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Cellular Compensatory Mechanisms in the CNS of
Dysmyelinated Rats

Jacek M Kwiecien

Loss or absolute lack of myelin in the CNS results in remarkable compensation at the cellular level. In this study on the natural
progression of neuropathology in the CNS in 2 related but distinct long-lived dysmyelinated rats, total lack of myelin was associ-
ated with remarkable glial cell proliferation and ineffective myelinating activity throughout life in Long Evans Bouncer (LE-bo)
rats; conversely, in Long Evans Shaker (LES) rats, futile myelinating activity ceased when rats were advanced in age. Progressively
severe astrogliosis separates individual axons from each other and coincides with widespread, abundant axonal sprouting through-
out the life in both rat strains. Severely dysmyelinated Long Evans rats can serve as excellent models to elucidate the cellular and
molecular mechanisms of neuroglial compensation to lack or loss of myelin in vivo and to study axonal plasticity in the adult

demyelinated CNS.

Abbreviations: ’H-TdR, [’H]-thymidine; LES, Long Evans Shaker; LE-bo, Long Evans Bouncer.

Compensatory cellular responses to loss of myelin in multiple
sclerosis, experimental allergic encephalomyelitis or spinal cord
injury, and both loss and absolute lack of myelin in dysmyeli-
nated CNS are not well understood. Morphologic studies indicate
that recent demyelinated lesions show proliferation of oligoden-
drocyte-type cells coinciding with repopulation of demyelinated
areas and precocious remyelination.*** Newly formed myelin
sheaths are thin and may form shortened internodes that can be
interspersed by demyelinated axonal segments.*® Compensatory
remyelination in human patients affected by multiple sclero-
sis?**4! involves oligodendrocyte progenitor cells that populate
the adult CNS and can be active in areas of demyelination.*>?'%
However, remyelination is incomplete and fails altogether af-
ter recurrent bouts of demyelination.! Demyelinated plaques in
sclerotic lesions can have surviving axons arranged in bundles
which separated from each other by hypertrophied astrocyte pro-
cesses.!

Cellular mechanisms of compensation in response to demy-
elination can be studied systematically and in detail in animal
models of experimental allergic encephalomyelitis>* or viral en-
cephalitis, such as intracerebral inoculation of Theiler virus in CD1
mice.*’ Remyelination in areas of chronic demyelination requires
increased mitotic activity, resulting in generation of astrocyte and
oligodendrocyte progenitors and their migration into demyelinat-
ing areas with subsequent myelination and astrogliosis.®*# Af-
ter immunoglobulin treatment of Theiler virus-inoculated SJL/J
mice, their demyelinated lesions can have proliferation and matu-
ration of oligodendrocyte progenitors followed by spontaneous
remyelination.* Glial cell proliferation near lymphocytes and hy-
pertrophied astrocytes suggested a beneficial role of at least some
proinflammatory mechanisms in remyelination. Intracerebral in-
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oculation of C57Bl/6N mice with mouse hepatitis virus produced
demyelination followed by transient increase in proliferation of
glial progenitors, which differentiated into oligodendrocytes and
astrocytes with remyelination and astrogliosis.”® Other experi-
mental methods of demyelination, such as oral administration
of cuprizone resulting in demyelination of cerebellar peduncles
in CD1 mice® and intraspinal injection of ethidium bromide in
rats,'’ have been used. Consistently demyelination was followed
by increased mitotic activity with subsequent generation of astro-
cytes and oligodendrocytes and spontaneous remyelination and
astrogliosis.'0»%

Paracrine signaling involving oligodendrocytes and axons has
been implicated in determination of the number of oligoden-
drocytes required to myelinate a population of axons in an area
of CNS;? therefore, dysmyelinated rodent models can afford us
insight into cellular mechanisms of compensation to hypomy-
elination.** The failure of the jimpy (jp) mouse, which carries a
mutation in proteolipid protein,* to generate a normal amount
of myelin results in severe hypomyelination due to oligodendro-
cyte dysfunction® and coincides with increased proliferation
of cells of oligodendrocyte lineage that is balanced by increased
oligodendrocyte death.>*#4"% Vigorous proliferation of glial cell
progenitors in the spinal cord and optic nerve of normal mice de-
clines postpartum and is arrested or negligible by the third week
of life.* In contrast, immature jimpy glial cells show even more ro-
bust proliferation in the neonatal life, as measured by intranuclear
internalization of tritiated thymidine ([PH]-TdR); this proliferation
declines, as in glial cells of normal mice, but is still remarkable
by the week 3.% In the spinal cord of myelin-deficient (ind) rats,
another severely dysmyelinated mutant strain with abnormal
proteolipid protein, the proliferation of glial cells predominantly
of oligodendrocyte lineage was increased as in jimpy cells, and
inhibition of this proliferation was delayed until the third week
postpartum.* Despite increased proliferation of oligodendrocytes
during the postnatal period, the number of oligodendrocytes
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markedly declined in relation to oligodendrocyte apoptosis in a
longer-surviving substrain of myelin-deficient rats'* suggesting the
lack or insulfficient proliferation of oligodendrocyte progenitors to
counteract cell death. In the optic nerve of the Long Evans Shaker
(LES) rat, a severely dysmyelinated but long-surviving rat with
a mutation in myelin basic protein,® proliferation of glial cells
is enhanced and their inhibition delayed, resulting in increased
numbers of glial cells predominantly of oligodendrocyte mor-
phology.? Inhibition of proliferation of oligodendrocyte progeni-
tors was delayed in the spinal cord of shiverer (shi) mouse, another
rat mutant in myelin basic protein, coinciding with a remarkable
increase in oligodendrocyte numbers.® Although the molecular
mechanisms regulating increased proliferation of oligodendro-
cyte progenitors and delayed inhibition of this proliferation in the
postnatal period are unknown, a failure of myelination is consid-
ered to induce the proliferative response*

