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Multiple Receptor Systems Promote CNS Neural Migration

Renata B. Fishman and Mary E. Hatten
Rockefeller University, New York, New York 10021

To identify glial receptor systems in CNS migration, cere-
bellar granule neuron migration was assayed on glass fibers
coated with polylysine, astroglial membranes (AM fibers), or
the extracellular matrix proteins collagen (COLL fibers), fi-
bronectin (FN fibers), and laminin (LAM fibers). By video
microscopy, granule cells migrated along AM fibers with the
cytology, neuron-fiber apposition, and dynamics seen on
living glia. The demonstration that immobilized astroglial
membranes support neural migration suggests that astrog-
lial receptor systems, in combination with glial fiber geom-
etry, promote CNS neural migration. Moreover, granule neu-
rons migrated rapidly on LAM fibers, moved relatively slowly
on FN fibers, and not at all on COLL fibers. Antibody per-
turbation analyses suggested that, whereas astrotactin pro-
vides the neural receptor for migration on astroglial mem-
branes, integrin 81 provides the neural receptor for migration
on LAM fibers. These results suggest that multiple receptor
systems support CNS neural migration.

[Key words: neuronal migration, astroglia, extracellular
matrix, cerebellum, neural development, granule cell]

One of the critical questions in cortical histogenesis is the control
of neural migrations in developing brain. Although a system of
radial glial fibers has been shown to provide the primary path-
way for CNS neuronal migrations, guiding postmitotic neurons
from proliferative zones out through the thickening wall of the
anlage (Rakic, 1971, 1972; Sidman and Rakic, 1973; Misson et
al., 1991), the glial receptor systems that promote migration
have not been identified. Among brain regions, neural migra-
tions in the cerebellar cortex have been the most intensively
analyzed, the migration of cerebellar granule neurons along
Bergmann glial fibers providing the best studied exampie of glia-
guided neural migration, by ir vivo Golgi (Ramon y Cajal, 1889,
1911), electron microscopic (Rakic, 1971), *H-thymidine la-
beling (Miale and Sidman, 1961), genetic (Rakic and Sidman,
1973; Sotelo and Changeux, 1974), and in vitro studies (Hatten
et al., 1984; Hatten, 1990). Time-lapse, video-enhanced, dif-
ferential-contrast microscopic studies of the migration of living
granule cells along single glial fibers in real time (Hatten et al.,
1984; Edmondson and Hatten, 1987; Hatten and Mason, 1990)
reveal that neuronal migration is a specialized form of cell mo-
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tility that requires the formation of an extensive, interstitial
junction along the apposition between the neural soma and the
glial fiber and the extension of a leading process that enfolds
the glial fiber as the neuron moves (Edmondson and Hatten,
1987; Gregory et al., 1988; Hatten and Mason, 1990; Rivas et
al., 1991).

The formation of a specialized, interstitial junction with the
glial fiber along the neural soma, and of punctae adherentia with
the glial fiber along the leading process of migrating neurons
(Hatten et al., 1984; Gregory et al., 1988), has suggested that
cell surface receptor systems provide a molecular basis for mi-
gration. Antibody perturbation analyses of cerebellar granule
cell migration in vitro indicate that among the neural cell ad-
hesion systems N-CAM, L1, TAG-1, integrin §1, and the neural
glycoprotein astrotactin, astrotactin provides a neural receptor
system for migration (Fishell and Hatten, 1991). Anti-astrotac-
tin antibodies block the binding of neuronal membranes to as-
troglial cells (Stitt and Hatten, 1990) and inhibit the migration
of granule neurons along astroglial fibers in vitro (Fishell and
Hatten, 1991). Expression of the major component of the as-
trotactin activity, a cell surface glycoprotein with an apparent
molecular weight of approximately 100 kDa (Edmondson et al.,
1988), is maximal during the period of granule cell migration
and assembly into the internal granule cell layer of the cerebellar
cortex in vivo (R. B. Fishman and M. E. Hatten, unpublished
observations). By immunolabeling, astrotactin is not expressed
by astroglial cells, suggesting that astrotactin binds to a heter-
otypic, glial adhesion system.

In addition to cell surface receptor systems, the extracellular
matrix (ECM) molecules laminin and fibronectin have been
proposed to function in glial-guided neuronal migration (Liesi,
1985, 1990). Although most immunocytochemical localization
experiments suggest that ECM in developing brain is largely
restricted to meninges and blood vessels (Hynes, 1990), several
studies have provided evidence that ECM is present in migra-
tory pathways. Fibronectin immunoreactivity is localized in the
subplate region at the time of subplate cell migration (Stewart
and Pearlman, 1987; Chun and Shatz, 1988) and along pathways
of granule neuron migration into the external granule cell layer
(Hatten et al., 1982). Liesi et al. (1985, 1989) have reported
punctate deposits of laminin immunoreactivity along Bergmann
glial fibers during the time of granule neuron migration into the
internal granule cell layer. Similarly, in the developing chick
cerebellum, cytotactin immunostaining is localized to the pro-
cesses and end-feet of radial glia (Grumet et al., 1985; Chuong
et al., 1987). Thus, ECM components may provide receptor
systems for glial-guided neuronal migration.

To identify glial membrane receptor systems in CNS neural
migration, we have developed a novel, in vitro assay, substi-
tuting glass fibers for living glial fibers, and analyzing the mi-
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gratory behavior of granule neurons on these fibers by time-
lapse video microscopy. In the present experiments, we report
that glass fibers coated with astroglial membranes (AM fibers),
but not with 3T3 cell membranes (3T3M fibers), support granule
neuron migration. Among components of the ECM, glass fibers
coated with laminin (LAM fibers) support extensive granule cell
migration. Antibody perturbation experiments provide evi-
dence that whereas astrotactin promotes neural migration on
living glia (Fishell and Hatten, 1991) and AM fibers, the integrin
81 receptor system promotes migration along LAM fibers. These
findings suggest that multiple receptor systems support CNS
neuronal migration.

