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Neuronal Differentiation Rescued by
Implantation of Weaver Granule Cell Precursors
into Wild-Type Cerebellar Cortex

Wei-Qiang Gao* and Mary E. Hatten*

The migration of postmitotic neurons away from compact, germinal zones is a critical
step in neuronal differentiation in the developing brain. To study the molecular signals
necessary for cerebellar granule cell migration in situ, precursor cells from the neuro-
logical mutant mouse weaver, an animal with phenotypic defects in migration, were
implanted into the external germinal layer (EGL) of wild-type cerebellar cortex. In this
region, labeled weaver precursor cells of the EGL progressed through all stages of
granule neuron differentiation, including the extension of parallel fibers, migration
through the molecular and Purkinje cell layers, positioning in the internal granule cell
layer, and extension of dendrites. Thus, the weaver gene acts nonautonomously in vivo,
and local cell interactions may induce early steps in neuronal differentiation that are

required for granule cell migration.

Although a system of radial glial fibers
provides an important guidance system for
neuronal migrations in the central nervous
system (CNS) (1, 2), the molecular signals
that induce postmitotic precursor cells to
migrate away from germinal zones of the
brain are not known. To identify the signals
that induce granule neuron differentiation
and migration in the developing cerebellar
cortex, we used the neurological mutant
mouse weaver as a model system. In this
animal, cerebellar granule cell precursors
proliferate normally in the superficial layer of
the EGL (3, 4) but fail to extend neurites (5)
or to migrate away from the EGL (I, 6, 7).

To establish the dynamics of wild-type
granule cell development in situ, dye-la-
beled, wild-type EGL precursor cells were
implanted into wild-type EGL, and the
differentiation of labeled cells was followed
by fluorescence microscopy (8). Between 24
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Fig. 1. Differentiation of dye-la-
beled wild-type EGL precursor
cells after implantation into the
EGL of early postnatal cerebellar
cortex. (A) Pseudocolored con-
focal image. Three days after im-
plantation, labeled cells extend-
ed long parallel fibers in the
plane parallel to the pial surface
(small arrow) and a migratory
process (large arrowhead) per-
pendicular to the pial surface.
Labeled cells began to move into
the deeper aspect of the EGL 24
to 48 hours after implantation.
Individual cells required 6 to 12
hours to transit the molecular lay-
er (ML). (B) Fluorescence mi-
croscopy image. Six days after
implantation, the cell soma of a
labeled cell (large arrowhead)
was located deep to the Purkinje
cell layer (PCL), in the internal
granule cell layer (IGL). The

ML
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(20 nM final concentration, from a 20 uM stock
solution in 50% ethanol). The solution was mixed
with the needle of a syringe, and the fluorescence
was immediately measured on an SLM-AMINCO
SPF-500C spectrofluorometer (excitation, 485 nm;
emission, 540 nm; 5-nm bandpass).
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and 48 hours after implantation, labeled
precursor cells moved into the deeper as-
pect of the EGL and initiated parallel fiber
extension (Fig. 1A). These cells also gen-
erated axons 100 to 200 pm in length
before the elaboration of a short, migratory
process that descended perpendicular to the
plane of axon outgrowth. Over the next 24
to 48 hours, labeled cells migrated through
the molecular layer (ML) and Purkinje cell
layer (PCL) and settled in the internal
granule cell layer (IGL). Within the IGL,
the labeled cells began to resemble granule
cells morphologically (1, 3): They extended
a T-shaped axon into the ML and formed
numerous short dendrites (Fig. 1B). Visu-
alization of labeled cells provided evidence
that axon extension occurs before the in-
ward migration of the soma of granule cells.
This growth matches the order of granule

ar o

axon of the labeled neuron extended toward the molecular layer, forming a T shape characteristic
of mature granule cells at the site where the axon bifurcates into the parallel fibers. Within the IGL,
the cell extended short, dendritic processes (small arrowhead). Whereas the lipophilic dye
PKH-26 stained both the cell body and the processes, fluorescent microbeads were confined to
the cell soma (large arrowhead). Bar, 15 um for both (A) and (B).
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cell development (Fig. 2) first proposed by
Ramon y Cajal (9).

Implantation of weaver cells into the
EGL of weaver cerebellum demonstrated
the phenotypic defects in the neuronal
differentiation of granule cells (4-7, 10).
Labeled mutant cells failed to extend par-
allel fibers or migrate across the ML and
remained at the site of injection (I11) (Fig.
3, A and B). After implantation into wild-
type EGL (12), however, mutant cells un-
derwent a normal pattern of neuronal dif-
ferentiation. They initiated parallel fiber

Fig. 2. Spatio-temporal pattern of granule cell
differentiation and migration in vivo. Granule
cell precursors proliferate in the superficial as-
pect of the EGL, then postmitotic cells descend
into the deeper aspect of the EGL where they
extend two long processes, the parallel fibers,
parallel to the cerebellar laminae. Thereafter, a
descending process emerges, which directs
the migration of the cell body through the ML,
along the radially aligned Bergmann glial fi-
bers. Postmigratory cells settle in a dense neu-
ronal layer, the IGL, deep to the PCL, and
. extend short dendrites (9).