In severely dysmyelinated mutants such as the shiverer mouse
and LES rat, oligodendrocytes develop pathology character-
ized by accumulation of a membraneous material which forms
vesicles limited by a pentalamellar membrane where at regular
intervals 3 electrodense lines are separated by 2 electrolucent
lines.”*** Analysis of electron micrographs of degenerating oligo-
dendrocytes in cases of Pelizaeus—-Merzbacher disease revealed
that vesicles have limiting membrane with multiple dense lines
regularly spaced at 5.8 nm * Similar vesicles in degenerating oli-
godendrocytes have been observed in jimpy mice and LES and
Long Evans Bouncer (LE-bo) rats, in which the dense lines in the
vesicle walls are spaced at approximately 5-nm intervals.?? Al-
though the membraneous material has not been analyzed chem-
ically yet, its morphology including the regular periodicity of
dense lines and formation of vesicles suggest a lipid-rich material
whose hydrophobic properties induce it to form vesicles in the
aqueous environment* of the mutated oligodendrocytes. In com-
parison, the periodicity of dense lines in the CNS myelin sheath
averages 15 nm.?

Lack of myelin in the CNS coincides with astrogliosis, resulting
in the enveloping of small bundles of naked axons by hypertro-
phied astrocyte processes, which effectively separates the axo-
nal bundles from each other in jimpy" and shiverer mice***# and
LES* and old taiep rats (which progressively lose CNS myelin).*
Review of electron micrographs in published literature revealed
that small (Iess than 0.3 pm) structures containing neurotubules
and neurofilaments, which are considered to be axonal sprouts,
are common in dysmyelinated CNS in jimpy'® and shiverer'”* mice
and LES* and old taiep® rats. Although the precise mechanisms of

astrogliosis in which hypertrophied astrocyte processes separate
bundles of naked axons are unknown, this reaction can be con-
sidered compensatory for lack of myelin and an attempt to isolate
naked axons. Axonal sprouting, indicative of axonal plasticity in
a severely dysmyelinated environment, has been demonstrated
in the optic nerve of mature LES rats.*? This observation supports
the notion of inhibition of axonal plasticity and regeneration in
presence of CNS myelin”*! but perhaps not in presence of hy-
pertrophied astroglial processes; this finding also indicates the
usefulness of dysmyelinated animals in in vivo studies of axonal
regeneration relevant to spinal cord injury.

The present study was undertaken to analyze the natural
progression of neuropathology in the CNS of 2 severely dysmy-
elinated long-lived mutant rat strains, LES and LE-bo, and to
characterize the mechanisms of cellular response to lack of my-
elin.

Materials and Methods

Animals. Two dysmyelinated rat phenotypes, LES and LE-bo,
were studied along with control LE rats. The origins of LES and
LE-bo rats are distinct. The LES mutant was first discovered in
1992 at McMaster University, Canada, in a breeding colony of
Long Evans rats originally derived from a Charles River labora-
tories breeding stock (Crl:LE).”? The LE-bo mutant rat was first
discovered in 1990 at a Massachusetts Institute of Technology
animal facility in a breeding colony of LE rats also originally de-
rived from a Crl:LE stock.” Preliminary PCR analysis (not shown)
indicated that both mutants are affected by the same mutation in
the myelin basic protein gene.*

LES, control LE rats (phenotypically normal littermates of LES
rats), and LE-bo rats were housed under a 12:12-h light:dark cycle
in conventional rodent facility (Central Animal Facility, McMaster
University) free of rodent viral infections, Mycoplasma pulmonis,
and endoparasites and given rodent chow (Lab Diets, Purina
Mills International, St Louis, MO) and tap water ad libidum.
The rats were housed in shoebox-type cages on corncob bedding
(Harlan Laboratories, Madison, WI). Husbandry and experimen-
tal procedures were approved by the Animal Research Ethics
Board of McMaster University and conducted according to guide-
lines by the Canadian Council of Animal Care.*® Dysmyelinated
rats with spontaneous hindlimb paralysis and urinary bladder
distended with hemorrhagic discharge* were considered to be at
endpoint and were euthanized promptly in a CO, chamber. Both
mutant strains of LE rat are prone to seizures and tonic—clonic
convulsions,'? sometimes resulting in hyperflexion of the spinal

Figure 1. Electron micrographs of progression of degeneration of oligodendrocytes in the spinal cord and optic nerve of LES rats 1 to 16 wk old. (A) Spinal
cord of a 1-wk-old LES rat, in which 2 glial cells interpreted as immature oligodendrocytes are surrounded by dysmyelinated neuropil with few axons
surrounded by thin sheaths (asterisks). Bar, 2 um. (B) Spinal cord of 1-wk-old LES rat. A degenerating cell is closely associated with a large adjacent axon
(arrow) with a few uncompacted lamellae and numerous abnormal vesicular structures in the perikaryon. Bar, 2 um. (C) Detail of the thinly myelinated
axon (asterisk) and degenerating changes in the perikaryon of panel B. Bar, 500 nm. (D) Optic nerve of 4-wk-old LES rat. A degenerating oligodendrocyte
is closely adjacent to a large adjacent axon (asterisk). Its perikaryon is enlarged and contains small vesicular structures. Bar, 1 pm. (E) Higher magnification
of vesicular structures of panel D, which appear to be limited by a pentalamellar membrane (arrowheads) comprising 3 electrodense lines separated by 2
electrolucent lines with a regular periodicity. Bar, 100 nm. (F) Spinal cord of 8-wk-old LES rat. A degenerating cell forms uncompacted myelin membranes
against a large adjacent axon (arrows), and its perikaryon is distended with multiple large aggregations of stacks of membranes or honeycombs (arrow-
heads). Bar, 1 um. (G) Higher magnification of panel F showing a fragment of a honeycomb with aggregated vesicular structures. In some areas there are
stacks of membranes (arrowheads) that have a regular periodicity of approximately 5 nm between electrodense lines (arrowhead, inset). Bar, 200 nm (inset,
100 nm). (H) Spinal cord of 16-wk-old LES rat. An oligodendrocyte in the center of the image has numerous honeycombs in its perikaryon (arrow) with a
few uncompacted myelin lamellae against large adjacent axons (arrowheads). Two adjacent cells appear to be immature oligodendrocytes. Wide astroglial
processes separate individual axons from each other. Bar, 2 um. (I) Detail of a honeycomb with a stack of multiple membranes. Bar, 200 nm.
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column and severe injury to midthoracic spinal cord® resulting
in acute hindlimb paralysis and requiring immediate euthanasia.
Only healthy male and female rats were used for collection of
CNStissues at 1, 2, 4, 8,12, 16, 20, 24, 28, 32, 36, and 40 wk of age.
Although natural longevity for LES rats was maximal at 93 wk of
age (n = 1), the additional oldest LES rat analyzed in this study
was 69 wk for LES (1 = 1) and the oldest analyzed LE-bo rat was
45wkold (n=1).

