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While the capacity of O-2A oligodendrocyte progenitors to 
migrate in cell culture and during in v&o myelin formation is 
well documented, little is known about factors that regulate 
the motility of these cells. Here, we report on an in vitromodel 
that allowed us to evaluate the contribution of or 2-8 linked 
polysialic acid (PSA) to O-2A cell motility. Using explant cul- 
tures of newborn rat neurohypophysis, we observed that 
individual glial fibrillary acidic protein (GFAP)-positive cells 
rapidly disperse from the explants, and that cells of the O-2A 
lineage predominate in the migratory cell pool. Presumed 
O-2A progenitor cells had a round or bipolar morphology and 
presented both A2B5 and GFAP immunoreactivity. When cul- 
tured in medium containing 10% fetal calf serum, these cells 
differentiated into stellate-shaped, ASB5/GFAP-positive type 
2 astrocytes. In serum-free medium most of them developed 
into 04/galactocerebroside-positive oligodendrocytes. O-2A 
lineage cells were found only in a specific developmental 
period extending from embryonic day 21 to postnatal day 3. 
A monoclonal antibody, which recognizes the a 2-8 linked 
PSA, characteristic of the embryonic form of NCAM, revealed 
immunoreactivity on the surface of O-2A progenitor cells, 
whereas mature oligodendrocytes, type 2, type 1 astrocytes 
as well as flat GFAP-negative cells were negative. Treatment 
of the explants with endoneuraminidase purified from phage 
Kl, which specifically removes PSA from the surface of the 
cell, resulted in a complete blockade of the dispersion of 
O-2A lineage population from the explant. The effects of the 
enzymatic treatment were both selective and reversible: mi- 
gration of GFAP-negative fibroblast-like cells that are nor- 
mally PSA negative was not influenced, and upon removal 
of the enzyme, cells of the O-2A lineage were readily de- 
tectable in the migrating population. These results provide 
direct evidence that (Y 2-8 linked PSA contribute to the mo- 
tility of O-2A, glial progenitor cells. 
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The bipotential O-2A progenitor has been identified in vitro as 
a precursor cell that give rise to oligodendrocytes, the myelin 
forming cell in the CNS, and type 2 astrocytes (Abney et al., 
198 1). Since their initial characterization in neonatal rat optic 
nerve cultures (Raff et al., 1983) O-2A cells with analogous 
morphological, antigenic, and developmental features have been 
isolated from various regions of the CNS (Williams et al., 1983; 
Levi et al., 1986; Behar et al., 1988; Dutly and Schwab, 199 1). 
In culture, the O-2A progenitor is a small, round or process- 
bearing bipolar cell, which binds antibodies directed against cell 
surface gangliosides including A2B.5 and GD3 (Abney et al., 
1981; Raff et al., 1983; Levine and Goldman, 1988). In addi- 
tion, it expresses the intermediate filament protein vimentin, 
but not galactocerebroside (GalC) or glial fibrillary acidic protein 
(GFAP), characteristic of oligodendrocytes and astrocytes, re- 
spectively (see Raff, 1989, for review). As the progenitor dif- 
ferentiates, it acquires a multiprocess shape and expresses im- 
munoreactive sulfated glycolipids 04 (Dubois-Dalcq, 1987). 
Finally, this intermediate form differentiates into an oligoden- 
drocyte that expresses GalC and later on myelin proteins (Du- 
bois-Dalcq et al., 1986). The O-2A cell has been recognized as 
bipotential since under appropriate conditions it can also give 
rise to type 2 astrocyte (Raff et al., 1983). Type 2 astrocytes 
have a multipolar, stellate form and present A2B5 and GFAP 
immunoreactivity. They can be distinguished from type 1 as- 
trocytes, which display a flat fibroblast-like form, are A2B5 
negative, and develop from a different type of precursor cell (see 
Cameron and Rakic, 199 1, for review). Factors that influence 
the differentiation and proliferation of the O-2A precursor cell 
in vitro have been identified (Raff et al., 1983, 1988; McMorris 
et al., 1986; Lillien et al., 1988). In serum-free, chemically de- 
fined medium, the precursor gives rise to oligodendrocytes by 
default. The development of type 2 astrocytes in serum-free 
cultures requires the presence of soluble (ciliary neurotrophic 
factor provided by type 1 astrocytes) and nondiffusible (extra- 
cellular matrix components probably deposited by mesenchy- 
ma1 cells) inducing factors (Lillien et al., 1988). When O-2A 
cells are cultured in medium containing 10% fetal calf serum, 
they also differentiate into type 2 astrocytes. Although type 2 
astrocytes are well established cells in vitro, whether they occur 
in the brain is still debated (Miller et al., 1985; Lillien and Raff, 
1990; Skoff, 1990). 

O-2A progenitor cells are highly motile, capable of long-dis- 
tance migration that appears to be critical for myelin formation 
(Lachapelle et al., 1984; Small et al., 1987; Balaban and Small, 
1989; Jacque et al., 1992). Myelinization is a late step in the 
development of the nervous system that continues into the late 
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postnatal period (Benstedt et al., 1957; Hartman et al., 1979; 
Kristensson et al., 1986; Schwab and Schnell, 1989). In the rat 
optic nerve, for instance, O-2A cells are not present until the 
perinatal period, that is, before that growing axons have estab- 
lished contact with their target (Small et al., 1987). O-2A cells 
migrate from the germinal matrix of the subventricular zone 
(Levison and Goldman, 1993) proliferate, and gradually spread 
along the developing nerve during the postnatal period. Studies 
using retroviral-mediated gene transfer (Levison and Goldman, 
1993) have demonstrated that progenitor cells from the sub- 
ventricular zone can differentiate into both oligodendrocyte and 
astrocyte. This sequence of developmental events, that is, my- 
elinization follows the establishment of fiber contacts, appears 
important since recent studies provided evidence that oligo- 
dendrocytes and central myelin exhibit molecules that are in- 
hibitory for axonal growth (Schwab and Caroni, 1988). 

