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Abstract 

The role of the matrix glycoprotein fibronectin in the formation of the external granular layer of 
the developing mouse cerebellum was investigated by in vitro studies of the binding of cerebellar 
cells to a fibronectin-coated culture substratum and by in viva immunocytochemical localization of 
antiplasma fibronectin antiserum in cerebellar tissue. 

The adhesion of cells dissociated from embryonic and early postnatal mouse cerebellum is 
developmental stage-specific when the cells are plated on tissue culture substrata derivatized with 
human plasma fibronectin. Cells dissociated from mouse cerebellum at embryonic day 13 form 
cellular aggregates on insoluble plasma fibronectin. In contrast, cells dissociated from embryonic 
day 16 through postnatal day 7 cerebellum form a monolayer. Time-lapse video recordings reveal 
extensive cell movement of late embryonic and early postnatal cerebelIar cells on insoluble plasma 
fibronectin. Late embryonic and early postnatal cerebellar cells bind to fibronectin but do not 
degrade the fibronectin substratum. 

Immunocytochemical studies of the binding of antiplasma fibronectin antisera to cryostat sections 
of intact embryonic and early postnatal cerebellar tissue reveal a brightly stained region of 
endogenous fibronectin along the route of granule cell migration from the lateral caudal part of the 
neuroepithelium lining the fourth ventricle up onto the external surface of the cerebellar anlage. 
When the formation of the external granular layer is completed, the intense region of fibronectin is 
no longer visible. 

In the developing mammalian brain, extensive cell 
movements and specific cell contacts establish the basic 
form of the tissue (Sidman and Rakic, 1973). Although 
the specific cell-cell interactions which appear to guide 
the final positioning of some neurons have been studied 
extensively, the mechanisms which guide the large scale 
cell movements characteristic of early stages of brain 
histogenesis have not been addressed. One potential guid- 
ance system is the extracellular matrix-glycosaminogly- 
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cans and secreted, large cell surface glycoproteins (Toole, 
1976). 

The cerebellum is one of the easiest brain regions to 
study, chiefly because it has a limited number of cell 
types and their sites of origin, pathways of cell migration, 
and synaptic contacts have been described (Miale and 
Sidman, 1961; Sidman and Rakic, 1973; Palay and Chan- 
Palay, 1974). The migration of the granule cell, the most 
numerous neuron in the cerebellum, occurs in two stages. 
The first stage is a massive movement of proliferative 
granule cells, beginning at about embryonic day 13 
(E13),4 anteromedially from the lateral caudal portion of 
the cerebellar neuroepithelium, where they are gener- 

4 The abbreviations used are: AbCIG, antiserum against human cold- 

insoluble globulin (plasma fibronectin); BME, basal medium, Eagle’s; 
BSA, bovine serum albumin; CIG, human cold-insoluble globulin 
(plasma fibronectin); El3 and E16, embryonic days 13 and 16; FITC, 
fluorescein isothiocyanate-conjugated; PO, P3, P4, P5, and P7, postnatal 

days 0,3,4,5, and 7; PBS, phosphate-buffered saline (0.2 M phosphate); 
TCA, trichloroacetic acid. 
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ated, onto and across the external surface of the cerebel- 
lar anlage. By birth, a thin layer of external granule cells 
(EGL) populates the external surface of the cerebellum 
(Miale and Sidman, 1961; Sidman and Rakic, 1973; Alt- 
man and Bayer, 1978). 

The second stage occurs postnatally. Individual, post- 
mitotic external granule cells leave the EGL and descend 
into the deeper layers of the cortex, apparently using 
Bergmann glial fibers as a guide (Rakic, 1971; Rakic and 
Sidman, 1973; Levitt and Rakic, 1980). Although the 
second stage has been well studied, the mechanism that 
guides the emerging precursor granule cells from the 
rhombic lip onto the outer pial surface of the cerebellar 
anlage is not known. 

Cellular fibronectin is a major surface glycoprotein of 
a wide variety of non-neuronal cells (Hynes, 1976; Ya- 
mada and Olden, 1978; Vaheri and Mosher, 1978; Pearl- 
stein et al., 1980; Schachner et al., 1978) which promotes 
cell adhesion and cell spreading (Yamada and Kennedy, 
1979; Rauvala et al., 1981). Plasma fibronectin (GIG) is 
similar to cellular fibronectin in electrophoretic mobility, 
subunit structure, and composition (Balian et al., 1979; 
Vuento et al., 1977; Alexander et al., 1978, 1979) and is 
immunologically indistinguishable from cellular fibronec- 
tin by cross-inhibition assays (Balian et al., 1979; Ruos- 
lahti and Vaheri, 1975). Both fibronectins promote the 
adhesion of baby hamster kidney cells to tissue culture 
substrata (Yamada and Kennedy, 1979). 

The present study analyzes the mechanisms involved 
in the initial formation of the cerebellar external granular 
layer. The efficacy of insoluble plasma fibronectin as a 
substrate has been evaluated for the adhesion of cells 
dissociated from mouse cerebellum at developmental 
stages just prior to, during, and immediately after the 
formation of the EGL. In addition, immunocytochemical 
localization of fibronectin in vivo, previously reported for 
postnatal and adult cerebellum (Schachner et al., 1978; 
Minier et al., 1981), has been carried out with embryonic 
and early postnatal cerebellar tissue to determine 
whether endogenous fibronectin is present along the 
route of precursor granule cell movement. 

