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The distribution of an epitope recognized by the monoclonal 
antibody JONES has been studied immunohistochemically 
in the developing nervous system of the rat. In the present 
report, we survey selected regions of the fetal, postnatal, 
and adult rat nervous system to test the hypothesis that 
JONES binding is invariably associated with neural cell mi- 
gration and axon growth in the developing rat. 

A series of selected developmental stages extending from 
embryonic day (E) 9 to adult were used in this investigation. 
The distribution of JONES binding was examined using in- 
direct immunofluorescence, as well as the immunogold pro- 
cedure. Particular attention was paid to regions where the 
positions and timing of cell and axon migrations have been 
well described for the rat. JONES immunoreactivity first ap- 
pears at El l-l 2, when it is localized to the lamina terminalis, 
the telencephalic-diencephalic junction, the midbrain, and 
the rhombic lip regions of the cytologically undifferentiated 
neural tube. In all the regions studied, during embryonic and 
early postnatal life, the labeling is very intense in the ven- 
tricular zone and shows a radial array in the adjacent inter- 
mediate and marginal zones. The expression of JONES ep- 
itope correlates particularly with times of cell migration in 
the retina, superior colliculus, cerebellum, and telencepha- 
Ion and in regions undergoing neurite extension, such as the 
developing optic tract, the white matter of the cerebellum, 
the dorsal roots, the trigeminal system, and olfactory nerve. 
JONES binding becomes progressively restricted in the 
postnatal period. In the adult brain, immunoreactivity is pres- 
ent only in the retina and cerebellum. In the retina, JONES 
labeling is present in the outer plexiform layer and optic fiber 
layer. The labeling in the optic fiber layer extends to the 
optic nerve head and stops abruptly outside the orbit. In the 
cerebellum, JONES shows a radially oriented pattern 
throughout the molecular layer and delineates the cell bodies 
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in the Purkinje cell layer. The only non-neural regions that 
show JONES immunoreactivity are the adrenal medulla and 
the kidney glomeruli. 

We conclude that the antigens recognized by the JONES 
monoclonal antibody are associated with the migration of 
subsets of cells and axons within the developing rat nervous 
system and, consequently, may play a role in conveying 
selectivity to these processes. 

Early events of brain differentiation are likely to be mediated, 
at least in part, by molecules that alter the surface properties of 
developing cell membranes in highly specific and stereotyped 
patterns (Gottlieb and Glaser, 1980). Thus, attempts to under- 
stand the mechanisms of cell interaction and recognition during 
neural development have been greatly facilitated by the pro- 
duction of highly specific antibody probes capable of localizing, 
identifying, and ultimately disrupting the normal functioning of 
the underlying molecules (see Valentino et al., 1985, for review). 

Recently, we described (Constantine-Paton et al., 1986) a 
monoclonal antibody (JONES) that exhibits a highly regulated 
spatial and temporal pattern of immunoreactivity in developing 
rat retina. Immunoreactivity coincided with the appearance of 
the first postmitotic retinal cells and with the growth of retinal 
axons. In addition, the antibody showed a dorsal-ventral gra- 
dient of binding in the retina throughout the period when the 
topographic retinal projections are being established. These ob- 
servations suggested that the antigen recognized by JONES might 
be important in conveying selectivity during the processes of 
neural cell migration and axon growth. 

Biochemical characterization of the molecules carrying the 
JONES epitope reveals them to be the same 2 or 3 gangliosides 
in all regions examined (Schlosshauer et al., 1986, 1988). Mem- 
bers of this class of cell-surface glycolipids have been implicated 
in a wide variety ofcell interactions (e.g., Marchase, 1977; Hako- 
mori, 198 1; Blackbum et al., 1986). Consequently, in order to 
examine the specific hypothesis that the JONES gangliosides 
are associated with cell and axon migration, we have mapped 
the changing distribution of JONES immunoreactivity in se- 
lected regions of the developing rat nervous system and asked 
how consistently it is associated with the patterns of neural cell 
migration and axon outgrowth that have been well described 
for the rat by previous investigators. A preliminary report of 
this work has already appeared (Mendez-Otero et al., 1986). 

Materials and Methods 
Antibody production. The production of the JONES monoclonal anti- 
body (mab) was detailed previously (Constantine-Paton et al., 1986). 
Briefly, Balb/C mice received 3 intrapetitoneal immunizations with 
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fixed retinas from embryonic day (E) 13-20 rats. A final intravenous 
boost was given 4 d prior to the fusion of spleen cells with P3-NSI/l- 
Ag4-1 plasmacytoma cells. The resulting hybridoma cell lines were 
screened immunohistochemically on sections of the retinas from E 13- 
14 and postnatal day (P) 1 rats using indirect immunofluorescence. The 
JONES antibody was selected for further analysis on the basis of its 
immunofluorescent staining pattern on sections of fixed embryonic and 
early postnatal rat brain and retina. The JONES mab was subcloned 3 
times by limiting dilution, and antibody subclass (IgM) was determined 
by the Ouchterlony method (Ouchterlony and Nilsson, 1978). 

Several series of early fetal rat brains were examined using concen- 
trated hybridoma supematant and immunofluorescence. However, all 
of the antibody used in the immunogold cytochemistry reported here 
and in the following biochemical description was the purified IgM frac- 
tion of ascites tumor fluid. This was produced by priming BalbK mice 
with Pristane (300 ~1) 4-14 d before the iniection of 1 x 10’ hvbridoma 
cells intraperitoneally. The ascites fluid was collected 7-28 d after the 
hybridoma injection by washing the cavity with PBS. This fluid was 
centrifuged at 100,000 x g at 4°C for 1 h, and the supematant was 
concentrated by ultrafiltration. Protein fractions were separated by gel 
filtration using a Sephacryl S-400 column. The purest IgM fraction was 
subsequently identified by SDS gel electrophoresis (Laemmli, 1970) and 
by immunohistochemical dilution series. 