Materials and Methods

Preparation of glass fibers

Individual glass fibers of similar geometry to radial glial fibers (0.5-2
pm in width, > 100 um in length) were obtained by shattering Whatman
glass fiber filters (no. 1820 024, 2.4 cm). Whole filters were shattered
by stirring or vortexing in PBS and single fibers were pelleted by high-
speed microcentrifugation for 10 min. Fibers were either uncoated, or
coated first with polylysine (100 ug/ml, Sigma) and then coated with
either astroglial membranes or 3T3 cell membranes (described below),
or individual extracellular matrix molecules (laminin, 2.5-500 ug/ml;
fibronectin, 50-500 pg/ml; and collagen IV, 50 ug/ml) obtained from
Collaborative Research. Coating of fibers was accomplished by incu-
bating fibers with these substrates for 2-3 hr at 4°C.

Preparation of astroglial membranes

Membranes were prepared by a modification of the method of Brunette
and Till (1971) from astroghia harvested from cerebella of postnatal day
3-8 (P3-P8) mice. In brief, cells were homogenized in lysis buffer (20
muMm Tris HCl, 1 mMm ZnCl, protease inhibitors 1 mm phenylmethylsul-
fonyl fluoride, 1 uM pepstatin A, 1 ug/ml leupeptin), nuclei were pelleted
out by centrifugation (270 x g, 5 min), and remaining material was
pelleted (48,200 x g, 20 min), resuspended, and run on a dextran-
polyethylene glycol gradient to isolate purified membrane material. The
amount of membrane material obtained was analyzed by Pierce BCA
protein assay. Identical methods were used to prepare 3T3 cell mem-
brane material.

To measure the amount of membrane material bound to glass fibers,
we determined the amount of membrane material required to saturate
the filter. Glial monolayers were incubated with #S-methionine (50 uCi/
ml; New England Nuclear) in order to label membrane protein, mem-
branes were prepared, and varying concentrations of membrane material
were spotted onto individual filters. Filters were washed to remove
unbound material and then analyzed to determine the amount of ra-
diolabeled membrane protein bound and the level of membrane ma-
terial required for filter saturation. Subsequently, all fibers cultured with
granule neurons were coated with saturating levels of protein. As a
second approach to ensure that single fibers were in fact coated with
astroglial membrane, we used autoradiography (as described in Streck
et al., 1992) to visualize the distribution of ?*S-labeled membrane pro-
tein along single fibers. Immunostaining (as described in Edmondson
et al., 1988) with anti-laminin antibodies (Collaborative Research) was
used to confirm the presence of laminin immunoreactivity on the lam-
inin fibers we assayed and to visualize laminin expression in tissue
sections of P7 mouse cerebellum.

Purification of granule cells and cell culture procedures

Granule cells were purified from 3-7-d-old (P3-P7) C57B1/6J mouse
cerebellum as described (Stitt and Hatten, 1990). Granule neurons
(~1 x 10¢ cells/ml in a final volume of 50 ul) were cultured with glass
fibers in glass coverslip microwells coated with polylysine (100 pg/ml).
To provide trophic support, a top coverslip containing astroglial cells
was inverted over the microwell. Cultures were grown in Eagle’s basal
medium (GIBCO) supplemented with horse serum (10%; GIBCO), glu-
cose (8 mm), glutamine (30 mm; GIBCO), and penicillin-streptomycin
(20 U/ml; GIBCO) and were maintained in a CO, incubator at 35°C.
After 12-14 hr in vitro, serum-containing medium was replaced by
serum-free medium (Fishell and Hatten, 1991) and cultures were ana-

lyzed for migration using high-magnification video-enhanced contrast-
differential interference contrast (AVEC-DIC) microscopy.

Video microscopy

Images of granule neuron migration along glass fibers were obtained
with a Hamamatsu C1966 video camera with a Chalnicon tube mounted
on a Zeiss Axiovert 35 microscope equipped with DIC-Nomarski optics
(as described in Edmondson and Hatten, 1987). Images were recorded
on a Panasonic Memory Disk Recorder, and Universal Imaging IMAGE-1
AT sofiware was used for image processing and motion analysis.

Migration assay

High (100 x) magnification was used to examine granule neuron cytol-
ogy along glass fibers. Migrating neurons were identified by cytological
features described previously (Edmondson and Hatten, 1987), For each
group of treated fibers [i.e., polylysine-coated fibers (PLYS fibers), etc.],
a minimum of three experiments were carried out to screen for the
presence of migratory profiles, with a total cell sample of approximately
3000 cells per group. To analyze migration we used a modification of
a low-power assay developed by Fishell and Hatten (1991). Briefly, 3-
10 fields per microwell were scribed, labeled, and followed in time-lapse
light microscopy at low magnification (32 x). Migrations of individual
neurons within a field were tracked and logged every hour for 2-5 hr
using Universal Imaging iMAGE-1 software. For each group of treated
fibers (PLYS fibers, etc.), migration assay experiments were conducted
a minimum of'three times, providing a total sample of 300-600 neurons
bound to glass fibers. In cultures where migration profiles were observed,
the migration rates of cells expressing migration profiles were quanti-
tated. For cell populations that did not express migration profiles (e.g.,
cells on PLYS fibers), migration rates for a random population of cells
were quantitated.

Antibody perturbation studies

AM fibers. Using uncoated, rather than polylysine-coated, culture plates
reliably increased the number of granule neuron migration profiles we
observed using light microscopy. This was necessary to obtain a large
enough sample of migration profiles to perform antibody perturbation
analyses. Granule neurons were purified (as described), transferred to
serum-free medium, and then incubated with either anti-astrotactin, or
control (normal rabbit serum), Fab fragments (1 mg/ml) for 30 min on
ice prior to plating. Neurons were then plated in coculture with AM
fibers, and additional Fab fragments were added to the microwell to
bring the final concentration of Fabs to 1 mg/ml; 12-24 hr later, 40
fields from each culture condition were examined for the presence of
migration profiles using video microscopy. Similar experiments were
performed using anti-astrotactin IgG (1 mg/ml).

LAM fibers. Polyclonal antisera (1:20 in serum-free medium) to lam-
inin (gift of Dr. L. Liotta of the National Institute of Health, Bethesda,
MD), integrin 81 (GP140; gift of Dr. C. Buck of the Wistar Institute),
or astrotactin [1:10, absorbed against a lung carcinoma cell line, line 1
(Kennel et al., 1989); line 1 cells provided by Dr. E. Marcantonio] were
added 1-2 hr postplating to cultures of granule neurons and LAM fibers.
Control cultures received normal rabbit serum (1:20); 12-24 hr later all
cultures were screened for the presence of migratory profiles.