The capacity for long-distance migration of early O-2A pro- 
genitor cells has also been demonstrated in vitro. For example, 
cells migrating out of explants of neonatal and adult optic nerves 
were capable of myelinating cocultures of cerebellar explants 
(Wolf et al., 1986). Little is known about factors that regulate 
the migration of oligodendrocyte progenitor. Evidence suggests 
that these cells selectively migrate toward platelet-derived growth 
factor (PDGF) but not toward laminin (Noble et al., 1988). 
Among likely candidates are the adhesion molecules including 
the neural cell adhesion molecule (NCAM). 

NCAM is an abundant membrane protein that can promote 
cell-to-cell adhesion through a homophilic binding mechanism 
(Rutishauser et al., 1982). Their adhesive properties vary with 
the carbohydrate content of the molecule (Hoffman and Edel- 
man, 1983; Rutishauser et al., 1988). Though NCAM has mul- 
tiple carbohydrate attachment sites (Watanabe et al., 1986) 
modulation of adhesion specifically arises from the length of 
linear polymers of Ly 2-8 linked neuraminic acid (polysialic acid, 
PSA). The carbohydrate polymer, cx 2-8 linked PSA on NCAM 
(PSA-NCAM) has been shown to decrease homophilic binding 
and thereby to attenuate cell adhesion (Hoffman and Edelman, 
1983; Sadoul et al., 1983). The molecular mechanism whereby 
PSA on NCAM modulates cell adhesion remains an open ques- 
tion. Several studies are consistent with a direct effect on NCAM- 
mediated adhesion; enzymatic removal of PSA increases bind- 
ing between NCAM-bearing liposomes and neuroblastoma cells 
(Sadoul et al., 1983) and the rate of NCAM-dependent aggre- 
gation of membrane vesicles in vitro (Hoffman and Edelman, 
1983; Rutishauser et al., 1985). Specific loss of PSA from NCAM 
increases the relative degree of overall membrane-membrane 
apposition between cells (Rutishauser et al., 1988). These and 
other studies on a variety of cell-cell interactions have led to 
the alternative or supplemental hypothesis that PSA could affect 
not only NCAM functions, but also other ligands not directly 
involved in NCAM-mediated adhesion (Rutishauser et al., 1988; 
Acheson et al., 1991). Thus, it has been proposed that PSA on 
NCAM is a potent regulator of cell interactions involving mem- 
brane contact (Rutishauser et al., 1988). 

The O-2A progenitor cell expresses the highly sialylated form 
(PSA-NCAM), whereas mature oligodendrocytes or type 2 as- 
trocytes display the adult isoform with a lower content of sialic 
acid (Trotter et al., 1989). Based on this, it has been suggested 
that PSA facilitates the motility of the O-2A progenitor. 

To assess the suggested participation of PSA in O-2A migra- 
tion we took advantage of an explant culture model of the rat 
neurohypophysis (NH). The NH is a circumventricular organ 

characterized by a high density ofcapillaries that lack the blood- 
brain barrier. These capillaries are the target of a prominent 
fiber tract, the hypothalamo-neurohypophyseal system, from 
which the neurohormones oxytocin and vasopressin are released 
into the general circulation (see Hatton, 1990, for review). The 
principal cellular element of the NH is a specialized astrocyte 
referred to as pituicyte (Suess and Pfister, 1981; Salm et al., 
1982). These cells have characteristics of astrocytes (e.g., rec- 
ognized by antibodies against GFAP) and feature a remarkable 
process motility in response to diverse physiological stimuli 
(Theodosis and Poulain, 1984; Hatton, 1990). This capacity 
appears to be the basis of a reversible reorganization of the 
neurohypophysial structure in adults under conditions of stim- 
ulated hormone release (Theodosis and Poulain, 1984; Hatton, 
1990). It is of interest that pituicytes in the adult NH retain the 
capacity to express highly polysialylated isoforms of NCAM 
(Theodosis et al., 199 1; Kiss et al., 1993). Moreover, the pres- 
ence of PSA-NCAM on pituicytes seems to be dependent on 
interactions between neurosecretory axons and pituicytes (Kiss 
et al., 1993). To study these interactions, we established organ- 
ocultures of NH. In these preparations nerve fibers degenerate 
and the major cellular elements are pituicytes along with en- 
dothelial cells, and fibroblasts. Here we report that during a 
specific developmental period, the cellular outgrowth around 
pituitary explants is rich in cells with properties similar to those 
previously described for cells of the O-2A lineage. We found 
that migrating O-2A progenitor cells express immunoreactivity 
for the PSA isoform of NCAM and we set out to determine the 
possible role of this carbohydrate on the migratory properties 
of these cells. 

A preliminary report of these findings has been presented in 
abstract form (Wang et al., 1993). 

Materials and Methods 
Animals. Sprague-Dawley (SIVZ, Zurich, Switzerland) rat pups were 
raised in our breeding colonies. Embryonic and postnatal age was cal- 
culated counting embryonic (E) day 1 as the day after females were 
mated overnight and postnatal (PN) day 0 as the day of birth. The 
following time points were sampled: E21, and PNO, PNl, PN3, PN7, 
and adult. 

