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Abstract

Classical studies of macroglial proliferation in muride rodents have
provided conflicting evidence concerning the proliferating capabili-
ties of oligodendrocytes and microglia. Furthermore, little informa-
tion has been obtained in other mammalian orders and very little is
known about glial cell proliferation and differentiation in the subclass
Metatheria although valuable knowledge may be obtained from the
protracted period of central nervous system maturation in these forms.
Thus, we have studied the proliferative capacity of phenotypically
identified brain stem oligodendrocytes by tritiated thymidine radioau-
tography and have compared it with known features of oligodendro-
glial differentiation as well as with proliferation of microglia in the
opossum Didelphis marsupialis. We have detected a previously unde-
scribed ephemeral, regionally heterogeneous proliferation of oligo-
dendrocytes expressing the actin-binding, ensheathment-related pro-
tein 2’3’-cyclic nucleotide 3’-phosphodiesterase (CNPase), that is not
necessarily related to the known regional and temporal heterogeneity
of expression of CNPase in cell bodies. On the other hand, prolifera-
tion of microglia tagged by the binding of Griffonia simplicifolia B4
isolectin, which recognizes an alpha-D-galactosyl-bearing glycopro-
tein of the plasma membrane of macrophages/microglia, is known to
be long lasting, showing no regional heterogeneity and being found
amongst both ameboid and differentiated ramified cells, although at
different rates. The functional significance of the proliferative behav-
ior of these differentiated cells is unknown but may provide a low-
grade cell renewal in the normal brain and may be augmented under
pathological conditions.
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Introduction

Classical studies of the genesis of macro-
glial cells in the cerebral white matter and
forebrain tracts have suggested that their
main source in developing and adult animals
is the subventricular zone (SVZ) lining the
walls of the cerebral ventricles (1-5). Much
less attention has been devoted to the identi-

fication of the source of glial cells destined
to the brain stem in which the SVZ is less
conspicuous and/or persistent than in the
telencephalon (6,7). Nevertheless, in recent
years there has been a renewal of interest in
the question of in situ glial proliferation in
several mammals including man (8). This
interest might be attributed to several inde-
pendent factors. First, studies by Kishi (9)
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and Kishi and coworkers (10), later con-
firmed and extended by Luskin (11) and by
Lois and Alvarez-Buylla (12), indicated that
the rostral telencephalic SVZ is a source of
olfactory interneurons rather than of glial
cells (but see Ref. 9) in developing and adult
animals. It is still unclear whether this emi-
gration is the only or even the main alterna-
tive explanation for findings obtained by
cumulative tritiated thymidine ([3H]-T) la-
beling and clonal determination suggesting
that one of each pair of postmitotic cells in
the SVZ is destined to die whereas the other
cell continues to proliferate in a stem cell
mode without ever migrating away from this
zone (13). Finally, interest in in situ glial
proliferation has benefited from the findings
of nuclear proteins such as statin which is
specific for quiescent noncycling cells and
for senescent nondividing cells (14), and
cyclin which is specific for cycling cells
(15). Statin is absent from cells in parts of the
telencephalic SVZ known to have maximal
proliferative capacity as well as from as
many as one third of the cells in telencephal-
ic tracts in the adult rodent brain (16).

The modest extent of the SVZ in the
brain stem, particularly at its rostral level,
increases the interest in the general problem
of whether in situ proliferation of postmigra-
tory macroglial cells is of great importance
therein both in infant and young adult ani-
mals. In this review, we consider the evi-
dence for a low-rate production of oligoden-
drocytes and microglial cells in the brain
stem of the developing opossum Didelphis
marsupialis. This species has been chosen in
view of the superior temporal resolution of
developmental events that can be gained
from its protracted period of neural develop-
ment (17) and the available information on
glial cell differentiation in the superior col-
liculus and, to a lesser extent, in other brain
stem structures (17-22). The opossum is born
after a 13-day gestation period and under-
goes a large part of neural development,
including neurogenesis of the retina and sev-

eral brain stem structures (7,23), during the
two and half months it remains secluded in
the maternal pouch. Eye opening occurs by
the 67th postnatal day (P), corresponding to
a coecal period (conception to eye opening;
see Ref. 24) of 80 days. Only after eye
opening there occurs the release of the ma-
ternal nipple from the pups’ mouth and their
emergence from the pouch (mode: 72nd post-
natal day). Weaning occurs by the 82nd post-
natal day (25), signaling the end of a “devel-
opmental period” recently proposed for all
mammals by Ashwell et al. (26).