Mixed cultures of neurons and live astroglia. Cultures of migrating
neurons and radially differentiated astroglia were prepared as previously
described (Fishell and Hatten, 1991). Polyclonal antisera to laminin (1:
20) were added to cultures of migrating neurons and astroglia 48 hr
postplating, and 2 hr later cultures were assayed for migration using the
low-magnification assay.

Geometry experiments

To analyze the contribution of glial fiber geometry to neuronal migra-
tion, neurons were plated in the absence of glass fibers, on coverslips
coated with polylysine (100 ug/ml) and either laminin (50 pg/ml) or
astroglial membranes (~800 ug/ml); 12-24 hr later, neuronal migration
was analyzed over a 2-5 hr observation period using time-lapse video
microscopy.

Fixed glia experiments

Cultures of migrating neurons and radially differentiated glia were pre-
pared as previously described (Fishell and Hatten, 1991). Forty-cight



hours postplating, cultures were fixed with aldehydes (0.5-4%) and then
thoroughly washed with CMF-PBS. PKH26 dye-labeled (Gao et al,,
1992) purified living granule neurons in BME plus 10% horse serum
were then added to the fixed cultures, and 12-24 hr later cultures were
analyzed for migration of living neurons on fixed glia by high-magni-
fication AVEC-DIC.

Results

Previous studies on glial-guided neuronal migration established
that migrating neurons express a specialized cytology, including
a close apposition to the glial fiber, bipolar shape, extension of
a tapered leading process, caudal positioning of the nucleus, and
streaming of intracellular vesicles into the leading process (Ed-
mondson and Hatten, 1987; Gregory et al., 1988; Gasser and
Hatten, 1990a,b). In the present experiments, to identify glial
receptor systems that function in CNS neuronal migration, we
developed an assay to analyze the behavior of granule neurons
on coated glass fibers.

Granule neurons fail to migrate on glass fibers and PLYS
fibers

To analyze whether glial fiber geometry alone was sufficient to
support granule neuron migration, we substituted glass fibers
for living astroglia in microcultures of cerebellar granule cells.
Individual glass fibers of similar geometry to radial glial fibers
(0.5-2 um in width, >100um in length) were obtained from
Whatman glass fiber filters and placed in glass coverslip micro-
cultures at a density of approximately 500-750 fibers per well.
Granule neurons, purified on P3-P7, were added to wells con-
taining the fibers. By light microscopy, granule cells adhered
poorly to untreated glass fibers, with approximately 5% of the
cells bound 12-20 hr after plating. By high-magnification AVEC-
DIC microscopy, granule neurons apposed to glass fibers did
not express the specialized cytology characteristic of migrating
cells, that is, bipolar shape, caudal positioning of the nucleus,
extension of a leading process, and oriented streaming of intra-
cellular vesicles (Edmondson and Hatten, 1987; Gregory et al.,
1988). Instead, apposed cells were spherical rather than bipolar,
and they extended neurites tipped with growth cones rather than
the tapered leading process characteristic of migrating neurons
(not shown). To measure cell movement, time-lapse AVEC-DIC
images were obtained at low magnification over a 2-5 hr ob-
servation period (Fishell and Hatten, 1991). By time-lapse
AVEC-DIC microscopy, we did not observe any migration along
uncoated glass fibers in a cell sample of approximately 300
neurons (not shown). This suggested that glial fiber geometry
alone was not sufficient to support neural migration.

To examine whether glass fibers coated with polyamines, a
more adhesive substratum, would support neural migration, we
pretreated the fibers with poly-p-lysine. By microscopy, granule
neurons bound to PLYS fibers within several hours after plating.
When the culture substratum was also treated with polylysine,
approximately equal numbers of cells bound to the fibers and
to the culture surface, suggesting that the neurons did not bind
preferentially to PLYS fibers over a polylysine-coated dish. Neu-
rons that bound to the PLYS fibers tended to clump together,
rather than disperse along the fibers. This pattern of cell distri-
bution along PLYS fibers, where neurons tended to bind to each
other rather than the fiber, contrasted with that of neurons on
living astroglia, where neurons tend to be distributed individ-
ually along the Iength of the glial fiber and bind preferentially
to the glial fiber over neighboring neurons (Hatten et al., 1984).
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By light microscopy, granule neurons bound to PLYS fibers
expressed a round rather than bipolar morphology and extended
neurites tipped with growth cones rather than a short, tapered
leading process. By time-lapse AVEC-DIC microscopy, none of
the cells we monitored in a cell sample of approximately 300
neurons migrated over the course of several hours (Fig. 1). Quan-
titation of a random cell sample (N = 48) on PLYS fibers reveals
an average movement rate of 1.09 um/hr £ 0.160 (=SEM).
These short, random movements of rounded cells reflect a base-
line level of motility of most living cells in culture and are
qualitatively different than those movements displayed by mi-
grating neurons. This suggested that, although neurons bound
to PLYS fibers as avidly as to a polylysine culture surface, po-
lylysine was not sufficient to support granule neuron migration.