Fig. 3. Precursor cells of the
weaver EGL fail to differentiate
after implantation into the EGL of
early postnatal weaver cerebellar
cortex. (A) Five days after implan-
tation into the midline portion of
weaver cerebellar EGL, labeled
mutant cells remained at the site
of injection. (B) A bright-field view
of the region shown in (A) reveals
the layers of the weaver cerebel-
lar cortex. In nine implantations of
~25,000 labeled cells, no labeled

extension in the deeper aspect of the EGL
(Fig. 4A), migrated through the ML (Fig.
4, B and C), settled in the IGL, and
extended dendritic arbors (Fig. 4D). More-
over, differentiation of implanted mutant
cells occurred along the same time course
that has been seen for wild-type cells (13).
These data suggest that local interactions
with wild-type cells rescued the phenotypic
defects in weaver granule neuron differenti-
ation.

To examine further the influence of
local cell interactions between wild-type

EGL e
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1666 6 66
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weaver cells extended neurites or migrated away from the site of injection. Bar, 20 um for both (A)

and (B).

EGL
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Fig. 4. Differentiation of weaver EGL precursor cells is rescued by implantation of the cells into the
EGL of early postnatal wild-type cerebellar cortex. (A) Two days after implantation into the EGL of
wild-type cerebellar cortex, a labeled weaver cell extended parallel fibers parallel to the pial
surface. (B) Three and (C) 4 days after implantation, labeled mutant cells had migrated into the
molecular layer, where they displayed the cytological features characteristic of migrating granule
neurons (21), including caudal positioning of the nucleus, extension of a leading process, and a
trailing axon. (D) Five days after implantation into wild-type EGL, a labeled weaver cell had
successfully migrated into the internal granule cell layer and had formed a T-shaped axon and short
dendrites. As in Fig. 1B, whereas the lipophilic dye PKH-26 labels both the cell body and the
processes, the fluorescent microbeads are confined to the cell soma. Bar, 20 um for (A) to (D).
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precursor cells and weaver cells on neuronal
differentiation, we mixed labeled weaver
cells at a 1:1 ratio with unlabeled wild-type
cells before implantation of the cells into
wild-type cerebellar cortex. Reaggregation
of labeled weaver cells with unlabeled wild-
type cells before implantation sharply in-
creased the number of mutant cells that
underwent axon extension and migration
(14) (Fig. 5), which suggests that the num-
ber of rescued weaver cells increases with
the dose of wild-type cells. This interpreta-
tion is consistent with two lines of evidence
that have been obtained from in vitro
experiments. (i) Rescue of the weaver phe-
notypic defect in neurite extension requires
a ratio of wild-type to mutant cells >1:1
and (ii) rescue of weaver cells by membranes
purified from wild-type cells is dose-depen-
dent (10).

The rescue of weaver neuronal differen-
tiation in vitro (10) and in the current
experiments contrasts with results obtained
by genetic mosaic analyses of the cell au-
tonomy of weaver gene function (15). In
homozygous chimeras, weaver granule cells
fail to differentiate and die in ectopic posi-
tions (15). The discrepancy between results
that were obtained with genetic mosaic
analysis and those from cell mixing experi-
ments in vitro (10) or cell implantation in
vivo can be explained if the majority of the

300+
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Fig. 5. Rescue of weaver EGL precursor cell
differentiation is enhanced when mutant cells
are preincubated with wild-type cells before
implantation. The number of rescued mutant
cells varies with the ratio of mutant cells to
wild-type cells injected. To identify mutant cells,
we double-labeled them with the dye PKH-26,
which is incorporated into cellular membranes,
and with microbeads (22). (A) Double-labeled
weaver cells were injected into wild-type cere-
bellar EGL. (B) Double-labeled weaver cells
mixed with unlabeled wild-type cells at a ratio of
1:1 before implantation. (C) Double-labeled
wild-type cells were injected into the PS5 wild-
type cerebellum. For each of the three experi-
ments, data were collected from 14 cases and
are expressed as mean + SEM (bar). Approx-
imately 2500 differentiated granule neurons
were scored.



mutant cells within the genetic mosaics had
an insufficient number of contacts with
wild-type cells for rescue to occur. Other
studies support the conclusion that the
weaver gene acts nonautonomously (10)
and demonstrate that rescued mutant cells

undergo granule cell maturation normally. .

