Watery and dark axonsin Wallerian degeneration of the opossum’s
optic nerve: different patternsof cytoskeletal breakdown?
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ABSTRACT
In this paper we report a qualitative morphological analysis of Wallerian degeneration in a marsupial. Right
optic nerves of opossunm3idelphis marsupialis were crushed with a fine forceps and after 24, 48, 72, 96
and 168 hours the animals were anaesthetized and perfused with fixative. The optic nerves were immersed in
fixative and processed for routine transmission electron microscopy. Among the early alterations typical of
axonal degeneration, we observed nerve fibers with focal degeneration of the axoplasmic cytoskeleton, watery
degeneration and dark degeneration, the latter being prevalent at 168 hours after crush. Our results point to
a gradual disintegration of the axoplasmic cytoskeleton, opposed to the previous view of an “all-or-nothing”
process (Griffin et al 1995). We also report that, due to an unknown mechanism, fibers show either a dark
or watery pattern of axonal degeneration, as observed in axon profiles. We also observed fibers undergoing
early myelin breakdown in the absence of axonal alterations.
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INTRODUCTION eration between small- and large-sized myelinated

. . nerve fibers and between motor and sensory nerves
The sequence of events described by Waller in 1850, . .
r even between different animal models and types

O

hich t lete destruction of the distal . <. .
\;ve Kr:neartog;(;iif (;()rr]g;; ni?vreuc(:trlloer:l(?:alljd \I;:Ilof injury (Crevel and Verhaart 1963, Lin and In-
g perip gram 1973, Cook et al. 1974, Cook 1978, Ishise

Lz:zz ?ne\:/gezrt]iez'i[l)onns-lj/vsig) gi?fz:)eenetnaa S;)z;:;:f;: nd Rosenbluth 1986, Lunn et al. 1990, Carbonell
g g PP etal. 1991, Guillery and Taylor 1993, Guillery and

animal models. Although the mechanism which ini-
: , , 9 , Cavalcante 1995, Frank and Wolburg 1996). One as-
tiates this process is starting to be unraveled, there . .

ect that has not received much attention concerns

are still controversies concerning many aspects of . . .

) éilﬁerent types of axonal degeneration, which is fre-
WD, suchasthe spatial-temporal pattern (Donatan uently observed in the CNS fibers as shall be de
Wisniewski 1973, Cook and Wisniewski 1987, Car- d y

scribed below.
rol et al. 1992, Hall 1993), differences of degen- I W ) _
One of the first changes occurring in the le-

_ sioned axon is the granular disintegration of the cy-
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and neurofilaments (NF) are converted into an amor- MATERIAL AND METHODS
phous and granular material (Waxman et al. 1992

1993, Griffin and Hoffman 1993). In the CNS the alis, 350 g to 1,8 kg, were used in this study. All of

cytoskeletal breakdown is thought to promote twothe proceedings adopted for animal use were accord-

morphological aspec_ts of gxopl:_;tsmm degeneratloni:ng to“The principles of laboratory animal care” and
(1) “dark degeneration”, in which axons become

) ) approved by the commission of animal care of the
dark, with dense axoplasm, and its content of O nstituto de Biofisica / UFRJ.

ganelles is very difficult to distinguish, and (2) “wa-
tery degeneration”, in which axons become pale,SURGICAL PROCEDURES

enlarged and the axoplasm is either replaced by an _ _ _
amorphous and granular material or is completely! '€ animals were deeply anaesthetized, with pen-

devoid of organelles (Kruger and Maxwell 1969, tobarbital (30 mg/ml/kg, intraperitoneal) or alphax-
Cook etal. 1974, Bignami etal. 1981, Malbouisson&/0ne (Saffam, 9 mg/kg, intraperitoneal). After lat-
etal. 1984, Cook and Wisniewski 1987, Hasegawaeral canthotomy, an incision was made in the fibrous
et al. 1988). In the PNS however, only “watery connective tissue posterior to the right orbit, and the
degeneration” has been described in the literatur&€trobulbar muscles and the periorbital fat tissues
(Malbouisson etal. 1984, 1985). According to someVere carefully dissected in order to expose the ini-
authors, axons undergoing dark degeneration arlial segment of the optic nerve. The right optic nerve
frequently of medium or small caliber, watery de- V&S crushed 2 mm distal to the eye under moderate

