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To identify glial membrane proteins that contribute to the pro- 
cess of neuronal migration in the developing brain, we devel- 
oped a polyclonal antiserum (D4) and a monoclonal antibody 
(NJPAl : neuron-glial junctional polypeptide antibody) that rec- 
ognize membrane proteins localized to the plasmalemmal junc- 
tion between migrating neurons and adjacent radial glial fibers 
(Cameron and Rakic, 1994). Here, we show that in the devel- 
oping cerebral cortex, immunoreactivity for these junctional 
polypeptides is present throughout the neuronal migratory 
pathway but becomes minimal or absent where radial glial cell 
processes enter the marginal zone region, the barrier at which 
newly arrived neurons normally stop their migration and detach 
from their glial fiber substrate. We thus tested, using imprints of 
embryonic cerebral wall and slice preparations, whether the 
junctional membrane proteins detected by our antibodies con- 
tribute to the regulation of neuronal migration in the cerebral 

cortex. The rate of neuronal migration on glial cell substrates 
was reduced significantly in the presence of D4 or NJPAI 
antibodies. Antibody exposure typically led to the withdrawal of 
leading processes, changes in microtubular organization and, 
in some instances, to detachment of neurons from their glial cell 
substrates. These results suggest that the polypeptides recog- 
nized by the D4 and NJPAl antibodies are essential for the 
maintenance of normal neuronal migration. Dismantling of neu- 
ron-glial cell junctional domains formed by these membrane 
proteins may underlie neuronal cell detachment from glial mi- 
gratory substrates at the interface between cortical plate and 
marginal zone in the developing cerebral wall. 

Key words: neuronal migration; neuron-glial cell junctions; 
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Neuronal cell migration in the developing vertebrate CNS ensures 
that postmitotic neurons generated in the embryonic ventricular 
zone acquire their proper positions in the mature brain. The final 
position of a neuron is a crucial determinant of its morphology, 
synaptic connectivity, and function (Sidman and Rakic, 1973; 
Caviness and Rakic, 1978; Rakic, 1988, 1990). Moreover, defec- 
tive migratory behavior of neurons is thought to be the underlying 
cause of several congenital cortical disorders (Evrard et al., 1978; 
Barth, 1987; Volpe, 1987; Rakic, 1988b, 1990; Caviness et al., 
1989; Rorke, 1994; Reiner et al., 1995). Thus, an understanding of 
the dynamics and molecular mechanisms of neuronal cell migra- 
tion would help in understanding normal cortical development as 
well as in deciphering the pathogenesis of various developmental 
disorders. 

Translocation of a neuron from the proliferative ventricular 
zone of the embryonic cerebral vesicle to its specific final location 
in the cortical plate involves two processes: (1) active migration 
along an appropriate pathway, and (2) arrest of migration and exit 
from the migratory substrate at the appropriate laminae or nuclei. 
Observations in the past two decades indicate that elongated 
radial glial cell fibers serve as the primary migratory guides for 
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neurons in the mammalian brain (Rakic, 1971,1972, 1990; Gray et 
al., 1990; Hatten and Mason, 1990; Misson et al., 1991; O’Rourke 
et al., 1995). The radial movement of neurons stops abruptly at 
the interface between cortical plate and cell sparse marginal zone. 
The “stop” signal for neuronal cell migration is thought to be 
provided either by the afferent fibers that migrating neurons 
encounter near their target location or by the ambient neuronal 
cell population that had already reached their final position (Sid- 
man and Rakic, 1973; Hatten, 1990, 1993; Hatten and Mason, 
1990; D’Arcangelo et al., 1995; Ogawa et al., 1995). Alternately, a 
change in the cell surface properties of the radial glial substrate 
may signal a neuron migrating on it to stop, detach, and 
differentiate. 

Evidently, a dynamic regulation of multiple cellular events such 
as cell-cell recognition, adhesion, transmembrane signaling, and 
cell motility events underlies the process of neuronal migration 
(Lindner et al., 1983; Grumet et al., 1985, 1992; Antonicek et al., 
1987; Chuong et al., 1987, 1990; Edmonson et al., 1988; Rut- 
ishauser and Jessell, 1988; Sanes, 1989; Hatten and Mason, 1990; 
Stitt and Hatten, 1990; Misson et al., 1991; Takeichi, 1991; Galileo 
et al., 1992; Komuro and Rakic, 1992,1993, 1995; Shimamura and 
Takeichi, 1992; Fishman et al., 1993; Hatten, 1993; Rakic et al., 
1994; Cameron and Rakic, 1994; Stipp et al., 1994; Rakic and 
Komuro, 1995). With a few exceptions (Antonicek et al., 1987; 
Feng and Heintz, 1994, 199.Q the molecules that have been 
identified thus far as potential regulators of directed neuronal cell 
migration are neuronal cell surface elements primarily involved in 
neuron-neuron or neuron-glial cell interactions. The membrane 
components specific to the radial glial cells that are critical for 
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neuronal cell migration remain mostly uncharacterized. To iden- 
tify heterotypic recognition molecules that are present on the 
radial glial cell surface and can be used by migrating neuron as 
markers for finding their way to the cortex, we developed multiple 
rabbit polyclonal antisera and mouse monoclonal antibodies 
(mAbs) against CNS glial membrane proteins (Cameron and 

Rakic, 1994) (R. Cameron, N. Cho, J. Wren, P. Cameron, and P. 

Rakic, unpublished observations). Using these antibodies, we 

have previously identified and characterized two putatively novel 
membrane proteins (-48 and 72 kDa) that are localized to the 

points of contact between migrating neurons and radial glial cells. 

The assembly of junctional complexes between the migrating 

neuronal cell soma and the radial glial cell process is thought to be 

critical in initiating and maintaining neuronal cell migration (Ra- 

kit, 1972, 1990; Garcia-Segura and Rakic, 1985; Gregory et al., 

1988; Fishell and Hatten, 1991). We thus hypothesize that the glial 

membrane proteins, found in the interstitial junction between 
migrating neurons and radial glial fibers and recognized by the D4 
polyclonal and NJPl mAbs, participate in critical stages of neu- 

ronal migration. In this study, using these antibodies and novel 

bioassays for cortical neuronal migration, we provide evidence for 

the functional significance of these polypeptides in the mainte- 

nance and, possibly, cessation of cortical neuronal migration. 

