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Cerebellar Target Neurons Provide a Stop Signal for Afferent Neurite 
Extension in vitro 
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The contributions of cell-cell interactions to the establish- 
ment of specific patterns of innervation within target brain 
regions are not known. To provide an experimental analysis 
of the regulation of afferent axonal growth, we have devel- 
oped an in vitro assay system, based on the developing 
mouse cerebellum, in which afferent axons from a brainstem 
source of mossy fiber afferents, the basilar pontine nuclei, 
were cocultured with astroglia or granule neurons purified 
from the cerebellum. In the absence of cells from the cer- 
ebellum, pontine explants produced axons that fasciculated 
and extended rapidly on a culture surface treated with poly- 
lysine or laminin. When pontine neurites grew onto cerebellar 
astroglial cells, outgrowth was more abundant than on sub- 
strates alone, suggesting that glial cells provide a positive 
signal for axon extension. Time-lapse video microscopy in- 
dicated that the rate of neurite extension increased from 
less than 50 pm/hr to more than 100 pmlhr when axonal 
growth cones moved from the culture substratum onto an 
astroglial-cell surface. Acceleration of neurite extension was 
also observed as pontine neurites grew onto other pontine 
neurites. 

By contrast, when pontine neurites grew on granule neu- 
rons, the appropriate targets of mossy fibers, the length of 
pontine neurites was greatly reduced. As growing axons 
terminated on granule neurons, the target cells appeared to 
provide a “stop-growing signal” for axon extension. The 
length of pontine neurites decreased with increasing granule 
neuron density. Two lines of evidence suggested that the 
stop signal was contact mediated. First, video microscopy 
showed that pontine growth cones stopped extending after 
contacting a granule neuron. Second, the length of afferent 
axons was not reduced when pontine neurites grew at a 
distance from granule neurons. Competition experiments 
where both astroglia and granule neurons were plated to- 
gether suggested that the growth arrest signal provided by 
granule neurons could override the growth-promoting signal 
provided by astroglial cells. These results suggest that spe- 
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cific cell-cell interactions regulate the growth of pontine af- 
ferent axons within their cerebellar target, with axoaxonal 
and axoglial interactions promoting axon extension and axon- 
target cell interactions interrupting axon extension. 

A central problem in mammalian brain development is the 
identification of regulatory signals for afferent axon growth dur- 
ing the selection of specific neural targets. Studies on the de- 
velopment of axonal pathways in brain, including observations 
of Golgi-impregnated material (Ramon y Cajal, 19 11) and in- 
dividual dye-labeled axons in fixed (Bovolenta and Mason, 1987; 
Godement et al., 1990) and living brain (Harris et al., 1987; 
Godement and Mason, 1990; O’Rourke and Fraser, 1990; Sre- 
tavan, 1990; Stuermer, 1990) have provided evidence that ax- 
ons grow rapidly as they leave their point of origin and extend 
in tracts toward their targets. Once afferent axons enter the target 
region, however, the pace of axon advance slows dramatically, 
and a prolonged period is required to establish patterns of spe- 
cific innervation. Although cell-cell interactions have long been 
assumed to provide cues that guide developing axons, the rel- 
ative contributions of fiber-fiber interactions among growing 
axons, of astroglial cells in the target region, and of specific target 
neurons to axon growth have not been defined. 

The cerebellum provides a convenient model to analyze the 
regulation of afferent growth and axon-target cell interactions 
in mammalian CNS, because it has well-characterized and iden- 
tifiable target cell populations and two prominent afferent sys- 
tems, climbing and mossy fibers, which originate in brainstem 
and spinal sources. Mossy afferent systems form synaptic com- 
plexes called glomeruli with granule neuron dendrites (Palay 
and Chan-Palay, 1974; Landis et al., 1983). Neuroanatomical 
tracing methods have revealed the steps in afferent axon out- 
growth, including the outgrowth of afferents through immature 
axon tracts, their invasion of the cerebellar anlage, and pattern 
of synaptogenesis with specific neuronal populations (Altman, 
1982; Sotelo, 1982; Marin-Padilla, 1985; Mason, 1987; O’Don- 
oghue et al., 1987; Gravel and Hawkes, 1990; Mason et al., 
1990; C. A. Mason, S. Christakos, and R. Blazeski, unpublished 
observations). At each of these stages, cell-cell interactions are 
evident: axoaxonal and axoglial interactions within emerging 
axon tracts as neurites extend, and axon-target cell interactions 
in the cerebellar anlage. 

A prominent component of the mossy fiber projection orig- 
inates in the basilar pontine nuclei (Brodal and Walberg, 1977). 
In the mouse, pontine afferents emerge from the pontine nuclei 
at about embryonic days 18-l 9 (E 18-E 19) (Altman and Bayer, 
1978; C. A. Mason and R. Blazeski, 199 1). At about El9 to 
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postnatal day 0 (PO), the first pontine afferent axons reach the 
cerebellar anlage (Mason et al., 1990). Immunocytochemical 
labeling indicates the pathway taken by afferent growth cones 
is populated with immature astroglial cells (Bovolenta et al., 
1984). 

Within the developing cerebellar cortex, incoming mossy af- 
ferent axons grow toward the emerging Purkinje and granule 
cell layers and establish synaptic connections with target granule 
neurons in the internal granule cell layers. Over the first 2 post- 
natal weeks, mossy fibers interact with target granule neurons 
as well as temporary targets, the Purkinje cells. When the pon- 
tine axons first arrive, the internal granule cell layer is sparsely 
populated and many mossy fibers overshoot and extend toward 
the surface of the anlage. Immature granule neuron targets are 
found superficially, which migrate inward from the external 
granule cell layer. Mossy fibers have access to Purkinje cells that 
have begun to align into a monolayer interposed between mi- 
grating and settled granule neurons. Initially within this zone, 
some mossy fibers send off fine branches that contact both Pur- 
kinje and granule neurons, termed “combination fibers” (Mason 
and Gregory, 1984). Thereafter, specific mossy fiber-granule 
neuron circuits are established in the internal granule layer, and 
these persist through adulthood. 

Although the pattern of axon projection, axon-target contacts, 
and synaptogenesis are well documented in the intact cerebel- 
lum, the regulation of these events remains unclear. To provide 
an experimental analysis of the extension of afferents and target 
cell selection, we have developed methods to culture afferent 
axonal components of the cerebellar system and to analyze their 
interactions with astroglia and target neurons in a defined system 
in vitro. We have begun with the granule neuron, since purified 
granule neurons can be obtained in high yield (Hatten, 1985) 
and with the pontine nuclei as one source of mossy fiber affer- 
ents. Our goal in these experiments was to provide a defined 
system to identify the cell-cell interactions that regulate afferent 
axon growth. 

Materials and Methods 
In the majority of experiments, we relied on interspecies cocultures, 
placing mouse explants on rat cells and visualizing the mouse explant 
neurites selectively with the M6 monoclonal antibody (Lund et al., 
1985), specific to mouse neurons. 