generation being more commonly observed in largd’"€SSUre for_ approximately 15 second.s, with a fine
axons (Cook et al. 1974, Carrol et al. 1992). More-forceps. This procedure was made with maximum

over, dark degeneration has only been observed i€ in order to avoid injury of the retinal vessels
that follow a parallel pathway in the beginning of

myelinated nerve fibers (Cook et al. 1974). How- . . _
ever, it was never explained why central fibers ex.the optic nerve. After the crush, the circumjacent

hibit both types of axoplasmic disintegration andtissues and the skin were sutured and the animals
why peripheral fibers exhibit only watery degener-Vere returned to their cages, where they stayed for
ation. Further, the factors that would explain why adifferent periods of time (24, 48, 72, 96 and 168
certain fiber would undergo one type of degenerahours after crush).

tion and not the other are still not known.

In this study, we performed an ultrastructura
qualitative analysis of the early aspects of WD inAfter the above periods of time, the animals were
the optic nerve of the opossuBidelphis marsu-  deeply anaesthetized with Pentobarbital (intraperi-
pialis. The optic pathways of this animal (which toneal), and prepared for cardiac perfusion. The
has proven to be a good experimental model foranimals were initially perfused with.8% saline
Neurobiology studies) and other marsupial speciegaround 300-500 ml per animal), followed by 4%
have been analyzed with differenttechniques and apparaformaldehyde (pH 7.4) in 0.1 M phosphate
proaches (Hokog and Oswaldo-Cruz 1978, Kirby etbuffer (around 300-500 ml per animal). The average
al. 1982, Allodi et al. 1990, Cavalcante et al. 1991,time of perfusion varied from 30 to 40 minutes.
1992). In our work we produced an experimental After perfusion, the head of the animal was re-
injury by crushing the optic nerve, and observed themoved and the optic nerves were dissected out from
ultrastructural alterations at different periods of timethe ocular globe to the optic chiasma. Two mm-long
after the lesion. Particular emphasis was given to théragments used for cross sectioning were obtained
two patterns of axoplasm degeneration. from the distal segment, one fragment near the crush

site and other near the optic chiasma. The distance

Twelve young adult opossuni3idel phis marsupi-

| ELECTRON MICROSCOPY PROCESSING
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WATERY AND DARK DEGENERATION IN THE CRUSHED OPTIC NERVE 233

between these two pieces of nerve was 2.0 cm. Tha complete absence of cytoskeletal elements char-
fragments used for longitudinal sections were 3 mmacterizing the watery degeneration (Fig. 1A). Few
long and were obtained from the region between thanedium- or small-sized nerve fibers showed the ax-
fragments used for cross sections. The left opticoplasm filled with an amorphous, granular and dark
nerves were used as a control, and their fragmentmaterial, representing what is described as dark de-
obtained were of the same size and at the same pogjeneration (Fig. 1B).
tions of the crushed nerves. All the fragments were In most fibers the myelin sheath did not show
immersed into a fixative solution containingg%  significant alterations at this stage. However
glutaraldehyde and 4% paraformaldehyde in 0.1 Min fibers exhibiting watery degeneration, the myelin
phosphate buffer (pH 7.4), were washed in the samevas very thin, probably due to an accommodation to
buffer, postfixed in 1% OsgXor 1 hour, dehydrated the enlargement occurred at these fibers (fig. 1A).
in a graded series of acetone, infiltrated in Poly/BedRare fibers showed partial or total disintegration of
812 resin (Polysciences, Inc.) and polymerized ainyelin, sometimes in the presence of normal axo-
60°C for 48 hours. Ultrathin sections (60 70pm  plasm. Myelin debris was observed inside vacuoles
thick) were obtained on a RMC ultramicrotome, col- in the cytoplasm of astrocytes (not illustrated).
lected on copper grids, stained with uranyl acetate
and lead citrate and observed and photographed off8 HOURS AFTER CRUSH
a Zeiss 900 Transmission Electron Microscope.  Astrocytic processes were thick and prominent
among the fibers, leading to disorganization of the
RESULTS nerve fascicles. Astrocyte perikarya as well as their
CONTROLS processes exhibited thick bundles of intermediate

