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Summary. A study was made to determine the causa-
tive lesion of Marek’s disease virus (MDV)-induced
transient paralysis (TP) in chickens by comparing the
ultrastructure of brain tissue from MDV-infected
genetically susceptible and resistant birds. There were
numerous intramyelinic vacuoles in the brains of TP-
affected birds. Many of these vacuoles contained par-
ticulate material compatible with precipitated protein
from edema. Astrocyte processes often were distended
with similar particulate material. Most intramyelinic
vacuoles were either adjacent to the axolemma or
within inner myelin lamellae. Myelin sheaths of affect-
ed axons, while being displaced, were relatively normal
with no vesiculation. Most affected axons were also
otherwise normal. Cell processes adjacent to oc-
casional affected axons were distended by degenerat-
ing mitochondria, vacuoles, and amorphous material.
Some of these processes appeared to be inner loops of
oligodendrocyte cytoplasm. The cell bodies of most
oligodendrocytes were normal, but a few contained
vacuoles similar to those seen in processes adjacent to
axons. There were scattered necrotic cells. While most
of these could not be specifically identified, some ap-
peared to be oligodendrocytes. Mononuclear inflam-
matory cells were present both perivascularly and
within the parenchyma. Although these cells occasion-
ally contacted myelinated axons and there was myelin
phagocytosis, there was no indication that they initiat-
ed demyelination. Brain tissue from virus-inoculated
resistant birds had perivascular aggregates of mono-
nuclear cells, but there were no intramyelinic vacuoles
and few necrotic cells. These findings suggest that
intramyelinic vacuolation contributes to the patho-

* Supported in part by the National Institute of Neurological
and Communicative Disorders and Stroke, NIH, Grant No.
NS16770 and by the State of North Carolina

** Present address: Experimental Pathology Laboratories Inc.,
P.O. Box 487, Ross, OH 45061, USA

Offprint requests to: J. N. Kornegay (address see above)

genesis of transient paralysis. Potential pathophysio-
logical mechanisms contributing to the vacuoles, in-
cluding brain edema and oligodendrocyte injury, are
discussed.
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Marek’s disease in chickens is caused by an oncogenic
herpesvirus [11, 30] and is associated with visceral
lymphomas and neural lymphoid lesions [4, 8, 28, 31].
Most Marek’s disease virus (MDV)-infected chickens
have definitive brain lesions [45] that do not cause
neurological clinical signs. However, MDYV infection
can cause a reversible encephalopathy, termed transi-
ent paralysis (TP), in certain lines of chickens [10, 18,
34, 39, 42, 46 —48]. Affected birds become depressed
and recumbent 8 to 12 days after either inoculation or
natural exposure to the virus. Although some severely
affected birds die at this time, the clinical signs usually
resolve in 24 to 48 h. Most birds that have recovered
from TP develop the typical visceral and neural lesions
of Marek’s disease 2 to 6 weeks later. The incidence
of TP in farm flocks is generally quite low.
Susceptibility to TP is a recessive trait controlled
by major histocompatibility complex (MHC) genes
[39]. The occurrence of clinical signs probably has an
immunological basis [32]. In previous descriptions of
the histological lesions in brains from chickens having
TP [10, 18, 34, 39, 42, 46—48], lymphocytic peri-
vascular cuffing was the only change consistently
identified. Since lymphocytic perivascular cuffing has
been identified in the brains of genetically resistant

[39] and clinically recovered birds [34], it seems likely

that this is not the causative lesion of TP. In a recent
light microscopic study of brain lesions in TP-suscep-
tible and resistant lines of chickens, we made compari-
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sons at 11 days after MDYV inoculation, when clinical
signs were evident in susceptible birds, and at 17 days
when these signs had remitted [19]. Brains obtained
from susceptible birds at the height of clinical involve-
ment consistently had vacuolation of both gray and
white matter throughout the brain, while this lesion
was not present in brains of genetically resistant or
clinically recovered birds. There was apparent vas-
culitis in some of the clinically affected susceptible
birds, suggesting that the vacuoles might have result-
ed, at least in part, from vasogenic brain edema. In this
report, ultrastructural brain lesions occurring after
MDYV inoculation of TP-susceptible and TP-resistant
chickens are described.

Materials and methods
Experimental animals

Chickens from two closely related inbred White Leghorn lines
{(G-B1 and G-B2) were used. These two lines differ genetically
at the B complex; i.e., the chicken MHC. While G-B1 birds have
the B13 MHC haplotype and are resistant to TP, G-B2 birds
have the B6 haplotype and are susceptible [39]. All birds were
wingbanded at hatching and reared in Horsfall-Bauer isolation
chambers with filtered air under positive pressure.

