumed homology with tracts or collections of nerve
cells similarly situated in the mammalian nervous system, where they have been
subjected to more rigorous investigation by experimental methods.

Recently, several papers have appeared in which the results of the differential
staining of degenerating fibres or cells have been described in the reptilian brain.
The degeneration has been caused by lesions so placed that it should demonstrate
the connexions of particular nerves or parts of the brain, e.g. Armstrong (1950) for
optic connexions, Gamble (1952) for olfactory connexions, and Powell & Kruger
(1960) for striato-thalamic connexions. So far this work has been limited to the fore-
and mid-brain, where it has demonstrated many fundamental differences between
reptilian and mammalian anatomy which could not have been demonstrated con-
clusively in preparations of normal material. The present investigation extends
observations of this kind to lower levels of the nervous system and its main purpose
is to determine the central connexions of the dorsal roots of spinal nerves and the
course and destination of long ascending tracts in the spinal cord.

MATERIALS AND METHODS

The animals were all specimens of Lacerta viridis, between 8 and 10 cm. in length,
excluding the tail. Operations were performed with aseptic precautions under ether
anaesthesia. The spinal cord was exposed by the removal of the laminae (together
with the dura, which was adherent to the bone) from two or three vertebrae. In
the root section experiments three successive dorsal spinal roots on the same side
were cut as far from the cord as possible but central to the ganglia; slight direct
damage to the spinal cord, or damage due to traction on the roots, was not always
avoided, but was checked microscopically and allowed for in assessing the results.
Three animals, in which the spinal cord and dorsal roots were exposed but no lesions
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made, were used as control specimens. The spinal cord lesions were all attempted
hemisections either of the right or left side or of the dorsal half of the cord, or
complete transverse sections, and were made by cutting. In nearly all cases the
hemisections were found to be more extensive than expected and to have divided
between % and # of the cord.

The animals were kept in cages maintained at 25° to 82° C., temperatures at
which degeneration is known to progress at a rate comparable with that in mammals
(Gamble, Goldby & Smith, 1957). No specimen showed any obvious signs of infection
but there was some operative mortality. Of thirty-three hemisections and spinal
root sections, two died immediately post-operatively and five before the 11th day;
all the others appeared healthy and were killed at the time which had been arranged.
In one case early death seemed due to an intercurrent infection which led to abscess
formation in the liver and probably had no relation to the operation. Occasional
deaths from a similar cause occurred in the stock animals. The mortality from
complete transections was much heavier. This operation was attempted on only
three animals, two of which died within the first 4 days and were useless for histo-
logical purposes. The survivor waskilled on the 8th day, when it still appeared healthy.

It was found that axonal degeneration could be demonstrated in paraffin sections
by the Holmes silver impregnation technique (Holmes, 1947) as modified by Powell,
Guillery & Cowan (1957). Clearer results were obtained with a modification of the
technique of Nauta & Gygax (1951) introduced by Guillery, Shirra & Webster (1961)
and applicable to paraffin sections. The small size of the blocks made it possible
to work with complete series of sections in all cases.

All specimens were fixed by perfusion after washing out with 0-65 9, saline. The
spinal cord and brain were then exposed and the specimens stored in the fixative.
For the Holmes technique either 10 %, neutral formalin or 70 %, alcohol containing
29, of acetic acid was used. With the formalin fixed specimens there was consider-
able background staining, particularly in degenerated areas, and normal fibres were
frequently distorted and irregular in calibre. With acid alcohol the distortion of
normal fibres and the background staining were both much less.

For the modified Nauta technique neutral formalin was the fixative in all cases.
Although the results varied, this did not appear to depend on the length of time in
the fixative. Entirely satisfactory impregnations were obtained from specimens
which had been stored in fixative for no more than a few days and from others
which had been stored for as long as 6 months. The results obtained by this method
form the principal basis of the findings to be reported; in addition a number of
series stained by toluidine blue were available and were used to study the normal
structure of the spinal cord and brain stem.

The following experimental specimens were used for the work to be reported:

I. Spinal root lesions (all unilateral)

Specimen Roots cut Days Method
no. survival
23 27th—29th 23 Modified Nauta
25 25th—27th 22 Modified Nauta
33 7th-9th 85 Holmes and modified Nauta

84 8th-10th 57 Modified Nauta
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II. Hemisections of spinal cord (right or left)

Specimen Segmental level Days Method

no. survival

7 Between 10th and 11th 21 Holmes and modified Nauta
10 Between 13th and 14th 15 Holmes and modified Nauta
22 27th 24 Holmes and modified Nauta
36 Between 11th and 12th 738 Modified Nauta
42 28th 25 Modified Nauta
45 Between 10th and 11th 28 Modified Nauta

II1. Section of dorsal half of spinal cord

Specimen Segmental level Days Method
no. survival
18 Between 9th and 10th - 21 Holmes and modified Nauta
19 Between 14th and 15th 38 Holmes and modified Nauta

Only one specimen with a complete transection of the spinal cord gave satis-
factory histological results. This was a transection between the 12th and 13th
segments, and the animal was killed on the 8th day. Sections were prepared by
both the Holmes and the modified Nauta method.

It should be noted that the nerve roots or segments of the spinal cord are numbered
cranio-caudally and no attempt is made to specify cervical, dorsal, lumbar or sacral
regions. The enlargement of the cord opposite the forelimb extends from about the
5th to the 10th and opposite the hindlimb from about the 25th to the 30th segment.

