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The rate of secondary degeneration in the central
nervous system

I. The pyramidal tract of the cat

By H. van CREVEL axp W. J. C. VERHAART
Institute of Neurological Sciences, Leiden University

INTRODUCTION

Although the tracing of secondary degeneration has been a basic method of
neuro-anatomy for over a century, little is known about the process of degeneration
itself and the factors influencing it. Yet to ignore these factors in the interpretation
of hodological data may result in erroneous conclusions being drawn as to the
number, origin or direction of the fibres in a nerve tract.

The fibres in a severed nerve tract do not degenerate simultaneously. At first no
degenerated fibres are visible, then gradually more and more fibres disintegrate,
until at last the degeneration is complete. Thus, for an exact determination of the
amount of degeneration following a lesion, two data are required. First, the
‘degeneration time’ (the time-interval between severance of the fibres and death of
the specimen) and secondly, the ‘degeneration rate’ (the relation between the
number of degenerated fibres and the degeneration time).

This rate is determined by many factors. Among these, fibre size (the outer
transverse diameter of the fibre) is one of the most important. However, the
evidence is contradictory in this respect: some workers state that large fibres
degenerate at a higher rate than those of small size, while others maintain the
opposite (see Discussion). The present work is a quantitative study of the degenera-
tion rate and of the relation between fibre size and degeneration rate in the central
nervous system.

In a series of experiments, the pyramidal tract of the cat was completely severed
unilaterally by hemidecortication. The animals were killed after different degenera-
tion times, varying from 8 days to 80 weeks. In each degenerating pyramid, the
number of degenerated fibres of each size was determined as described below. In
this way the time course of secondary degeneration resulting from °‘one’
lesion was followed, and the degeneration rate for each fibre size could be
determined.

Since degenerated fibres vanish sooner or later by resorption, to count those still
visible is misleading. Moreover, since degenerated fibres are swollen, to measure
them is of little value. These difficulties were overcome by Verhaart (1947). Instead
of the degenerated fibres, the non-degenerated fibres in a severed tract are counted
and measured. The same is done in the contralateral, normal tract of the same
specimen. Comparison of both sets of data reveals the number and size of the
degenerated fibres. This will be called the ‘indirect’ method.
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It will be clear that this method requires a staining technique which permits:
(1) differentiation between normal and degenerated fibres, and (2) exact measuring
and counting of normal fibres. Therefore, the Haggqvist modification of the Alz-
heimer—-Mann methylblue-eosin stain was chosen (see Methods).

METHODS
Staining

Higgqvist (1936) modified the Alzheimer-Mann technique for paraffin sections
by aftermordation in bichromate. This technique, using methylblue-eosin, stains
myelin sheath and nucleolus a bright red, axons, cells and glial tissue blue. Higg-
qvist and his associates used it mainly for counting and measuring normal fibres
{Haggqvist, 1986, 1948; Rexed, 1944). However, the Alzheimer-Mann stain was
yriginally used for neuropathological purposes; and Doinikow (1911), Jakob (1912),
Spatz (1921) and Spielmeyer (1922, 1929) gave beautifully coloured pictures of it
in their studies of secondary degeneration. Its usefulness in this field was almost
forgotten, until it was re-introduced by Verhaart (1947). The technique used has
been recently described by Busch (1961) as follows:

(1) Further fixation of the blocks (exp. mat.) or the entire brain (norm. mat.) in
Baker’s formol-calcium fixative, made up of 10 ml. commercial formalin, 10 ml. of a
10 9, aqueous solution of calcium chloride (anhydrous) and 80 ml. distilled water.
Fix for 84 weeks, preferably in the incubator at 40° at night and during the day at
room temperature. Change the fluid once.

(2) Wash overnight in running water.

(8) Mordation for 8—4 weeks, at the same temperatures as in fixation, in dichro-
mate-calcium solution, made up of 90 ml. 10 %, potassium dichromate with 10 ml.
10 %, aqueous calcium chloride (anhydrous).

(4) Rinse in running water for one night, dehydrate and embed in paraffin.

(5) Cut sections 5-64, mount according to Masson’s gelatin-formalin vapour
method.

(6) Deparaffinize and bring to distilled water.

(7) Transfer to 109, phosphomolybdic acid for 1-2 hr. at room temperature.

(8) Wash well in distilled water.

(9) Stain for 8—4 hr. at room temperature in a solution containing equal parts of
0-5 9%, methylblue (preferably Bayer) and 0-1 %, eosin in distilled water. Add 15 drops
of concentrated acetic acid per 1000 ml. staining solution.

(10) Immediately after staining, pass rapidly through 96 %, alcohol and 100 %,
alcohol, clear in two baths of xylol. Mount in Canada balsam. Dehydration must
be rapid to prevent loss of eosin.