The proliferation of ameboid and rami-
fied microglia is also briefly reviewed here
(see also Ref. 22) although these cells appear
not to be derived from the neuroepithelium.
However, there is recent evidence that many
cells immunoreactive for the GD3 ganglio-
side, formerly presumed to be oligodendro-
cyte precursors (27,28), are, in fact, micro-
glia (29) and that both oligodendrocytes and
ameboid microglia may express carbonic
anhydrase II (30,31).

Markers of cell proliferation

Some distinct labeling methods may be
used to identify and locate proliferating cells.
First, classical radioautographic techniques
are used to label dividing cells that had
incorporated and retained [3H]-T in their
replicating DNA during the S phase of the
cell cycle (4,5,32). Markers of the S phase
include bromo-deoxyuridine (BrdU), which
is also incorporated and retained in DNA
and revealed by immunohistochemistry (33).
Second, immunohistochemical detection of
the proliferating cell nuclear antigen (PCNA/
cyclin), a 36-kDa auxiliary protein of DNA
polymerase-δ, allows labeling of the enzyme
complex responsible for leading-strand syn-
thesis during DNA replication (34,35). PCNA
is tightly associated with DNA replication
sites in the cell nucleus and is found at peak
levels during the “synthesis”, or S phase, of
the cell cycle, with moderate immunodetect-
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able levels also being present in late G1 and
early G2 phases of the cell cycle (15). Fi-
nally, staining the minor groove of DNA
with the fluorescent nucleic acid stain
Hoechst 33342 (bisbenzimide) allows visu-
alization of chromosomal structure (36). This
provides much easier identification of cells
with condensed chromatin in mitosis than
could be obtained by routine histological
stainings. However, in view of the short
duration of mitosis in comparison with the
entire cell cycle, the non-visualization of
chromatin condensation is a poor indication
of the absence of proliferative capacity. The
absence of this capacity could only be ascer-
tained by the expression of non-prolifera-
tion-dependent nuclear proteins such as statin
(16).

Preference for a given labeling method
for the determination of proliferative status
depends on many factors. It has been sug-
gested that BrdU may impair differentiation
in the muscle by stifling the expression of the
myo D1 gene (37) but there was no evidence
for pyknosis or interference with the ability
of neurons to migrate and differentiate after
repeated exposure to BrdU (38). With regard
to [3H]-T, it has been reported that ionizing
radiation may block proliferation (39) but
that has not been confirmed in studies of
chronic exposure to [3H]-T from embryonic
day 9 to birth in rats (40). In addition to these
effects, it has been suggested that significant
differences can be observed in the numerical
density of labeled cells in comparisons be-

tween a marker characteristic of the S phase
(e.g., [3H]-T) and one associated with the S
plus G1 and G2 phases (PCNA; 41). How-
ever, a bias in favor of PCNA may be negli-
gible or non-existent provided that extremely
short periods of survival (less than 2 h) after
[3H]-T are avoided. For instance, we have
found no major differences between adja-
cent PCNA immunohistochemical and [3H]-
T radioautographic sections of the brain stem
of pouch young opossums 2 h after a single
injection of [3H]-T (Figure 1). Thus, we have
chosen to employ [3H]-T radioautography
not only due to its simplicity and reliability
but also to avoid the masking by another
immunohistochemical reaction of light 2’3’-
cyclic nucleotide 3’-phosphodiesterase
(CNPase) reactivity in some oligodendro-
cytes.

Another consideration that should be kept
in mind is the possibility of studying the
temporal relationship between proliferation
and phenotypic expression such as can be
inferred by varying the interval from the
administration of an exogenous marker ([3H]-
T or BrdU) to sacrifice of the animal (see  the
section “Proliferation of differentiating oli-
godendroglia and microglia in the opossum
brain stem”).