Explants ofpontine nuclei. Intact brains were removed from newborn 
mice, and pontine nuclei were dissected by removing the overlying 
meninges and excising from the base of the brainstem the superficial 
swellings on the rostra1 portion of the pans, representing the basilar 
pontine nuclei. The intact tissue was washed once in Tyrode’s calcium/ 
magnesium-free phosphate-buffered saline (PBS, 4°C) resuspended in 
serum-free medium, Eagle’s basal medium with Earle’s salts supple- 
mented with glucose (final concentration, 32 mM); penicillinktrepto- 
mycin (GIBCO; 20 U/ml each); 2 mM L-glutamine, 5 mg/liter insulin, 
5 mg/liter transfenin, and 5 &liter sodium selenite (Sigma, St. Louis, 
MO, medium supplement I- 1884); and 1% bovine serum albumin (Sig- 
ma, fraction V). Excised pontine nuclei were cut into pieces between 
100 and 300 Nrn in diameter with a Beaver miniblade (catalog number 
7545). Individual explants were washed in medium and transferred in 
10 ~1 aliquots with a pipette tip to a glass coverslip microculture dish 
(Hatten and Francois, 198 1). Prior to the addition of the explants, the 
culture surface was pretreated overnight with polylysine (Sigma; 500 
&ml) or polylysine followed by laminin (E-Y Laboratories; 20 or 50 
&ml, 2 hr at 20°C) and washed three times with distilled water or PBS. 
Approximately 10 explants were added to each coverslip dish. For co- 
culture experiments, explants were added to cerebellar astroglia or gran- 
ule neurons after 1 d in vitro. 

To confirm that in mouse, as in other species, the basilar pontine 
nuclei project to cerebellum, newborn mice were anesthetized and fixed 

by perfusion with 4% paraformaldehyde. The middle cerebellar pedun- 
cles, in which pontine mossy fibers project to the cerebellum, were 
injected with the fluorescent tracer l,l’-dioctodecyl-3,3,3’,3’-tetrameth- 
ylindocarbocyanine perchlorate (Dir) (Godement et al., 1987) by placing 
crystals of the dye suspended in Triton X- 100 (Sigma) on the cut surface 
of the peduncles. After 1 month, the brains were sectioned on a vibra- 
tome at 100 pm and viewed with fluorescence optics. 

Purification of cerebellar astroglial cells and granule neurons. Cere- 
bellar granule neurons and astroglia were purified on postnatal days 3- 
6 (P3-P6) as described previously for mouse cells (Hatten, 1985, 1987). 
For time-lapse video studies, mouse cells were used, and for cultures 
to be immunostained and quantitated, rat cells harvested from Sprague- 
Dawley rats (CAMM Inc.) were cocultured with pontine explants from 
mouse. In brief, a single-cell suspension was separated into high- and 
low-density (small and large cell) fractions on a 60-35-O% Percoll step 
gradient. Purified granule neurons were obtained by two serial preplating 
steps of the small cell fraction (30 min each) on tissue culture plastic 
treated with poly-D-lysine, 100 &ml. This method yields neuronal 
populations of at least 95-98% purity as judged by the small size and 
characteristic cytology ofgranule neurons (Hatten, 1985). Astroglia were 
obtained from the large cell fraction by preplating on polylysine-treated 
bacteriological plastic culture surface for 30 min and then washing off 
neurons, which adhere more slowly. This cell fraction is enriched for 
astroalia, but still contains some neurons. 

Preplating was in Eagle’s basal medium with Earle’s salts (GIBCO) 
supplemented with horse serum (10% GIBCO), glutamine (2 mM; GIB- 
CO), glucose (32 mM, final concentration), and penicillin-streptomycin 
(20 U/ml each; GIBCO). Cells were replated at a final cell density of 
between 800 and 9600 cells/mm2 in a final volume of 40 ~1 in glass 
coverslip microcultures (Hatten and Francois, 1981). After 12-24 hr, 
the medium was changed to serum-free medium (see above) and a 
second coverslip was placed over the culture well in the glass coverslip 
microcultures. Cultures were maintained at 35.5”C with 100% humidity 
and 5% CO,. 

“Ceiling” coverslip cultures. To test for the effect of secreted factors 
on the growth of pontine explants, granule neurons or astroglia were 
plated at a final density of 3200-6400 cells/mm* on polylysine-coated 
glass coverslips (# 1, 22 mm diameter, Thomas Scientific), and the cov- 
erslips were inverted and placed across the top of microwells containing 
nontine explants. formina unsealed chambers (Bartlett and Banker t 9841 -> -_- ‘I. 
To control for the few cells that fell off the upper coverslip, landing 
among the explants, some cultures were incubated in an inverted fashion 
(cells beneath explants). Similar results were obtained in either situation. 

Immunostaining. To identify murine pontine fibers, the cultures were 
immunostained with the mouse-specific M6 monoclonal antibody, gen- 
erously provided by Dr. Carl Lagenauer (Lund et al., 1985). Neurites 
were identified by immunostaining with the NF2 monoclonal antibody 
against the 200,000 Da neurofilament protein (Liem et al., 1985), gen- 
erously provided by our colleague Dr. R. K. H. Liem. Dendrites were 
distinguished from axons with antibodies to MAP2 (Huber and Matus, 
1984; obtained from ICN). Astroglial cells and their processes were 
visualized by staining with antibodies against the glial filament protein 
(GFP), also provided by our colleague Dr. Liem (Liem, 1982). 

For immunostaining, cultures were fixed in 4% paraformaldehyde 
(0.1 M phosphate buffer, pH 7.4, 30 mitt, 20°C). After washing three 
times in phosphate-buffered saline (PBS), the cultures were incubated 
in PBS containing 10% normal goat serum (NGS; 30 min, 20°C) and 
0.05% Triton X-100 (excluded for M6, a surface antigen), after-&&h 
nrimarv antibodv diluted in PBS with 1% NGS were added (MA 1. t o *- -. - -, 
GFP 1:2000, NF2 1:50, MAP2 1:5000) overnight at 4°C. After washing 
the cultures three times in PBS, peroxidase-, fluorescein-, or rhodamine- 
conjugated secondary antibodies were applied (M6, goat anti-rat con- 
jugated with rhodamine 1: 100 or peroxidase 1:80; GFP, goat anti-rabbit 
conjugated with fluorescein 1: 100 with 0.05% Triton X- 100; NF2 and 
MAP2, goat anti-mouse peroxidase conjugate 1:lOO with 0.05% Triton 
X- 100) for 30 min at 20°C. After washing three times in PBS, finore*- - - - - - - I  

cently ‘immunostained cultures were mounted in PBS : glycerol (1:9) 
with p-phenylenediamine (0.1%) added as an antifading agent or in Gel 
Mount (Biomeda). For peroxidase labeling, cultures were incubated in 
0.5 mg/ml diaminobenzidine (Dojin), 0.006% H,O, in PBS at 20°C 
(M6, 15 min; GFP, MAP2, and NF2, l-2 min). The peroxidase reaction 
was terminated by washing three times with PBS. After dehydration in 
ethanol, the coverslips were mounted on glass slides with Permount. 