MATERIALS AND METHODS 
Antibodies to @al cell surface microdomain proteins 
Polyclonal antiserum D4, which recognizes two radial glial cell surface 
antigens (48 and 72 kDa) localized to the junctional domain between 
migrating neurons and radial glial cells, has been described previously 
(Cameron and Rakic, 1994). A panel of new mouse mAbs were made 
against neonatal (postnatal day 6-X) cerebellar glial cells according to 
previously described methods and is reported separately (R. Cameron 
and P. Rakic, unpublished observations). Two mAbs from this panel, 
NJPAl and NJPA2, were used in this study. Antibody NJPAl is of the 
IgM isotype and recognizes an antigen of apparent molecular mass 72 
kDa, whereas antibody NJPA2 is of the IgG, isotype and recognizes 
multiple uncharactcrized neuronal and glial cell surface antigens. D4 
antibodies were purified by ammonium sulfate precipitation followed by 
DEAE column chromatography. Fab fragments of D4 antibodies were 
made using ficin according to the manufacturer’s instruction (Pierce, 
Rockford, IL). NJPAl mAbs were purified using an immobilized goat- 
anti mouse IgM column of a mouse IgM purification kit (Pierce), and 
NJPA2 mAbs were purified using Protein-G affinity chromatography 
(Mab trap kit, Pharmacia, Piscataway, NJ). 

Biochemical characterization of mAbs to glial microdomains 
Membrane fractions were obtained from embryonic brains or C6 glioma 
cells and polypeptides were separated either by one-dimensional or 
two-dimensional SDS-PAGE as described previously (Cameron and Ra- 
kit, 1994). Fractionated proteins were electrophorctically transfcrrcd to 
nitrocellulose (0.45 pm, Bio-Rad, Hercules, CA) and processed for 
immunoblot analysis with D4, NJPAI, and NJPA2 antibodies. Immuno- 
blots were incubated with antibodies overnight at 20°C before dctcction 
of bound antibodies with appropriate secondary antibodies [biotinylatcd 
goat anti-rabbit antibodies (1:ZOOO dilution) and avidin-pcroxidasc con- 
jugate (1:lOOO dilution) for D4 polyclonal antiserum (Vector Laborato- 
ries, Burlingamc, CA); and for mouse mAbs, goat anti-rabbit-l”’ (0.1 
kCi/ml, DuPont NEN, Boston, MA) subsequent to incubation with a 
rabbit anti-mouse IgG or IgM bridge (l:lOOO)]. 

Immunohistochemicalprocedures 
Cerebral cortices from rats (embryonic day 12 to adult; Sprague-Dawley) 
were removed, fixed in 4% paraformaldehyde, cut into lo-pm-thick 
sections in a cryostat, and collected onto gelatin-coated glass slides. After 
air-dried, sections were washed and blocked in Tris-buffered saline (TBS) 
containing 5% goat serum, 3% bovine serum albumin, and 0.01% Triton 
X-100 for 15 min, before incubating in primaly antibodies for 1 hr at 
room temperature. After three rinses in blocking solution, sections were 
incubated with appropriate Cy3-, rhodamine-, or fluorescein-conjugated 

secondary antibodies (1:200 dilution; Jackson Immunochemicals, West 
Grove, PA) for 1 hr (Decamilli et al., 1983; Cameron and Rakic, 1994). 
Sections were then washed in TBS, counterstained with 10 pM bisben- 
zimide, and mounted in mowiol (Calbiochem, La Jolla, CA; 10% mowiol, 
25% glycerol in 0.1 M Tris withp-phenylenediamine) for observation in a 
Zeiss microscope equipped with catecholamine (excitation, 400-440 nm; 
barrier, LP 470 nm), rhodamine, and fluorescein filter sets. Cultures of 
embryonic rat cortical cells were processed identically, except the block- 
ing buffer was devoid of Triton X-100. 

To label living cerebrum, cerebral cortex from rat embryos (embryonic 
day 14-1X) were removed and lOO-pm-thick coronal sections were cut 
using a tissue chopper (McIlwain Instruments, Gomshall, Surrey, UK). 
Sections were then placed on 0.45 pm biopore membrane inserts (Col- 
laborative Research, Bedford, MA) and cultured in MEM/lO% horse 
serum containing primary antibodies for 2 hr at 37°C or for 4 hr at 4°C (to 
minimize internalization of antibodies through endocytosis). After three 
5 min rinses in culture medium, sections were incubated with appropriate 
Cy3-conjugated secondary antibodies (1:200 dilution) at room tempera- 
ture or at 4°C for 1 or 2 hr, respectively. Sections were then rinsed in 
culture medium three times as before. Membrane inserts with slices were 
cut and mounted in culture medium for immediate observation in a Zeiss 
microscope equipped with rhodamine and fluorescein filter sets. In some 
experiments sections were fixed in 4% paraformaldehyde before incuba- 
tion with secondary antibodies. 

Bioassays for cortical neuronal migration 
Cortical imprint assay for neuronal migration. Cortical imprints containing 
a few cell layers of viable, dcvcloping ccrcbral wall or intact radial glial 
cells with migrating neurons attached to them were made using a modi- 
fied tissue-imprinting technique used previously to study CNS glial ccl1 
physiology (Barres ct al., 1990). Briefly, embryonic day 17-18 rat brains 
were removed and 200-pm-thick coronal sections of the corticcs wcrc 
prcparcd. Sections wcrc then incubated in CMF-PBS (calcium, 
magnesium-free-PBS) containing 10 U/ml papain for 10 min. After the 
removal of papain, sections were incubated further for 10 min in MEM 
supplcmcntcd with 2 mg/ml ovomucoid inhibitor and 100 pg/ml DNase. 
After several washes in MEM supplemented with 10% horse serum, 5% 
fetal calf strum, and 10 mg/ml glucose, sections were cultured on 1% 
nitrocellulose or IO wg/cm’ Cell-Tak (Collaborative Research)-coated 35 
mm petri dishes with glass bottoms (MatTek, Ashland, MA) in minimal 
volume of the above media for 10-24 hr. Cortical sections were then 
gently pressed against the culture substrate with a wet glass coverslip, and 
the culture dish was flooded with culture medium. This procedure lifts 
tissue sections off the substrate while leaving behind a few cell layer thick 
imprint of cerebral wall containing radial glial cells with migrating neu- 
rons attached to them. 

