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Abstract 
 

Histological studies were performed on Lewis rats with experimental allergic 
encephalomyelitis (EAE) passively transferred by myelin basic protein (MBP)-sensitized 
syngeneic spleen cells in order to determine the relationship between demyelination and 
neurological signs. Neither inflammation nor demyelination was present on the day prior to the 
onset of neurological signs but both were present in the spinal roots and spinal cord on the day 
of onset of tail weakness (4 days after passive transfer). Demyelination and the neurological 
signs both increased over the next 48 h. There was evidence that the caudal roots were more 
severely affected than the rostral roots. The peripheral nerves were spared. Demyelination in the 
spinal cord was concentrated in the dorsal root entry and ventral root exit zones. The initial 
stages of repair of demyelinated spinal root fibres by Schwann cells were observed on the 
earliest day that clinical recovery commenced (day 7). At this time some demyelinated fibres 
were closely associated with debris-free Schwann cells, and occasional fibres were completely 
invested by 1-2 layers of Schwann cell cytoplasm. Remyelination (compact myelin lamellae 
formation) by Schwann cells was first observed in the spinal roots on day 9. By the time of 
complete clinical recovery (day 11) the majority of affected spinal root fibres had thin new 
myelin sheaths. Repair of central nervous system myelin by oligodendrocytes was slower than 
peripheral nervous system myelin repair. Investment of demyelinated spinal cord axons by 
oligodendrocytes was observed on day 9, and remyelination by these cells was seen on day 10. 
We conclude that the neurological signs of passively induced MBP-EAE can be accounted for 
by demyelination of the lumbar, sacral and coccygeal spinal roots and spinal cord root entry and 
exit zones, and that the subsequent clinical recovery can be explained by investment and 
remyelination of demyelinated peripheral and central nervous system fibres by Schwann cells 
and oligodendrocytes respectively. 
 
 
Introduction  
 

Experimental allergic encephalomyelitis (EAE) 
is an autoimmune disease of the nervous system and 
is widely studied as an animal model of multiple 
sclerosis (MS), a human central nervous system 
(CNS) demyelinating disease of unknown aetiology. 
EAE may be actively induced by inoculation with 
whole CNS tissue, purified myelin basic protein 
(MBP) or proteolipid protein (PLP), and adjuvants, 
or passively induced by the transfer of lymphocytes 
from animals actively inoculated with one of these 
antigenic preparations. Passive EAE was originally  

 
 
 

 
induced by the direct transfer of lymph node cells 
from animals sensitized to whole spinal cord 
(Paterson, 1960). More recently, techniques have 
been described for the in vitro augmentation of donor 
lymphocyte activity (Panitch and McFarlin, 1977; 
Richert et al., 1979), and these have ultimately led to  
the development of MBP-specific T cell lines and 
clones which are capable of transferring disease in 
low doses (Ben-Nun et al., 1981; Ben-Nun and 
Cohen, 1982; Zamvil et al., 1985). 
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EAE, either actively or passively induced, 
may have an acute or a chronic relapsing course, 
but each form produces the same neurological 
signs, namely tail paralysis and limb ataxia, 
weakness and paralysis. Acute EAE is a 
monophasic disease like the human disease, acute 
disseminated encephalomyelitis, while chronic 
relapsing EAE has a relapsing remitting course 
like typical MS. In chronic relapsing EAE there 
are large plaques of CNS demyelination as in MS. 
However, in acute EAE such plaques are rare or 
do not occur. In fact, because of reports of the 
absence of demyelination in some animals with 
neurological signs of EAE it has been suggested 
that the neurological signs of acute EAE and of 
the first episode of chronic relapsing EAE are due 
not to demyelination (Hoffman et al., 1973; 
Lassmann and Wisniewski, 1979; Panitch and 
Ciccone, 1981; Raine et al., 1981;Simmons et al., 
1981, 1982; Kerlero de Rosbo et al., 1985), but to 
other factors such as oedema (Paterson, 1976; 
Simmons et al., 1982; Kerlero de Rosbo et al., 
1985; Sedgwick et al., 1987) or an impairment of 
monoaminergic neurotransmission (Carnegie, 
1971; White, 1984). It has also been suggested 
that neurological recovery from acute EAE is too 
rapid to be accounted for by remyelination, and 
therefore that demyelination cannot be the cause 
of the neurological signs (Panitch and Ciccone, 
1981; Simmons et al., 1981). However, these 
studies have either failed to use sensitive 
histological techniques to detect demyelination or 
failed to examine thoroughly the whole nervous 
system, particularly the lumbar, sacral and 
coccygeal spinal cord and the peripheral nervous 
system (PNS), which is known to be involved in 
EAE. We have recently shown that demyelination 
in the PNS and the CNS is an important cause of 
the neurological signs in actively induced acute 
EAE by demonstrating demyelination and nerve 
conduction abnormalities in the dorsal root 
ganglia of rabbits (Pender and Sears, 1982, 1984, 
1985) and rats with whole spinal cord-induced 
EAE (Pender and Sears, 1986), at the ventral root 
exit zones of the spinal cord in rats with whole 
spinal cord-induced EAE (Pender, 1986a, 1988a) 
and in the dorsal roots, ventral roots and ventral 
root exit zones in rats with MBP-induced EAE 
(Pender, 1986b, 1987, 1988b, c). Furthermore, 
the rapid neurological recovery in rats with whole 
spinal cord- or MBP-induced acute EAE is 
associated with the restoration of nerve 
conduction in the PNS and CNS at the time of 
investment and remyelination of demyelinated 
fibres by Schwann cells and oligodendrocytes 
respectively (Pender, 1989). 

 
In view of our findings that demyelination is 

an important cause of the neurological signs in 
actively induced acute EAE, we hypothesized that 

demyelination could also account for the 
neurological signs of passively induced acute 
EAE. The present study was undertaken to test 
this hypothesis. Because of the highly predictable 
and early onset of neurological signs 4 days after 
passive transfer, we were able to make 
clinicopathological correlations immediately 
before and immediately after the onset of 
neurological signs, as well as during and 
immediately after clinical recovery. 
 