. filaments. Although most nerve fibers were still
The ultrastructure of the optic nerves used as con-

o } preserved, some degenerating nerve fibers were ob-
trol (the left ones) exhibited fibers of normal aspect, .
. o ) erved and showed the same alterations observed at
in cross and longitudinal sections (see Hokog an

4 hours after crush. Some fibers presented focal
Oswaldo-Cruz 1978 and Peters et al. 1991), show- . D .
. . . ., _degeneration of the cytoskeleton, which in longitu-
ing no influence of the crush in the contralateral side

dinal sections corresponded to enlarged areas of the
axoplasm (fig. 1C). Others fibers exhibited a dense
axoplasm, looking as if they were in the process
After careful observation of sections from proximal of dark degeneration (fig. 1D). Myelin breakdown
and distal fragments we could not detect any dif-areas were sparse producing globular debris which
ference between them. This was true for all stagesvere observed inside astrocytes perikarya and pro-
studied. cesses (not illustrated).

Surgically crushed specimens:

24 HOURS AFTER CRUSH 72 HOURS AFTER CRUSH

In cross sections, the general organization of the opHere the observed alterations were clearly more in-
tic nerve was maintained, most fibers exhibiting atense than at previous stages. One of the most strik-
regular outline, aggregated in fascicles separatedhg alterations was an increasing disorganization of
by astrocytic septa. In some areas it was possithe nerve structure, due to the invasion of astro-
ble to visualize an increase of astrocytic processesytic processes among the nerve fibers (fig. 2A).
and perikaryal hypertrophy. There were few fibersFilament bundles filled these processes, and some
with altered axoplasmic cytoskeletal contents, rep-of them showed lipid droplets and myelin lamellae
resented by focal disintegration of the cytoskeleton(not illustrated) debris in the cytoplasm, suggesting
Occasionally we observed fibers in which there waanyelin phagocytosis. Normal profiles of fibers were
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Fig. 1 — Ultrathin sections of opossum’s optic nerve fibers, 24 (A and B) and 48 hours (C and D) after &rusbrmal fibers

(n) are seen among some altered fibers, which exhibit watery degeneration (star) and myelin sheath breakdown (thick arrow). Note
demyelinated fibers (thin arrows) with an apparently intact axoplasmic cytoskeleton. Asterisk, astrocytic processe</ BarB.1

Normal looking optic nerve fiber (n) is seen above an optic fiber showing dark degeneration (star). .Bam= C. Longitudinal

section of optic nerve fibers showing areas of focal degeneration of the axoplasmic cytoskeleton (star). Asterisk, astrocytic processes;
m, mitochondrial profile. Bar =.6.m. D. Observe optic nerve fibers with an apparently normal appearance (n). Among them, there

is a fiber with dense axoplasm and some altered organelles, typical of dark degeneration (d). Asterisks, astrocytic processes. Bar =