Imprints were then maintained in the incubator for an additional 4-24 
hr. Subsequently, imprints were transferred into the chamber of a micro- 
incubator (37°C. 95% 0,/5% CO,: Narashiehi Instruments. Greenvale. 
NY) attached to the microscope,tage. Coytical neurons migrating on 
radial glial cells were monitored using a Zeiss Axiovert 135 microscope 
(GHS filter block, 460-nm excitation wavelengths) equipped with a Zeiss 
W63 objective lens. Images were recorded every 5-15 min using a Pana- 
sonic TQ-3031 optic disk recorder and the Attofluor Ratio Vision pro- 
gram (Atto Instruments, Rockville, MD). After 60-120 min of baseline 
recording, pure or Fab fragments of the experimental antibodies (1 
mgiml) were added to the cultures and monitoring continued for an 
additional 60-240 min. As controls, cultures were monitored unper- 
turbed or after perfusing in media devoid of antibodies, or media con- 

taining control antibodies. Changes in the rate of cell migration, mor- 
phological features of migrating neurons and glial cell substrates, and the 

extent of neuronal-glial cell contact, wcrc monitored before and after 
antibody perturbation. The extent of cell soma movement was divided by 
time elapsed between observations to obtain the rate of cell migration for 
each neuron studied. Statistical difference between experimental groups 
was tested by Student’s t test. 

After recordings, the location of the cells were marked on the tissue 
culture substrate and cultures were fixed in 4% paraformaldehyde and 
processed for anti-glial fibrillary acidic protein (anti-GFAP, Dako, 
Carpinteria, CA), anti-neurofilament (Boehringher Mannheim, Indi- 
anapolis, IN), or anti-neuron-specific tubulin (TuJ-1 antibodies; generous 
gift from Dr. A. Frankfurter, University of Virginia) immunohistochem- 
istry. GFAP immunohistochemistry was used to confirm that the cellular 
process on which the neurons migrated was glial cell in origin. Anti- 
neuron-specific tubulin labeling was used to confirm the identity of 
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migrating cells as neurons. TuJ-1 immunohistochemistry was also used to 
evaluate any changes in the distribution and organization of microtubules 
before and after exposure to experimental antibodies. 

Neuronal migration in cortical slice preparation. In this assay, newly 
generated neurons were labeled with 5-bromo-2’-deoxyuridine (BrdU) 
and the extent of their migration away from the ventricular zone was 
measured after 24 hr in culture. Briefly, pregnant rats (Charles River, 
Wilmington, MA) were injected intraperitoneally with BrdU (10 mg/kg 
body weight, dissolved in saline; Boehringher Mannheim) on embryonic 
day 18. After 45 min, embryonic brains were removed and 200~pm-thick 
coronal slices were made and were cultured on 0.45 Km biopore mem- 
branes (Millipore, Milford, MA) in MEM supplemented with 10% horse 
serum, 40 mM glucose, 1.8 mivr glutamine, 24 mM NaHCO,, and 90 U/ml 
penicillin-streptomycin. In some experiments, culture medium was sup- 
plemented with 1 mg/ml purified antibodies. Slices were removed at 
various time points in culture and processed for BrdU immunohistochem- 
istry as follows. Slices were fixed in 70% ethanol for 12 hr at 4°C. After 
three rinses in PBS, slices were fixed in 2N HCl for 1 hr at room 
temperature, washed in PBS, and incubated for 4 hr with an anti-BrdU 
mAb (1:75 dilution in PBS/O.S% Tween-20; Becton Dickinson, San Jose, 
CA). Slices were then washed in PBS and incubated in 1:lOO diluted 
anti-mouse IgG conjugated to Cy3 (Jackson Immunochemicals) for 2 hr. 
Five minutes before the end of incubation with the secondary antibodies, 
bis benzimide was added at a final concentration of 10 PM. After three 
rinses in PBS, biopore membrane inserts with the attached slices were cut 
out and mounted in mowiol/PPDA on a glass slide. Slices were observed 
in a Zeiss microscope equipped with catecholamine (excitation, 400-440 
nm; barrier, LP 470 nm) and rhodamine filter sets. Images of BrdU and 
bis benzimide labeling in cortical slices were collected onto an optical disk 
using the ADOBE PHOTOSHOP program. The distribution and the extent of 
BrdU-labeled cell migration was analyzed using the Image 1.5 (NIH) 
program. 

To determine the maximum extent of migration of BrdU-labeled cells 
(i.e., migration index), the relative depth of the leading BrdU-positive 
cells within the cerebral wall was measured. The shortest distance be- 
tween the BrdU-positive cells at the migratory front and the ventricular 
surface was measured, and this distance was divided by the width of the 
cortical slice in the same region to obtain the relative depth of the leading 
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BrdU cells within the slice. An average of these measurements from each 
slice indicates the maximum possible extent of neuronal cell migration 
(i.e., migration index) in that slice. Bis benzimide labeling of nuclei in the 
slices was used to demarcate the different regions (ventricular and sub- 
ventricular zone, intermediate zone, and cortical plate) of the slice. After 
such demarcation the number of BrdU-positive cells/unit area were 
counted in the intermediate zone and cortical plate region of each slice. 
Due to the high density of the BrdU-positive cells in the ventricular and 
subventricular zones, individual BrdU-positive cells could not be quanti- 
tated reliably in these regions. Statistical difference between experimental 
groups was tested by Student’s t test. 

