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In the developing cerebellum, granule neuron axon outgrowth is a key step toward establishing proper
connections with Purkinje neurons, the principal output neuron of the cerebellum. During a search for genes
that function in this process, we identified a receptor tyrosine kinase discoidin domain receptor 1 (DDR1)
expressed in granule cells throughout their development. Overexpression of a dominant-negative form of
DDR1 in immature granule cells results in severe reduction of neurite outgrowth in vitro, in dissociated
primary culture, and in vivo, in organotypic slices of neonatal cerebellum. Granule cells that fail to extend
axons are positive for differentiation markers such as TAG-1 and the neuron-specific class III �-tubulin,
suggesting that development is affected after granule cells commit to terminal differentiation. DDR1
activation appears to be mediated by its ligand, collagen, which is localized to the pial layer of the developing
cerebellum, thereby leading to granule cell parallel fiber extension. Our results therefore indicate that
collagen–DDR1 signaling is essential for granule neuron axon formation and further suggest a unique role of
pia in cerebellar cortex histogenesis.
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The synaptic connections among cerebellar cortical neu-
rons are critical to the control of motor coordination and
balance (Eccles et al. 1967; Brooks and Thach 1981) and
have recently been implicated in aspects of cognitive
processing involved in these events (Fiez 1996; Gao et al.
1996). These cerebellar functions develop as the five
principal neuronal cell types, among which the granule
neurons represent the largest population in the cerebel-
lum, interconnect in a precise and coordinated manner
(Eccles et al. 1967). Granule cells receive afferent input
from mossy fibers, one of the major inputs into the cer-
ebellum, and send output signals via parallel fibers that
synapse with the dendritic arbors of Purkinje cells. Par-
allel fibers of the granule cells form just after the granule
cell progenitors exit the cell cycle, as the first step in a
program of neuronal differentiation (Ramon y Cajal
1995). Although the important roles of the granule cells
in adult cerebellar function are well appreciated, how the
formation of parallel fibers is regulated in the developing
cerebellum remains largely unknown.

During cerebellar development, the granule cells arise
in an unusual scheme with proliferating precursors po-
sitioned in a displaced germinal zone called the external
germinal layer (EGL) just beneath the outer pial surface.

Molecular biological studies have subdivided this zone
into an overlying layer of proliferating cells and an un-
derlying layer of differentiating neurons that extend
axons, the parallel fibers. In the deeper layer of the EGL,
postmitotic cells begin to express genes that mark neu-
ronal differentiation such as NeuroD (Lee et al. 1995),
proteins that mark axon extension such as the axonal
glycoprotein TAG-1 (Furley et al. 1990), and the neuron-
specific �-tubulin isotype class III (for reviews, see Hat-
ten and Heintz 1995; Hatten et al. 1997). These granule
cell precursors follow further steps of differentiation as
they migrate from the deeper EGL through the molecular
layer (ML) toward the internal granular layer (IGL),
where they form synaptic connection with ascending
mossy fibers. The parallel fibers of the granule cells re-
main in ML where they synapse with the developing
arbors of the Purkinje cell dendrites. Molecular studies
provide evidence that a nonoverlapping pattern of gene
expression is characteristic of the development of gran-
ule cells (Kuhar et al. 1993). Although much is known
about the genes that mark each step of granule cell de-
velopment such as proliferation and migration, the mo-
lecular mechanisms that signal the progression from pro-
liferative status to parallel fiber extension remain un-
known.

Recently, two novel receptor tyrosine kinases (RTKs),
DDR1 and DDR2, were identified. These genes share a
motif that has homology to the discoidin-I protein of the
slime mold Dictyostelium discoideum in their extracel-
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lular domain (Vogel 1999). This sequence of ∼160 amino
acids (the discoidin homology domain) is also found in
several other extracellular proteins. These include the
blood coagulation factors V and VIII (Wood et al. 1984;
Jenny and Mann 1989); neuropilin, a receptor component
for semaphorins and for certain isoforms of vascular en-
dothelial growth factor (He and Tessier-Lavigne 1997;
Soker et al. 1998); and XLRS-1, a gene that when mutated
causes human X-linked inherited disease retinoschisis
resulting in retinal deterioration (Sauer et al. 1997). It has
been shown that, in discoidin-I-deficient D. discoideum,
cells lose their ability to adhere and migrate on the sub-
stratum, resulting in a defect in ordered cell aggregation
(Springer et al. 1984).

Several types of collagen have been identified as can-
didate ligands for DDRs (Shrivastava et al. 1997; Vogel et
al. 1997). Unlike most other RTKs, activation of DDRs
follows unusually slow kinetics, taking up to 18 hr to
achieve maximum receptor autophosphorylation. The
mouse DDR1 has been shown to be expressed in prolif-
erating neuroepithelia (Zerlin et al. 1993). To date, no
biological functions of DDRs have been demonstrated in
the developing CNS.

Here, we provide the first evidence that DDR1 signals
the initiation and/or maintenance of granule cell axon
extension in the developing cerebellum, probably
through collagen signaling. DDR1 is expressed through-
out granule cell development, and multiple types of col-
lagens are localized to the pia adjacent to the outer EGL
of the cerebellum. We have tested DDR1 function both
in in vitro and in vivo culture systems and shown that
the dominant-negative inhibition of DDR1 function re-
sults in failure of the extension of bipolar axons/parallel
fibers of the developing granule cells but does not appear
to inhibit the commitment of granule cells to differen-
tiation. Thus, DDR1 function reveals a novel intermedi-
ate stage of granule cell differentiation, subsequent to
proliferation and early differentiation but prior to mor-
phological differentiation to a process-bearing neuron.

Results

DDR1 is highly expressed in the developing cerbellum

To identify RTKs expressed in the developing cerebel-
lum, a PCR-based screen was performed. Degenerate
primers corresponding to highly conserved regions of the
RTK catalytic domain (Hanks et al. 1988) were designed
based on previously described screens (Lai and Lemke
1991) and used to amplify cDNAs from postnatal day
(P)6 mouse cerebellum (see Materials and Methods). At
this stage, a large population of granule neurons is poised
to exit the cell cycle and initiate axon extension. Among
16 RTK clones amplified, we identified the mouse
DDR1. During mouse embryogenesis, DDR1 is found as
early as embryonic day (E)8, predominantly in the devel-
oping neuroectoderm (Zerlin et al. 1993). The DDR1
gene encodes two distinct protein isoforms (a and b) as a
result of an alternative splicing, and DDR1b has an ad-
ditional sequence of 37 amino acids in the juxtamem-

brane region that contains an LXNPXY motif (Alves et
al. 1995). Upon receptor activation, the tyrosine within
this motif becomes phosphorylated and provides a bind-
ing site for Shc (Vogel et al. 1997). By RT–PCR analysis,
we found that both DDR1a and DDR1b are equally ex-
pressed in the developing cerebellum (data not shown).
The extensive homology (∼75%) of discoidin homology
domain of DDR1 to the discoidin-I protein of the slime
mold as well as a role of discoidin-I protein during the
cell aggregation process led us to investigate the role of
DDR1 during mammalian CNS development.