0.6pum.
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Fig. 2—Electron micrographs of opossum’s optic nerve fibers undergoing Wallerian degeneration, 72 hours afferGerséral view

of the optic nerve. Note the profuse astrocytic septa (asterisk) causing a severe disorganization of the optic fibers. Many fibers have an
apparently normal appearance in this field. As, astrocyte nucleus. Baum1B. Optic nerve fibers exhibiting an apparently normal
axoplasm (n), but there is some distortion of their myelin sheath. We can also observe a fascicle in which fibers are undergoing watery
degeneration (stars) and show increased volume with no discernible organelle in the axoplasm. Asterisk, astrocytic processes. Bar =
1.7um. C. Optic nerve fiber showing reduction of axoplasmic content associated with presence of altered membranous organelles.
Few microtubules (small arrows) can be seen in the axoplasm. The myelin sheath (arrowhead) is thin due to the increased axoplasmic
volume, suggesting watery degeneration. Note a small-sized fiber (n) with an apparently normal appearance.4/Bar 0
Longitudinal section of optic nerve fibers showing areas of focal degeneration represented by rarefaction of the cytoskeleton (star).
Some components of the cytoskeleton can still be seen in the axoplasm. An astrocytic soma (As) is also seen. m, mitochondrial profile.

Bar = 06um.
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still present in the nerve fascicles (fig. 2B). appearance (fig. 4A). The hyperfilamentous astro-
Some fibers showed partial dissolution of thecytic processes produced acomplete disarrangement
cytoskeleton (fig. 2D). The majority however, pre- of the nerve fascicles, forming irregular septa among
sented either watery degeneration with distended axthe fibers (fig. 4A). A remarkable feature of this
oplasm (fig. 2B) and degenerating organelles (figstage was the prevalence of dark fibers, as com-
2C) (or even without organelles), or dark degenerpared to watery fibers (fig. 4A). These dark fibers
ation represented by dark fibers with granular andvere frequently seen very close to astrocytes and
dense axoplasm. Many fibers with accumulation ofmicroglial cells, suggesting gradual phagocytosis by
cytoplasmic organelles were observed. these cells (figs. 4B and 4D). There were many de-
Another remarkable feature of this stage wasgenerating fibers showing myelin breakdown, with
myelin breakdown. Fibers of different sizes showeddetached and vacuolized lamellae. Microglial cells
detachment and vacuolization of myelin lamellae,were frequently observed and exhibited many vac-
causing axolemmal exposure. Some fibers wereioles in their cytoplasm. Although there was an
completely deprived of their ensheathment, andapparent increase in microglial cells, myelin debris
their axons exhibited either altered organelles or navere still observed inside vacuoles in the cytoplasm
discernible organelle in the axoplasm. Microglial of astrocytes. We could also observe at this stage
cells were seenin the neighborhood of demyelinateevidence of oligodendrocyte phagocytosis (fig. 4C),
fibers; these cells were characterized by their scantguggesting that these cells also have phagocytic ac-
cytoplasm and a long, heterochromatic nucleus (notivity during the process of WD. Oligodendrocytes
illustrated). were ultrastructurally characterized by their hete-
rochromatic nuclei and dark cytoplasm in which we
could distinguish microtubules.
The alterations presented in the optic nerve at 96
hours after crush were very similar to those observed
at 72 hours after crush. Nerve fascicles still ex-
hibited dispersed fibers due to the increasing pen©ur study is a qualitative ultrastructural analysis of
etration of astrocytic processes among them, caughe main early alterations found in opossums’ optic
ing disorganization of the optic nerve structure (fig. nerves undergoing WD after surgical crush. The re-
3A). Some profiles of different sizes still presentedsults obtained here are comparable to what is known
a normal ultrastructural pattern (fig. 3A). There from other vertebrates in terms of the general axonal
was an increase of degenerating fibers exhibiting eiresponses to trauma. In our study, 3 types of de-
ther the dark (fig. 3B) or watery pattern. Myelin generative axoplasm pattern could be characterized
breakdown was quite frequent in many regions ofin the crushed nerve fibers: (1) focal degeneration
the nerve (fig. 3C). This observation was accom-of the cytoskeleton; (2) watery degeneration; and
panied by the presence of several microglial cells(3) dark degeneration. These 3 patterns of degen-
(fig. 3C). However, degenerating material was stillerating axons were observed simultaneously in all
clearly visualized inside cytoplasm and processes oftages used in our study, and although there was no
astrocytes (fig. 3D). apparent predominant form in the initial stages of
this process, at 168 hours (1 week) after crush, there
was a clear increment of fibers undergoing dark de-
The degenerative changes presented at 168 hours afeneration.
ter crush were the most prominentamong allthe an-  The granular disintegration of the cytoskele-
alyzed stages, because almost all optic nerve fiber®n is one of the first alterations observed in fibers
were altered and only rare fibers showed a normalindergoing WD and represents cytoskeletal cleav-