Phenotypic markers of
oligodendroglia and microglia

After the first studies that identified the
“third element” of the central nervous sys-

Figure 1 - A comparison of the identification of prolif-
erating cells by [3H]-T radioautography and by prolif-
erating cell nuclear antigen (PCNA) immunohis-
tochemistry. Photomicrographs of 10-µm adjacent
coronal sections passing through the fourth ventricle
(IVv) of an opossum aged 12 postnatal days (P12),
that was killed 2 h after a single intraperitoneal injec-
tion of [3H]-T (10 µCi/g body weight). A, Dipping
radioautogram obtained with Kodak NTB2 emulsion
and counterstained with cresyl-violet. Observe cells
containing silver grains in the ventricular/
subventricular zone of the IVv. B, Immunoreaction
with an anti-PCNA monoclonal antibody (Sigma) us-
ing the biotin-avidin-horseradish peroxidase method
(Sigma kit). Magnification bar = 50 µm.



260

Braz J Med Biol Res 31(2) 1998

P.C. Barradas and L.A. Cavalcante

tem after neurons (the first element) and
astrocytes (the second element), at the end of
the last century, the use of silver carbonate
impregnation by del Rio Hortega (42) showed
that, in fact, this third element included two
distinct cell types - oligodendrocytes and
microglia, derived from the neuroectoderm
and the mesoderm, respectively. Morpho-
logical criteria established from silver car-
bonate preparations by light and electron
microscopy remained as the only tool for the
identification of these cell types until the late
1970’s, when histochemical and immuno-
histochemical markers were described
(43,44). These markers allowed the investi-
gation of several aspects of oligodendroglial
and microglial biology in terms of their dif-
ferentiation, interactions with other neural
cells or responses to pathological challenges.

There is no agreement with regard to the
precocity of expression of immunohisto-
chemical markers of oligodendroglia. How-
ever, precocious markers are those expressed
by proliferating cells or, at least, by cells that
have withdrawn recently from the mitotic
cycle, whereas late markers are those ex-
pressed at the final stage of myelination, i.e.,
at the time of myelin compaction. Among
those considered as precocious markers are
sulfatides, the main antigen recognized by
the O4 antibody (45,46), carbonic anhydrase
II (27,30 but see 31), the antigens recognized
by the monoclonal antibody Rip (23 kDa and
160 kDa molecular mass) (47,48) and
CNPase (20,49-51).

CNPase links myelin-related proteins to
the cytoskeleton (52,53) and appears to in-
teract with membrane lipids during exten-
sion of the oligodendroglial process (54). A
single CNPase gene encodes two isoforms,
CNPase I (46 kDa) and CNPase II (48 kDa),
which are differentially regulated during de-
velopment, with the larger protein being ex-
pressed earlier than CNPase I (55).

There is also recent evidence for early,
selective location of 2 precocious oligoden-
droglial markers: the mRNAs for the α re-

ceptor of the platelet-derived growth factor
(56,57) and for DM-20, a product of the
alternative splicing of the proteolipid pro-
tein (PLP) gene (58).

The markers expressed later in the course
of oligodendroglial differentiation include
galactocerebroside (GC) that appears in
postmitotic oligodendrocytes (59), myelin
basic protein (MBP) that appears at the time
of axon ensheathment (44), and PLP and
myelin-associated glycoprotein that appear
during early stages of myelin sheath forma-
tion (60). In addition, two other myelin pro-
teins related to later stages of oligodendro-
glial differentiation and to the myelin com-
paction phase have been described: the my-
elin oligodendrocyte glycoprotein (61) and
the myelin-associated/oligodendrocytic ba-
sic protein (62). Many of these markers such
as GC and MBP are phylogenetically con-
served, at least as far as higher vertebrates
are concerned. The main exception concerns
S100 which is characteristic of astrocytes in
the mammalian brain and of oligodendro-
cytes in the avian brain (63,64).