The nature and criteria of degeneration

In Holmes preparations, after a survival period of 21 days, degenerating coarse
fibres (48 4 in diameter) showed very obvious irregularities in calibre, vacuolation
and fragmentation. In transverse sections many spaces were seen from which such
fibres had disappeared. Fine fibres (2% or less in diameter) disappeared more
rapidly leaving behind a little debris which was only faintly argentophilic. The
disappearance of fine fibres could be recognized with confidence only when most of
a compact group were affected together (Pl 1, fig. 2), but at earlier stages (15 days
after operation) fusiform swellings and fragmentation were seen in individual
fibres (PL 1, fig. 7). In general, the rather pale impregnation of the Holmes pre-
parations made the identification of degenerative changes difficult except in very
coarse fibres, so that after the first few experiments the method was used chiefly
for studying normal structure or to confirm results obtained by the modified Nauta
technique. Preterminal or terminal degeneration was not recognized in the Holmes
preparations.

The modified Nauta technique showed degeneration debris as intensely argento-
philic granules of very irregular shape and size distributed along the course of fibres
(e.g. PL 1, fig. 9). Adjacent normal fibres usually stained a golden brown colour,
but in a few cases their staining was suppressed entirely. It was common, however,
to find at least some normal fibres (usually fine) densely impregnated and showing
minor irregularities of calibre, a feature also seen in control specimens. It followed
that argentophilia and irregularity of calibre alone could not be accepted as criteria
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of degeneration. It was necessary also to see fragmentation with irregular granules
arranged in a linear fashion. Usually this was possible only in longitudinal sections,
although occasionally, when the degeneration was massive and the staining of
normal fibres more completely suppressed than in most of our specimens, transverse
sections gave convincing results, very similar to those obtained in a good Marchi
preparation (Pl 1, fig. 8). Because the stained fibres had a tubular appearance in
some of our preparations and stained debris was still visible after 73 days, it seemed
possible that it was the myelin sheath debris rather than that of the axon which we
were examining in these specimens.

The earliest degeneration seen in the central nervous system was in an 8-day
specimen. Although in this specimen the spinal cord had been completely transected,
only occasional fragmented fibres were present, and these did not show the intense
argentophilia seen after longer periods. A survival period between 20 and 40 days
was optimal under the conditions of our experiments. In the 738-day specimen the
degeneration debris was less abundant and more widely scattered as if active absorp-
tion were in progress. We noticed, however, that after spinal root section all fibres
and debris disappeared from the nerve root close to its entry in the spinal cord at an
early stage (21 days) so that in this situation (outside the central nervous system)
the degeneration process was much more rapid.

What wasinterpreted as ‘ pre-terminal’ degeneration was seen as the fragmentation
of fine fibres into very small argentophilic granules, usually linearly arranged and
often close to perikarya, in the grey matter. Where this had occurred the surround-
ing neuropil was generally paler than in control specimens, e.g. Pl. 1, figs. 5, 6. In
all the posterior root sections the degeneration (except for some pre-terminal changes
in the ventral horns) was entirely unilateral and comparison with the opposite
side in the same section provided a very satisfactory control, e.g. Pl. 1, fig. 10. The
spinal cord lesions were never confined strictly to one side and always led to some
bilateral degeneration. Such specimens were controlled by comparison with sections
from the same region of the cord in a normal animal. In three cases the latter were
mounted for processing on the same slide with sections from the experimental animal,
by far the most satisfactory form of control for bilateral effects.

With long fibre tracts, consistency of results in several blocks from widely separated
parts of the cord gave added confidence to the interpretation in many cases. It
must be remembered, however, that interpretation depends always on the assump-
tion that the degeneration observed is the result of the lesion. It is known that in
mammals the mere exposure of the central nervous system by removal of the dura
after laminectomy (Peele & Windle, 1946) or craniotomy (Harris, 1960) can cause
degeneration which may be severe. This may also occur in reptiles, for in a lizard
with a simple exposure of the spinal cord in the 12th and 18th segments which
survived for 27 days, almost complete disorganization of the spinal cord was found
at the site of exposure. The result was like that of an almost complete division of
the spinal cord. This was an isolated case however. In two similarly treated speci-
mens only occasional degenerated fibres could be found; they were limited to the
segments close to the exposure, and showed no tendency to concentration in one
region or tract rather than another. Gross disorganization of the spinal cord was
seen in none of the experimental specimens with dorsal root lesions, and the slight
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and non-specific degeneration which may have been present as a result of exposure
only could not have accounted for the findings or have led to any serious difficulty
in interpretation. It was necessary only to ignore occasional and isolated fibres
showing degeneration near the lesion, particularly when they could not be found
consistently in particular regions or traced in more than one block of tissue. There
remains only the possibility of ischaemic degeneration which could follow the inter-
ruption of radicular arteries. No evidence which would suggest such an occurrence
was seen in any of our specimens, unless a small extravasation of blood, in the
ventral horn of lizard 84 was due to this cause.

In the specimens with spinal cord lesions any additional damage caused by
exposure or by interference with the blood supply was of little importance. The
lesions were always checked histologically in serial sections and allowance was made
for the fact that an intended hemisection had usually damaged considerably more
than half the spinal cord. In one case, however (lizard 22), more extensive degener-
ation was found throughout the central nervous system then in any other specimen
with a comparable lesion and some of this may have been due to a generalized
pathological condition rather than to the lesion directly. In two others (lizard 23
and 34) apparent degeneration was seen in the habenular commissure of the fore-
brain which it seemed impossible to attribute to the experimental lesion (spinal
root section). The significance of occasional observations of this kind which cannot
be confirmed in all specimens must remain obscure. The principal interpretations
which we report are based only on observations which could be made consistently
in all relevant and well impregnated specimens; in a few cases where the basis of
interpretation was less secure, this has been pointed out.

The dorsal roots and spinal cord in normal material

Kappers et al. (1936) reviewed the results obtained by the earlier workers and little
has since been added to our knowledge of the nerve roots and spinal cord in reptiles.
It is unnecessary therefore to do more than draw attention to some features which
are characteristic of Lacerta viridis or particularly relevant to the present
investigation.