To provide a detailed expression pattern of DDR1, we
performed Northern analysis. As reported previously
(Zerlin et al. 1993), we found a single transcript of 4 kb.
Expression was detected in the CNS including the olfac-
tory bulb, hippocampus, and cerebral cortex and in pu-
rified cerebellar granule cells, as well as in the lung, kid-
ney, and weakly in the heart (Fig. 1E). A developmental
profile of DDR1 expression was also analyzed using
RNA from embryonic heads and a series of embryonic
and postnatal cerebella. DDR1 is highly expressed in the
developing cerebellum, and expression levels appear to
be uniform throughout the course of development from
embryonic stages to the adulthood (Fig. 1F).

In situ hybridization on sections from postnatal brains
indicates DDR1 expression in the three regions of sec-
ondary (postnatal) neurogenesis: the olfactory bulb, the
dentate gyrus of the hippocampal formation, and the cer-
ebellum (Fig. 1A). Expression is also found in the rostral
migratory stream leading to the olfactory bulb, in the
Islands of Calleja, and diffusely in the cerebral cortex.
Within the developing cerebellar cortex, DDR1 expres-
sion is detected in the EGL, the ML, and the IGL (Fig.
1B). In the adult, expression is detected in the IGL and in
scattered cells in the ML (Fig. 1C). Expression is also
present in the dentate gyrus of the hippocampal forma-
tion throughout development (Fig. 1D). We also exam-
ined the protein localization of DDR1 by immunohisto-
chemistry using an antibody to DDR1 (�Cak, Santa
Cruz). At P6, the protein, like the RNA, is expressed
throughout all three layers of the cerebellar cortex (data
not shown).

The ligand of DDR1 is predominantly localized
to the pia of the cerebellum

The broad expression pattern of DDR1 in the cerebellum
led us to examine the temporal and spatial expression of
its ligand. To localize the ligand for DDR1 in the devel-
oping cerebellum, we stained freshly frozen, nonfixed
brain sections using a DDR1–Fc fusion protein that con-
tained the extracellular domain of DDR1 fused in-frame
with the Fc portion of human IgG1. Similar fusion pro-
teins have been used to localize ligands in other studies
of membrane bound receptors (Davis et al. 1994; Peles et
al. 1997). At P0, DDR1–Fc bound specifically to the outer
surface of the cerebellum (Fig. 2A). At P6, when the cer-
ebellar folia are prominent, DDR1–Fc staining was seen
along the pial surface of the folia (Fig. 2B), and similar
binding was also detected in the adult cerebellum (Fig.

DDR1 functions in axon extension

GENES & DEVELOPMENT 2217



2C). No background staining was observed using a con-
trol supernatant containing a secreted version of Fc pro-
tein alone. The same specific ligand localization was
confirmed using DDR1–AP, another fusion protein con-
taining DDR1 ectodomain fused with a human placental
alkaline phosphatase (PLAP) (data not shown), further
confirming the binding specificity of the DDR1 extracel-
lular domain.

Collagen has recently been shown to be a ligand for the
human DDR1 (Shrivastava et al. 1997; Vogel et al. 1997).

Using antibodies against collagens and sections serially
adjacent to those used in Figure 2A–C, we found that
collagen I (data not shown) and collagen IV (Fig. 2D–F)
are localized to the pia of the cerebellum throughout the
stages of the cerebellar development, a pattern similar to
that achieved with DDR1–Fc. The data implies that the
collagens are a major ligand of DDR1 in the developing
cerebellum.

We detected collagen expression in a highly localized
manner, whereas its receptor DDR1 is expressed in all
layers of the cerebellum. The fact that collagen is a se-
creted protein suggested that some collagen might es-
cape detection as a result of diffusion during staining.
Therefore, we prepared heavily fixed sections to immo-
bilize collagens (see Materials and Methods) and stained
them with a collagen antibody. Under these conditions,
we detected a predominant expression of collagens in the
pial cells as well as weaker graded collagen expression,
highest at the pia and decreasing toward deeper layers of
the cerebellar cortex (Fig. 2G). This is consistent with
the idea that the collagens are produced and secreted
from pial fibroblasts and diffuse to other regions of the
cerebellum where they may continue signaling to DDR1
expressed in granule cells of the ML or IGL.

Forms of truncated DDR1 function as dominant-
negative reagents of the collagen–DDR1 signaling

It is well established that RTKs that lack intracellular
catalytic domains function as dominant-negative pro-
teins by oligomerizing with endogenously expressed
wild-type kinases and competing for ligand (Pawson and
Scott 1997). To test whether this is the case with DDR1,
we generated a construct encoding DDR1�, which lacks
the intracellular catalytic domain of the DDR1, and
transfected into 293T cells together with an expression
construct encoding FLAG-tagged full-length wild-type
DDR1b. The cells were then stimulated with collagens
for 2 hr. The DDR1 protein was tyrosine phosphorylated
by collagen in a dose-dependent manner as has been
shown previously (Shrivastava et al. 1997; Vogel et al.
1997), and this autophosphorylation was greatly inhib-
ited by coexpression of DDR1� (Fig. 3, lane 3). These
results suggest that the DDR1� can function as a domi-
nant-negative reagent for DDR1 kinase signaling when
overexpressed in cells that endogenously express DDR1.

We also tested whether DDR1–Fc could function as a
dominant-negative reagent by transfecting the full-
length wild-type DDR1 into 293T cells together with an
expression construct expressing either DDR1–Fc or ssFc,
a secretable form of the Fc protein. As shown in Figure 3
(lanes 4,5), whereas the ssFc protein did not affect auto-
phosphorylation of the receptor, inclusion of the DDR1–
Fc in the culture media greatly down-regulated receptor
autophosphorylation, indicating that DDR1–Fc is also a
dominant-negative reagent. This data is consistent with
a recent report, demonstrating that DDR2 receptor acti-
vation is efficiently suppressed by recombinant DDR2
extracellular domains (Vogel et al. 2000).