Antibodies and Endoneuraminidase N. To identify astrocytes, a rabbit 
polyclonal antibody (Dakopatts, Denmark) and a mouse monoclonal 
antibody (Boehringer Mannheim) to glial tibrillary acidic protein (GFAP) 
were used at dilutions of 1:200 and 1: 15, respectively. 

Anti-vimentin, mouse monoclonal antibody (culture supematant) was 
used at a dilution of 1:4 (Ciesielski-Treska et al., 199 1). 

Mouse monoclonal A2B5 hybridoma supernatant (ATCC, Rockville, 
MD; 1:5 dilution) specific to cell surface ganglioside epitopes (Eisenbarth 
et al., 1979) was used to label O-2A progenitor cells and type 2 astro- 
cytes. 

04 monoclonal antibody, hybridoma supematant (diluted 1:5) (Som- 
mer and Schachner, 1981; Trotter and Schachner, 1989) was used to 
identify undifferentiated and differentiated oligodendrocytes. 

Anti-galactocerebroside (GalC) monoclonal antibody (culture super- 
natant) was used to identify differentiated oligodendrocytes. This an- 
tibody reacts strongly with galactocerebroside, the major galactosphin- 
golipid of myelin (Ranscht et al., 1982). It was used at a dilution of 1:2. 

Anti-Men B (Meningococcus group B) antibody is a mouse IgM that 
recognizes specifically (Y 2-8 linked PSA with chain length superior to 
12 residues (Rougon et al., 1986; Hlyrinen, personal communication). 
Ascites fluid was used at a dilution of 1:400. 

The rabbit antiserum directed against NCAM protein core was a site- 
directed antibody recognizing the seven NHz-terminal residues of NCAM 
whose sequence is shared by every isoform (Rougon and Marshak, 
1986). It was used at a dilution of 1: 1000. 

The mouse monoclonal antibody against bromodeoxyuridine (BrdU) 
(Boehringer Mannheim) was used at a dilution of 1:50. 

Purification of soluble Endo-N. Bacteriophage PKl A and its propa- 
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gating strain Escherichia coli U9/41 were kindly supplied by Dr. G. 
Alcaraz (CIML, Marseille). The purification of the bacteriophage was 
done as described by Finne and Mlkela (1985). Briefly, the phage was 
propagated in E. co/i U9/41 grown in L broth, yeast extract (Difco), 
and 5 gm of NaCl/liter at pH 7.0. The phage was inoculated in the 
logarithmically growing bacterial culture at 37°C on a rotary shaker, at 
a concentration of 1 plaque forming unit (pfu)/bacterium. When the 
initially turbid culture had cleared, chloroform was added and shaking 
continued for 15 min. The culture was left 12 hr at 4°C and then 
centrifuged (6000 x g, 15 min). The pellet was resuspended in 0.1 M 

Tris-HCl. oH 7.5. containine 0.1% NH,OH and 0.5% NaCl. 
In some’ instances, further purifica<on of the bacteriophage was 

achieved by centrifugation on a two steps gradient of CsCl (cesium 
chloride) with densities of 1.3 and 1.6 gm/ml prepared in Tris buffer. 
The phage preparation was layered over the two layers and centrifuged 
at 90,000 x g for 1.5 hr. and collected from the interface between the 
middle and the lower thirds of the gradient and dialyzed against PBS 
at 4°C. 

Purification of soluble Endo-N was conducted essentially as described 
by Hallenbeck et al. (1987). The phage lysate was brought to 50% sat- 
uration with (NH&SO, and stirred for 12 hr at 4°C. 

The pellet was collected by centrifugation (6000 x g, 30 min), re- 
suspended in 50 mM Tris pH 7.4 containing 0.5 mM EDTA and 0.2 
rnM phenylmethylsulfonyl chloride, and sedimented at 24,000 x g for 
25 min. The pellet was reextracted to recover Endo-N activity retained. 
The supernatants were pooled and centrifuged at 130,000 x g for 90 
min, and then heated at 55°C for 25 min and immediately centrifuged 
at 24,000 x g for 20 min at 4°C. The resulting supernatant was brought 
to 25% saturation with (NHJSO,, stirred, and centrifuged at 24,000 
x g for 15 min, and the supernatant was then brought to 40% saturation 
and centrifuged as above. The pellet was dissolved in a minimal volume 
of 20 rnM Tris pH 7.5 containing 0.5 mM EDTA and dialyzed against 
the same buffer. This fraction contained concentrated soluble Endo-N 
that can be stored at -20°C. 

Purification to homogeneity was obtained by hydrophobic chroma- 
tography on octyl-Sepharose, followed by hydroxyapatite DEAE double 
column chromatography as described by Hallenbeck et al., 1987. Total 
enzyme activity was found to increase with each purification step fol- 
lowing ammonium sulfate precipitation of proteins. The activity was 
estimated using AtT20 cells expressing PSA-NCAM as a substrate 
(Rougon et al. 1986). Our arbitrary unit was defined as the quantity of 
enzyme able to remove all PSA immunoreactivity (estimated by im- 
munofluorescence staining with anti-Men B antibody) from 10,000 cells 
when incubated for 4 hr at 37°C in 500 ,ul of culture medium. 

The purified preparation used for this study was titrated to be 3 100 
U/mg, with a concentration of protein of 1 mg/ml in the stock solution. 
The purest enzyme preparations were consistently shown to produce a 
single 90 kDa reduced protein band using SDS-PAGE analysis. Purified 
enzyme was stored in 50% glycerol-PBS at -20°C without detectable 
loss of activity over 6 months. 

