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Introduection

One of the characteristics of nerve cells is their poor adaptability to variations
in the environmental conditions. This is reflected in the properties which have
led to their inclusion in B1zzozeERro’s class of ‘“‘perennial elements” (i.e., early
cessation of mitotic activity setting a fixed limit to the number of cells, early
and irreversible differentiation, limited power of regeneration) and is also demon-
strated by a series of other aspects, particularly apparent in the nerve cells
of the central nervous system: e.g., much greater sensitivity to oxygen deficiency
than that of other cell lines, occurrence of degenerative processes after section
of the axon or interruption of the afferent connections (transneuronal degen-
eration), etc.

However, some types of neurons, namely those connected directly with the
periphery (motor neurons and nerve cells of the sensory ganglia), show a greater
capacity for self-regulation and adaptation, as evidenced by their reaction to
axon division. This lesion, which deprives the neuron of a part of its cytoplasm
and interrupts its connections with the peripheral field of innervation, is followed
nearly always, in the mentioned types of nerve cells, by regeneration of the
proximal stump of the axon. Besides, when the axon is severed and simul-
taneously its peripheral field of innervation is removed, the successive regener-
ation of the axon and of the peripheral territory appear strictly correlated the
one with the other; therefore, the neuron undergoes hypertrophy when the
peripheral field of innervation is increased.

The structural modifications occurring in the perikaryon after sectioning of
the axon, have been studied extensively by light microscopy since the last decade
of the past century (Nissr, 1892, 1894, 1896; Lucaro, 1896, 1897; MARINESCO,
1896, 1904; FLemMING, 1897; vAN GEHUCHTEN, 1897; BreLscHOwsKY, 1908;
MaRrCOORA, 1908; etc.).

Such studies have shown that interruption of the axon is readily followed by
a series of structural changes which characterize the reaction phase, i.e., a) chro-
matolysis, b) modifications of the neurofibrils, ¢) swelling of the perikaryon,
and d) displacement of the nucleus towards the periphery of the cell.

* Enowledgement. The Author is greatly indebted to Miss A. BERTOLAST for drawing
TFigs. 1 and 19, and to Dr. phis. S. pE PrTRIS for the help given in the statistical evaluation
of the data.
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The reaction phase is normally followed by a phase of repair, which usually
starts 20—25 days after the lesion and lasts for a variable period of time. During
this period the swelling of the perikaryon diminishes, the nucleus resumes its
central position and the Nissl substance is restored in the cytoplasm. Many
nerve cells exhibit a great increase in Nissl substance, hence their perikaryons
stain intensely with basic dyes. Many of the nerve cells connected with the peri-
phery regain their normal structural characteristics through such a series of stages.

Light microscopy, however, is inadequate to reveal the more intimate details
of the changes occurring in nerve cells following axon severance. A deeper
insight may be gained by electron microscopy (ANDRES, 1961; Evans and Gray,
1961; SmiTH, 1961; CERVOS-NAVARRO, 1962) or with the use of biochemical and
histochemical technics (Bop1ax and MELLORS, 1945; HowEr and MELLORs, 1945;
HEiNzeEN, 1947; HowE and FLEXNER, 1947; GEREBTZOFF and VANDERMISSEN,
1956; BraTTGARD et al., 1957; Fiscuer et al., 1958; SCHWARZACHER, 1958;
Friepr, 1959; BRaTTGARD and HypEN, 1960; Hypan, 1960; MIANT et al., 1961).

In the present research, the analysis has been focused on the behaviour of
nerve cells of the spinal ganglia of Sauria after tail amputation to test the degree
of adaptability of neurons connected directly with the periphery. Under these
conditions, a morphological study can be made, in the same type of cells, of the
consequences of the severance and of the consecutive regeneration of the axon
as well as of the changes pertaining to the hypertrophy of the perikaryon.
A description will be given here only of the first set of structural changes.
The hypertrophy of the perikaryon and the conclusions which can be drawn
from a comparison of the two series of facts will be dealt with in a subsequent
paper.

Materials and methods

The distribution of spinal nerves in the tail of the lizard (Lacerta muralis) is such, that
section of the tail severs the majority of the axons running in three consecutive pairs
of spinal nerves (Fig. 1). The sensory and motor nerve cells of these spinal nerves are parti-
cularly well suited for the study of the structural changes in the perikaryon which depend
(a) on the section of the axon as well as (b) on the hypertrophy which the cells mentioned
undergo as a consequence of the increase of their new peripheral field of innervation, viz.
the whole regenerated part of the tail.

Mainly for practical reasons, our attention was focused on the spinal ganglia, which
represent an excellent object for experimental studies (LEvi-MoNTaLCINT and Levi, 1943).
The spinal ganglia are in fact discrete organs with a rather simple architecture; the fairly
regular shape of their nerve cells permits easy quantitative evaluations. Moreover, the
techniques of fixation for electron microscopy give much more reproducible results in spinal
ganglia than in the central nervous system, thus ensuring a better utilization of the material.

Eighteen specimens of adult Lacerta muralis, captured in July, were subjected to tail
amputation and were then sacrificed 2, 4, 7, 14, 21, 30 and 60 days later. In the specimens
sacrificed 7 to 21 days after amputation, the stump of the tail shows only a slight distal
convexity, in those sacrificed after 30 days a small outgrowth is apparent, and after 60 days
the regenerated part of the tail measures roughly 1 cm in length.