Because the method is not well known, its criteria for degeneration will be dis-
cussed here at some length. The first signs of degeneration are most conspicuous in
thick fibres. The axon swells, sometimes becoming red instead of blue. Hyper-
chromatic axons can often be observed in large fibres. Then the axon becomes pale
and granular, and often reticular or vacuolated. Later, only a semilunar part of it
is left; and finally it is resorbed. The myelin sheath also swells, and becomes cloudy
and irregular in outline (Pl 1, figs. 1-8). In thin degenerated fibres a blue axon
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can no longer be distinguished. In transverse sections only a seemingly luminous
disc of a more vicious red is left. The fibres are swollen and irregular. The inter-
mediate stages of degeneration can seldom be observed in thin fibres. This is
probably due to the rapid resorption of thin fibres, once they are degenerated (see
Discussion). In addition to fibre degeneration, glial proliferation is clearly visible.
Areas of old degeneration are blue, because of the abundance of glial tissue. Fresh
degeneration shows up red, owing to the disappearance of blue axons.

In the present work, fibres were regarded as degenerated: when a blue axon was
lacking or (in larger fibres) when the axon was obviously hyperchromatic, granular,
or partly resorbed. In properly fixed material, artefacts are rare. They can be dis-
tinguished from true degeneration by the use of serial sections; or, in experimental
material with strictly unilateral lesions, by comparison with the contralateral side

of the section.
Fibre analysis

The ‘fibre pattern’ of a tract is the percentage frequency distribution of the fibre
sizes. Determination of the fibre pattern by counting and measuring was termed
‘fibre analysis’ by Haggqvist (1986). Fibre analysis may be performed in various
ways. In the present study, the normal fibres in samples of normal and degenerating
pyramids were counted and measured directly from the microscope, with the aid of
a net-ocular micrometer. Then the whole surface area was determined and the total
number of fibres calculated by multiplication. The advantages of this method are its
speed and the possibility of judging degeneration through the microscope. Both
are lost when photomicrographs are used.

Sampling. In each pyramid, ten fields under oil immersion were used for fibre
analysis. This is about one-twentieth of the total surface. Increasing the number
of samples did not enhance the accuracy. As the pyramid shows no periodicity or
density gradient, interval sampling was used, instead of random sampling.

Measuring. The fibres were measured and counted simultaneously with the aid of
a net-ocular micrometer (Text-fig. 1). The distance between two tiny lines corres-
ponds to 1 under oil-immersion magnification. The outside diameter of the fibres
was measured and the fibres were distributed in the following groups: 0-2, >2-4,
>4-6 and >6u.

Counting. A differential counting machine was used, so that each fibre could be
allocated to its size group when it was measured. In this way, double counting and
overlooking of fibres are reduced to a minimum. Fibres on the outer lines of the
square were counted at two of the four sides only.

Surface measuring. This was also done through the microscope, the advantage
being that the border between pyramid and medial lemniscus can be defined by
direct inspection of the fibre pattern (Pl. 1, fig. 4). While the mechanical stage was
moved along parallel paths, the number of squares belonging to the pyramid was
determined with the net-ocular.

Error of the method. The histological techniques of fixing, embedding, cutting and
staining cause several errors, of which shrinkage is the most obvious. It amounts
to some 259,, but it is remarkably constant, thick and thin fibres shrinking in
the same proportion (Rexed, 1944). Another histological source of error is the
deformation of the circular shape of transected fibres. Here Higgqvist’s rules were
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followed: in oval and polygonal cross-sections the smallest diameter is taken, while
in pyriform shapes the base is measured.

However, the observer himself is a greater source of error than the histological
imperfections of his material. In the present study, errors could be made in four
operations (apart from sampling): measuring, counting, surface measuring and
judging degeneration. Since the fibres were measured directly under the micro-
scope, duplicate counts to determine the standard deviation could not be performed.
Nor could the error made in counting be dealt with statistically. Double counting
is infrequent, but overlooking of fibres probably happens to a considerable extent.
However, our final values of interest (percentages of non-degenerated fibres) are
quotients of two counts. Therefore, these final results are influenced far less by this
inexactness than are the absolute numbers themselves. Surface measuring was
always performed twice, and the average used for calculation. The difference was in
the order of 19%,, which is very satisfactory. Finally, fallacies made in judging
degeneration are unavoidable, and cannot be estimated by statistical means.

'

Text-fig. 1. Net-ocular micrometer (see text for explanation).

Fortunately, these various errors are not correlated. Moreover, they can be
reduced by training and tend to reach a constant level when work of this kind has
been done for some time. Furthermore, since a large number of observations was
made, the values obtained for the proportion of non-degenerated fibres are at least
comparable. As thin fibres are much more numerous in the pyramid than thick
ones, and as the standard error is inversely proportional to the root of the number
of observations, the data concerning thin fibres are more exact than those on thick
fibres. The error cannot be expressed in statistical language, but is estimated at
some 109, for thick, and rather less for thin fibres.*

MATERIAL

Both normal and experimental adult cats were used (Table 1). The former were
studied to decide whether in normal cats number and pattern of the fibres in the
pyramid of both sides differ significantly. The latter constitute the series of cats
with a unilateral total removal of the cells of origin of the pyramid, killed after
different degeneration times. Since all, or nearly all fibres of the medullary pyramid

* For a more detailed discussion of the Higgqvist technique and fibre analysis, see van Crevel
(1958).
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arise from the cerebral cortex (see van Crevel, 1958, and references), several other
cases could be added to the series of hemidecortications. These are: some hemi-
spherectomies, some unilateral severances of the cerebral peduncle, and one case of
unilateral severance of the medullary pyramid.