The axons which form the dorsal roots are of varying calibre; many are fine (in
the Holmes preparations 1 or less in diameter) although the most conspicuous
component consists of coarser axons, about 2-8x in diameter. For each segment
they are arranged in a single flattened bundle, which runs dorsally in close appo-
sition with the lateral column of the spinal cord, and, for the last part of its course,
deep to the pia mater (Pl. 1, fig. 4). It is probably for this reason that it is difficult
to cut the roots without causing some direct damage to fibres in the lateral columns.
No clear cut segregation of fine from coarse fibres could be detected as the root
enters the spinal cord.

Many fibres, both fine and coarse, can be followed into the posterior columns.
Fibres which are predominantly fine enter a marginal tract, superficial to the dorsal
horn, which resembles Lissauer’s tract in mammals, and a few (both coarse and fine)
enter the lateral columns as has been described in turtles, lizards and snakes (see
Kappers et al. 1936, pp. 198-199). The fibres which enter the lateral columns appear
to run close to the grey matter towards the ventral horn. In the dorsal columns
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fibres bifurcate into ascending and descending branches from which collaterals
pass to the grey matter but beyond this no certain information about the termination
of dorsal root fibres could be obtained from the normal material.

Coarse efferent fibres which arise from the large cells of von Lenhossék in the
medial part of the ventral horn have been described in the cervical dorsal roots of
L. muralis (Beccari, 1913, 1914). They may represent the spinal roots of the
accessory nerve of mammals. What appeared to be similar fibres were seen in a 2nd
cervical dorsal root in L. viridis but their origin and destination were not investigated
experimentally. The roots which are attached to the limb plexuses are obviously
larger than in other regions, but no fibre counts were made.

In reptiles generally, and this is certainly true of L. viridis, the distinction
between grey and white matter is less definite than in mammals, although the same
main subdivisions (apart from a lateral horn) can be recognized. Large dendrites
extend from the grey matter into the anterior and lateral columns, dividing them
into fasciculi and ending in a superficial or marginal dendritic plexus where the
cells of the marginal (Hofmann’s) nuclei are situated (see Terni, 1926).

The dorsal columns are well developed at all levels and share in the general
enlargements of the cord opposite the limb plexuses. Measurements of cross-sectional
area showed no significant increase in the more cranial segments and failed to
provide evidence for the frontal accummulation of fibres which is said to be ‘clearly
evident in reptiles’ (Kappers et al. 1986). This is not to say, however, that a frontal
accummulation of long ascending fibres does not occur in L. viridis. The gross size
of the dorsal column is to a large extent depcndent on the abundance or otherwise
of descending collaterals and intersegmental {ibr.s and variations in the number of
such fibres at different levels might mask the effects of additions from each segment
of a few long ascending fibres.

Most of the axons of the dorsal columns are fine, particularly those on the surface
and adjacent to the dorsomedian septum (Pl. 1, fig. 1). A proportion of coarser
axons is present in the deeper parts of the columns. The proportion of coarser
axons increases in the lateral and becomes very large in the ventral columns where
the coarsest of all (6-8 4 in diameter) are found. In some sections this results in the
white matter of the ventral half of the cord having a strikingly different appearance
from the dorsal half.

The deeper part of the ventral columns, immediately ventral to the central
canal, consists of particularly large fibres which are cut off from the rest of the
columns by an accessory grey commissure to form two conspicuous bundles. They
can be traced into continuity with the medial longitudinal bundles of the brain
stem and were studied very thoroughly by Terni (1922) in a lizard (Gongylus
ocellatus) and later by Leghissa (1954) in a series of reptiles. Terni thought they
were largely ascending tracts, formed by axons which decussate below the central
canal. Leghissa described a descending component arising in large part from the
brain-stem, and Stefanelli (1941) considered they were concerned with movements of
the trunk.

The further division of the white matter into tracts is largely hypothetical and
chiefly based on observations made on normal material from the brain-stem and the
junctional region between the medulla oblongata and spinal cord. Only the supposed
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ascending tracts will be considered here. The dorsal columns are said to contain
cuneate and gracile fasciculi. Rudimentary dorsal column nuclei (Zeehandelaar,
1920) are also present and a relay could occur into a medial lemniscus which has
been identified by some authors but has not been traced further than the mid-brain
(Kapperset al. 1936). In L. viridis the dorsal column nuclei are poorly developed.
They are represented by some small multipolar cells scattered in the deeper part of
the dorsal columns in the upper cervical segments, which can be traced into the
medulla. In Nissl preparations they show no definite arrangement in nuclear groups.
In fibre preparations dendrites from these cells stream into the dorsal columns in
two regions, medially close to the dorso-median septum and again laterally, pro-
ducing an appearance very like that of the cuneate and gracile nuclei in mammals.

Larsell (1926, 1982) and others have described large ventral and smaller dorsal
spino-cerebellar tracts the presence of which Larsell (1982) tried to confirm (but
without much success) by using the Marchi technique after spinal cord lesions in
the cervical region. A secondary sensory tract (spino-tectal or spino-mesencephalic)
from the lateral columns has been described (Edinger, 1908), and it is certainly true
that fibres from the lateral columns can be traced into the reticular formation of the
brain stem and possibly as high as the midbrain. There is no evidence toshow whether
these are ascending or descending, as indeed is the case with most of the tracts
described in the reptilian spinal cord. Apart from Larsell’s (1982) and Ingvar’s
(1918) disappointing attempts with the Marchi technique, we have found no
descriptions in the literature of studies of degenerating fibres after experimental
lesions in the reptilian spinal cord.