The last pair of spinal ganglia cranial to the plane of amputation, was removed for study.
Spinal ganglia taken from levels not affected by the tail amputation and regeneration were
used as controls.

The isolated ganglia were fixed in 2% 0s0,, buffered at pH 7.2 with veronal-acetate,
and in Carnoy’s fluid. The material fixed in OsO,, was embedded in methacrylates or in
araldite, sectioned with the Porter-Blum and LKB ultramicrotomes and examined with a

Siemens Elmiskop II electron microscope. Uranyl acetate was used on several occasions to
stain either sections or tissue blocks during dehydration.
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In most cases sections 0.5 to 1.0 p. thick were cut adjacent to the ultrathin ones, mounted
in glycerol or in Canada balsam and examined at polarized light (Leitz-Ortholux supplied
with a xenon lamp) or stained with toluidin blue. Thus, the same perikarya could be studied
with the electron and the optical microscopes.

The ganglia fixed in Carnoy’s fluid were embedded in paraffin and the sections were
stained with the Nissl method or used for histochemical tests. Some sections were treated at
37°C or 55°C for 60 min with 1/5,000 ribonuclease! dissolved in distilled water or in a
buffered solution at pH 7.0, were stained with 0.5% toluidin blue (at pH 4.7 for 90 min),
then kept for 5 min in an ammonium molybdate solution, according to the method suggested
by Lisox (1953). Other sec-
tions were stained with the
Feulgen method.

Mitochondrial counts were
carried out on electron mi-
crographs. Since the distri-
bution of mitochondria is not
uniform even in control nerve
cells, counts were carried out
only on equatorial sections
of the cells passing through
the nucleus. Each section was , &
photographed and the nega- - N
tive enlarged to a final mag- //‘ \;‘
nification of x 10,000. All % Q
the mitochondrial profiles in 1 \ '// /“\\:\\\
the section were counted; / o / \

their number ranging from [k / \ r- ;////Z/;g\‘::\\:
. / 5 \\

7

one to ten or eleven hundred.
The area of the perikaryon
(nucleus excluded) was then
measured. The number of
mitochondrial profiles per
square micron of section was
obtained by dividing the total
number of profiles in a peri-
karyal section by the area of

the latter in microns. From * ) . . .
this value it is difficult to Fig. 1. ]).istmbut"ilon of spinal nerves in a pOI‘FlOll of a !izard’s tail
. h b . Each pair of spinal nerves supplies three adjacent tail segments;
estimate the number of Mmi-  the spinal ganglia decrease in size in cranio-caudal direction.
tochondrial profiles per unit 1 spinal cord, 2 spinal nerves, 3 spinal ganglia, ¢ vertebrae,

volume, without severe er- 5 muscle, 6 skin

rors of calculation. Never-

theless, the value per square micron of section is sufficiently indicative of mitochondrial
frequency for the comparison of various nerve cells.

To determine whether the size of mitochondria varied in different nerve cells, the peri-
karyal sections selected for mitochondrial counts were photographed again and the negatives
enlarged to X 22,500. The length of all the mitochondrial profiles in each section, was
measured on the enlarged micrographs. A mean value per perikaryal section was calculated
from the above measurements. The values thus obtained are certainly lower than the real
mean length of the mitochondria, but they permit to make a rough comparison between
various nerve cells. Since in the cells whose preservation appeared to be excellent, the thick-
ness of the mitochondria does not vary appreciably in different nerve cells, the average length
was taken as indicative of mitochondrial size in each cell. All the numerical data were sub-
jected to statistical analysis.

1 Salt and protease free crystalline ribonuclease (General Biochemical Inc.).
Z. Zellforseh., Bd. 60 48
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Observations
Many control nerve cells, belonging to the spinal ganglia not affected by the
operative procedure, were examined. The structure of these cells corresponds
closely to that already described for nerve cells of mammalian spinal ganglia.
All the spinal ganglia of the sectioned nerves contained some nerve cells
which did not show any structural modifications. Obviously, these were nerve
cells whose axons had escaped section, either because they ramified and ended

Fig. 3. Spinal ganglion, 2 days after nerve section. Araldite embedding, electron micrograph (22,500 x ).
The mitochondria (m,) of the nerve cell (Ne) are slightly swollen, their matrix is rather electron trans-
parent; the mitochondria {m.) of the satellite cells (s¢) retain their normal structure

within the ganglia, or because they branched in the immediate vicinity of the
ganglia. The following account is related, therefore, only to nerve cells showing
structural modifications.

2 and 4-day stage after tail amputation. Two days after section of the axon
only the nucleolus and the mitochondria shows some changes.

The nucleolus (Fig. 2) is often enlarged in comparison to that of control
nerve cells: the maximum diameter is ca. 3 p instead of 2,5 u, and the other
diameters are modified proportionally. The mean nucleolar increase in volume
is about 60%.