Endo-N is optimally active at neutral pH and has a strict specificity 
for PSA polymers with a minimum length of five a 2-8 linked sialyl 
residues. The enzyme releases oligomers of seven to nine residues (Vimr 
et al., 1984). Removal of PSA from NCAM was confirmed using both 
immunoblot and immunocytochemistry (not shown). Endo-N treat- 
ment removes PSA from NCAM without altering NCAM. In our ex- 
periments Endo-N was used at a concentration orO.5 U/ml. 

Neurohypophysial cultures. Explant cultures of neural lobe were pre- 
oared from embrvonic (E2 1). newborn (PNO). earlv nostnatal (PN 1. 
PN3 and PN7), and ad& rats’as described previously (‘Dellmann et al.; 
1991). Briefly, the hypophyses were removed with the usual aseptic 
procedures and then placed in a small volume of Dulbecco’s Modified 
Eagle’s Medium (DMEM; GIBCO) containing 100 U/ml penicillin and 
0.15 mg/ml streptomycin or in Gey’s Balanced Salt Solutions. The 
hypophyses were stripped of the meninges and the NH were removed, 
carefully separated from the intermediate lobe, and sectioned into small 

c 

pieces. Tissue pieces were rinsed with fresh DMEM (GIBCO), and placed 
in the center of polylysine-coated coverslips in tissue culture dishes. 
The explant was covered with 1.5 ml of culture medium and incubated 
at 37°C in an atmosphere of 5% CO, and 95% air for the time indicated. 
Cultures were maintained either in serum-containing (10% FCS) or 
serum-free medium. The serum-free medium was prepared by adding 
a supplement mixture (5 fig/ml insulin, 20 &ml transferrin, 20 nM 
progesterone, 100 PM putrescine, 30 nM sodium selenite) to the medium 
(DMEM, GIBCO) (Bottenstein, 1984). For the preparation of condi- 
tioned medium, the cerebral cortices of neonatal (PNO) rat pups were 
dissociated by pipetting, and then cells were collected by centrifugation 
and resuspended in DMEM (GIBCO) containing 10% fetal calf serum, 
plated in culture dishes (100 mm diameter) and incubated at 37°C under 
5% CO1 for 3 d. The culture medium was changed to serum-free medium 
and incubated for 2 additional days, and the medium was collected. 

Efects of Endoneuraminidase N treatment. Four groups of cultures 
were examined. Group 1 included cultures maintained in serum-con- 
taining medium for 76-96 hr. Group 2 included cultures maintained in 
normal, serum-containing medium in the presence of Endo-N (0.5 U/ 
ml) for 40 hr. Group 3 included cultures that were maintained in serum- 
containing medium, in the presence of Endo-N for 40 hr, and then 
rinsed with fresh culture medium, and reincubated with serum-con- 
taining medium for another 36 hr. Group 4 included cultures that were 
maintained in serum-containing medium for 28 hr, and then treated 
with Endo-N for 12 hr, rinsed with fresh cultured medium, and rein- 
cubated with serum-containing medium for another 28 hr. Cell counts 
presented in the text were obtained by sampling of 9-12 coverslips for 
each group in at least three independent experiments. 

Immunocytochemistry. The indirect immunofluorescence technique 
was used to visualize immunoreactivities. For intracellular staining 
(GFAP), cultures were first washed in PBS and fixed in cold (4°C) 4% 
paraformaldehyde in 0.1 M phosphate buffer, PH 7.2, for 1 hr at room 
temperature. Cells were permeabilized with a solution of PBS/O.S% 
BSA/0.3% Triton, and incubated with the primary antibody at 4°C 
overnight. Bound antibodies were revealed with Buorescein-conjugated 
sheep anti-mouse Ig (diluted 1:80; Boehringer) or rhodamine-conjugated 
sheep anti-rabbit IgG (diluted 1:40; Boehringer) secondary antibodies 
(diluted in PBS/O.S% BSA solution). 

For double labeling, surface antigens (PSA-NCAM, A2B5,04, GalC) 
were revealed first on cells fixed as above; then cells were permeabilized 
and incubated with the second primary antibody (GFAP), rinsed, in- 
cubated with rhodamine-conjugated sheep anti-rabbit Ig and fluores- 
cein-conjugated sheep anti-mouse IgG. Using this procedure we found 
consistently a light intracellular staining with surface markers including 
A2B5. Therefore, we repeated experiments with surface labeling on live 
cells prior to fixation and permeabilization. The staining pattern after 
the two different protocols were similar, and results of both methods 
were included in the data presented. Cultures were examined with a 
Zeiss Axiophot fluorescence microscope. 

BrdU incorporation. BrdU (Sigma), which is incorporated into rep- 
licating DNA, was added to cultures in some experiments to a final 
concentration of 10 PM during the first 2 or 4 d of culture. Explants 
were fixed in 70% ethanol at 41°C for 2 hr, treated with 1 N HCl for 
15 min to denature the DNA, and double labeled with anti-BrdU mono- 
clonal antibody and anti-GFAP polyclonal antibody. Labeled cells were 
visualized by immunofluorescence as described above. 