Light and electron microscopy. The rats were injected intraperi-
toneally with 2 uCi methyl[?’H]-thymidine (*H-TdR, ICN, Irvine,
CA) and then 90 min later deeply anesthetized with intraperi-
toneal injection of 65 mg/kg sodium pentobarbital (Ceva Sante
Animale, Libourne, France). The thoracic cavity was opened, 0.2
mL heparin sodium (1000 U/mL, Pharmaceutical Partners of
Canada, Richmond Hill, Ontario, Canada) was injected into the
left ventricle by using a 30-gauge needle, and a 16-gauge needle
attached to tubing primed with lactated Ringers solution (Baxter,
Mississauga, Ontario, Canada) was inserted into the left ventricle.
Flow of the lactated Ringers solution through the tubing was initi-
ated, and a cut was made on the right auricle to create an outlet
for blood. Within 4 to 6 min, the effluent from the right auricle
became clear, at which point the lactated Ringers solution was
replaced by a flow of Karnowski fixative containing 1.5% glutar-
aldehyde for 6 min and then with Karnowski fixative containing
5% glutaraldehyde which was the final fixative as described pre-
viously.*! Brain, optic nerves, and spinal cord were dissected out
and refrigerated at 4 °C in final Karnowski fixative. Midthoracic
spinal cord and intracranial portions of the optic nerves were
postfixed in osmium tetroxide, dehydrated in series of graded
alcohols, and embedded in epoxy resin.* For light microscopy,
semithin (1 um thick) sections of the optic nerve and spinal cord
were mounted on glass slides and stained with toluidine blue.
Silver-gray ultrathin sections from epoxy-embedded portions of
the optic nerve and spinal cord were mounted on copper grids
coated with polyvinyl formal, stained with uranyl acetate and
lead citrate, and examined under transmission electron micros-
copy (1200EX Biosystem, Jeol, Montreal, Quebec, Canada ).*

Kinetics of glial cell proliferation. Glial cells whose nuclei in-
ternalized *H-TdR were counted in 3 consecutive cross-sections
1 mm from the midthoracic spinal cord, and total glial cells were
counted in the single cross-section of the intracranial optic nerve.
Four LE control, LES, and LE-bo rats per age group (1 to 40 wk)
were analyzed. In addition, one LES rat at the age of 69 wk and
one LE-bo rat at 45 wk were examined.

For counts of glial cells, the intraorbital portion of the optic
nerve was postfixed in osmium tetroxide, dehydrated in a se-
ries of graded alcohols, and embedded in epoxy resin, and 1-um
thick cross-sections were mounted on glass slides and stained
with toluidine blue. Meningeal cells (spindle in shape) and vas-
cular cells (endothelial, vascular myocytes, and pericytes) were
excluded so that only the glial cells in a single section per rat were
counted under light microscopy (60x dry objective; Eclipse 50i,
Nikon, Toronto, Ontario, Canada). Counts from rats in each age
and phenotypic group were averaged and the standard deviation
calculated.

For counts of *H-TdR radiolabeled cells, 3 consecutive 1-mm-
thick portions of midthoracic spinal cord of each rat were pro-
cessed and embedded in epoxy resin; 1-um-thick cross-sections
were mounted on glass slides and heat-sealed. The slides were
immersed in NTB-II nuclear emulsion (Eastman-Kodak, Roch-
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Figure 2. Microglial cells. (A) In this 24-wk-old LES rat, the round cel
with a marginalized, elongated nucleus does not form myelin against
adjacent axons and lacks vesicular structures and honeycombs in the
perikaryon. This cell is considered to be a microglial cell (M) and is ad-
jacent to an astrocyte. Bar, 4 um. (B) This microglial cell in a 12-wk-old
LE-bo rat has a banana-shaped nucleus and a large, amorphous, mod-
erately electrodense inclusion in its cytoplasm. This cell does not form
myelin against adjacent axons and lacks vesicular structures or honey-
combs in the perikaryon. Bar, 2 um.

ester, NY) and exposed in the dark at 4 °C for 10 wk. These sec-
tions were developed and fixed according to the manufacturer’s
(Eastman-Kodak) instructions and then stained with toluidine
blue and coverslipped. Cells with 4 or more coarse black grains
over the nucleus were counted, and counts from 3 consecutive
sections summarized for each rat. Counts from all rats in each age
and phenotypic group were averaged and the standard deviation
calculated. Glial cell counts in the optic nerves and the rate of
glial cell proliferation and its differential distribution between the
white and gray matter areas of the spinal cord were analyzed by
using one-way factorial ANOVA (GraphPad Prism, version 2.01,
GraphPad Software, La Jolla, CA).