Animals. Initial studies with the JONES antibody indicated that it 
worked equally well on all rat strains. The earliest investigations used 
fetuses from pregnant female Long-Evans rats obtained from Charles 
River. However, for most of the work presented here Long-Evans or 
Sprague-Dawley rat females were mated with Black males in our breed- 
ing colony. The pregnancies were timed by testing vaginal smears for 
the presence of sperm. The first day on which sperm was detected was 
taken as day zero of gestation (EO) and the females were removed from 
the cages of the males. Postnatal day 0 refers to the first 24 hr after 
birth. A series of developmental stages extending from E9 to adult were 
used in this study. 

To obtain prenatal material, pregnant females were deeply anesthe- 
tized with ether or with an overdose of Nembutal and killed by cervical 
dislocation, and the uteri were dissected into ice-cold phosphate buffer 
(pH 7.2). E9 to El2 embryos were fixed by immersion into 4% para- 
formaldehyde in 0.1 M phosphate buffer for 4-6 hr at 4°C. Embryos 
older than E 12 and postnatal animals were perfused intracardially (un- 
der ether anesthesia) with 4% paraformaldehyde and postfixed in the 
same fixative for 4-8 hr at 4°C. The brains and eyes ofpostnatal animals 
were dissected out and transferred to phosphate buffer containing 30% 
sucrose for 12-48 hr. They were then embedded in OCT compund (Lab 
Tek). sectioned at 15 urn on a Briaht (Hacker Inst.) crvostat at -20°C 
in the horizontal, coronal, or sagi& plane, mounted on chrome alum/ 
gelatin-subbed slides, and air-dried for 30 min. 

Immunohistochemistry. The distribution ofthe antigen in fixed frozen 
sections was demonstrated using indirect immunofluorescence or silver- 
intensified immunogold staining procedures. In both cases, sections 
were incubated with the monoclonal antibody as full-strength super- 
natant or with purified IgM JONES antibody (4 &ml in 5% goat serum) 
for 16-18 hr at 4°C. The slides were then rinsed 3 times with PBS or 
with 0.1% BSA-Tris solution (0.1% wt/vol BSA in Tris pH 8.2 and 20 
mM NaN,). For indirect immunofluorescence sections were incubated 
with rhodamine isothiocyanate-conjugated goat IgG directed against 
mouse IgM (Cappel, 1:50 dilution). For the immunogold procedure, 
sections were incubated with the immunogold staining reagent (affinity- 
purified goat IgG directed against mouse IgM linked to 5 nm colloidal 
gold particles, Janssen, 1:40 dilution). Following exposure to the second 
antibody for 2 hr at room temperature, sections were again rinsed in 
PBS. Rhodamine-labeled sections were mounted in glycerol, cover- 
slipped, and examined under a Leitz epifluorescent photomicroscope. 
Sections incubated with the immunogold reagent were reacted with the 
silver-intensification kit (Janssen) to improve the visualization of the 
colloidal gold particles. Some of these sections were counterstained with 
toluidine blue. All immunogold-labeled sections were dehydrated, 
mounted with coverslips, and analyzed under dark- and bright-field 
microscopy. Control sections were incubated without the primary or 
secondary antibody. For each region, sections of animals of different 
ages were reacted at the same time to ensure that the differences in 
staining were not due to variations in the reaction. We have analyzed 
the brains of 2 or more animals at each stage. 

A few sections from PO forebrain and P6 cerebellum were incubated 
with anti-D. 1.1 antibody (a generous gift from Dr. W. B. Stallcup and 

Dr. J. Levine) at 1: 100 to 1500 dilutions and reacted subsequently with 
rhodamine-conjugated secondary antibody. 

Results 

Initial expression of JONES antigens 
Examination of early embryonic stages utilized indirect im- 
munofluorescence as well as the immunogold procedure. These 
experiments failed to reveal JONES binding in primitive streak 
embryos and embryos determined to be at stage E9 and E 11 by 
sperm-positive tests. The earliest detectable JONES binding was 
found in one series of brains for which exact gestational age was 
unknown. These embryos were morphologically similar to E 11, 
suggesting that JONES immunoreactivity is first detectable on 
late El 1 or early E12. At this stage, major brain regions were 
identifiable, but the walls of the neural tube still had the ap- 
pearance of an undifferentiated pseudostratified epithelium. In 
both immunofluorescence and immunogold staining, JONES 
binding appeared around the perimeter of cells, occassionally 
with discrete puncta showing intense fluorescence (Fig. 1B). 
Intense staining at this stage was restricted to 3 regions: (1) the 
lamina terminalis and the ventral telencephalic and diencephalic 
regions immediately rostra1 and caudal to it; (2) the dorsal mes- 
encephalon immediately caudal to the mesencephalic/dience- 
phalic junction; and (3) the rhombic lip. These regions are il- 
lustrated in the camera lucidae drawings of sections shown in 
Figure 1A. 

By E13, JONES binding was distributed widely in the fore- 
brain, midbrain, and hindbrain. Immunoreactivity was intense 
in the ventricular zone, where cell bodies were present in high 
density. However, the sensitive immunogold staining procedure 
revealed that the intense ventricular zone binding was usually 
accompanied by less intense binding in the adjacent interme- 
diate and marginal zones (see Fig. 8, B, C, for examples). 

Visual pathway 
Retina. The embryonic distribution of JONES immunoreactiv- 
ity in retina has already been described (Constantine-Paton et 
al., 1986). Over the first 2-3 postnatal days (P2-3), the retina 
is composed of a relatively uniform neuroblastic layer separated 
from the ganglion cell layer by a thin inner plexiform layer (Fig. 
2B). JONES labeling can be detected throughout the whole ret- 
ina, although the density of labeling in the 2 inner layers (gan- 
glion cell and inner plexiform layers) is generally lighter than 
that in the outer layers (Fig. 2A). In this and all other stages 
studied, the optic fiber layer shows JONES immunoreactivity. 
However, no binding of this antibody was detected in the post- 
natal animal at the optic nerve head or in the optic nerve, 2 
regions where ganglion cell axons are highly concentrated. 

During the subsequent days, there is a progressive restriction 
in the radial distribution of JONES binding. This radial restric- 
tion parallels the laminar maturation pattern across the surface 
of the epithelium, being more advanced in the central than in 
the peripheral retina. By P7, the outer plexiform layer appears, 
and the inner region of the inner nuclear layer is well differen- 
tiated (Fig. 20). The pattern of JONES binding at this age is 
shown in Figure 2C: labeling is restricted to the outer two-thirds 
of the retina and to the optic fiber layer. Antibody binding has 
retracted from the inner and outer plexiform layers, as well as 
the inner half of the inner nuclear layer. 