Fig. 2 A—E. Spinal ganglia after nerve section. Modifications in the structure and size of merve

cell nucleoli. A, D, E: aralditc embedding, electron micrographs (22,500 x); B, C: phase contrast

photomicrographs (850 x ). A: nucleolus of a control nerve cell; D:nuecleolus of a nerve cell after axon

section, showing the appearance described as (o) in the text; B, C, E: nucleoli of nerve cells atter
axon section, containing light *‘vacuoli’” (described as g in the text)

48%
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The nucleolus shows also some structural changes. In phase contrast it often
appears as a very dark ring circling a lighter central core (Fig. 2 B, C). After

-

Fig. 4 A—D. 7

Spinal ganglia,
A, B: photomicrographs, Nissl staining (600 x); C: photo-
micrograph at polarized light (Bracc compensator) (500 < ):
D: the same as C, but the position of the Brace compensator
has been changed (500 x). @ perikarya containing stainless

days after nerve seetion.

streaks, birefringent at polarized light;
nerve cells

b chromatolytic

treatment with basic dyes,
the peripheral region shows
intense basophilia while the
central core appears more
lightly stained. The basophilia
disappears after treatment
with ribonuclease. The nu-
cleolus is uniformly Feulgen-
negative.

With the electron micro-
scope the nucleolus shows one
of the following two aspects:
() In some cases,it is made
up of a very large number of
electron opaque granules ca.
150—200 A thick, tightly and
uniformly packed (Fig.2 D).
{B) In other cases, the nucleo
lus consists of an electron
opaque “‘cortex’’ and a lighter
central core, the two being
separated by a fairly sharp
boundary. The outer cortical
layer is composed of closely
packed granules, 150—200 A
in diameter; the lighter cen-
tral core consists of a few elec-
tron opaque granules, 300 A
in diameter, embedded in an
electron transparent matrix
(Fig. 2 E).

The lighter central region,
described under (8), may be
interpreted in two alternative
ways: it may be due to an
invagination of the nucleolar

: surface, or to a vacuole of the

nucleolus proper. The latter
hypothesis seems the more
probable because the nucleo-
lar outline appeared always
very regular and no large
indentation is apparent by

optical and electron microscopy. Moreover, no evidence was ever found of a
continuity between the lighter core and the nucleoplasm.
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The mitochondria appear slightly swollen, their matrix being more electron
transparent than that of mitochondria in control nerve cells. It appears unlikely

Fig. 5. Spinal ganglion, 7 days after nerve section. Methacrylate embedding, electron micrograph
(22,500 x). Part of the cytoplasm of a ganglion cell (described as @ in the text) containing many
neurofilaments and Nissl bodies (N&). The Nissl bodies show a normal structure. The bundle of
neurofilaments corresponds to one of the birefringent bands, which do not stain with the Nissl method
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that the mitochondrial swelling may depend on technical artifacts, since the mito-
chondria of satellite cells enveloping the perikarya display a normal structure
(Fig. 3).

While the volumetric and structural modifications of the nucleoli last a long
time, the mitochondrial alterations regress so rapidly, that they can no longer
be observed at the 7-day stage.

7-day stage after tail amputation. NIsSL stained sections! examined with the
light microscope revealed normal nerve cells and two groups of nerve cells showing
markedly different modifications (Fig. 4). About 12% of the ganglion cells (in-
dicated with @) are characterized by the presence in their cytoplasm of stainless,
birefringent streaks arranged in various directions. A second, larger group of
nerve cells (b) is typically chromatolytic. This group is represented by cells in
which the process of chromatolysis appears more or less intense. Some can
hardly be distinguished from the normal nerve cells; therefore it is difficult
to give an exact percentage of these elements.

In the nerve cells (a), the stainless streaks appear rather transparent at the
electron microscope and consist of bundles of neurofilaments embedded in a
homogeneous electron transparent material (Fig.5). The neurofilaments,
70—80 A in diameter, appear wavy and arranged in a fairly orderly manner
(Fig. 6). All the other cytoplasmic structures (i.e., endoplasmic reticulum, ribo-
somes, mitochondria, Golgi complexes, vesicular bodies, pigment granules) lie
in basophilic areas of cytoplasm intervening between the bundles of neuro-
filaments (Fig. 5). It must be stressed that the endoplasmic reticulum in these
nerve cells is as well developed as in normal nerve cells.

Table 1. Mean number of mitochondrial profiles per square micron of section
i control nerve cells and in nerve cells following axonal section

A4 B C

Control nerve cells . . . . . . . . . 1.42 4+ 0.562
Nerve cells 7 days after axonal section* 1.00 +0.365 | t=2.98; 0.001 < P< 0.01
Nerve cells 21 days after axonal section * 0.88 +0.184 | £=3.35; 0.001 < P < 0.01

4 = average number of mitochondrial profiles per square micron of section; B = standard
deviations; ¢' = the ¢-values are those for the standard error test for small samples (Student
distribution); P indicates the probability of this value being exceeded in random sampling;
t and P values on each line refer to a comparison between the mean value on that line and
the mean value of the first one.

* Mean values referring to all the cells at each stage.