Materials and methods 
 
Animals 

Lewis rats (JC strain) were bred by the 
Animal Breeding Establishment of the John 
Curtin School of Medical Research. Rats, 12-15 
weeks old, were used as both donors and 
recipients of spleen cells. 
 
Sensitization of donor animals 

MBP was prepared from guinea-pig spinal 
cord as described by Deibler et al. (1972). MBP in 
0.9% saline was emulsified in an equal volume of 
incomplete Freund's adjuvant containing 4 mg/ml 
of added Mycobacterium butyricum. Each rat 
received 0.1ml of emulsion in a footpad of each 
hindfoot. The total dose of MBP was 50 µg/rat. 
 
Induction of passive EAE 

Cells for passive transfer were generated 
according to the method of Panitch and McFarlin 
(1977). Single-cell suspensions were prepared 
from the spleens of donor rats sensitized 10-12 
days previously with MBP as described above. 
Cells were cultured at a concentration of 2 X 106 
cells/ml in RPMI 1640 with added 5% fetal calf 
serum, 5 x 10-5 M 2-mercapto-ethanol, 200 mM L-
glutamine, penicillin and streptomycin. 
Concanavalin A was added at 2 µ g / m l ,  and 50 
ml cultures were incubated at 37°C in an 
atmosphere of CO2 (10%), O2 (7%) and N2. Cells 
were harvested after 72 h and washed with Hanks' 
balanced salt solution. 5 X 107 viable cells were 
injected into a lateral tail vein of each recipient 
male rat. 
 
Controls 

For control purposes, spleens were removed 
from normal donors and the spleen cells were 
cultured with concanavalin A as above for 72 h. 5 
x 107 viable cells were injected into a lateral tail 
vein of each of four male rats. 

 
 

Clinical assessment and management of recipient 
animals 

The recipient animals were examined daily 
from the 2nd day after passive transfer, as 
previously described (Pender, 1986b). Tail 
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weakness was assessed by holding the animal by 
the base of the tail and observing tail movement. 
It was graded as follows: 0 = no weakness; 1 = 
weakness of distal tail only, the distal tail failing 
to curl around the examiner's finger; 2 = 
weakness of the whole tail but with the proximal 
tail still being able to be erected vertically against 
gravity; 3 = severe weakness with only a flicker 
of tail movement; 4 = complete flaccid paralysis 
of the tail. Hindlimb weakness was graded thus: 0 
= no weakness; 1 = slight dragging of the toes of 
the hindfoot; 2 = severe dragging of the hindfoot 
but not of the rest of the hindlimb; 3 = severe 
dragging of the whole hindlimb; 4 = total 
paralysis of the hindlimb. If the hindlimb 
involvement was asymmetrical, the mean grade 
was used. The forelimbs were assessed in a 
similar way to the hindlimbs. Nociception was 
assessed by determining if vocalization occurred 
in response to noxious mechanical stimulation of 
the tail or of the digits of the hindlimbs. The 
mechanical stimulus consisted of firm pressure 
between the thumbnail applied to the side of the 
tail being tested and the index finger pad applied 
to the opposite side. Histological studies were 
carried out on two controls (5 and 10 days after 
passive transfer) and on 11 rats with EAE (3, 4, 
4, 5, 6, 7, 8, 9, 10, 11 and 11 days after passive 
transfer). 
 
Histological studies 

Under ether anaesthesia the rats were 
perfused through the left ventricle with 0.9% 
saline followed by 150 ml of 2.5% 
glutaraldehyde/2% formaldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.3-7.4). The 
brain, spinal cord, dorsal and ventral roots, 
dorsal root ganglia, spinal nerves and sciatic and 
tail nerves were removed and immersed in 
fixative. Most blocks of tissue were post-fixed 
with 2% osmium tetroxide, dehydrated in 
ascending ethanols, embedded in HistoResin 
(LKB, Bromma, Sweden), sectioned (1 µm) and 
stained with cresyl fast violet, as previously 
described (Pender, 1985). Some blocks were 
post-fixed with 2% osmium tetroxide, embedded 
in Epox 812 (Ernest F. Fullam, Schenectady, 
NY, U.S.A.), sectioned (1 µm) and stained with 
toluidine blue. In the EAE rats examined 3-6 
days after passive transfer the lumbar, sacral and 
coccygeal dorsal and ventral roots were 
embedded individually in order to compare the 
involvement of different segments. A total of 
105 root sections were assessed (see Table 1). 
However, in the EAE rats examined 7-11 days 
after passive transfer and in the control rats, all 
of the cauda equina were embedded together. 
The sections were examined with a Zeiss 
Axiophot microscope. The extent of 
demyelination in each region was graded as 

follows by estimating the proportion of 
myelinated fibres demyelinated in a cross-
section examined with a 40 x /0.75 Plan-
Neofluar objective: 0 = no demyelinated fibres; 
1 = <  1%; 2 = 1-10%; 3 = 10-30%; 4 = 30-50%; 
5 = > 50% demyelinated fibres. For 
ultrastructural assessment, ultrathin Epox 812 
sections were double-stained with uranyl acetate 
and lead citrate and examined in an Hitachi-300 
or Philips T400 electron microscope. 

 
Results 
 
Clinical findings 

Distal tail weakness commenced 4 days after 
passive transfer. Over the next 24h the weakness 
ascended, with resultant complete flaccid 
paralysis of the tail. The ascending tail weakness 
was accompanied by an ascending impairment of 
tail nociception as previously described in Lewis 
rats with actively induced MBP-EAE (Pender, 
1986b). Hindlimb weakness commenced 5-6 
days after passive transfer and was usually 
maximal on days 6-7. Forelimb weakness 
occurred occasionally. Recovery commenced at 
7-8 days. Tail nociception and hindlimb motor 
function had returned to normal by day 9 and tail 
motor function usually by day 11. The typical 
clinical course is illustrated in Fig. 1. None of the 
four rats receiving spleen cells from normal 
donors developed neurological signs. 

 
Histological findings in controls 

No significant histological abnormalities 
were detected in the rats examined 5 and 10 days 
after the transfer of spleen cells from normal 
donors. 

 
Histological findings in rats receiving MBP-
sensitized spleen cells 

The histological and clinical findings in the 
rats receiving MBP-sensitized spleen cells are 
summarized in Tables 1 and 2. 