Table 1. Normal and degenerating pyramids on which fibre analysis was

performed
Slide Cat no. Deg. time Lesion
1 H 542 — Normal pyramids
2 H 2505 — Normal pyramids
3 H 544 — Normal pyramids
4 H 3519 - Normal pyramids
5 H 3518 — Normal pyramids
6 H 3513 — Normal pyramids
7 H 35138 —_ Normal pyramids
(different level)
8 H 3513 — Normal pyramids
(different level)
9 H 536 30 weeks Hemispherectomy
10 H 536 30 weeks Hemispherectomy
(Glees method)
11 H 2721 28 weeks Hemidecortication
12 H 2722 24 weeks Hemidecortication
13 H 2723 20 weeks Hemidecortication
14 H 2802 20 weeks Hemidecortication
15 H 2746 16 weeks Hemidecortication
16 H 3520 16 weeks Hemidecortication
17 H 2810 16 weeks Hemispherectomy
18 H 2891 12 weeks Hemidecortication
19 H 539 12 weeks Hemispherectomy
20 H 2760 10 weeks One peduncle severed
21 H 2887 8 weeks Hemidecortication
22 H 2800 8 weeks Hemispherectomy
23 H 2892 6 weeks Hemidecortication
24 H 3022 4 weeks Hemidecortication
25 H 2635 4 weeks One peduncle severed
26 H 2889 8 weeks Hemidecortication
27 H 3521 8 weeks Hemidecortication
28 H 3459 2 weeks One pyramid severed
29 H 2890 2 weeks Hemidecortication
30 H 3095 8 days Hemidecortication
31 H 2794 7 days Hemispherectomy
32 H 2806 5 days Hemispherectomy
33 H 2790 3 days Hemispherectomy
34 H 3135 16 months Leukotomy (see text)

All operations were performed under intraperitoneally administered hexobarbi-
tone anaesthesia. The cortex was removed by suction. The animals were killed in
deep anaesthesia by perfusion with a 10 9, formalin solution through the aorta. In
this way the central nervous system is fixed and hardened in situ. In some hemi-
decortications, small bits of basal, cingular, or occipital cortex were left intact; but
no pyramidal fibres originate in these areas (van Crevel, 1958, and references).
Unless stated otherwise, all slides were stained with the Higgqvist technique.
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RESULTS
Normal pyramids

The pyramids of the normal cats (slides 1-8) as well as the normal pyramids of
the experimental cats (slides 9-83) of Table 1 fall within this group. Only the former
were used in deciding whether in normal cats number and pattern of the fibres in the
pyramid of both sides differ significantly. To determine the normal range of number
and pattern of the pyramidal fibres on either side, the latter group also was taken
into account.

The number of fibres averaged about 80,000. It varied widely (between 56,000 and
106,000) in this group of thirty cats. In twelve cats whose weights were known, the
number of fibres was found to be significantly correlated with weight (Text-fig. 2;
t test: P < 0-005). No significant correlation with the sex of the animals could be
established; neither could it be determined whether the number of fibres drops
slightly with advancing age, this factor being unknown in our cats.

100}

Number of fibres (in thousands)
L]
LN ]

502
Body weight (kg)

Text-fig. 2. Correlation diagram showing relationship between body weight and number
of fibres in the pyramid of the cat.

Since it is impracticable to transect all the pyramids at exactly the same level,
three different medullary levels were counted in one cat (slides 6, 7 and 8). From
cranial to caudal, they correspond to Jansen & Brodal’s (1954) levels XV, X and
IV-V in the inferior olive. The numbers found (average of both sides) were 90,835
and 88,775 and 87,650 respectively. Consequently, the difference between the
extreme levels used in counting in this study accounts for only a small percentage
of the total variation.

The fibre pattern proved to be homogeneous over the whole area of the pyramid,
and to differ much less than the total number of fibres in different individuals. The
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average values found were 789, (0-2u), 20%, (>2-4px), 5% (>4-6u) and 29,
(> 6u) (Text-fig. 8). Variations from this pattern are in the order of a few per cent
only; and when groups 1 and 2 are added, their total shows even less variation. No
doubt part of the variability is ‘real’, i.e. biological (as can be verified from the
slides), but the observation just mentioned also demonstrates the subjective error
involved in measuring fibres, especially those about 24 in diameter. Comparison of
three different levels in one individual (slides 6, 7 and 8) showed only slight and
inconsistent differences in pattern: the middle level had fewer fibres of group 1 than
both the upper and lower olivary levels.

50

Percentage

L
4 6
Size (x)
Text-fig. 8. Percentage histogram of fibre sizes in the pyramid of the cat.

The majority of the fibres in group 1 are about 14 in diameter. Some are thinner
(about 0-75 ), and preparations were studied with the electron microscope (Philips
EM 100) to find out whether large numbers of fibres below 1 in diameter occur in
the pyramid. This was found not to be the case. The largest fibres in the pyramid
were 104; in some cats a few larger ones (12-14x) were found (Pl 1, fig. 8; PL 2,
fig. 5). It should be remembered that the four size groups do not contain fibres
averaging 1, 8, 5 and 7 u respectively.