Results
Neuropathology of oligodendrocyte degeneration in LES and
LE-bo rats. Consistent with previous studies on young LES* and
LE-bo? rats, the LES and LE-bo rats analyzed in the current study
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Figure 3. Ineffective myelinating activity by oligodendrocytes of the spinal cord and optic nerve of (A through C) adult LES and (D through F) LE-bo
rats. (A) LES rat, 16 wk of age. An oligodendrocyte extends its perikaryon in attempt to myelinate a large adjacent axon (asterisk) with an incomplete
myelin sheath. Bar, 2 um. (B) Detail of the incomplete myelin sheath in panel A. Bar, 500 nm. (C) LES rat, 69 wk. A cluster of glial cells interpreted as
immature oligodendrocytes is surrounded by naked axons separated from each other by severe astrogliosis, with the exception of one axon that is
surrounded by a single lamella (asterisk). Bar, 2 pm. (D) LE-bo rat, 45 wk. Several axons have thin uncompacted and sometimes incomplete sheaths.
Bar, 1 um. (E) LE-bo rat, 45 wk. An oligodendrocyte forms a few incompacted myelin lamellae against adjacent axons (asterisks), and its perikaryon is
distended by honeycombs. Bar, 1 um. (F) Detail of the wall of a honeycomb encompassing stacks of multiple membranes (arrowheads) and of incom-
pacted myelin adjacent to the oligodendrocyte (arrows). Bar, 200 nm.
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Figure 4. Glial cell death. (A) LES rat, 2 wk of age. An oligodendrocyte
with a dense karyorrhectic nucleus and perikaryon distended with ve-
sicular structures. Bar, 2 um. (B) LE-bo rat, 12 wk. A large oligodendro-
cyte with a pyknotic nucleus and parikaryon containing scattered vesi-
cles and a large, dense, honeycomb structure. A large axon is separated
from the cell membrane by few uncompacted lamellae (open arrow-
head); another adjacent axon has a thin uncompacted sheath (asterisk).
Bar, 1 um.

lacked normal, compacted myelin sheaths throughout their lives.
Although scattered thin incompact myelin sheaths were readily
apparent in LE-bo rats, at all examined ages, the numbers of such
sheaths were markedly lower in 24- to 40-wk-old LES rats and
were virtually absent in the single 69-wk-old LES rat available for
analysis (data not shown).

In both LES and LE-bo rats, actively myelinating oligodendro-
cytes showed remarkable degenerative changes. Starting at 1 wk
of age, this degeneration was characterized by loss of Golgi struc-
tures and apparent progressive accumulation of membraneous
material. This material appeared as vesicles of electrodense floc-
cular material limited by a pentolamellar membrane with 3 dense
lines separated by 2 lucent lines (Figure 1). In 4-wk-old LE-bo rats
and 8-wk-old LES rats, vesicles in degenerating oligodendrocytes
were replaced by larger, honeycomb-like stacks of membraneous
material; the spacing between multiple adjacent dense lines was
approximately 5 nm, similar to the spacing between the dense
lines in the pentolamellar membranes in the vesicles of oligo-
dendrocytes in younger rats (Figure 1). Vesicle and "honeycomb’
morphology was essentially the same in LES and LE-bo rats. De-
generating oligodendrocytes often formed uncompacted myelin
lamellae between the cell membrane and adjacent axons (Figure
1) and were distinct from microglia, which were proportionally
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rarer and had banana-shaped or oval nuclei with abundant cy-
toplasm rich in vesicles and small electrodense bodies and some-
times large inclusions (Figure 2). Microglia did not form myelin
or accumulate membraneous material in form of the vesicles or
honeycombs characteristic of LES and LE-bo oligodendrocytes.

Ineffective Myelinating Activity. Innefective myelinating activ-
ity has been reported to occur in the optic nerve and spinal cord
of LES rats until 16 wk of age and in LE-bo rats until 14 wk.?**
In the present study, degenerating oligodendrocytes formed un-
compacted myelin sheaths until 16 to 20 wk of age in LES rats.
After this age, this activity and the number of degenerating oli-
godendrocytes decreased. The proportion of glial cells thought
to be immature oligodendrocytes increased in older LES rats; at
the ages of 40 (n = 4) and 69 wk (n = 1) virtually all glial cells that
were not viewed as astrocytes or microglial cells were interpreted
to be immature oligodendrocytes. This increase in immature oli-
godendrocytes coincided with only very rare occurrence of thin
myelin sheaths (Figure 3). In contrast, degenerating changes and
accumulation of vesicles and honeycombs in oligodendrocytes
persisted throughout life in LE-bo rats (Figure 3).

Glial cell proliferation. Low numbers of degenerating oli-
godendrocytes with dense, sometimes fragmented chromatin
typical of pycnosis and karyorrhexis and increased numbers of
cells with large perikaryon distended with numerous vesicles
or honeycombs were found in the spinal cord and optic nerve
of both strains of mutant rats throughout their lifespan (Figure
4). Both strains of mutant rats older than 16 wk had clusters
of immature cells, including cells with large open nuclei and
dispersed chromatin and perikarya containing intermediate
filaments typical of astrocytes as well as cells with dark, often
subcleaved nuclei with chromatin clumping on the nuclear pe-
riphery and perikarya with scattered microtubules typical of
immature oligodendrocytes (Figure 5). The numbers of clusters
of immature glial cells and the numbers of cells in those clusters
both increased with age in both strains of mutant rats. Epen-
dymal cells of the central canal in spinal cord sections lacked
remarkable changes.