A marked drop in the intensity of the immunocytochemical 
reaction in retina occurs in the subsequent week. By P 14, bind- 
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Figure 1. Pattern of JONES binding in the E 1 l-l 2 brain. A, Series of camera lucida tracings of the early brain in sections cut close to the sagittal 
plane (e.g., sagittal but slightly tilted toward the horizontal plane). Section a is the most lateral and d the most medial. JONES immunoreactivity 
was visualized with indirect immunofluorescence. The position of JONES binding in different brain regions is indicated by stipple. The sections 
illustrated were chosen from a larger set of 42 ( 15- 17 pm) sections through the entire fetal head to illustrate the 3 regions where immunoreactivity 
first appears. Binding can be observed in the ventral forebrain at the telencephalic-diencephalic junction, in the dorsal midbrain beginning at the 
diencephalic-mesencephalic junction, and in the hindbrain region of the rhombic lip. Abbreviations: telencephalic vesicle (TV’), optic stalk (OS), 
lamina terminalis (LX), diencephalon (D), third ventricle (III), mesencephalic roof (MR), hindbrain (ZZ), fourth ventricle (Z.v), and tongue (7). B, 
High-power fluorescent photomicrograph of the same section illustrated in d to show the pattern of labeling in the telencephahc-diencephalic region. 
In the less intensely stained regions, JONES binding can be distinguished around the perimeter of the cells and occasionally as brighter fluorescent 
puncta. The zone of JONES binding can be distinguished as a large, but contiguous, group of cells that show no morphological or cytological 
differences from cells in adjacent unlabeled regions. In both panels, rostra1 is to the left. Scale bar: A, 300 pm; B, 50 pm. 

ing is hardly visible in the central retina (Fig. 2E); however, it zone occupied by the first optic nerve axons and the flattened 
can still be detected in the peripheral retina, where it is localized epithelia that will form the connective tissue of the optic nerve. 
to the outer retinal regions and the optic fiber layer (Fig. 2F). At E16, JONES binding was detectable adjacent to the glial 

optic projections. JONES immunoreactivity was briefly de- limiting membrane in the chiasm region and on ependyma and 
tected in coronal sections of the optic stalk at E 13. It was present radial processes in ventral regions of the diencephalon. Im- 
as a thin zone of label lying immediately ventral to the cell-free munoreactivity was particularly concentrated in the subpial re- 
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Figure 2. Pattern of JONES labeling 
in retinas from postnatal animals vi- 
sualized with the immunogold proce- 
dure. Dark-field photomicrographs of 
immunogold-stained (A. C, E, F) sec- 
tions and bright-field photomicro- 
graphs of adjacent sections stained with 
toluidine blue (B, D, G). A and B, P3 
retina: All retinal layers are stained with 
the JONES antibody, but the labeling 
in the inner layers is less intense than 
in the outer layers. B, Histological ap- 
pearance ofthe retinas at this stage. The 
presumptive optic fiber layer (OFL), 
ganglion cell layer (GCL), and inner 
plexiform layer (ZPL) are marked. The 
other retinal layers are not yet present. 
Cand D. P7 retina: JONES labeling has 
withdrawn from the inner plexiform 
layer, from the inner half of the deve- 
loping inner nuclear layer (IA%), and 
from the developing outer plexiform 
layer (OPL). Labeling is apparent in 
the optic fiber layer. E-G, P14 retina: 
JONES staining is very weak in the cen- 
tral retina (E), although it is still very 
intense in the periphery Q. In this re- 
gion the labeling is restricted to the de- 
veloping outer nuclear layer (ONL) and 
to the optic fiber layer. Scale bar, 50 
w. 

gions adjacent to the developing optic tract (Fig. 3A). The optic present in a radially oriented pattern that originates from the 
tract can be clearly seen at E 18 in parasagittal sections (Fig. 38) ventricular region. At E16, a superficial band of label can be 
stained with toluidine blue, and it is heavily labeled with JONES detected under the pia in rostra1 lateral regions of the colliculus 
(Fig. 3C’). The labeling drops abruptly in the next days, and by (Fig. 4A). Cell migration from the ventricular germinal zone of 
E20, the optic tract region is weakly labeled (Fig. 30). the colliculus occurs throughout the late fetal period (Bruckner 

In the presumptive superior colliculus, JONES labeling is et al., 1976). This is reflected in the intense periventricular la- 
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Figure 3. Pattern of JONES labeling along the developing optic pathway. A, Immunogold staining of a coronal section through the ventral 
dienceohalon of an El6 animal. JONES antihodv stains radiallv oriented process from the ventricle toward the diencephalic surface. The staining 
is much more intense in the lateral region of the diencephaldn beneath-the pia. B and C, E18: Bright- and dark-field photomicrographs of a 
parasagittal section through the ventral diencephalon in an El8 animal. JONES binding was visualized wih the immunogold procedure (C), and 
the section was counterstained with toluidine blue (B). The intense JONES binding is localized to the position of the developing optic tract (arrow). 
The third ventricle is indicated (V). D, E20: Dark-field photomicrograph of an immunogold-stained coronal section through the ventral diencephalon. 
JONES labeling is much more restricted in both the radial and subpial dimension, and, though difficult to discern in dark-field illumination, the 
intensity of the labeling that remains is reduced relative to the subpial labeling in the El6 brain. Scale bar: A and D, 100 pm; B and C, 50 pm. 

beling in caudal regions ofthe lobe. However, at E 18, in addition munoreactivity is distributed in a radially oriented pattern, with 
to the intense ventricular staining, a band of intense immuno- higher densities in caudal than in rostra1 regions. Immunoreac- 
reactivity can be seen in rostra1 regions (Fig. 4B). This corre- tivity is also present, however, in the subpial region of the de- 
sponds to a cell-free region in toluidine-stained sections (Fig. veloping external granule cell layer, which, at this stage, begins 
4C). By E19, antibody binding is distributed throughout the its migration from the rhombic lip and is present as a densely 
superficial collicular layers. However, after E 19, there is a marked 
decrease in the immunoreactivity, and by PO, JONES binding 
has disappeared from the entire superior colliculus. 