Comparison of right and left pyramid. As the values for the proportion of de-
generated fibres were obtained by comparing the two sides in one cat, it was felt
necessary to test the assumption that in a normal individual the pyramids of the
two sides are equal as to both number and size-frequency distribution. Hence the
fibres of both pyramids of six normal cats were counted and measured. The results
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are presented in Table 2. The numbers of fibres actually measured were used to
compare the patterns. With the exception of the fibre pattern in a single slide (slide 1),
neither the total number of fibres (¢ = 0-054, D.F. 5) nor the fibre patterns (see x?)
showed significant differences between the two sides. It soon became evident that
initially the subjective errors are very large and inconsistent (see Methods), and
this single difference in pattern was attributed to inexperience in counting and
measuring. Consequently, it was decided that there is no reason to reject the
hypothesis that number and pattern of the pyramidal fibres of both sides in a normal
cat are the same.

Table 2. Comparison of right and left (normal) pyramids
(For p.F. 8, P = 0-05 that x2 > 7-81.)

Slide Number of fibres Distribution in size groups: fibre pattern X2

A
Is N \

L R L R

1 102,840 110,710 3,166 877 134 50 3,482 668 122 51 42-64

2 84,600 81,010 2,744 555 122 69 2,560 582 144 78 7-009
3 109,680 106,130 2,615 602 143 74 2,607 672 150 83 3-757
4 103,010 101,080 1,773 543 112 77 1,820 496 127 72 4-714
5 79,200 81,940 2,786 496 103 45 2,630 510 104 39 1-920
6 88,720 86,580 2,295 549 122 66 2,230 534 135 64 1-032

Degenerating pyramids

The most surprising feature of the whole series of degenerating pyramids was the
great length of time needed for total degeneration. It is usually assumed that fibres
degenerate more or less synchronously, and that all fibres have degenerated about
one month after severance; but both these assumptions proved to be wrong. The
first degenerated fibres in the pyramid were seen after 8 days; but after several
weeks many apparently normal fibres could be observed. Even without quantitative
analysis it was evident that thin fibres are strikingly more resistant to degeneration
than larger ones. It takes up to 6 months for all these thin fibres to lose their normal
appearance in a transverse section.

About 6 months after a hemidecortication (slides 11 and 12), a few normal fibres
of various sizes can still be observed. No further degeneration seems to occur after
that time: 16 months after a large lesion through the internal capsule had been
made (in a cat 8 weeks old, H 8135), these normal fibres were still present. Since
ascending pyramidal fibres could not be found (van Crevel, 1958), these fibres were
held to be either lemniscal, or external arcuate, with perhaps a few contralaterally
descending pyramidal fibres.

The over-all picture of degeneration in the pyramid changes gradually with time
(PL. 2, figs. 5-8). After 8 days only a few large degenerated fibres are conspicuous;
but after 5 days degenerated fibres of all sizes are present. After a week the picture
is dominated by red discs, indicating that many medium-sized fibres have degenerated.

After 2-8 weeks only few large fibres are still intact, and the general picture is one
of full-blown degeneration. Unlike the thin, the large fibres have acquired unusual
and irregular forms. Again, it must be stressed that under oil immersion many
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normal fibres are revealed. Six weeks after the operation many large degenerated
fibres have been resorbed; but their spaces have not been filled, and relatively large
white gaps show in the slide. On the other hand, thin fibres fade out unobtrusively:
they are apparently resorbed rapidly, since few showing degeneration are to be seen
at any one time. More than 8 months after the operation the pyramid consists for
the greater part of glial tissue, with some debris and a few normal fibres. Most of the
debris has been cleared away after 4 months, and the glial scar closes (Pl. 2, fig. 8).
Shrinkage of the cross-surface area at that time amounts to some 509%,, while in
later stages it is even more. Quantitative data concerning it, however, show great
variation: after 4 weeks it may be 20-25 9, ; but in one case there was no atrophy at
all after 8 weeks. It may, perhaps, vary with age; its study was not further
pursued.

Table 8. Percentages of normal fibres in the degenerating pyramid after
different degeneration times

Slide Time 024 >24u >4-6u >6u
33 8 days 97-8 88-9 81-9 79-4
32 5 days 97-8 69-8 35-1 31-6
31 7 days 772 52-1 39-6 27-3
30 8 days 744 49-0 877 16-4
29 2 weeks 61-2 45-4 26-5 13-4
28 2 weeks 73-6 60-2 24-9 13-6
27 8 weeks 64-5 36-5 12-3 8-0
26 8 weeks 527 88-0 10-4 87
25 4 weeks 41-5 217 10:5 71
24 4 weeks 437 26-3 16-3 13-0
23 6 weeks 80-4 24-0 4-9 87
22 8 weeks 257 16-0 4-1 17
21 8 weeks 28-6 15-8 55 4-2
20 10 weeks 16-3 8-0 1-5 1-4
19 12 weeks 12-8 4-8 1-5 1-3
18 12 weeks 14-0 4-2 05 00
17 16 weeks 4-0 20 0-9 0-0
16 16 weeks 59 2-0 0-9 00
15 16 weeks 64 20 0-8 0-0
14 20 weeks 2:1 0-8 0-5 0-0
13 20 weeks 34 1-8 07 1-2
12 24 weeks 1-2 1-6 1-6 1-5
11 28 weeks 2-3 40 4-3 4-2%

* The apparent increase of normal fibres more than 20 weeks after the operation is due to a
larger proportion of ‘non-pyramidal’ fibres in slides 11 and 12. Degeneration has reached a
maximum after about 20 weeks; this was confirmed in slides 9 and 10.