Quantitation of neurite outgrowth. After immunostaining with M6 to 
identify pontine neurites, the lengths of stained processes were measured 
using a Leitz Dialux 20 EB microscope fitted with a Zeiss 25 x Neofluar 
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phase objective, a Hipad Digitizer, a Zeos 286 computer, and the Bio- 
quant System IV (R&M Biometrics Inc., Nashville, TN). A set of con- 
centric rings of apparent radii of 150, 200, and 300 pm was visualized 
through a drawing tube and centered on the image of the explant. The 
number of neurites crossing the rings at each distance was then recorded. 
Neurites from 10-20 explants were quantitated for each culture con- 
dition of every experiment. Results from individual experiments are 
presented, but for each condition at least three experiments were quan- 
titated. 

Differential interference contrast video microscopy. For video micros- 
copy, after 36-48 hr in vitro, the culture medium was changed to a 
medium identical to the serum-free medium described above, but buff- 
ered with HEPES (15 mM). In some experiments Earle’s salts were 
replaced with Charles’ salts (Edmondson and Hatten, 1987). To identify 
the fibers of pontine origin, explants were separated from cerebellar cells 
at the time of plating using a removable plastic (aclar) wall, and their 
neurites could thus be easily traced from the growth cone back to their 
explant of origin. The behavior of growth cones as they approached the 
edge of the field of granule cells was observed with video-enhanced 
differential interference contrast (VEDIC) microscopy (Allen et al., 198 1; 
Inouye, 1986; Edmondson and Hatten, 1987). The video analyses were 
made just as the first wave of neurites from the explant grew out toward 
the half of the dish containing granule cells, since it is extremely difficult 
to follow explant neurites once they have grown among the granule cells, 
which themselves have neurites. 

The image was acquired with a Hamamatsu Chalnicon video camera 
mounted on a Zeiss IM35 or Axiovert microscope fitted for Nomarski 
optics, and recorded on a Panasonic Optical Memory Disc Recorder. 
On the IM35, a 63 x planapochromat objective was used, while on the 
Axiovert, Zeiss Plan-Neofluar 20 and 100 x/l .3 NA oil immersion ob- 
jectives were used. A Uniblitz shutter was interposed between the 100 
W mercury lamp and microscope tube. Images were recorded every 5- 
30 set at high magnification to every 5 min at lower magnification, with 
shutter-opening times of 0.5-l sec. An Image- 1 computer system (Uni- 
versal Imaging Inc.) was used to increase image contrast, average images, 
and subtract background images, as well as to trigger the shutter and 
optical memory disk recorder. 

Measurement ofgrowth cone rates. Images stored on the optical mem- 
ory disk recorder were displayed sequentially and quantitated using the 
Image- 1 image processing computer system. The position ofeach growth 
cone was recorded every 5 min at high magnification (160 X) or every 
30 min at low magnification (32x). At high power, the points of max- 
imum extension up, down, left, and right of each growth cone were 
tracked. The positions of these points were averaged, and the mean was 
used as the growth cone position for each image measured. The distance 
the growth cones traveled between images at 5 min intervals was cal- 
culated, and these rates were plotted as a function of time. At low power, 
the position of maximum advance in the direction of growth of each 
growth cone was recorded every 30 min, and the distance covered in 
every 30 min interval was plotted against time as a mean rate every 30 
min. 

Results 
Characterization of outgrowth from pontine explants 
To examine pontine afferent fiber outgrowth in vitro, we pre- 
pared small explants (100-300 pm) of the pontine nuclei and 
plated them in microculture dishes (Hatten and Francois, 198 1) 
on coverslips pretreated with either polylysine or laminin. Un- 
der the conditions described, over 95% of the explants extended 
neurites on laminin, and over 80% on polylysine, within 48 hr 
of plating (Figs. lA-F, 2B, 3A,B), suggesting that the first step 
in afferent axon projection, initiation of neurite extension, oc- 
curred in the absence of cerebellar glia or neurons. On both of 
these substrates, growth cones develop large, widened flanks 
and numerous filopodia (Fig. 3B). 

The amount of outgrowth from the explants differed on poly- 
lysine- and laminin-treated substrates, with more extensive out- 
growth evident on laminin. By light microscopic visualization 
of neurofilament-positive fibers and by electron microscopy (not 
shown), afferent neurites were highly fasciculated on a polyly- 

sine-coated substrate (Fig. 3B). In addition, small branchlets 
and filopodia extended from neurites, which is likely the result 
of multiple growth cones within a single fascicle (Fig. 3A,B). On 
a laminin-treated surface, neurite fasciculation was less prom- 
inent and the total length of individual neurites was longer than 
that seen on polylysine, as evidenced by the increased frequency 
of neurites longer than 300 pm (Figs. lC,D; 24B). 

To determine whether the explant outgrowth was neuronal, 
we immunostained cultures with the NF2 antibody, raised against 
the 200,000 Da neurofilament protein. The majority of explant 
neurites were NF2 positive (Fig. lC,D). To visualize glial ele- 
ments in the explanted pontine nuclei and to determine the 
contribution of glial fibers to the population of fibers that ex- 
tended from the explants, we immunostained cultures with an- 
tibodies against GFP. Although stained astroglial cells were 
abundant within the explants (Fig. lA,B), we rarely observed 
GFP-positive fibers extending from the explant. 

To determine whether explant neurites were axonal or den- 
dritic, we immunostained explants with antibodies to the mi- 
crotubule-associated protein MAP2, a marker for dendritic pro- 
cesses (Huber and Matus, 1984). Dense immunostaining was 
seen within the explant, but few darkly labeled net&es extended 
from the explant (Fig. lE,F). This suggests that outgrowth from 
the pontine explants is principally axonal. 

To confirm that in mouse, as in other species (Brodal and 
Walberg, 1977), the basilar pontine nuclei project to the cere- 
bellum at the time explants were taken, we backfilled pontine 
neurons by injecting DiI into fixed neonatal cerebellum (not 
shown). Cell bodies were labeled throughout the entire width 
and breadth of the nuclei, confirming that the majority of neu- 
rons project to the cerebellum. Moreover, previous studies from 
our laboratory indicate that when rhodamine isothiocyanate is 
injected into the basilar pontine nuclei at birth, anterogradely 
labeled fibers terminated within the cerebellar anlage, primarily 
in the internal granule cell layer. Such injections at later periods 
and in the adult labeled mossy fibers with characteristic mor- 
phology and trajectory (Mason et al., 1990). 