Counts of *H-TdR-positive cells histologically interpreted as
glial cells in the spinal cord revealed that the abundant mitot-
ic activity during the first week of life was rapidly, completely,
and permanently inhibited in LE control rats before their second
week. Glial cell mitotic activity was reduced but with consid-
erable delay in both strains of dysmyelinated mutants and was
never completely inhibited throughout their respective lifespans.
Inhibition of glial cell mitosis reached its maximum at 8 wk in
LES and 16 wk in LE-bo rats (Figure 6 A). LE-bo rats had higher
(P <0.005, one-way factorial ANOVA) numbers of *H-TdR-posi-
tive cells at 2 and 4 wk than did LES rats. Numbers of *H-TdR-
positive glial cells increased after their maxima of inhibition in
both mutant rat strains and reached shallow peaks at 16 to 20 wk
in LES and at 28 wk in LE-bo rats, followed by declines in the
numbers of positive cells.

Whereas oligodendrocytes with vesicles or honeycombs were
abundant in the perikaryon of both strains of mutant rats, *H-
TdR-positive cells had no such degenerative changes, indicating
mitotic activity in immature, progenitor cells and not in maturing
or degenerating cells. In particular, 1-wk-old control rats had 70%
of *H-TdR-positive cells in their white matter, this proportion was
even greater in the white matter areas in young, maturing, and
old mutant rats (Table 1).
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Figure 5. Glial cell plasticity in old LES and LE-bo rats. (A) LES rat, 24 wk of age. A mature oligodendrocyte forms incompacted myelin lamellae against
its membrane (open arrowheads) and contains numerous honeycombs scattered in the perikaryon (short arrows). Adjacent is a cluster of 4 immature
glial cells. Bar, 2 um. (B) LES rat, 69 wk. Several immature glial cells are scattered among naked axons, which are separated from each other by astro-
gliosis. Bar, 4 um. (C) LE-bo rat, 45 wk. A cluster of immature glial cells of oligodendrocyte-type are adjacent to an astrocyte (As). In the surrounding
area are scattered axons with thin myelin sheaths (asterisks). The arrow indicates an oligodendrocyte-type cell with multiple vesicles in the perikaryon,
which are considered to be degenerative changes. Bar, 4 um. (D) Area indicated by the arrow in panel C. An oligodendrocyte-type cell with formation
of vesicles in the perikaryon, which are considered to be degenerative changes. Bar, 500 nm.

Glial cell counts of the optic nerve included counts of oligoden-
drocytes, astrocytes, and microglial cells and excluded endothe-
lial cells, vascular myocytes, pericytes, and meningeal cells.? The
numbers of glial cells increased in all 3 rat phenotypes after the first
week and reached a plateau of approximately 300 cells in the LE
control rats at 4 wk and gradually, but not remarkably, decreased
after 36 wk of age (Figure 6 B). In both strains of dysmyelinated
rats, the numbers of glial cells continued to increase well into adult-
hood and reached a maximum and plateau of approximately 500 to
650 cells at 8 wk in LE-bo rats and approximately 700 cells at 16 wk
of age in the LES rats. The number of glial cells in the optic nerve

of the single 69-wk-old LES rat available for study exceeded 1000
(Figure 6 A); this high count may be explained by the paucity of ul-
trastructural evidence of oligodendroglial degeneration at this old
age (Figures 3 and 5). In contrast, oligodendrocytic degeneration
persisted in abundance in old LE-bo rats including the oldest one
(45 wk of age; Figure 3). These features perhaps contributed to the
marked rate of death of persistently degenerating glial cells, which
thus effectively prevented an increase in the total number of glial
cells in old rats (Figure 6 B).

Pyknotic and karyorrhectic nuclei were present in the white
matter of the spinal cord and optic nerve of both LES and LE-bo
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Figure 6. Glial cell proliferation in LES and LE-bo rats. (A) Glial cell
proliferation in the spinal cord of LES, LE-bo, and LE-control rats (1
through 40 wk of age; n = 4 per group) and single LES (69 wk) and LE-
bo (45 wk) rats. For each rat, the numbers of [3"]-thymidine-positive
glial cells were counted from 3 consecutive 1-mm-thick sections from
the midthoracic spinal cord. Each column represents the mean + 1 SD
of the summaries of counts. The maximum inhibition of glial cell pro-
liferation is at 8 wk for LES rats and at 16 wk for LE-bo rats. (B) Glial
cells in a single section of the intracranial optic nerve collected from rats
described in panel A. Each column represents the mean + 1 SD of counts
from each rat at the target age.

1 2 4 8 12

rats. However, cells with such changes were excluded from counts
because they often contained dark blue-stained honeycombs dif-
ficult to distinguish from pycnotic or karyorrhectic nuclei (Fig-
ures 1 and 4) Also, honeycomb-containing oligodendrocytes with
intact nuclei were difficult to differentiate from dying cells with
nuclear changes.

A few ependymal cells were labeled in some rats of all 3 phe-
notypes but only at 1 and 2 wk of age, with the exception of a
single ependymal cell that was labeled in an 8-wk-old LE-bo rat.
Extraneural cells such as endothelial and meningeal cells were
labeled in substantial numbers in all rat strains between ages 1 to
4 wk, after which labeling of such cells was rare.