96 HOURS AFTER CRUSH

DISCUSSION

168HOURS AFTER CRUSH
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Fig. 3 — Electron micrographs of opossum’s optic nerve fibers undergoing Wallerian degeneration 96 hours aftér Thick septa

with abundant astrocytic processes (asterisks) are seen among the optic fibers. Many of them exhibit an apparently normal structure
(n). An oligodendrocyte (Od) is seen at the left superior quadrant of this field. Bafuanl B. A small-sized fibre is seen with the
axoplasm filled with a dense and amorphous material, typical of dark degeneration (d). Normal looking fibers (n) are also observed.
Bar =025um. C. Periphery of the optic nerve. An optic fiber shows an extensive vacuolization and consequent delamination of myelin
lamellae (arrows); the axoplasmic cytoskeleton is apparently preserved in this fiber. Normal looking fibers (n) are also observed.
Portions of somata of an oligodendrocyte (Od) and a microglial cell (Mi) can be seen nextdidathienitans (gl) in this field. f,

fibroblast in pia mater. Bar =.Zum. D. A large astrocytic process contains lamellar debris (thick arrows) within its cytoplasm.
Observe bundles of filaments (thin arrows) in the cytoplasmic process, typical of astrocytes. Normal (n) and altered (star) fibers (with
axolemmal detachment from myelin) are seen. Barlzn.
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Fig. 4 — Electron micrographs of opossum'’s optic nerve fibers undergoing Wallerian degeneration, 168 hours after Rrasknce

of many astrocytic processes (asterisks) causing distortion of the nerve fascicles. Note fibers with a dense axoplasm, typical of dark
degeneration (d). Bar =.1um. B. A hypertrophic astrocyte, with thick hyperfilamentous processes (asterisk) and an euchromatic
nucleus (Nu) showing an evident nucleolus, is visualized in this field next to a microglial cell (Mi), which has scanty cytoplasm and

a more heterochromatic nucleus. Note many fibers undergoing dark degeneration (d), and one of them seems to be engulfed by the
microglia (arrow). Bar = lum. C. Periphery of the optic nerve, in which we can observe astrocytic processegtiftheitans (gl)

abutting the basal lamina (arrowheads). Observe an enlarged fibre (star), with a pale axoplasm, devoid of organelles, showing typical
watery degeneration. Next to it, is an oligodendrocyte (Od), whose cytoplasm exhibits many microtubules (thin arrow), and presents
vacuoles containing myelin debris (thick arrow). pm, pia mater. Ba6gi®. D. Microglial cell (Mi) with much phagocytosed myelin

debris (thick arrow) within its cytoplasm. Observe the slender REG cisternae (thin arrows) around the nucleus. Degenerating fibers

