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pp60 C-src was localized in the cerebellum of developing chicken embryos by immunoperoxidase staining with
antisera raised against bacterially expressed pp6Ovs-s. Immunoreactivity (IR) appeared in the cerebellum of the
chicken embryos at the time of neuronal differentiation. pp60-src IR was detected in regions of the developing
cerebellum where processes of developing neurons and glia are located. In the early embryo (stage 17), pp60csrc
IR was localized in the marginal zone of the cerebellar plate. By stage 40, pp60 c-src IR was localized in the
process-rich molecular layer of the cerebellum and between the cells of the developing internal granular layer.
Cell bodies of cerebellar neurons did not show pp6c-'c IR at any stage of development. Mitotically active
neuroepithelial cells of the metencephalon did not express pp60cSrC before the onset of differentiation in the
early embryo, nor did proliferating cells of the external granular layer express pp60'csrc at later stages.
Although it is not possible to ascertain whether pp60`cSr is localized in developing neurons or glia at the light
microscope level, the time of its appearance and pattern of distribution in the molecular layer is suggestive of
a localization within the developing neuronal processes which compose the bulk of this layer. Biochemical
analyses of pp6Oc- r' in the developing cerebellum by the immune complex protein kinase activity and sensitivity
of the kinase to inhibition by Pl,P4-di(adenosine-5')tetraphosphate confirmed that the expression of pp60cSrC
coincided with the time of neuronal differentiation. We conclude from these results that in the central nervous
system, pp60C`srC may be more important in an aspect of cell differentiation or a mature neuronal function than
in the proliferation of neuronal or glial precursors.

The oncogenes of acute transforming retroviruses are
homologous to DNA sequences present in the genome of
normal animal cells (1). These normal cellular oncogenes are
highly conserved in vertebrate evolution and exist in a wide
variety of animal species. The transforming gene of Rous
sarcoma virus is closely related to the cellular oncogene
c-src which encodes a 60,000-dalton phosphoprotein
(pp60c-src), a kinase (4, 29) specific for tyrosine residues (16).
pp60c-src is expressed in elevated levels in neural tissues of
both chickens (6, 25, 32, 33) and humans (18, 25) during
organogenesis, but its function is unknown. Recently, we
reported that pp60c-src in the chick neural retina is expressed
in developing retinal neurons at the onset of differentiation at
the time the cells cease proliferating (32, 33). Because high
levels of pp60c-src are also present in the developing brain (6,
18, 25, 32, 33), we undertook the present study in an attempt
to identify the specific cell types in the brain responsible for
pp60`csrc expression. The distribution of pp60c-src was exam-
ined in the chicken cerebellum at various stages of embryo-
genesis by immunocytochemical staining utilizing an anti-
body raised against bacterially expressed pp6v-sr, the prod-
uct of the Rous sarcoma virus v-src gene. Because pp60csrc
and pp60v-src have very close sequence homology (34), this
antibody recognizes pp6Ocsrc specifically in normal cells (11,
12). The cerebellum was chosen for this study because of its
well-defined cytoarchitecture and pathways of cell migration
occurring during neurogenesis (19). We found that pp6Oc-src
was present chiefly in the developing molecular layer, which
is composed of the processes of differentiating Purkinje cells
and granule cells (30) as well as the radial processes of the
Bergmann glia. A few neuronal cell bodies (basket and
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stellate cells) are also contained within this layer, but they
are far less numerous than these neuropil components and
appeared to be unstained.