Virus

The clone-purified GA isolate of MDV was used. To induce TP,
intraperitoneal inoculations were made with cell-associated virus
in spleen cells from MDV-infected G-B1 or G-B2 birds. Each
inoculated bird received 1.0 ml of a cell suspension containing
1 x 107 to 2% 107 cells/ml. This was equivalent to approximately
0.8 x10% to 1.6 x10® focus forming units of MDV/bird. The
birds were 2— 3 weeks old at the time of inoculation.

Neurological examination

Thirteen G-B1 birds (10 inoculated, 3 control) and 25 G-B2
birds (22 inoculated, 3 control) were evaluated. Neurological
examinations were done on all inoculated birds on the day prior
to inoculation and 8 to 11 days after inoculation. Control birds
were examined on the day tissues were obtained. This examina-
tion was modified from one used in mammalian domestic ani-
mals [35] and included evaluation of mental attitude, postural
reactions, and reflexes [20].

Electron microscopic examination

Brain tissue was obtained at 8 to 11 days after the birds were
inoculated with virus. The chickens were anesthetized using a
combination of xylazine (60 mg/kg body weight, IM) and
diazepam (1.5 mg/kg of body weight, IM). The sternum and
ventral rib cage were removed, the pericardial sac was incised,
and the right auricle was torn. A 16-gauge needle then was
inserted into the right brachiocephalic artery at the base of the
heart and 250 ml of a solution containing 1% paraformaldehyde
and 1% glutaraldehyde in 0.2 M sodium cacodylate buffer was
drip perfused from a height of 1.5 m over a 30-min span. Then
50 ml of a more concentrated solution containing 4% para-
formaldehyde and 5% glutaraldehyde in 0.2M sodium
cacodylate buffer was infused manually with a syringe. The brain

of each bird was removed immediately following perfusion and
serially sectioned at approximately 2-mm intervals. Portions of
the neostriatum and cerebellar white matter were diced into
approximately 1 mm? sections and immersed in the more con-
centrated fixative for 24 h. These tissues were rinsed in 0.1 M
phosphate buffer, then postfixed in 1% OsO, in 0.1 M phos-
phate buffer. After rinsing with deionized water, tissues were
dehydrated through an ethanol and acetone series and embedded
in Spurr resin [40]. Semi-thin (0.25—0.5 pm) sections were cut
with a glass knife and stained with 1% toluidine blue in 1%
sodium borate. All slides were examined with a light microscope.
Thin sections approximately 80 nm thick were cut with a dia-
mond knife, stained with methanolic uranyl acetate and Rey-
nold’s lead citrate [36], and examined with a transmission elec-
tron microscope.

Results
Virus-inoculated, TP-susceptible chickens

Neurological clinical signs were evident in 18 of the
22 inoculated birds examined 8 to 11 days after inocu-
lation. These signs varied from mild depression and
ataxia to stupor and marked paresis. There were light
and electron microscopic lesions in both the cerebellar
and striatal sections in all birds. Lesions were most
pronounced in the cerebellum. The severity of these
lesions varied direcily with the degree of clinical in-
volvement, being least pronounced in the four clinical-
ly-normal birds. Viral particles were not identified in
any of the birds.

There were scattered vacuoles, particularly in the
cercbellar white matter, on light microscopic exami-
nation (Fig. 1A). At the electron microscopic level,
many of these vacuoles were within myelin sheaths
either directly adjacent to the axolemma (Fig. 1B} or
within inner myelin lamellae (Fig. 2A, B). Although
the location of the intramyelinic spaces relative to
myelin periodicity could not usually be defined, some
appeared to be at the intraperiod line (Fig. 2B). These
intramyelinic spaces were usually relatively electron
lucent, except for widely dispersed membranous debris
and particulate material presumed to be precipitated
protein from edema. Myelin displaced by these vacu-
oles often remained attached to the axon and was
relatively normal morphologically, with no vesicu-
lation. Lymphocytes, plasma cells, and macrophages