Figure 1. DDR1 is expressed in the developing CNS. DDR1
mRNA is detected in parasagittal sections of P6 (A,B) and adult
(C,D) mouse brain by in situ hybridization. Labeled cells are
seen in the cerebellum, dentate gyrus of the hippocampal for-
mation, rostral migratory stream, olfactory bulb, and weakly in
the cortex at P6 (A) and in the cerebellum and dentate gyrus of
the hippocampal formation in the adult (C). At higher magnifi-
cation of a cerebellar folium, expression is seen in the EGL, the
ML, and the IGL at P6 (B) and in the IGL as well as in scattered
cells in the ML in the adult (D). (E) Northern analysis detects
DDR1 in total RNAs (10 µg/lane) from various tissues at P6.
(Lane 1) Olfactory bulb; (lane 2) hippocampus; (lane 3) cerebral
cortex; (lane 4) cerebellum; (lane 5) purified cerebellar granule
cells; (lane 6) lung; (lane 7) spleen; (lane 8) liver; (lane 9) kidney;
(lane 10) heart. GAPDH is used as a control for RNA levels. (F)
Steady levels of DDR1 signal are detected in whole brain at
embryonic stages: (lane 1) E10.5; (lane 2) E12.5; and also in cer-
ebellum throughout its developmental stages: (lane 3) E14; (lane
4) E17; (lane 5) P0; (lane 6) P6; (lane 7) P10.
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Sustained activation of DDR1 after collagen stimulation

Previous studies reported that DDR1 activation by col-
lagen takes place over a prolonged period of time, reach-
ing the maximum level of activation 90 min to 2 hr after
ligand stimulation in vitro (Shrivastava et al. 1997; Vogel
et al. 1997). Because of the unusually slow kinetics of the
receptor activation, we speculated that DDR1, once
stimulated, remains active even in the absence, or in the
presence of a small amount, of the ligand. To test this
hypothesis, we transfected 293T cells with the DDR1
expression construct, stimulated cells with collagen for
2 hr, and then removed collagen from the culture media
and further incubated cells for an additional 3 hr. As
shown in Figure 3 (lane 6), DDR1 remains autophos-
phorylated, indicating that the receptor can be active a
significant time after the removal of the ligand. This also
suggests that collagen–DDR1 signaling pathway may
still be active in the developing granule cells even after
the cells detach from the pia that is the predominant
source of the ligand.

Inhibition of collagen–DDR1 signaling blocks granule
cell neurite extension on the pial culture

The localization of collagen to the pia suggests that
when granule cells are in contact with the pia, collagen
may signal granule cells through DDR1 receptors,
thereby influencing the development of the granule
cells. Granule cells within superficial EGL and adjacent
to the pia are still proliferating and start parallel fiber
extension and migration along radial glial fibers shortly
after they detach from the pia. Therefore, there are two
possible functions for collagen expression in the pia. The
first could be to keep granule cells proliferating. The
other possibility is that collagen primes granule cells to
stop proliferating, so that they can start differentiation.

To address this, we developed a system where pial

cells were cultured as a monolayer for up to 2 weeks.
Under these conditions, cultured pial cells maintained a
high level of expression of collagens, including collagen
I and IV, throughout the culture period (data not shown).
Granule neurons were purified from P5–P6 cerebellum,
labeled with the lipophilic dye PKH26, and plated at a
low density on top of the pial monolayer for 36 hr. The
great majority of labeled neurons (60%–70%) on pial
cells extended long neurites (50–100 µm; data not
shown), indicating that primary pial cells are capable of
supporting morphological differentiation of granule neu-
rons. Granule cells in culture maintained endogenous
DDR1 expression as evidenced by positive staining with
an anti-DDR1 antibody (�Cak) (data not shown).

To establish whether collagen–DDR1 signaling is re-
sponsible for this differentiation, we infected the pial
culture with a recombinant retrovirus containing either
ssFc or DDR1–Fc. Once the pial cells reached 90% con-
fluency, we added purified granule cells to assay neurite
extension. It was assumed that DDR1–Fc proteins se-
creted from pial cells could bind and block collagens on
the pial cell surface as in the in vitro autophosphoryla-
tion assay (Fig. 3). Thirty-six hours after plating granule
cells on pial cells expressing either ssFc or DDR1–Fc,
cultures were fixed and neurite length was quantitated.
Cultures were also stained for differentiation markers
including Tuj-1, that recognizes a neuron-specific �-tu-
bulin class III isotype (Przyborski and Cambray-Deakin
1997), or an anti-TAG-1, a marker for axonal glycopro-
tein (Furley et al. 1990; Gao et al. 1991). In control cul-
tures with pial cells expressing ssFc, >70% of the granule
cells extended long processes (50–80 µm), similar to
those on the noninfected pial monolayer. In addition,
almost all the granule neurons were Tuj-1 positive, and
∼10% of the neurons were TAG-1 positive (Fig. 4B,D).
However, in pial cultures expressing DDR1–Fc, granule
cells extended shorter neurites (5–30 µm), most of these
truncated neurons were Tuj-1 positive, and ∼10% of

Figure 2. The ligand of DDR1 and colla-
gen IV are colocalized to the cerebellar pial
surface. Immunofluorescent staining us-
ing DDR1–Fc (A–C) or an anti-collagen IV
antibody (D–F) on parasagittal sections of
mouse cerebellum identified positive sig-
nals at the pial surface of the cerebellum.
Serially adjacent sections were stained
with DDR1–Fc or an anti-collagen IV an-
tibody at P0 (A,D), P6 (B,E), and adult
(C,F). In an adult stage, positive signal was
also present in the blood vessels of the cer-
ebellum. (G) Graded localization of colla-
gen IV from the pial surface detected on a
P6 cerebellar sagittal section (30 µm).
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those were TAG-1 positive (Fig. 4A,C). In parallel experi-
ments, we measured the degree of granule cell prolifera-
tion on the pial monolayer by 5-bromo-2�-deoxyuridine
(BrdU) labeling, to see if the truncated neurons remain in
the cell cycle. We detected no granule cells incorporating
BrdU on the pial cells expressing either ssFc or DDR1–Fc
(data not shown), suggesting that the granule cells did
not remain in the cell cycle. These results indicate that
the disruption of collagen–DDR1 signaling specifically
blocked granule cell neurite extension after the cells
committed to terminal differentiation.

Collagen does not change the proliferative status
of cerebellar granule cells

To further address the issue of whether collagen pro-
motes granule cell proliferation, we purified granule

cells, incubated them with varying concentrations of
collagens (either soluble or immobilized on the sub-
strate), and pulse-labeled them with tritiated thymidine.
As shown in Figure 5, granule cells treated with increas-
ing amounts of collagen showed no alteration in their
proliferative status in our culture conditions. In a control
experiment with the same culture condition, 100 nM of
Sonic Hedgehog (SHH), a known potent mitogen for
granule cells (Wechsler-Reya and Scott 1999), displayed a
fivefold increase in thymidine incorporation of the gran-
ule cells (data not shown). These results suggest that the
collagen signaling does not promote proliferation of
granule cells.