The differentiation of ~2500 labeled weav-
er and wild-type cells was assayed by micros-
copy. In this population, >99% of the cells
displayed the morphological features of
granule neurons. None resembled the mor-
phology of other classes of cerebellar neu-
rons, including those of Purkinje cells. The
rescued weaver cells produced proper pat-
terns of axon outgrowth, underwent cell
migration, were positioned in the correct
neuronal layer, and extended dendrites on
the same timetable as wild-type granule
cells (12).

Several general models can explain the
rescue of weaver cells by implantation into
the EGL of early postnatal wild-type cere-
bellar cortex. In one model, supported by
previous in vitro experiments, the weaver
gene could function in a single, early event
that is required to initiate the program of
granule cell development in the EGL.
Alternatively, the weaver gene could act at
each step of granule cell development, oth-
er cells could provide signals that regulate
the subsequent steps of granule cell differ-
entiation in situ, or both of these processes
could occur. Thus, the rescue of axonal
patterning in weaver granule cells, directed
migration, final cell positioning, and den-
dritic maturation, which were seen in this
set of implantation experiments, could in-
volve signals contributed by Bergmann glia
(1), Purkinje cells, mature granule cells,
and afferent axons (2).

Experiments in vitro demonstrated that
membrane-bound signals expressed by wild-
type but not weaver EGL cells are required
for the extension and migration of granule
cell axons (10). A general role for cell
contact in CNS neuronal differentiation is
supported by studies on the developing
vertebrate spinal cord that show that induc-
tion of the floor plate by the notocord
requires close contact of the two tissues
(16). Further support for contact-mediated
mechanisms of neural specification has
been obtained in studies on Drosophila and
mouse mutations, in which a number of
genes that control neuronal differentiation,
including Notch and Delta (17), sevenless
and Boss (I8), and Steel and c-kit (19),
encode ligand-receptor systems that are
components of the cell membrane. Alter-
natively, the weaver gene could function in
each step of granule cell development, in-
cluding axon extension, acquisition of lam-

inar position, and dendritic arborization.
The complex features of granule cell devel-
opment analyzed here in vivo, including
guidance of the granule cell axons within
the ML, acquisition of correct laminar po-
sition in the IGL, and formation of synaptic
contacts with ingrowing afferents, could
require diffusible signals in addition to
membrane-bound signals.

The implantation of purified populations
of cells with specific phenotypic defects in
neuronal development into germinal zones
of developing mammalian brain provides a
general approach to the analysis of the
autonomy of gene expression required for
mammalian CNS differentiation. Together
with our in vitro experiments (10), the
findings here on the rescue of weaver gran-
ule cell differentiation suggest that local
interactions among progenitor cells induce
neuronal differentiation in germinal zones
of brain (20). The identification of the
weaver gene should provide important in-
sights on the signals for CNS neural speci-
fication.

REFERENCES AND NOTES

1. P. Rakic, J. Comp. Neurol. 141, 283 (1971);
__ and R. L. Sidman ibid. 152, 103 (1973);
ibid., p. 133.

2. M. E. Hatten, G. Fishell, T. N. Stitt, C. A. Mason,
Semin. Neurosci. 2, 455 (1990).

3. S. Ramon y Cajal, Rev. Trimest. Histol. Norm.
Pathol. 3 and 4 (1889); Histologie du Systeme
Nerveux de I'Homme et des Vertebres (Maloine,
Paris, 1911) (reprinted by Consejo Superior de
Investigaciones Cientificas, Madrid, 1955).

4. Z. Rezai and C. H. Yoon, Dev. Bjol. 29, 17 (1972).

5. M. Willinger and D. M. Margolis, ibid. 107, 156
(1985).

6. C. Sotelo and P. Changeux, Brain Res. 77, 484
(1974); M. E. Hatten, R. K. H. Liem, C. A. Mason,
J. Neurosci. 4, 1163 (1984).

7. M. E. Hatten, R. K. H. Liem, C. A. Mason, J.
Neurosci. 6, 2676 (1986).

8. EGL cells were purified as described [W.-Q. Gao,
N. Heintz, M. E. Hatten, Neuron 6, 705 (1991)]
from homozygous wild-type B6CBA-AY-J-wv (+/
+) mouse cerebella harvested on the fifth or the
sixth postnatal day (P5 or P6) and double-labeled
with fluorescent microbeads [L. C. Katz, A
Burkhalter, W. J. Dreyer, Nature 310, 498 (1984)]
[1:400 dilution in culture medium for 1 hour (Lu-
mafluor, New City, NY)] and PKH-26 (9) (4 uM for
5 min (Zynaxis, Malvern, PA)]. The labeled cells
were washed several times and suspended in
Dulbecco’s modified Eagle’s medium and glu-
cose (9 mg ml=") in the presence of 20 mM
Hepes buffer (pH 7.4). Approximately 25,000 cells
(1 pl of a cell suspension, 2.5 x 108 cells per
milliliter) were implanted into the EGL of P5 ani-
mals by two bilateral injections with the use of a
Hamilton syringe mounted vertically in a stereo-
taxic device. Before injection, we anesthetized the
animals by cooling them at 4°C for 1 to 2 min and
then immobilized them. The skin overlying the
midbrain and the hindbrain was sterilized with
alcohol, and the needle was lowered gently
through a small incision in the skin to a position
just beneath the meninges. Approximately 1 wl of
cell suspension was injected slowly at each of two
sites, after which the syringe was removed, the