Slices were obtained from cortical regions approximately correspond- 
ing to posterior frontal, parietal, and anterior occipital areas. To facilitate 
comparison between slices in an experiment, adjacent slices were cultured 
under different conditions in adjacent wells. After BrdU immunolabeling, 
identical regions of these sister slices cultured under different conditions 
were compared. Measurements were made mostly from the dorso-medial 
regions (i.e., overlying the medial region of the lateral ventricles) of the 
slices, because these regions in rodents appear to contain intact, radially 
aligned glial fibers (Misson et al., 1991). 

Image analysis 
Images from the above experiments were stored in an optical disk (Sierra, 
Pinnacle Micro Inc., Irvine, CA), and Adobe Photoshop program was 
used to assemble and label the panel of figures presented. 

RESULTS 
Biochemical characterization of antibodies to 
neuronal-glial junctional domains 
Previously, using a polyclonal antiserum (D4) that was raised 
against neonatal CNS glial cells, we identified radial glial cell 
surface antigens of apparent molecular mass 48 and 72 kDa 
(collectively referred as D4 antigens) as contributors to the for- 
mation of junctional domains found between migratory neurons 
and their radial glial cell substrates (Cameron and Rakic, 1994). 
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Figure 1. Identification of membrane polypeptides that contribute to the formation of (a-c) glial cell surface microdomains. Membrane preparations from El8 
cerebral cortex (a) or C6 glioma cells (b-e) were resolved by two-dimensional SDS-PAGE, electrophoretically transferred to nitrocellulose, and probed with D4 
antiserum (a), affinity-purified D4 polyclonal antibodies to 72 kDa antigen (b) (Cameron and Rakic, 1994) or NJPAl mAb (c). Previous studies demonstrated 
that the 48 and 72 kDa antigens (outlined in a) are the cell surface components of the junctional domains recognized by the polyclonal antiserum D4 (Cameron 
and Rakic, 1994). NJPAl mAb recognizes a 72 kDa antigen component of the junctional domains, similar if not identical to that recognized by the D4 antibodies 
(6, c). The -120 kDa antigen in b is the glycosylated version of the 72 kDa antigen. In one-dimensional SDS-PAGE, NJPAl recognizes a 72 kDa band (arrow) 
identical to that recognized by the D4 polyclonal antiserum (4. Control antibodies or secondary antibodies alone do not recognize this antigen (e). Positions 
of molecular weight markers are indicated vertically, and pH values are indicated horizontally in each panel. 
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of NJPl junctional domain antigen in radial 
cells and migrating cortical neurons. In radial glial cells, immunoreactivity 
is present at the plasmalemmal surface as small fluorescent microdomains 
(a). In migrating neurons attached to radial glial processes (b), immuno- 
reactivity (c) is found mainly at the site of contact between the neuronal 
cell soma and the glial process (b, arrow). Radial glial cell in a is prepared 
from dissociated embryonic brain cultures, whereas cells in b and c are 
from a cortical imprint culture. Scale bar (shown in c): a, 4 pm; b, 12.5 km. 
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To obtain monospecific probes against these junctional domain 
antigens, a panel of mouse mAbs were generated using neonatal 
cerebellar glial cells as immunogens (R. Cameron, unpublished 
ovservations). mAbs that produced profiles of immunolabeling 
similar to that observed with the 04 polyclonal antiserum in 
primary radial glial cells and in neuronal-glial cell reconstitution 
cultures were selected for further analysis (R. Cameron, unpub- 
lished observations). 

Here, we have characterized two of these mAbs, NJPAl and 
NJPA2. In one-dimensional immunoblot analysis of membrane 
fractions prepared from astroglial cells, the mAb NJPAl detected 
prominently a single polypeptide of apparent molecular mass 72 
kDa (R. Cameron, unpublished observations) (Fig. Id). In two- 
dimensional (isoelectric focusing, SDS-PAGE) immunoblot anal- 
yses, NJPAl mAb detected a single species of 72 kDa with an 
isoelectric point of -6.6-7.0 (Fig. lc,d). This antigen overlaps in 
both apparent molecular mass and isoelectric point the 72 kDa 
antigen identified by the polyclonal antiserum D4 (Fig. la-c). 
However, a direct comparison of the identities of the antigen 
recognized by the mAb NJPAl and the 72 kDa antigen recognized 
by the D4 polyclonal serum awaits sequence information on these 
polypeptides. By immunoblot analyses, the mAb NJPA2 detects 
multiple unidentified neuronal and glial cell surface polypeptides 
(data not shown). 

lmmunohistochemical distribution of neuronal-glial 
junctional proteins during cortical development 
In mixed cultures of neurons and glia, the mAbs immunolabel 
microdomains on the free cell surface of cortical radial glial cells, 
but not on neurons (Fig. 2) (see also Cameron and Rakic, 1994). 
In cortical imprint preparations containing both migrating neuro- 

nt analvsis of NJPl antigen duritw develonment of the cerebral cortex. Fluorescent microgranhs are of NJPAl 

m>b-labeled sagittal sections from embryonic day 16 (a), embryonic diy 19 (bj telencephalic wall, and neonatal day 9 cortical”pl&e region (e). The 
marginal zone region of the neonatal day 1 cortical plate was double-labeled with anti-GFAP (c) and NJPAl mAb (d). The glial processes spanning this 
region labels vigorously with anti-GFAP, but only occasionally with NJPAl mAb. Arrows in u and 6 indicate the paucity of NJPAl immunoreactivity in 
the marginal zone region. Horizontal bars in a and b demarcate the different regions of the cerebral wall: top, cortical plate; middle, intermediate zone: 
bottom, ventricular zone. Scale bar (shown in a): a, h, 100 km; c, d, 15 km; E, 70 Wm. 
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nal cells and radial glial cells, immunolabeling is localized mainly 
to the sites where the neuronal cell soma and leading process were 
in contact with the surface of an elongated glial cell (Fig. 2b,c). In 
living embryonic brain slices, the NJPAl mAb labels punctate cell 
surface domains on radial glial cells that appear to correspond to 
the sites of contact with migrating neurons (data not shown). 
Similar labeling pattern was also observed in living slices with D4 
heterologous antisera containing antibodies to both 48 and 72 
kDa junctional domain antigens. 