Materials and Methods 

Coupling ofplasma fibronectin to microwell surfaces. 
Plasma fibronectin was isolated as described (Furie and 
Rifkin, 1980) and coupled to Microtest Plate I microwell 
culture plate surfaces (Falcon, No. 3034) with carbodi- 
imide (1-cyclohexyl-3-(2-morpholinoethyl)-carbodi-im- 
ide metho-p-toulenesulfonate) by the procedure de- 
scribed for lectins (Hatten and Francois, 1981). In brief, 
an aqueous solution of carbodi-imide (100 pg/ml) con- 
taining fibronectin (10 to 100 pg/ml) was added to each 
microwell (10 ~1, pH 6.5, 2O”C, 2 l-n-); the plates were 
washed three times with distilled water, air-dried, steri- 
lized by short wave ultraviolet irradiation (30 to 60 min, 
2O”C), and used immediately for cell culture assays. 

‘251-Plasma fibronectin was prepared by the chlora- 
mine T method (Freeman, 1967) and was separated from 
free 1251 by chromatography with Sephadex G-25 and by 
dialysis. The specific activity of labeled plasma fibronec- 
tin was 1.2 x lo4 cpm/pg. The amount of 1251-labeled 
fibronectin coupled to the tissue culture substratum was 

measured by the method described for lectins (Hatten 
and Francois, 1981). The amount of 1251-fibronectin re- 
leased from the substratum into the culture medium or 
into cerebellar cell cultures was assayed as described for 
lectins (Hatten and Francois, 1981). Precipitation with 
trichloroacetic acid (TCA, 10% in bovine serum albumin 
(BSA), 1 mg/ml, 30 min, 4°C) was carried out to quan- 
titate the fraction of counts bound to protein. 

Cerebellar cell cultures. All studies were carried out 
with C57BL/6J mice derived from a breeding colony in 
this department. Females were checked daily for the 
presence of vaginal plugs; the day of impregnation was 
EO. Cell culture experiments were carried out with cere- 
bellar tissue from embryonic days 13 and 16 (El3 and 
E16) and from postnatal days 0 (PO, birth), 3 (P3), 4 (P4), 
5 (P5), and 7 (P7). The majority of the experiments were 
carried out with E13, PO, and P7 cerebellar tissue. 

CerebelIar tissue was removed by dissection and single 
cell suspensions were prepared as described (Hatten and 
Sidman, 1978; Hatten and Francois, 1981). In some ex- 
periments, cells were plated in medium lacking serum or 
in medium supplemented with serum that had been 
depleted of CIG by gelatin affinity chromatography (Fu- 
rie and Rifkin, 1980). The final plating density was 0.8 to 
2.5 X lo6 cells/ml. Cell viability prior to plating was ~85% 
as measured by exclusion of the dye trypan blue (0.4%, 
Grand Island Biological Co.). 

Two parameters were measured in each experiment. 
First, plating efficiency was measured as described (Hat- 
ten and Francois, 1981), and second, cell attachment was 
assessed by phase contrast microscopy. 

For each experiment, three controls (6 microwell cul- 
tures each) were carried out. Cells were plated on un- 
treated microwell surfaces, microwell surfaces treated 
with carbodi-imide (100 pg/ml) or microwell surfaces 
treated with poly-n-lysine (Hatten and Sidman, 1978). In 
some experiments, cells were plated on microwell sur- 
faces treated with plasma fibronectin (50 pg/ml) in the 
absence of carbodi-imide. 

Specific inhibition of cell attachment to fibronectin- 
coated surfaces was measured by plating cells in the 
presence of antiserum raised against plasma fibronectin 
or against bovine serum albumin (l:lO, 1:50, l:lOO, 1:500, 
l:lOOO, or 1:2000 dilution). In some experiments, the 
antiserum (AbCIG) was added to the culture medium. In 
other experiments, AbCIG (1:lOO or 1:50) was added to 
fibronectin-coated wells for 2 hr at 35.5”C; the plate was 
washed three times with phosphate-buffered saline 
(PBS) to remove unbound AbCIG and used for adhesion 
experiments. In other experiments, the cell suspension 
was agitated gently in medium supplemented with 
AbCIG (1:50 or 1:lOO) for 2 hr at 35.5”C, washed three 
times with PBS, and plated on a fibronectin-coated mi- 
crowell surface. In all experiments, some wells were 
plated with cells suspended in medium supplemented 
with AbCIG and other wells were plated with cells sus- 
pended in medium lacking AbCIG. 

In total, more than 20 litters of embryos and 75 post- 
natal animals were studied. More than 500 microwell 
cultures were carried out to assay cerebellar cell adhesion 
to fibronectin-coated microwell surfaces. 

In vitro cell migration assay. Cell migration on plasma 
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libronectin-derivatized culture substrata was assayed by 
time-lapse video recording. A Leitz Diavert microscope 
fitted with fiber optic illumination was mounted in a 
Plexiglas chamber fitted with a Yellow Springs Instru- 
ments (model 22) proportional temperature controller. 
Humidity was 100%. An RCA TC 1005 television monitor 
was mounted on the microscope and time-lapse (1:108) 
recordings were made with a Panasonic (NV8030) re- 
corder and time-date generator (VICON). 

For migration assays, cells dissociated from E16, PO, 
P4, or P7 cerebellar tissue were plated in Eagle’s basal 
medium (BME) with Hanks’ salts (Flow Laboratories, 
McClean, VA) and HEPES buffer (10 mM, Sigma, St. 
Louis, MO). 