The classification of precocious and late
oligodendroglial markers is, however, rela-
tively uncertain. For instance, there is some
degree of uncertainty with respect to the
specificity of antibodies that presumably rec-
ognize only sulfatide or only GC (65). Fur-
thermore, a study of the proliferative capac-
ity and expression of oligodendroglial mark-
ers in cerebral cortex concluded that the
lipid antigens recognized by the O4 antibody
(mostly sulfatide) were expressed by prolif-
erating cells but these same cells did not
express PLP or CNPase (66). Surprisingly, a
minor number of proliferating cells expressed
MBP.

In analogy to oligodendrocytes, the intro-
duction of selective and reproducible meth-
ods such as histoenzymatic techniques and
methods relying on the binding of antibodies
or lectins to microglia were of paramount
importance for studies of the differentiation
and physiopathological role of this cell type.
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The histoenzymatic methods for nucleoside
diphosphatase and thiamine pyrophosphatase
were among the first to be introduced and
still are particularly useful because of their
applicability to mammals (67,68), birds (69)
and reptiles (70). Mutatis mutandis, this is
also the case for some lectins such as those
obtained from Griffonia simplicifolia and
Lycopersicon esculentum (tomato) (22,71-
73) which are effective for both ameboid
and ramified microglia in several species of
mammals. In addition, antibodies recogniz-
ing microglial cells have been found effec-
tive for a given species, including fish (74),
amphibian (75), mouse (76) and other ro-
dents (77-80), humans (81) and the quail
(82).

Two highly species-specific antibodies,
F4/80 - which recognizes a 160-kDa plasma
membrane glycoprotein specific of mouse
macrophages (83) - and QH1 - which recog-
nizes endothelial and hemopoietic cells in
the quail (84) - label all stages of develop-
ment of microglia (76,82). In the particular
case of QH1, it has been shown that nonen-
dothelial cells of hemangioblastic lineage
appear in the avian nervous system at very
early developmental stages (85), with addi-
tional microglial precursors entering the brain
tissue at later stages through specific points
on the pial surface (86) and entering the
retina from the pecten (87). The entrance of
precursors into the brain tissue very early in
development may provide a partial explana-
tion for the appearance of macrophages and
ameboid microglia in dissociated cell cul-
tures of embryonic brain tissue that has not
yet been vascularized (88).

Irrespective of the interpretations of mi-
croglial lineage based on labeling with anti-
bodies common to microglia and hemopoi-
etic cells (e.g., 76,82) vs microglia and a
particular type of neuroglia (88), stable mark-
ers such as F4/80 and QH1 antibodies and
isolectin BS1/B4 of G. simplicifolia are par-
ticularly useful for other studies such as
those aiming to compare the proliferative

capacity of ameboid and ramified microglia.

Proliferation of differentiating
oligodendroglia and microglia in
the opossum brain stem

The proliferation of macroglial cells has
been addressed by [3H]-T radioautography
with a fair amount of success for astroglial
cells in several rat brain regions including
the midbrain (for a review, see Ref. 32).
However, there has been much less agree-
ment on the proliferative capability of oligo-
dendrocytes. Thus, there is no ultrastructural
evidence for division of oligodendroglia dur-
ing myelin formation in the spinal cord (89)
whereas there is evidence for the optic nerve
and the anterior commissure (90,91). A re-
cent report suggests that the proportion of
statin-negative cells within brain fiber tracts
is about one third of total cells (16), thus
being higher than the one-fifth of non-
oligodendrocytic cells (92).

As previously described (21), expression
of CNPase starts in the medial longitudinal
fascicle at P17. Findings on the onset, peak
and disappearance of CNPase expression
from cell bodies and on the appearance and
augmentation in fiber sheaths in the brain
stem are summarized in Table 1. We have
attempted to express the duration of CNPase
immunoreactivity in cell somata (from the
midpoint of time of onset to the midpoint of
time of loss; see Table 1) as a fraction of the
duration of the “developmental period” (108
days), defined as the time from conception
to weaning (26), for eventual comparison
with other mammals.