Expression of a dominant-negative DDR1 reduces
granule cell neurite elongation in vitro

To further assess the requirement for DDR1 in granule
cell development, we investigated the effect of overex-
pressing a dominant–negative DDR1 (DDR1�) in granule
cells. cDNA encoding a wild-type DDR1 or DDR1� was
subcloned into a retroviral vector pLIA (a gift from Laura
Lillien, University of Pittsburgh, PA) that contains an
internal ribosomal entry site–alkaline phosphatase
(IRES–AP) cassette to facilitate visualization of infected
cells by a simple colorimetric assay. Recombinant retro-
viruses were subsequently used to infect immature gran-
ule cells purified from P5–P6 cerebellum, and cells were
kept in high-density conditions on poly-L-lysine and Ma-
trigel-coated dishes. Thirty-six to 48 hr after infection,
AP color reaction revealed well-isolated, individual in-
fected cells that could be visualized in the context of a
large number of uninfected cells. Under these condi-
tions, 80%–90% of the cells infected either with the con-
trol virus (pLIA) that expresses only AP or with the virus
expressing wild-type DDR1 (DDR1.wt/LIA) extended
long neurites (50–200 µm; Fig. 6A,B). In contrast, when
cells were infected with DDR1�/LIA, significantly fewer
cells (32 ± 6.7%) extended long neurites (longer than
three cell-body diameters) when compared with the nor-
malized wild-type situation (Fig. 6C,D). The majority of
cells infected with DDR1�/LIA either had no processes
or had short processes (less than three cell-body diam-
eters). Thus, expression of dominant-negative DDR1,
but not wild-type kinase, reduced granule cell neurite
elongation.

DDR1 is necessary for the elongation of granule cell
parallel fibers in situ

We have shown that DDR1 functions in granule cell
neurite formation in vitro. However, the question re-
mained whether the gene functions in the intact, devel-
oping cerebellum where other cell types might influence
granule cell behaviors. To address this question, we de-
vised a method to deliver wild-type or dominant-nega-
tive forms of DDR1 into granule cell precursors devel-
oping in situ within thick brain slices (Tomoda et al.
1999). Coronal slices were prepared from P8 cerebellum
and infected with DDR1�/LIA, DDR1.wt/LIA, or pLIA.

Figure 3. Coexpression of DDR1� or DDR1–Fc with wild-type
DDR1 down-regulates tyrosine phosphorylation of DDR1 ki-
nase. 293T cells were transiently transfected with the FLAG-
tagged full-length wild-type DDR1 together with various ex-
pression constructs indicated. Eighteen hours after transfection,
cells were serum-starved overnight and then stimulated with
collagen I (10 µg/ml) for 2 hr. Immunoblotting was performed
using antibodies indicated. Lane 2 shows that DDR1 was phos-
phorylated in the presence of collagen I. This phosphorylation
was inhibited by the coexpression of DDR1� (lane 3). Lanes 4
and 5 show that DDR1–Fc could also reduce phosphorylation of
DDR1 as opposed to the negative control (ssFc; lane 4). Lane 6
shows that phosphorylation persisted after collagens were re-
moved from the culture supernatant, and the cells were further
incubated for 3 hr before harvesting.
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Granule cell precursors are preferentially infected be-
cause they are actively proliferating near the surface of
the cerebellum at this stage. Because our previous stud-
ies using dye-labeling techniques demonstrated that the
granule cell precursors in EGL require 36–72 hr to exit
the cell cycle, extend parallel fibers, and further migrate
inward along Bergmann glial fibers (Gao and Hatten
1994), we cultured the slices over this period of time and
observed parallel fiber elongation.

The granule cell precursors on slices infected with
pLIA either extended long bipolar axons or adopted the
T-shaped morphology, which is characteristic of migrat-
ing, differentiated granule neurons (Fig. 7B,C). On the
other hand, the majority of granule cells infected with
DDR1�/LIA failed to extend bipolar axons longer than
three cell-body diameters (Fig. 7A). Whereas 78% of the
cells infected with the control virus extended parallel
fibers >100 µm, only 44% of the cells infected with
DDR1�/LIA possessed parallel fibers (Fig. 7D). Thus, the

findings of the slice culture experiment, together with
the results from dissociated cell cultures, provide strong
evidence that DDR1 functions in the formation of gran-
ule cell neurites/parallel fibers.

Discussion

In the present study we identified mouse DDR1 during a
screen for kinases expressed in the developing cerebel-
lum and demonstrated that the gene functions in granule
neuron neurite elongation. DDR1 is a member of the
discoidin domain receptor tyrosine kinases that have
been shown to bind to, and be activated by, multiple
collagens (Shrivastava et al. 1997; Vogel et al. 1997).
DDR1 is expressed in cerebellar granule cells throughout
their development. Dominant inhibition of the DDR1
kinase activity resulted in severe truncation of neurite
extension of dissociated granule cells in culture and also
of granule cells developing in situ. Furthermore, our

Figure 4. A soluble form of DDR1 functions dominant negatively in neurite extension of granule cells cultured on pial cells. Granule
cells were placed at a low density on a pial monolayer expressing either DDR1–Fc (A,C) or ssFc (B,D) and cultured for 36 hr. Pial cells
infected with GFP viruses expressing recombinant Fc-fusion proteins were visualized by GFP epifluorescence, confirming that almost
all pial cells express a uniform level of fusion proteins. After fixation, granule cells (red) were visualized by antibody staining using
either Tuj-1 (A,B) or anti-TAG-1 antibody (C,D) with a Cy-3 conjugated secondary antibody. Fewer granule cells extended neurites in
the presence of DDR1–Fc, as opposed to in the presence of ssFc. Arrowheads indicate granule cells positive for antibody staining.
Expression of recombinant Fc-fusion proteins in the pial culture supernatant was confirmed by immunoblotting using an anti-human
IgG1–Fc antibody (E). DDR1–Fc migrated at 98 kD, and the ssFc migrated at 27 kD. (F) The percentage of Tuj-1-positive granule cells
with neurites >20 µm in length, placed on the pial monolayer expressing either DDR1–Fc (5 ± 2%) or ssFc (70 ± 6%), was scored. Scale
bars, 10 µm in A,B and 20 µm in C,D.
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marker studies have demonstrated that the gene appears
to function specifically in neurite elongation without af-
fecting the granule cells’ commitment to differentiation.
Taken together, our results have, for the first time, as-
signed a role for DDR1 in process formation, a key step
in establishing circuitry in the cerebellum.

Expression of collagen and DDR1 in murine CNS
development

Our results confirm the widespread expression of DDR1
in the CNS and underscore its role in cerebellar devel-
opment. In the postnatal cerebellar cortex, expression
was detected within all layers throughout the stages of
development. Therefore, DDR1 may have roles other
than axon extension at later stages, such as maintenance
of process structure, regulation of synapse formation,
and process sprouting. Furthermore, in the case of olfac-
tory precursor neurons in the rostral migratory stream
that are actively migrating without extending axons
(Lois et al. 1996), DDR1 may be involved in regulation of
migration. Thus, it will be interesting to assess the pre-
cise expression pattern of collagen, a ligand of DDR1,
and to test and further define the role of this gene during
olfactory neuron development.