 
Day 3. The rat studied on day 3, before the 

onset of neurological signs, showed no evidence 
of inflammation or demyelination in the CNS or 
PNS. 

 
Day 4. The two rats studied on day 4 showed 

grade 2-3 tail weakness and absent nociception 
over the distal third of the tail and no hindlimb 
weakness. The majority of random 1 µm transverse 
sections through individual sacral and coccygeal 
dorsal and ventral roots showed grade 1-2 primary 
demyelination (Fig. 2). However, the mean grade of 
demyelination was 0.8-1.0 (see Table 1), 
emphasizing that only a small proportion of the 
fibres at any one cross-sectional level (1 µm thick) 
were affected. Some of these demyelinated fibres 
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were completely demyelinated but the majority 
were in the process of being demyelinated by 
mononuclear cells that had invaded the myelin 
sheath. The process affected both large and 
small diameter fibres.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Days post - transfer 
 
 
 
 
 
 
Fig. 1. Profiles of the neurological signs in a Lewis rat with 
EAE passively transferred by MBP-sensitized lymphocytes, 
showing the development of and recovery from: impairment in 
tail nociception (upper panel); tail weakness (middle panel); 
and hindlimb weakness (lower panel). See Materials and 
Methods for grading of tail and hindlimb weakness. As the 
nociceptive impairment commenced distally, `length of tail 
affected' refers to length from the tail tip. 

 
Demyelination was found in sections taken from 
proximal and distal segments of roots; however, the 
sections through roots lying adjacent to the spinal 
cord showed less demyelination than sections 
through the more distal parts. The roots were 
infiltrated with mononuclear and 
polymorphonuclear leukocytes and extravasated 
erythrocytes. Oedema was also present. Similar 
inflammatory and demyelinating lesions were 
present in the lumbar dorsal and ventral roots. The 
lumbar, sacral and coccygeal dorsal root ganglia 
showed minimal demyelination but there was 
considerable inflammation in the connective tissue 
surrounding the ganglia and adjacent spinal nerve. 
The spinal nerves themselves showed minimal 

involvement. Transverse sections through the 
lumbar, sacral and coccygeal spinal cord showed 
grade 1 - 4  demyelination in the CNS 
(oligodendrocyte-myelinated) parts of the dorsal 
root entry and ventral root exit zones. In some 
sections there appeared to be a cone of demyelinated 
CNS axons projecting into the roots (Fig. 3). There 
was grade 1 demyelination in the remainder of these 
sections of the spinal cord and this was restricted to 
the subpial region except for rare demyelinated 
fibres associated with perivascular infiltrates in the 
deep white matter. There was meningeal, subpial 
and deep perivascular infiltration predominantly 
with mononuclear leukocytes but also with 
polymorphonuclear leukocytes, pyknotic cells and 
extravasated erythrocytes. There was also some 
white matter oedema. Occasional fibres in the white 
matter showed dilatation of the periaxonal space 
within the myelin sheath as described by Brosnan et 
al. (1988). Similar inflammatory changes were 
present in the spinal cord grey matter. Sections 
through the brain revealed meningeal, subpial and 
deep perivascular infiltration in the brainstem, 
particularly the medulla. The cerebellum was spared 
and there was minimal infiltration of the cerebral 
parenchyma. 
 

Day 5. The rat studied on day 5 showed grade 4 
tail weakness, absent nociception along the whole 
length of the tail, and grade 1 hindlimb weakness. 
The majority of random transverse sections 
through individual lumbar, sacral and coccygeal 
dorsal and ventral roots showed grade 1 - 2  
demyelination, with a mean grade of 1 (see Table 1). 
The findings were similar to those in the roots of day 
4 rats. There were more fibres in the process of being 
demyelinated than there were completely 
demyelinated fibres. The dorsal root ganglia showed 
inflammation and slight demyelination; inflammation 
was particularly prominent in the connective tissue 
around the ganglia. There was minimal involvement of 
the spinal nerves. The sciatic and tail nerves were 
normal. There was grade 1-4 demyelination in the 
CNS parts of the dorsal root entry and ventral root exit 
zones of the lumbar, sacral and coccygeal spinal cord. 
Grade 1 demyelination was present in the remainder 
of these sections of the spinal cord but this was 
restricted to the subpial region and immediate vicinity 
of some penetrating blood vessels. There was some 
oedema of the white matter and there were occasional 
fibres showing dilatation of the periaxonal space 
within the myelin sheath. Inflammation was also 
present in the grey matter of the spinal cord. Sections 
through the brain showed prominent oedema and 
inflammation in the dorsomedial medulla bilaterally. 
Other regions of the brainstem showed perivascular 
infiltration. There was minimal infiltration of the 
cerebellum and cerebrum. 
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Fig. 2. Transverse section through an S4 ventral root of a rat 4 days after the passive transfer of MBP-sensitized lymphocytes. Several fibres are 
in the process of being demyelinated (arrowheads). One completely demyelinated fibre (large arrow) and extravasated erythrocytes (small 
arrow) can also be seen. HistoResin section stained with cresyl fast violet. Bar = 25 µm. 
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Fig. 3. Transverse section through the dorsal root entry zone of the coccygeal spinal cord of a rat 4 days after the passive transfer of MBP-
sensitized lymphocytes. There is a cone of demyelinated axons (arrows) extending into the dorsal root. HistoResin section stained with cresyl 
fast violet. Bar = 25 µm. 
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Fig. 4. A: Transverse section through an L6 ventral root of a rat 6 days after the passive transfer of MBP-sensitized lymphocytes. A 
fibre in the process of being demyelinated (arrowhead) and completely demyelinated fibres (arrows) can be seen. HistoResin section 
stained with cresyl fast violet. Bar = 10 µm. B: Electron micrograph of a first coccygeal ventral root of the same rat. There is a 
completely demyelinated axon (asterisk) associated with a macrophage containing myelin debris (arrow). Bar = 1µm. 
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Fig. 5. Scatter diagram showing the grades of demyelination in 
transverse sections through individual lumbar (L), sacral 
(S)and coccygeal (Co) roots (dorsal or ventral) in a rat with 
hindlimb weakness, tail paralysis and absent tail nociception, 6 
days after the transfer of MBP-sensitized lymphocytes. 
 