In the developing rat cortex, NJPAl immunoreactivity is not 
detectable on radial glial cells until after the initiation of neuronal 
cell migration around embryonic day 14. By embryonic day 16, 
when great numbers of neurons are in the process of migration, 
NJPAl immunoreactivity is distributed throughout all developing 
cortical layers, but immunostaining is particularly prominent at 
the level of the ventricular, subventricular, and intermediate 
zones. Radial glial cells and, possibly neurons, are immunolabeled 
and radial glia can be observed coursing from the ventricular to 
pial surface. In labeled radial glial processes, NJPAl immunore- 
activity is typically distributed in a punctate manner, possibly 
representing the glial microdomains that are in linkage with 
migrating neurons. A general paucity in the NJPAl immunoreac- 
tivity is observed in the segment of glia that traverses the marginal 
zone (awow in Fig. 3~). At embryonic day 19, NJPAl immunore- 
activity shows a distribution similar to that observed at embryonic 
day 16, including the striking absence of immunoreactivity in 
radial glial processes in the marginal zone (awow in Fig. 3b). 
Prominent labeling of radial glial cells persists on neonatal day 1. 
As in previous embryonic ages, the marginal zone region was 
mostly devoid of immunoreactivity (Fig. 3c,d). At postnatal day 9 
and in the adult cortex, the pattern of NJPAl immunostaining 
reflects the cellular distribution of astroglial cells (Fig. 3e). Neu- 
ronal cells at these ages are immunonegative. In contrast to 
NJPAl mAb, NJPA2 mAb labeled embryonic brain tissue in a 
ubiquitous manner. 

Taken together, our analysis of the distribution of NJPl antigen 
during the development of cerebral cortex reveal a pronounced 
spatial and temporal correlation between the presence of this 
antigen on radial glial cell processes and neuronal migration: 
NJPl immunoreactivity is not detectable on radial glial cells until 
neuronal cell migration has begun and immunoreactivity virtually 
disappears in the marginal zone region, which forms a barrier 
signaling the end of neuronal migration. We therefore examined 
the role of these antigens in the migration of cortical neurons, 
using two novel bioassays for cortical neuronal migration. 

Functional testing of antibodies to neuronal-glial 
junctional proteins in cortical “imprint” assay 
To test whether the junctional membrane proteins contribute to 
the regulation of neuronal migration in the cerebral cortex, we 
developed a new bioassay for cortical neuronal cell migration that 
is amenable to manipulation by extrinsic factors. Coronal sections 
embryonic day 17-18 rat cerebrum were cultured on Cell-Tak- 
coated coverslips. After 24 hr, the attached slices were lifted off, 
leaving behind imprints of cerebral wall containing elongated glial 
cells with migrating neurons attached to them. Depending on the 
extent of adhesion, this imprinting procedure results in l- to 
3-cell-layer-thick cortical strips with viable cells and discernible 
cytoarchitecture. Often radial glial fibers with migrating neurons 
on them were seen in these imprints (Fig. 4). The rate of neuronal 
cell migration in such imprints averaged 10.1 + 0.3 pm/hr (n = 
354)-a rate comparable to that observed in in viva assays 
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Figure 4. Cortical imprint assay for neuronal cell migration. Imprints of 
embryonic day 17-18 rat cortex were made on Cell-Tak-coated glass 
coverslips. In a, a typical imprint culture containing migrating neurons 
(smd arrow) on a radial glial cell (large arrow) is seen. b, Migrating 
neurons from an imprint culture at a higher magnification. Migrating 
cortical neurons in this assay display characteristic leading and trailing 
processes. Scale bar (shown in b): a, 15 pm; b, 4 Km. 

(O’Rourke et al., 1991, 1992). Imprints of dorsal and medial 
regions of cortical slices (but not the lateral hemispheric regions) 
often yielded intact radial glial cells with migrating neurons at- 
tached to them, because those regions of cortical slices appeared 
to contain intact, rather than severed, radial glial fibers. 

Changes in the migratory behavior of neurons in imprint cul- 
tures were monitored before and after the addition of polyclonal 
antiserum D4, NJPAl mAbs, or NJPA2 mAbs. Antibodies were 
added either as Fab fragments or as purified whole molecules. 
The rate of neuronal cell migration on glial cell substrates was 
reduced significantly in the presence of the polyclonal antiserum 
D4 (-43%) and the mAb NJPAl (-53%) but not the mAb 
NJPA2 (Figs. 5, 6). Within 45 min of antibody exposure neurons 
reduce the extent of their migration and begin to change from an 
elongated morphology characteristic of migrating neurons to a 
more rounded morphology characteristic of stationary neurons. 
Antibody exposure often led to withdrawal of leading processes, 
and in some instances (32% of cases) to detachment of neurons 
from their glial cell substrates (Figs. 5a,b, 7). 

Withdrawal of processes of the migrating neurons was strikingly 
evident when migrating neurons were labeled with an antibody to 
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Figure 5. Exposure to D4 polyclonal antiserum and NJPAl mAbs to junctional domain antigens leads to reduction or cessation of cortical neuronal 
migration in imprint cultures. Cortical imprint cultures were prepared as described in Materials and Methods. In a, a neuron migrating on a thick glial 
cell process was monitored before (panels to the left of black arrow) and after (panels to the tight of black U~XW) addition of purified NJPAl mAbs. 
Minutes elapsed since the beginning of the recording are indicated at the bottom of each panel. Neuron was motile and exhibited a prominent leading 
process (arrow) before the addition of antibodies. After exposure to antibodies, this neuron reduced its rate of migration, became more rounded, withdrew 
its leading process, and eventually appeared to have stopped moving altogether. b, The changes in cell shape and eventual detachment from the glial 
process that frequently accompany exposure to junctional domain antibodies. Before exposure to D4 Fab fragments, this neuron exhibited the typical 
morphology of a migrating cell, with a leading and trailing process. However, after exposure to antibodies, this neuron appears to have retracted its 
processes, rounded up, and then detached from its glial substrate (arrow). Scale bars: a, 9 pm; b, 10 pm. 