The onset of CNPase expression in the
medial longitudinal fascicle (P17) coincides
with the detection of [3H]-T+ cells within
fiber tracts in short survival animals, sug-
gesting the occurrence of proliferation of
glial cells or their precursors. These cells
show no CNPase immunoreactivity and may
be considered macroglial precursors on the
basis of their cytological features such as
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large nuclei (92). Tritium-labeled cells also
continue to appear in the brain stem VZ/SVZ
from P17 to P22 and, as judged from the
cessation of midbrain neurogenesis at this
stage (7), are likely to be glial precursors. No
evidence for CNPase immunoreactivity has
been found in the VZ/SVZ at either the
aqueduct or IV ventricle level.

At P25-P27, there is an abrupt increase of
CNPase+ cells in lower brain stem tracts
(Table 1) and the ephemeral occurrence of
CNPase+ cells in the respective VZ/SVZ
with an occasional cell apparently in mitosis
(Figure 2). At the same time, the number of

[3H]-T-labeled cells in VZ/SVZ was reduced
substantially with respect to previous stages
in parallel with the beginning of the peak
period (P25-P35) for interfascicular [3H]-T+
cells at short survivals after injection (Table
2). A sparse number of these cells, found in
the medial longitudinal fascicle, trigeminal
spinal tract and lateral lemniscus, are double-
labeled elements (CNPase+/[3H]-T+) (Fig-
ure 3, Table 2).

The results for the lower brain stem stand
in marked contrast to those obtained for the
midbrain in which double-labeled cells were
never found with short survivals after [3H]-T
injections (compare midbrain tegmentum and
inferior colliculus in Table 1 with the occur-
rence of double-labeled cells in Table 2).
This result indicates that, in addition to the
heterogeneity in CNPase expression that we
have previously described (21), there may
also be regional heterogeneities in the prolif-
eration capacity of CNPase-expressing cells.
This in situ proliferative diversity is particu-
larly striking since it is independent of the
duration of CNPase expression which is rela-
tively short-lived in the medial longitudinal
fascicle and long lasting in the midbrain

Figure 2 - Expression of a preco-
cious oligodendroglial marker
(CNPase) in germinative zones
of the opossum brain stem.
Photomicrograph of a parasagit-
tal section passing through the
IVv in a P27 animal. Immunore-
action with an anti-CNPase poly-
clonal antibody using the biotin-
avidin-HRP method (Sigma kit).
CNPase+ cells at the margins
of IVv (thin arrows). Note that
the immunoreactive profile
pointed at by the thicker arrow
seems to be a cell in telophase.
Magnification bar = 25 µm.

Table 1 - CNPase expression in the opossum brain stem.

*The first postnatal (P) day of the range referring to onset in (loss from) cell bodies indicates that CNPase
immunoreactivity was still not detected (still detected). % d.p.: Percent of developmental period (conception
to weaning = 95 days). (Partially reproduced from Ref. 21; courtesy of Rapid Communications of Oxford Ltd.)

Tract/white matter Onset in cell bodies Loss from cell bodies Duration in cell bodies
(P)* (P)* (% d.p.)

Medial longitudinal fascicle
Rostral level 15-17 25-27 10
Caudal level 20-22 30-32 10

Root of VIII nerve 22-25 >40 >17
Trigeminal spinal tract 22-25 >40 >17
Lateral lemniscus (medullary-pontine traject) 25-27 >40 >15
Tegmental pontine-midbrain transition 25-27 >80 >57
Medial lemniscus (medullary-pontine traject) 32-35 >40 >7
Midbrain tegmentum 33-35 >80 >49
Inferior colliculus 37-40 >80 >43
Superior colliculus

Deep layers 45-46 >80 >36
Optic layer 46-50 50-57 6
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Figure 3 - Proliferation of interfascicular, CNPase+ and CNPase- cells. Parasagittal section through the medial longitudinal fascicle containing the pons-
medulla transition in a P27 opossum that received a single intraperitoneal [3H]-T injection (10 µCi/g body weight) and was killed 2 h later.
Immunoreaction with an anti-CNPase polyclonal antibody using the biotin-avidin-HRP method (Sigma kit) followed by radioautography as in Figure 1A.
A, Panoramic view to show CNPase+ fiber sheaths (arrowheads) with interspersed radiolabeled [3H]-T+ cells, one of which is within a box of
interrupted lines and shown at higher magnification and at two focal depths in B and C. The arrow points at a CNPase-/[3H]-T+ cell. B, Boxed area in A
with focus on the immunohistochemical product. C, The same area with focus on the silver grains. Magnification bar: A = 25 µm; B and C = 10 µm.