Preparation of antiserum againstplasma fibronectin. 
Human plasma fibronectin (CIG) was purified by gelatin 
affinity chromatography as described (Furie and Rifkin, 
1980) and by sodium dodecyl sulfate-gel electrophoresis. 
The plasma fibronectin band (it& = 250,000) was cut out 
of the gel, mixed with Freund’s complete adjuvant, and 
injected into rabbits. Antisera against plasma tibronectin 
(AbCIG) gave a single line of identity against CIG in 
immunoelectrophoresis tests (data not shown). To assess 
the specificity of AbCIG for immunocytochemical pro- 
cedures, the antiserum (1:lOO) was absorbed with CIG 
(200 pg/ml) overnight at 4°C. 

Immunocytochemicalprocedures. Postnatal mice were 
killed by decapitation and the whole brain was removed 
and frozen on dry ice. Whole embryos were removed and 
frozen on dry ice. Sagittal sections (6 to 8 ,um) of El3 to 
P7 cerebellum were cut with an American Optical cryo- 
stat and thawed onto gelatin-coated slides. Sag&al sec- 
tions of adult cerebellum were thawed onto untreated 
slides. 

Sections were fixed in paraformaldehyde (4% in PBS, 
30 min, 20°C), pretreated with goat serum (l:lO, 100 ~1, 
30 min, 2O”C), washed three times with PBS (100 ~1, 10 
min, 2O”C), and treated with antiplasma fibronectin rab- 
bit antibody (l:lOO, 30 min, 20°C). The antibody was 
removed and the sections were washed three times (100 
~1 of PBS, 10 min, 2O’C) prior to the addition of fluores- 
cein isothiocyanate-conjugated goat anti-rabbit antise- 
rum (100 ~1, 1:200, 30 min, 20°C). The sections were 
washed three times with PBS (100 ~1, 10 min, 20°C) and 
a coverslip was mounted in polyvinyl alcohol (16% w/v, 
type III, Sigma, St. Louis, MO) in 33% (v/v) glycerol 
(PBS containing 0.1% sodium azide), final pH 7.2. All 
steps were carried out in a humidified chamber. 

Specific inhibition of antiplasma fibronectin antiserum 
binding was measured by treating sections either with 
antiserum (1:lOO) preabsorbed with plasma fibronectin 
(200 pg, 12 hr, 4°C) or with preimmune serum. Nonspe- 
cific staining from goat serum was assessed by adding 
FITC goat anti-rabbit serum to sections treated as de- 
scribed except that the addition of anti-fibronectin anti- 
serum was omitted. 

We grossly oriented the cerebellum in cryostat sections 
of early embryonic tissue with phase contrast microscopy 
by locating the spinal cord and following the embryo 
rostrally until the choroid plexus, a structural landmark 
of the ventricular face of the cerebellar anlage, was 
located. The binding of AbCIG was visualized with epi- 

fluorescent illumination of the section. In cryostat sec- 
tions of late embryonic and early postnatal animals, the 
cerebellum was located by phase contrast microscopy 
and the binding of AbCIG was visualized with epifluores- 
cent illumination. 

Fluorescence was measured with a Leitz Ortholux mi- 
croscope fitted with a Zeiss x 25 Plan Neofluor (numer- 
ical aperture, 0.8) water-oil immersion lens, epifluoresc- 
ence illumination, an RCA image intensifier camera 
(RCA TC 1030H), and an Ikegami television monitor. 
Measurements were recorded with a Panasonic video 
tape recorder (model NV8030). All photographs were 
made from video tape recordings displayed on the tele- 
vision monitor (1 set, f/18, Kodak panatomic film, ASA 
32). 

Results 

Developmental stage-specific attachment of cerebellar 
cells to fibronectin. As reported earlier (Hatten and 
Sidman, 1978; Trenkner and Sidman, 1977), embryonic 
and postnatal cerebellar cells do not adhere to untreated 
microwell surfaces or other tissue culture plastic surfaces. 
In contrast, cells dissociated from embryonic and early 
postnatal mouse cerebellum form a monolayer on poly- 
lysine-treated substrata. The question then was raised as 
to whether cerebelhu cells would adhere to natural ma- 
trix components, such as fibronectin. 

The attachment of cerebellar cells to insoluble plasma 
fibronectin was developmental stage-specific. Cells dis- 
sociated from cerebellar tissue harvested on embryonic 
day 13 (E13) formed cellular aggregates of 500 to 2000 
cells each (Fig. la). No fiber outgrowth was observed 
between cellular aggregates. When plated on fibronectin, 
cell viability was low (25 to 35%), and after 48 to 72 hr, 
extensive cell death was observed by phase contrast 
microscopy. The poor survival of El3 cells on fibronectin 
was consistent with El3 cell behavior on other substrata 
which do not support their adhesion (Hatten, 1981; Hat- 
ten and Francois, 1981). 

In contrast, cells dissociated from cerebellar tissue 
harvested between embryonic day 16 (E16) and postnatal 
day 7 (P7) formed a monolayer with 95% plating effi- 
ciency on insoluble plasma fibronectin (Fig. 1, b and c). 
At plating densities between 0.8 and 1.2 X lo6 cells/ml, 
a monolayer covering 20 to 30% of the surface area of the 
microwell was formed. At 1.5 to 2.5 x lo6 cells/ml, the 
cells formed a confluent monolayer with occasional small 
cellular aggregates and other areas of sparse cell density. 
Process outgrowth was extensive after 24 hr in vitro. 
When the medium was changed every 3 days, cell viabil- 
ity was greater than 90% for periods up to 2 weeks in 
vitro. No significant cell proliferation was observed. 