Cerebellum 
In E14-18 fetuses there is a clearly defined cerebellar anlage 
that shows a pronounced pattern of JONES binding (Fig. 5, A, 
B). At these ages, the labeling is present extending from the 
ventricular to the pial surface of the anlage. Most of this im- 

packed zone of cell bodies in the caudal region of the anlage. A 
more rostra1 region of high-density JONES binding falls in a 
cell-free region between the pia and deeper cell somata (Fig. 5, 
arrows). 

The cerebellum of the newborn rat is morphologically im- 
mature (Fig. 6B). The major fissures are recognizable, and the 
external granular layer (EGL) forms a sheet only a few cells 
thick. Parasagittal sections through the vermis reveal a differ- 
ence in maturation between regions located rostra1 versus caudal 
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Figure 4. Pattern of JONES labeling 
inthe presumptive superior colliculu~ 
A. E 16: Dark-field ohotomicroaraoh of 
an immunogold-stained coronal- sec- 
tion through the dorsal mesencephalon. 
Observe labeling of processes radially 
oriented from the ventricle toward the 
tectal surface (open arrows) and also the 
intense labeling beneath the pia (closed 
arrows). B and C, E 18: Parasagittal sec- 
tion through the tectum stained with 
the immunogold procedure and coun- 
terstained with toluidine blue. Notice, 
in the dark-field photomicrograph (E), 
the intense JONES labeling located be- 
neath the pia in rostra1 regions of the 
midbrain. C, Detail of a section adja- 
cent to the one shown in &bright-field 
optics). Note the cell-free region un- 
derneath the pia that shows heavy la- 
beling in the dark-field optics. Rostra1 
is to the left. Scale bar: A and B. 100 
pm; C, 30 elm. 

to the fissura prima (Fig. 6B). In rostra1 regions of the cerebellar discontinuous pattern in the cerebellar cortex, which appears to 
cortex, the Purkinje cell layer is becoming clearly defined and correspond to differences in the maturity of different regions 
a few granule cells have settled below it. During the first post- (Fig. 64. In the most rostra1 regions, JONES binding is detected 
natal days, JONES immunoreactivity exhibits a stereotyped but throughout the folium, with a radially oriented pattern extend- 
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Figure 5. Distribution of JONES 
staining in the El8 cerebellar anlage. 
Immunogold staining of a parasagittal 
section counterstained with toluidine 
blue. Bright-field (A) and dark-field (B) 
photomicrographs of the same section 
illustrating the radially oriented pattern 
of JONES labeling along the dorsov- 
entral axis of the cerebellar anlage. 
Dense subpial labeling in the caudal- 
dorsal region of the cerebellar anlage 
corresponds to the region ofgranule cell 
migration from the rhombic lip. Ob- 
serve also a rostrodorsal region of high- 
density JONES binding corresponding 
to a cell-free region in the bright-field 
photomicrograph (arrows). Caudal is to 
the leji. Scale bar, 100 pm. 

ing from the EGL and through the presumptive molecular layer. 
Caudal to the lissura prima, the presumptive cortical region is 
completely unstained. 

By the end ofthe first postnatal week, the EGL is much thicker 
and the molecular, Purkinje cell, and granule cell layers can be 
delineated lying above the white matter in all regions of the 
cerebellar cortex (Fig. 74. JONES staining of adjacent sections 
reveals labeling uniformly distributed throughout the cerebellar 
cortex, in regions corresponding to both the external granule 
cell layer and to the differentiating internal granule cell layer 
(Fig. 7B). The relative density of JONES binding at this stage 
corresponds roughly to the relative packing density of granule 
cell somata, being significantly higher in the external than in 
the internal granule cell layer. JONES immunoreactivity is 
markedly reduced in the deeper regions of the differentiating 
molecular layer, where parallel fiber projections are being laid 
down. 

During the first postnatal week, a distinctly different pattern 
of JONES immunoreactivity was observed in the depth of the 
folia in the regions corresponding to the position of ingrowing 
fibers that will form the cerebellar white matter. In the neonate, 
intense JONES binding was present as patches and streaks dis- 
tributed without any apparent order. By P7, JONES binding in 
the cerebellar white matter was distributed along the fiber fas- 
cicles of the differentiated white matter (Fig. 74. 

Telencephalon 
The olfactory bulb and caudate are not yet clearly discemable 
in the rostra1 forebrain of the El3 rat, and the neocortex is 
represented by a thin, pseudostratified neuroepithelial sheet. By 
E16, the olfactory bulb is becoming discemable and the floor 
of the telencephalic ventricle has differentiated into the pre- 
sumptive caudate, while dorsally the cerebral vesicles have ex- 
panded in thickness as well as in surface area. Intense JONES 
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Figure 6. JONES expression in the early postnatal cerebellum. A, Dark-field photomicrograph of an immunogold-stained parasagittal section 
through the cerebellar vermis of a PO animal. Rostra1 is to the left, and the arrow indicates the fissura prima. Observe JONES staining throughout 
the cerebellar cortex in the most anterior folia and the absence of labeling in the same region in the posterior folium. Patchy staining deep within 
the cerebellum corresponds to fascicles of axons within the developing white matter (WV). B, Toluidine staining of a section through vermis to 
illustrate the cytoarchitectonic differences between both regions. The presumptive Purkinje cell layer (arrowheads) and granular layer (parentheses) 
are indicated. Scale bar, 100 pm. 

immunoreactivity is present in the presumptive caudate region 
at this stage, as well as in the dorsal regions of the cerebral 
vesicles. In progressively older fetuses, as the cellular laminae 
began to form in the various neocortical regions, JONES im- 
munoreactivity extends progressively toward the pia. In the E 16 
fetus, intense JONES antibody immunoreactivity is also ob- 
served extending from the olfactory epithelium to the olfactory 
bulb in regions where olfactory nerve bundles are localized. 