Table 2 - Summary of the distribution of [3H]-T+ cells after short or long survivals and CNPase+ cells in the
opossum brain stem.

See also Table 1 that summarizes the onset and duration of CNPase expression in cell bodies of oligodendro-
cytes in representative tracts and nerve roots in the brain stem. *: [3H]-T+ cells; #: CNPase+ cells; */#: double-
labeled cells. Two symbols indicate larger average numbers for the entire brain stem.

Age at sacrifice

Age at P20 P21 P25 P27 P29 P30 P33 P35 P37 P40 P46 P51 P57
injection

P16 **, #

P20 *, #

P25 **, ## **/## **/##

P27 **/##

P29 **/## **, ##

P30 **, ## **/## **/##

P33 **, ##

P35 **, ##

P37 *, ##

P38 *, # *, #

P40 *, ## *, # *, #

P46 *, # *, #

P49 *, #

P51 *, # *, #

P57 *, #



264

Braz J Med Biol Res 31(2) 1998

P.C. Barradas and L.A. Cavalcante

tegmentum, inferior colliculus and deep lay-
ers of the superior colliculus. This fact sug-
gests that the absence of double-labeled cells
in the superior colliculus optic layer in short
survival animals may not be artifactual, i.e.,
due to the short duration of CNPase expres-
sion in this layer (Table 1). It is interesting to
note that the midbrain is devoid of early
precursors expressing DM-20 mRNA
whereas these precursors are numerous in
the lower brain stem of the mouse (58).

In spite of the similar pattern of CNPase
expression and similar lack of double-la-
beled cells in short survival animals, the
midbrain tegmentum and the inferior col-
liculus may acquire oligodendrocytes accord-
ing to different patterns of proliferation, in-
coming migration or both. In animals surviv-
ing one week or more after [3H]-T injection,
a large number of double-labeled cells are
found in the midbrain tegmentum but not in
the inferior colliculus. Interestingly, CNPase+
oligodendrocytes with variable numbers of
radioautographic silver grains were often
found in the same microscopic field with the

longer survival, indicating that the oligoden-
droglial precursors passed through a vari-
able number of cell cycles before CNPase
expression (Figure 4). Further work is neces-
sary to ascertain whether the lack of double-
labeled cells in the inferior colliculus arises
simply from dilution of the label by addi-
tional cell cycles. It should be noted that the
superior colliculus also lacks double-labeled
cells in animals surviving for hours or days
after [3H]-T injection. However, the short
duration of CNPase expression in the optic
layer cell bodies poses additional problems
for the interpretation of these results.

Regional differences in the proliferative
ability of cells that have differentiated to the
point of expressing the ensheathing-related
protein CNPase might explain apparent con-
flicts about the issue of oligodendrocyte pro-
liferation referred to previously (see Intro-
duction). Such regional heterogeneities might
be connected to both the restricted regional
distribution of early precursors (58) and to
differences in the responsiveness of oligo-
dendroglial proliferative stages to mitogenic