In our attempt to identify ligands of DDR1 using a
DDR1–Fc fusion protein as a probe, we found that the
spatiotemporal pattern of DDR1–Fc binding activity
closely overlaps with collagen expression during cerebel-
lar development. This implies that collagen is the major

ligand of DDR1 in developing cerebellum, consistent
with the previous biochemical purification of collagen as
a DDR ligand (Shrivastava et al. 1997; Vogel et al. 1997).
However, our data does not necessarily rule out the pos-
sibility that DDR1 has another, yet unidentified, ligand
that may have a low affinity to DDR1 or may be present
in low abundance or may require coreceptors other than
DDR1 for high-affinity binding to the receptor complex.

It is notable that the DDR1 protein is ubiquitously
expressed in developing granule cells both in the EGL
and IGL, whereas its ligand collagen is primarily ex-
pressed in pial fibroblasts. It is therefore possible that the
second ligand for DDR1 is present as discussed above
and is capable of signaling DDR1 in granule cells after
they detach from the pial surface. An alternative possi-
bility is that, once exposed to collagen, DDR1 undergoes
prolonged autophosphorylation and may no longer re-
quire sustained contact with collagens or require only
small amounts of collagens to keep its activation, which
could lead to continuous parallel fiber formation of gran-
ule cells. This is consistent with our findings that colla-
gens appear to be secreted to form a gradient over the
cerebellar cortex and that DDR1 displays sustained auto-
phosphorylation in vitro even after removal of collagen.

DDR1 functions in granule cell axon extension
in vitro and in vivo

We have presented the first indication of DDR function
in mammalian CNS development. The conclusion that

Figure 5. Collagen does not affect the
proliferative status of granule cells. (A,B)
Granule cells were purified and cultured
in a 96-well microtiter plate with indi-
cated amounts of collagen I or IV for 48 hr.
The culture was pulsed with [3H]thymi-
dine for the last 12 hr, and incorporated
counts were measured by a scintillation
counter. (C,D) Granule cells were also cul-
tured on a microtiter plate precoated with
indicated amounts of collagen I or collagen
IV, and thymidine incorporation was mea-
sured. Increasing amounts of collagen I
and IV, either soluble or immobilized, did
not affect the proliferative status of the
granule cells.
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DDR1 functions in granule cell neurite formation is
based on the finding that dominant inhibition of kinase
activity results in inhibition of neurite growth both in
vitro and in vivo. The finding in vivo that overexpression
of a dominant-negative form of the gene in granule cells
within the EGL resulted in disruption of the parallel fi-
bers provides strong evidence for a role for DDR1 in par-
allel fiber formation in vivo. Although the majority of
neurons overexpressing DDR1� had truncated axons, we
consistently observed a considerable percentage of domi-
nant-negative infected granule cells with long neurites.
It is possible that these neurons had initiated neurite
extension before exogenous dominant-negative proteins
accumulated to levels adequate to counteract endog-
enous DDR1 activity. Alternatively, these results may
reflect positional effects of the insertion of the retroviral
vector in granule cells.

Although the dominant inhibition of the DDR1 kinase
resulted in neurite truncation, the affected cells were
positive for differentiation markers such as Tuj-1. There-
fore, they did not appear to stay longer in the cell cycle
nor did they fail to commit to terminal differentiation.
Rather, the dominant-negative DDR1 appears to specifi-
cally affect the elongation of neurites. This findings con-
trast with our recent data, showing that the dominant
inhibition of function of another gene, Unc51.1, also
caused severe neurite truncation of granule cells but also
failure in expression of differentiation markers such as

TAG-1 and Tuj-1 (Tomoda et al. 1999). Thus, DDR1
seems to function downstream of Unc51.1, or the two
genes may function independently in neurite elongation
in separate signaling pathways.

Recently, overexpression of a dominant-negative
DDR1 in the myoblast cell line C2C12 has been shown
to block cellular differentiation (Vogel et al. 2000). Cells
expressing a dominant-negative DDR1 failed to form
multinucleated, elongated myotubes, whereas a parental

Figure 7. Expression of dominant-negative DDR1 inhibits par-
allel fiber extension of granule cells developing in situ. Coronal
slices of P8 cerebellum were infected either with pLIA or with
DDR1�/LIA. Thirty-six to 72 hr later, parallel fibers were visu-
alized by confocal microscopy after an anti-AP antibody stain-
ing. (A) Granule cells (arrowheads) infected with DDR1�/LIA
are seen with truncated axons. (B) A cell infected with pLIA
extends long bipolar axons (p). (C) Another cell (arrowhead) in-
fected with pLIA migrates inward along glial fibers, revealing a
T-shaped parallel fiber (p) with a leading process (lp). The per-
centages of neurons with parallel fibers were scored (D). Infec-
tion of DDR1� reduced the numbers of granule cells with par-
allel fibers (pLIA = 78 ± 7%, DDR1� = 44 ± 5%, n = 4, P = 0.01
by a t-test). Scale bars, 10 µm in A and 20 µm in B,C.

Figure 6. Expression of dominant-negative DDR1 inhibits
neurite extension of granule cells in culture. P6 cerebellar gran-
ule cells extend neurites when infected with pLIA (A) or with
wild-type DDR1 (B). When retrovirus expressing DDR1� was
used, infected granule cells did not extend neurites (C). Granule
cells with processes longer than three cell-body lengths were
scored as neurite-harboring cells. The effect was quantitated in
the graph (D). The experiment was performed seven times, and
the number of cells with versus the number of cells without
neurites were counted. The averages were normalized to the
pLIA control. As compared with pLIA (100%), DDR1� de-
creased neurite outgrowth to 32 ± 6.7%, and the wild-type virus
did not decrease neurite outgrowth (91 ± 9%) (P = 0.0032 in a
paired t-test). Scale bar, 50 µm.

DDR1 functions in axon extension
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cell line responded to collagen–DDR1 signaling by fu-
sion to myotubes. Consistent with these findings, we
have observed that collagen–DDR1 signaling is respon-
sible for the dramatic morphological differentiation of
primary neurons characterized by axon formation. Thus,
the molecular basis of the DDR1 function might be to
regulate the intracellular cytoskeletal components such
as actin and microtubules required for these morphologi-
cal changes.