and myelin debris occur in the neighbourhood. Bar.6.0n.
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age products, which can occur at any level of thepatterns of axon degeneration. In fact there are very
axon (Griffin et al. 1995). The mechanisms whichfew articles dealing with this subject as pointed out
underlie the cytoskeletal destruction at the onset otarlier. Bignami et al. (1981) reported that there
WD seem to be related to the activation of calcium-was a rapid disappearance of floccular axonal seg-
sensitive proteases, or calpains, which could be rements but denser axonal segments were maintained
sponsible for the breakdown of the main axonal cy-for longer periods in the optic nerve. 1t is well
toskeleton proteins (Saito et al. 1993, Glass et alknown that NFs are more resistant to granular disin-
1994, George et al. 1995, Bartus 1997, Martineztegration, remaining in the axoplasm for a variable
and Ribeiro 1998). According to Schlaepfer (1977),amount of time. Experiments using transection of
the dissolution of axonal MT and NF is triggered sciatic nerve of rats (Schlaepfer et al. 1984) and
by a calcium influx, due to the disturbance of the mice (Glass and Griffin 1991) showed that NF un-
entire axolemma distal to the injury. It is possible dergo a slow and progressive redistribution in the
thatin WD calcium influx is triggered by ATP depri- distal segment, resulting on accumulations in the
vation and failure of the NaK*-ATPase followed distal end of the isolated segment, indicating an
by reverse operation of the K&Caf*-exchanger (Lo incomplete degradation of NF protein during WD
Pachin and Lehning 1997). If the increase in axo-(Schlaepfer et al. 1984). In the present study we
plasm calcium triggers microtubule and neurofila-observed many dilated fibers with an accumulation
ment breakdown, it is quite possible that calpainsof organelles, NF being particularly abundant in a
which are normally present inside the axoplasm, are&entral position. However, MTs were not clearly
gradually activated leading to an increasing disin-identified in these fibers. So, it seems reasonable
tegration of the axoplasmic content. Accordingly, to suggest that neurofilamentous accumulation and
in the present study, some fibers in the opossum’aggregation play a role in the process of dark degen-
injured optic nerve presented focal degeneration oeration.
the cytoskeleton at 24, 48, 72 and 96 hours after  In this study we present evidence of myelin
crush. So, based on our present and previous obseoreakdown in the presence of a normal or partially
vations, we could probably say that axoplasm dis-disrupted axoplasm. This result was also observed
integration starts focally and spreads throughout thgreviously in our laboratory in rat sural nerve, 30
entire axon as a consequence of a gradual activdiours after crush (Martinez and Canavarro 2000).
tion of calpains due to an increase in the axoplasmid his finding is consistent with a direct injury to the
calcium concentration. Our results, therefore, differmyelin sheath following injury, which is explained
from previous descriptions (see Griffin et al. 1995)by the presence of calpains inside astrocytes and
that say that cytoskeleton breakdown follows an “all- Schwann cells during Wallerian degeneration (Lud-
or-none” patterni.e. the degenerative changes in theiin 1995). So, it might be possible that there is a
cytoskeleton would not present intermediary stagesimilar mechanism underlying both axon and myelin
of degeneration. disruption, as we suggested previously (Martinez
Both dark and watery degeneration as observednd Canavarro 2000).
in the opossum’s crushed optic nerve are similar to Concerning the course of WD of the opossum’s
what has been observed in many vertebrates (Krugesptic nerve, it was noted that at the initial stages of
and Maxwell 1969, Ishise and Rosenbluth 1986 nherve fiber degeneration, there was no uniformity in
Cook et al. 1974, Bignami et al. 1981, Cook andthe pattern of alteration, since degenerating fibers
Wisniewski 1987, Carrol et al. 1992). These stud-exhibited different features in the same nerve and at
ies do not mention the mechanism that would induceghe same time. An apparent uniformity in the pat-
one or other type of degeneration, nor do they detern of degenerative alterations was only achieved at
scribe morphological differences between these twdater stages (168 hours after crush), when almost all
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optic fibers were undergoing degeneration. Thusludwin 1995), certainly providing a highly specific
the degeneration of nerve fibers as seen in sectiommicroenvironment which would allow different sur-
of opossum’s optic nerve occurs in an asynchronousival times of degenerating fibers according to the
manner. region of the nervous tissue that it belongs to. In the
Morphological evidence of the asynchronouspresent study we report that nerve fiber degeneration
rate of WD has been achieved by different ap-of opossum optic nerve is almost complete one week
proaches. In a previous report, using axonal MTafter crush. This result is similar to that described
dissolution as a degenerative criterion in crushedor other mammals (Cook and Wisniewski 1987).
fibers of rat sural nerve, we concluded that small- Since, at least in PNS, the most obvious func-
and large-sized fibers degenerated simultaneousljon of WD is to prepare a way for potential axonal
in response to the crush injury (Malbouisson et al.regeneration (Griffin et al. 1995), the search for an-
1985). Different rates of axonal degeneration wereswers on the regulative mechanisms of such a pro-
observed in crossed and uncrossed fibefdano-  cess makes it relevant in the sense of proposing the
delphis domestica (Guillery and Taylor 1993) but viability of this same function for CNS regenera-
not in Didelphis marsupialis (Guillery and Caval- tion, which is still abortive, unknown and deceptive
cante 1995). In the present study we did not addresat experimental and clinical approaches.
this question but we also observed early degener-
ative alterations in small and large nerve fibers at ACKNOWLEDGMENTS