Figure 4 - Differentiation of oligodendroglia in the rostral brain stem. Photomicrographs of a coronal section passing through the midbrain tegmentum
in a P37 opossum that received a single intraperitoneal [3H]-T injection (10 µCi/g body weight) at P25. After the immunoreaction with the anti-CNPase
antibody, the sections were submitted to the radioautographic procedure. A, Low power view of a field showing many CNPase+ cells and nerve fibers.
The arrows point to some of the CNPase+ oligodendrocytes that also show radioautographic silver grains, with the cells indicated by a thin and a thick
arrow shown at higher magnifications in B/C and D/E, respectively. B and D, Focus on the CNPase reaction product; C and E, focus on the silver grains.
Note that the oligodendrocyte in B/C has a large number of silver grains, suggesting that it has stopped proliferating soon after [3H]-T uptake. On the
other hand, the cell in D/E, with a smaller number of silver grains, may have passed through several cell cycles between [3H]-T uptake and the onset of
CNPase expression at P35-37. Magnification bar: A = 50 µm; B-E = 10 µm.
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control (93). There is convincing evidence
from the distribution of DM-20 mRNA (58)
and the capacity of divisions of the early
embryonic brain to generate oligodendro-
cytes in culture (94) that the midbrain lacks
early oligodendroglial precursors and has to
acquire oligodendroglia of undefined stages
by immigration. It has been assumed that the
source of this oligodendroglia is the DM-20
mRNA+ basolateral diencephalic plate (58)
but there are no compelling reasons to rule
out a myelencephalic origin or even separate
origins for tegmental and tectal oligodendro-
glia. It is possible that differences in origin
and/or in the migration route might result in
regionally different distribution of prolifera-
tive stages of the oligodendrocyte lineage
that may or may not be responsive to mito-
genic influences by non-neuronal cells such
as stages defined in vitro by Gard and Pfeiffer
(93). Differences in the abundance of non-
oligodendroglial non-neuronal cells in large
regions such as the telencephalon may cause
oligodendroglia to differ even between re-
lated portions of white matter, with CNPase+
cells being non-proliferative in the internal
capsule (66,95) and proliferative in the cor-
tical white matter (95).

Our interest in the differentiation and
proliferation of microglial cells was, in fact,
stimulated by the ventrodorsal gradient of
myelination demonstrable in the superior
colliculus (19) and its discrepancy with re-
spect to the gradient observed for astrocytes
(18). However, detailed information is not
available for other brain stem regions al-
though it has been observed that coloniza-
tion of the midbrain tectum by microglial
cells starts later than in the pons and me-
dulla. It should also be remarked that fea-
tures of microglial proliferation are rather
similar throughout the brain stem.

Acquisition of microglia, recognized by
labeling with the Griffonia simplicifolia B4
isolectin, occurs far in advance (by about
one month) of the appearance of CNPase
immunoreactivity, although predicting the

direction of the gradients of both CNPase
expression and overt myelination (17-19,22).
This direction appears to be inverted only
at the tectal midline in which the median
ventricular formation (17,18) - a specialized
type of radial glia - may provide a site of
selective entrance from the pia and support
for microglial migration (96).

Our thymidine labeling studies are not
directly comparable to the classical study of
Imamoto and Leblond (97) since we have
used a chronological series, employed only
single injections of [3H]-T and sacrificed
each animal two hours later whereas those
authors used multiple injections, all given on
a single postnatal day and multiple survivals,
with minimal survival of one day. Neverthe-
less, our results were similar to theirs con-
cerning ameboid cells which were [3H]-T/
lectin labeled in our study (Figure 5). How-
ever, pericytes which also carry the galacto-
syl groups recognized by the Griffonia B4
lectin were [3H]-T+ at ages up to eye open-
ing, when 70% of the developmental period
has elapsed, but were [3H]-T- in the study of
Imamoto and Leblond (97) in 5-6-day-old
rats (at about 40% of the developmental
period). It is interesting to note that Korr (32)
reported proliferation of pericytes up to the
20th postnatal day in a short survival study in
the mouse, i.e., near the end of the develop-
mental period. Thus, a discrepancy between
long and short survival results might signify
that pericytes also contribute to parenchy-
mal microglia.

Griffonia B4 isolectin is a constant marker
of the macrophage/microglia lineage and,
thus, a differentiated microglial cell has to
be defined in terms of the complexity of its
processes. Fairly ramified microglia are found
in the opossum superior colliculus soon after
the appearance of roundish and ameboid
microglia and include a low proportion of
cells with [3H]-T/lectin-labeled cells. Fur-
thermore, highly ramified microglia such as
those found near the time of eye opening
also include a small population of cells show-
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ing plasmalemmal lectin labeling and nuclear
[3H]-T labeling (Figure 5).