neuron-specific prrr-tubulin (TuJ-1; Lee et al., 1991) before and 
after exposure to D4 antiserum (Fig. 7). In migrating neurons, 
TuJ-1 labeled a thin cortex of microtubular network around the 
cell soma and dense, longitudinal arrays of microtubules in both 
the leading and trailing processes. A concentrated distribution of 
microtubules was also noticed in the region where the leading 
process exits cell soma. However, after exposure to the D4 anti- 
serum, TuJ-1 immunoreactivity was restricted mainly to a denser 
network of microtubules circumscribing the cell soma (Fig. 7). 
These data suggest that a rearrangement of cytoskeletal machin- 
ery may underly the alterations in neuronal cell shape and cell 
motility observed subsequent to the disturbance of the specific 
junctions between migrating neurons and radial glial cells by the 
polyclonal antiserum D4. Exposure to a control mAb, NJPA2, or 
to rabbit nonimmune immunoglobulins had no significant effect 
on rate of neuronal cell migration. Radial glial cells did not exhibit 
any vigorous morphological changes after antibody exposure. 

The effects observed with D4 polyclonal serum, which recog- 
nizes both the 72 and the 48 kDa junctional antigens, suggest but 

do not definitively prove that the 48 kDa junctional domain 
antigen is also an important component of normal cortical neu- 
ronal migration. Conclusive evaluation of the functional signifi- 
cance of the 48 kDa antigen awaits the affinity purification of the 
antisera to the 48 kDa antigen and the characterization of mAbs 
to it. 

Functional testing of antibodies to neuronal-glial 
junctional proteins in cortical slice assay 
To rule out the possibility that our imprint assay may be lacking in 
some complex neuron-neuron or neuron-substrate interactions 
important for cell migration in vivo, we also tested our antibodies 
in embryonic cortical slice cultures, which recapitulates the situ- 
ation in vivo even more closely than the imprints. In this bioassay, 
newly generated cortical neurons were labeled with BrdU and the 
extent of their migration from the ventricular zone into the 
intermediate zone and cortical plate was measured after 24 hr in 
culture. Neurons that are generated at a particular time point on 
embryonic day 18 were pulse-labeled with BrdU as described 
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Figure 6. Etfect of NJPAl, NJPA2 mAbs, and D4 polyclonal antiserum 
on cortical neuronal migration in imprint cultures. The rate of neuronal 
migration was measured before and after exposure to thcsc antibodies. 
Purified mAbs were added at 1 mgiml. Fab fragments of D4 polyclonal 
antiserum and rabbit nonimmune IgGs were added at 100 &ml. Expo- 
sure to NJPAI and D4 antibodies significantly reduced the rate of migra- 
tion by 53 and 430/o, rcspcctivcly. NJPA2 mAb, which rccognizcs multiple 
cell surface antigens, produced only a modest 9.8% dccrcasc in the rate of 
migration. Fab fragments of rabbit IgG did not alter the rate of migration 
significantly. Number of cells analyzed in each group are as follows: 
NJPAl, 39; NJPA2, 53; 04, 87, rabbit IgG (Rht. IgC), 3X. Data shown arc 
the mean + SEM for each group. Asterisks indicate that the NJPAI and 
D4 effects are significant when compared with the respective controls atp 
< 0.05. NJPA2 effect, when compared with the rabbit IgG effect, is not 
significant (p > 0.05). 

previously (Takahashi et al., 1992; O’Rourke and McConnell, 
1993). Labeled embryonic brains were removed, coronally sec- 
tioned into 200-pm-thick slices, and cultured on biopore mem- 
brane inserts with or without antibodies. At various time points, 
slices were removed and the location of BrdU-labeled cells was 
assayed by labeling the slices with an anti-BrdU antibody. At time 
0, labeled cells were found almost exclusively in the ventricular 
zone. Occasionally, a few BrdU-positive cells were detected in the 
intermediate zone or in the cortical plate (Fig. 8, panel la). After 
24 hr, labeled cells were observed to be scattered throughout the 
intermediate zone and occasionally in the cortical plate. This 
change in cell position is considered to reflect active neuronal cell 
migration rather than passive cell displacement. When the migra- 
tion of BrdU-labeled neurons was monitored in the presence or 
absence of junctional domain antibodies, we found that both the 
polyclonal antiserum D4 and the mAb NJPAl retarded the max- 
imum extent of neuronal migration by 36% and 28%, respectively 
(see Fig. 8, panel lb,c, panel 2). This reduction in the rate of 
migration was reflected in the reduced number of cells that 
migrated away from the ventricular zone into the intermediate 
zone and cortical plate in the presence of function blocking 
antibodies. In the absence of migration blocking antibodies, al- 
most 2.3 (D4)- to 3 (NJPAl)-fold more BrdU-positive cells mi- 
grated into the intermediate zone and nearly 6 (D4)- to 10 
(NJPAl)-fold more BrdU-positive cells migrated to the cortical 
plate (see Fig. &panel 3). Neither the rabbit immunoglobulins nor 
the control antibody, NJPA2, produced any significant effects. 
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DISCUSSION 

Migrating neurons in the developing CNS form specialized mem- 
brane contacts variably referred to as junctional domains or in- 
terstitial junctions with the underlying radial glial cell substrate 
(Gregory et al., 1988; Cameron and Rakic, 1994). Such specialized 
membrane contacts are hypothesized to be critical elements in the 
maintenance of directed neuronal cell migration along radial glial 
cell fibers (Rakic et al., 1994). In this study, we demonstrate that 
putatively novel polypeptide components (48 and 72 kDa) of the 
junctional domains play a role in the maintenance of normal 
cortical neuronal migration and that dismantling of these special- 
ized contacts in the marginal zone region may signal neurons to 
cease their migration and detach from their glial substrates. 