By E18, the caudate remained intensely stained, and it was 
cleary delineated from adjacent regions ofthe telencephalic floor 
by the abrupt disappearance of JONES immunoreactivity (Fig. 
8, A, B). In the cerebral vesicles themselves, there were both 
graded and abrupt changes in the intensity of JONES immu- 
noreactivity across what otherwise appeared to be a continuous 
neural epithelium. One of the most abrupt transitions in JONES 
immunoreactivity can be observed in Figure 8A (arrow), and 
apart from the abrupt differences in JONES binding, no other 

cytoarchitectonic differences were apparent in this region at this 
time. 

At PO, JONES staining in the cortex shows a pattern remi- 
niscent of Golgi staining of the radial glia at this stage (Fig. 8C’). 
Immunoreactivity has disappeared from the caudate and has 
withdrawn from the dorsal rostra1 regions of the neocortex at 
this stage. However, it is still intense in the ventricular zone of 
the cerebral vesicles and in the hippocampus, olfactory bulb, 
and olfactory nerve. At the end of the first postnatal week im- 
munoreactivity was absent from the neocortex. It was still pres- 
ent, however, in the hippocampus, the olfactory bulb, and the 
olfactory nerve. 

Spinal cord and PNS 

JONES binding is first detected on El3 in the cervical region 
of the spinal cord and dorsal root ganglia. The labeling in these 
regions is not very intense relative to that of the brain. However, 
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EGL 
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WM 
Figure 7. Distribution of JONES staining in the P7 cerebellum. A, Dark-field photomicrograph of an immunogold-stained parasagittal section 
showing JONES labeling throughout the cerebellar cortex and in the white matter. Observe the marked decrease in JONES labeling in the lower 
regions of the presumptive molecular layer. B, Histological appearance of the cerebellar cortex at this stage. The relatively cell-free zone in the 
lower regions of the presumptive molecular layer is the region where parallel fibers are developing. EGL, exemal granule cell layer; ML, presumptive 
molecular layer; PL, Purkinje cell layer; GL, internal granule cell layer; WM, white matter. Scale bar: A, 100 pm; B, 50 pm. 

immunoreactivity is heavily present in the dorsal root ganglia 
and in the dorsal root bifurcation zone by El 6 (Fig. 9A). JONES 
binding is also present on radially oriented processes in the 
spinal cord that can be associated with radial glia present at this 
stage (Hockfield and McKay, 1985). JONES immunoreactivity 
is also present along the central and peripheral projections of 
the dorsal root ganglia and remains very intense in these regions 
until El8 (Fig. 9, A, B). 

A detailed spatial and temporal description of the peripheral 
distribution of JONES antigen is beyond the scope of the present 
report. Nevertheless, even in the earliest fetus, JONES binding 
is heavily present in the trigeminal ganglia as well as in the 
peripheral and central trigeminal branches. The stained rami- 
fications of the trigeminal system can be followed in the pe- 
riphery, and the innervation of individual vibrassae can be re- 
solved. However, at no embryonic or postnatal stage have we 
observed binding of the antibody in association with any pe- 
ripheral somatic motor nerves or innervation fields. 

By E20, JONES immunoreactivity has almost disappeared 
from the spinal cord and dorsal root ganglia, as well as from 
the trigeminal system. 

JONES immunoreactivity has been observed in only 2 “non- 
neural” regions: It is present in a punctate pattern in the glo- 
meruli of postnatal and adult kidneys and in the adrenal medulla 
at the same stages. The latter staining may be associated with 
autonomic innervation, but we have not pursued this question. 

Adult nervous system 
By P60, JONES binding shows the adult pattern of staining in 
all regions of the brain. It is immunocytochemically detected 
only in the retina and cerebellum. In the retina, the antigen 
shows a punctate pattern in the outer plexiform layer and a 
discontinuous distribution in the optic fiber layer (Fig. 10). The 
labeling in the optic fiber layer extends to the optic nerve head, 
where it is very intense and continuous, but it stops abruptly 
outside the orbit (Fig. 1 OD). In the cerebellum, the antigen shows 

a radially oriented pattern throughout the molecular layer and 
delineates cell bodies in the Purkinje cell layer (Fig. 11). 

Comparison with D. I. I antibody 
A ganglioside antigen containing an 0-acetylated sialic acid res- 
idue has been characterized using the D.l. 1 antibody in the 
developing rat nervous system (Cheresh et al., 1984; Levine et 
al., 1984). Recent studies demonstrated that at least one of the 
bands recognized by the JONES antibody on HPTLC plates is 
a base-sensitive 0-acetylated derivative of GD3 (Blum and 
Barnstable, 1986), suggesting that both antibodies might rec- 
ognize the same ganglioside species. The antigen recognized by 
the D. 1.1 antibody has been localized exclusively to germinal 
cells in the developing rat CNS (Stallcup et al., 1983; Levine et 
al., 1984; Levine et al., 1986; Beasley and Stallcup, 1987). We 
therefore felt it important to compare the binding of these 2 
monoclonal antibodies on similar tissue sections. Adjacent tis- 
sue sections from PO forebrain were reacted with both antibodies 
as described under Material and Methods. Figure 12 shows that 
both JONES (Fig. 12A) and D. 1.1 antibody (Fig. 12B) label the 
ventricular zone and also radially oriented processes throughout 
the intermediate zone. We also stained tissue sections from P6 
cerebellum, and the staining pattern with D. 1.1 was similar to 
that described with JONES. It thus appears that both antibodies 
recognize antigens with similar distributions and that this dis- 
tribution is not limited to regions of cell proliferation. 