To assess the contribution to cell attachment of the 
soluble fibronectin in the serum relative to the fibronec- 
tin bound to the microwell surface, the cells were plated 
on a fibronectin-coated substratum in medium supple- 
mented with whole serum, in medium supplemented with 
serum depleted of CIG by gelatin chromatography, or in 
medium supplemented with both whole serum and free 
CIG (10 to 500 pg/ml, final concentration in growth 
medium). For all developmental stages, the presence of 
plasma fibronectin in the growth medium did not influ- 
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Figure 1. Developmental stage-specific adhesion of cerebellar 
cells to fibronectin after 48 hr in vitro. Microwells were treated 
with plasma fibronectin (50 pg/ml) and carbodi-imide (100 pg/ 
ml), and single cell suspensions (1.5 X lo6 cells/ml) of cells 
dissociated from (a) E13, (b) PO, and (c) P7 cerebellum were 
plated as described. Magnification x 160. 

ence the attachment and spreading of cerebellar cells on 
a fibronectin-coated substratum. 

The fact that soluble fibronectin did not affect cell 
adhesion is consistent with other studies that showed in 
general that, although cells attach to and spread on 
insoluble fibronectin surfaces, there is very little, if any, 
specific binding of plasma fibronectin in solution (Ya- 
mada and Kennedy, 1979). Preliminary experiments with 
postnatal cerebellum in vitro indicate that these cells 
also do not exhibit specific binding of plasma fibronectin 
in solution (M. E. Hatten, unpublished observation). 

The time course of cell attachment to fibronectin was 
similiar to that reported for cell attachment to carbohy- 
drate and lectin substrata (Hatten, 1981; Hatten and 
Francois, 1981). Within 2 to 4 hr of plating, El3 cells 
aggregated and E16, PO, P3, P5, or P7 cells attached to 

the substratum. In the latter cultures, fiber outgrowth 
had commenced within 12 hr of plating. 

The attachment of late embryonic and early postnatal 
cerebellar cells to fibronectin depended on the concen- 
tration of fibronectin used to treat the microwells. On 
untreated microwell surfaces, little or no cell attachment 
and spreading was observed and large cellular aggregates 
formed (Fig. 2a). When microwells were treated with 10 
E;lg/ml of fibronectin, cellular aggregates formed and very 
little cell spreading was observed (Fig. 2b). At 25 pg/ml, 
some cellular aggregates were seen and some spreading 
was observed (Fig. 2~). At 50 to 100 pg/ml, a monolayer 
formed (Fig. 2d). 

To determine how much of the fibronectin used to 
treat the microwell surface actually was bound to the 
dish, the binding of 1251-fibronectin was measured (Fig. 
3). The amount of 1251-fibronectin bound to the culture 
surface increased with the amount of ‘251-fibronectin used 
to treat the culture dish and reached a plateau at 50 to 
100 pi/ml, the concentration range which promoted the 
attachment and spreading of late embryonic and early 
postnatal cerebellar cells. When the plates were treated 
with 50 pi/ml of lz51-fibronectin, approximately 1 pg of 
fibronectin was bound per 100 pm2, the surface area of a 
microwell. 

To assess whether the 1251-fibronectin would remain 
bound to the microwell surface for the long time periods 
desirable for some cell culture studies, dishes coated with 
1251-fibronectin were incubated in the absence of cells in 
complete BME medium supplemented as described with 
10% horse serum. After 48 hr or 1 week, the amount of 
1251-fibronectin which remained bound to the microwell 
surface was assayed by removing the medium and count- 
ing with a Gamma counter, air-drying the microwell, 
cutting it out, and counting with a Gamma counter. The 
amount of fibronectin bound to the microwell was given 
as the percentage of total counts bound to the microwell. 
After 48 hr, 10 to 15% of the bound fibronectin had been 
released, and after 1 week, more than 50% of the fibro- 
nectin bound to the microwell had been released. This 
result may relate to the finding by Akers et al. (1981) 
that the binding of fibronectin to tissue culture plastic is 
pH dependent. They reported that significantly more 
fibronectin is bound at pH 6.5 than at pH 7.2, the pH of 
the culture medium. Thus, pH 7.2 may contribute to the 
leakage of fibronectin from the microwell. 

To improve the stability of the binding of fibronectin 
to the microwell surface, the microwells were treated 
with fibronectin in the presence of carbodi-imide (100 
pg/ml), an agent which cross-links proteins to plastic by 
a noncovalent mechanism (Edehnan and Rutishauser, 
1974). 

After 2 hr, the amount of tibronectin bound to the 
microwell in the presence or absence of carbodi-imide 
was equivalent (Fig. 3). However, the longevity of the 
binding of the 1251-fibronectin to the microwell surface 
was improved significantly by co-treating the dish with 
carbodi-imide. When microwell surfaces treated with car- 
bodi-imide and 1251-fibronectin were incubated with com- 
plete BME medium supplemented with 10% horse serum, 
only 5% of the counts were released after 48 hr (Fig. 4). 
After 1 week, 90% of the 1251-fibronectin remained bound 
to the tissue culture surface. Thus, carbodi-imide ap- 
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Figure 2. Attachment of postnatal cerebellar cells to microwells treated with varying concentrations of plasma fibronectin after 
48 hr in vitro. Cells dissociated from postnatal day 4 cerebellum were plated on microwells treated with carbodi-imide (100 pg/ml) 
and (a) 0, (b) 10, (c) 25, or (d) 50 pg/ml of fibronectin. Magnification x 160. 