Granule neurons migrate on AM fibers

To examine whether receptor systems expressed by astroglial
fibers were sufficient to support neural migration, we purified
astroglial cells from P3-P8 cerebellum (Hatten, 1985), prepared
glial plasma membranes, and coated the fibers with plasma
membrane material (20 ug/mg filter). Examination of cultures
by light microscopy 12-24 hr after plating revealed that ap-
proximately 15% of granule neurons bound to AM fibers. Ap-
proximately 3% of neurons bound to AM fibers expressed mi-
gratory profiles, having a bipolar shape and leading process.
Plating glass fibers on uncoated, rather than polylysine-coated,
glass coverslips resulted in a much higher percentage of migra-
tion profiles on AM fibers (see below), presumably because more
cells adhered preferentially to AM fibers over the untreated
substrate. By AVEC-DIC microscopy, bipolar granule neurons
bound to AM fibers migrated on the fibers (Fig. 2). At high
magnification, the cytology and the pattern of movement of
granule neurons along AM fibers were strikingly similar to that
of granule neurons migrating on living astroglial fibers (Fig. 3).
Migrating neurons were closely apposed to the AM fiber, ex-
pressing a bipolar shape and extending a leading process that
enfolded the AM fiber. As seen for neurons migrating on intact
glia, the nucleus of migrating cells was positioned in the rear of
the cell, and intracellular vesicles streamed from the rostral
portion of the soma into the leading process. Moreover, as seen
for cells migrating along living ghia, granule neuron migration
on AM fibers was saltatory, consisting of periods of movement
interspersed with stationary periods. The mean rate of migration
for neurons expressing a migration profile was 5.5 + 0.96 um/
hr (N = 17), and among cells that moved 10 um/hr or more,
the average rate of migration was 13.38 + 3.41 um/hr (Fig. 4).
These rates are slower than, but within the range of, speeds
recorded for granule cell migration along living glial fibers (Fish-
ell and Hatten, 1991).

Both the binding and motility of granule neurons along AM
fibers depended on the amount of glial membrane protein ma-
terial that was bound to the fibers. Under conditions where
binding of glial membranes was not at saturation levels, granule
neurons failed to bind to or migrate along AM fibers. Binding
assays of radiolabeled astroglial membrane material revealed
that the level of membrane protein required for saturation bind-
ing was 20 ug/mg of filter. At saturating levels of membrane,
autoradiographic localization showed silver grains correspond-
ing to radiolabeled glial membrane proteins distributed along
the length of the glass fiber (Fig. 2).

To examine directly the contribution of glial fiber geometry
to neuronal migration on astroglia, we examined the behavior
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Figure 1. PLYS fibers do not support
granule neuron migration. A, Single glass
fibers of similar dimensions as living
glial fibers were coated with polylysine
(100 pg/ml) and cultured with granule
neurons purified from early postnatal
mouse cerebellum. Granule neurons
bind to PLYS fibers, but time-lapse
video microscopy of the same field 1.5
hr later (5) reveals that granule neurons
fail to migrate on these artificial fibers.
This suggests that fiber geometry alone
is not sufficient to support migration.
C, High-power video microscopy dem-
onstrates that granule neurons bound
to PLYS fibers display a rounded mor-
phology and extend short neurites, a cy-
tology that is characteristic of station-
ary neurons. rn, round neuron; f, glass
fiber; n, neuron. Scale bar: ~34 um for
A and B, ~8 um for C.

of granule neurons on a large, flat culture surface coated with
astroglial membranes. In contrast to results obtained using long,
thin glass fibers, neurons plated on a flat surface coated with
astroglial membrane had a rounded morphology and failed to
migrate over a 3 hr observation period (not shown). This sug-
gests that glial fiber geometry is important for organizing mi-
gration cytology and movement along the glial fiber.

Antibody perturbation

Previous studies have shown that anti-astrotactin antibodies
markedly block the binding of granule neurons to astroglial cells
(Stitt and Hatten, 1990) and the migration of granule neurons
along living glial fibers in vitro (Fishell and Hatten, 1991). To
determine whether the astrotactin receptor system functions in
neuronal migration along AM fibers, we tested whether anti-
astrotactin antibodies disrupted the formation of migration pro-
files by granule neurons on AM fibers. To increase the sample
size of migration profiles on AM fibers, glass fibers were plated
on uncoated, rather than polylysine-coated, glass coverslip mi-

crowells. Examination of fields containing at least one migration
profile revealed that in control cultures receiving Fab fragments
from normal rabbit serum (1 mg/ml), 46.94% =+ 3.96 of cells
bound to AM fibers expressed migration profiles, whereas in
anti-astrotactin (Fab fragments, 1 mg/ml)-treated cultures,
33.83% + 3.49 of the cells bound to AM fibers displayed mi-
gration profiles. Thus, addition of anti-astrotactin antibodies
significantly reduced granule neuron expression of migration
profiles by approximately 28% of control values (1 = 2.466; p
= 0.016; Fig. 5). Addition of anti-astrotactin IgG (1mg/ml) also
disrupted migration profile formation to a similar extent (30%;
not shown).

Specificity of granule cell binding to AM fibers

Binding to 3T3M fibers. To examine the specificity of neural
migration on AM fibers, we monitored the binding and migra-
tory behavior of granule cells on 3T3M fibers. As reported for
glial cells, to measure the amount of 3T3 cell membrane material
coupled to the fibers, we radiolabeled 3T3 cells with **S-me-




Figure 2. AM fibers support granule neuron migration. 4, AM fibers
were cultured with granule neurons purified from early postnatal mouse
cerebellum. Video microscopy reveals several neurons with migration
profiles (mn, migrating neuron) along the length of the glass fiber (f).
B, Time-lapse analysis of the same field 3 hr later revealed that one
neuron (arrow) migrated approximately 21 pym along the AM fiber. C,
Autoradiography reveals that silver grains corresponding to **S-labeled
astroglial membrane proteins are distributed along the length of the
glass fiber (g/). D, High-magnification video microscopy reveals that
migrating neurons on AM fibers have an elongate bipolar morphology
and are attached to the glass fiber along the length of the neuronal soma,
and that the nucleus (arrow) is positioned in the rear of the cell. Scale
bar: ~40 um for 4 and B, 10 um for D.

thionine, prepared membrane material, and quantitated the
amount of bound membrane by scintillation counting. To ex-
amine the distribution of 3T 3 membrane labeling along the glass
fiber, we carried out autoradiographic localization of radiola-
beled membrane material. These experiments demonstrated sat-
uration binding of 3T3 membranes to the fibers and uniform
membrane binding along the entire length of all of the fibers we
examined (not shown).