Although we have shown that collagen–DDR1 signal-
ing is necessary for neurite formation, our previous data
also suggest that this pathway is not sufficient to drive
neurite extension of cerebellar granule cells. For ex-
ample, granule cells cultured on a dish coated with col-
lagen are incapable of extending axons. In contrast, lam-
inin provides a permissive environment for the neurite
extension of the cerebellar granule cells in culture (Bhatt
et al., unpubl.). Thus, there must be other essential fac-
tors present in vivo that initiate neurite outgrowth and
function in further neurite elongation in concert with
the collagen–DDR1 signaling pathway.

Biochemical basis for DDR1 function

It has been shown that DDR1 is unique in that the ac-
tivation of the kinase requires up to 18 hr to reach maxi-
mal tyrosine kinase activity (Shrivastava et al. 1997; Vo-
gel et al. 1997, 1999). In the present study we have fur-
ther shown that the DDR1 kinase remains active even
after the removal of the ligand in a cell culture system.
This is striking because most RTKs such as an epidermal
growth factor receptor (EGFR) and platelet-derived
growth factor receptor (PDGFR) are rapidly inactivated
soon after the removal of the ligand (Pawson and Scott
1997). This may underlie the basis of how the DDR1
kinase expressed on the granule cells could remain ac-
tive even after the cells detach from the pia, the primary
source of the collagen ligand. It is possible that DDR1, once
activated, could remain phosphorylated for a long period of
time. Alternatively, we have noted a graded, low level of
collagen in the EGL and ML, possibly by diffusion from pia,
and thus DDR1 may be responding to this low concentra-
tion of ligand in those regions of the cerebellum.

The DDR1 protein is known to be partially processed
into a 63-kD membrane-anchored subunit and a soluble
54-kD subunit by as yet unidentified protease (Alves et
al. 1995). There is a putative protease recognition se-
quence RXRR found in the extracellular domain of
DDR1. It is noteworthy that the latter soluble subunit
may be able to function as a dominant-negative protein
in vivo, as we have shown with our recombinant fusion
protein DDR1–Fc, consisting of the DDR1 extracellular
domain and the human IgG1 Fc region. This post-transla-
tional protein processing mechanism using a protease may
be the way the DDR1 controls its own activity in vivo.

Role of pia in cerebellar development

It has long been postulated that cerebellar pial cells pro-
vide a signal to granule cells in the EGL during develop-

ment, but the means by which the pia exerts such effects
has not been clear. Electron microscopic studies demon-
strated that cells in the outer EGL maintain close con-
tacts with the pia (Hausmann and Sievers 1985). Studies
in which the drug 6-hydroxydopamine (6-OHDA) has
been used to chemically eliminate the pial cells have
implicated the pia as playing a role in cerebellar fissura-
tion, lamination, and granule cell proliferation (Sievers
et al. 1981; Pehlemann et al. 1985). In our coculture sys-
tem, the pia appears to be important for granule cell neu-
rite extension, with pial collagen and DDR1 in granule
cells appearing to play a significant role in this process.

It is not surprising that the pial cells have multiple and
complex roles such as proliferation, process extension,
and migration. In our pia–neuron coculture experiments,
we found that granule cells can extend long neurites;
however, the degree of extension was significantly less
than those cultured on a dish coated with Matrigel or
laminin, which is a highly permissive condition for gran-
ule cell neurite outgrowth (Bhatt et al., unpubl.). More-
over, granule cells cultured on pia appeared to either rap-
idly turn off TAG-1 or cleave TAG-1 proteins from the
cell surface by an unknown mechanism. This might be
the reason why we saw fewer numbers of TAG-1-posi-
tive cells than those of Tuj-1-positive cells on the pial
cultures expressing both Fc-fusion proteins. In our cul-
ture condition, we believe that the overall activity of the
pial cells is to support differentiation of granule cells.

Role of collagen–DDR1 signaling pathway
during cerebellar granule cell development

The spatiotemporal program of granule cell development
is a hallmark of cerebellar histogenesis. The finding that
collagen in the pial membrane provides a ligand to pro-
mote differentiation suggests that the pia sets forth the
initial organization of the EGL during cerebellar histo-
genesis. Within the EGL, proliferating precursor cells are
adjacent to the pia. Our data argues for DDR1-mediated
signaling to induce the next step of granule cell develop-
ment, neurite extension. Cells undergoing this step are
located just deep to the zone of cells along the pia. A
number of markers identify these cells as undergoing
axon extension, including the axonal glycoproteins
TAG-1 and L1 (for review, see Hatten and Heintz 1995).
As the parallel fibers grow to lengths of several hundred
microns, the cell soma commences migration along the
glial fibers. During the first phase of parallel fiber exten-
sion, granule cell neurites are patterned parallel to the
pial surface that, in turn, sets forth the topographic or-
ganization of their interaction with growing Purkinje
cell dendrites. The expression of DDR1 in granule cells
at all stages of development, together with the ligand
localized to the pial surface, therefore provides a tem-
plate for granule cell axon patterning.

These results also provide, for the first time, an ex-
ample of a receptor–ligand interaction in the context of a
pial–neuronal interaction and also present evidence of a
biological function of DDR1 in cerebellar development.
These functional studies of DDR1 may aid the analysis
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of this molecule in other systems, as well as contribute
to a better understanding of the molecular mechanisms
of cerebellar development. It will be important, in the
future, to elucidate the steps in the signaling pathway of
DDR1 to understand better the mechanism by which it
exerts its biological function.

Materials and methods

PCR-based RTK screen and Northern blot

Degenerate PCR primers corresponding to highly conserved se-
quences (DLAA/TRN in kinase subdomain VI and DVWSF/LG
in kinase subdomain IX) of the catalytic domain of RTKs were
designed as described previously (Lai and Lemke 1991). The
degenerate oligonucleotides used were 5�-GA(T/C) CTX GCX
(A/G)CX CGX AA-3� as a sense primer and 5�-CC XA(A/G) XGA
CCA XAC (A/G)TC-3� as an antisense primer, where X indi-
cates complete degeneracy. RNA extracted from purified P6 cer-
ebellar granule cells was used as a template. Cycling parameters
of PCR were as follows: 94°C for 45 sec, 40°C for 3 min, and
72°C for 2 min for the first 3 cycles and 94°C for 45 sec, 54°C for
3 min, and 72°C for 2 min for the next 37 cycles. Of 34 clones
obtained, 16 were aligned with known RTK sequences by
BLAST search (National Center for Biotechnology Information),
which included focal adhesion kinase (FAK), glial cell line-de-
rived neurotrophic factor receptor (GDNFR/c-ret), hepatocyte
growth factor receptor (HGFR/c-met), Janus kinase 1 and 2
(JAK1, JAK2), and DDR1. An amplified sequence corresponding
to DDR1 was used to screen a mouse P6 cerebellar cDNA li-
brary, and several overlapping clones were obtained. Of those,
one clone contained a 1.2-kb insert that includes the 3�-untrans-
lated region (UTR) of DDR1 (nucleotides 2490–3659) and was
used as a probe for Northern blot. Ten micrograms of total RNA
isolated from various tissues was loaded per lane of 1% agarose–
formaldehyde gel, and blotting and hybridization were per-
formed according to the standard procedure.