‘?-Fibronectin (rcg/ml) 

Figure 3. Binding of ‘251-plasma fibronectin to tissue culture 
plastic. Plates were treated with ‘251-plasma fibronectin (10 to 
100 pg/ml) and carbodi-imide (100 pg/ml W) or 1251- 
plasma fibronectin (10 to 100 pg/ml, X -X). After 2 hr (2077, 
the wells were rinsed three times with distilled water, air-dried, 
cut out, and counted with a Beckman Gamma 4000 counter. 

peared to slow the release of bound fibronectin from the 
microwell surface. 

culture, late embryonic or early postnatal cerebellar cells 

The question then was raised as to whether carbodi- 
imide was required for cerebellar cell adhesion to micro- 
wells coated with CIG. When late embryonic or early 
postnatal cerebellar cells were plated on microwells 
treated with fibronectin (50 pg/ml) in the presence or 
absence of carbodi-imide (100 hg/ml), identical results 
were observed for the first 24 to 48 hr in vitro. After that 
time, however, especially after as much as 1 week in 
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Fimre 4. Release of bound ‘251-nlasma fibronectin from tissue 
culture dishes in the presence and absence of cerebellar cells. 
Microwells were treated with both carbodi-imide (100 pg/ml) 
and 1251-plasma fibronectin (50 pg/ml). W, Microwells 
incubated with complete culture medium; A-----A, microwells 
plated with PO cerebellar cells (2 x lo6 cells/ml) as described. 
After the time indicated, the medium was removed and counted, 
precipitated with 10% TCA (4°C 30 min) in the presence of 
BSA (1 mg/ml), and counted again. The microculture well was 
cut out and counted. Total counts were obtained by adding the 
counts on the dish and the counts in the medium prior to TCA 
precipitation. The percentage of counts released was calculated 
by dividing TCA-precipitable counts in the medium by the 
total counts. Less than 3% free “‘1 was present in the starting 
solution of 1251-plasma fibronectin. 

sometimes detached from culture dishes treated with 
tibronectin alone. Treating microwells with both fibro- 
nectin and carbodi-imide sunnorted cerebellar cell adhe- II 
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sion for 2 to 4 weeks when the medium was changed 
every 3 days. 

Co-treatment of the microwell surfaces with carbodi- 
imide and fibronectin was used for most cell culture 
studies, because it lengthened the time period that the 
cells remained attached to the dish, presumably by slow- 
ing the leakage of bound fibronectin from the microwell 
surface. Thus, carbodi-imide facilitated long term studies 
of cerebellar cell behavior on a fibronectin-coated mi- 
crowell surface, but it was not necessary per se for 
cerebellar cell adhesion to fibronectin. 

It is possible that co-treatment of the microwell sur- 
faces with fibronectin and carbodi-imide altered the bind- 
ing properties of the fibronectin substratum used for 
adhesion assays. We find this interpretation unlikely, 
because the same results were observed with microwells 
treated with fibronectin in the presence and absence of 
carbodi-imide and because carbodi-imide treatment did 
not affect the specific inhibition by AbCIG of cerebellar 
cell adhesion to a fibronectin-treated substratum. This 
interpretation is supported by previous studies indicating 
that carbodi-imide cross-links proteins to nylon fibers or 
to tissue culture plastic without altering their specific 
binding characteristics (Edehnan and Rutishauser, 1974; 
Hatten and Francois, 1981). 

To assess whether postnatal cerebellar cells degraded 
the fibronectin substratum, PO cells were plated on mi- 
crowells treated with 1251-fibronectin (50 pg/ml) and car- 
bodi-imide (100 pg/ml). Less than 10% of the bound 1251- 
fibronectin was released into the culture medium over a 
4%hr period in vitro (Fig. 4). Of the fibronectin released 
into the medium, 60 to 85% of the counts were precipi- 
tated by TCA (10%). The remaining counts were presum- 
ably free 1251 or 1251-peptides. 

Figure 5. Inhibition of attachment of postnatal cerebellar 
cells to insoluble fibronectin by free AbCIG. P5 cerebellar cells 
(2 X 106/rnl) were plated on microwells treated with carbodi- 
imide (100 pg/ml) and plasma fibronectin (50 pg/ml) as de- 
scribed in the absence or in the presence of AbCIG. After 2, 12, 
24, or 48 hr in vitro, the cultures were washed three times with 
PBS to remove any debris and the number of cells per mm2 
was counted by phase contrast microscopy. The final dilution 
of AbCIG in the medium was 0 (O---Q, 1:200 (A- A), 1:lOO 
(M), or 1:50 (M). 

The adhesion of dissociated postnatal cerebellar cells 
to microwell surfaces treated with plasma fibronectin 
and carbodi-imide was inhibited by antiserum raised 
against human CIG (AbCIG). When the antiserum was 
added to the growth medium, the degree of inhibition 
depended on the dilution of the antiserum (Fig. 5). Max- 
imal inhibition occurred at a dilution of 1:50. Antisera 
against BSA at dilutions ranging from 1:lO to 1:500 had 
no effect on cerebellar cell adhesion to fibronectin- 
treated microwell surfaces. 

Time-lapse video recordings of postnatal cerebellar 
cells plated on a fibronectin substratum revealed exten- 
sive cell movement in the cultures (Fig. 6). At least two 
types of cell movement were observed. First, some indi- 
vidual cells moved independently on the substratum. 
Second, other cells moved along processes present in the 
culture. Both types of movement were evident over the 
range of cell densities studied. At higher plating densities, 
small cellular aggregates were present in addition to 
monolayer regions. These aggregates also moved about 
on the fibronectin substratum. It was not possible by 
light microscopy to follow the movements of single cells 
within aggregates. 