When plated in culture wells containing 3T3M fibers, granule
cells attached to the fibers, but in contrast to AM fibers where
bound neurons expressed a bipolar migratory profile, most neu-
rons bound to 3T3M fibers expressed a round, neurite-bearing
profile. By low-magnification AVEC-DIC microscopy, the av-
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Figure 3. High-magnification time-lapse video microscopy reveals that
the cytology and movement dynamics of granule neuron migration along
AM fibers are similar to that expressed by neurons migrating on living
glia. A, Time = 0 min: migrating neurons (mn) express an elongate
morphology, attaching to the glass fiber (f) along the length of the
neuronal soma. B, Time = 28 min: as the neuron migrates along the
glass fiber, it extends a leading process (/p) and the nucleus (n) is po-
sitioned in the rear of the cell, cytological features that are characteristic
of neurons migrating along living astroglia. C, Time = 133 min: as the
neuron migrates along the fiber, it undergoes cycles of extension and
contraction, dynamics that are characteristic of migrating neurons along
living astroglia. The distance migrated was approximately 30 pm within
133 min. Scale bar, 10 pm.
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Figure 4. Rate of granule neuron migration on AM fibers. The per-
centage distribution of migratory rates of a population of granule neu-
rons on AM fibers is shown. Quantitation of migration rates for neurons
expressing a migration profile revealed that the mean rate of granule
neuron migration was 5.5 + 0.96 um/hr (N = 17), with 11% of the
neurons migrating at 10 yum or more per hour. These rates were slower
than, but within the range of, neuronal migration on living astroglia
(11.79 + 0.718 um/hr; N = 123; Fishell and Hatten, 1991). Values are
means + SEM; N = number of cells sampled.
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Figure 5. Anti-astrotactin inhibits the expression of migration profiles
on AM fibers. Granule neurons from early postnatal cerebellum were
incubated with either anti-astrotactin, or control [normal rabbit serum
(NRS)], Fab fragments (1 mg/ml), and then plated with AM fibers. In
control cultures, 46.94 + 3.96% of the neurons bound to AM fibers
expressed migration profiles, whereas in anti-astrotactin-treated cul-
tures, the percentage of migration profiles observed was reduced by 28%
of control levels (f = 2.466; p = 0.016). Values are expressed as means
from 40 fields; error bars represent the SEM.

erage rate of neuronal migration for a random sample of cells
(N=49)was 1.91 + 0.305 pum/hrin a 2-5 hr observation period.
None of the cells we examined actively migrated, that is, moved
10 um/hr or more. Thus, granule neurons did not display mi-
gratory profiles or migrate along 3T3M fibers.

Binding to fixed astroglial cells. As a further control, we ex-
amined the behavior of P3-P6 granule cells on killed glial cells,
fixing the glia with aldehydes (0.5—4%), adding dye-labeled gran-
ule cells, and monitoring cell movement as above, Granule neu-
rons failed to migrate on fixed astroglia, but as all of the fixation
procedures that we evaluated decreased the binding of radio-
labeled granule cell membranes to the glial cells by more than
50% (Stitt and Hatten, 1990), it was not possible to compare
directly the behavior of granule cells on fixed glia with that of
granule cells on AM fibers.

Behavior of granule neurons on glass fibers coated with ECM

To examine whether ECM components shown to support CNS
growth cone locomotion would support CNS neural migration,
we treated glass fibers with collagen (COLL fibers), fibronectin
(FN fibers), or laminin (LAM fibers) and measured neural bind-
ing and motility on the fibers. In all cases, to promote the binding
of ECM proteins, we pretreated the fibers with polylysine (100
pg/ml).

Collagen IV and fibronectin

When granule cells were plated onto COLL fibers (collagen IV,
50 wg/ml), bound cells displayed stationary rather than migra-
tory profiles. Low-magnification AVEC-DIC microscopy of ap-
proximately 300 neurons on COLL fibers revealed that only
four neurons displayed a bipolar morphology; none of these
neurons moved more than 6 pum/hr over a 2-5 hr observation
period. The average migration rate of a random sample of cells
(N = 42) was 1.74 + 0.19 um/hr.

When granule cells were plated onto FN fibers, although bind-
ing and migratory profiles were observed, the development of
migratory profiles was markedly slower than that seen on LAM
fibers, requiring as long as 24 hr for the cells to display migratory
profiles. After that time period, limited cell migration was ob-
served using low-magnification AVEC-DIC microscopy. Quan-
titation of a sample of 68 neurons with bipolar profiles revealed

Figure 6. LAM fibers support granule neuron migration. 4, Granule
neurons bind to, and show migration profiles on, LAM fibers (f; mn,
migrating neuron). B, Time-lapse video analysis of the same field 3 hr
later reveals neuronal migration of approximately 80 um (arrow). C,
High-magnification video microscopy reveals that migrating neurons
on LAM fibers express a bipolar morphology, extend a leading process
(Ip) in the direction of movement, and position the nucleus (z) in the
rear of the cell, all of which mimic the cytological features of migrating
neurons on living astroglial fibers. Scale bar: 20 pm for 4 and B, ~9
um for C.

that only approximately 3% of the neurons migrated more than
10 pm/hr. Among neurons migrating more than 10 gm/hr, the
average rate of migration was 13.8 + 0.26 um/hr, and the longest
distance traveled was 30 pm. Increasing the amount of fibro-
nectin (500 pg/ml) used to coat the fiber did not markedly in-
crease the frequency of migratory cells and the distance of mi-
gration on FN fibers.

Laminin
By contrast to results obtained with COLL or FN fibers, granule
neurons bound rapidly to LAM fibers. Twelve to twenty-four
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hours postplating, analysis of fields containing 1-15 migration
profiles revealed that approximately 65% of the cells bound to
LAM fibers displayed a morphology typical of migratory cells,
forming a close apposition with the fiber, expressing a bipolar
shape, and extending a leading process along the LAM fiber.

By low-magnification AVEC-DIC microscopy, cell migration
was extensive on LAM fibers (Fig. 6), with individual cells mov-
ing up to 80 um, at rates ranging from 0 to 33 um/hr within a
2-5 hr observation period. Among neurons expressing a migra-
tion profile (VN = 209), the mean rate of migration was 7.2 =+
0.437 um/hr (Fig. 7). Twenty-two percent of the neurons we
examined migrated more than 10 um/hr at an average rate of
17.08 + 0.87 (+SEM) um/hr. These values for the frequency
and average speed of neuronal migration on LAM fibers are
similar to values reported for granule cell migration on living
glia (Fishell and Hatten, 1991). Even at lower concentrations of
laminin (2.5 ug/ml), LAM fibers supported granule neuron mi-
gration,

By high-magnification AVEC-DIC microscopy, the cytology
and dynamics of movement of granule neuron migration along
LAM fibers were similar to that observed for granule neurons
migrating along living astroglia. Migration was saltatory, with
periods of movement interspersed with periods when the neuron
paused along the fiber.