Quantitative analysis. As explained before (see Introduction), it is useless for our
purpose to count and size degenerated fibres. Therefore the normal fibres in the
degenerating pyramid were counted and measured, and these data were compared
with the number and pattern of the normal pyramid at the same level in the same
animal (the ‘indirect’ method). The results were expressed as percentages of normal
fibres (in the degenerating pyramid) for each size group. The values obtained are
represented in Table 8 and (graphically) in Text-figure 4.
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Text-fig. 4. For legend see opposite.

Remembering that percentages of ‘not-yet-degenerated’ fibres are given rather
than percentages of degenerated fibres, it may be concluded from the graphs that:

(1) Fibres of all sizes start degenerating within a week of the lesion being made.
Total degeneration takes several months.

(2) Large fibres, as a group, degenerate more rapidly than thin.

(8) Degeneration, considered as a temporal process, follows a continuous course
with a steadily decreasing slope: there are no sudden changes of rate.
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Text-fig. 4. The percentage of non-degenerated fibres in the pyramid plotted against
degeneration time.

(4) Initially, large numbers of fibres are degenerating per unit interval of time;
later, these numbers decrease progressively—this holds for all size groups.

Another point of interest was derived from the data by plotting the logarithm of
percentage-left-intact against degeneration time. A linear relationship seems to
exist between the two, indicating that the percentage itself forms a falling exponen-
tial function of degeneration time (Text-fig. 5).

The regression of log percentage normal fibres (y) on degeneration time (z) was
calculated according to the method of least squares and resulted in equations of the
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Log. percentage non-degenerated fibres

Degeneration time (weeks)

Log. percentage non-degenerated fibres

Degeneration time (weeks)
Text-fig. 5. For legend see opposite.

form y = a+bx with b < 0.* This was done only for the first three size groups, as
the data for the largest fibres were felt not to be sufficiently reliable to justify
mathematical operations. The ‘goodness of fit’ was tested by ¢ = b/s,. The following
equations were obtained:

(1) y = 1-994 —0-01112. (T, = 140), t = 34+, (0-2 ),

(2) y = 1-862—0-0134z. (7, = 140), { = 2759 (> 2-4p,)

(8) y = 1708 —0-02102. (7, = 84), ¢ = 13-4, (> 4—64).

* The relation between the percentage normal fibres and degeneration time being Y = A ebz,
where A is the natural number of a.



Rate of secondary degeneration in central nervous system. I 441

For thicker fibres, the regression lines show a steeper slope and cross the ordinate
at lower values of y. The proportion between regression coefficient and its standard
deviation demonstrates that the rates of degeneration differ significantly in the
three size groups. Thus a simple description of the data can be given as follows:

(5) Within each size group, the number of fibres degenerating in a unit interval
of time is proportional to the number present at that time; the thinner the fibres,
the smaller this proportion.
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Text-fig. 5. The data of Text-fig. 4 plotted semilogarithmically.

DISCUSSION

Scope of the method

The scope of the Higgqvist method as used in fibre analysis of normal material
has been discussed exhaustively by Rexed (1944): only its significance for studies
of secondary degeneration remains to be evaluated. Therefore, it will be compared
here with the routine neuro-anatomical methods: silver impregnations, the Marchi
technique and the Weigert stain. (For a comparison with more refined morpho-
logical techniques and with chemical and physiological methods, see van Crevel,
1958.)

Disintegration of the axon, as revealed by silver methods, sets in after 3-5 days
(Cajal, 1928; Nauta, 1957). Complete degeneration and removal of axonal debris
take 4-6 months (Liu & Chambers, 1958). It is not feasible to count the non-
degenerated fibres a long time after severance in silver preparations, because
differentiation between glial fibres and thin axons is very difficult (Spielmeyer, 1930,
own observation). Therefore, exact data about the last stages of degeneration are

29 Anat. 97
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difficult to obtain by these methods. The Marchi method reveals degenerated
myelin from about 8 days after severance onwards (Glees, 1948). Degeneration is
said to be complete in 8 weeks’ time (Glees, 1948). However, the Marchi method
seems unsuitable to determine the termination of the process of degeneration
because normal fibres remain invisible. The Weigert method(s), staining normal
myelin, supplements the Marchi method, especially for the late stage of degenera-
tion. With it, total degeneration in the dog’s pyramid is seen to require 4—6 months
(Morin, Poursines & Maffre, 1951; Maffre, 1958).

Summing up, we may conclude that the over-all picture of degeneration as dis-
played by the Haggqvist method does not differ substantially from that seen with
routine neuro-anatomical methods. The changes in the axon become visible at the
same time as when observed in silver impregnations, and those of the myelin sheath
correspond to the alterations demonstrable with the Marchi and Weigert methods.

Finally, something should be said about the ‘quantitative’ nature of the results.
As explained before (see Methods), a considerable amount of uncertainty is inherent
in all work of this kind. Consequently, the data should not be regarded as absolute
values, but rather as approximations or even orders of magnitude.