In situ hybridization

In situ hybridization was performed essentially as described
(Schaeren-Wiemers and Gerfin-Moser 1993) on fresh frozen, sag-
ittal sections fixed for 30 min in 4% paraformaldehyde and in-
fused with 30% sucrose before cryosectioning at 10 µm. Digoxi-
genin-labeled probes were prepared from the 1.2 kb 3� UTR
sequence used in Northern blot according to the manufacturer’s
instructions (Boehringer Mannheim) and used with 200–400 ng/
ml final concentration. Signals were detected with an alkaline
phosphatase-conjugated goat anti-digoxigenin F(ab�) antibody
and subsequent colorimetric assays using NBT (0.33 mg/ml) and
BCIP (0.17 mg/ml) (Boehringer Mannheim). No nonspecific
background signal was detected using the sense probe, ensuring
the specificity of the signal detected by the antisense probe.

Plasmid construction

The expression construct for the full-length wild-type mouse
DDR1 (a gift from Marielba Zerlin; Zerlin et al. 1993) is as
described (pCMV–NEP–myc3; Vogel et al. 1997). We also added
a FLAG at the carboxyl terminus of full-length wild-type DDR1
and cloned it into pcDNA3 (Invitrogen) to generate pcDNA3–
DDR1–FLAG for use in immunoblot experiments. DDR1–Fc
was constructed as follows: the DDR1 ectodomain was ampli-
fied by PCR using a pair of oligonucleotides, 5�-CCGAATTC-

CAGAGCGATGGGGACAGGGACC-3� (sense) and 5�-CCG-
GATCCGAGCCGCTCCCCTCCGCCTTGCC-3� (antisense),
and digested with EcoRI and BamHI. The Fc portion of a human
IgG1 was excised with BamHI and XbaI from pBSKS–hFc (a gift
from Takeshi Sakurai, NYU Medical Center, New York). Two
fragments were ligated so that the DDR1 ectodomain fused in-
frame with the Fc. The junction contained a GSGS sequence
that helps avoid potential steric hindrance. DDR1–AP was also
constructed essentially in the same way using the APtag2 vec-
tor (a gift from John Flanagan, Harvard Medical School, Boston,
MA) to excise an AP portion with BglII and HpaI. ssFc was
amplified by PCR from an ssFc expression construct (pEF–ssFc;
a gift from Ming Guo, Rockefeller University, New York) and
subcloned in pcDNA3 (Invitrogen). DDR1� was constructed by
amplifying the carboxy-terminal portion of the cDNA (pCMV–
NEP–myc3) by PCR using the SP6 primer (in MCS) and the
following primer: 5�-GGCCTCGAGCCTTCCTGGCGGATG-
ATGCG-3� and digesting the resulting product with XhoI and
EcoRV. The PCR product was subcloned into pcDNA3–DDR1–
FLAG, which was digested with NotI, filled in with Klenow, and
digested with XhoI, to generate pcDNA3–DDR1�–myc3. For
retroviral expression constructs, DDR1–Fc and ssFc were sub-
cloned in the GFP retrovirus vector (described in Tomoda et al.
1999) to generate DDR1–Fc–IRES–GFP and ssFc–IRES–GFP con-
structs, respectively. These constructs allowed us to visualize
infected pial cells by green epifluorescence. The full-length
wild-type DDR1–myc3 and DDR1�–myc3 were subcloned in
the pLIA vector (a gift from L. Lillien; Lillien 1995), which in-
cludes an EMCV IRES and a heat-stable human PLAP to facili-
tate visualization of infected cells by a simple colorimetric re-
action.

Immunoblot

Immunoblot on whole-cell lysate was done essentially as de-
scribed (Vogel et al. 1997, 2000). Briefly, the FLAG-tagged wild-
type DDR1 expression construct (1.5 µg) as well as expression
constructs containing either DDR1–Fc, ssFc, or DDR1�–myc3

(4.5 µg) were transiently transfected in 293T cells by the stan-
dard calcium-phosphate transfection protocol. Eighteen hours
after transfection, cells were serum-starved overnight, stimu-
lated with collagen I (10 µg/ml) for 2 hr, and then lysed in
TNE150 buffer (150 mM NaCl, 50 mM Tris-Cl at pH 7.4, 1 mM

EDTA) containing 1% Triton X-100, 1 mM phenylmethylsulfo-
nyl fluoride, and 1 mM sodium orthovanadate. The detergent
soluble fraction was recovered by centrifugation, loaded on 10%
SDS–polyacrylamide gel, subjected to electrophoresis (SDS-
PAGE), and transferred onto a nitrocellulose membrane. The
blot was probed with an anti-phosphotyrosine monoclonal an-
tibody (1:1000, 4G10, Upstate Biotechnology, NY). The same
amount of samples were loaded on a parallel gel, blotted, and
probed with an anti-FLAG monoclonal antibody (M2, Kodak) to
ensure equal DDR1 expression or with an anti-myc monoclonal
antibody (9E10, Oncogene Research) to confirm DDR1�–myc3

expression.
For detection of DDR1–Fc or ssFc, 25 µl of the culture super-

natant was loaded on 10% SDS-PAGE, and immunoblot was
performed using an anti-human IgG1–Fc monoclonal antibody–
HRP conjugated (1:5000, Zymed).

Tyrosine phosphorylation upon collagen stimulation was ob-
served only when DDR1–FLAG cDNA was transfected, con-
firming the identity of tyrosine phosphorylated bands as DDR1.
Identity of tyrosine phosphorylated bands were further con-
firmed by immunoprecipitation with M2 followed by probing
with 4G10 (data not shown).
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Retrovirus production

Recombinant ecotropic replication-incompetent retroviruses
were produced as described (Tomoda et al. 1999). Briefly, 293
cells were transiently transfected with one of the retrovirus
expression constructs together with pCL–Eco, an ecotropic
packaging construct (IMGEN; Naviaux et al. 1996). Twenty-
four hours after transfection, media was replaced with the gran-
ule cell media (Hatten 1985), and the culture supernatant con-
taining the retroviruses was harvested 24 hr and 48 hr later and
filtered through a 0.45-µm pore. Virus titers were estimated by
infecting NIH-3T3 cells with virus supernatants with serial
dilution. Typically, the titers ranged from 4 × 105 to 1 × 107

cfu/ml.