To analyze further the role of glial fiber geometry in neuronal
migration, we compared the behavior of granule neurons on
LAM fibers to cell behavior on a laminin-coated tissue culture
dish. Whereas approximately 65% of the neurons bound to LAM
fibers expressed a bipolar morphology characteristic of migrat-
ing neurons, granule neurons bound to a laminin-coated dish
displayed a wide range of morphologies including a spread mo-
tile shape typical of migrating neural crest cells (Newgreen and
Thiery, 1980), a rounded, neurite-bearing morphology, and a
bipolar, neurite-bearing morphology (not shown). Furthermore,
while the mode of movement of migrating neurons on LAM
fibers was similar to that observed on living astroglia, a variety
of types of cell motility were seen on a laminin surface. This
suggests that the contributions of glial fiber geometry to neuronal
migration include the organization of the cytology of migrating
neurons, orientation of the direction of movement, and regu-
lation of the speed of neural movement.

Antibody perturbation studies

Anti-laminin antibodies block granule cell binding to LAM fibers.
To determine whether the binding and subsequent migration
observed on LAM fibers were laminin specific, we tested wheth-
er anti-laminin antibodies (1:20) would disrupt binding and

—

Figure7. Behavior of granule neurons on glass fibers coated with ECM
proteins. The percentage distribution of migration rates of a population
of granule neurons on LAM fibers is shown in 4. LAM fibers supported
rapid granule neuron migration, with approximately 22% of granule
neurons that expressed migration profiles migrating more than 10 pm/
hr (N = 209). Among those cells migrating 10 um/hr or faster, the
average rate of migration was approximately 17.08 + 0.87 ym/hr, and
the farthest total unidirectional distance traveled was approximately 80
um. B, FN fibers also supported the expression of migration profiles
and limited neuronal movement, but was far less effective than LAM
fibers. In contrast to their behavior on LAM fibers, only 3% of neurons
we observed (N = 68) migrated more than 10 um/hr on FN fibers, and
their average rate of migration was 13.8 + 0.26 um/hr. C, In contrast,
none of the granule neurons we observed migrated (moved > 10 um/
hr) on COLL fibers (N = 42). N = number of cells sampled.
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Figure 8. Antibodies to laminin and integrin 81, but not astrotactin,
block expression of migration profiles on LAM fibers. Antibodies to
laminin, integrin 81, or astrotactin were added 2 hr postplating to cul-
tures of early postnatal cerebellar granule neurons and LAM fibers. In
control cultures, 69% of the neurons that bound to LAM fibers expressed
migration profiles. Antibodies to laminin, or integrin 81 dramatically
blocked the expression of migratory profiles. In contrast, anti-astrotactin
did not significantly disrupt the expression of migratory profiles (¢ =
0.235; p = 0.817). Values are expressed as means from 10 randomly
selected fields; error bars represent the SEM.

migration of granule neurons on LAM fibers. Addition of an-
tibodies 1-2 hr after the cells were plated induced rapid de-
tachment of the neurons from the LAM fibers. Examination of
10 random fields revealed that none of the neurons apposed to
the fiber displayed migratory profiles, whereas in control cul-
tures receiving normal rabbit serum (1:20) 68.55% + 10.44 of
the neurons displayed migration profiles (Fig. 8). This suggested
that bound laminin provided the ligand for granule cell binding
to and migration along LAM fibers.

By contrast, the addition of anti-laminin antibodies to granule
cells in coculture with living glia 48 hr postplating did not dis-
rupt either the binding of neurons to astroglia or the migration
of neurons along glial fibers. The average rate of neuronal mi-
gration in control cultures was 13 *+ 0.943 um/hr (N = 60
neurons), whereas the average rate of migration in anti-laminin—
treated cultures was 16 + 1.29 um/hr (N = 40 neurons; ¢t =
2.061; p = 0.042). Furthermore, in anti-laminin—treated cul-
tures, of the neurons with migratory profiles whose migration
rates we measured (N = 40), 77% migrated 10 um/hr or faster
during a 3.5 hr observation period. In control cultures, approx-
imately 63% of the cells measured migrated 10 pm/hr or faster
during the 3.5 hr observation period. Thus, anti-laminin anti-
bodies did not block the migration of neurons on living astroglia.
This suggested that, although laminin supported migration along
LAM fibers, it was not a primary receptor system for migration
along living glia.

To examine whether the failure of anti-laminin antibodies to
perturb migration along living glia related to the level of glial
laminin expression, we immunostained tissue sections of P7
mouse cerebellar cortex with anti-laminin antibodies. Immu-
nolocalization of anti-laminin antibodies by the methods used

to stain LAM fibers did not demonstrate staining of Bergmann
glia or of cerebellar astrocytes. Instead, laminin immunoreac-
tivity was restricted to the meninges and blood vessels (not
shown). This suggested that the amount of laminin expressed
by living cerebellar glial cells in situ was lower than the amount
present on the LAM fibers we assayed. )
Anti-integrin 81 antibodies block granule cell binding to LAM
fibers. Previous experiments demonstrated the expression of
integrin 81 by granule neurons in vitro (Stitt and Hatten, 1990).
To examine the contribution of integrin 81 to granule cell bind-
ing to LAM fibers, we examined cell binding in the presence of,
GP140, an anti-integrin 81 antibody. The addition of GP140
(1:20) abolished granule cell binding and therefore the appear-
ance of migratory profiles on LAM fibers. Twenty-four hours
postplating we examined 10 random fields per culture and mea-
sured the number of migratory profiles present on a fiber as a
percentage of the total number of cells apposed to the fiber. In
control cultures receiving normal rabbit serum (1:20), 68.55%
+ 10.44 (=SEM) of neurons apposed to LAM fibers displayed
migratory profiles. In contrast, in anti-integrin 31 antibody-
treated cultures, only 2% =+ 2 (+=SEM) of the neurons apposed
to LAM fibers displayed migratory profiles (Fig. 8), despite the
finding there was no significant difference between the two treat-
ment groups in the total number of neurons present per field (¢
= 1.234; p = 0.233). This suggests that integrin 81 provides a
neuronal receptor for granule cell binding to LAM fibers.
Anti-astrotactin antibodies do not block migration on LAM
fibers. To determine whether the migration of neurons along
LAM fibers utilized the neuron—glia ligand astrotactin, we tested
whether anti-astrotactin blocked the migration of granule neu-
rons along LAM fibers. Examination of 10 random fields per
treatment group revealed that polyclonal antibodies to astro-
tactin (1:10) added 2 hr postplating did not significantly block
the formation of migratory profiles along LAM fibers; 65.12%
+ 10.19 of neurons bound to fibers showed migratory profiles
in anti-astrotactin-treated cultures compared with 68.55% +
10.44 in control cultures (¢ = 0.235; p = 0.817; Fig. 8). There
was no significant difference in the total number of cells present
per field between control and anti-astrotactin—treated cultures
(t = 1.958; p = 0.066). This suggested that the astrotactin 100
kDa protein does not provide a neural receptor for laminin.