The inhibition of cell adhesion to fibronectin by soluble 
AbCIG was reversible if the antibody was removed by 
washing the cultures three times with PBS and replaced 
with fresh growth medium within the first 24 hr after 
plating. After that time, removal of the antiserum in- 
duced a few cells to attach to the substratum, but consid- 
erable cell degeneration was evident in the cultures as 
judged by phase contrast microscopy (data not shown). 

The movement of single cells did not always occur at 
a uniform, continuous rate. Whereas, some cells moved 
at a rate of approximately 10 pm/hr, other cells had 
rapid, sudden movements at rates up to 200 pm/hr. With 
phase contrast microscopy, there was no clear morpho- 
logical distinction between fast and slow moving cells, 
and indeed, the same cell often would exhibit both types 
of movement. Fast movements did, however, seem to be 
more typical of cells moving along processes. 

Cell attachment also was inhibited (60%) when cells 
were plated on a fibronectin-coated substratum that had 
been pretreated with AbCIG (1:50). This result was in- 
dependent of whether plasma fibronectin was present in 
the horse serum supplement to the growth medium. Cell 
attachment was not inhibited when the cell suspension 
was pretreated with AbCIG (1:50), washed three times 
with PBS, and then plated on a fibronectin-coated sub- 
stratum in medium supplemented, with horse serum or 
with horse serum depleted of plasma fibronectin. Thus, 
the effect of AbCIG to cell attachment appeared to be on 
the substratum rather than on the cells. 

Immunocytochemical localization of fibronectin in 
tissue sections. Indirect cytochemical staining of tissue 
sections with antisera raised against CIG revealed a 
developmentally regulated pattern of endogenous fibro- 
nectin. At E13, dense, diffuse, specific staining with 
AbCIG occurred at the ventral portion of the neuroepi- 
thelium, the site of emergence of the first precursor 
granule cells (Fig. 7, a, b, and c). The choroid plexus, not 
visible in the photograph of the section in Figure 7b, also 
was intensely stained. Intermittent patches of intense, 
specific staining with AbCIG were visible in the EGL 
itself, which had just begun to emerge on the external 
surface of the cerebellar plate. No specific staining of the 
neuroepithelium lining the fourth ventricle or of the 
cerebellar plate was visible (data not shown). 
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Figure 6. Movement of postnatal cells on insoluble plasma fibronectin. PO cells were plated at 2 X lo6 cells/ml. After 24 hr in 
vitro, the movement of cells was assessed by phase contrast microscopy with time-lapse video recording as described. Photographs 
of the same field were taken from the video tape after (a) 2, (b) 4, (c) 16, and (d) 18 hr. Magnification x 170. In a and b, one cell 
is marked with an arrow to visualize its movement over the 2-hr time period. Extensive movements of other cells in the field are 
evident as well. In c, many of the cells present in a and b have moved out of the field and have been replaced by other cells. The 
position of one cell is marked with a small arrow to visualize its movement in the 2-hr time lapse between c and d. A larger 
arrow is used to point out a vacant space in c into which the cell marked with the larger arrow in d moves during this time span. 
Movements of other cells in the field are also evident. 

At E16, the region of intense staining with AbCIG 
extended from the thickened ependyma adjacent to the 
choroid plexus across approximately one-third of the 
ventral surface of the cerebellar anlage. The choroid 
plexus also was brightly stained (data not shown). Al- 
though the dense band of staining was confined to the 
ventral portion of the cerebellum between the ependymal 
border and the pial surface, intermittent patches of stain- 
ing were visible in the EGL, which was now forming and 
covered 60 to 80% of the surface of the cerebellar anlage. 
Very weak staining was visible in the developing cortical 
region of the cerebellum. 

At PO, the region of intense, specific staining with 
AbCIG observed at El6 persisted over the ventral portion 
of the cerebellum between the choroid plexus, which was 
brightly stained, and the external surface (Fig. 7, e and 
f). Intermittent patches of intense staining were evident 
in the EGL stretching across the surface of the cerebel- 
lum, but the dense region of specific staining was confined 
to the area along the interface with the developing brain- 
stem. Weak staining of the cortical region (Fig. 7f) and 
some staining of the pial membrane was observed. 

At P7, patches of staining with AbCIG were visible 
between the folia (Fig. 7, i, j, and h). The choroid plexus 
also was stained (data not shown). The region of intense, 
specific staining with AbCIG present at earlier stages at 
the lateral caudal edge of the cerebellar ependyma was 
no longer present. Weak staining of the molecular layer 
and the Purkinje celI layer also were seen. No specific 
staining of adult cerebellar tissue was observed with 
AbCIG (Fig. 8, a and b). 

The specificity of antibody binding was assessed by 
staining the sections either with AbCIG preabsorbed 
with CIG or with preimmune serum as described. Very 
little nonspecific binding was observed for any of the ages 
studied (Fig. 7). Therefore, the fluorescence observed 
would appear to be specific for fibronectin or a glycopro- 
tein that shares antigenic determinants with fibronectin. 

Discussion 

The present studies suggest that a dense region of 
fibronectin is present along the pathway taken by prolif- 
erating granule cells from the ventricular surface of the 
neuroepithelium, where they are generated, across the 
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Figure 8. Binding of AbCIG to adult cerebellum (a). The 
same area in another section in the series was stained with 
toluidine blue (b). Fluorescence was recorded with an image 
intensifier video camera and photographs were made from the 
television monitor. PM, Pial membrane; M, molecular layer; P, 
Purkinje cell layer; GL, granule cell layer. Details are given in 
the text. Magnification x 170. 

rhombic lip onto the external surface of the cerebellum 
and suggest a model for the formation of the EGL in the 
mouse cerebellum (presented schematically in Fig. 9). 