Degeneration following dorsal spinal nerve root section

Section of three successive dorsal roots connected either to the fore- or hindlimb
plexus caused little functional disturbance. The limbs behaved normally and in a
perfectly coordinated manner in walking, but the affected limb was not withdrawn
when stimulated and the claws did not grip as effectively as in the normal limbs.
The degeneration can be illustrated by two specimens (lizards 23 and 34).

In lizard 28 blocks were examined at the level of the lesion (27th, 28th and 29th
segments), cranial to the lesion at the 4th and 5th segments and in the brain stem,
but not caudal to the lesion. All sections were stained by the modified Nauta method.
Section of the roots was found to be accompanied by superficial damage to the lateral
column on the same side, there being some loss of tissue and cellular reaction in this
situation.

In the dorsal columns degeneration was confined to the side of the lesion. Close
to the lesion it was scattered throughout the column, affecting both fine and coarse
fibres, but a fair number of apparently normal fibres were interspersed among those
which were fragmented and intensely argentophilic. In higher segments (4th and
5th) the degenerated fibres were concentrated in a crescentic area adjacent to the
dorsomedian septum (Pl. 1, fig. 8) and extending on to the dorsal surface of the
cord about half way to the line of entry of the dorsal nerve roots. At this level
degeneration was confined to fine fibres. Similar degeneration was found at the
caudal end of the medulla and could be traced for a short distance cranially. It
became diffuse in a region lateral to the lower extremity of the 4th ventricle and
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could not be followed further (Text-fig. 1 and Pl. 2, fig. 14). The scattering of debris
suggested degeneration in terminal or preterminal fibres and since few perikarya
were present in this situation any connexions established were presumably axo-
dendritic. The fact that the degenerated tract occupies a far more restricted region
of the dorsal column in the more cranial segments suggests that more ascending
fibres are added from the roots cranial to those divided.

Degeneration was also séen in the superficial part of the lateral column close to
the dorsal horn, and could be followed into the brain stem. It is almost certain
that this was due to the direct damage to the lateral column already mentioned,
and not to the root section. In another specimen (lizard 25) where lateral column

Fig. 1 Fig. 2

Text-fig. 1. A reconstruction of the dorsal aspect of the medulla in lizard 23 made by superimposing
the outlines of horizontal sections. The position of the degenerated fibres is shown in stipple.
The section which is cross-hatched is the one illustrated in Pl 2, fig. 14.

Text-fig. 2. A reconstruction of the dorsal aspect of the medulla in lizard 34 made by superimposing
the outlines of horizontal sections. The position of the degenerated fibres is shown in stipple.
The section which is cross-hatched is the one illustrated in Pl. 2, fig. 15.

damage was less extensive, it was less marked and not recognizable in the brain
stem. In two further specimens (lizards 83 and 84) in which roots attached to the
forelimb enlargement had been cut, but without any apparent damage to the spinal
cord, only occasional degenerated fibres were found in the superficial part of the
lateral column or brain stem; on the other hand, lateral column degeneration was
always abundant after spinal cord lesions. It is reasonable to conclude that this
degeneration is not related to the root section and its nature and extent will be
described later.
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The only additional degeneration seen in lizard 28 was in segments close to the
lesion. From the dorsal column fine degenerated fibres, possibly collaterals, could
be followed into the base of the dorsal horn of grey matter, and what appeared to be
terminal or pre-terminal degeneration was concentrated towards the lateral side
of the horn where the fibres seemed to have a predominantly longitudinal
orientation. This degeneration was limited to the side of the lesion. Degeneration
was also seen around large cells in the ventral horn; this was bilateral, but more
marked on the side of the lesion, where some of the adjacent lateral column fibres
were also degenerate. The ventral horn degeneration was particularly well shown
in a second specimen, lizard 33 (Pl 1, figs. 5, 6). The interpretation of terminal
degeneration in the grey matter near the lesion is made difficult by the existence of
lateral column damage. It was present, however, in all specimens with root sections
and there is a strong probability that it represents degeneration in the terminations
of root fibres or their collaterals. Degeneration of this kind was not present in the
4th and 5th segments, a long way cranial to the lesion.

In lizard 34, the roots divided were connected to the brachial plexus. Immediately
cranial to the lesion (7th segment) degenerated fibres were widespread throughout
the ipsilateral dorsal column except in the crescentic region occupied by the tract
described in lizard 28, where only fine normal fibres were present. There was no
difficulty in tracing the degeneration to a region of the medulla which lay lateral to
the region where the degeneration in lizard 28 appeared to end, and extended a
little further cranially (Text-fig. 2; PL 2, fig. 15). Again few perikarya were found
at the site of termination so that any connexions were presumably axodendritic.
It will be noticed in the reconstructions (Text-figs. 1 and 2) that the two degenerated
tracts described in lizards 23 and 84 respectively appear to occupy the same position
in the dorsal columns. This results from the fact that both are flattened bundles
which lie obliquely, superficial and deep respectively, so that in orthogonal pro-
jection they overlap almost completely.

The distribution of degeneration in the grey matter of the spinal cord was very
similar to that found in the previous specimen (lizard 28). It is illustrated in Pl 1,
fig. 10, in collaterals from the dorsal columns and in Pl 1, fig. 11, as preterminal
degeneration in the grey matter at the root of the dorsal horn. It was present in
sections 4 segments cranial and 5 segments caudal to the lesion, and could be traced
into the ventral horns from a few degenerate fibres deep in the lateral columns. In
the superficial part of the lateral column only an occasional degenerate fibre could
be seen, and, as already stated, there was no obvious direct damage to the spinal
cord in this situation. It is possible, however, that the degeneration in the grey
matter was increased by the presence of a small extravasation of blood which
appeared to have occurred ante mortem near the base of the ventral horn in the 9th
segment, but there is little doubt that most if not all was due to preterminal
degeneration in the fibres of the dorsal roots which had been cut.