MATERIALS AND METHODS

Preparation of antisera. The antiserum used for immuno-
cytochemistry was raised in rabbits immunized against
pp60vsc, purified from bacteria expressing a molecularly
cloned Rous sarcoma virus src gene (11). Bacterially ex-
pressed pp6Ovsrc was purified from bacterial lysates by pre-
parative sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis as previously described (12). Rabbit antiserum
was obtained after four boosts ca. 12 weeks after the initial
injection. For use in immunocytochemistry, a partially pu-
rified immunoglobulin G fraction was prepared by precipi-
tating the antiserum with 37% saturated ammonium sulfate,
followed by extensive dialysis in phosphate-buffered saline
(PBS) and lyophilization. Serum obtained from rabbits be-
fore immunization was treated in an identical fashion to
obtain a preimmune immunoglobulin fraction for use as a
control in immunocytochemical experiments. The immune
serum used in these studies did not recognize the pp9Jgag-Yes
oncogene product of Y73 virus, as determined from Western
transfer analysis of extracts of chicken embryo fibroblasts
transformed by Y73 virus. Y73 virus was kindly provided by
H. Hanafusa (Rockefeller University).
Immunocytochemistry. Chicken embryos negative for lym-

phoid leukosis virus (SPAFAS; Norwich, Conn.) were staged
according to the Hamburger and Hamilton classification
(13). Whole early embryos (stage 12 to 32) or brains dis-
sected from stage 40 embryos were fixed by immersion in 4%
(wt/vol) paraformaldehyde-70 mM sodium phosphate (pH
7.4)-7% (vol/vol) saturated picric acid for 24 h at 4°C.
Hatchling chicks were anesthetized with ether, perfused
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through the heart with ice-cold fixative, and decapitated.
The brain was removed and immersed in the same fixative at
4°C for 24 h. The fixed tissues were dehydrated in an

ascending series of alcohol and toluene and embedded in
Paraplast-plus. Sections were cut at 10 ,um, mounted on

glass slides, and dried at 450C for 1 week. After deparaffin-
ization, sections were treated with 1% (vol/vol) H202 in PBS
for 10 min, followed by 0.6 mg of bovine pancreatic trypsin
(40 U/mg of protein; Boehringer Mannheim) per ml of PBS
for 3 min. After two rinses with PBS and a 10-min incubation
with 2% normal sheep serum, the sections were incubated
with the antibody (10 to 20 ,ug/ml) for 48 h at 4°C. A
modification (34a) of the avidin-biotin complex technique
(15) was used to localize pp60c-sr immunoreactivity (IR).
After washing in PBS, the sections were incubated with a

1:500 dilution of biotinylated goat antirabbit antibody (Vec-
tastain; Vector Laboratories) for 2 h at room temperature,
followed by a 2-h incubation at room temperature with a

complex of avidin and biotinylated peroxidase. Sections
were developed with 0.075% (wt/vol) diaminobenzi-
dine-0.002% H202 (vol/vol) for 10 min at room temperature.
All sections were counterstained with toluidine blue. To
demonstrate competition, the diluted antibody (10 to 20
,ug/ml) was preincubated with bacterially expressed pp6Ov-src
(25 p.g/ml) for 12 h at 4°C before application to the sections.
Competition was carried out with a different preparation of
pp60v-src than that used for immunization.

Preparation of chicken cerebellum and brain extracts. Cere-
bella dissected from stage 40 chicken embryos or brains
from hatchling chicks were homogenized in 4 volumes of
ice-cold lysis buffer (25 mM potassium phosphate [pH 7.1],
1.25 mM EDTA, 0.6% [wt/vol] sodium deoxycholate, 1.25%
[vol/vol] Nonidet P-40, 12.5 mM sodium fluoride, 125 Kal-
likrein inhibitor units of aprotinin per ml, 2.5 mM dithiothre-
itol, 0.2 M potassium chloride) by 10 strokes of a Dounce
tissue grinder fitted with a loose pestle and 10 strokes with a

tight pestle. Homogenates were centrifuged at 100,000 x g

for 1 h, and the supernatants were stored at -70°C. Protein
was determined by the Lowry method (26).
Immune complex protein kinase assay. Immune complex