Day 6. The rat studied on day 6 showed grade 
4 tail weakness, absent nociception along the 
whole length of the tail, and grade 2 hindlimb 
weakness. 

 
Random transverse sections through individual 

dorsal and ventral roots showed grade 0-2 
demyelination in the lumbar segments, grade 2 

demyelination in the sacral segments and grades 2 
and 4 demyelination in the coccygeal segments  
(Figs. 4A and 5). Thus these findings indicate that the 
more caudal roots are more severely affected. The 
mean grade of demyelination in the spinal roots was 
1.8 (see Table 1), which was considerably greater 
than that present in the animals studied on days 4 and 
5. By this stage the vast majority of affected fibres 
had been completely demyelinated, although some 
fibres were still in the process of being demyelinated. 
Most of the completely demyelinated fibres were 
associated with macrophages containing myelin 
debris. Small and large fibres were demyelinated. 
The presence of primary demyelination was 
confirmed by electron microscopy which revealed 
demyelinated in-tact axons closely associated with 
macrophages containing myelin debris (Fig. 4B). 
There was slight inflammation and demyelination in 
the dorsal root ganglia. The spinal nerve showed 
some infiltrating mononuclear cells but no 
demyelination. The sciatic and tail nerves were 
normal. Transverse sections through the cervical, 
thoracic, lumbar, sacral and coccygeal spinal cord 
showed grade 2-4 demyelination in the CNS parts of 
the dorsal root entry and ventral root exit zones (Fig. 
6). Grade 1 demyelination was present in the 
remainder of these sections of the spinal cord but this 
was restricted to the subpial region 
. 

 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
Fig. 6. Transverse section through the ventral root exit zone of the L5 spinal cord of a rat 6 days after the passive transfer of MBP-
sensitized lymphocytes. Demyelinated axons (arrows) can be seen in the CNS part of the ventral root exit zone. Normal PNS myelin 
can be seen in the ventral roots (arrowhead). HistoResin section stained with cresyl fast violet. Bar = 25 µm. 
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Fig. 7. Light and electron microscopic appearance of the cauda equina of a rat 7 days after the passive transfer of MBP-sensitized 
lymphocytes. A: Many completely demyelinated axons can be seen (arrows). Epox 812 section stained with toluidine blue. Bar = 25 
µm. B: Electron micrograph showing investment of a demyelinated axon (asterisk) by a Schwann cell within a basal lamina (arrow). 
B a r = 1 µ m.  
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Fig. 8. Electron micrograph of the cauda equina of a rat 9 days after the passive transfer of MBP-sensitized 
lymphocytes. There is an axon (asterisk) in the process of being remyelinated. Bar = 1 µm. 
 
 
Inflammatory infiltrates were present throughout 
the white matter and were also found in the grey 
matter. Fibres showing dilatation of the 
periaxonal space within the myelin sheath were 
rarely found. Sections through the brain revealed 
perivascular infiltrates and some oedema in the 
brainstem and perivascular infiltrates at the 
junction between the optic chiasm and base of the 
cerebral hemispheres but there was minimal 
inflammation in the rest of the cerebrum and in 
the cerebellum. No demyelination was detected 
within the brain. 
 

Day 7. The rat examined at this stage showed 
grade 4 tail weakness and grade 2 hindlimb 
weakness. Clinical recovery had not commenced 
in this rat but had commenced in some other rats 
at this stage (see Fig. 1). Transverse sections 
through the cauda equina revealed grade 1 - 2  
demyelination (Fig. 7A). The vast majority of 
affected fibres were completely demyelinated, 
although there were occasional fibres in the 
process of being demyelinated. Some of the 
completely demyelinated fibres were associated 
with myelin debris-ladenmacrophages but the 
majority were not. Some completely 
demyelinated fibres were closely associated with 
debris-free Schwann cells. Electron microscopy 
confirmed this association with Schwann cells 
and revealed that occasionally such fibres were 
completely invested by 1-2 layers of Schwann 
cell cytoplasm within a basal lamina (Fig. 7B). 

Grade 3 demyelination was present in the CNS 
parts of the root entry/exit zones but there was 
minimal demyelination (grade 1) in other parts of 
the spinal cord. 

 
Day 8. This rat had shown clinical recovery 

from grade 4 to grade 2 tail weakness and had 
recovered from grade 1 hindlimb weakness to 
normal hindlimb function. The light and electron 
microscopic histological findings were similar to 
those in the rat examined on day 7 except that 
increased proportions of demyelinated cauda 
equina fibres were closely associated with debris-
free Schwann cells and were being invested by 
these cells. 

 
Day 9. This rat had recovered from grade 4 to 

grade 2 tail weakness and from grade 1 hindlimb 
weakness to normal hindlimb function. There was 
grade 2 demyelination in the cauda equina. The 
majority of demyelinated fibres were now closely 
associated with debris-free Schwann cells. There was 
only a mild inflammatory infiltrate. Electron 
microscopy revealed that the majority of 
demyelinated PNS fibres were being invested by 
Schwann cells and that some were being 
remyelinated (with 1 - 2  lamellae of compact 
myelin) (Fig. 8; Table 2). Grade 3-5 
demyelination was present in the CNS parts of 
the spinal cord root entry/exit zones but there was 
only grade 1 demyelination in other 
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Fig. 9. Electron micrograph of the sacral spinal cord of a rat 9 days after the passive transfer of MBP-sensitized lymphocytes. A 
demyelinated axon (asterisk) is being invested by an oligodendrocyte. Bar - 1µm. 

 
 

 
 
 

Fig. 10. Electron micrograph of the dorsal root entry zone of the sacral spinal cord of a rat 10 days after the passive transfer of MBP-
sensitized lymphocytes. There are three axons (large asterisks) being remyelinated by oligodendrocytes. Astrocytic processes containing 
intermediate filaments (small asterisks) can also be seen. Bar = 2 µm. 
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regions of the spinal cord. There was mild 
inflammatory cell infiltration of the spinal cord. 
Electron microscopy of the spinal cord showed 
demyelinated intact axons some of which were 
invested by debris-free oligodendrocyte processes 
(Fig. 9). 