Pontine neurite extension in coculture with cerebellar astroglia 

Astroglial cells were purified from P3-P6 cerebellum by meth- 
ods previously described (Hatten, 1985, 1987). To distinguish 
afferent pontine explants and their neurites from cells of the 
monolayer on which they were plated, we cocultured mouse 
pontine nuclei with dissociated rat cells and immunostained 
cultures with a mouse-specific monoclonal antibody M6 (Lund 
et al., 1985) to identify pontine fibers. The M6 antibody clearly 
revealed fine pontine neurites, with patches of continuous la- 
beling alternating with punctate staining (Fig. 2), and permitted 
us to trace individual neurites from the edge of the explant to 
their endings among glial cells or granule neurons (Fig. 2A-D). 
The staining of filopodia by M6 highlighted the palmate ap- 
pearance of mossy fiber growth cones (Fig. 2c). Dissociated rat 
cerebellar cells did not label with M6 (Fig. 2E,F). 

When explants were placed on a monolayer of cells enriched 
for astroglia, robust pontine neurite outgrowth was seen. The 
length of pontine neurites on enriched glial monolayers was 
greater than that observed on a polylysine-coated surface (Fig. 
4A), with the longest neurites exceeding 500 pm in length. More- 
over, the degree of fasciculation decreased on a glial substrate 
(compare Fig. 3A,E). Glia plated at a range of densities, from 
800 to 3200 cells/mm2, supported abundant pontine neurite 
outgrowth. 
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Figure 1. Outgrowth from pontine nuclei explants is axonal. A, Pontine explants cultured for 2 d on polylysine, fixed, and immunolabeled with 
antiserum to GFP, fluorescence optics. Astrocytes in the body of the explant are brightly labeled. B, Same explants, phase optics. Fibers that extend 
from the explant are GFP negative. C, Explant cultured on laminin for 2 d, fixed, and immunostained with a monoclonal antibody, NF2, which 
recognizes the high molecular weight neurofilament protein; bright field. All, or almost all, fibers visible in D are labeled, indicating that outgrowth 
is neuritic. D, Same explant, phase optics. E, Explants cultured for 2 d on polylysine, fixed, and labeled with a monoclonal antibody to the 
microtubule-associated protein MAP2 found in dendrites. The arrow indicates where a pair of thick, relatively short processes that labeled with 
MAP2 extend out from the explant. These MAP2-positive fibers represent a small fraction of the processes that extend from the explant. Arrowheads 
point to examples of long, finer-diameter fibers extending from the explant that have little or no MAP2 labeling. These fibers make up the bulk of 
explant outgrowth and are probably axonal. F, Same explant, phase optics. Fibers with little or no MAP2 labeling are visible (e.g., arrowheads). 
Scale bar: 40 pm for A and B, 120 pm for C and D, 50 pm for E and F. 



To examine whether astroglial cells promoted axon growth 
by cell surface interactions or by providing soluble factors, we 
compared the number of pontine neurites from explants cul- 
tured on monolayers of glial cells with those where glial cells 
were cultured above the explants on a separate, suspended glial 
“ceiling” coverslip. The length of pontine neurites was greater 
on glial monolayers than on polylysine with a glial ceiling, the 
latter matching growth on polylysine without a glial ceiling (Fig. 
4B). This suggests that the major component of glial support of 
mossy fiber extension in vitro was provided by contact with the 
glial cell. 

By video microscopy, the primary influence of the glial sub- 
strate was a striking increase in the rate of pontine neurite ex- 
tension. When pontine neurite growth cones shifted from the 
polylysine surface onto astroglial cells, their rate of advance 
accelerated rapidly from a speed of less than 50 pm/hr on a 
polylysine substrate to rates higher than 100 rm/hr on a glial 
monolayer (Figs. 5,6). The growth cones of pontine neurite that 
extended rapidly on astroglia maintained an expanded base, 
lamellopodia, and filopodia, as they did on polylysine or lam- 
inin. 

Pontine neurite extension in coculture with cerebellar granule 
neurons 

To examine pontine neurite extension in the presence of their 
targets, cerebellar granule neurons, we plated pontine nuclei 
explants with purified granule neurons taken from early post- 
natal animals (P3-P6). The most pronounced effect of cocul- 
turing pontine explants with cerebellar granule neurons was a 
decrease in the length of the pontine neurites (Fig. 3). Pontine 
neurites in coculture with granule neurons were found to be 
axonal; pontine neurites were labeled with antibodies to the 
200,000 Da neurofilament protein, but did not label with an- 
tibodies to the dendrite-specific protein MAP2 or to GFP (data 
not shown). Quantitation of the number of pontine axons 150- 
300 pm in length emanating from pontine explants cocultured 
with granule neurons showed a reduced number of long neurites 
compared to explants grown on polylysine or laminin substrates 
(Figs. 3,4A, 7). Whereas numerous fibers measuring more than 
500 pm were seen in coculture with glial cells, in coculture with 
granule neurons a fringe of short neurites less than 150 pm 
bordered the explant, with neurites terminating at clusters of 
granule neurons. The large elaborate growth cones seen on poly- 
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lysine or laminin condensed into tapered endings when pontine 
neurites were cocultured with granule neurons. In contrast to 
highly fasciculated growth on polylysine, pontine neurites ex- 
tended singly near or in smaller bundles on granule neurons. 
Similar results were obtained using laminin as a substrate (Fig. 
7A). The major difference was that pontine explants grew longer 
neurites on laminin than on polylysine (Fig. 7) but the fold- 
reduction in pontine neurite lengths when cocultured with gran- 
ule neurons on either of these substrates was similar. 

To determine the number of granule neurons required to re- 
duce pontine neurite lengths, explants were cocultured on mono- 
layers of granule neurons of increasing density. A reduction in 
neurite lengths between 150 and 200 pm was first seen with 
3200 cells/mm2. Further reductions were observed at granule 
neuron concentrations of 6400 and 9600 cells/mm2 (Fig. 7). At 
6400 cells/mm2, a four- to fivefold reduction in neurite lengths 
was observed compared to control explants grown on both poly- 
lysine and laminin substrata. 

To investigate whether the interruption of afferent neurite 
extension seen in coculture with granule neurons required con- 
tact of pontine growth cones with cerebellar target granule neu- 
rons, we carried out four types of analyses. First, in normal 
cocultures of pontine explants and granule neurons, we exam- 
ined neurites that grew in areas of low granule neuron density. 
Neurites that did not encounter granule neurons extended for 
up to 500 pm, far in excess of neurites encountering granule 
neurons in the same culture well (less than 150 pm). Second, 
we cultured pontine explants on polylysine with a coverslip of 
confluent granule neurons suspended as a “ceiling” above the 
explants. Explants with a granule neuron ceiling showed neurite 
lengths comparable to those grown with a polylysine ceiling, 
that is, showed no reduction in length (Fig. 4B). In contrast, 
when explants were grown directly on granule neurons, the num- 
ber of long neurites (150-300 pm) was reduced four- to fivefold 
compared to control explants (Fig. 4A). Third, explants from 
mouse pontine nuclei were plated at a distance from mouse 
granule neurons, by dividing the culture in halfwith a removable 
plastic wall and plating granule neurons on one side of the wall, 
explants on the other. After cells and explants adhered to the 
polylysine or laminin substrate, the wall was removed. Over a 
field of granule neurons, explants extended short neurites, whereas 
on polylysine or laminin surfaces, explants extended long neu- 
rites. Explants that fell on the boundary of the two fields ex- 