Discussion

To identify glial receptor systems that guide neuronal migration,
we developed a novel assay to analyze migration on artificial
glass fibers in vitro. The present experiments demonstrate that
CNS neurons migrate on glass fibers coated with astroglial mem-
branes (AM fibers) and the ECM component laminin (LAM
fibers). Antibody perturbation studies reveal that, whereas as-
trotactin provides a receptor system for neuronal migration on
astroglia (Fishell and Hatten, 1991) and AM fibers, the integrin
81 receptor system promotes neuronal migration on LAM fibers.
These results suggest that multiple receptor systems can support
neuronal migration and that glial ligand expression determines
which receptor systems function in vivo.

The demonstration that immobilized astroglial membranes
support neural migration suggests that astroglial receptor sys-
tems, in combination with glial fiber geometry, promote CNS
neural migration. A striking aspect of neural migration on AM
fibers was the finding that neurons expressed all of the special-
ized features seen for migrating neurons on intact glial fibers in
vivo (Rakic, 1971) and in vitro (Edmondson and Hatten, 1987).



These features included a bipolar shape, caudal positioning of
the nucleus, extension of a leading process along the fiber in the
direction of migration, and the oriented flow of cytoplasmic
vesicles from the area forward of the nucleus into the leading
process. In addition, the dynamics of movement of granule
neurons along AM fibers closely resembled those for granule
cell migration along living glia. In both cases, a saltatory pattern
of movement resulted from cycles of contraction and extension
of the cell soma with the neuron repeatedly pausing and sliding
forward along the fiber (Edmondson and Hatten, 1987; Hatten
and Mason, 1990). The demonstration that granule neurons
migrate on AM fibers, and not on fibers coated with 3T3 mem-
branes (3T3M fibers), suggests that specific glial membrane com-
ponents promote CNS neural migration.

Previous studies have demonstrated that anti-astrotactin an-
tibodies block neuron—glia binding (Stitt and Hatten, 1990), and
neuronal migration along astroglia in vitro (Fishell and Hatten,
1991). The demonstration that anti-astrotactin inhibits expres-
sion of migration profiles on AM fibers is consistent with these
results, further demonstrating that astrotactin provides a recep-
tor system for glial-guided neuronal migration.

A persistent question regarding glial guidance in vivo is wheth-
er gradients of glial adhesion molecules provide directional cues
for migration. Previous iz vitro studies demonstrating that single
neurons could migrate to the end of a glial fiber, pause, and then
migrate in the opposite direction (Hatten et al., 1984) argued
against the use of gradients of adhesion molecules as directional
cues. The demonstration of CNS neural migration along glass
fibers uniformly coated with astroglial membrane material and
laminin does not support the conclusion that gradients of ad-
hesion receptor systems orient the direction of neural migration.

The limited number of migrating cells seen on AM fibers was
likely due to several factors. First, although we used procedures
that generated large sheets of native membrane, some loss of
receptor activity is to be expected. Second, the methods we used
to couple the membranes to the glass fibers did not necessarily
orient the membranes in a native state, so as much as 50% could
have been coupled in an “inside-out” configuration. Finally,
since preparation of glial membranes required culturing glial
cells in the absence of neurons, conditions where the glia are
not differentiated into the radial forms seen to support migration
in the developing brain (Hatten, 1985), the membranes we used
possibly expressed low amounts of receptor systems present on
radial forms of glia. Therefore, it was not unexpected that we
observed limited numbers of migrating neurons on AM fibers,
that the mean rate of migration was slower on AM fibers than
on intact glia, and that antibody perturbation of migration pro-
file expression on AM fibers was somewhat less effective than
antibody perturbation of neuronal migration on intact glial fi-
bers (Fishell and Hatten, 1991).

Analysis of the behavior of granule neurons along glass fibers
treated with the ECM components (COLL, FN, and LAM fibers)
revealed striking differences in the frequency of migration, the
average rate of neural migration, and the longest distance trav-
eled by a migratory neuron along ECM components. Among
ECM components, laminin promoted frequent, rapid migra-
tions that persisted for 80 um along the glass fiber. Moreover,
the cytology of migrating neurons and dynamics of neural move-
ment on LAM fibers closely resembled that of neuronal migra-
tion on living astroglia. Fibronectin promoted more limited
migration along glass fibers, with neurons migrating at a reduced
frequency and slower rate than on LAM fibers. Although granule
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neurons bound to COLL fibers, cell movement was extremely
rare. These results suggest that among ECM components, lam-
inin promotes extensive CNS neural migration. The finding that
laminin promotes more frequent migration of granule neurons
along FN or COLL fibers contrasts with results obtained with
neural crest migration where both laminin and fibronectin pro-
vide a receptor system for cell migration (Perris et al., 1989).
The ability of LAM fibers, but not FN fibers, to promote mi-
gration is likely to result from the expression of specific heter-
odimers of integrin « and 8 subunits by immature granule neu-
rons, since studies on fibroblast motility have shown that among
8! integrins, expression of particular a-subunit can confer
motility (Schiro et al., 1991).