Discussion 
Antibody technology provides a powerful tool in bridging the 
experimental and conceptual gaps between descriptions of brain 
development and their underlying molecular mechanisms. In 
the case of an antibody such as JONES, raised against a crude 
tissue homogenate, immunocytochemistry is a crucial first step 
in deciding whether the antigen or antigens are of sufficient 
developmental interest to warrant further effort. Consequently, 
in the work reported above we have attempted to provide an 
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Figure 8. Pattern of JONES labeling in the embryonic and postnatal telencephalon. A, Bright-field photomicrograph of an immunogold-stained 
parasagittal section of an El 8 animal. Observe JONES staining in the presumptive caudate and the abrupt change in the distribution of JONES 
staining in the caudal part of the cerebral cortex anlage (arrow). B, High-power view (dark-field optics) of the same section illustrated in A to show 
the pattern of labeling in the ventral telencephalon. Intense labeling is present near the ventricle (V’) with radially oriented processes ending in the 
ventral pia (arrow). C, Immunogold staining (dark-field optics) to show the pattern of JONES labeling in parasagittal sections through the occipital 
cortex of a PO animal. Note the intense staining in the ventricular region and the labeled processes that originate in the ventricular region and end 
in the pia. The pattern is highly reminiscent of Golgi images of radial glia at this stage. D, Toluidine staining of an adjacent section to show the 
histological appearance of the occipital cortex at this stage. M, marginal zone; CP, cortical plate; I, intermediate zone; VZ, ventricular zone. In all 
the panels, dorsal is up and caudal to the left. Scale bar: A, 100 pm; B, 50 pm; C and D, 100 pm. 
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Figure 9. Pattern of JONES binding 
in the spinal cord and dorsal root gan- 
glia. A, Dark-field photomicrograph of 
a coronal section through the-cervical 
soinal cord of an El6 rat. JONES im- 
munoreactivity is apparent in the dor- 
sal root ganglia, in the central and pe- 
ripheral roots, and in the dorsal 
fimiculus of the spinal cord. Labeling is 
also present as radially oriented pro- 
cesses from the central canal toward the 
pial surface. At this stage, relay neurons 
are still migrating to the lateral border 
of the gray matter, and their axons are 
growing to form the lateral funiculus 
(Altman and Bayer, 1984). The ventral 
root (arrow) is unstained. B, Parasag- 
ittal section through cervical dorsal root 
ganglia at El 8 stained with the im- 
munogold procedure. Peripheral nerves 
are to the right. The spinal cord is not 
present in this section. Scale bar (A and 
B), 50 pm. 

overview of the spatially and temporally varied binding distri- 
bution of this mab in the developing rat nervous system. At the 
same time, we have paid particular attention to those regions 
for which earlier work provides descriptive background suffi- 
cient to test the hypothesis that the JONES antigens are in- 
variably associated in both position and timing of their ap- 
pearance with cell and axon migrations. The observations 
presented in this report strongly support the hypothesis we set 
out to test. In all regions we have examined, JONES binding 
localizes in both position and time to migrating cell populations 
or to developing axon projections. 

Correlation with cell migrations 

The rat retina, like that of most other mammals, differentiates 
in a central to peripheral order across its surface and in an inner 
to outer sequence across its radial dimension (Weidman and 
Kuwabara, 1968; Braekevelt and Hollenberg, 1970; Kuwabara 
and Weidman, 1974; Raedler and Sievers, 1975). Thus, in the 

early fetal stages, only the most central regions of the retinal 
epithelium are producing the postmitotic neuroblasts that begin 
migrating toward the vitreal surface to eventually become ma- 
ture ganglion cells (Maslim et al., 1986). This zone of newly 
generated migratory neuroblasts gradually enlarges to reach the 
ciliary margin of the retina by birth. We have reported earlier 
that the tangential distribution of JONES binding in fetal retina 
closely parallels the peripheral expansion of the zone of migra- 
tory neuroblasts (Constantine-Paton et al., 1986). In the present 
study we have followed the distribution of JONES binding across 
the tangential and radial dimensions of the retina during the 
postnatal period. At these stages we have found, in accord with 
our hypothesis, that the gradual withdrawal of JONES immu- 
noreactivity follows the central to peripheral and inner to outer 
sequence of cessation of migratory activity. Thus, for the tan- 
gential dimension, in the fetus, JONES binding appearsjut in 
central retina and then gradually spreads to the retinal margin. 
By contrast, in the postnatal period, JONES immunoreactivity 
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Figure IO. JONES staining in the adult retina and optic nerve head. A and B, Dark-field photomicrogmphs of Sections through the retina incubated 
with JONES antibody (B) or with goat serum (A) followed by immunogold staining. In B note the JONES labeling in the optic fiber and outer 
plexiform layers. C, Histological appearance in an adjacent section stained with toluidine blue. Retinal layers are marked: optic fiber layer (OFL), 
ganglion cell layer (CCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer (ONL). Scale 
bar (A-C), 50 pm. D. Section of retina at the point of emergence of the optic nerve, stained with the JONES antibody (dark-field optics). Observe 
the heavy staining of the optic nerve head, and the absence of staining immediately afier the nerve exits the orbit. Scale bar, 100 pm. 

fades to near background IevelsJirsf in central retina (Fig. 2E) 
at the time its mature lamination pattern is complete (Braekevelt 
and Hollenberg, 1970). Several days later, when all retinal cell 
migrations have ceased, the same low level ofimmunoreactivity 
is found near the ciliary margin; 

The same correlation is present along the radial retinal di- 
mension. At birth, in central retina only the last generated gan- 
glion cells and some displaced amacrine cells are still migrating 
through the discernible inner plexiform layer, while in the inner 
retina the majority of inner nuclear layer cells are in the process 
of migration. In accord with this radial difference in the amount 
of migratory activity, JONES immunoreactivity in PO retina is 

still extremely heavy in the outer retina. However, binding of 
the antibody has significantly decreased in the inner plexiform 
and ganglion cell layer regions (Fig. 2.4). In progressively older 
postnatal animals, immunoreactivity disappears successively in 
the ganglion cell, inner plexiform, and inner nuclear layers. At 
P14, JONES binding is significantly decreased in magnitude and 
is restricted to the differentiating photoreceptor cell bodies (Fig. 
20. 

Cerehellar differentiation involves 3 distinct patterns of cell 
migration (Altman, 1969; Altman and Bayer, 1985a-c). Pre- 
natally, Purkinje cells, Golgi cells, and deep nuclear neurons 
originate in the ventricular zone and migrate into the body of 
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Figure 11. Pattern of JONES labeling in the adult cerebellum. A, Dark-field photomicrograph of a parasagittal section through the cerebellar 
cortex stained with immunogold. Intense labeling extends throughout the molecular layer and around the Purkinje cell bodies (arrow). JONES 
immunoreactivity is absent from the granular layer and the white matter. B, Light-field photomicrograph of an adjacent section stained with 
toluidine blue. Arrowhead points to the pia, and the cerebellar cortical layers are marked: molecular layer (ML), Purkinje layer (IX), and granular 
layer (GL). Scale bar, 50 pm. 

the cerebellar anlage. This is a radial migration from the epen- gration of cells destined for the external germinal zone, or the 
dymal region toward the pia. At E18, the positions of these EGL, is also underway in the cerebellum at this stage. This 
dorsally migrating cells correspond closely to the radial pattern migration can be observed as a thin layer of densely stained 
of JONES staining extending from the ependymal border up- cells in the subpial region in the caudal half of the anlage, and 
ward through the anlage (Fig. 5B). The primary tangential mi- it colocalizes with a subpial strip of JONES labeling (Fig. 5B). 