protein kinase assays for pp60cs-rc protein kinase were

carried out as described by Collett and Erikson (4). Briefly,
pp60c-srC was immunoprecipitated under conditions of anti-
body excess from whole brain extracts with tumor-bearing
rabbit (TBR) serum, prepared by the method of Brugge and
Erikson (2), that crossreacted with cellular pp6Oc-sr. Im-
mune complexes were isolated from the extracts with pro-
tein A-Sepharose (Pharmacia), washed extensively, and
incubated with [-y-32P]ATP (2,900 Ci/mmol; New England
Nuclear Corp.) for 10 min at 37°C. Immunoglobulin G heavy
chains were isolated on sodium dodecyl sulfate-polyacryl-
amide gels, and the extent of phosphorylation was quantit-
ated by counting dried gel slices for 32p in Aquasol (New
England Nuclear Corp.). This assay measures the extent
rather than the rate of reaction since the antibody and the
kinase do not dissociate and maximal phosphorylation of the
antibody is reached within a few minutes of incubation (31).
Under conditions of antibody excess, the amount of anti-
body phosphorylation is thus a measure of the amount of
pp60c-src rather than initial velocity. Autoradiography of the
gels did not reveal phosphorylated proteins other than the
53,000-Mr immunoglobulin heavy chains, indicating the ab-
sence of other cellular tyrosine kinases which carry out
autophosphorylation reactions in the immunoprecipitates. In

addition, the TBR serum used in the kinase assay did not

immunoprecipitate purified epidermal growth factor (EGF)
receptor (25), in agreement with the results of others (3, 22).

EGF was obtained from Kor Biochemicals, insulin was
from Sigma Chemical Co., and platelet-derived growth fac-
tor (PDGF) was the gift of J. Pledger (University of North
Carolina). Ammonium P',P4-di(adenosine-5')tetraphosphate
(Ap4A) (Sigma Chemical Co.) was treated as previously
described to hydrolyze any ATP or ADP present (27). Where
indicated, Ap4A was added to the immune complex before
the addition of [y-32P]ATP.

RESULTS

Immunocytochemical localization of pp6O-src in the devel-
oping cerebellum. To localize pp6Oc-src IR in the cerebellum,
we incubated paraformaldehyde-fixed paraffin sections of
representative cerebellar tissues of the chicken embryo with
antibody raised against bacterially produced pp6O-vs'r and
visualized the immune complexes formed by immunoperox-
idase staining, using a modification (Towle et al., in press) of
the avidin-biotin method (15). Specific pp6Oc-src IR was not
present in any part of the metencephalon of the stage 12 (day
2 of incubation) chicken embryo (Fig. 1A). The dorso-lateral
border of the metencephalon, which gives rise to the cere-
bellar plate, showed a small amount of staining at the
ventricular surface (V) that appeared to be nonspecific,
because it could not be blocked by competition with purified
antigen. The metencephalon at this state consists chiefly of
undifferentiated, actively proliferating neuroepithelial cells
(37). At about stage 17 (day 2.5), pp6Oc-sr IR appeared for
the first time in the marginal zone (M) of the metencephalon
(Fig. 1B), which is mainly composed of the processes of
proliferating neuroepithelial cells and glia. In contrast, cell
bodies within the ventricular zone (V) (mainly proliferating
neuroepithelial cells) did not exhibit pp6oc-src IR at this
stage. pp6Oc-src IR was completely blocked by preincubation
of the antibody with purified pp6Ov-sr.
At about stage 23 (day 4), the dorso-lateral border of the