Proliferation of ramified microglia was
not observed by Imamoto and Leblond (97)
but that result was not entirely unexpected
since ramified cells form the bulk of micro-
glia in rats by the second postnatal week and
proliferation of microglia/pericytes was re-
ported by Korr (32) up to postnatal day 20.
Moreover, in the adult mouse [3H]-T label-
ing has been detected in ramified microglia
unequivocally identified by the F4/80 anti-
body in both short and long survivals after
[3H]-T injection (98).

In view of the abundant evidence in favor
of microglial origin from bone marrow cells
(reviewed in Ref. 99, but see Ref. 88) and the
report of a small proportion of DNA-synthe-
sizing monocytes in the circulation of adult
rodents (100), it may be asked whether both
ameboid and complexly ramified [3H]-T+
microglia took up label as circulating mono-
cytes and arrived recently to their position in

the collicular parenchyma. That may be plau-
sible for ameboid cells since there is evi-
dence for concomitant mitosis and migration
of these cells through the retinal optic fiber
layer (101). However, it seems unlikely that
a putative exogenous cell may go through
the sequence of taking up [3H]-T, entering
and migrating through the brain parenchyma,
and developing elaborate processes within
the 2 h from [3H]-T injection to sacrifice.
There are obviously no data on individual
cells since even relatively complex in vitro
systems such as organotypic slice cultures
involve a certain degree of neuronal death
and microglial rounding up and “activation”.
However, recent work with organotypic hip-
pocampal slice cultures have shown origi-
nally ramified microglia (zero days in vitro),
that become roundish within the subsequent
three days in vitro and gradually return to a
ramified morphology after at least six days
in vitro (102). This result may not be repre-
sentative of the normal developing brain but

Figure 5 - Proliferation of ame-
boid and ramified microglia. High
power photomicrographs of
coronal sections passing through
the midbrain tectum of pouch
young opossums that received a
single intraperitoneal [3H]-T in-
jection (10 µCi/g body weight) at
P24 (A and B) or P59 (C and D)
and were killed 2 h later. Sec-
tions were incubated with an
HRP conjugate of the BS1/B4
Griffonia simplicifolia isolectin
(Sigma). A and C, Focus on the
histochemical reaction; B and D,
focus on the radioautographic
emulsion (C and D modified from
Ref. 22; courtesy of SBPC). Mag-
nification bar = 10 µm.
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suggests that ramification may take closer to
20 h rather than to 2 h.

At this point, the most pertinent question
is whether [3H]-T labeling of differentiated
cells, i.e., CNPase-expressing oligodendro-
glia and ramified microglia, is of signifi-
cance since DNA-synthesizing cells are few
in number (both cases) or occur within a
narrow time window during development of
the brain stem (oligodendroglia). Further-
more, Korr (32) has estimated that as many
as 17% of all DNA-synthesizing cells of the
brain fail to divide or die or division occurs
but daughter cells die. However, no heroic
conditions such as continuous infusion of
[3H]-T have been used to maximize the de-
tection of DNA-synthesizing cells in our
studies, and thus we believe that prolifera-
tion of small fractions of differentiated oli-
godendroglia and microglia is of actual or
potential functional importance.

Conclusions

A few conclusions can be drawn from the
combination of radioautographic studies of
proliferation and immunohistochemical or
lectin-binding studies of oligodendroglial and

microglial cells in the opossum brain stem.
First, the developing brain stem is regionally
heterogeneous in terms of the proliferation
capacity of oligodendrocytes that express
the ensheathing protein 2’3’-cyclic nucle-
otide 3’-phosphodiesterase. This capacity is
virtually restricted to interfascicular cells of
the lower brain stem. Second, regional het-
erogeneity of the proliferative ability of
CNPase+ oligodendrocytes is not necessar-
ily related to the duration of expression of
this ensheathing protein in oligodendroglial
cell bodies. Third, both ameboid and highly
ramified microglia in the developing brain
stem are able to proliferate.
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