 
Day 10. The rat examined at this stage had 

recovered from grade 4 to grade 1 tail weakness 
and from grade 1 hindlimb weakness to normal 
hindlimb function. Light microscopy revealed 
that the majority of affected cauda equina fibres 
were being remyelinated by Schwann cells. Most 
of the other affected cauda equina fibres were 
closely associated with Schwann cells. There was 
mild inflammatory cell infiltration of the cauda 
equina. Electron microscopy of the cauda equina 
revealed remyelination with up to five myelin 
lamellae. Light microscopic examination of the 
spinal cord revealed findings similar to those in 
the rat studied on day 9. Electron microscopy of 
the spinal cord showed that the majority of 
demyelinated axons were being invested by 
oligodendrocyte processes and that occasional 
fibres were being remyelinated by 
oligodendrocytes producing 1 -2  myelin lamellae 
(Fig. 10). Repair of CNS myelin appeared to be 
more advanced in the central tissue projecting 
into the roots than in other regions. 

 

Day 11. One of these rats had made a full 
clinical recovery from grade 4 tail weakness to 
normal tail motor function (grade 1 tail weakness 
had been present on day 10). The other had 
shown recovery from grade 4 to grade 1 tail 
weakness, from absent to normal tail nociception 
and from grade 1 hindlimb weakness to normal 
hindlimb function. The light microscopic findings 
in the cauda equina were similar to those in the 
rat examined on day 10, with the majority of 
affected fibres being remyelinated by Schwann 
cells (Fig. 11A). Electron microscopy revealed 
remyelination with up to 11 myelin lamellae (Fig. 
11B; Table 2). There was a slight inflammatory 
infiltrate in the cauda equina. As with the rats 
studied on days 9 and 10 there were occasional 
fibres in the process of being demyelinated and 
some fibres undergoing axonal degeneration. 
Axonal degeneration in the cauda equina was 
prominent in the rat that had residual tail 
weakness when examined on day 11. Light 
microscopic examination of the spinal cord 
showed features similar to those in the rats 
studied on days 9 and 10. Electron microscopy 
revealed that now the majority of demyelinated 
spinal cord axons were invested by 
oligodendrocyte processes which often formed 
more than one layer, and that some fibres were 
being remyelinated by oligodendrocytes 
producing up to three myelin lamellae (Table 2). 

 

 

 

 

 
 

 
 
 
 

 
 
Fig. 11. Light and electron microscopic appearance of the cauda equina of a rat 11 days after the passive transfer of MBP-sensitized 
lymphocytes. A: There are several axons (arrows) in the process of being remyelinated. HistoResin section stained with cresyl fast 
violet. Bar = 25 µm. B: Electron micrograph showing an axon (asterisk) in the process of being remyelinated by a Schwann cell.  
Bar = 2 µm. 
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Discussion 
 

We have demonstrated that primary 
demyelination is present in the sacrococcygeal spinal 
roots and spinal cord on the day of onset of tail 
weakness but not on the previous day. At this stage 
the majority of affected fibres were in the process of 
being demyelinated while a smaller proportion had 
been completely demyelinated. Demyelination was 
also present in the lumbar spinal roots and spinal 
cord. Over the next 48 h the neurological signs 
progressed to involve the hindlimbs, and 
demyelination was found to be more extensive in the 
lumbar, sacral and coccygeal spinal roots and spinal 
cord. In addition the majority of affected fibres were 
now completely demyelinated while a smaller 
proportion were in the process of being 
demyelinated. In the spinal cord the demyelination 
was concentrated in the CNS (oligodendrocyte-
myelinated) parts of the dorsal root entry and ventral 
root exit zones. There was minimal demyelination in 
other regions of the spinal cord and this was 
essentially restricted to the subpial regions. There 
was minimal, or no, demyelination in the dorsal root 
ganglia, spinal nerves and peripheral nerves. Thus a 
demyelinating polyradiculitis is an important 
component of the pathology of passively induced 
MBP-EAE as it is in actively induced MBP-EAE 
(Pender, 1988c). Of particular interest was our 
observation of early repair of demyelinated PNS and 
CNS fibres by Schwann cells and oligodendrocytes 
respectively. Occasional PNS fibres were being 
invested by Schwann cells 7 days after passive 
transfer. During the period of clinical recovery (days 
7-11) this repair progressed both in terms of the 
proportion of demyelinated PNS and CNS fibres 
undergoing repair and in terms of the proportion in 
more advanced stages of repair (summarized in Table 
2). By day 9 many PNS fibres were invested by 
Schwann cells and some fibres were surrounded by 
newly formed myelin lamellae. By the time of 
complete clinical recovery (day 11) most affected 
fibres in the spinal roots were being remyelinated. 
Repair of demyelinated CNS fibres by 
oligodendrocytes was slower than PNS myelin repair. 
Oligodendrocytes were investing demyelinated spinal 
cord axons by day 9 and remyelinating these axons 
on day 10. The early repair of the PNS and CNS by 
Schwann cells and oligodendrocytes, respectively, is 
similar to that recently observed in actively induced 
MBP-EAE and whole-spinalcord-EAE (Pender, 
1989). It is notable that the time course of the 
evolution and resolution of neurological signs in 
passively induced MBP-EAE is similar to that in 
actively induced MBP-EAE, if one allows for the 
different latent periods (4 and 10 days) (see Pender, 
1986b). In both actively and passively induced MBP-
EAE, remyelination of the spinal roots by Schwann 
cells was observed 5 days after the onset of 
neurological signs (see Pender, 1989). 