metencephalon (the rhombic lip) gives rise to the cerebellar
plate (23). By stage 40 (day 14) of development, a layer of
proliferating cells (the external granular layer [EGL]) has
accumulated on the external surface of the cerebellar plate
by migration from the region of the rhombic lip. The
undifferentiated cells of the EGL undergo a series of cell
divisions followed by migration into the molecular layer to
form the small interneurons of the cerebellum-the granule,
stellate, and basket cells (14). The EGL is present from day
6, with the most active period of proliferation occurring
between 12 and 14 days (10, 17). At no time during the period
of EGL development was pp6Oc-srC IR observed in this
germinal zone, as illustrated in the stage 40 (day 14) cere-
bellum (Fig. 1C and D). The process-rich molecular layer,
however, continued to exhibit pp6Oc-sr( IR throughout this
period. At this stage, the molecular layer contains migrating
granule cells and their axons (parallel fibers), differentiating
basket and stellate cells, and immature dendritic processes
of the Purkinje cells (28). It is not possible at this resolution
to distinguish whether all processes or specific processes in
the molecular layer are stained. However, only cell proc-
esses seem to be IR since cell bodies within this layer were
unstained. Another component of the developing molecular
layer is the Bergmann glial cell, which exhibits radially
oriented processes extending from the cell bodies, located
near the Purkinje cells, to the outer surface of the cerebellum
(30). These cells may also have been stained by the pp6O-crc
antibody, but no radial pattern of staining was discernible.
This at least suggests that if such glial staining occurs, it does
so in conjunction with the staining of neuronal processes in
this layer, obscuring the radial pattern.
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FIG. 1. Immunocytochemical staining of pp6OC-srcw in the developing chicken cerebellum. (A) Stage 12 metencephalon, dorso-lateral region,
transverse section. Dorsal surface at right. 10 ,ug of antibody per ml. (B) Stage 17 metencephalon, sagittal section. 20 jLg of antibody per ml.
(C) Stage 40 cerebellum, sagittal section. 13 jig of antibody per ml. (D) Stage 40 cerebellum, sagittal section. 13 jig of antibody per ml. (E)
Adjacent section to (D) but with antibody preabsorbed with bacterially expressed pp60-src (25 ,ug/ml) before application to the section. (F)
Hatchling cerebellum, transverse section. 10 jig of antibody per ml. Sections were counterstained with toluidine blue. V, Ventricular zone;

M, marginal zone; Mo, molecular layer; P, Purkinje cell layer; IGL, internal granular layer. Bars, 20 ,uM.

The developing internal granular layer of the stage 40
cerebellum also showed pp60c-sr IR, which appeared to be
contained in cellular processes surrounding the granule cell
bodies (Fig. 1D). This staining, lighter in intensity than that
found in the molecular layer, extended throughout the entire

width of the internal layer (Fig. 1C). At this stage of
development, the processes that are located in the internal
granular layer consist chiefly of climbing fibers, mossy

fibers, granule cell dendrites, Golgi cell axons and dendrites,
and Purkinje cell axons. Like the cell bodies in the EGL and
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molecular layer, those of the internal granular layer did not

appear to exhibit pp6Oc-src IR. However, possible staining of
the plasma membrane of the cell bodies in the internal
granular layer could be obscured by the processes there.
At every stage examined, pp6Oc-sc IR staining was blocked

by preincubation of the antibody with the antigen, purified
bacterially expressed pp6Ovsrc. Figure 1F demonstrates com-

petition of the pp60csrc IR shown in Fig. 1D, an adjacent
section through the stage 40 cerebellum. The virtually com-

plete competition of immunostaining with low amounts of
purified pp6Ov-src (25 ,ug/ml) suggests that the immunocyto-
chemical staining specifically recognizes pp6Oc-src in the
cerebellum. Because the antiserum was raised against dena-
tured pp60vsrc, it is possible that a protein closely related to
pp6Oc-src could also be recognized. This appears unlikely,
however, because the antiserum used did not cross-react
with pp9War--es, the product of the yes gene of Y73 virus on

Western blots, despite its high degree of homology with
pp6vsrc, particularly in the tyrosine kinase domain (21).
At hatching, the chick cerebellum begins to assume a

more adult morphology, except for remnants of the EGL
which soon disappear. pp6Oc-src IR was still apparent in the
widening molecular layer of the hatchling chick cerebellum
(Fig. 1E), where the density of neuronal processes has
increased considerably and synaptogenesis is under way

(28). It is noteworthy that the intensity of staining in the
molecular layer of the cerebellum of the chick at the hatchl-
ing stage was considerably lighter than that observed at
stage 17 or 40. This was always observed even when
sections from each of the three stages were processed
simultaneously for staining. No staining was observed in the
undifferentiated cells remaining in the EGL or within the cell
bodies of differentiating granule cells, either present in the
internal granular layer or migrating through the molecular
layer. In addition, most Purkinje cell bodies showed no IR,
but occasionally some exhibited nonspecific staining which
could not be blocked by competition with purified pp60vsrc.
Not shown is the central white matter of the hatchling
cerebellum, which consists primarily of climbing fibers,
mossy fibers, Purkinje axons, and myelin-forming oligoden-
drocytes. In contrast to IR in the molecular layer, which was

completely blocked with antigen, the central white matter
exhibited nonspecific staining, lighter in intensity than that
of the molecular layer, which could not be blocked and may
be attributable to nonspecific staining of myelin sheaths
developing at this stage around some of the axons.