The functional properties of the junctional domain antigens 
were analyzed in two different cortical neuronal migration assays, 
cortical imprints and slice preparations, which have varying de- 
grees of histotypic complexity. In the first assay, imprints of 
embryonic cerebral wall containing intact radial glial cells with 
migrating neurons attached to them were used. In the second 
assay, newly generated neurons were labeled with BrdU and the 
extent of their migration into the cerebral wall away from the 
ventricular zone was monitored. In both assays, molecular cues 
necessary for cortical neuronal cell migration and pattern forma- 
tion are maintained with minimal perturbance. Thus, in combina- 
tion, these two assays provide useful tools to analyze the nature of 
glia-neuron interactions and its implications during the process of 
neuronal migration in the developing cerebral cortex. In the first 
assay, cortical neurons migrate solely on radial glial cell substrates 
in a radial direction, whereas in the second assay BrdU-labeled 
neurons migrate both radially and tangentially, with radial migra- 
tion along radial glia being the predominant mode of choice 
(O’Rourke et al., 1992, 1995; Rakic, 1995). In both assays, per- 
turbing the junctional contacts formed between migrating neurons 
and radial glia lead to reduction and, at times, cessation of 
neuronal cell migration. Because junctional domains as evinced by 
our antibodies do not form between neurons, the effect of our 
antibodies is primarily on the radial “gliophilic” neuronal migra- 
tion (Rakic, 1985). Previous electron microscopic studies and 
recent confocal microscopic studies also suggest that some of the 
nonradially migrating cortical neurons may utilize glia as migra- 
tory substratum (Boulder Committee Report, 1970; Rakic, 1971, 
1972; O’Rourke et al., 1992, 1995). Whether these neurons form 
transient junctional domains with the radial glial fibers as they 
translocate across the cerebral wall in the tangential direction 
remains unclear. Neurons, having been blocked in their migration 
on radial glia in our slice assay, may also have dispersed more 
tangentially on other neurons or axonal fibers. Regardless, our 
studies support the idea that the molecular basis of the radial 
gliophilic neuronal cell migration is unlike that of the “neurophil- 
ic,” and presumably mainly tangential, neuronal cell migration in 
the developing telencephalon (Rakic, 1990, 1995; Tomasiewicz et 
al., 1994). 

A migrating neuron attaches itself to the radial glial substrate 
primarily by its leading process and cell soma. Only the actively 
migrating neurons form the specialized junctional domains or the 
interstitial densities with the apposing glial fibers (Gregory et al., 
1988; Cameron and Rakic, 1994), whereas the stationary neurons 
form desmosomes or pun&a adhaerentia. The specialized re- 
gional accumulations of membrane proteins at the apposition of 
migrating neurons and radial glial cells may function in migration 
by orchestrating cell-cell recognition, adhesion, transmembrane 



2290 J. Neurosci., April 1, 1996, 16(7):2283-2293 Anton et al. l Mechantsms of Neuronal Mlgratlon In Cerebral Cortex 

dL 
‘. A 

Figure 7. Distribution of neuron-specific class III P-tubulin in migrating 
cortical neurons before (a,h) and after (c) exposure to D4 polyclonal 
antiserum. TuJ-1 mAb to neuron-specific class III P-tubulin labels both 
the leading and trailing processes in a migrating neuron (a,h). In the soma 
of these cells, TuJ-1 labels a thin cortex of microtubular network. c 
illustrates a cortical neuron after exposure to D4 antiserum. The leading 
and trailing processes are mostly withdrawn, and microtubules appear to 
be redistributed in a denser network around cell soma. In a, the glial 
process (small U~RW) used by the migrating neurons is labeled with 
anti-GFAP, whereas in b and c, the glial processes are unlabeled and are 
barely visible (arrow, 6). d is a phase-light image of c, illustrating that the 
neuron shown in c is attached to a glial process (small arrow, d) and has 
withdrawn its processes. TuJ-1 label was visualized with anti-mouse con- 
jugated to Cy3 (ac) or FITC (a). GFAP label in a was visualized with 
anti-rabbit conjugated to Cy3. Scale bar, 5 pm. 

signaling, and or motility. Our antibodies (D4, NJPAI), recogniz- 
ing the functionally active 48 and 72 kDa cell surface components 
of the junctional domains, presumably disrupt the functional 
integrity of these special attachment sites between migrating neu- 
rons and radial glial cells, thus retarding and eventually ending 
normal neuronal migration. 

The integrity of junctional complexes appears to depend on 
their association with microtubule cytoskeleton (Gregory et al., 
1988; Cameron and Rakic, 1994). Junctional domain associated 
microtubules are thought to play a role in force generation during 
cell movement, in addition to being vital for the elaboration and 
maintenance of junctional domains (Gregory et al., 1988). Fur- 
thermore, specific cell-cell interactions between migrating neu- 
rons and radial glial cells mediated by the junctional domain 
antigens may modulate the properties of each others cytoskeleton, 
akin to that observed between developing peripheral axons and 
Schwann cells (Kirkpatrick and Brady, 1994). When labeled with 
TuJ-1, an antibody specific to neuronal class III fl- tubulin, mi- 
grating neurons displayed longitudinal arrays of microtubules in 
both leading and trailing processes, and a thin cortex of microtu- 
bule network in the cell soma. After exposure to junctional do- 
main antibodies, most neurons display shorter processes and a 
thicker cortex of microtubule network in their cell soma. Inter- 
estingly, it appears that disruption of microtubules, but not actin 

8.1 

Figure 8. Effect of NJPAl, NJPA2 mAbs, and D4 polyclonal antiserum 
on migration of newly generated BrdU-positive neurons in slice cultures. 
Panel 1 illustrates BrdU-positive cell distribution in embryonic day 18 
cortical slices after 0 hr in culture (a), after 24 hr in culture in medium 
supplemented with rabbit immunoglobulins (b), and after 24 hr in culture 
with D4 polyclonal serum (c). At 0 hr, BrdU-labeled cells are restricted to 
a sharp band in the ventricular zone (VZ). In the next 24 hr, newly 
generated BrdU-positive neurons migrated out into the intermediate zone 
(1Z) and cortical plate (CP) under control conditions (b). However, in the 
presence of D4 antibodies (c) their migration is impeded and, thus, they 
did not migrate as far as their counterparts in slices cultured in the 
presence of rabbit immunoglobulins (6). (SVZ), Subventricular zone. 
Scale bar, 37.5 pm. 

filaments, may also adversely affect neuronal-glial adhesion (Ri- 
vas and Hatten, 1995). Perhaps, disrupting junctional complexes 
with the antibodies may have led to alterations in functional 
properties of microtubule cytoskeleton, causing changes in cell 
shape, motility, and integrity of junctional adhesion complexes 
(Rivas and Hatten, 1991; Falconer et al., 1992; Rakic et al., 1994, 
1996; Moskowitz and Oblinger, 1995). 