Fi,gure 2. The monoclonal M6 labels outgrowth from mouse pontine nuclei explants but not rat cerebellar cells. A, Pontine explant from mouse 
cultured on laminin for 2 d, fixed, and labeled with M6. Abundant M6-positive fibers can be traced from the explant. B, Same explant, phase 
optics. All fibers visible also label with M6 (A). C, Coculture of murine pontine explant with dissociated rat cerebellar cells cultured on polylysine 
for 2 d, fixed, and labeled with M6. The white arrowhead indicates the distal tip of a neurite, or small bundle of neurites that labeled with M6. 
Labeled neurites can be traced to their tips even when growing over and among numerous rat cerebellar cells, visible in phase (0). D, Same field, 
phase optics. The arruw indicates a group of rat cerebellar cells that have little or no contact with M6-labeled pontine net&es, and are unlabeled 
(C). The black arrowhead indicates an example of rat cerebellar cells closely opposed to a pontine neurite. The pontine neurite labels with M6, but 
the processes of the rat cells extending away from the labeled neurite are unlabeled (C). E, Dissociated rat cerebellar cells do not label with M6. 
F, Same field, phase view. Scale bar, 25 pm for A-F. 
Figure 3. Outgrowth of pontine neurites is extensive on polylysine and astroglia but not on granule neurons. Pontine nuclei explants from mouse, 
cultured for 3 d, fixed, and labeled with the mouse-specific antibody M6 using the immunoperoxidase method. A, On polylysine, abundant outgrowth 
emanates from the explant body (P). B, On polylysine, high magnification. Neurites often appear to terminate in growth cones (arrows) with many 
filopodia. Neurites often grow in small bundles on polylysine; sometimes individual neurites leave and reenter the bundles (e.g., arrowhe&). C, 
On granule neurons, many short neurites extend from explant, terminating among granule neurons. Rare neurites extend for longer distances. D, 
On granule neurons, high magnification. The arrow indicates a labeled pontine neurite that forms the outermost portion of the fringe of short fibers. 
Many unlabeled fibers originating from the granule neuron fraction are also visible in phase optics (e.g., arrowhead). Granule neuron somata are 
numerous (e.g., G). E, On astroglial fraction. Profuse neurite outgrowth extends from explant. F, On astroglia, high magnification. Single fibers or 
smaller neurite bundles are more prevalent than on polylysine (A and II). Scale bar: 50 wrn for A. C, and E: 20 urn for B. D. and F. A and C annear 
in Mason and Godement (199 1); reprinted with permission. 
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Figure 4. Quantitation of neurite outgrowth from pontine nuclei ex- 
plants cultured alone or cocultured with astroglia or granule neurons. 
A, After 2 d in vitro, explants grown on astroglia plated at 3200 cells/ 
mm* (solid bar; 9 explants) show increased neurite outgrowth compared 
to polylysine (open bar; 11 explants), especially in the number ofneurites 
extending 300 pm or more from the explant center. Explants grown on 
granule neurons plated at 6400 granule neurons/mm2 (shaded bar; 9 
explants) have 5-l O-fold fewer neurites longer than 150 pm compared 
to growth on polylysine or astroglia. If explants are plated on the same 
density ofgranule neurons with astroglia added back, a similar reduction 
in the number of neurites compared to growth on granule neurons alone 
is observed (hatched bar, 9 explants). B, Number of pontine neurites 
on polylysine with cellular or polylysine ceiling coverslips. After 2 d in 
vitro, there is little or no difference in the lengths of neurites grown under 
a ceiling of granule neurons plated at 6400 cells/mm2 (shaded bar; 15 
explants), glia at 3200 cells/mm2 (solid bar; 15 explants), or polylysine 
(open bar; 11 explants). Error bars are SE of the mean. 

tended long neurites onto polylysine or laminin, whereas neu- 
rites were much shorter on the granule neurons and tended to 
grow singly (Fig. 8). 

Fourth, VEDIC microscopy showed that the cessation of pon- 
tine neurite extension did not occur when neurites simply grew 
near an area containing granule neurons, but rather followed 
cell-cell contacts between pontine growth cones and granule 
neurons. Whereas pontine growth cones elongated rapidly, up 

to 50 rm/hr, on the polylysine substrate, growth cones stopped 
elongating upon contacting granule neurons (Figs. 9-l 1). In over 
20 cases, pontine neurites stopped elongating after contacting 
granule neurons, within the period during which they were ob- 
served (between 1 and 16 hr) (Figs. 10, 11). By video micros- 
copy, the cessation of axon growth involved close apposition 
between growth cones and granule neurons (Fig. 9). As the growth 
cone approached the granule neuron, initial contact was via 
filopodia on both the pontine growth cone and the granule neu- 
ron. Although pontine filopodial movements often continued 
for several hours, neurite extension ceased (Figs. 9-l 1). 

To test whether homotypic fiber-fiber interactions among 
pontine neurites would serve as a stop signal for pontine neu- 
rites, we observed homotypic contacts between different pontine 
fibers. Contact between two pontine growth cones resulted in 
fasciculation and rapid extension of the pontine net&es. Ex- 
tension increased to a maximal rate of 60-70 ccm/hr when pon- 
tine growth cones advanced on pontine neurites (not shown). 
Thus, both pontine axons and cerebellar glia supported accel- 
erated pontine growth cone advance, while contact with granule 
neurons arrested pontine neurite advance. 

Granule neuron arrest of pontine axon growth in the 
presence of glia 
To determine the relative ability of astroglia and granule neu- 
rons to regulate pontine neurite extension, we carried out two 
experiments. In the first case, we added cells of the astroglial 
fraction (at a density known to support abundant axon out- 
growth, 3200 cells/mmz) to cultures of granule neurons at a 
density that provides a strong stop signal (6400 cells/mm2). 
Pontine neurite outgrowth was reduced to a level comparable 
to that seen on granule neurons alone (Fig. 4A), suggesting that 
granule neuron arrest of pontine neurite extension predominates 
over glial support of neurite extension. 

In a second set of experiments, we cocultured pontine explants 
with cerebellar granule neurons on one coverslip and suspended 
a monolayer of glial cells on a “ceiling” coverslip suspended 
above them (not shown). The presence of an astroglia-enriched 
ceiling had little or no effect on the ability of granule neurons 
to arrest the extension of pontine neurites. 