SCIENCE ¢ VOL. 260 * 16 APRIL 1993

10.

12

18.
14.

15.
16.

17.

18.

19.

20.

21,

22.

23.

REPORTS

skull was rinsed with a solution of penicillin-
streptomycin (0.25%), and the skin was replaced
and sealed with Vetbond (Henry Schein, Nassau,
NY). The animals were warmed to 35.5°C and
returned to the litter for 1 to 7 days. They were
then anesthetized with ketamine before perfusion
with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The cerebella were removed by
dissection, postfixed in the same fixative, washed
in phosphate-buffered saline, and embedded in
3% agar gel. Serial sections (90 to 100 pm) were
cut with a vibratome, and labeled cells were
visualized by confocal microscopy with a Zeiss
Axiovert microscope fitted with a Bio-Rad M600
confocal scan head with a 550-nm illumination
from an argon laser, or by epifluorescence mi-
croscopy with a Nikon Optiphot microscope, and
photographed with 400 ASA Ektochrome film.

. S. Ramon y Cajal, Reflections of My Life (MIT

Press, Cambridge, MA, 1966), p. 372.
W.-Q. Gao, X.-L. Liu, M. E. Hatten, Cell 68, 841
(1992).

. Cerebella in weaver mice (wv/w) were identified

by their smaller overall dimensions, especially at
the midline, and by their smaller numbers of folia
(7). The medial third of weaver cerebella on either
side of the midline was dissociated into a single
cell suspension as described (7), and EGL cells
were purified as described [W.-Q. Gao, N. Heintz,
and M. E. Hatten in (8)]. Implantation of labeled
cells into the EGL of weaver mice was as de-
scribed (8) except that the cells were injected into
the midline region of the weaver cerebellum.
Implantations were as described (8) except that
the labeled, purified weaver EGL cells were inject-
ed into the wild-type P5 cerebellum.

S. Fujita, J. Cell Biol. 32, 277 (1967).

Three to 6 days after the cell injections, dye-
labeled cells were visualized in vibratome sec-
tions by epifluorescence microscopy. Cells that
displayed features of differentiating granule neu-
rons, including extension of long parallel fibers, a
perpendicular and migrating leading process, or
a T-shaped axon, were counted from a set of
serial vibratome sections of the implanted cere-
bella.

D. Goldowitz, Neuron 2, 1665 (1989).

M. Placzek, M. Tessier-Lavigne, T. Yamada, T.
Jessell, J. Dodd, Science.250, 985 (1990).

R. G. Fehon et al., Cell 61, 523 (1990); |. Rebay et
al., ibid. 67, 687 (1991).

H. Kramer, R. L. Cagan, S. L. Zipursky, Nature
352, 207 (1991); G. M. Rubin, Trends Genet. 7,
372 (1991).

K. M. Zsebo et al., Cell 63, 213 (1990); I. Godin et
al., Nature 352, 807 (1991).

F. C. Sauer, J. Comp. Neurol. 63, 12 (1935); S. K.
McConnell and C. E. Kaznowski, Science 254,
282 (1991); E. Y. Snyder et al., Cell 68, 33 (1992).
J. C. Edmondson and M. E. Hatten, J. Neurosci. 7,
1928 (1987); M. E. Hatten, Trends Neurosci. 5,
179 (1990).

To identify weaver cells, we double-labeled EGL
cells that were purified from the midline portion of
weaver cerebella with the dye PKH-26 and with
microbeads as described (8). Unlabeled EGL
cells purified from wild-type cerebella were mixed
with labeled weaver cells at a ratio of 1:1 (70) and
at a final cell density of ~2.5 x 10° cells per
milliliter for 10 to 30 min. Previous experiments
confirmed that PKH-26 does not transfer to unla-
beled granule cells (70). The double-labeling
precluded transfer of either the membrane-bound
PKH-26 or microbeads to wild-type cells in situ.
We thank T. Jessell, J. Dodd, N. Heintz, and C.
Mason for helpful discussions and for reading
the manuscript and J. Zheng for technical assis-
tance. Supported by program project grant
PO1NF30532.

20 October 1992; accepted 12 January 1993

369