In lizard 34, segment 15, five segments caudal to the lesion, was also examined.
It showed a few degenerate fibres deep in the dorsal column on the side of the lesion,
probably descending collaterals from ascending axons. There was also very slight
evidence of degeneration in some of the deeper fibres of the lateral column on the
side of the lesion and in collateral branches to the ventral horn. Traces of terminal
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degeneration in both ventral horns and in the root of the ipsilateral posterior horn
were also seen.

Two further specimens (lizards 88 and 25) gave similar results and do not require
separate description.

Degeneration following spinal cord lesions

Most of the spinal cord lesions were between the 11th and 15th segments, i.e. just
caudal to the enlargement of the spinal cord opposite the forelimb. Hemisection
at this level had no apparent effect on movements of progression in most specimens.
In one, where subsequent examination showed continuity of nerve fibres only in
the lateral column on one side, and in two, where only the superficial parts of both
anterior columns remained intact, no regular movements of the hind-limbs occurred
in walking. Uncoordinated movements were sometimes seen however. In the two
animals with hemisections in the enlargement opposite the hindlimbs, the only
obvious change was relative inactivity of the limb on the side of the lesion. After
complete transection of the spinal cord between the 12th and 13th segments no
hind-limb movements were observed up to the 8th day when the animal was killed.
The degeneration which resulted from theselesionsis well illustrated in two specimens,
lizards 7 and 18.

In lizard 7 about three-quarters of the transverse extent of the cord was destroyed
and fibres could be traced in continuity across the lesion only in the superficial
parts of the opposite lateral and anterior columns. Horizontal and transverse
sections were examined immediately above the lesion at the 9th segment (Holmes)
and further cranially at the 7th (modified Nauta —PI. 2, fig. 12), 6th (Holmes) and
2nd segments (modified Nauta). A horizontal series of sections of the brain stem
(Holmes) was also available.

All spinal cord sections above the lesion showed degeneration in the dorsal columns
similar to that seen after root section in lizard 28 (Pl. 1, figs. 2, 8). It was traced to
the level of the foramen magnum, but not with certainty to its termination in the
medulla oblongata where only Holmes preparations were available. It has already
been pointed out that the impregnation by this method is too light for the identi-
fication of fine scattered degenerating fibres. The lateral and deeper parts of the
dorsal columns showed little or no change, so that any ascending fibres in this situation
must have entered the spinal cord cranial to the 10th segment.

Other ascending fibres were degenerated in the lateral columns, and were
demonstrated most convincingly in the block from the 7th segment (modified
Nauta preparations), i.e. three segments cranial to the lesion, (Pl. 2, figs. 12, 18).
Degeneration was concentrated in the superficial fibres and was most abundant
near the dorsal horn. It was very much more marked on the side where the lateral
column had been completely transected but was also present on the other. In the
2nd segment (also a modified Nauta preparation), this degeneration was still
recognizable but there was considerably less difference between the two sides. In
Holmes preparations from intermediate segments (5th and 6th) the only evidence of
degeneration which could be recognized in the lateral columns was vacuolation and
fragmentation in some of the coarser fibres, although the loss of the more compact
bundles in the posterior columns was quite obvious. Similar sections from the 9th
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segment showed many fragmenting fibres in the lateral columns. While no doubt
some of these were the ascending fibres recognized further cranially, others may
have been short intersegmental fibres and the possibility of direct traumatic effeets
cannot be ruled out so close to the lesion. For reasons already given the Holmes
preparations available were not satisfactory for tracing the lateral column degene-
ration to its termination in the brain stem. In the anterior columns a few fragmented
fibres were found in segments adjacent to the lesion, but no satisfactory evidence
was found in this or any other specimen for the presence of long ascending tracts in
this part of the spinal cord.

Observations caudal to the lesion are chiefly relevant to the descending pathways
which will not be discussed in this paper. They provided a convenient control for
the ascending degeneration in the dorsal columns, however, the position of which
was occupied by completely normal fibres at all levels examined (12th, 14th and
20th segments). A little degeneration in the central parts of the dorsal columns, still
present at the 14th, but not at the 20th segment, probably represented descending
collaterals of dorsal root fibres or intersegmental fibres of propriospinal origin.
Descending degeneration was very marked in the anterior columns, which, apart
from an occasional degenerated fibre, were normal cranial to the lesion, and was
also present in the lateral columns. The latter did not therefore provide a satisfactory
control for the ascending degeneration found in this situation cranial to the lesion.
It appears that there is considerable intermingling of ascending and descending
fibres in the lateral columns.

Degeneration in the grey matter was present for at least eight segments cranial
and caudal to the lesion. It was very similar to the degeneration seen after root
section but more abundant and bilateral in distribution, no doubt due to the in-
volvement of intersegmental fibres of propriospinal origin as well as root fibres. In
many sections what appeared to be degenerating collaterals could be seen entering
the grey matter from the dorsal and the lateral columns.

Lizard 18, in which the dorsal two-thirds, of the spinal cord was transected
sparing only the anterior columns, confirmed the findings in lizard 7 in relation to
the dorsal columns and also demonstrated the ascending fibres of the lateral columns;
collateral branches to the ventral horn were particularly well shown (Pl 1, fig. 9).
The lesion was one segment higher than in lizard 7 and some scattered degeneration
was present in the lateral and deeper parts of the dorsal columns. The 9th is the
most caudal segment to receive a large dorsal root from the region of the forelimb
plexus and it is clear that it is only when this or higher segments are affected that
ascending degeneration in this part of the dorsal column occurs.