Results 
Ident$cation of glia cells in the outgrowth of 
neurohypophysial explants 
Cellular outgrowth (Fig. 1A) from NH explants was first ob- 
served after 24 hr in culture; cells continued to move out until 
forming a continuous monolayer by 6-10 d. To determine cell 
phenotypes, we used initially cultures kept in serum-comple- 

Figure 1. Morphologies of astrocytes in the cellular outgrowths of NH explants from newborn rats. Cultures were maintained in serum-comple- 
mented medium for 2-3 d. Cells were double stained with GFAP and A2B5 antibodies and then incubated with the appropriate secondary antibodies 
conjugated to fluorescein or rhodamine. A, Low-power photomicrograph of an explant with a substantial number of GFAP-positive cells in the 
outgrowth. B, GFAP-positive, flat, presumed type 1 astrocytes. C, GFAP-positive, stellate-shaped, presumed type 2 astrocytes. D-F, Stellate-shaped 
astrocytes are intensively stained for both GFAP (D) and A2B5 (E). G-I, Presumed progenitor cells with mainly bipolar morphology are double 
stained for GFAP (G) and A2B5 (EI). Magnification: A, 94 x ; B, 370 x ; C-Z, 234 x . 
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Figure 2. GFAP (A) and vimentin (B) immunoreactivity in cells migrated from an explant of PNO. A number of cells are double labeled with 
GFAP and vimentin (double arrows. arrowheads). GFAP staining is prominent in cells with branched processes (presumed type 2 astrocytes) but 
display a low level of vimentin immunoreactivity (double arrows). Vimentin staining is lacking in distal processes of these cells (open arrowheads). 
In contrast, most cells with round or bipolar morphology show intense staining for vimentin but exhibit a very low level of GFAP staining 
(arrowheads). Large epithelioid cells are GFAP negative and vimentin positive (arrows). Magnification, 260 x . 

mented milieu for 3 d and then fixed and processed for im- 
munocytochemistry. Migrating cells were characterized both by 
morphology and double immunostaining using antibodies against 
the well-established astrocyte markers GFAP (Eng et al., 197 1; 
Bignami and Dahl, 1974) and A2B5 (Abney et al., 198 1). The 
outgrowth comprised both GFAP-negative and-positive cells. 
Most GFAP-negative cells were of polygonal or epithelioid shape, 
and stained positively for fibronectin (not shown). Two types 
of GFAP-positive cells could be distinguished: flat, epithelioid 
cells presumed to be type 1 astrocytes (Fig. 1B) and multipolar 
stellate cells (Fig. 1 C). During the first 3 d in culture, virtually 
all stellate cells stained positively for both GFAP and A2B5 
(Fig. l&F), suggesting that they correspond to the previously 
described type 2 astrocytes (Abney et al., 198 1). At later times, 
A2B5 staining of GFAP-positive, stellate cells progressively de- 
creased and completely disappeared after 6 d in vitro (data not 
shown). No colocalization of GFAP and A2B5 was detected in 
epithelioid-shaped type 1 astrocytes. 

A third type of cells, immunostained for A2B5 as well as for 
GFAP, was also identified (Fig. 1 G-Z). These cells were distin- 
guished by the light and diffuse GFAP staining in their cyto- 
plasm (as opposed to the fibrillary appearance of GFAP staining 
in type 1 and 2 astrocytes) and their morphology: most of these 
cells were small, round or had a bipolar or unipolar morphology 
although occasionally multipolar cells were also found. This 
third type of cell was predominant during the first and second 
days of the culture and was most abundant in the vicinity of 
the explant. Since A2B5 is an established marker for O-2A 
oligodendrocyte progenitors and since the morphology of these 
cells is characteristic for nondifferentiated cells, we propose that 
they are O-2A progenitors. To characterize further the presumed 
O-2A progenitors, we double stained cultures for vimentin 
(known to be expressed by O-2A cells) and GFAP (Fig. 2AJ). 
We found that most cells with round or bipolar morphology 
were double stained for vimentin and GFAP. The intensity of 
the two stainings was inversely related: cells with simple round 
or bipolar morphology contained high vimentin and much less 
GFAP immunoreactivity, while multipolar or stellate cells were 
heavily labeled for GFAP but displayed a light immunostaining 
for vimentin. Based on the fact that progenitor type cells were 

weakly GFAP positive, and accompanied by a large number of 
type 2 astrocytes, we postulate that under our culture conditions 
(in serum-complemented medium) presumed precursor cells were 
already committed to differentiate into type 2 astrocytes. 

Cells of the 0-2A lineage are present in the cultured explant 
To test the hypothesis that O-2A progenitors are present in the 
cellular outgrowths of the NH, we set up culture conditions in 
which progenitors should develop to oligodendrocytes (see in- 
troductory remarks). Cultures were maintained for 1 d in serum- 
complemented and then 2 d in serum-free chemically defined 
medium, or alternatively during the whole (3 d) culture period 
in serum-free conditioned medium (see Materials and Methods). 
Under these conditions, bipolar cells appeared first in the out- 
growth zone; then these cells rapidly differentiate into highly 
branched oligodendrocyte-like cells (Fig. 3A,B). Two different 
markers were used to identify the oligodendrocyte lineage: 04 
for immature oligodendrocytes and GalC for mature oligoden- 
drocytes. No 04- or GalC-positive cells were detected in cultures 
with serum-complemented medium. In contrast, cultures main- 
tained in serum-free medium contained a large number of 04- 
and GalC-positive cells (Fig. 3). 04-positive cells had a bipolar 
or multipolar morphology (Fig. 3C,D) while GalC-immuno- 
reactive cells often had characteristic highly branched processes 
(Fig. 3E,F,b. In addition, 04-but not GalC-positive cells dis- 
played light and diffuse GFAP staining. Type 2 astrocytes were 
only occasionally seen in these cultures. Thus, presumed O-2A 
precursors from the NH seem to be bipotential, as are the O-2A 
cells described in the rat optic nerve (Raff et al., 1983). 