- were present in affected arcas. However, while there

was phagocytosis of myelin (Fig. 3A, B), there was no
indication that these cells initiated demyelination. Few
axons were completely demyelinated. Most affected
axons were morphologically normal, but some were
more electron lucent than normal, contained swollen
mitochondria, and had discontinuous axolemmas.
There were scattered axonal spheroids (Fig. 4A) and
axoplasm was occasionally sequestered by inner loops
of oligodendrocyte cytoplasm (Fig. 4B).
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Fig. 1A, B. Inoculated G-B2 chicken, cerebellum. A There is a
perivascular mononuclear inflammatory cell infiltrate. Numer-
ous vacuoles are seen within the adjacent white matter (arrow-
heads). B Several periaxonal spaces are markedly expanded (as-
terisks). Two macrophages (M) containing necrotic cellular
debris of myelin and a plasma cell (P) can be identified.
A Toluidine blue, x231; B x 1,654

Numerous necrotic cells that were too distorted to
allow definite identification of cell type were present.
Some were relatively electron dense, contained large
mitochondria and maloriented tubules, and had no
visible filaments, suggesting that they were oligo-
dendrocytes (Fig. 5A). A few more normal-appearing
oligodendrocytes had vacuoles and swollen mito-
chondria within their cell bodies (Fig. 5B). Cytoplas-
mic processes containing swollen mitochondria, vacu-
oles, and amorphous material were occasionally pre-
sent within dilated periaxonal spaces (Fig. 6A, B).
Many of these processes were located adjacent to the
axon and appeared to be inner tongues of oligoden-
drocyte cytoplasm contributing to the myelin sheath
(Fig. 6 A). Similar processes seen more rarely external
to affected myelin sheaths may have been outer loops
of oligodendrocyte cytoplasm. Some of these pro-
cesses were also probably from macrophages.

Fig. 2A, B. Inoculated G-B2 chicken. A Cerebellum. Spaces on
either side of the axon are dilated and contain particulate ma-
terial. Area at arrowhead is enlarged in inset. Inset shows in-
terface between vacuole and axon with remaining thin layer of
myelin. B Striatum. Dilated intramyelinic space. Area at arrow-
headis enlarged in inset. Inset shows separation of myelin sheath
at the intraperiod line. A x 7,150, inset x 55,184; B x 21,703,
inset x 71,312

Astrocyte nuclei and cell bodies seen with light
microscopy were often more vesicular than normal.
On electron microscopic examination, there were nu-
merous cell processes that contained particulate ma-
terial similar to that seen in intramyelinic vacuoles.
While many of these cells had few organelles and
no identifiable filaments, they were believed to be
astrocytes based on their nuclear morphology and
overall electron density. Processes from some of these
cells abutted apparently collapsed intramyelinic vacu-
oles (Fig. 7), suggesting they may have been involved
in removal of intramyelinic edema. Most neurons were
normal, but some had swollen mitochondria and rough
endoplasmic reticulum.

Small lymphocytes and macrophages often were
seen within the perivascular space between the endo-
thelial and astrocytic basal laminae (Fig. 8 A). Cellular
debris and relatively electron-lucent spaces, presumed
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Fig. 3A, B. Inoculated G-B2 chicken, cerebellum. A A macro-
phage contains myelin debris. B A dilated periaxonal space
(axon at the arrow) and adjacent macrophage are seen. A, B
x 7,337

to be caused by collections of proteinaceous fluid,
often were seen among the inflammatory cells. Many
microvilli extended from endothelial cells into vessel
lumina. There were also increased numbers of small
coated vesicles that appeared to originate subsequent
to invagination of the lumenal surface of the endo-
thelial cell (Fig. 8B). The numbers of endothelial
microvilli and vesicles were increased when compared
to uninoculated controls, but were similar in degree
to that found in MDV-inoculated G-B1 birds. Peri-
vascular astrocyte foot processes occasionally were
swollen and electron lucent (Fig. 8 B). Widening of
endothelial cell tight junctions was not demonstrated,
and perivascular extracellular spaces were not dilated.

Virus-inoculated, TP-resistant chickens

Although none of these birds had clinical signs, all
had lesions in both the cerebellum and striatum that
are characteristic for MDV-infected chickens. Brain
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Fig. 4A, B. Inoculated G-B2 chicken. A Striatum. A large axonal
spheroid containing mitochondria and membranous material is
seen. B Cerebellum. Portions of axoplasm are sequestered by

oligodendrocyte cytoplasm. Origination of these axoplasmic
islands can be seen at the arrowheads. A x7,337; B x 10,748

lesions in G-B1 birds were considerably less pro-
nounced than those identified in the G-B2 birds. There
were no intramyelinic vacuoles and few necrotic cells.
Small lymphocytes often had accumulated peri-
vascularly. Pinocytotic activity appeared to be greater
than that of uninoculated controls and was generally
similar to that of imoculated G-B2 chickens. Viral
particles were not identified in any of the birds.