 
In most previous studies of passively 

transferred EAE in the rat, insensitive 
histological techniques have been used to detect 
demyelination, and the PNS has not been 
examined. Lassmann et al. (1988) demonstrated 
limited CNS demyelination in Lewis rats with 
EAE passively induced by an MBP-specific T 
cell line but they did not find PNS lesions. 
However, the only part of the PNS illustrated in 
their paper is a spinal root immediately adjacent 
to the spinal cord. Our studies revealed that this 
part of the spinal root tends to be spared and that 
one needs to examine roots at a distance from 
the spinal cord. Lassmann et al. (1988) did not 
state whether they examined these parts of the 
spinal roots. Furthermore, because the 
demyelination in the roots tends to affect fibres 
in a randomly scattered fashion rather than in 
plaques, a high resolution microscope objective 
is needed to detect individual demyelinated 
fibres. Heininger et al. (1989) have found 
histological and electrophysiological evidence of 
demyelination in the spinal cords and spinal 
roots of Lewis rats with EAE passively 
transferred by an MBP-specific T cell line. 
Heininger et al. indicate that the demyelination 
may be paranodal in distribution. Be-cause 
paranodal demyelination is restricted to short 
lengths of individual fibres, it could easily be 
missed or underestimated in transverse sections 
and would be adequately assessed only by 
longitudinal sections. Vandenbark et al. (1986) 
have re-ported persistent neurological signs and 
an attenuation of MBP immunoreactivity in the 
spinal cords of Lewis rats after repeated 
intraperitoneal injections of MBP- specific T cell 
lines; however, this immunocytochemical 
technique does not distinguish between primary 
demyelination and demyelination secondary to 
axonal degeneration. Lassmann et al. (1988) and 
Linington et al. (1988) have augmented the 
severity of CNS primary demyelination and the 
severity of neurological signs in Lewis rats with 
passively transferred MBP-EAE by intravenously 
injecting a monoclonal antibody against a 
myelin/ oligodendrocyte glycoprotein. 

 
The involvement of the PNS when rats are 

inoculated with purified CNS MBP is explained 
by the fact that the P1 protein from the PNS is 
identical to CNS MBP (Brostoff and Eylar, 
1972; Greenfield et al., 1973). The preferential 
involvement of the spinal roots with sparing of 
the peripheral nerves may be due to the reduced 
blood-nerve barrier in the roots (Olsson, 1968) 
and the almost 3-fold higher concentration of P1 
in the spinal root than in the peripheral nerve in 
the rat (Greenfield et al., 1973). In mice, CNS 
demyelination has been described in EAE 
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passively transferred by MBP-specific lymph 
node cells, T cell lines and T cell clones (Raine 
et al., 1984; Zamvil et al., 1985; Tabira and 
Sakai, 1987) and in EAE passively transferred by 
proteolipid-protein-specific T cell lines (Satoh et 
al., 1987). The reported sparing of the PNS in 
mice with passively transferred MBP-EAE 
(Raine et al., 1984; Tabira and Sakai, 1987) 
could be due to interspecies differences in the 
blood-nerve barrier, Ia antigen expression, or 
MBP concentration in the spinal roots or to 
differences in MBP epitopes in intact CNS and 
PNS myelin in the mouse. Sparing of the PNS in 
proteolipid-protein-induced EAE is expected 
because of the apparent absence of proteolipid 
protein in the PNS (Finean et al., 1957; Folch et 
al., 1958). 

 
Our findings indicate that demyelination can 

account for the neurological signs in passively 
transferred MBP-EAE in the rat. Demyelination 
was present on the day of onset of neurological 
signs and progressed over the next 2 days as did 
the neurological signs. The clinical progression is 
likely to be due not only to demyelination of a 
greater number of fibres but also to progression of 
the demyelinating process in individual 
internodes. It is unclear at what stage of the 
immune attack on individual myelin internodes 
conduction block occurs, but it is possible that the 
early stages of invasion of the sheath by 
mononuclear cells may not necessarily result in 
conduction block. Demyelination of the lumbar 
and sacrococcygeal ventral roots and spinal cord 
ventral root exit zones explains the hindlimb and 
tail weakness. Demyelination-induced nerve 
conduction block in the small-diameter 
myelinated (Aδ) fibres in the sacrococcygeal 
dorsal roots and spinal cord dorsal root entry 
zones is likely to be the cause of the impairment 
of tail nociception, as suggested for actively 
induced MBP-EAE (Pender, 1986b). 
Demyelination does not need to occur in large 
plaques in order to produce neurological signs; 
the functional effects of multiple demyelinating 
lesions scattered along the length of a spinal root 
is cumulative, provided that different fibres are 
affected in each lesion. The ascending nature of 
the progression of neurological signs is at least 
partly accounted for by the caudally increasing 
length of the roots (see Simmons et al., 1982). In 
a study on male albino rats, Waibl (1973) showed 
that the lengths of the spinal roots increase 
progressively from the first thoracic root (2 mm) 
to the third coccygeal root (59 mm). Thus the 
probability of many lesions in an entire root increases 
progressively in a caudal direction. Therefore the 
probability of a high proportion of fibres undergoing 
demyelination-induced conduction block increases 
caudally. In addition, our study suggests that the 

caudal roots may be more severely affected than the 
rostral roots at any one level; this would also 
contribute to the ascending progression of neurological 
signs. 

 
As inflammation was present as well as 

demyelination, one could argue that components of 
the inflammatory response per se, such as oedema, are 
responsible for the neurological signs. However, in 
contrast to the clearly established functional 
consequences of demyelination, there is no proven 
effect of oedema on the function of the nervous 
system, apart from the effects of raised tissue 
pressure within a confined space. Further evidence 
that demyelination rather than inflammation per se is 
the cause of the neurological deficit in acute EAE 
comes from the observation that nerve conduction is 
preserved in unmyelinated axons of inflamed and 
demyelinated dorsal root ganglia while it is severely 
impaired in demyelinated fibres (Pender and Sears, 
1984). Our present finding that the time course of 
myelin repair parallels that of clinical recovery 
strongly supports the hypothesis that demyelination 
accounts for the neurological signs of passively 
induced EAE, as in actively induced EAE (Pender, 
1989). There is evidence from studies on non-
inflammatory models of PNS demyelination that 
nerve conduction may be restored in demyelinated 
fibres in the early stages of repair before the 
formation of compact myelin lamellae (Bostock and 
Sears, 1978; Smith and Hall, 1980; Smith et al., 
1982). In the lysophosphatidyl choline model, 
restoration of conduction occurred when 
demyelinated fibres became closely associated with 
debris-free Schwann cells (Smith and Hall, 1980; 
Smith et al., 1982). Thus in EAE it is possible that 
function may be restored in demyelinated PNS fibres 
that have been invested by Schwann cells, a stage 
first observed at the onset of clinical recovery. It is 
also possible that investment of demyelinated CNS 
fibres by oligodendrocytes, as observed on day 9, 
may be sufficient to restore conduction in these 
fibres. The present study suggests that the initial 
stages of clinical recovery from passively transferred 
MBP-EAE in the rat are due to PNS myelin repair 
while the later stages are due to both CNS and PNS 
myelin repair. 