Hypophysial O-2A cells are not present at all developmental 
stages 
To investigate whether the presence of O-2A progenitor cells 
depends on the developmental stage of the NH, explant cultures 
of different perinatal and early postnatal age were maintained 
in serum-complemented medium and then double stained for 
GFAP and A2B5. Since virtually all type 2 astrocytes and pre- 
cursor cells were immunostained for A2B5 and GFAP during 
the first 3 d in culture, we performed a quantitative analysis on 
explants that were maintained for 3 d in vitro. Data in Table 1 
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Figure 3. Morphologies of oligodendrocytes in the cellular outgrowths of NH cultured in serum-free medium for 2-3 d. A and B, Phase-contrast 
photomicrographs of a live NH explant from PNO after 2 d (A) and 3 d (B) in serum-free medium. Note the presence of presumed progenitor cells 
with bipolar morphology in the early phase (A) of the culture, and the number of process-bearing cells 1 d later (B). 130 x . C and D, Immature 
oligodendrocytes from explants cultured for 2 d are intensively stained for both 04 (C) and GFAP (D). E and F, Mature oligodendrocytes from 
explants cultured for 3 d are immunostained for GalC (E). Magnification: A and B, 130 x ; C-F, 260 x 

shows the relative abundance (%) of the type 1 (flat, A2B5-/ 
GFAP+), the type 2 astrocytes (stellate, A2BS+/GFAP+) and 
the O-2A precursor (round or bipolar, GFAP+( -)/A2B5 +) cells 
in the cellular outgrowth of NH explants taken from animals at 
different stages of the development. At perinatal age cells of the 
O-2A cell lineage (precursor type and type 2 astrocyte) appeared 
to be predominant. In contrast, after postnatal day 3, virtually 
all GFAP-positive cells were type 1, flat GFAP-positive astro- 
cytes and no type 2 astrocytes were detected in the cellular 
outgrowths, though a substantial number of precursor type cell 
were still present. Taken together these results indicate that NH 
explants of a specific developmental period, which includes the 

perinatal age until postnatal day 3, generates cellular outgrowths 
that are highly enriched in cells of the O-2A lineage. Since O-2A 
progenitor cells but neither type 2 astrocytes nor oligodendro- 
cytes are described as highly motile cells, we postulated that 
progenitor cells move out from the explants and rapidly differ- 
entiate into type 2 astrocytes or oligodendrocytes depending on 
the presence or absence of serum in the culture medium. 

The majority of cells from the 0-2A hneage underwent their 
last division in vivo 

To determine whether cells of the O-2A lineage are newly formed 
in culture, or residents of the NH in vivo, NH explants of PNO 
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Figure 4. PSA-NCAM immunoreactivity in cells of the O-2A lineage. A and B, PSA-positive, mostly bipolar ceils from an explant of PNO that 
was cultured in serum-complemented medium for 24 hr. C and D, Immature type 2 astrocytes after 36 hr in culture are immunostained for PSA 
(C) and GFAP (D). E and F, Stellate-shaped, presumed type 2 astrocytes after 76 hr in culture are immunostained for PSA (E) and the NCAM 
protein core (0. Magnification, 260 x . 

were exposed to BrdU during the first 2 d of culture, and then 
fixed and processed for immunocytochemistry. Cells that con- 
tained incorporated BrdU were identified by the presence of 
immunofluorescence over their nuclei. A substantial number of 
BrdU-labeled nuclei were found within the explant, but only a 
few scattered cells were labeled in the cellular outgrowth (data 
not shown). GFAP-positive cells (usually 1 O-20) present in the 
vicinity of the explant, were always negative for BrdU. When 
explants were cultured for 4 d in the presence of BrdU, extensive 
labeling was observed mainly in peripheral zones of the cellular 
outgrowth. From an average of 61 f 10 (mean * SEM, IZ = 3 
experiments) BrdU-labeled cells per explant, 3% were found to 

be also GFAP positive. This represented less than 7% of the 
total GFAP-stained population. The average number of glial 
cells migrating out of the explant was similar whether the culture 
medium contained or lacked BrdU, indicating that the presence 
of BrdU did not influence the differentiation or survival of cells. 
These results indicate that the majority of cells of the O-2A 
lineage are not newly formed in culture but resident of the NH 
in vivo. 

PSA-NCAM expression in migrating &al cells 

To correlate the expression of different forms of NCAM with 
glia cell types in the cellular outgrowth, cultures of perinatal NH 
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Figure 5. Effect of 40 hr Endo-N treatment on the cellular outgrowths of explants from PNO NH. The presence of the enzyme in the culture 
medium has blocked completely the migration of GFAP-positive type 2 astrocytes and precursors (A), whereas the outgrowth of non-GFAP-positive 
cells was not affected (B). Note the presence of intense GFAP staining within the explant (A). The effect of Endo-N on the migration of the O-2A 
lineage population is reversible; GFAP-positive cells were readily detectable in the migratory population 36 h after cessation of the enzymatic 
treatment (C, D). Magnification, 260 x . 

were maintained in serum-complemented medium from 3 to 6 
d and then fixed and double immunostained either with anti- 
bodies against PSA and GFAP or against total NCAM and 
GFAP. A monoclonal antibody, which recognizes the PSA struc- 
ture characteristic of polysialylated isoforms of NCAM, re- 
vealed immunoreactivity mainly on the surface of small bipolar 
cells in the proximity of the explant (Fig. 4AJ). In addition, 
strong PSA immunostaining was detected at the periphery of 
the explanted tissue (Fig. 4A,c). After 2 d in serum-comple- 
mented medium, these cells acquired a multipolar morphology 
and displayed immunostaining for PSA as well as GFAP (Fig. 
4C, D). PSA immunoreactivity on the surface of type 2 astrocytes 
gradually decreased and was hardly detectable by the fourth 
day. No PSA immunoreactivity was observed on the surface of 
type 1 astrocytes or on GFAP-negative epithelioid cells. Colo- 
calization of PSA and total NCAM showed that PSA-positive 
cells were always immunoreactive for total NCAM (Fig. 4EJ). 
These results indicate, in agreement with previous data (Trotter 
et al., 1989), that O-2A precursors express the highly sialylated 
form of NCAM, and that PSA is lost as the precursor cell mat- 
urates. 