In lizard 18 modified Nauta preparations from the brain-stem were available.
These confirmed the site of termination of the dorsal column degeneration and also
made it possible to trace the lateral column degeneration to its termination. The
latter was found in a fairly compact flattened bundle on the ventro-lateral surface
of the medulla, from which degenerated fibres passed radially inwards to end among
cells of the reticular formation. Such fibres were particularly numerous about the
level of exit of the abducens nerve, and could represent terminating fibres or col-
lateral branches. The degeneration extended cranially ventral to the roots of the
auditory and trigeminal nerves and then curved dorsally, cranial to the latter, to
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turn medially between the tectum of the midbrain and the cerebellum. From this
situation most of the degenerated fibres entered the cerebellum where they could be
traced among the granule cells (see Pl. 2, figs. 16 and 17). The cerebellar degeneration
was bilateral and many degenerated fibres were seen in the cerebellar commissure
which lies adjacent to the decussation of the trochlear nerves. There was also
degeneration of a more diffuse character in certain regions of the midbrain but it
could not be traced with confidence into continuity with the fibre system just
described. The regions in question are in the central grey matter around the caudal
part of the aqueduct and also lateral to the posterior corpora quadrigemina in rela-
tion to a group of cells which seems to correspond in position with the nucleus isthmi
of other reptiles (see Huber & Crosby, 1926). The latter is also very close to the part
of the brain stem where Huber & Crosby (1926) identified ascending lemniscus fibres
in the alligator. A few degenerated fibres entered the tectum close to the root of the
trochlear nerve.

These findings, including those in the brain-stem, were confirmed in another animal
(lizard 19) with a hemisection of the same type but between the 14th and 15th
segments. No degeneration in the lateral and deeper parts of the dorsal columns
was seen in this specimen. A hemisection in the 28th segment (lizard 42), which
had divided one lateral column only, gave similar results, but failed to demonstrate
degeneration in the cerebellum although it was present in the cerebellar commissure.
In this case the superficial degeneration in the medulla was unilateral; in the mid-
brain it was not seen in the region of the nucleus isthmi, but was present in the
central grey matter. Another hemisection in the hindlimb enlargement (lizard 22)
showed degeneration in the lateral columns which could be traced to the cerebellum
and midbrain, but the findings of this specimen are suspect because degenerated
fibres were widespread throughout the medulla and also in the anterior columns of
the spinal cord. Such widespread degeneration was seen in no other specimen and
may have been partly due to some general pathological condition and not directly
to the experimental lesion.

The remaining two specimens were hemisections just caudal to the forelimb
enlargement and were generally confirmatory of the results already described.

CONCLUSIONS AND DISCUSSION

The conclusions which can be based on an investigation of this kind vary in the
degree of certainty with which they are established. So far as dorsal spinal nerve
roots are concerned, it can be said that all appropriate specimens have demonstrated
that a proportion of their fibres enter the dorsal columns to form a long ascending
tract which reaches the medulla. Within this tract the fibres from the more caudal
segments lie dorsomedially to those from more cranial segments. The fibres are
fine, but most and perhaps all possess a myelin sheath. The fibres arising caudally
end in the dorsal and caudal part of the medulla near the ventricle, while the fibres
from more cranial segments end lateral and slightly rostral to the others. A similar
somatotopic localization in the posterior column nuclei of Alligator has recently been
described by Kruger & Witkovsky (1961) using electrical recording techniques. In
Lacerta, the endings are almost certainly axodendritic contacts in the neuropil of
this situation, although this particular point has not been established by direct
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observation. It is probable that most of these ascending fibres are derived from
roots associated with the limb plexuses, because the amount of degeneration at the
cervical level in specimens with a lesion just caudal to the forelimb plexus did not
differ very much from that in animals with lesions in the region of the hindlimb
plexus. From the material available it is not possible to say whether any significant
contribution is provided from segments in the tail or whether a median nucleus of
Bischoff (Kappers et al. 1936, p. 264) is present in Lacerta.

The fibres from segments caudal to the forelimb plexus occupy a region in the
cervical spinal cord which corresponds almost exactly with that occupied by the
fasciculus gracilis in mammals; the tract in the lizard may be rather smaller in
proportion, but the material is not suitable for precise quantitative assessments.
Fibres entering from the roots of the forelimb plexus form a tract which is equally
comparable with a fasciculus cuneatus, and again the material gives the impression
that the proportion of fibres which reach as far as the medulla may be smaller than
in mammals.

The dorsal columns also contain descending fibres, some passing at least 5 seg-
ments below a lesion. These are probably collaterals from ascending fibres, but the
material used does not allow a definite distinction to be made between collateral
branches and the main stem of a fibre.

Clearly the constitution of the dorsal columns in the lizard and in mammals is
very similar. The principal differences lie in the poor development and definition of
the dorsal column nuclei, the probability that terminations in the medulla are all
axodendritic, and the possibility that the columns contain a larger proportion of
intersegmental fibres and descending collaterals. It is possible also that a smaller
proportion of the ascending root fibres reach brain-stem level for in a mammal
(the cat) it has been stated that not more than about 25 9%, do so (Glees & Soler,
1951).

The terminal connexions of dorsal root fibres in the spinal cord are established
with slightly less certainty because of the lateral column damage which often
accompanied section of the nerve roots. The results were consistent in several
specimens, however, and are as reliable as most of those obtained by degeneration
methods. They indicate that a major site for the termination of dorsal root fibres lies
in the lateral part of the grey matter at the base of the dorsal horn presumably on
internuncial neurones, and that these terminations are derived from fibres (or
their collaterals) which have passed into the dorsal columns, and are entirely
ipsilateral. Terminating fibres are found bilaterally in the anterior horns, more
abundantly on the side of the lesion, which they reach through the deeper parts of
the lateral columns. This represents the reptilian ‘reflexo-motor’ pathway for
mono-synaptic reflexes. Functional contacts may also be made with the dendritic
arborizations which extend into the white matter, but we have no direct evidence
of this. The intra-spinal connexions are widespread, extending for at least 5 segments
above and below the point of entry of a dorsal root. Again the similarity with the
mammalian condition is evident, the principle difference being the presence of the
reflexo-motor pathway in the lateral columns.