 
Acknowledgements 
 

This work was supported by grants from the 
National Multiple Sclerosis Society of Australia and 
from the National Health and Medical Re-search 
Council of Australia to M. Pender. We gratefully 
acknowledge the use of the electron microscope 
facilities at the Electron Microscope Centre and 
Department of Pathology, University of Queensland. 

 
 
 

http://dx.doi.org/10.1016/0165-5728(89)90130-6


Journal of Neuroimmunology, (1989), 25 (2-3): 125-142.                              http://dx.doi.org/10.1016/0165-5728(89)90130-6
   

References 
 
Ben-Nun, A. and Cohen, I.R. (1982) Experimental 

autoimmune encephalomyelitis (EAE) 
mediated by T cell lines: process of selection 
of lines and characterization of the cells. J. 
Immunol. 129, 303-308. 

Ben-Nun, A., Wekerle, H. and Cohen, I.R. (1981) 
The rapid isolation of clonable antigen-
specific T lymphocyte lines capable of 
mediating autoimmune encephalomyelitis. 
Eur. J. Immunol. 11, 195-199. 

Bostock, H. and Sears, T.A. (1978) The internodal 
axon membrane: electrical excitability and 
continuous conduction in segmental 
demyelination. J. Physiol. (London) 280, 273-
301. 

Brosnan, C.F., Selmaj, K. and Raine, C.S. (1988) 
Hypothesis: a role for tumor necrosis factor in 
immune-mediated demyelination and its 
relevance to multiple sclerosis. J. 
Neuroimmunol. 18, 87-94. 

Brostoff, S.W. and Eylar, E.H. (1972) The 
proposed amino acid sequence of the P1 
protein of rabbit sciatic nerve myelin. Arch. 
Biochem. Biophys. 153, 590-598. 

Carnegie, P.R. (1971) Properties, structure and 
possible neuroreceptor role of the 
encephalitogenic protein of human brain. 
Nature 229, 25-28. 

Deibler, G.E., Martenson, R.E. and Kies, M.W. 
(1972) Large scale preparation of myelin basic 
protein from central nervous tissue of several 
mammalian species. Prep. Biochem. 2, 139-
165. 

Finean, J.B., Hawthorne, J.N. and Patterson, J.D.E. 
(1957) Structural and chemical differences 
between optic and sciatic nerve myelins. J. 
Neurochem. 1, 256-259. 

Folch, J., Lees, M. and Carr, S. (1958) Studies of 
the chemical composition of the nervous 
system. Exp. Cell Res. Suppl. 5, 58-71. 

Greenfield, S., Brostoff, S., Eylar, E.H. and Morell, 
P. (1973) Protein composition of myelin of the 
peripheral nervous system. J. Neurochem. 20, 
1207-1216. 

Heininger, K., Fierz, W., Schafer, B., Hartung, H.-
P., Wehling, P. and Toyka, K.V. (1989) 
Electrophysiological investigations in 
adoptively transferred experimental 
autoimmune encephalomyelitis in the Lewis 
rat. Brain 112, .537-552. 

Hoffman, P.M., Gaston, D.D. and Spitler, L.E. 
(1973) Comparison of experimental allergic 
encephalomyelitis induced with spinal cord, 
basic protein, and synthetic encephalitogenic 
peptide. Clin. Immunol. Immunopathol. 1, 
364-371. 

Kerlero de Rosbo, N., Bernard, C.C.A., Simmons, 
R.D. and Carnegie, P.R. (1985) Concomitant 

detection of changes in myelin basic protein 
and permeability of blood-spinal cord barrier 
in acute experimental autoimmune 
encephalomyelitis by electroimmunoblotting. 
J. Neuroimmunol. 9, 349-361. 

Lassmann, H. and Wisniewski, H.M. (1979) 
Chronic relapsing experimental allergic 
encephalomyelitis: effect of age at the time of 
sensitization on clinical course and pathology. 
Acta Neuropathol. 47, 111-116. 

Lassmann, H., Brunner, C., Bradl, M. and 
Linington, C. (1988) Experimental allergic 
encephalomyelitis: the balance between 
encephalitogenic T lymphocytes and 
demyelinating antibodies determines size and 
structure of demyelinated lesions. Acta 
Neuropathol. 75, 566-576. 

Linington, C., Bradl, M., Lassmann, H., Brunner, 
C. and Vass, K. (1988) Augmentation of 
demyelination in rat acute allergic 
encephalomyelitis by circulating mouse 
monoclonal antibodies directed against a 
myelin/oligodendrocyte glycoprotein. Am. J. 
Pathol. 130, 443-454. 

Olsson, Y. (1968) Topographical differences in the 
vascular permeability of the peripheral 
nervous system. Acta Neuropathol. 10, 26-33. 

Panitch, H. and Ciccone, C. (1981) Induction of 
recurrent experimental allergic 
encephalomyelitis with myelin basic protein. 
Ann. Neurol. 9, 433-438. 

Panitch, H.S. and McFarlin, D.E. (1977) 
Experimental allergic encephalomyelitis: 
enhancement of cell-mediated transfer by 
concanavalin A. J. Immunol. 119, 1134-1137. 

Paterson, P.Y. (1960) Transfer of allergic 
encephalomyelitis in rats by means of lymph 
node cells. J. Exp. Med. 111, 119-136. 

Paterson, P.Y. (1976) Experimental allergic 
encephalomyelitis: role of fibrin deposition in 
immunopathogenesis of inflammation in rats. 
Fed. Proc. 35, 2428-2434. 

Pender, M.P. (1985) A simple method for high 
resolution light microscopy of nervous tissue. 
J. Neurosci. Methods 15, 213-218. 

Pender, M.P. (1986a) Conduction block due to 
demyelination at the ventral root exit zone in 
experimental allergic encephalomyelitis. Brain 
Res. 367, 398-401. 