Figure 12. Comparison with D. 1.1 antibody. Adjacent parasagittal sections through the occipital cortex in a PO animal stained with JONES (A) 
or with anti-D. 1.1 antibody (B). Observe the labeling of the ventricular zone and also of the processes radially oriented toward the pial surface 
with both antibodies. VZ, ventricular zone; ZZ, intermediate zone. Scale bar, 50 pm. 



The Journal of Neuroscience, February 1998, 8(2) 577 

In the postnatal period, the EGL gives rise to several types 
of neurons but predominantly to the granule cells which migrate 
inward from the pial surface into the future granular layer. This 
postnatal migration of granule cells has been shown to follow 
the processes of Bergman glia (Rakic, 197 1) and to occur in 
different subdivisions of the cerebellar cortex at different ages 
(Altman, 1969). For example, in the vermis, the ventral lobes 
mature before the anterior lobes, and the last maturing folia are 
those located caudal to the fissura prima. At PO, JONES im- 
munoreactivity is absent in the posterior lobes of the vermis, 
where EGL cell proliferation is pronounced but where cell mi- 
gration has not yet taken place. JONES labeling oriented in 
radial arrays through the presumptive molecular layer becomes 
apparent, however, in regions located anterior to the fissura 
prima, where the inward migration of granule cells is already 
underway (Fig. 6A). By P7, granule cell migration is well un- 
derway throughout the cerebellar cortex, the internal granule 
cell layer has begun to form as granule cells migrate to positions 
below the Purkinje cells, and the first parallel fiber bundles form 
a tightly packed fiber layer between the EGL and the Purkinje 
cell layer. In the P7 cerebellum, JONES immunoreactivity ex- 
tends throughout the cerebellar cortex, where its binding is coex- 
tensive with the migrating granule cells and in roughly the same 
proportion to the density of these cells (Fig. 7, A, B). The dif- 
ferential expression of JONES antigen in the postnatal cerebellar 
cortex can therefore be related to the regional and temporal 
differences in the migratory patterns of the developing granule 
cells. 

Similar correlations between JONES localization and cell mi- 
gration are clear in our less-detailed examinations of the telen- 
cephalon and spinal cord. Thus, when JONES binding is first 
visualized (at approximately E 12), the first postmitotic neurons 
are being generated (Hicks and D’Amato, 1968; Raedler and 
Sievers, 1975, 1976; Bruckner et al,. 1976; Lund and Mustari, 
1977). In older animals, JONES is present in the ventricular, 
subventricular and intermediate zones and more lightly in the 
cortical plate and marginal zone of the differentiating neocortex. 
By birth, when the last neurons generated are still migrating to 
form the superficial layers (Hicks and D’Amato, 1968), JONES 
binding shows a pronounced radial pattern that appears to de- 
lineate the radial glia, presumed substrates for this migration 
(Rakic, 1971). In the telencephalon, as in the retina and cere- 
bellum, the disappearance of JONES immunoreactivity also 
appears to be correlated with cessation of cell migration. Thus, 
JONES binding is heavy in the caudate throughout the fetal 
period but has disappeared by birth. At PO, the only telence- 
phalic regions that continue to express JONES are the late dif- 
ferentiating zones: the occipital cortex, the hippocampus, and 
the olfactory bulb. By P7, only olfactory bulb and hippocampus 
show low levels of the JONES binding, and during the second 
postnatal week, as cell migrations cease in these late differen- 
tiating areas, JONES immunoreactivity also disappears (Altman 
and Das, 1965; Altman, 1966). A correlation with cell migration 
may also underly JONES labeling in the gray matter of the spinal 
cord seen in Figure 9A. Even though most lateral motor column 
migration has occurred by this stage, the labeling can represent 
the migration of ipsilaterally and contralaterally projecting relay 
neurons in this region (Altman and Bayer, 1984). 

Correlation with axon growth 
We first became interested in the JONES mab because its bind- 
ing pattern showed a graded topographic distribution across the 

retinal epithelium and the antigenicity could also be localized 
in the optic fiber layer of embryonic and early postnatal retina 
(Constantine-Paton et al., 1986). This suggested that the JONES 
antigen could play a role in the selective pathway choices made 
by the growing retinal ganglion cell axons. Our present obser- 
vations on the differentiating optic pathway are consistent with 
this possibility. JONES immunoreactivity colocalizes excep- 
tionally well with the positions where retinal ganglion cell axons 
grow and with the time the major wave of growth cones are in 
a particular region of the pathway. For example, we have seen 
it only briefly in the optic stalk of the E 13 animals (not shown), 
when the first axons exit the eye primordia (Horsburgh and 
Sefton, 1986). Immunoreactivity appears in the chiasm around 
this time, and over the next few days, JONES binding increases 
dramatically in the diencephalon, particularly in the subpial 
regions occupied by the optic tract (Silver and Sapiro, 198 1). 
The subpial localization of JONES immunoreactivity in the 
rostrolateral regions of the colliculus at E 18 (Fig. 4B) also cor- 
responds to the position of retinal axons in this structure at this 
stage (Lund and Bunt, 1976; Bunt et al., 1983). By E20, when 
the major wave of retinal axon growth cones has traversed the 
diencephalon, JONES immunoreactivity has dramatically de- 
creased in this region (Fig. 30). By birth, when all but the 
youngest retinal ganglion cells have arrived in the superior col- 
liculus, JONES immunoreactivity has disappeared from all the 
thalamic and midbrain areas receiving direct retinal projections. 