The enzymatic removal of PSA blocks the migration of 0-2A 
lineage cells from NH explants 
Previous reports indicated that the enzyme endoneuraminidase 
(Endo-N) is very effective in removing o( 2-8 linked PSA from 

NCAM (Rutishauser et al., 1985). To test the possible role of 
PSA in migration of O-2A progenitors, explants of the NH were 
cultured in serum-complemented medium in the presence of 
Endo-N for 40 hr, and then fixed and double immunostained 
either for GFAP/A2BS, or GFAP/PSA. For these experiments 
we used only NH of PNO because virtually all GFAP-positive 
cells in the outgrowths belong to the O-2A lineage (see Table 
1). In control cultures (untreated with the enzyme) an average 
of 42 * 6 (mean +- SEM, n = 3 experiments) GFAP/A2B5- 

Table 1. Number of GFAP-positive cells in the cellular outgrowth 

Age of 
explant Type 1 Type 2 Precursor 

E21 1 + 0.6 (1%) 35 * 5.0 (49%) 36 + 7 (50%) 

PNO 2 k 0.9 (3%) 35 + 4.0 (47%) 37 +- 6 (50%) 

PNl 6 k 1.0 (6%) 45 k 4.0 (49%) 41 k 3 (45%) 

PN3 17 f 2.0 (46%) 1 t 0.4 (3%) 19 * 7 (51%) 
PN7 16 + 5.0 (62%) 1 t 0.2 (3%) 9 + 3 (35%) 

Adult 13 L 2.0 (93%) 1 t 0.4 (7%) 0 

Neurohypophysial explants cultured for 3 d in serum-complemented medium were 
double stamed for A2B5 and GFAP. Cell types were distinguished as follows: type 
1, flat, eplthelial shape, GFAP+/A2B5-, type 2, stellate shape, GFAP+/A2BS+; 
progenitor, round or bipolar shape, A2B5 +/GFAP+( -). Numbers (mean k SEM) 
were obtamed by countmg cells on at least seven different coverslips, from n = 3 
separate experiments for each time point. 
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CONTRO L ENDO-N 

Experimental Protocol 

Endo-N 

Figure 6. Sequential photography showing the effect of 12 hr transient Endo-N treatment on the cellular outgrowth. Phase-contrast photomicro- 
graphs of a representative control and a treated live explant were taken after 28, 40, and 68 hr in culture. The Endo-N treated group was initially 
cultured in normal medium, subsequently treated with the enzyme for 12 hr, and then cultured again in normal medium without the enzyme for 
an additional 28 hr. In the control, there is a continuous expansion of the outgrowth zone throughout the 68 hr culture period (4-C). Inclusion of 
Endo-N in the medium produces a complete but reversible blockade of cell migration (E, F). Magnification, 64 x . 
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positive cells were seen in the outgrowth, among which about 
19 f 7 (n = 3) were PSA positive. There was no PSA-positive, 
GFAP-negative cell in the outgrowth region. 

In cultures treated with Endo-N, there was a complete absence 
of PSA-positive cells in the outgrowth (data not shown); this 
disappearance of PSA-positive cells correlated with an absence 
ofA2BS/GFAP-positive type 2 astrocytes (Fig. 54,B). The treat- 
ment also eliminated PSA staining within the explant while that 
of total NCAM and GFAP were not affected (Fig. 54,B). These 
effects of Endo-N treatment were reproducible and specific: the 
enzymatic treatment did not appear to influence the migration 
of other cells either negative (Fig. 5A,B) or positive [an average 
of 6 -t 1 (n = 3) type 1 astrocytes were observed around the 
explant] for GFAP. Moreover, when the same experiment was 
conducted on cultures prepared from PN6, type 1 astrocytes 
characterized by their morphology and GFAP staining were still 
coming out ofthe explant (data not shown); therefore, the action 
of Endo-N seems to affect only PSA-positive cells, which are, 
in our model, mainly O-2A progenitor cells. 

To exclude the possibility that a selective death of the pro- 
genitor due to the enzymatic treatment was responsible for the 
absence of O-2A lineage cells in the cellular outgrowth, we tested 
the reversibility of the effect of Endo-N. Cultures were treated 
for 40 hr with Endo-N, and then washed and maintained in 
serum-complemented medium without enzyme for an addi- 
tional 36 hr. In these cultures GFAP/A2BS-positive type 2 as- 
trocytes were readily detectable [an average of 10 f 1 (n = 3) 
cells per explant] in the outgrowth region (Fig. 5C,D). In an 
other series ofexperiments, the enzymatic treatment was started 
on the second day of culture, when various numbers of progen- 
itor type cells were already present in the migratory zone (Fig. 
6). The expansion of the cellular outgrowth has been completely 
arrested during the period of 12 hr Endo-N treatment, as com- 
pared to controls (Fig. 6E); however, upon removal of the en- 
zyme, cells started to migrate again, producing a significant in- 
crease of the outgrowth zone (Fig. 60. Thus, the enzyme did 
not influence the viability of cells. 