Mitochondria are scanty among the neurofilaments and among the profiles

of the endoplasmic reticulum, more numerous at the periphery of Nissl bodies.
On the whole, their number is nearly the same in the perinuclear and in the
peripheral regions of the perikaryon. In these nerve cells the average number of
mitochondrial profiles is less than one (0.67) per square micron of section (cf.
Table 2).
! The different structural aspects of nerve cells, observed under the present experimental
conditions, will be designated in the text and figures with letters of the alphabet. This is
not an attempt at a classification, but is intended only to render easier and quicker the
cross-references between text and figures or the various sections of the text.
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Nerve cells (b) show conspicuous changes of the profiles of the endoplasmic reti-
culum and of the ribosomes (Figs. 7, 8, and 9). Structures of the ergastoplasmictype
are pratically absent!. Remnants of the ergastoplasm, represented by 3 or 4 short

cisternae with an irregu-
lar outline in parallel
arrangement, are found
occasionally in restricted
areas (Fig. 9). The
endoplasmic reticulum
consists essentially of
membrane-bound vesi-
cular elements of vari-
ous dimensions (400 to
4.000 A ca. in diameter)
(Figs. 8,9, and 10). Com-
munications  between
vesicles are an extremely
rare finding; hence it
seems reasonable to sup-
pose that the majority
of vesicles represent clos-
ed units. Usually the
vesicles contain an elec-
tron transparent mate-
rial in which minute
granules of low density
are embedded. Riboso-
mes attached to mem-
branes are scanty, and
free ribosomes abundant
in the cytoplasmic ma-
trix (Fig. 9). Only a few
ribosomes are clustered
in rosette formations;
the majority appear
evenly distributed.

"~ 1n the present and in
the next paper the term
“endoplasmic  reticulum”
will be used to indicate
cisternae arranged at ran-
dom, limited by a mem-
brane studded with riboso-
mes. The term “ergasto-
plasm” will be confined in-
stead to cisternae arranged
in an orderly pattern, which
may be considered a special

type of the endoplasmic
reticulum.

Fig. 6. Spinal ganglion, 7 days after nerve section. Methacrylate
embedding, electron micrograph (100,000 x). Bundle of neurofila-
ments in the perikaryon of a meuron (described as e in the text)
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Fig. 7. Spinal ganglion, 7 days after nerve section. Araldite embedding, clectron micrograph (22,500 x ).

The ganglion cell on the right shows early indications of chromatolysis. Some cisternae of the endo-

plasmic reticulum retain their normal structure (single arrows), others are irregularly enlarged (double

arrows). Swollen vesicles of the Golgi complex (). The ganglion cell at the lower left retains a normal
structure., ¢ collagen; sc satellitc cells

Some nerve cells show transitional characters between the normal elements
of the endoplasmic reticulum (cisternae and tubules) and the closed vesicles
mentioned, represented by irregular swellings of cisternae and tubules (Fig. 7)
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Fig. 8. Spinal ganglion, 7 days after nerve section. Araldite embedding, electron micrograph (30,000 x ).

Two adjacent neurons: one chromatolytic (upper right), with enlarged cisternae of the endoplasmic

reticulum and ribosomes mostly free, the other (lower part) normally structured. ¢ collagen; sc satellite
cells
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(22,500 x). Part of a chromatolytic ganglion cecll: endoplasmic reticulum built of numerous closed
vesicles, ribosomes mostly free, and mitochondria concentrated in the perinuclear area. e remnants
of the crgastoplasm; N nerve cell nucleus; sc satellite cell
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Fig. 10. Spinal ganglion, 14 days after nerve section. Methacrylate embedding, electron micrograph
(45,000 x ). Part of the perinuclear cytoplasm of a chromatolytic ganglion cecll, containing numerous
mitochondria (m) and cloged vesicles of the endoplasmic reticulum (er)

Such structure suggests that the closed vesicles, found in chromatolytic nerve
cells, arise by swelling and fragmentation of cisternae and tubules.
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Table 2. Number of mitochondrial profiles per square micron of section in nerve cells 7 days
after axonal section

A B C
Nerve cells (a) with bundles of neuro-
filaments . . . . . . . . . . . . 0.67 4-0.131
Chromatolytic nerve cells (b) with uni-
form distribution of mitochondria. . 0.98 -+0.310
Chromatolytic nerve cells (b) with _ 9 a9g. -
mostly perinuclear distribution of t=2.38; 0.02< P<0.05
mitochondria . . . . . . . . . . . 1.30 -+ 0.330

A = average number of mitochondrial profiles per square micron of section; B = standard
deviations; C = the t-value is that for the standard error test for small samples (Student
distribution); P indicates the probability of this value being exceeded in random sampling.
The nerve cells have been referred to with the letters ¢ and b as in the text.

Fig. 11. Spinal ganglion, 7 days after nerve section. Methacrylate embedding, electron micrograph
(4,500 x), Part of a chromatolytic ganglion cell: marked concentration of the mitochondria around
the nuecleus and numerous closed vesicles of the endoplasmic reticulum. N nucleus

Neurofilaments are hardly detectable in the perikaryon of chromatolytic cells.
In some chromatolytic nerve cells, the same number of mitochondrial profiles
is found in the perinuclear and in the peripheral cytoplasm; in these cells, the
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Fig. 12. Spinal ganglion, 7 days after nerve section. Araldite embedding, electron micrographs

(22,500 x). Greatly enlarged Golgi complex with enlarged vesicles in a chromatolytic nerve cell.