The normal pyramid

The large variability in the number of fibres of the pyramid is most striking. It
has been described in man, both for surface area (van der Bruggen, 1929; Duncan,
1940) and for number of fibres (Verhaart, 1947). It is explained to some extent by
the relation between the number of pyramidal fibres and body weight, established
in the present study. When no attention is paid to the fact that in carnivores the
medial lemniscus covers the whole dorsal border of the pyramid, the former may be
included in counts of the latter, as was apparently done by Maffre (1958), in her
study of the dog’s pyramid. Due attention should also be paid to distinction between
nerve fibres and glial fibres in silver impregnations.

The pyramid is often described as containing many unmyelinated fibres (recently:
Glees, 1957, De Myer & Russell, 1958). However, the occurrence of unmyelinated
fibres anywhere in the nervous system seems to be exceptional (Edgar, 1955, and
references). With more precise methods, such as polarized light and electron
microscopy, a thin sheath can be detected in nearly all vertebrate nerve fibres. The
meaning of the terms ‘myelinated’ and ‘unmyelinated’, then, is determined by the
histological method used. In Higgqvist slides, a myelin sheath can be seen around
all fibres in the pyramid, even those thinner than 1. This made it unnecessary to
draw a distinction between unmyelinated and myelinated fibres in the present
study.

Lassek & Rasmussen (1940), using the Davenport protargol method, found
186,000 fibres in the pyramid of the cat. They examined two cats, but do not
mention the dispersion of the data. Glees (1957) found only 70,000 fibres. Counting
from Haggqvist slides, van Beusekom (1955) found 40,000-80,000 at a low medullary
level. Our number, 80,000 fibres at a middle medullary level, and ranging from
56,000 to 106,000 in thirty cats, agrees reasonably with the figures quoted above,
except those of Lassek & Rasmussen. Possibly these authors were not aware of the
topography of the medial lemniscus in the cat.
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The preponderance of thin fibres in the pyramid was noted early (Flechsig, 1876)
and stressed by Higgqvist in 1986. Lassek (1942), Szentégothai (1941), Verhaart
(1947, 19484, b) and Brookhart & Morris (1948) found similar patterns. Although
their studies are not directly comparable, because neither their methods nor their
size groups were the same, all found a maximum number of fibres in the group
classified as thin, and consistently smaller numbers in the groups of larger sizes.
The pattern found by us (78, 20, 5 and 29, for the groups 0-2, >2-4, >4-6 and
> 6u) agrees well with their results. Deviations from this average pattern were in
the order of a few per cent only, while none but the first specimen counted showed
a significant difference in the patterns of left and right sides.

The degenerating pyramid

The most obvious features of the series of degenerating pyramids (the long time
needed for total degeneration, and the asynchronism of fibres in degeneration) have
both been known for a long time, but have mostly been disregarded.

The low rate of degeneration in the pyramid was observed by Schaffer (1895),
Worotynski (1897) and Ziehen (1899), later mentioned by Verhaart (1953) and
described in detail by Morin et al. (1951) and Maffre (1958). Levin, von Bonin &
Crandall (1952) warn that in ‘isolation experiments’ (cat) half a year should elapse
before all severed pyramidal fibres can be regarded as vanished. Yet the slow pace
of degeneration in the pyramid as a whole has often been disregarded, resulting in
erroneous conclusions about its site of origin (see van Crevel, 1958).

However, some qualifications must be made here. Degeneration is usually
studied from transverse sections. In longitudinal sections it is seen to proceed
much faster, because it does not set in simultaneously along the whole fibre, but at
random loci. Secondly, only the obvious signs of degeneration were taken into
account. When subtler criteria are applied—such as slight swelling or paling of the
axon—the degeneration rate is again found to be somewhat higher; but this is
impracticable in a study where large numbers of fibres have to be differentiated as
normal or degenerated.

Simple inspection shows that the fibres of a severed tract do not degenerate in
strict synchronism—it would be most surprising if they did. This asynchronism was
described in the last century (Homén, 1885; Stroebe, 1898), and mentioned by
many later authors (Doinikow, 1911; Jakob, 1912; Cajal, 1928; Weddell & Glees,
1941); moreover, it was noticed in retrograde cell degeneration (Nissl, 1892; Liu,
1955). However, this simple fact is often ignored in neuro-anatomical studies where
degeneration times of a few weeks are used.

Fibre size and degeneration rate. Some authors state that thick fibres degenerate
at a higher rate than thin ones, while others maintain the opposite. Our conclusion
was that large fibres degenerate faster than thin ones (meaning that a larger propor-
tion of them break down in a unit interval of time). However, sometimes at a late
stage more large degenerated fibres are visible than thin ones. This is caused by the
slow reabsorption of the debris of large fibres as compared to the rapid disappear-
ance of thin fibres—once they have degenerated. Both observations can be made
from the Haggqvist slides, but both have been made with other methods as well.

Cajal (1906) found that resorption of large degenerated fibres, as studied in silver
29-2
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preparations, proceeds more slowly than that of thin fibres; and Duncan (1930)
noted that thin fibres are Marchi-positive for only a short time.