Axonal plasticity. Morphologic abnormalities in axons of the
optic nerve and spinal cord were not detected in the present
study. Progressive severe astrogliosis in LES* and LE-bo* CNS
coincided with separation of axons into small clusters by astrocyt-
ic processes in young rats; separations between individual axons
increased with age (Figure 7). Starting at the age of 4 wk in both
mutant strains, numerous clusters of small, round (less than 0.3
um in diameter) profiles containing neurotubules and neurofila-
ments were closely adjacent to large naked axons. These clusters
were interpreted to be axonal sprouts® and were not separated
from each other by astrogliosis. Often the clusters of sprouts lay
between an axon and the cell membrane of an oligodendrocyte
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or hypertrophied astrocyte (Figure 7), suggesting that neither of
these glial-type cells inhibited this type of axonal plasticity. Axons
with thin uncompacted myelin sheaths were not associated with
sprouts in either LES or LE-bo rats.

Discussion

Remarkable plasticity of glial cells including abundant mitotic
activity, apparent differentiation of large proportion of new cells
into oligodendrocytes, ineffective myelinating activity, and abun-
dance of axonal sprouting despite severe widespread astrogliosis
are hallmarks of neuropathology in dysmyelinated mutant LES
and LE-bo rats throughout their long lifespan. Although CNS
dysmyelination is more severe in both strains of LE mutants than
in any other dysmyelinated animal model, LES rats can be main-
tained in good health as long as a normal laboratory rat for 93 wk
and LE-bo for 45 wk. Both LES and LE-bo rats are fragile animals
with rapid-frequency intention body tremor at young age and
severe ataxia in older rats.!? Severe tonic—clonic seizures coincide
with spinal arching that sometimes results in hyperflexion of the
spinal column and severe hemorrhagic-necrotizing damage to
the spinal cord in midthoracic region.* This condition occurs un-
expectedly, can affect as many as 50% of both LE mutant strains,
results in hindlimb paralysis, and requires immediate euthana-
sia. Although sudden hindlimb paralysis in a large proportion of
young LES and LE-bo rats makes them challenging models, rats
older than 15 wk are considered resistant to this syndrome and
are suitable for neurosurgical experiments requiring long-term
postsurgical survival as long as 6 mo.!

In the severely dysmyelinated CNS, oligodendrocytes of both
LE mutant rat strains infrequently attempted to form myelin
sheaths around axons, typically of large diameter adjacent to the
oligodendrocyte cell membrane. Formation of myelin sheaths
coincided with accumulation of membranous material, with
vesicles and then large honeycombs developing in degenerating
oligodendrocytes in both mutant strains. A mechanistic explana-
tion of this process should consider the interplay between naked
axons that require myelin and inadequately responsive mutant
oligodendrocytes. Molecular and genetic analysis of this compen-
satory cellular process likely would contribute to our understand-
ing of the fundamental paracrine mechanisms of myelination and
to effective treatment of loss of CNS myelin as occurs in multiple
sclerosis, spinal cord injury, and brain injury, where persistent
demyelination can cause permanent neurologic deficits. Ineffec-
tive myelinating activity persisted in LE-bo oligodendrocytes
throughout their lifespan (as long as 45 wk). In contrast, whereas
the process waned in older LES rats, in which oligodendrocytes
with degenerative changes and located adjacent to axons with
thin uncompacted sheath were virtually absent from the CNS at
40 and 69 wk of age. This observation may indicate differences in
molecular interplay of oligodendrocytes and axons between LES
and LE-bo rats. Furthermore, marked reduction in ineffective my-
elination activity in old LES rats coincided with virtual absence
of oligodendrocytes with degenerative changes, prevalence of
clusters of single immature glial cells, and a large increase in glial
cell numbers in the optic nerve in the single rat examined at the
age of 69 wk. The white matter in this rat contained many imma-
ture neuroglial cells, reminiscent of the white matter of normal
neonatal rats. Although histologic delineation of gray matter is
preserved in LES and LE-bo rats, lack of myelin makes their white
matter appear grossly gray rather than shiny white, as in rats with
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Table 1. Distribution of [’H]-thymidine-labeled cells in the spinal cord of LES, LE-bo, and LE control rats

LES LE-bo
Age White matter Gray matter White matter White matter Gray matter White matter
(wk) mean 1SD mean 1SD P % mean mean 1SD mean 1SD p % mean
1 1435 17.7 35.2 6.4 0.000026 80.3 2155 488 54.5 20.5 0.0500225 79.8
2 119.2 314 32.2 1.1 0.001967 78.7 2372 39.8 64.5 11.9 0.0001642 78.6
4 202 8.0 3 14 0.005466 87.1 82 11.8 15 9.1 0.0014663 84.5
8 45 29 0 0 0.021000 100 375 220 3 4 0.0021504 92.6
12 11.5 21 0.7 0.5 0.000058 93.9 117 114 2 2.2 0.1457714 85.4
16 182 1.7 17 17 0.000009 91.2 1.7 0.9 0 0 0.0448489 100
20 20 6.5 1.7 24 0.001861 91.9 127 49 0 0.0020470 100
24 13.5 5.8 1.7 22 0.008921 88.5 20.5 7.1 1.2 1.3 0.0017484 94.2
28 122 59 1.2 1.0 0.010375 90.7 302 538 1 0.8 0.0000588 96.8
32 6.7 21 2 1.8 0.014521 77.1 33 11 0 0 0.0070000 100
36 5.5 37 0 0 0.002486 100 2 1 0 0 0.0260000 100
40 7 24 0.2 0.5 0.001449 96.5 6.7 21 1 0.0130000 87
LE control
1 87 34.1 36.2 17.7 — 70.6

Labeled cells were counted in 3 sections per rat, 4 rats per age group. Internalization of [*H]-thymidine was not observed in LE control rats after 1 wk
of age. One-way factorial ANOVA was used to analyze differences in distribution of [*H]-thymidine-labeled cells between white and gray matter.

normal myelin. Other severely dysmyelinated mutants, including
the myelin-deficient rat, have similar changes."*