In the inset, at the same magnification, a Golgi complex of a control ganglion cell. er closed vesicles
of the endoplasmic reticulum:; p pigment; sc satellite cell
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average number of mitochondrial profiles per square micron of section is close
to 1 (0.98, cf. Table 2). In other chromatolytic nerve cells, the mitochondria are

Fig. 13. Spinal ganglion, 14 days after nerve section. Methacrylate embedding, clectron micrograph
(30,000 x). Part of the cytoplasm of a ganglion cell probably undergoing degeneration., The neuronal
ceytoplasm contains very few closed vesicles of the endoplasmic reticulum (arrows), some mitochondria
(m), cleetron opaque granules (ribosomes?), and a very fine submicroscopic network. se satellite cells
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more numerous in the perinuclear region (Figs. 10 and 11); the peripheral cyto-
plasm is nearly free of mitochondria. The average number of mitochondrial

Fig. 14. Spinal ganglion, 7 days after nerve section. Methaerylate embedding, electron micrograph

(5,700 x ). An element enwrapped by satellite cells, filled with filaments and containing also some

mitochondria (m), similar to the ‘‘ghost cells* described by ULE (1962) (cf. text, p. 730). Ne nerve
cells; sc satellite cell

profiles per square micron of section is greater than 1 (1.3, ¢f. Table 2), close to
the value found in normal nerve cells (1.42, cf. table 1). The difference between
the two mean values reported above (0.98 and 1.30) is significant (cf. Table 2).

In the nerve cells whose axon had been severed, all the Golgi complexes
appear larger than in normal cells, their cisternae and vesicles obviously swollen
(Fig. 12). From the comparison of equatorial sections passing through the nucleus
of nerve cells of similar size, it appears that the number of Golgi complexes at
this stage is ca. 26% lower than that of normal nerve cells. Of course, this value
is merely indicative.
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Fig. 15. Spinal ganglion, 7 days after nerve section. Methacrylate embedding, electron micrograph
(60,000 %), Part of the eclement shown in Fig. 14 at a higher magnification. m mitochondrion:
se satellite cell

In the perikaryon of some chromatolytic cells, the vesicles of the endoplasmic
reticulum are very scarce. In these cells the perikaryon contains only a few
ribosomes distributed at random, among which a fine submicroscopic network is
apparent (Fig. 13): the latter is a rare finding in the perikaryon of normal nerve
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Fig. 16 A and B. Spinal ganglion, 21 days after nerve section. Methacrylate embedding, electron
micrographs (A 5,000 x ; B 22,500 x ). Part of the perikaryon of a neuron (¢} in the phase of restoration
after chromatolysis. The nucleolus (rnu) appears modified. The surface of the nucleus () shows a
marked infolding and the perinuclear cytoplasm contains ergastoplasm (¢) and numerous ribosomes.
Fig. B corresponds to the area outlined in Fig. A. = neurofilaments; sc satellite cell

Z. Zellforsch., Bd. 60 49
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cells. This structural pattern might represent the initial stage of degenerative
processes.

In a spinal ganglion, 7 days after division of the axon, a moderately electron-
transparent formation entirely enveloped by a thin sheath of satellite cells has

Fig. 17. Spinal ganglion, 21 days after nerve section. Araldite embedding, electron micrograph
(30,000 x ). Part of the cytoplasm of a ganglion cell described as (d) in the text: numerous cisternac
of the endoplasmic reticulum and many ribosomes. m mitochondria
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been observed (Fig. 14); it contains a large number of filaments embedded in
an amorphous electron transparent material, and a few mitochondria (Fig. 15).
The filaments appear long, wavy, arranged at random and of the same thickness
as the neurofilaments of the normal nerve cells. Also the mitochondrial structure

Fig. 18. Spinal ganglion, 21 days after nerve section. Methacrylate embedding, electron micrograph
(30,000 x ). Part of the cytoplasm of a cell described as (d) in the text: nmumerous cisternae of the
endoplasmic reticulum and many ribosomes. e ergastoplasm; m mitochondrion; sc satellite cell

49%*
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normal

Fig. 19 A—D. Diagram of the main changoes undergone by the nerve cells of spinal ganglia after axon

section, Normal: nerve cell with a normal structure; A : neuron with large bundles of neurofilaments in the

perikaryon; B: chromatolytic nerve eell; C:nerve cell regaining its normal structure after chromato-

lysis; D: nerve cell whose cytoplasm shows intense basophilia. The nerve cells have been referred to

with the letters A to D as in the text. ¢ ergastoplasm; G Golgi complex; n neurofilaments; sc¢ satellite
cells
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appears normal. The mentioned structure always with the same characteristics
was followed in several serial sections.

14-day stage after tail amputation. Light and electron microscopic patterns
of affected spinal ganglia are essentially similar to those observed in the previous
stage. However, the number of nerve cells (a) appears lower than in the preceding
stage: only 5% ca. of all the ganglion nerve cells.

21 and 30-day stage after tail amputation. In the light microscope no (a)
nerve cells are detectable; (b) cells, (¢) cells with an intense perinuclear baso-
philia, and (d) cells whose cytoplasm appears basophilic throughout are found.
In the electron microscope, chromatolytic nerve cells (b) are easily recognizable,
on account of the severe alterations of the endoplasmic reticulum.

In nerve cells (¢) part of the nuclear envelope is often infolded and indented
(Fig. 16). Structural differences are apparent in the peripheral and in the peri-
nuclear areas of these cells, respectively. The cytoplasmic region adjacent to
the folded part of the nuclear envelope is filled with a great number of free ribo-
somes and ergastoplasmic structures (Fig. 16); the peripheral region of the peri-
karyon contains, instead, scattered tubular profiles of the endoplasmic reticulum,
ergastoplasmic structures being entirely absent. The free ribosomes are clustered
into rosettes, as commonly observed in normal nerve cells, and neurofilaments
are either isolated or packed in small bundles (Fig. 16).