Pender, M.P. (1986b) Ascending impairment of 
nociception in rats with experimental allergic 
encephalomyelitis. J. Neurol. Sci. 75, 317-
328. 

Pender, M.P. (1987) Demyelination and 
neurological signs in experimental allergic 
encephalomyelitis. J. Neuroimmunol. 15, 11-
24. 

Pender, M.P. (1988a) The pathophysiology of 
acute experimental allergic encephalomyelitis 
induced by whole spinal cord in the Lewis rat. 

http://dx.doi.org/10.1016/0165-5728(89)90130-6


Journal of Neuroimmunology, (1989), 25 (2-3): 125-142.                              http://dx.doi.org/10.1016/0165-5728(89)90130-6
   

J. Neurol. Sci. 84, 209-222. 
Pender, M.P. (1988b) The pathophysiology of 

myelin basic protein-induced acute 
experimental allergic encephalomyelitis in the 
Lewis rat. J. Neurol. Sci. 86, 277-289. 

Pender, M.P. (1988c) Demyelination of the 
peripheral nervous system causes neurologic 
signs in myelin basic protein-induced 
experimental allergic encephalomyelitis: 
implications for the etiology of multiple 
sclerosis. Ann. N.Y. Acad. Sci. 540, 732-734. 

Pender, M.P. (1989) Recovery from acute 
experimental allergic encephalomyelitis in the 
Lewis rat: early restoration of nerve 
conduction and repair by Schwann cells and 
oligodendrocytes. Brain 112, 393-416. 

Pender, M.P. and Sears, T.A. (1982) Conduction 
block in the peripheral nervous system in 
experimental allergic encephalomyelitis. 
Nature 296, 860-862. 

Pender, M.P. and Sears, T.A. (1984) The 
pathophysiology of acute experimental 
allergic encephalomyelitis in the rabbit. Brain 
107, 699-726. 

Pender, M.P. and Sears, T.A. (1985) Vulnerability 
of the dorsal root ganglion in experimental 
allergic encephalomyelitis. Clin. Exp. Neurol. 
21, 211-223. 

Pender, M.P. and Sears, T.A. (1986) Involvement 
of the dorsal root ganglion in acute 
experimental allergic encephalomyelitis in the 
Lewis rat - a histological and electrophysio-
logical study. J. Neurol. Sci. 72, 231-242. 

Raine, C.S., Traugott, U., Farooq, M., Bornstein, 
M.B. and Norton, W.T. (1981) Augmentation 
of immune-mediated demyelination by lipid 
haptens. Lab. Invest. 45, 174-182. 

Raine, C.S., Mokhtarian, F. and McFarlin, D.E. 
(1984) Adoptively transferred chronic 
relapsing experimental autoimmune 
encephalomyelitis in the mouse: 
neuropathologic analysis. Lab. Invest. 51, 
534-546. 

Richert, J.R., Driscoll, B.F., Kies, M.W. and 
Alvord, Jr., E.C. (1979) Adoptive transfer of 
experimental allergic encephalomyelitis: 
incubation of rat spleen cells with specific 
antigen. J. Immunol. 122, 494-496. 

Satoh, J., Sakai, K., Endoh, M., Koike, F., 
Kunishita, T., Namikawa, T., Yamamura, T. 
and Tabira, T. (1987) Experimental allergic 
encephalomyelitis mediated by murine 
encephalitogenic T cell lines specific for 
myelin proteolipid apoprotein. J. Immunol. 
138, 179-184. 

Sedgwick, J., Brostoff, S. and Mason, D. (1987) 
Experimental allergic encephalomyelitis in the 
absence of a classical delayed-type 
hypersensitivity reaction. Severe paralytic 
disease correlates with the presence of 

interleukin 2 receptor-positive cells infiltrating 
the central nervous system. J. Exp. Med. 165, 
1058-1075. 

Simmons, R.D., Bernard, C.C.A., Ng, K.T. and 
Carnegie, P.R. (1981) Hind-limb motor ability 
in Lewis rats during the onset and recovery 
phases of experimental autoimmune 
encephalomyelitis. Brain Res. 215, 103-114. 

Simmons, R.D., Bernard, C.C.A., Singer, G. and 
Carnegie, P.R. (1982) Experimental 
autoimmune encephalomyelitis: an 
anatomically-based explanation of clinical 
progression in rodents. J. Neuroimmunol. 3, 
307-318. 

Smith, K.J. and Hall, S.M. (1980) Nerve 
conduction during peripheral demyelination 
and remyelination. J. Neurol. Sci. 48, 201-219. 

Smith, K.J., Bostock, H. and Hall, S.M. (1982) 
Saltatory conduction precedes remyelination in 
axons demyelinated with lysophosphatidyl 
choline. J. Neurol. Sci. 54, 13-31. 

Tabira, T. and Sakai, K. (1987) Demyelination 
induced by T cell lines and clones specific for 
myelin basic protein in mice. Lab. Invest. 56, 
518-525. 

Vandenbark, A.A., Nilaver, G., Konat, G., Teal, P. 
and Offner, H. (1986) Chronic neurologic 
dysfunction and demyelination induced in 
Lewis rats by repeated injections of 
encephalitogenic T-lymphocyte lines. J. 
Neurosci. Res. 16, 643-656. 

Waibl, H. (1973) Zur Topographic der Medulla 
spinalis der Albinoratte (Rattus norvegicus). 
Adv. Anat. Embryol. Cell. Biol. 47, 5-42. 

White, S.R. (1984) Experimental allergic 
encephalomyelitis: effects on monoaminergic 
neurotransmission. In: C.D. Barnes (Ed.), 
Brainstem Control of Spinal Cord Function, 
Academic Press, Orlando, FL, pp. 257-281. 

Zamvil, S., Nelson, P., Trotter, J., Mitchell, D., 
Knobler, R., Fritz, R. and Steinman, L. (1985) 
T-cell clones specific for myelin basic protein 
induce chronic relapsing paralysis and 
demyelination. Nature 317, 355-358. 

 
 
 
 
 

http://dx.doi.org/10.1016/0165-5728(89)90130-6