Proliferation of glial cells, another important cellular mecha-
nism of compensation in the CNS, was analyzed by counting
glial cells in the optic nerve and *H-TdR-labeled cells of glial
morphology in the spinal cord. Examination of mitotic activity
in glial cells in the spinal cord revealed no *H-TdR incorporation
in control rats older than 1 wk. Two important issues are related
to this observation. First, the glial cell proliferation was abundant
in the CNS of normal neonatal rats, was rapidly, effectively, and
permanently inhibited as analyzed with a single, 90 min pulse of
3H-TdR in the present and previous studies.”*# Second, another
study'® demonstrated multiple glial cells incorporating bromo-
deoxyuridine, a thymidine analog, after daily injections of this
indicator of DNA replication for 2 wk in adult rats. This finding
demonstrated that low-level glial cell proliferation does occur in
the CNS of normal adult rats and that most of this proliferation
occurs in the white matter, suggesting scattered abundance of oli-
godendrocyte progenitors among mature oligodendrocytes.* The
present study supports this notion. At the technical level, multiple
intraperitoneal injections over a period of several days would be
very difficult to achieve in fragile dysmyelinated rats such as the
LES and LE-bo due to their propensity to seizure and to acute
fatal hindlimb paralysis.”

Although inhibition of glial cell proliferation does occur in the
spinal cord of both LES and LE-bo rats postneonatally, this in-
hibition is delayed, gradual, incomplete, and comparable to the
delayed and incomplete inhibition of glial cell proliferation in
jimpy*® and shiverer® and myelin-deficient rats.* Moreover, the dif-
ferences in mitotic activity between LES and LE-bo rats from 2 to
8 wk of age are quite striking, allowing for a hypothesis that lev-
els of molecular factors involved in inhibition of glial cell mitotic
activity are considerably different between these strains during
this time period. In adult LES rats, mitotic activity increases at 12
wk and peaks at 16 to 20 wk. The adult phase of glial cell prolif-
eration in LE-bo rats has its onset at 20 wk and peaks at 28 wk. At

16 wk of age, the number of proliferating glial cells is 10x higher
in LES than LE-bo rats. Whether molecular factors allowing the
adult phase of glial cell proliferation in LES and LE-bo rats are
related to diminishing inhibitory activity or increasing promitotic
activity is unknown. Deciphering these important mechanisms
will be possible when appropriate genomic studies are performed
in these rats.

The distribution of dividing glial cells in both mutant strains
of rats, primarily in the white matter of the spinal cord, is simi-
lar to the distribution of bromodeoxyuridine-positive glial cells
in normal rats.' Glial cells in the LES and LE-bo rats were not
characterized immunohistochemically in the present study, but
the mitotic activity in the adult phase of proliferation may in fact
involve glial cell progenitors. The present study provides 3 lines
of evidence that support this notion. First, the greatest proportion
of cells with mitotic activity (80% to 100%) occurred in the white
matter area, away from the zone subjacent to the ependyma of the
central canal. Second, mitotic activity within the ependymal lin-
ing (considered the source of neural stem cells) occurred only in
1- to 2-wk-old LES and LE-bo rats; among all the rats examined,
only one 8-wk-old LE-bo rat showed any *H-TdR-positive label-
ing of a single ependymal cell. Third, *H-TdR-positive glial cells
had no pathologic changes in the perikaryon of mature oligoden-
drocytes. Such changes were very characteristic and obvious on
histologic examination of both LES and LE-bo rats.

Total numbers of glial cells in the optic nerve of control rats
reached approximately 300 cells at 8 wk of age and then gradu-
ally and slowly decreased to approximately 240 by the age of 40
wk. In contrast, the numbers of glial cells in the optic nerve of
the mutant strains increased at a greater rate and for a prolonged
period of time, reaching approximately 700 at 16 wk of age in
the LES rat. This finding is consistent with results from a previ-
ous similar study of the LES optic nerve.” In LES rats, this count
remained essentially constant until 40 wk, perhaps because con-
tinuing mitotic activity of the adult phase of proliferation was
balanced by cell death. However, at 69 wk the total number of
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optic nerve glial cells increased markedly to more than 1000 in the
one rat examined, coinciding with scant degeneration and ineffec-
tive myelinating activity in oligodendrocytes; these features may
have contributed to the observed reduced rate of glial cell death.
Glial cell death attributed to apoptosis is markedly elevated in
postnatal jimpy mouse®®* and myelin-deficient rat** and is consid-
ered to cause a remarkable decline in oligodendrocyte numbers
in aged myelin-deficient rats,™* but the longevity of LES and LE-
bo rats make these strains more attractive as in vivo models to
study molecular mechanisms regulating glial cell proliferation
and death in the adult CNS.

Previous studies on the progression of neuropathology in LES*
and LE-bo* rats indicate diffuse astrogliosis and microgliosis
with progressive severity. Histologic and ultrastructural exami-
nation of optic nerve and spinal cord tissues in the present and
previous***'¢ studies indicate, however, that many of the cells
generated during the observed abundant mitotic activity differ-
entiate into oligodendrocytes.

The loss-of-function mutation in the myelin basic protein gene
of LES,* and presumably LE-bo, rats correlated with metaboli-
cally active oligodendrocytes. Unsuccessful attempts at myeli-
nation coincided with ultrastructural pathology characterized
by progressive accumulation of a membraneous material in the
perikaryon. The progression in the pathology of LES and LE-bo
oligodendrocytes suggests that abundant metabolic activity de-
signed to rapidly form vast quantities of myelin is not shut down
at the end of neonatal stage, as in normally myelinating rats, but
remains vigorous in both LES and LE-bo rats. Some metabolites,
perhaps rich in lipids, apparently are not efficiently metabolized
in mutant oligodendrocytes and progressively accumulate in the
perikaryon as vesicular structures limited by pentalamellar mem-
brane and then a honeycomb structures formed by polyhedral
stacks of membranes with regular periodicity. The periodicity of
5nm may suggest that the membraneous material is rich in lipids,
which are known to form asymmetric bilayers in an aqueous en-
vironment, resulting in formation of lipid vesicles.* The membra-
neous material in degenerating LES and LE-bo oligodendrocytes
should not be confused with myelin sheaths, which in the normal
CNS have periodicity of 15 nm between adjacent electrodense
lines.” The progressive accumulation of membranous material
in form of vesicles often seemed to contribute to abnormal en-
largement of perikaryon. The formation of honeycombs instead of
vesicles in older rats can be interpreted as attempts by oligoden-
drocytes to conserve space in the perikaryon or to neutralize the
presumably toxic effect of progressively accumulating abnormal
membranous material.