Our observations of the developing optic tract are not yet at 
a sufficient level of resolution to either rule out or support the 
further possibility that the differential distribution of JONES 
immunoreactivity in the retina is mirrored by a complementary 
distribution of reactivity along the pathway and in the colliculus. 

In numerous other regions of the developing rat nervous sys- 
tem JONES binding colocalized with differentiating axon tracts 
and appeared to be roughly related in amount and timing of 
reactivity to periods when the largest numbers of axons would 
be growing. This occurs, for example, in the dorsal root ganglia, 
the dorsal funiculus, the peripheral sensory nerves, the olfactory 
nerves, and the white matter of the cerebellum. We have not, 
however, studied any pathways with techniques that would al- 
low fine distinctions between which subregion ofa compact axon 
tract is showing the most intense JONES immunoreactivity. In 
fact, the intensified immunogold reaction tends to saturate com- 
pletely in most pathway regions and is therefore not suited for 
a study of this type. 

It is important to point out that, in this comparison ofJONES 
binding and cell and axon migrations, we have emphasized and 
indeed studied only those pathways and brain regions where 
JONES immunoreactivity is present. There are likely to be other 
pathways and instances of cell migration, such as the peripheral 
motor nerves or ventral retina (Constantine-Paton et al., 1986), 
which appear to complete differentiation without ever express- 
ing the JONES antigens or which express them at low levels 
that are not proportional to the amount of migratory activity 
likely to be underway. This differential expression of JONES 
binding within the migratory pathways of the developing brain 
suggests that the JONES antigens function to modulate some 
process involved in migration rather than serving a crucial role 
in the mechanism of motility itself. 

The absence of definitive information on the cell types that 
express JONES should also be noted. In the diencephalon, cor- 
tex, cerebellum, and spinal cord, the binding appears to be coex- 
tensive with the radial glia. In the peripheral and cranial ganglia, 
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however, it appears to be on the neurons and the axons them- 
selves. We therefore suspect that JONES does not bind to a 
particular cell type but rather serves to delineate the substrate 
that is being used for a particular migratory route. This may 
mean that the expression of the JONES antigens occurs inde- 
pendently on a particular substrate or that its expression is in- 
duced as a result of the interaction between particular migratory 
cell membranes and particular substrates. Such questions can 
only be resolved in future studies using in vitro assays, other 
antibodies, and the electron microscope. 

Lack of correlation between JONES immunoreactivity and cell 
division 
In the following paper, we present evidence that the JONES 
antibody recognizes the same 2 to 3 gangliosides in all the re- 
gions studied in the present report. These are probably di- or 
trisialogangliosides (Schlosshauer et al., 1988). Disialoganglio- 
sides have previously been localized in proliferative zones (Stall- 
cup et al., 1983; Goldman et al., 1984; Levine et al., 1984, 1986; 
Beasley and Stallcup, 1987) and since in many brain regions cell 
proliferation overlaps with cell migration, it is important to rule 
out the possibility that the JONES antigens are associated with 
cell division per se. There are 3 observations that argue against 
this possibility. First, the initial appearance of JONES immu- 
noreactivity at El 1 S-El 2 is closely correlated with the first 
appearance of postmitotic cells in the fetal rat brain (E12), as 
reported by earlier investigators (Raedler and Sievers, 1975). In 
the earlier stages of fetal development, intense mitotic activity 
is present throughout the neural tube yet no JONES binding is 
present. Second, JONES binding is absent in the EGL of the 
intermediate folia of the PO cerebellum, where cell division is 
pronounced but the inward migration of the granule cells has 
not yet occurred. Finally, earlier observations in embryonic ret- 
ina showed JONES immunoreactivity to be absent from the 
purely proliferative ciliary margin until the relatively latter em- 
bryonic stages, when that region begins to generate the first 
retinal neurons (Constantine-Paton et al., 1986). 

In this paper we have also compared the distribution of the 
antigens recognized by the JONES antibody with the staining 
pattern of the anti-D. 1.1 antibody. We have shown that, in 
forebrain and in cerebellum, both antibodies had a similar pat- 
tern of staining and that this labeling was not restricted to the 
proliferative zone; rather, it is better correlated with the ven- 
tricular zone and intermediate region where postmitotic cells 
are migrating (see Fig. 12). To explain the differences between 
our results and those published earlier in relation to the pattern 
of staining with the D. 1.1 antibody, we suggest that treatment 
of the tissue with Triton X-100 probably affects the immuno- 
reactivity such that the antigen can be visualized only in the 
heavily stained regions such as the ventricular zone. 

Localization of JONES binding in the adult brain 
JONES immunocytochemical reactivity is absent in all regions 
of the adult brain except the retina and the cerebellum. In ad- 
dition, the pattern of JONES immunoreactivity, where present 
in the adult, is qualitatively as well as quantitatively different 
from the patterns of reactivity observed in the developing an- 
imal. Thus, in the adult, JONES binds to synapse-rich regions 
(e.g., the molecular layer of the cerebellum and the outer plex- 
iform layer of the retina) that are not present in the developing 
animal. However, it also binds to regions, such as the optic 
nerve head, that do not show JONES immunoreactivity during 

development. These observations suggest that the function of 
the JONES antigens may, in fact, be quite different in adult and 
developing nervous tissue. The idea is supported by our con- 
sistent localization of JONES binding to kidney glomeruli, where 
any association with neural tissue is unlikely. 

The major conclusions of this study can be summarized as 
follows. First, the functions served by the JONES antigens in 
the adult brain and kidney are likely to be different from the 
functions served in the developing animal. Second, though 
JONES binding overlaps extensively with regions of the deve- 
loping brain where neuronal or glial proliferation is occurring, 
it does not appear to be associated with cell division per se. 
Third, in all regions studied JONES binding colocalizes ex- 
tremely well with populations of migrating cells or with regions 
where axon pathways are in the process of being established. 
The fact that JONES immunoreactivity is not present in all 
regions of the developing nervous system where migration is 
occurring indicates that the molecules recognized by the JONES 
mab are probably not crucial components of the cellular ma- 
chinery involved in cell motility. This observation suggests that 
the JONES antigens may play an instructive, rather than a per- 
missive role, in orchestrating the patterns of cell an axon mi- 
gration that bring about the topography and cytoarchitecture of 
the mature brain. 
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