Primary cultures of pial fibroblasts and granule cells

To prepare pial cultures, meninges were collected from cer-
ebella of five P4–P6 mice, dissociated in 0.5% trypsin–DNase,
and cultured on a noncoated plastic dish (35 mm diam.) in gran-
ule cell media until the cells formed a confluent monolayer (∼4
days). The cells were then trypsinized and further subcultured
on a 4-well glass chamber (Nunc) precoated with poly-L-lysine
(Sigma) and Matrigel (Becton Dickinson). Infection with DDR1–
Fc or ssFc viruses was initiated after the cells settled on the
glass surface. Once the culture reached 90% of confluency, dis-
sociated granule cells were prepared as described below and
sprinkled over the pial culture at a low density (5 × 104/well).
PKH26 labeling was as described (Gao et al. 1994). The mixed
culture was incubated for 36 hr, fixed in 4% paraformaldehyde
in phosphate-buffered saline (PBS; pH 7.4), and subjected for
immunocytochemistry as described below.

Granule cells were prepared as described (Hatten 1985). Gran-
ule cell media (Basal Media Eagle supplemented with 10% horse
serum, 5% fetal bovine serum, 2 mM L-glutamine, 50 U/ml peni-
cilllin, 50 µg/ml streptomycin, and 9.5 mM glucose) was used in
most of the experiments except for the thymidine incorporation
assay, in which serum-free media [Neurobasal media supple-
mented with 100 µg/ml albumin, B-27 supplement (1:50 di-
luted), 50 U/ml penicillin, and 50 µg/ml streptomycin] was
used. For BrdU labeling of the granule cells, 10 µg/ml of BrdU
(Amersham) was included in the culture media 6–12 hr after
granule cells were added to the pial cells. By the time the BrdU
was added to the culture, pial fibroblasts had ceased their pro-
liferation as a result of contact inhibition and did not incorpo-
rate BrdU.

Thymidine incorporation assay

Proliferation assays using tritiated thymidine (NEN Life Sci-
ence) were performed as described (Gao et al. 1991). Briefly,
granule cells purified from P5–P6 mice were cultured on a 96-
well microtiter plate at a 3 × 105/well density in serum-free me-
dia supplemented with varying amounts of collagen I (Sigma
C-7661) or collagen IV (Sigma C-0543) for 48 hr. Alternatively,
cells were placed on a 96-well plate precoated with varying
amounts of collagen I or IV (0–1000 µg/ml). [3H]Thymidine was
included for the last 18 hr of culture period. The cells were
harvested and blotted on the glass filter paper (Wallac) using the
Harvester 96 Mach III M (TOMTEC), and then the trapped ra-
dioactivity was measured by a scintillation counter. Recombi-
nant SHH protein (R&D systems) was used at 100 nM as a posi-
tive control.

Infection of primary cerebellar granule cells in vitro

Retroviral infection of granule cells was performed essentially
as described (Tomoda et al. 1999). In brief, dissociated granule

cells purified from P5–P6 C57BL/6J mice were plated at a high
density (2 × 106/well) in an uncoated 16-well Lab-Tek glass
chamber (Nunc) and infected with recombinant retroviruses
overnight. After 18–24 hr, the cultures were gently resuspended
at 1 × 106 cells/ml, plated in Lab-Tek slides coated with poly-
L-lysine and Matrigel, cultured for an additional 36–48 hr to
allow granule cell neurite elongation, and then fixed for AP
colorimetric reaction. Expression of transgenes (DDR1–myc3

and DDR1�–myc3) was confirmed by antibody staining (9E10)
(data not shown).

Preparation and infection of organotypic cerebellar slices

Organotypic cerebellar slices were prepared according to the
procedure described by Stoppini et al. (1991) with minor modi-
fications (Tomoda et al. 1999). To visualize parallel fibers on the
slices, cerebella isolated from P6–P8 mice were chopped coro-
nally 250–300 µm thick by a McILWAIN Tissue Chopper
(Brinkmann), and slices were maintained on a tissue culture
insert (Millicell, Millipore) that is submerged in slice culture
media [Basal Media Eagle at pH 7.4 supplemented with 10 µg/ml
BSA (Sigma, A-9418), 2 mM L-glutamine, 0.5% glucose, 1× ITS
supplement (Sigma, I-1884), 50 U/ml penicillin, and 50 µg/ml
streptomycin]. Two hours after dissection, virus infection was
initiated. Thirty-six to 72 hr after the start of virus infection,
slices were fixed and processed for immunocytochemistry.

Immunocytochemistry

Antibody staining was performed essentially as described (Gao
et al. 1991). The dilutions of antibodies used were anti-Cak
antibody (polyclonal, 1:100), anti-mouse collagen I antibody
(monoclonal, Sigma, C-2456, 1:100), anti-mouse collagen IV an-
tibody (monoclonal, Sigma, C-1926, 1:100), anti-TAG-1 anti-
body (monoclonal, IgM, 4D7, 1:2), anti-class III �-tubulin anti-
body (monoclonal, IgG2a, Tuj-1, 1:7500; Babco), and anti-BrdU
antibody (monoclonal, IgG2a, 1:1; Amersham). Specimens were
viewed either with epifluorescent illumination (Axiophot 100
microscope, Zeiss) or with an MRC-600 confocal microscope
(Bio-Rad). For immobilization of extracellular matrix molecules
including collagens, animals were perfused with 4% paraform-
aldehyde in PBS, and dissected brains were heavily fixed in 1%
glutaraldehyde plus 4% paraformaldehyde overnight at 4°C and
then incubated in 30% sucrose–PBS overnight additionally.

For detection and morphological assessment of infected cells
in dissociated culture by AP colorimetric reaction, cells were
fixed in 4% paraformaldehyde and incubated at 65°C for 90 min
to heat-inactivate endogenous alkaline phosphatase activity.
The cells were then incubated in AP buffer (100 mM NaCl, 100
mM Tris-Cl at pH 9.5, 50 mM MgCl2) containing 0.33 mg/ml
NBT, 0.17 mg/ml BCIP, and 0.24 mg/ml levamisole at room
temperature overnight and mounted.

For detection of infected granule cells on slices, Tyramide
signal amplification (TSA) system (NEN Life Science) was used
with a rabbit anti-human PLAP antibody (Zymed, 1:1000), ac-
cording to the manufacturer’s instructions, and the slices were
observed with the confocal microscopy.

For DDR1–Fc staining, thin sagittal sections (10 µm) prepared
from fresh frozen brains were rinsed once with the binding
buffer (Hank’s balanced salt solution supplemented with 10 µg/
ml BSA), incubated at room temperature for 90 min in the cul-
ture supernatant of 293T cells transfected with DDR1–Fc ex-
pression plasmid, washed four times with the binding buffer,
postfixed in 4% paraformaldehyde–PBS, and detected with a
FITC-conjugated rabbit anti-human IgG1–Fc specific antibody
(1:100, Pierce).
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