Uninoculated controls

Neurological clinical signs were not evident in any
control chickens, and brain lesions found in MDV-
inoculated birds were not present.

Discussion

We have previously compared the light microscopic
lesions induced by MDYV inoculation in G-B2 chickens
known to be susceptible to TP to those in resistant
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Fig. SA, B. Inoculated G-B2 chicken, cercbellum. A Necrotic
cell, believed to be an oligodendrocyte, has a pycnotic nucleus
and numerous degenerating mitochondria. B Cell, believed to
be an oligodendrocyte, contains several large vacuoles that are
subdivided by strands of cytoplasm. The relationship of this cell
and an adjacent myelin sheath in the lower left corner (arrow) is
seen in the inser. Inset shows close association of cell and myelin
sheath. A x 14,469; B x 7,844, inset x 71,285

G-B1 birds [19]. The most significant difference was
the presence of vacuoles in both the striatum and
cerebellar white matter of the G-B2 chickens with
TP. These vacuoles were felt most likely to represent
edema, perhaps occurring as a result of apparent
vasculitis in some birds. Similar vacuoles were seen on
light microscopic examination of TP-affected birds
described here. Ultrastructural findings indicated that
many of them were dilated intramyelinic spaces. These
spaces and numerous astrocyte processes contained
fine particulate material that presumably was precipi-
tated protein from edema. The myelin sheaths of af-
fected axons, although generally widely displaced
from the axolemma, were often otherwise relatively
normal morphologically. Active phagocytosis of
myelin seen in TP-affected birds suggested that at least

Fig. 6 A, B. Inoculated G-B2 chicken. A Striatum. Inner loop
of oligodendrocyte cytoplasm adjacent to axon (4x) contains
several vacuoles and necrotic debris. Connection of this process
to the surrounding myelin sheath (arrowhead) is enlarged in the
inset. Inset shows the contribution of the membrane of this cell
to the myelin sheath. B Cerebellum. Cell process, believed to be
inner loop of oligodendrocyte cytoplasm, adjacent to axon
within a dilated space contains degenerating mitochondria. Inset
shows interface of this process and the adjacent axon. A
x 25,042, inset x 71,311; B x 12,402, inset x 32,038

some affected axons eventually became demyelinated.
However, few completely demyelinated axons were
seen,

The origin of the dilated spaces seen within myelin
sheaths of TP-affected birds is not clear. Similar in-
tramyelinic vacuoles have been described in a variety
of naturally occurring and experimental diseases. No
single pathogenetic mechanism appears to be respon-
sible for this lesion. Intramyelinic vacuoles and
demyelination seen in van Bogaert-Bertrand spongy
degeneration in human infants are thought to occur
subsequent to accumulation of edema in astrocytes [1,
2, 15]. The edema, which may occur because of
lowered astrocytic ATPase activity, is also believed
ultimately to accumulate within myelin sheaths be-
cause of the hydrophilic nature of the intraperiod line.
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Fig. 7. Inoculated G-B2 chicken, striatum. A process extending
from the cell body at the right (srrow) abutts an apparently
collapsed intramyelinic vacuole. An axon is seen at the arrow-
head. The process and cell body contain fine particulate material
compatible with precipitated protein from edema. There are no
identifiable cellular organelles but the nucleus resembles that of
an astrocyte. x 6,996

Similar pathogenetic mechanisms could be involved
in analogous spongiform encephalopathies in cattle
and cats [16, 17]. The changes reported here in TP-
affected birds are similar to those of van Bogaert-
Bertrand spongy degeneration, but we were unable to
define whether the intramyelinic vacuoles preceded or
occurred subsequent to the astrocyte distension. It is
possible that an MDV-induced effect on astrocytes
could lead to intracellular edema and subsequent in-
tramyelinic vacuolation. It seems at least equally
plausible that astrocyte distension, seen in TP-affected
birds, occurred because these cells were involved in
the removal of edema. Presumably, accumulation of
extracellular edema could also lead to intramyelinic
vacuolation, especially in young birds in which mye-
lination is still active. However, there was often mini-
mal, if any, expansion of the extracellular space in
areas of intramyelinic vacuolation in birds of this
study.