Discussion 

In the developing brain, as axons enter target regions, they ap- 
pear to slow their rate of advance and select specific target cells 
(Harris et al., 1987; O’Rourke and Fraser, 1990; Stuermer, 1990). 
The present findings utilizing an in vitro model system with 
purified populations of axons, astroglia, and target neurons sug- 
gest that in the cerebellum, specific contact-mediated interac- 
tions regulate the extent and rate of axon advance. Two types 
of cell-cell interactions increase the rate of growth of afferent 
axons. First, homotypic interactions among growing axons in- 
crease the rate of axon growth by a mechanism that involves 
axon fasciculation. Second, cerebellar astroglial cells also pro- 
vide a positive signal for axon extension, with axoglial contacts 
acting to increase the rate of axonal extension. By contrast, 
interactions between pontine axons and their neural targets, the 
granule neurons, interrupt afferent axon extension by a mech- 
anism that requires close apposition of the cells. 

Homotypic interactions among pontine axons promote axon 
growth 

The present in vitro analyses demonstrate that, in the absence 
of cerebellar target cells, pontine axons extend rapidly on a 
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Figure 5. Pontine growth cone extension on astroglia. VEDIC time-lapse photomicrographs of a pontine neurite growing onto an astrogha cell 
over 14 min. 0 m, A pontine growth cone (arrow) approaches a cell of the astroglial fraction (A). Another growth cone also advances on polylysine, 
but farther from the astroglial cell (arrowhead). 2m. Initiation of close apposition between growth cone and astroglial cell involves protrusions from 
both cells (open arrows). Growth cone rapidly extends onto the astroglial cell (6m) and advances over the cell (Ilm). By 14m, the growth cone has 
crossed the cell and portions of it now overlie the polylysine substrate on the opposite side of the cell (arrow). By comparison, the growth cone 
advancing on polylysine has extended a relatively short distance (arrowhead). Scale bar, 10 pm. 

culture substratum treated with polylysine or laminin. Video fasciculated in vitro. This result is consistent with a large number 
microscopic analyses of axon extension from pontine explants of studies in both vertebrate (Dodd and Jessell, 1988; Jessell, 
in vitro demonstrated that axons interact in the absence of target 1988; Rutishauser and Jessell, 1988) and invertebrate systems 
cells, extending rapidly after fasciculation with other pontine (Harrelson and Goodman, 1988) showing that axon fascicula- 
axons. Moreover, the present experiments provide evidence that tion is associated with neurite extension. Antibody perturbation 
the rate of extension of afferent axons increased when the axons analyses (Thanos et al., 1984; Neugebauer et al., 1988; Burns 
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cones as they approach and contact as- 
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interactions similar to that illustrated 
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et al., 199 l), genetic analyses (Elkins et al., 1990) and laser 
inactivation studies (Jay and Keshishian, 1990) provide evi- 
dence that several classes of neural adhesion molecules of the 
IgG superfamily, including the N-CAM and the Ll families of 
axonal glycoproteins, function in axoaxonal interactions of cer- 
tain classes of neural cells. 
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The behavior of pontine afferent axons that we observed in 
vitro reproduced several key features of mossy fiber growth in 
vivo. DiI labeling of growing axons has revealed that pontine 
axons grow in a separate tract on the perimeter of the brainstem, 
occupied primarily by pontine axons. In this tract, homotypic 
axoaxonal interactions (Hatten et al., 199 1; Yaginuma et al., 
199 1) predominate during the period of axon growth from the 
basilar pons to the cerebellar anlage. Moreover, the rate of growth 
through the tract is extremely rapid, as mossy fibers grow to 
their entry to the cerebellar anlage, the medial cerebellar pe- 
duncles, covering a distance of over 1500 pm within 1 d (Mason 
and Blazeski, unpublished observations). 

Astroglia promote pontine axon extension 

The findings that cerebellar astroglial cells foster extensive neu- 
rite outgrowth from pontine nuclei and that axoglial interactions 
increase the rate of pontine axon extension are consistent with 
a large body of evidence that astroglia support axon extension 
in vitro (Noble et al., 1984; Fallon, 1985; Armson et al., 1987; 
Tomaselli et al., 1988; Wang et al., 1990) and in vivo (Smith et 
al., 1986). The mechanism of glial support of pontine neurite 
extension we observed in the present in vitro studies appeared 
to require close apposition of the cells, since the rate of growth 
increased when the axons contacted astroglia. A novel aspect 
of the present experiments was the use of astroglial cells purified 
from the appropriate target region at the developmental time 
when pontine axons arrive in the cerebellar cortex. 

Our finding that astroglial cells in the target region support 
afferent axon growth is also consistent with the disposition of 
astroglial cells within the cerebellum at the time when pontine 
axons enter the cerebellar anlage. In the first postnatal week, 
GFP-positive astroglia first appear in the white matter and deep- 
er layers of the anlage, the zone where granule neurons are 

t 

Figure 7. Pontine neurite outgrowth on increasing densities of granule 
neurons. A, Plating granule neurons on laminin at densities of 6400 or 
9600 cells/mm2 results in a 5- or IO-fold decrease in the number of 
pontine neurites extending more than 150 rrn from the explant center, 
respectively. Number of explants quantitated: 11 for 0 cells/mmz, 8 for 
6400 cells/mm*, 13 for 9600 cells/mm2. B, On polylysine, plating 1600 
cells/mm* has little or no effect on neurite lengths or numbers, but at 
3200 cells/mm*, a 50% or 30% decrease is seen at distances of 150 or 
200 pm, respectively. At a density of 6400 cells/mm* reductions in 
neurite numbers of three- to fourfold are achieved. Number of explants 
quantitated: 16 for 0 cells/mm2, 22 for 1600 cells/mm*, 13 for 3200 
cell/mm*, 24 for 6400 cells/mm2. Error bars are SE of the mean. 
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Figure 8. Neurite outgrowth from a pontine nuclei explant positioned on the boundary between a field of granule neurons on laminin and laminin 
alone. Many neurites extend for hundreds of microns over the laminin substrate (L, left). Neurites growing into the field of granule neurons (C, 
right) are shorter and terminate among the granule neurons. Arrows indicate the approximate location of the boundary between granule neurons 
on laminin and laminin alone. Scale bar, 50 pm. 

establishing the internal granule cell layer after their migration 
along the Bergmann glia (Rakic, 197 1; Hatten et al., 1984) and 
through the Purkinje cell layer (Bovolenta et al., 1984). The 
present experiments suggest that astroglial cells act to support 
axon extension as the fibers exit the tract and begin to ramify 
within the internal granule cell layer. 

Two general mechanisms could provide a molecular basis of 
cerebellar astroglial support of pontine neurite outgrowth. First, 
antibody perturbation studies demonstrate that cell adhesion 
molecules, including neural cell adhesion molecules of the IgG 
superfamily (cadherins and integrins), promote axon extension 
on glial substrates in vitro (Tomaselli et al., 1988; Rutishauser, 
1989; Reichardt et al., 199 1). Astroglial cells have also been 
shown to provide extracellular matrix components that support 
axon growth, including laminin and heparan sulfate. Second, 
astroglial cells provide growth factors that promote axon exten- 
sion. Among these, basic fibroblast growth factor (bFGF) is 
likely to function in a membrane-bound state, as experiments 
by Yayon et al. (199 1) suggest that cell surface heparin-like 
molecules are required for the binding of bFGF to high-affinity 
receptors. Our observation that glial cells support rapid afferent 
axon growth via close apposition of the axon with the glial cell 
surface is consistent with either of these models of glial support 
of axon growth, or of a combinatorial model involving utili- 
zation of both cell surface adhesion systems and cell surface- 
bound growth factors. 