Oligodendrocytes in other severely dysmyelinated subjects, in-
cluding human patients with Pelizaeus—-Merzbacher disease* and
shiverer™ and jimpy mice, also develop an accumulation of mem-

Cellular compensation in dysmyelinated CNS

braneous material that often forms vesicles limited by a mem-
brane with regular periodicity in which adjacent electrodense
lines are separated by a electrolucent line 5.0 to 5.8 nm in width.
This accumulation of membraneous material in oligodendrocytes
in multiple dysmyelinated mutants and its consistent morphol-
ogy of periodicity suggest its lipid nature and its strong relation to
the inability of oligodendrocytes to form myelin sheaths and their
ineffective myelinating activity.

Degenerating oligodendrocytes of LES and LE-bo rats often
showed ineffective myelinating activity near adjacent axons, and
the perikarya of these degenerating cells contained scattered mi-
crotubules and characteristic vesicles and honeycombs. The de-
generating oligodendrocytes were distinct from microglia, which
contained banana-shaped nuclei and never formed either myelin
or honeycombs. The previous interpretation of abnormal cells
with honeycombs as microglia® is therefore incorrect and has
likely led to conclusions that need reevaluation. Appropriate rec-
ognition of indigenous LES glial cells, especially oligodendro-
cytes, is essential for the accurate interpretation of ultrastructural
changes that occur in cell implantation and axonal regeneration
experiments involving adult LES rats.’

LES and LE-bo rats show differences in the 1) kinetics of glial
cell proliferation, 2) age at which ineffective myelinating activity
declines, 3) age at which oligodendrocyte pathology progresses,*
4) body weight of adult animals,*! and 5) date and location of
strain origin.'** These differences indicate that the LES and LE-bo
constitute distinct phenotypes of the same functional mutation
resulting in severe dysmyelination. Preliminary PCR analysis
(data not shown) indicated the same pattern of mutant mRNA
isoforms in LE-bo and LES spinal cord extracts,* suggesting a
common origin of both mutant rat strains in a vendor breeding
colony. Subsequent separation of the breeding stock into separate
colonies producing dysmyelinated rats (named LES) at McMaster
University'? and the Massachusetts Institute of Technology (LE-
bo )*! apparently resulted in further evolution of either dysmy-
elinated phenotype with distinct differences in glial cell biology.

The significance of the observation of axonal plasticity in form
of sprouting is likely profound. Detailed morphologic examina-
tion of the CNS of large numbers of LES and LE-bo rats indicates
that axonal sprouting is widespread, occurs throughout the life of
both mutant strains, and occurs in direct contact with hypertro-
phied astrocyte processes or cell membrane of oligodendrocytes
or both. Recently published study on long-distance axonal regen-
eration in the crushed filum terminale,® a very small component
of the CNS, detected remarkable enhancement of sprouting in the
sacral spinal cord in response to nearby injury. Exuberant axo-
nal sprouting was not affected by severe astrogliosis that widely
separated individual axons. Therefore, the present and previous®
study do not support the notion that astrogliosis inhibits axonal

Figure 7. Astrogliosis and axonal plasticity in the dysmyelinated rat CNS. (A) Spinal cord, LES rat, 1 wk of age. An area between 2 oligodendrocytes,
with unmyelinated axons closely adjacent to each other except for 2 axons with thin, uncompacted sheaths; one of these axons is adjacent to an oli-
godendrocyte. Bar 2, um. (B) Spinal cord, LES rat, 24 wk. Almost all axons in the field adjacent to a hypertrophied astrocyte (As) are separated from each
other by astrocytic processes. Bar, 2 um. (C) Spinal cord, LES rat, 69 wk. Large and medium-sized naked axons (asterisks) are widely separated from
each other by astrocytic processes, 1 hypertrophied astrocyte, and 2 immature glial cells, presumably of oligodendroglial lineage. Bar, 4 um. (D) Optic
nerve, LES rat, 16 wk. The cytoplasm of s hypertrophied astrocyte (As) is rich in intermediate filaments (if) and is surrounded by axons, 2 of which have
thin incompacted sheaths, but others are naked and sometimes with microtubules-containing sprouts against the astroglial cell membrane. Bar, 1 um
(inset, 200 nm). (E) Optic nerve, LES rat, 16 wk. One large axon (asterisk) adjacent to an oligodendrocyte (OL) has a thin and incomplete sheath; other
axons are unmyelinated, are markedly although not completely separated from each other by astrocytic processes, and often have adjacent clusters of
small processes with microtubules (sprouts, circled), sometimes adjacent to the cell membrane of an oligodendrocyte. Bar, 1 um.
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plasticity because astrogliosis does not suppress axonal sprouting.
Whether astrogliosis inhibits axonal regeneration in experimental
spinal cord injury in dysmyelinated animals remains unknown
currently. The long-lived, severely dysmyelinated LE rat strains,
especially LES rats, offer unprecedented opportunities to study
mechanisms regulating axonal plasticity in the adult CNS.
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