The intensely and evenly basophilic cytoplasm of nerve cells (d) observed
with the electron microscope appears to contain a highly developed endoplasmic
reticulum and a large number of free and membrane-attached ribosomes (Figs. 17
and 18). The endoplasmic reticulum consists of numerous branching and inter-
communicating tubular profiles arranged at random.

Twenty-one days after tail amputation, the mitochondria in all nerve cells
are evenly distributed in the perinuclear and in the peripheral regions of the
cytoplasm. The mean number of mitochondrial profiles per square micron of
section is less than 1 (0.88, cf. Table 1). :

At this stage all the Golgi complexes are again larger than in normal nerve
cells. The number of Golgi unifs in perikaryal sections of equivalent size is
nearly identical in nerve cells whose axon had been severed to that in normal
nerve cells.

60-day stage after tail amputation. This stage is characterized by a marked
increase in the percentage of cells exhibiting a normal ultrastructure and by a
definite reduction in the number of chromatolytic nerve cells (b). Moreover, in
the few nerve cells which still show chromatolysis at this stage, the changes in
the endoplasmic reticulum are limited to small areas of the cytoplasm. Nerve cells
with basophilic cytoplasm previously described as (¢) and (d) are also present.

A further class of cells observed at this stage will not be described here as
they represent most likely ganglion cells undergoing hypertrophy. Accordingly,
they will be described in a subsequent paper.

Considerations and diseussion
It is likely that the ultrastructural modifications in the perikaryon of ganglion
cells, described in the present paper, depend on the interruption and the early
stage of regeneration of the axon. This assumption is supported by the results
of the light-microscopic controls, long accepted as indications of cell reaction
Z. Zellforsch., Bd. 60 49a
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to axon severance. The ultrastructural changes could not be attributed to cell
hypertrophy because one month after amputation the tail regeneration is so
modest that it might not possibly elicit an appreciable enlargement of the peri-
pheral field of innervation, a prerequisite for the establishment of ganglion cell
hypertrophy. The peripheral field of innervation of the ganglion cells begins to
show a significant increase only at a later period and it continues to enlarge
very slowly for a fairly long time afterwards. Under these conditions, the struc-
tural modifications of the perikaryon due to interruption and regeneration of
the axon, may be easily distinguished from the alterations which depend on the
enlargement of the peripheral field of innervation.

After tail amputation only a few nerve cells of the ganglion maintain their
normal ultrastructure; probably the axon of these cells escaped section because
it ended in the ganglion itself, or in tissues of the tail lying cranial to the level
of amputation. The majority of the ganglion cells, however, show alterations,
some of which are similar in all the nerve cells (1), while others affect only a
part of the cell community (2a and b).

1) All the nerve cells whose axon was severed undergo an increase in the
size of their perikaryon and a slight swelling of the mitochondria (Fig. 3): the
matrix of the latter becomes rather electron transparent. The mitochondrial
modifications last a short time and disappear by the 7th day after injury; the
perikaryal swelling, instead, lasts for a longer period. The last event probably
depends on uptake of water, and is likely to determine the reduction in the
number of mitochondria and of the Golgi complexes observed after severance
of the axon. The reduction in the number of the organelles mentioned could
not be due to their disappearance since mitochondrial remnants were never ob-
served and the Golgi complexes appeared actually hypertrophic. The decrease
in the number of mitochondria was previously observed by MariNEsco and
Tura (1922), but not by HARTMANN (1947, 1948, 1952) and Hupsox et al. (1961).

2) Two groups of ganglion cells (¢ and b) show structural modifications whose
characters is distinctly different.

a) Nerve cells with large bundles of neurofilaments in the perikaryon. In
a group of ganglion nerve cells (¢) which represent the 12% at the 7-day stage,
large bundles of filamentous structures become apparent in the cytoplasm (Figs. 5
and 6), while in normal cells the filaments are never arranged in large bundles.
It is hard to decide whether we are dealing here with bundles of newformed
filaments or with a rearrangement and packing of preexisting structures. At
any rate, the presence of a conspicuous amount of filamentous structures appears
to be in agreement with the observations of vaN GrHUCHTEN (1897), DoNAGGIO
and FraoNiTo (1904), Cagarn (1928) and Younea (1932); the latter authors main-
tain that in the perikaryon of cells whose axon had been divided the neurofibrils
(which are presumably composed of neurofilaments) are more evident than in
normal cells in microscopical preparations. No significant alterations in the
endoplasmic reticulum are apparent in this group of nerve cells (Fig. 5): the
Nissl bodies are present and their structure is normal, they stand out even more
neatly as they lie between lighter regions of the cytoplasm. The ultrastructural
changes in these nerve cells regress fairly rapidly: 14 days after injury, the
number of affected nerve cells has fallen to 5% and they are no longer found
after 21 days.
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The striking prominence of neurofilaments in nerve cells (b), and their dis-
appearance from nerve cells undergoing chromatolysis after section of the axon,
may perhaps find an explanation in the suggestion advanced by MAXFIELD
and HarrtLey (1957), and Scumrrr (1957). According to these authors, the
protein component of neurofilaments in normal nerve cells would be found partly
in a disperse state and partly organized into filaments, which could be rather
unstable structures. Changes in the pH or in ionic strength would be sufficient to
decompose the long protein filaments into globular molecules; this process would
be reversible. These characteristics of the protein of the neurofilaments, may
help also in the interpretation of the rapid increase or decrease in the amount
of the neurofilaments. Unfortunately, too little is known on the factors which
may modify this hypothetical equilibrium between dispersed and aggregated
states of the protein.