The role of fibronectin in the forward area of the EGL 
is not clear. It might guide the cells to the anteromedial 
part of the cerebellum or it might simply be carried along 
by the cells after they pass through the region of dense 
fibronectin at the rhombic lip. After the EGL is formed, 
the dense region of fibronectin between the ventricular 
surface and the external surface is no longer needed and 
it disappears. 

CP 
Figure 9. Schematic representation of the location of fibro- 

nectin in the embryonic mouse cerebellar anlage and the for- 
mation of the cerebellar external granular layer (EGL) in frontal 
view. 1, Proliferating, precursor granule cells (solid circles), 
both interphase and mitotic cells, move from the neuroepithe- 
lial surface (ne), where they are generated, across the rhombic 
lip (rl) to the outer pial surface of the developing cerebellar 
anlage. A dense region of fibronectin (dotted region) is present 
across the rhombic lip which may facilitate the movement of 
proliferating, precursor granule cells to the outer surface. 2, A 
layer of proliferating, precursor granule cells (egl) spreads 
across the external surface of the developing cerebellum by the 
continued entry of cells at the rhombic lip. As the cells emerge 
from the dense region of fibronectin, they move across the 
surface among the end-feet of glial processes (radial (rg) 
and/or Bergmann (bg)) until the entire surface is covered with 
proliferating granule cells. During this phase, which occurs 
between El3 and E16, patches of fibronectin are visible in the 
region occupied by glial end-feet. 3, After birth, postmitotic 
granule cells travel along Bergmann glial processes and descend 
into the deeper layers of the cortex where they mature (g). 
Fibronectin staining is absent during this phase and therefore 
does not appear to play a role in this final step of granule cell 
migration. The dashed line separates pre- and postnatal events. 
cp, Choroid plexus; IV V, fourth ventricle; ch, cerebellar hemi- 
sphere; p, Purkinje cell; m, medulla. 

Figure 7. The formation of the EGL in the developing mouse cerebellum and the binding of AbCIG. a, Drawing of the 
cerebellar anlage at E13. The EGL (shaded) has just begun to form. b Staining of the area in the box (a) with AbCIG. The 
ventral portion of the cerebellum adjacent to the ependymal site is intensely stained. In addition, patches of staining are visible 
at the EGL (lower right). The pial membrane (PM) along the outer surface of the cerebellar anlage (CA ) and the fourth ventricle 
( V) are marked for orientation. Control sections were stained with (c) AbCIG preabsorbed with CIG and (c) AbCIG preabsorbed 
with CIG and (d) toluidine blue to reveal cell bodies. CP, Choroid plexus. e, Drawing of the cerebellum (C) at PO. The EGL 
(shaded) now covers the entire surface of the cerebellum. f, Binding of AbCIG to the ventral portion of the neuroepithelium 
where the EGL originated (area shown in the box in e). Control sections were stained with (g) AbCIG preabsorbed with CIG and 
(h) toluidine blue to reveal cell bodies. i, Drawing of the cerebellum (C) at P7. Folia have started to form. The EGL (shaded 
area) is visible along the external edges of the folia. The migration of cells from the EGL into the deep layers of the cerebellar 
cortex has begun. j, Staining of the area shown in the box in i with AbCIG. Intermittent patches of staining along the pial 
membrane (PM) in the folia as well as weak staining of the molecular layer (ML) and Purkinje cell layer (P) are visible. Control 
sections were stained with (h) AbCIG preabsorbed with CIG and (I) toluidine blue to reveal cell bodies. Fluorescence was 
recorded with an image intensifier video camera and the photographs were made from the television monitor. All photographs of 
fluorescence were printed under identical conditions. Magnification: b, f, and j X 260; other photographs, X 130. Details are given 
in the text. 
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The model presented for the role of fibronectin in the 
migration of proliferating, precursor granule cells in the 
developing mouse cerebellum is consistent with other 
recent studies on the function of fibronectin in cell move- 
ments during early histogenesis of the nervous system. 
Newgreen and Thiery (1980) have shown that fibronectin 
plays a transient role in neural crest migration in the 
chick, Kurkinen et al. (1979) have suggested a role for 
fibronectin in the development of the eye, and Mayer et 
al. (1981) have localized fibronectin in the embryonic 
chick trunk and area vasculosa. 

The presence of fibronectin in embryonic mouse cere- 
bellum is supported by the studies of Kavinsky and 
Garber (1979) which showed that cells dissociated from 
mouse cerebellum at embryonic day 13 synthesized fibro- 
nectin when maintained in vitro. Schachner et al. (1978) 
reported staining of the choroid plexus and pia in embry- 
onic mouse cerebellum but did not report staining of the 
lateral caudal region of the cerebellar anlage. As these 
workers did not present photographs of early embryonic 
material, it is difficult to assess the discrepancy with the 
present report. It is possible that they did not examine 
the rhombic lip region or that the fibronectin staining 
that we observed for embryonic cerebellum was facili- 
tated by an image intensifier television camera. Schach- 
ner et al. (1978) also did not report the patches of 
iibronectin staining between the folia which we observed 
in mouse cerebellum and which Minier et al. (1981) 
recently reported for rat cerebellum. The absence of 
fibronectin staining in adult cerebellar tissue reported 
here is in agreement with both of these studies (Schach- 
ner et al., 1978; Minier et al., 1981). 

A major issue, not addressed by these studies, will 
have to be resolved to provide a more detailed mecha- 
nism for granule cell migration, namely the source of 
AbCIG binding sites in embryonic mouse cerebellum. 
The present studies did not define the cellular source of 
the fibronectin, primarily because the intense area of 
fibronectin staining in embryonic cerebellar tissue was 
diffuse. 