We are unable to determine, using light microscopy, whether 
junctional antigens are localized to the glial compartment alone or 
to both neuron and glial membranes of the junction. Glial junc- 
tional domain antigens may interact with an identical ligand on 
the neuronal cell surface in a homophilic manner, or they may 
interact with a different ligand(s) on the neuronal cell surface in a 
heterophilic manner. Alternatively, as in the case with Ll, glial 
junctional antigens in addition to interacting homophilically with 
similar antigens on neuronal surface, may also be capable of 
binding heterophilically to other neuronal cell surface molecules 
such as astrotactin (Fishell and Hatten, 1991). However, further 
antigen binding studies and electron microscopic immunohisto- 

chemistry of the attachment sites of migrating neurons and radial 
glia will be needed to clarify the homophilic or heterophilic nature 
of the junctional domain antigen interactions. 

Arrest of neuronal cell migration and exit from the radial glial 
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Figure 8. (continued). Panel 2 is a histogram showing the relative depth 
(migration index) of th e ea mg BrdU-positive cells within cerebral wall, I d’ 
under different experimental conditions. Migration index was measured as 
follows: the shortest distance between the BrdU-positive cells at the 
migratory front and the ventricular surface was measured, and this dis- 
tance was divided by the width of the cortical slice in the same region to 
obtain the relative depth of the leading BrdU cells within the slice. An 
average of these measurements from each slice indicates the maximum 
possible extent of neuronal cell migration in that slice. Both 04 and 
NJPAl antibodies significantly retarded the maximum extent of migration 
by 36 and 28%, respectively. The unsupplemented culture medium 
(MEM/lO% HS), NJPA2 antibodies, and rabbit immunoglobulins did not 
affect neuronal cell migration in these slices. This is reflected in the 
number of BrdU-positive cells that were found in the intermediate zone 
(INTERMED. ZOivE) and CORTlCAL PLATE regions under these dif- 
ferent experimental conditions (panel 3). Almost 2.3. to 3-fold more 
BrdU-positive cells managed to reach the intermediate zone under control 
conditions compared with the ones exposed to D4 or NJPAl antibodies. 
Similarly, nearly 6- to IO-fold more BrdU-positive cells were found in 
cortical plate in the absence of migration-blocking antibodies. In the 
presence of functional antibodies to junctional domains, the extent of 
neuronal cell migration was retarded, in terms of both numbers and 
distance of migration. Panel 3, Unit area = 10,000 pm’. Number of slices 
analyzed in each group are as follows: MEM, 22; rabbit IgG, 10; NJPAl, 
7; NJPA2, 8; D4, 13. Data shown are the mean 2 SEM for each group. 
Asterisks indicate that the NJPAl and D4 effects are significant compared 
with the respective controls at p < 0.05. 
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migratory substrate at appropriate cortical laminae is as important 
as the process of migration itself. The “stop” signal for the radial 
neuronal migration is thought to be provided either by the affer- 
ent fibers that migrating neurons encounter near their target 
location or by the ambient neurons that had already reached their 
final position (Sidman and Rakic, 1973; Hatten, 1990, 1993; Hat- 
ten and Mason, 1990). Our studies support a third possibility: the 
cell surface properties of glial substrate change when a neuron 
reaches its appropriate location, thus signaling a neuron to end its 
migration. Immunoreactivity of junctional domains localized be- 
tween migrating neurons and radial glial fibers disappears or 
diminishes at the interface between the marginal zone and cortical 
plate (prospective layers I and II), where the movement of all 
neurons, irrespective of their phenotype, abruptly stops. The 
expression of the junctional microdomain proteins decreases 
sharply at the segment of the radial glial fiber where neurons 
detach from it. This pattern of in situ immunolocalization of 
junctional domain antigens, in combination with the functional 
studies, suggests that dismantling of the specialized neuron-glial 
junctional complexes formed by the membrane proteins recog- 
nized by our antibodies may underlie cessation of neuronal cell 
migration and eventual neuronal detachment from the glial sub- 
strates at appropriate locations in the developing cortical plate. It 
may be significant for the proposed hypothesis, that individual 
radial glial fiber usually split into several branches precisely at the 
border of the layer I and II (Rakic, 1972). Thus, indicating that at 
this point either local conditions or internal cell organization 
abruptly changes (Schmechel and Rakic, 1978; Cameron and 
Rakic, 1991; Rakic, 1995). Such abrupt changes in the cell surface 
properties of radial glial path coupled with the induction of 
specific cell-cell recognition interactions between neurons des- 
tined to the same cortical layer and between newly arrived neu- 
rons and the marginal zone barrier may then lead to termination 
of migration and delivery of neurons with corresponding birth- 
dates to the newly forming cortical laminae at the top of the 
cortical plate (McConnell, 1988, 1989, 1991; Rakic, 1990; 
D’Arcangelo et al., 1995; Ogawa et al., 199.5; Rakic and Caviness, 
1995). 

Based on their unique domain like cellular distribution, func- 
tional properties, and initial biochemical analysis, the junctional 
domain antigens recognized by our antibodies appear to be either 
novel molecules or previously known molecules that are not yet 
implicated in CNS development. The functional and initial bio- 
chemical properties of these molecules are consistent with the 
view that they belong to a family of cell adhesion molecules 
involved in specific glia-neuron adhesion, recognition events nec- 
essary for the oriented migration of neurons along radial glial 
processes. Importantly, the identification and functional charac- 
terization of these neuron-glial junctional molecules open the 
possibility to examine the mechanisms by which migrating neu- 
rons and radial glial cells induce, maintain, and dismantle the 
specialized contacts they form with each other during neuronal 
translocation across the developing cerebral wall. 
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