Efforts to demonstrate immunoreactive pp6Oc-src in the
cerebellum of the adult chicken were unsuccessful.

pp6oc.src protein kinase activity in the developing cerebel-
lum. The presence of pp60csrc in the developing cerebellum
was also demonstrated by immunoprecipitation from cere-

bellar extracts and measurement of protein kinase activity
by the immune complex protein kinase assay (4). pp6Oc sr,
was immunoprecipitated from detergent lysates of the cere-

bellum of stage 40 chicken embryos and hatchlings with TBR
serum under conditions of antibody excess. The phosphory-
lation of antibody heavy chains by pp60c-src was carried out
in the immunoprecipitates. Because this assay measures the
extent rather than the rate of reaction, the amount of
phosphorylation of antibody heavy chains is related to the
amount of pp60c-src kinase in the immunoprecipitate rather
than its initial velocity (31). The amount of pp60csr'c kinase
relative to total protein in the stage 40 cerebellum (100 fmol
of phosphate incorporated into immunoglobulin G heavy
chains per mg of extract protein) was about sevenfold higher
than in the hatchling cerebellum (15 fmol of phosphate per

mg of extract protein). The EGF receptor (35), the PDGF
receptor (9), and the insulin receptor (20), which have
related tyrosine kinase activities that are activated upon
hormone binding, did not appear to contribute to the TBR
antibody phosphorylation observed in these assays. The
addition of EGF (164 nM), PDGF (72 nM), or insulin (86 nM)
to immunoprecipitates from stage 36 chicken embryo brain
extracts did not stimulate antibody phosphorylation: no
addition (40 fmol of phosphate per mg of extract protein);
EGF (37 fmol/mg); PDGF (45 fmol/mg); insulin (40 fmol/mg).
To provide confirmation that the enzyme activity mea-

sured in the cerebellar extracts was due to pp60csrc, the
sensitivity of the pp60csrc protein kinase to the dinucleotide
Ap4A was compared in cerebellar extracts of the stage 40
embryo and the hatchling chick. Previously, we showed that
Ap4A inhibits the protein kinase activity of viral pp60v-sr( by
apparent interaction with the ATP binding site (27) and that
normal cellular pp6c-src from fibroblasts is less sensitive to
inhibition than pp60vsrc (24). pp60'csrc from the stage 40 and
hatchling cerebellar extracts was immunoprecipitated with
TBR serum, and phosphorylation of TBR antibody heavy
chains in the immunoprecipitate was measured in the pres-
ence of various concentrations of Ap4A and 50 nM ATP. The
concentration of Ap4A required for 50% inhibition of protein
kinase activity was found to be the same (15 ,uM) for the
stage 40 and hatchling cerebellar kinases. These values were
significantly greater than the concentration of Ap4A required
for 50% inhibition of pp6O-src protein kinase encoded by the
virus (2 ,uM), which was immunoprecipitated in parallel with
the same TBR antiserum from extracts of chicken embryo
fibroblasts transformed by Rous sarcoma virus (Schmidt-
Ruppin D strain). Thus, the cerebellar enzyme, like ppWc-src
from fibroblasts, is less sensitive to inhibition by Ap4A than
the viral enzyme.