One possibility is that fibronectin is synthesized by 
astroglial cells (Vaheri et al., 1976; Kavinsky and Garber, 
1979). The cell lineage of mature glia in the cerebellum 
is unclear at present. Recent studies have revealed that 
several types of glial cells are present in early embryonic 
cerebellum, radial glia across the rhombic lip, and possi- 
bly some forms of astroglia, including Bergmann glia, in 
the cerebellar anlage itself (Sommer et al., 1981; Levitt 
and Rakic, 1980). In the present study, the dense region 
of fibronectin staining occurs in the area thought to be 
occupied by radial glia (Levitt and Rakic, 1980; Z. Fulop 
and P. Rakic, personal communication) and ependymal 
cells, including cells of the choroid plexus. Whereas ma- 
ture Bergmann glia probably do not synthesize fibronec- 
tin (Schachner et al., 1978; Schnitzer et al., 1981), it is 
possible that precursors of Bergmann glia or of astro- 
cytes, radial glia, or even ependymal cells themselves 
synthesize fibronectin. Light microscopy at high magni- 
fication and electron microscopy in conjunction with the 
peroxidase-antiperoxidase or colloidal gold technique are 
presently being carried out to resolve this issue. 

The specific adhesion of cells dissociated from cere- 
bellar tissue between El6 and P7 to insoluble fibronectin 
is also consistent with the model presented for granule 
cell migration. The adhesion studies suggest that the cell 
surface properties involved in adhesion to fibronectin are 
acquired when the external granule cell layer forms (Mi- 
ale and Sidman, 1961; Altman and Bayer, 1978). 

At E13, although the region of dense fibronectin is in 
place, very few proliferating granule cells have migrated 
through this region out onto the pial surface. When the 
tissue is dissociated into a single cell suspension, 80 to 
85% of the cells which survive in the microwell culture 
are granule cells (Hatten and Sidman, 1978; Hatten and 
Liem, 1981). Again, presumably only a small fraction of 
these granule cells have encountered the area of dense 
staining with AbCIG. The adhesion studies suggest that, 
at this stage, just prior to the formation of the EGL, cell- 
cell adhesion among precursor granule cells occurs pref- 
erentially to cell-fibronectin adhesion and cellular aggre- 
gates are formed. 

At E16, the EGL is forming and a large proportion of 
the proliferating granule cell population has migrated 
through the region intensely stained with AbCIG. When 
this tissue is dissociated and plated in microwell cultures, 
granule cells constitute 80 to 85% of the total cell popu- 
lation, again presumably because of the high viability of 
these cells in this culture system (M. E. Hatten, unpub- 
lished observation). At this stage, during the formation 
of the EGL, virtually all of the cells in the culture adhere 
to a fibronectin-coated substratum. 

By birth, the EGL is formed and all of the precursor 
granule cells have passed through the region of intense 
staining with AbCIG. Virtually all of the cells dissociated 
from this tissue adhere to a fibronectin-coated substra- 
tum. Thus, we favor the interpretation that the adhesion 
studies presented here reveal a change in cell surface 
properties required for adhesion to fibronectin between 
El3 and E16. 

Given the disappearance of endogenous fibronectin 
after birth, it was of interest that cells dissociated as late 
as postnatal day 7 attached to insoluble fibronectin. 
Recent studies suggest that, on adhesive substrata such 
as polylysine (Hatten and Liem, 1981) or certain lectins 
(M. E. Hatten and C. A. Mason, unpublished result), it 
is the astroglial processes which organize the position of 
neurons dissociated from postnatal cerebellum. It is pos- 
sible therefore that the results with postnatal cells relate 
to the attachment of astroglia to the fibronectin substra- 
tum, followed by the association of neurons with astro- 
glial processes. This is supported by the recent observa- 
tion of Morrison and deVellis (1981) that astroglial cells 
dissociated from cerebral cortex and maintained in cul- 
ture extend processes when plated in a growth medium 
supplemented with fibronectin. Specific cell markers and 
electron microscopy presently are being used to identify 
which of the postnatal cerebellar cell types adhere to the 
fibronectin substratum. 

At the embryonic ages studied here, in particular be- 
tween El3 and El6 when the change in adhesive speci- 
ficity to fibronectin occurs, the granule cells do not 
associate with astroglial cells and can bind directly to the 
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substratum in microwell cultures (Hatten and Liem, 
1981). Since the vast majority of cells in these cultures 
are precursor granule cells, it is likely that the results 
relate primarily to the adhesive specificity of granule 
cells. It is also likely that developing glial cells adhere to 
the fibronectin substratum at late embryonic periods, 
but this remains to be demonstrated with immunological 
markers and with electron microscopy. 

The finding that dissociated cerebellar cells adhere to 
a fibronectin substratum agrees with the recent study of 
Akers et al. (1981) which showed the outgrowth of pro- 
cesses on a libronectin-coated substratum by aggregates 
of embryonic chick neural retinal cells in uitro. The 
cellular source of the processes in the latter study have 
not yet been identified. 

The present study suggests that fibronectin may play 
an important, transient role in the histogenesis of the 
mouse cerebellum, namely, to facilitate the migration of 
proliferating precursor granule cells from the ventricular 
surface of the neuroepithelium up onto the external 
surface of the cerebellar plate. Once the EGL has formed, 
the role of fibronectin is apparently fulfilled and specific 
cell contacts with Bergmann glial processes appear to 
guide the final positioning of postmitotic, granule cell 
neurons. 
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