b) Chromatolytic nerve cells. A second, larger group of nerve cells, is charac-
terized by profound changes in the endoplasmic reticulum and neurofilaments
(Figs. 7, 8, 9 and 10). The endoplasmic reticulum is quantitatively reduced and
its structure less complicated; these modifications correspond to the chromato-
lysis revealed by light microscopy. Neurofilaments are no longer visible in the
perikaryon, although they should stand out more neatly because of the scarce
density of the cytoplasm.

In some chromatolytic nerve cells, the mitochondria are assembled pre-
ferentially in the perinuclear area (Fig.11), while in others they are scattered
also in the peripheral cytoplasm, as in normal nerve cells. Since the average
number of mitochondrial profiles per square micron of section is higher in the
former than in the latter cells, and the difference between the two mean values
appears statistically significant (cf. Table 2), it may be concluded that the gath-
ering of mitochondria in the perinuclear region is coincident with an increase
in their number. The displacement of these organelles is not accompanied, in-
stead, by significant changes in their length (cf. Table 3). The mentioned data

Table 3. Average length of mitochondrial profiles in control nerve cells and in nerve cells following
axonal section

A B C
Control nervecells . . . . . . . . . 0.345 -+ 0.038
Chromatolytic nerve cells (b) with uni-
form distribution of mitochondria . 0.460 -+ 0.065
Chromatolytic nerve cells (b) with - .
mostly perinuclear distribution of t=1.76;0.10< P<0.20
mitochondria, . . . . . . . . . .. 0,400 -+ 0.055

A = average length (in micra) of mitochondrial profiles; B = standard deviations;
C' = the t-value is that for the standard error test for small samples (Student distribution);
P indicates the probability of this value being exceeded in randem sampling. The nerve
cells have been referred to with the letter b as in the text.

seem consistent with the hypothesis of CAUsEYy and HoFrmMaw (1955), HOFFMAN
and Grice (1958), and BRaANDT and Pappas (1959), according to whom mito-
chondria arise from the nuclear membrane. In the present study, however,
mitochondria in contact with the nuclear membrane were exceptionally observed,
and no evidence was found of a derivation of mitochondria from the nuclear
membrane.
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In the past, chromatolysis has been often interpreted as a regressive process,
i.e., as the expression of either an initial stage of degeneration, or a secondary
response of the nerve cell to loss of part of its process. More recently, however,
biochemical and histochemical investigations have demonstrated in chromatolytic
nerve cells an increase in the activity of many enzymes and a raised rate of
protein and lipid synthesis. These facts are not consistent with the original inter-
pretation.

The increased synthesis of proteins and lipids which occurs in the perikaryon
after section of the axon is probably related to the regeneration of the axon
stump. It is very likely, in fact, that the proteins and lipids synthesized in the
perikaryon, are transported along the axon and used for the growth of the new
process. These facts are probably analogous to those occurring during normal
growth of the axon; WEiss and Hiscor (1949) emphasized the existence of a
flow of materials from the perikaryon down to the axon during the normal
growth of the axon itself.

On the basis of the available data, chromatolysis occurring in spinal ganglion
neurons following severance of the axon may be interpreted not as a degenerative
process, but rather as an expression of a process of repair chiefly related to the
regeneration of the axon. Further studies are required, however, to ascertain
whether chromatolysis induced by chemicals or nerve cell fatigue may also be
interpreted in analogous manner. During chromatolysis, the spinal ganglion
neuron of the lizard cannot display its specific function because it lacks peri-
pheral connections; all the activity of the nerve cell seems directed to the pro-
duction of the materials necessary for the regeneration of the lost part.

In the chromatolytic nerve cells under study here a marked reduction in
the membranes of the endoplasmic reticulum, not in the number of ribosomes
was observed. This is consistent with data suggesting that free ribosomes are
related to synthesis of cytoplasmic protein for cell growth, while those attached
to membranes are related to synthesis of specialized protein molecules (MUNGER,
1958; SLAUTTERBACK and Fawcerr, 1959; Hayv, 1963). These conclusions are
also in agreement with observations on embryonic cells, in which proteins are
actively synthesized, in spite of the nearly complete absence of the membranes
of the endoplasmic reticulum (PALapE and PorTER, 1954; HowaTsoN and Hawm,
1955; ParaDE, 1955).

The results of the present research suggest that a certain analogy could be
established between the chromatolytic nerve cells under study and neuroblasts.
The chromatolytic nerve cells and the neuroblast both have a poorly developed
endoplasmic reticulum, no neurofilaments and no ergastoplasm; their ribosomes
are mainly free; both cells are engaged in the synthesis of new protoplasm. In
the spinal ganglion neurons the process of chromatolysis which accompanies
the regeneration of the axon, seems thus to represent a temporary return of the
nerve cell to a structural and metabolic condition analogous to that of the nor-
mally growing neuron. This is not the sole example of a cell undergoing well
detectable changes during the initial stages of its regenerative activity. Structural
changes analogous to those observed in chromatolytic nerve cells have also been
described in other tissues. During regeneration of amputated amphibian limbs
Havy (1958) observed, in fact, that the dedifferentiated cells of the proliferating
blastema contain a large number of ribosomes, but only few cytoplasmic mem-
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branes. The latter increase greatly and become studded with granules during
the redifferentiation of the cells.