Pontine axon growth is arrested by granule neurons 
The findings that granule neurons reduce the length of pontine 
neurites in vitro suggest that target neurons provide a stop signal 
for afferent axon extension. Video microscopy experiments con- 
firmed that the mechanism of inhibition of pontine neurite ex- 
tension involved the formation of cell-cell contacts with granule 
neurons, initially involving filopodia. Filopodial contacts have 
also been shown to precede formation of neuron-glia contacts 
(Mason et al., 1988) and axon-guidepost cell interactions in the 

insect limb (O’Connor et al., 1990). Moreover, video micros- 
copy experiments demonstrated that afferent axons stopped ex- 
tending for a relatively long time period, up to 16 hr. During 
that period, afferent axons maintained contact with the target 
cell, rather than withdrawing or overshooting their targets. The 
time periods of growth inhibition observed in vitro were long 
relative to the rate of extension ofthe axon prior to the formation 
of contact with the target cell (up to 50 pm/hr) and relative to 
the time required in vivo for axon growth from their cell body 
of origin in the pontine nuclei to the target (24 hr). Thus, it is 
likely that the interruption of axon extension we observed pro- 
vided the first step in the formation of a stable contact with the 
target cell. 

Observations of pontine axons in coculture with granule neu- 
rons for longer time periods (2-3 d) indicate that some axons 
relate to more than one cluster of granule neurons. This suggests 
that pontine neurites can reinitiate extension at a later time, an 
interpretation supported by the pattern of mossy fiber inner- 
vation of granule neurons in vivo. During the first 2 postnatal 
weeks, mossy axons bear a series of swellings, the ones most 
proximal and closest to the white matter appearing most mature 
in form and those most distal having the form of a growth cone 
with filopodia (Mason and Gregory, 1984). This pattern of in- 
nervation could result from a “stop-start” mechanism, with 
periods of intermittent growth lasting hours to days. The leading 
growth cone establishes synaptic contacts with a group ofgranule 
neurons, forming a synaptic glomernlus. Additional growth pro- 
ceeds via a single filopodium of the leading growth cone, which 
gives rise to a new growth cone. Subsequent contacts result in 
an en passant arrangement of synaptic boutons (Ramon y Cajal, 
19 11; Landis et al., 1983; Mason and Gregory, 1984). 

The mechanism of granule neuron arrest of pontine axon 
extension appeared to require close apposition of the cells. By 
video microscopy, the cessation of pontine neurite extension 
did not occur when pontine neurites simply grew near an area 
containing granule neurons; rather, it followed cell-cell contacts 
between pontine growth cones and granule neurons. Moreover, 
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Figure 9. Pontine growth cones stop extending at granule neurons: VEDIC time-lapse photomicrographs of pontine growth cones contacting 
granule neurons. A, At Om, growth cone (arrow) extends toward granule neuron somata (G). Granule neuron extends processes (arrowhead) as well 
as the growth cone. At 3Om, protrusions on growth cone and granule neuron appear to make contact (arrow). This contact is maintained at 33m 
(black arrow), and an additional contact forms involving a growth cone veil (white arrow). At 36m, the veil has collapsed, leaving a contact between 
filopodia (white arrow), while the filopodium involved in the initial contact has enlarged (black arrow). B, Granule neuron filopodium (arrowhead) 
and growth cone filopodium (arrow) immediately after contact (Om). At 2m, protrusions appear to fuse and can no longer be distinguished as 
individual filopodia (arrow). This contact is maintained (arrow, 24m) and has come to involve a second pair of filopodia (arrowhead). Scale bar, 
6 pm. 

the form of pontine growth cones before and after contact with 
targets closely resembled the forms seen in vivo (Mason, 1987; 
Mason et al., 1990). Well-extended, spread growth cones with 
filopodia are common as axons exit tracts and enter the cere- 
bellar target region, as well as on laminin, polylysine, and as- 
troglial substrates, all of which support rapid growth. Collapsed, 
budlike tips are seen when growth cones are in contact with 
target cells in the intact cerebellum (Mason and Blazeski, un- 
published observations) and cerebral cortex (Norris and Kalil, 
1990; Catalan0 and Killackey, 199 1). The present experiments 
suggest that after a pause in axon extension, the next step of 
synaptogenesis with a target cell involves the condensation of 
the growth cone to a tapered ending. 

The present study did not address the question as to whether 
the stop signal observed with granule neurons is specific to par- 
ticular classes of neurons or to particular developmental stages 
of any given neuronal class. Preliminary results indicate that 
pontine neurite growth is not arrested by cell fractions enriched 
for Purkinje neurons, an inappropriate target for pontine affer- 
ents (D. H. Baird and C. A. Baptista, unpublished observations). 
In other experiments examining whether granule neurons would 
interrupt the growth of inappropriate afferent axons, the length 

of climbing fibers (afferents to Purkinje cells) was not reduced 
in coculture with granule neurons (Baird et al., 1990). In ad- 
dition, retinal afferents extend long neurites on granule neurons 
(D. H. Baird and L.-C. Wang, unpublished observations). The 
experiments on the cerebellar system are consistent with earlier 
observations of dopaminergic afferent axon interactions with 
neurons from their striatal target region in vitro (Denis-Donini 
et al., 1983) showing that striatal neurons, but not cerebellar 
neurons, reduce the lengths of dopaminergic afferent net&es. 
Thus, for two systems analyzed to date, specific cell-cell inter- 
actions between afferent axons and target neurons appear to 
provide a regulatory signal for axon elongation. 