Studies of toxins that induce intramyelinic vacuo-
lation have been useful in defining the role of myelin or
oligodendrocyte injury in the evolution of this lesion.
Intoxication with tin [3, 26, 38] and hexachlorophene
[9, 43] is thought to alter the biochemical composition
of myelin. This evidently increases permeability of
myelin lamellae to extracellular fluid, resulting in large
vacuoles at the intraperiod line. Most of these vacuoles
occur at the periphery of the muyelin sheath, which
seems consistent with their origin from extracellular
fluid. Myelin structural changes induced by the MDV
or an associated immune-mediated mechanism could
conceivably allow similar intramyelinic fluid accumu-
lation, especially considering that demyelination in the

Fig. 8A, B. Inoculated G-B2 chicken. A Cerebellum. Vessel (lu-
men at L) and adjacent white matter. Several lymphocytes and
collections of particulate material (P) are present within the
perivascular space. Portions of several myelin-lined spaces (M)
are seen adjacent to the vessel. Axons within these spaces are
identified by arrowheads. B Striatum. Vessel and adjacent astro-
cyte process. Several coated vesicles are present in the endothelial
cytoplasm (arrowheads). The cytoplasm appears to be invaginat-
ing at two sites (arrows). The adjacent astrocyte foot process ()
is dilated. A x2,926; B x 17,466

peripheral nervous system is well documented in MD
[23, 33]. However, demyelination was not a prominent
feature in TP-affected birds, and the intramyelinic
vacuoles were usually periaxonal or dissected inner
myelin lamellae, with the peripheral myelin being
spared.

Changes similar to those seen in TP-affected birds
have been reported subsequent to intoxication with
agents that have a cytopathic effect against oligo-
dendrocytes, such as cuprizone [5, 6, 27, 41] and iso-
nicotinic acid hydrazide [7, 21]. Numerous dilated
spaces form adjacent to axons and within inner myelin
lamellae subsequent to these toxins. Inner and outer
tongues of oligodendrocyte cytoplasm adjacent to af-
fected axons are often distended with degenerating
organelles, and axoplasm of some axons is sequestered
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by oligodendrocyte cytoplasm. Many affected axons
are eventually demyelinated, The intramyelinic vacuo-
lation apparently results from the coupled effects of
disruption of normal myelination and myelin hydro-
philia. Certain lesions described here suggest that
oligodendrocyte injury may also lead to intramyelinic
vacuolation in TP-affected birds. Some of the many
necrotic cells appeared to be oligodendrocytes, inner
loops of oligodendrocytes were distended with
necrotic debris, and there were large vacuoles in a
few oligodendrocyte cell bodies. However, despite the
similarities between these lesions and those caused
by oligodendrocyte toxins, we were unable to show
definite morphological evidence that oligodendrocyte
lesions led to intramyelinic vacuolation.

Intramyelinic vacuolation is evidently not a promi-
nent feature of other viral and immune-mediated
encephalitides. Apparent intramyelinic vacuoles simi-
lar to those seen in TP-affected birds were illustrated
but not specifically discussed in papers describing
demyelination associated with infection with the JHM
corona virus [29], vesicular stomatitis virus [13], and
Chandipura virus [14]. That intramyelinic vacuoles
have been seen subsequent to JHM corona virus infec-
tion is particularly noteworthy, since oligodendrocyte
injury may be involved in the pathogenesis of this
condition [22, 44]. However, intramyelinic vacuolation
has not been described subsequent to Theiler’s virus
infection {12], even though virus-induced lysis of
oligodendrocytes may be responsible for demyelina-
tion [37]. While intramyelinic vacuolation is not a
common feature of experimental allergic encephalitis,
large intramyelinic vacuoles similar to those seen in
TP-affected birds have been reported in association
with neuronal and glial cell death [24].

We are unsure of the significance of the vascular
changes seen in TP-affected birds. Most of the lym-
phocytes within perivascular spaces were probably
simply migrating extravascularly, as has been reported
previously in MDV-inoculated, TP-resistant chickens
[25]. There was no separation of endothelial cell tight
Jjunctions or marked vessel wall distortion to suggest
vasculitis. However, there was evidence of increased
pinocytotic activity in TP-affected birds compared to
uninoculated controls. While studies using electron-
dense markers would be needed to provide definite
proof, this increase in pinocytosis suggests that the
blood-brain barrier may also be altered in TP-affected
birds. Such an increase in vascular permeability could
be the source of the intramyelinic and astrocytic
edema seen in these birds.
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