The changes undergone in the cells during the process of regeneration may
fit into the general view according to which growth and differentiation are to
some extent antagonistic processes.

Recovery after chromatolysis. The duration of the morphological changes
occurring in sequence in chromatolytic perikarya, varies from cell to cell. In
some cells they have allready disappeared 21 days after section of the axon; at
this stage in comparison with the 7-day stage, there is in fact a percentual decrease
in chromatolytic nerve cells and an increase in cells with normal structure.
In a few nerve cells, however, chromatolysis is still apparent, though limited to
small regions of the perikaryon, 60 days after injury.

When the process of chromatolysis is over, most of the nerve cells gradually
resume their normal structure; only a very few undergo degenerative phenomena.
In this regard, the behaviour of peripheral ganglion cells is different from that
of the neurons of the central nervous system; in the latter a much higher per-
centage of cells degenerate after section of the axon. Degeneration in the peri-
pheral ganglion cells is characterized by a progressive depletion of the vesicles
of the endoplasmic reticulum and of the ribosomes; thus the citoplasm, now
almost completely devoid of structures, appears electron transparent (Fig. 13).

After chromatolysis, the normal structure of the cells is reestablished through
the following sequence of morphological steps (Fig. 16): (a) the nuclear membrane
undergoes infolding and indentation; therefore, the surface of the nucleus is
increased, and this might favour the exchanges between nucleus and cytoplasm;
(@) ergastoplasmic structures reappear, and ribosomes are crowded in the peri-
nuclear region; (y) tubular profiles of the endoplasmic reticulum are found in
the peripheral region of the perikaryon, and (4) neurofilaments become apparent.

The changes undergone by nerve cells after chromatolysis in the present study
are analogous to the modifications observed by Hypfx (1943) and by C. and
0. Voar (1946, 1947) with the light-microscope; namely, infolding of the nuclear
membrane and condensation of RNA in the perinuclear cytoplasm, mainly close to
the nuclear infolding. The present electron microscopic investigation shows
that only this region of the cytoplasm incloses ergastoplasmic structures and
shows the greatest concentration of ribosomes (Fig. 16).

According to DEANE and PorrER (1960), cytoplasmic basophilia is not only
related to ribosome-bound RNA but also to the content of free RNA ; it is possible,
therefore, that a high concentration of free RNA occurs around the nucleus of
cells regaining their normal structure after chromatolysis.

The mentioned data stress once more the importance of the nucleus in the
production of ribonucleoproteins and shows that, after chromatolysis, ergasto-
plasmic structures begin to develop in the perinuclear region, where the amount
of ribosomes and free RNA is greater.

The changes in size and structure of the nucleolus (Fig. 2) observed in the
present, study, probably reflect its participation in the processes occurring in
the nerve cell during and after chromatolysis and in particular in the increased
synthesis of proteins. Although many details are still debatable, several authors
agree that the nucleolus plays an important role in the synthesis of RNA and,
indirectly, in the synthesis of cytoplasmic proteins (CASPERSSON, 1950; BRACHET,
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1952). In this regard, many authors support the hypothesis that the nucleolus of
nerve cells takes part in the formation of Nissl bodies (Einarson, 1933; Hypfi,
1943, 1947, 1960; HamBurGER and HypEN, 1945, 1949; LA VELLE, 1951, 1956).

During and after chromatolysis, a central, more electron transparent area
may appear in the nucleolus (Fig. 2 C, D, E); this core probably corresponds
to the “vacuoles’” observed with the light microscope by BarRr and BERTRAM
(1951) and by Linpsay and Barr (1955) during chromatolysis, immediately
before restoration of the Nissl substance. Also C. and O. Voar (1946, 1947)
reported that, under various conditions, the hypertrophy of nerve cell nucleoli
is accompanied by the appearance of ‘““vacuoles’” within the latter.

Changes in the nucleolar ultrastructure, analogous to those observed in the
present study, have also been observed occasionally e.g. in giant cells (BirD,
1961), in amoebae (VICKERMAN, 1962) and in hepatic cells (ANDREW, 1962).
This structural modification may be an expression of increased function.

Twenty-one days after section of the axon, some nerve cells show intense
basophilia of the entire perikaryal cytoplasm and a highly developed endoplasmic
reticulum (Figs. 17 and 18). It may be supposed that such nerve cells have
recovered from chromatolysis. In fact, these neurons first appear when the
percentage of chromatolytic nerve cells is decreasing. Indeed, the presence of
hyperchromatic nerve cells after chromatolysis has often been reported.

The aspect shown in Fig. 14, observed only in one case 7 days after nerve
section, is quite similar to that described by ULk (1962) in the spinal cord and
spinal ganglia of rats suffering from experimental neurolathyrism. It appears
nearly identical to ULE’s Fig. 9 (1962), interpreted by this author as a grossly
swollen axon of a degenerating nerve cell. Possibly the aspect reported in the
present study may be related to axon degeneration; however, the singleness of
the finding does not allow any definite conclusions.
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