In the old literature, no study is found devoted exclusively to the influence of
fibre size on degeneration rate. However, Stroebe (1898), Ménckeberg & Bethe
(1899), and Marinesco (1907), in their papers on secondary degeneration in general,
note that thin fibres are more resistant than large ones. In 1910, van Gehuchten &
Molhant, in an elaborate study on this subject, state that the time factor has been
entirely neglected in experimental neuro-anatomy, and are of the opinion that their
work will cause a revision of neuro-anatomical knowledge. They examined the vagus
nerve at various times after section, and conclude that degeneration rate depends
on size only, the thinner fibres being the faster ones in degeneration. However, they
used the Marchi method, and therefore their ‘lois de dégénérescence’ are of dubious
validity. With this method only debris is stained, and it is not certain that large
lumps originate from large fibres and small dust from small ones. Moreover, normal
fibres are invisible in Marchi sections, making differentiation between fragmenta-
tion and reabsorption by ‘indirect’ counts impossible. Probably the only thing
demonstrated by van Gehuchten & Molhant is that debris of large fibres remains
traceable for a longer time than that of thin fibres.

Doinikow (1911) observes that the first fibres to degenerate are large ones, but
that the subsequent process develops in the thin fibres at a higher rate. Jakob (1912),
working in the same laboratory, states that ‘the whole process is faster’ in thin
fibres than in thick ones. It is not clear what exactly was meant by these authors—
both were interested primarily in ‘Abbau’ and ‘Abriumung’, rather than in
degeneration proper.

Cajal, in his classical work on degeneration and regeneration (1928), concludes
that large fibres are the faster to degenerate. Citing van Gehuchten & Molhant, he
points out that although the process progresses more rapidly in thin fibres, it starts
later. Lassek and Hard, studying the degenerating pyramid with various methods,
also conclude that thin fibres have a lower rate of degeneration (Hard & Lassek,
1946; Lassek, 1946a, b; Lassek & Hard, 1946). Gutmann & Holubdr however
(1950), come to the opposite conclusion. They studied longitudinal sections because
their main criterion for degeneration was discontinuity of the fibres. Nauta, in
1950, wrote that large fibres are slower to degenerate than thin ones, and Combs
(1951) reached the same conclusion; in 1957, however, Nauta expressed the contrary
opinion.

Summing up, the evidence from the literature is inconclusive and contradictory.
Much of the dispute is caused by a lack of clear terms. Thus, ‘degeneration’ involves
two processes—"‘ the fragmentation and loss of normal structure of the nerve fibre
severed from its cell of origin, and the reabsorption of the broken and altered
material’ (Maturana, 1958). The same author continues: ‘there is no a priori reason
for these two processes to proceed at the same rate, and actually there is evidence
that they occur at different speeds’. This should be borne in mind when data about
the rate of degeneration have to be interpreted, and a definition of the term ‘de-
generation rate’ is a first necessity in those cases. The quantitative data in the
present study bear on the first process only: the loss of normal structure of axon
and myelin sheath.
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However, the distinction between the loss of normal structure of a fibre and its
resorption is artificial. Severance of a nerve fibre initiates a complicated process,
beginning with the loss of its normal structure, and ending with its disappearance.
This proceeds at a higher rate in a thin fibre than in a thick one; but it is quicker to
appear in thick fibres than in thin. We defined ‘degeneration rate’ as the relation
between the number of fibres which have lost their normal appearance and the time
elapsed since their severance. By that definition, thick fibres degenerate faster than
those of small size.

The relation between fibre size and degeneration rate, as established here, explains
the slow degeneration of the pyramidal tract as a whole: it consists mainly of very
thin fibres. If this relation holds for all fibres in the central nervous system, it
might, similarly, explain the old observation that the tracts of the spinal cord
degenerate in the order of their myelination (Schaffer, 1895; Worotynski, 1897):
other things being equal, the tracts that myelinate first have the greatest proportion
of large fibres (Szentdgothai, 1941). In other words, the degeneration rate of any
tract as a whole would be determined by its fibre pattern.

The exponential law of degeneration. When the results of the counts were plotted,
they suggested an exponential curve for each size group. Accordingly, a linear
relationship seemed to exist between the logarithm of the percentage of ‘not-yet-
degenerated’ fibres and the degeneration time. Before the (slight) anomalies of the
curves are discussed, however, it should be recalled that, although a falling exponen-
tial function is a reasonably fitting and compact description of our observations,no
proof that it is ‘the’ description is possible (Sholl, 1948).

The anomalies of the curves are twofold. In the first place, the semilogarithmic
graphs do not all run through y = 2 for # = 0; in other words, degeneration seems
to progress at a higher rate during the first few days after the operation than later
on. This applies especially to the larger fibres. Three explanations of this pheno-
menon offer themselves. First, fibres within one size group are not all of the same
diameter: the larger ones in the group drag the curve downward at the beginning.
Secondly, the phenomenon is well-known in other processes of decay that follow an
exponential law. It is related to the relatively large error in the first values of time,
and is most striking in fast processes. For some reason or other, perhaps a psycho-
logical one, the anomaly is always in the same direction (the zero point should be
shifted to the left to get a completely linear relation). In our case, the phenomenon
did occur most strikingly in the faster processes, and the shift was in the usual
direction. The third explanation is that large fibres do really possess a higher rate
of degeneration during the first few days. In this respect Cajal’s (1928) observation
about ‘precocious’ degeneration of large fibres, though not supported by counts,
should be remembered.