Discussion 
In viva as well as cell culture experiments have shown that O-2A 
progenitor cells but not oligodendrocytes, or type 2 astrocytes, 
are highly motile (Lachapelle et al., 1984; Wolf et al., 1986; 
Small et al., 1987; Balaban and Small, 1989). In the present 
study we demonstrate that CY 2-8 linked PSA expression is nec- 
essary for O-2A progenitor migration. The experimental evi- 
dence includes the following: (1) PSA immunoreactivity is spe- 
cifically expressed on the surface of O-2A progenitors; (2) 
removing the PSA by Endo-N treatment prevents the migration 
of these cells but not that of PSA-negative cells (fibroblast, type 
1 astrocytes); (3) this effect is reversible; that is, cells of the O-2A 
lineage become detectable in the migrating population upon 
cessation of Endo-N treatment. These findings may be relevant 
to the migration of O-2A progenitors during in vivo myelin 
formation. 

Cells of the O-2A lineage are most frequently obtained from 
perinatal optic nerves, but they have also been characterized 
from various other brain structures including the cerebral cortex 
(Behar et al., 1988; Levine, 1989), brainstem (Dutly and Schwab, 
199 l), or cerebellum (Levi et al., 1986). In this study we show 
that explant cultures of the rat NH can also be used to obtain 
these cells: individual cells are rapidly dispersed from explants 

of perinatal age and cells of the O-2A lineage predominate in 
this migrating cell population. Our evidence is based on the 
following observations. First, the presumed progenitor cells were 
A2B5, vimentin immunoreactive and exhibited a morphology 
analogous to what has been described for O-2A cells isolated 
from the optic nerve (see Raff, 1989, for review). Second, in the 
presence of serum, these cells were accompanied by type 2 as- 
trocytes, whereas in serum-free medium type 2 astrocytes were 
replaced by oligodendrocytes or 04-positive immature forms 
of oligodendrocytes. Thus, similarly to O-2A precursor from 
the rat optic nerve, progenitor cells from the perinatal NH are 
bipotential. Previous studies have suggested that type 2 astro- 
cytes in cultures of hypothalamic cells could also be derived 
from large epithelioid-shaped, type 1 astrocytes (Madarasz et 
al., 1991). This is probably not the case in our culture model, 
since type 2 astrocytes as well as other O-2A lineage cells were 
found only in a specific developmental period including E21 
and PN3, when type 1 astrocytes were virtually absent in the 
migratory population. It is equally unlikely that type 2 astrocytes 
are derived from type 1 astrocytes inside the explant and then 
spread away from the explants, since type 2 astrocytes are not 
motile cells (Small et al., 1987). Finally, the fact that the en- 
zymatic removal of PSA resulted in a simultaneous disappear- 
ance of the progenitor and type 2 astrocytes in the outgrowth 
(see Results) further confirms the developmental relationship 
between the two cell types. 

We found that virtually all A2B5-positive O-2A progenitor 
cells as well as 04-positive immature oligodendrocytes from 
NH cultures express GFAP immunoreactivity. This is in ap- 
parent contradiction with the widely accepted view that O-2A 
cells as well as oligodendrocytes are GFAP negative, though a 
small number of isolated cells from different brain regions have 
been shown to coexpress GFAP and 04 (Sommer and Schach- 
ner, 1981; Levi et al., 1986; Lillien et al., 1988; Trotter and 
Schachner, 1989; Vaysse and Goldman, 1990; Dutly and Schwab, 
199 1). Based on these observations, it has been proposed that 
O-2A progenitor may transiently express GFAP before going 
on to become oligodendrocytes (Lillien and Raff, 1990). Our 
finding that the large majority of precursor cells and 04-positive 
cells are GFAP positive might reflect their in vivo commitment 
toward the astrocytic phenotype. Thus, it is possible that pi- 
tuicytes, or at least some of them, could develop from O-2A 
progenitors. This possibility is supported by the observation 
that O-2A progenitors are present during a specific develop- 
mental period (see Table 1) that corresponds to the time when 
pituicytes differentiate in vivo (Galabov and Schiebler, 1978). 
Since the NH is highly vascularized and lacks a blood-brain 
barrier, it is feasible that serum-derived factors necessary for 
the differentiation of O-2A cells into type 2 astrocyte are made 
available through the fenestrated capillaries. However, we can- 
not exclude the possibility that the explantation procedure may 
release growth factors such as ciliary neurotrophic factor, which 
in turn increases GFAP expression in progenitors. Whatever the 
case, our results raise the possibility that astrocytes developed 
for O-2A progenitors may have an important role in neuroen- 
docrine organs such as the NH. 

We have demonstrated that enzymatic treatment with Endo-N 
results in a complete and specific blockage of O-2A lineage 
migration from explants. Previous studies have conclusively 
shown that Endo-N-induced effects can be attributed to the 
removal of PSA from NCAM (Rutishauser et al., 1985; Zhang 
et al., 1992). Indeed, we observed after Endo-N treatment a 
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virtually complete elimination of PSA immunoreactivity (see 
Results). The enzyme was shown to degrade rapidly and spe- 
cifically linear homopolymers of sialic acid with o( 2-8 linkage, 
which reauires a minimum chain length ofseven to nine residues 
(Vimr et al., 1984). In the nervous &stem, o( 2-8 polysialic acid 
glycans with chain length in excess of 10 sialosyl residues have 
so far been described in association predominantly with NCAM, 
although a recent study suggests that sodium channels may also 
carry homopolymers of 01 2-8 linked PSA (Zuber et al., 1992). 
The observation that dispersion of non-PSA-expressing cells 
(type 1 astrocytes or fibroblast) from explants (see Results) was 
not affected by Endo-N further confirms the specificity of the 
enzymatic treatment. 
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