The rapid detachment of 95% of the granule neurons bound
to LAM fibers after addition of anti-laminin antibodies or an-
tibodies to the neural laminin receptor integrin 81 (Bozyczko
and Horwitz, 1986; Ignatius and Reichardt, 1988) suggests that
integrin 81 was the primary receptor system in neuronal binding
to LAM fibers. These studies suggest that the integrin 81 neural
receptor system is sufficient to support neural migration under
conditions where laminin is expressed on the glial fiber. By
contrast, antibody perturbation studies, using the anti-laminin
antibodies that inhibited neural migration along LAM fibers,
did not support a role for laminin in neural migration along
living, cerebellar glial cells. This result is consistent with the
results of Schachner and colleagues, who showed that anti-lam-
inin antibodies fail to disrupt the formation of the internal gran-
ule cell layer in a tissue explant assay system (Antonicek et al.,
1987). Moreover, although some studies have reported expres-
sion of laminin along Bergmann glial fibers in vivo (Liesi, 1985;
Liesi and Risteli, 1989), immunostaining of early postnatal cer-
ebellar tissue with the anti-laminin antibodies we used was re-
stricted to meninges and blood vessels. These results suggest
that ES laminin does not provide a receptor system for granule
cell migration in the developing mouse cerebellar cortex. Our
findings do not exclude the possibility that other forms of lam-
inin, including homologs of the laminin A (Ehrig et al., 1990)
or B chain (Hunter et al., 1989) specifically expressed in brain,
function in neural migration along glial fibers.

In the case of granule cell migration along living glial fibers,
antibody perturbation experiments provide evidence that an-
tibodies against the laminin receptor integrin 81 do not reduce
the rate of neuronal migration along living cerebellar glial fibers
(Fishell and Hatten, 1991). The conclusion that integrin 81 does
not provide the primary receptor system for glial-guided neu-
ronal migration is supported by our finding that the binding of
granule cell membranes to astroglial fibers occurs in the presence
of anti-integrin 81 antibodies and in the absence of calcium
(Stitt and Hatten, 1990). Thus far, among the receptor systems
analyzed by antibody perturbation assays in vitro, astrotactin
appears to provide a dominant receptor system for neural mi-
gration along glial fibers. Anti-astrotactin antibodies block the
binding of granule cell membranes to astroglia (Stitt and Hatten,
1990) and inhibit the migration of living granule neurons along
astroglial fibers by 60-70% in vitro (Fishell and Hatten, 1991).

The failure of antibodies against astrotactin to reduce neu-
ronal binding to LAM fibers suggests that ES laminin does not
provide a receptor for astrotactin. At present, the glial receptor(s)
for astrotactin is unknown. The finding that two different neural
receptor systems can support granule cell migration, astrotactin
on living glia and AM fibers, and integrin 81 in the LAM fiber
system, suggests that multiple receptor systems can function in
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neural migration. The low levels of expression of laminin seen
on cerebellar astroglial fibers suggest that this system is not
utilized in vivo. The conclusion that multiple receptor systems
support granule cell migration along glass fibers is in agreement
with observations on growth cone locomotion along glial sub-
strates, where integrins, neural cell adhesion molecules, and
cadherins have been shown to promote neurite extension (Chang
et al., 1987; Neugebauer et al., 1988; Tomaselli et al., 1988;
Reichardt et al., 1989; Elkins et al., 1990). They are also con-
sistent with studies on fibroblast locomotion on ECM compo-
nents, which provide evidence that multiple receptor systems,
including specific heterodimers of integrin « and 8 subunits
(Schiro et al., 1991), function in fibroblast motility.

In addition to providing an assay for receptor systems that
function in neural migration, the glass fiber system provided an
opportunity to examine the contribution of glial fiber geometry
to neural migration. Our results suggest that glial fiber geometry
is an important determinant of migration cytology, and mode
and orientation of movement. Granule neurons on AM or LAM
fibers displayed a bipolar cytology similar to that described for
migrating neurons on living astroglial fibers (Edmondson and
Hatten, 1987) and that described for neural migration in vivo
(Rakic, 1971). The migration of neurons along glial fibers ap-
pears to represent a highly specialized form of cell motility,
which relies on contraction of a cortical ring of actin to generate
a saltatory pattern of extension and retraction of the cell soma
along the fiber (Rivas et al., 1991). In contrast to their behavior
on a long, thin glass fiber, granule neurons plated on a flat culture
surface coated with astroglial membrane displayed a rounded
morphology rather than a migration profile, and failed to mi-
grate. The contribution of glial fiber geometry to migration cy-
tology and mode of movement was also evident when compar-
ing cell behavior on LAM fibers to cell motility on a laminin-
coated coverslip. On LAM fibers, the majority of neurons ex-
pressed a bipolar shape and migrated with a cadence and speed
comparable to that observed on living astroglia. On a laminin
coverslip, two forms of movement predominated; fibroblast-
like movements of neural cells that were spread on the sub-
stratum, possibly representing immature EGL cells, and growth
cone locomotion of granule cells undergoing neural differenti-
ation. Thus, the geometry of the glial fiber, reproduced in vitro
by an artificial glass fiber, together with specific receptor systems,
appeared to induce neural motility resembling glia-guided neu-
ral migration.

These experiments provide evidence that CNS neural migra-
tions are controlled by the coordinated expression of specific
neural receptor systems and ligand systems along migratory
pathways. In the PNS, where the neural crest cell population
migrates along a pathway rich in the ECM components laminin
and fibronectin, the heterodimers of integrin 81 provide the
dominant neural receptor for migration. In developing brain,
the glial fiber system constrains neural migrations to generate a
radial dispersion pattern. The present experiments provide ev-
idence that the geometry of the glial fiber, in combination with
specific receptor systems, organizes a specialized form of cell
motility that differs from neural crest motility. Although the
ECM component ES laminin can support neural migration via
utilization of the integrin 81 receptor system, the low level of
expression of ES laminin on living, cerebellar glial fibers in vivo
suggests that this mechanism is not a primary guidance system
in situ. On living glial fibers, the astrotactin 100 kDa peptide
provides a primary neural receptor system for neuron—glia ad-

hesion during the developmental period when migration is on-
going in vivo.
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