The second anomaly in our curves is located at the other end. There the degenera-
tion seems somewhat ‘too slow’. This is, at least to some extent, the result of the
presence of foreign fibres in the pyramid, as indicated by the fact that the pheno-
menon is most prominent in groups 2 and 8 (the lemniscus contains far fewer thin
fibres than the pyramid). These fibres vary in number and cause an apparent
increase of normal fibres in the degenerating pyramid after 20 weeks. Their influence
is detectable only in late stages of degeneration because at that time the number of
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normal pyramidal fibres is of the same order. It is also possible that bias has played
a part here.

The exponential ‘law’ means simply that, for each fibre size, the number of fibres
degenerating in a unit interval of time is proportional to the number present at that
time. Therefore, the degeneration rate of each fibre size could be described by a
single constant. For instance, the term ‘relative degeneration rate’ could be used,
in analogy with ‘relative growth rate’, etc. (Abercrombie & Johnson, 1946). It
should be defined as the rate of decrease of the logarithm of the number of sur-
viving fibres, in other words, the slope b of the regression lines of Text-fig. 5.
Another way to describe the degeneration rate would be to compute the ‘half-life’
T = log2/b for each fibre size. For the fibres of 024 this is about 27 days.

An exponential law is well known in other decay processes of unicellular organisms,
e.g. bacteria during disinfection (Rahn, 1948) and erythrocytes during exogenous
hemolysis (Mendes de Leon, 1954). Its chemical significance appears to be that the
process is of the first order, i.e. unimolecular (Booy, 1956). Biologically, it signifies
that the cells possess equal resistance. Conversely, divergence from an exponential
curve indicates that some elements of the population are more resistant than others,
e.g. spores in a sample of bacteria (Rahn, 1948). Thus, the resistance to secondary
degeneration may be considered to be equal for fibres of one size group within the
pyramidal tract.

SUMMARY

The rate of secondary degeneration and the relation between fibre size and
degeneration rate were studied quantitatively in the pyramidal tract of the cat.
In a series of twenty-five experiments, the tract was severed unilaterally. The
animals were killed after different degeneration times, varying from 3 days to
80 weeks. In each degenerating pyramid, the number of degenerated fibres was
determined by the ‘indirect’ method: comparison of the number of normal fibres in
a degenerating tract with the number of fibres in the contralateral (normal) tract.
In this way, the degeneration rate (the relation between the number of degenerated
fibres and the degeneration time) of each fibre size was determined. In six normal
cats both pyramids were analysed to test the assumption that number and pattern
of the pyramidal fibres of both sides in a normal specimen are the same. The
Higgqvist staining technique, which is suitable for fibre analysis and shows both
normal and degenerated fibres, was used throughout.

The following results were obtained: .

1. The pyramid of the cat contains some 80,000 fibres; this number, being cor-
related with body weight, varies considerably. The fibre pattern of the pyramid
shows little variation, and averages 738, 20, 5 and 2 %, for fibres of 0-2, >2--4, >4-6
and > 6y respectively. Neither pattern nor number of the fibres in right and left
pyramid differs significantly in normal cats.

2. Secondary degeneration in the pyramid is visible with the Higgqvist method
from 8 days after decortication onwards. The fibres degenerate asynchronously:
normal and degenerated fibres can be seen at the same time. Total degeneration as
seen from transverse sections requires several months.

8. The degeneration rate, as defined above, is a function of fibre size, large fibres
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degenerating faster than those of small size. Resorption of the debris proceeds more
rapidly in thin fibres.

4. The slow degeneration of the pyramidal tract as a whole can be explained by
the relation between fibre size and degeneration rate, since it consists mainly of
very thin fibres.

5. The time course of secondary degeneration is gradual, and the number of fibres
degenerating per time unit declines progressively. Within each size group, the
number of fibres degenerating in a unit interval of time is roughly proportional to
the number present at that time.

6. This exponential ‘law’ of degeneration, if confirmed in other tracts, would
signify that fibres of equal size possess equal resistance to secondary degeneration.

7. Furthermore, it would allow the degeneration rate of fibres of equal size to be
described by a single constant, e.g. the ‘relative degeneration rate’.

The authors are deeply indebted to the late Dr D. A. Sholl for statistical advice
and criticism.
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EXPLANATION OF PLATES
PLATE 1

The Higgqvist stain: secondary degeneration and fibre patterns.

Fig. 1. Degenerated fibres (mainly large) between normal fibres (mainly thin) in the pyramid.
H 2794, x 1400.

Fig. 2. Idem: note hyperchromatosis, swelling and break-down of axons (gl. = glial cell). Same
cat, same magnification.

Fig. 8. Normal (contralateral) pyramid of the same cat for comparison with figs. 1 and 2. Same
magnification.

Fig. 4. Border between the normal pyramid and medial lemniscus: note difference in fibre pattern.

Same cat, x 140.
PLATE 2

Degeneration in the pyramid at different times after decortication. x 550.
Fig. 5. Normal pyramid for comparison with figs. 6-8. H 2794.
Fig. 6. Degeneration time 1 week: mainly large fibres degenerated. H 2794.
Fig. 7. Degeneration time 8 weeks: many thin fibres also degenerated. H 2889.
Fig. 8. Degeneration time 16 weeks: nearly all fibres degenerated; glial proliferation. H 8520.