The presence of ascending tracts in the lateral columns is also established by the
material examined, but the evidence for the precise sites of termination is less
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satisfactory than in the case of the posterior column tracts. Although scattered to
some extent throughout the lateral columns they tend to be concentrated near the
dorsal horn and superficially. In this respect they resemble ascending fibres in the
lateral columns of mammals. The cells of origin have not been identified. By
analogy with mammals one would expect to find them in or near the dorsal horn of
the opposite side, but direct evidence is lacking. At least a proportion of these fibres
reach the brain stem where some end or give collaterals to the reticular formation
of the hindbrain. Others can be traced to the cerebellum and, from the course they
follow, are comparable with the ventral or indirect spino-cerebellar fibres of mammals.
Endings in the caudal part of the midbrain tectum, the central grey matter around
the aqueduct and in the nucleus isthmi are also probable, although the evidence is
not entirely satisfactory. Degenerated fibres were not seen in the midbrain in every
specimen in which the lateral columns had been divided. It is true that such degen-
eration was not seen in any of the control specimens, but it must be remembered
that in the experimental animals, owing to its scattered nature, we were unable to
trace it with confidence into continuity with the degenerated ascending tracts in the
hindbrain. The occasional observation of what appeared to be degenerated fibres in the
habenular commissure also throws doubt on the significance of degeneration seen in
the midbrain. It is difficult to believe that fibres in the habenular commissure could
have been affected directly by any of the lesions and if apparent degeneration in this
situation was due to some other cause, no strong reasons can be given for inter-
preting the midbrain degeneration differently. However, the absence of midbrain
degeneration from the control specimens and its presence in most of the experimental
animals with spinal lesions provides at least prima facie evidence for spino-mesen-
cephalic connexions from the lateral columns. No evidence for spinothalamic
connexions was obtained, and perhaps should not be expected. In the more primitive
mammals very few fibres from the lateral columns reach the thalamus (Mehler,1957).

One may conclude that spino-reticular, spino-cerebellar and probably spino-
mesencephalic fibres form a definite component of the lateral columns in a reptile,
and that they occupy very much the same situation as in mammals. Spino-thalamic
fibres are probably not present and no evidence for a dorsal spino-cerebellar tract,
entering the cerebellum through an inferior peduncle, was found. No spinal cord
lesion in the present series of experiments was more cranial than the 9th segment
however. Larsell (1982) thought that a small dorsal spino-cerebellar tract might
be present and if so it could arise between the 1st and the 9th spinal segments and
derive impulses solely from the forelimb or neck. An origin for spino-thalamic
fibres solely from this part of the spinal cord is perhaps less likely.

We have also failed to demonstrate ascending fibres in the anterior columns of
the spinal cord, unless the degeneration seen in lizard 22 can be taken as evidence
for their presence. We have already given reasons why the widespread degeneration
seen in this specimen, much of which was found in no other animal with a similar
lesion, is of very doubtful significance. It is worth pointing out, however, that Terni
(1922) has described ascending fibres in the medial longitudinal fasciculi of the
anterior columns, but apart from the one doubtful specimen just mentioned, we
have found no confirmatory evidence.

It is clear that so far as the present investigation goes the marked differences from
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mammals in the forebrain structure of reptiles, which have been made clear by
recent work, are not reflected in the ascending pathways of the spinal cord. Dorsal
nerve root connexions, and the ascending components of the dorsal and lateral
columns are essentially similar to the corresponding features in mammals, and the
differences are mostly of a minor character. This is perhaps to be expected. In
vertebrates generally the main afferent pathways appear to have been established at
an early evolutionary stage. It is in the mechanisms for integration in the forebrain
and brain stem, and in those concerned with the elaboration of complex patterns of
behaviour, that the principal new developments in the more advanced vertebrates
such as mammals have occurred. At the level of the spinal cord, such developments
are more likely to be reflected in elaboration and specialization of the descending or
motor pathways than in those that are ascending or sensory.

SUMMARY

The degeneration resulting from lesions in dorsal spinal root fibres and in ascending
tracts of the spinal cord in Lacerta viridis has been studied, using the Holmes silver
impregnation method and a modified Nauta technique. The nature and criteria of
degeneration as revealed by these methods are reviewed. '

Some features of the normal dorsal roots and spinal cord are described.

Severance of three adjacent dorsal roots at the levels of the limb plexuses
produced ipsilateral degeneration in dorsal column fibres ascending to the dorsal
part of the medulla in fasciculi corresponding closely with the cuneate (forelimb)
and gracile (hindlimb) fasciculi of mammals. Intraspinal connexions in the ventral
horns and in the roots of the dorsal horns were also demonstrated.

Hemisections of the cord resulted in additional degeneration in the superficial
part of the lateral column. This could be traced to the cerebellum and, less certainly,
to the midbrain. Numerous collaterals were given off to the reticular formation
in the medulla.

It is concluded that the arrangement of dorsal spinal root connexions and of
ascending tracts in the dorsal and lateral columns of the spinal cord is very similar
to that found in mammals. No evidence for the presence of long ascending tracts
in the anterior columns of the spinal cord was found.