DISCUSSION
In the cerebellum of the developing chicken, normal

cellular pp60csrc IR was found within the molecular layer
and between the cell bodies of the internal granular layer,
regions which contain mainly neuronal (and some glial)
processes; whereas mitotically active, undifferentiated
neuronal recursor cells in the EGL did not express detect-
able levels of pp60c-src, nor was staining seen in the cell
bodies of differentiating neurons. These findings suggest that
pp6Oc-src does not participate in the proliferation of precursor
cells, but could be involved in the differentiation of neuro-
nal (and possibly glial) cell processes. The localization of
pp60c-src in processes of cerebellar cells is in agreement with
our previous work on pp60C-srC expression in the developing
chicken neural retina, which showed pp6oc-src to be partic-
ularly abundant in plexiform layers where neural processes
are abundant (32, 33). pp60csrc has also been found in
processes of cells located in other regions of the brain:
pp6Oc-src IR was localized in the process-rich marginal zone
of the telencephalon and optic nerve of the chicken embryo
(33) and in fiber tracts of the optic tectum of the stage 40
embryo (P. F. Maness, unpublished data). The appearance
of pp60c-src within processes of these embryonic brain cells
suggests that pp60c-sr is a component of developing neuronal
processes. However, pp6oc-src appears not to be restricted to
nerve processes, since it was also present in the cell bodies
of retinal ganglion and amacrine cells (33). This cell body
localization does not appear to be the case for most parts of
the nervous system.
The expression of pp6ocsrc in the molecular layer of

the developing chicken cerebellum correlated with neuro-
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nal differentiation rather than proliferation. In the retina,
pp60 c-src expression also occurred at the time when the first
neuronal cells ceased dividing and began to differentiate.
The conspicuous absence of IR pp60csrc from the primitive
neuroepithelial cells of the metencephalon and the cerebellar
EGL, both of which are actively proliferating, indicates that
pp60f-src is not likely to be required for cell division in these
brain regions. It is interesting to note that somatomedin C (a
growth factor for fibroblasts) is expressed in the cell bodies
and processes of differentiating neurons in culture (V. Han
personal communication). A role for other cellular onco-
genes in cell proliferation is suggested by recent studies
demonstrating homology between the EGF receptor and the
v-erb-B sequence (8), and between PDGF and the v-cis
sequence (7, 36). If pp60c-src plays any role in neuronal stem
cell proliferation, it could conceivably regulate the transition
from proliferation to differentiation, which occurs at the time
of pp60`csrc expression. Alternatively, activation of pp6)c-src
expression at the onset of neuronal differentiation may occur
in preparation for its role in a mature neuronal function.
An important unanswered question is whether expression

of pp60csrc in the developing nervous system decreases per
cell during the embryonic to adult transition. pp60`csrc IR in
the hatchling cerebellum was considerably lighter than in the
stage 40 cerebellum, and IR was not detectable in the adult.
Furthermore, the amount of pp60c-src kinase activity relative
to total protein in the hatchling and adult cerebellum was
markedly lower than in the stage 40 cerebellum. Because
pp60csc kinase activity was quantitated relative to total
protein, the lower amount of pp60`csrc kinase in the hatchling
and adult could reflect a developmental decrease in pp60csrc
synthesis, the induction of synthesis of other proteins during
differentiation, or the emergence of a population of cells,
such as glia, which may not express high levels of pp6Ocsrc.
Similarly, several explanations can be offered to account for
the decreased intensity of IR staining in the cerebellum from
stage 40 to hatching. The density of pp60csr in processes of
embryonic neurons may decrease as they grow longer dur-
ing development, resulting in progressively lighter staining;
pp60c-src IR may decrease as a result of an interaction with
new proteins or lipid components in the mature neuron; or
the synthesis of pp60csrc may decrease as a result of
developmental changes in gene expression.
At this time, the functional role of pp60'csrc in the devel-

oping nervous system is unknown. Its possible involvement
in differentiating neurons raises questions as to the role of
oncogenes in the control of differentiated functions in all
cells, since the neuron is but one example in which prolifer-
ation is clearly separate from the differentiation process at
the time of oncogene expression. It is possible, therefore,
that the developing nervous system, with its well-studied
cytoarchitectonics, may provide a good model system for
the study of roles for oncogenes in proliferation and differ-
entiation-related cell functions generally.
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