all stages considered. However, the right momentye 4re grateful to Dr. Monika Barth (FIOCRUZ -
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certain nerve fiber for the degenerative pathway agcope. The technical help given by Mair Machado
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remain unknown. SIL) supported this work.

Comparing the process of WD in CNS and PNS
fibersis interesting, since it occurs in a general simi-
lar way, but shows specific patterns depending on th@leste trabalho, relatamos uma anélise morfolégica qua-
parameter that is being studied. The main comparatitativa da degeneragéo Walleriana em um marsupial. Os
tive parameter is the velocity of the process. Whilenervos épticos direito de gambéas da espdiidel phis
in PNS WD occurs in hours or days, in CNS it pro- marsupialis foram esmagados com uma pinca fina. Apos
ceeds at a slow rate, lasting for weeks and somez4, 48, 72, 96 e 168 horas, os animais foram anestesiados e
times months (Donat and Wisniewski 1973, Joseplperfundidos com fixador. A seguir, os nervos foram imer-
1973, Lubinska 1977, David et al. 1990, Perry etsos em fixador e processados para microscopia eletrénica
al. 1990, Hall 1993, Reier 1995). Many factors de rotina. Entre as alterag6es precoces tipicas da degene-
are probably associated with this difference. Suchagéo, observamos fibras nervosas com degeneracéo fo-
factors include the reaction of glial (Carbonell et cal do citoesqueleto axoplasmaético, degeneracéo aquosa
al. 1991, Blaugrund et al. 1992, Cadelli et al. e degeneracgéio escura, com o dltimo tipo prevalente as
1992, Butt and Colquhoun 1996, Butt and Kirvell 168 horas ap6s esmagamento. Nossos resultados indicam
1996) and phagocytic lineage cells (Avellino et al. uma desintegracédo gradual do citoesqueleto axoplasmati-
1995, David et al. 1990, Carbonell etal. 1991, Hallco, oposta & prévia viséo de um processo “tudo-ou-nada’.
1993, Lawson et al. 1994, Bruck 1997) which haveRelatamos também que, devido a um mecanismo desco-
a significant influence on the axons (for example, bynhecido, as fibras mostram ou um padr&o aquoso ou um
production of cytokines and proteolytic enzymes -padréo escuro de degeneragédo axonal, conforme obser-

RESUMO
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vado nos perfis axonais. Observamos também fibras cuj&ArRBONEL AL, Boya J, CaLvo JL AND MARIN JF. 1991.
mielina sofria uma degradag&o precoce na auséncia de al-  Ultrastructural study of the neuroglial and macro-
teracBes axonais. phagic reaction in Wallerian degeneration of the adult

) . rat optic nerve. Histol Histopathol 6(4): 443-451.
Palavras-chave: ultra-estrutura, fibra nervosa, leséo por

esmagamento, degeneracéo “fluida”, degeneracdo escur&ARROL EW, CURTIS RL, SULLIVAN DA AND MELVIN
marsupial. JL. 1992. Wallerian degeneration in the optic nerve
of the Wabbler-Lethal (wl/wl) mouse. Brain Res Bul

29: 411-418.
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