The authors wish to thank Mr P. Attwood for technical assistance, and Mr R. J.
Fant for preparing the photographs in this study. They also thank Dr R. W,
Guillery for the loan of his manuscript describing the modified Nauta technique
which was used here.
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EXPLANATION OF PLATES

The regions of the spinal cord of L. viridis which are illustrated photographically in Pls 1 and 2
are indicated in the figure below. This is a diagrammatic outline of a transverse section of the spinal
cord in which the rectanglesindicate the positions of transverse and the lines the positions of horizontal
sections in relation to the cord as a whole. The numbers refer to the figures in the plates. Figs. 1, 2,
4 and 7 are of Holmes preparations; all the others are of modified Nauta preparations. In all
the figures which illustrate horizontal sections the cranio-caudal axis of the cord or medulla lies
vertically.

8

PrAaTE 1

Fig. 1. Transverse section through the dorsal columns in the 13th spinal segment of a normal animal.
Note the closely packed fine fibres situated superficially on each side of the dorso-median
sulcus; compare with fig. 2. x165.

Fig. 2. Lizard 7 (cord lesion at 10th segment). Transverse section through the dorsal columns in
the 5th spinal segment, showing bilateral loss of superficial fibres; compare with Fig. 1. (The
black material at the surface is India ink used in marking the block.) x165.

Fig. 8. Lizard 7 (cord lesion at 10th segment). Transverse section through the dorsal columns in
the 7th spinal segment showing bilateral degeneration in the superficial fibres. The dense
impregnation of the degeneration debris in this situation is in striking contrast with the
surrounding areas. Compare this Nauta preparation with Fig. 2, which shows the same areas
in a Holmes preparation. (See also Pl. 2, fig. 12, which is a low power view of the same section.)
x 165.

Fig. 4. Slightly oblique horizontal section through the spinal cord of a normal lizard to show a
dorsal spinal root (cut transversely) lying beneath the pia mater and immediately adjacent
to the fibres of the lateral column (cut longitudinally). In the dorsal root, the very fine fibres
tend to form small groups scattered among the coarser fibres. x 330.

Figs. 5, 6. Lizard 33 (7th, 8th and 9th dorsal roots cut). These two photographs are of the
anterior horns in the same section from the 8th spinal segment. There is marked degeneration
in the anterior horn on the side of the cut spinal roots (fig. 5) and very little in the other
(fig. 6). Note the difference in the impregnation of the neuropil on the two sides. x280.

Fig. 7. Lizard 16 (cord lesion at 14th segment). Horizontal section through the dorsal columns at
the junction of the spinal cord and medulla 16 days after division of the dorsal columns.
Fusiform swellings are present in axons near the midline (indicated by arrows). x310.

Fig. 8. Lizard 23 (27th, 28th and 29th dorsal roots cut). Horizontal section through the dorsal
columns in the 4th spinal segment showing unilateral degeneration adjacent to the median
plane. x310.
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Fig. 9. Lizard 18 (cord lesion at 9th segment). Horizontal section through the lateral column
adjacent to one ventral horn at the 4th segment. Degeneration can be seen in the lateral
column on the left of the photograph. There are conspicuous degenerating collaterals passing
at right angles to the lateral column into the ventral horn on the right. x310.

Fig. 10. Lizard 84 (8th, 9th and 10th dorsal roots cut). Transverse section at the 4th spinal
segment showing grey matter dorsal to the central canal. Degenerating collaterals from
the dorsal column are seen on the left. The corresponding fibres on the right are normal.
(See also fig. 11.) x280.

Fig. 11. Lizard 384 (8th, 9th and 10th dorsal roots cut). Transverse section at the base of one
dorsal horn at the 7th segment to show degeneration in the grey matter. On the left a few
fasciculi of the lateral column can be seen and at the top degenerating collaterals passing into
the grey matter from the dorsal column. (See also Fig. 10.) x310.

PLATE 2

Fig. 12. Lizard 7 (cord lesion ut 10th segment). Transverse section at the 7th spinal segment show-
ing the distribution of degeneration debris. Note the concentrations of degenerating fibres in
the dorsal columns (see also Plate 1, fig. 3) and on the surface in one lateral column. There is
also scattered degeneration in the rest of the white matter. x 45.

Fig. 18. Lizard 7 (cord lesion at 10th segment). Horizontal section through the dorsal part of the
lateral column shown in transverse section on the right side of Fig. 12. The entering 7th
dorsal root fibres can be seen running tranversely from right to left. Degeneration is con-
spicuous in the superficial part of the lateral column on the right. The dorsal horn grey
matter is on the left. x310.

Fig. 14. Lizard 23 (27th, 28th and 29th dorsal roots cut). Horizontal section through the dorsal
part of the medulla near the midline at the caudal end of the IVth ventricle (which is
shown at the top left corner of the photograph). This section was one of those (shaded) used
in preparing the reconstruction (Text-fig. 1) and shows the degenerating fasciculus gracilis
near its apparent termination. x 280.

Fig. 15. Lizard 34 (8th, 9th and 10th dorsal roots cut). Horizontal section through the dorsal part
of the medulla near the midline at the caudal end of the IVth ventricle (which is shown
at the top left corner of the photograph). This section was one of those (shaded) used in
preparing the reconstruction (Text-fig. 2) and shows the degenerating fasciculus cuneatus
near its apparent termination. The area occupied by the fasciculus gracilis lies medial to it on
the left (compare fig. 14). x280

Fig. 16. Lizard 45 (cord lesion at 10th segment). Horizontal section through the oerebellum showmg
degenerating fibres in the granular layer following hemisection of the spinal cord. Compare
this appearance with that of the normal cerebellum shown in Fig. 17. x 310

Fig. 17. Horizontal section of the cerebellum of a normal lizard taken at a level eorrespondmg
approximately to that shown in Fig. 16. x 310.