Competition studies between the growth-promoting signals 
provided by astroglia and the inhibitory signals provided by 
granule neurons suggested that axon-target interactions domi- 
nate axoglial interactions in the regulation of axonal growth. 
These studies demonstrated that the reduced length of pontine 
neurites seen when the axons grew on a field of granule neurons 
was not altered by the addition of astroglial cells, even when 
the number of astroglia added was eight times an amount found 
to increase pontine neurite outgrowth in the absence of granule 
neurons. The predominance of the inhibitory signal from gran- 
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Figure IO. Velocity of pontine growth cones encountering granule neurons. A-C represent three separate growth cone-granule neuron interactions. 
Arrows indicate time of initial contact. In A and C, a decrease in the rate of growth cone advance was abrupt, while in /3, the growth cone was 
active for just over 30 min before finally ceasing to advance. Contacts established by growth cones were maintained throughout the observation 
period, over 8 hr in A, although growth cones became immotile neurites during the early stages of contact. Before contact, growth cone velocity 
on polylysine ranged between 0 and a maximum of 50 pm/hr. Spontaneous pauses in growth cone advance on polylysine were infrequent and 
lasted less than 1 hr, after which growth cone advance resumed, in contrast to the extended interruptions in growth following contacts with granule 
neurons. 

ule neurons is consistent with the situation in vivo, where mossy granule neurons, and in cases of inhibition of growth cone ad- 
fibers exit the developing white matter and ramify in fields of vance by heterologous axons or glia, the initial contact of the 
newly arrived granule neuron targets. In spite of the presence growing axon with an inhibitory cell was by filopodia (Kaplham- 
of astroglial cells, the mossy fibers transit from growth in tracts mer and Raper, 1987; Bandtlow et al., 1990). The functional 
to cessation of growth in the internal granule cell layer. It is consequences of inhibitory interactions of growth cones, how- 
likely, then, that astroglial cells serve to promote the growth ever, differed widely in these systems. In the case of cerebellar 
required until axons reach the first target cells and, subsequently, axon-target cell interactions, inhibition provides the initial step 
as they take up extension again to move onto the next group of in the establishment of synaptic contacts and the patterning of 
targets. Moreover, the reduced fasciculation of pontine neurites afferent arbors on target neurons. In the case of retinal axons, 
observed in vitro in static and real-time preparations suggests contacts with a different class of axon (Kapfhammer and Raper, 
an additional role for astroglia in splintering the bundles of 1987) or cells from an inappropriate region of the target (Walter 
fasciculated pontine afferents in the tract, into single afferents et al., 1987) led to collapse, retraction, or redirection of the 
growing in the fields of target cells. growth cone. 

Mechanisms of arrest of axon growth by target cells 
Our observation that afferent axons stopped growing upon con- 
tact with granule neurons shares some features with a number 
of examples of “contact inhibition” of cell motility. The most 
general case of cell-cell contact inhibition of cell motility, that 
provided by studies on fibroblast locomotion by Abercrombie 
and Heaysman (1953) indicates that the velocity of movement 
of individual fibroblasts is decreased upon contact with another 
fibroblast and that the extent of reduction in motility is pro- 
portional to the number of cell-cell contacts formed. In the 
nervous system, several examples of cessation of growth cone 
elongation after contact with other neurons or non-neuronal 
cells have been reported (Kaplhammer and Raper, 1987; Walter 
et al., 1987; Patterson, 1988; Ivins and Pittman, 1989; Bandtlow 
et al., 1990; Keynes and Cook, 1990; Moorman and Hume, 
1990; Tosney and Oakley, 1990). These include inhibition of 
axon extension after contact with heterotypic axons, inhibition 
after contact with mammalian oligodendrocytes, and inhibition 
after contact with astroglial cells in certain states of differenti- 
ation (Wang et al., 1990; Baorto and Shelanski, 1990). As seen 
in the present study of pontine axons interacting with cerebellar 

The molecular mechanisms that interrupt axon extension have 
not been fully characterized. Recent studies on axoaxonal in- 
hibition and on axoglial inhibition provide evidence that novel 
membrane components cause the collapse of growth cones 
(Kaplhammer and Raper, 1987; Bandtlow et al., 1990; Cox et 
al., 1990; Davies et al., 1990; Raper and Kapfhammer, 1990). 
At present, it is assumed that the latter factors represent a new 
class of molecules. An alternative possibility is that contact 
between the afferent growth cone and target cell leads to rapid 
downregulation, or removal via release or proteolysis of cell 
surface adhesion systems that promote neurite extension, in- 
cluding neural cell adhesion molecules of the IgG superfamily, 
cadherins and integrins (Jessell, 1988). 

Numerous in vivo studies support a role for neural activity in 
the regulation of axon extension (Landmesser et al., 1990; for 
review, see Shatz, 1991). Zn vitro studies on the role of neuro- 
transmitters and calcium levels in axon growth in vitro also 
suggest that alterations in the level of neural activity can be 
correlated with the arrest of axon growth of certain classes of 
neurites (for review, see Lipton and Kater, 1989). Preliminary 
evidence indicates that there is an activity-dependent compo- 
nent in the arrest of pontine neurite extension by target granule 
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Figure II. Long-term observation of pontine growth cones stopping at granule neurons. VEDIC time-lapse micrographs of formation and 
maintenance of contacts between pontine growth cones and granule neurons. Times at the bottom of the panels are hours : minutes : sec- 
onds : hundredths of a second. A, Pontine explant (P) extends several neurites tipped by active growth cones (numbered arrowheads) toward granule 
cell neurites (e.g., white arrow) and somata (e.g., G). B, A growth cone contacts a granule cell neurite (arrowhead I). This contact is maintained 
throughout 16 hr of observation. Additional contacts are formed in C (growth cone 2) and D (growth cone 3). Growth cone 4 made contact with 
a granule cell neurite sometime between D and E. Once established, all four contacts were maintained throughout the remainder of the observation 
period. During the 7 hr, 40 min between D and E, growth of some pontine neurites resulted in new pontinegranule cell contacts (e.g., arrow), but 
earlier contacts are maintained without renewed growth. Scale bar, 50 pm. 
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neurons (Baird, 1991). In the presence of TTX or a glutamate 
antagonist pontine neurite extension is no longer inhibited and 
neurites extend long distances over granule neuron monolayers. 

In summary, the present study provides evidence that cell- 
cell interactions in target regions of developing brain provide 
regulatory signals for axon extension. Whereas axoaxonal and 
axoglial interactions in the developing cerebellum promote the 
growth of pontine axons in vitro, interactions with target granule 
neurons interrupt axon extension. In the cerebellar cortex, the 
interruption of mossy fiber extension by granule neurons is likely 
to play several roles in the patterning of synaptic innervation 
by mossy fibers. First, cell-cell interactions with granule neurons 
may allow axons to terminate only at appropriate target cells. 
Second, the stop signal provided by target neurons may help 
keep the level of innervation in check, by preventing axons from 
contacting too many target cells. Third, the relative levels of a 
stop signal and growth support signals may specify the form of 
synaptic contacts, for example, whether axons stop at an indi- 
vidual cell, then move on to make additional contacts, or wheth- 
er a single axon arborizes profusely onto a single neuron, as in 
the sensory-L1 motoneuron relationship in Aplysia (Glansman 
et al., 1989) or climbing fiber-Purkinje cell relationship (Ramon 
y  Cajal, 19 11; Palay and Chan-Palay, 1974; Mason et al., 1990). 
Finally, a stop signal on the axons of granule neurons, the par- 
allel fibers, may reduce mossy fibers extension beyond the in- 
ternal granule cell layer, into the molecular layer. The role of 
astroglial cells in the establishment ofaxonal projections appears 
to subserve the dominant role of axoneuronal interactions; glia 
support axon growth until the growing tip contacts an appro- 
priate target cell. 
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