0270-6474/84/0407-1715$02.00/0
Copyright © Society for Neuroscience
Printed in U.S.A.

POSTNATAL MATURATION OF CEREBELLAR MOSSY AND

CLIMBING FIBERS: TRANSIENT EXPRESSION OF DUAL
FEATURES ON SINGLE AXONS'

CAROL ANN MASON? anp ELIZABETH GREGORY

Department of Pharmacology, New York University School of Medicine, New York, New York 10016

Received September 26, 1983; Revised January 9, 1984; Accepted January 10, 1984

The Journal of Neuroscience
Vol. 4, No. 7, pp. 1715-1735

July 1984

Abstract

We have studied the form and fine structure of developing afferent axons in postnatal mouse
cerebellum, before and during the formation of synaptic connections. In slices of fresh brain, bundles
of axons were injected with horseradish peroxidase (HRP), and individual axons were examined in
the light and electron microscopes. At birth, before formation of cortical layers, axons with growing
tips are rare in the peduncular tracts but instead ramify throughout the cerebellar anlage. All axons
have similar structures; they branch infrequently and terminate in bud-like tips and/or small growth
cones. Growth cones contain small and large vesicles in the flank and small vesicles in filopodia.

Typical mossy and climbing fiber branching patterns and bouton shapes are recognizable after
postnatal day (P) 5, even though fibers are still intermingled in a plexus beneath the newly formed
Purkinje cell layer. Climbing fiber-like axon arbors are highly branched and covered with small
foliate growing tips that contact Purkinje cells. Mossy fiber-like branches have large irregular
expansions that give rise to long filopodia and resemble growth cones seen in vitro. The flanks of
these growth cones contact granule cell dendrites and form glomeruli typical of mossy fibers, whereas
the filopodia make primitive contacts or are associated with coated vesicles in adjacent profiles. A
novel finding is the occurrence during the second postnatal week of many single axons that
simultaneously have the morphology and synaptic connections of both climbing and mossy fibers.
These “combination” axons have some branches that extend into the granule cell layer and others
that enter the Purkinje cell layer, with the shape and synaptic connections of terminals on each
branch type corresponding to the respective layer. Climbing fiber-like branches, including those on
combination fibers, extend over several adjacent Purkinje cells. Combination fibers are rare in late
postnatal or adult stages.

These results suggest that long after arrival in the cerebellum, afferent axons have similar
elementary forms and overlap in their projections. Mature axonal forms are not exhibited until
cellular layers develop. During a limited period of postnatal maturation, some axons have dual
morphologies and synaptic relations with appropriate and inappropriate partners. These aspects of
cerebellar axonal development, particularly the transient exuberant branching onto two types of
target cells, offer a valuable opportunity to examine, in developing cerebellum, the sorting out of
afferents and the formation of specific synaptic connections.

The means by which axons make synaptic connections
is a central question in neuronal development. We cur-
rently understand little about the forms of growing tips
in vivo once axons reach target areas, or the significance
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of these forms during interactions among different target
cell types, as single growth cones transform into synaptic
arbors.

The behavior of growing axons has been primarily
studied in vitro (for review, Letourneau, 1982). Living
axons have been directly observed in amphibian systems
(Harrison, 1910; Speidel, 1942). Axon outgrowth and
pathfinding are being documented in identified cells in
the insect nervous system (Keshishian and Bentley,
1983; Raper et al., 1983), but few studies of this sort have
been carried out on the mammalian CNS.

To examine more closely some fundamental aspects of
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axonal development in the mammalian CNS, we have
turned to the developing cerebellum. The repetitive cel-
lular and synaptic organization of both adult and devel-
oping cerebellum make it the most well understood re-
gion of the CNS (Ramén y Cajal, 1911, 1960; Palay and
Chan-Palay, 1974; Rakic, 1975). The major afferent ax-
ons, climbing and mossy fibers, interact with different
target cell types in distinct layers and have characteristic
features in the adult animal. Ramon y Cajal (1911, 1960)
continually invoked the early stages of climbing fiber-
Purkinje cell dendrite association as a prime example of
neurotropism. The development of the climbing fiber
arbor in relation to Purkinje cell dendritic outgrowth has
been delineated in Golgi preparations (Ramon y Cajal,
1960; O’Leary et al., 1971; Palay and Chan-Palay, 1974),
and synaptogenesis of several components of the cere-
bellum has been described in detail (Larramendi, 1969;
Mugnaini, 1969; Altman, 1972; Hamori and Somogyi,
1983; Landis et al., 1983). Electrophysiological studies
have shown that unlike adult cells, immature Purkinje
cells receive input from more than one climbing fiber
(Crepel et al., 1976; Mariani and Changeux, 1981; Crepel,
1982), indicating that like several other axonal systems
(for review, Purves and Lichtman, 1980; Clarke, 1981),
climbing fibers at first develop supernumerary branches
which are subsequently eliminated in late posnatal pe-
riods.

Although the Golgi methods have provided much of
the existing information on axonal development in ver-
tebrate systems (e.g., Ramon y Cajal, 1960; Morest, 1968;
Amaral and Dent, 1981; Jhaveri and Morest, 1982), the
methods more frequently yield impregnation of perikarya
and dendrites and do not allow preselection of which
axons will stain. In contrast, injection of dyes, such as
horseradish peroxidase (HRP), permits choice of ele-
ments to be labeled and provides an equally detailed view
of axonal and dendritic features. Because HRP is elec-
tron-dense, identified structures can be studied in the
electron microscope and forms of growing tips related to
their cytology. We have previously used this method of
HRP labeling to resolve branching patterns, terminal
shapes, and synaptic relations of individual adult and
immature axons in intact mammalian CNS in the cat
retinogeniculate system (Mason and Robson, 1979; Rob-
son and Mason, 1979; Mason, 1982a, b).

With the same HRP labeling technique, we have ex-
amined several features of afferent cerebellar axons dur-
ing postnatal maturation, after axons have arrived in the
cerebellar anlage. In this first report, we describe the
onset of expression of characteristic features of mossy
and climbing fibers, with respect to branching patterns
and synaptic boutons. We were interested in determining
whether the growing tips of immature axons that have
recently reached target areas reflect their future pheno-
type, and whether the characteristic branching pattern
and terminal form develop in a straightforward manner,
without confusion of identity or overlap in projections.
We also provide preliminary data on the cytology and
synaptic relations of early growing tips and growth cones,
especially during the transition from growth cone to
mature synaptic terminal. In addition, we report the first
use of brain slices as a preparation for axon labeling.
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Axon bundles were visualized in the slice, injected with
HRP, and subsequently analyzed in both the light and
electron microscopes.

Materials and Methods

All experiments were carried out with C57BL/6J mice
derived from a timed-pregnancy breeding colony in this
department. Apart from some older animals at postnatal
day (P) 30 and adult animals, injections of axons with
HRP were made directly into isolated slices of fresh
cerebellum, kept in tissue culture medium at 37°C. Ani-
mals from PO to P21 were anesthetized with Nembutal,
decapitated, and the brain removed to filter paper mois-
tened with tissue culture medium. Slices 500 to 700 um
thick were made with a razor blade and placed in a Petri
dish filled with tissue culture medium consisting of Ea-
gle’s Basal Medium with Hanks’ salts, glucose (8 mm),
glutamine (4 mM), and penicillin/streptomycin (20 ul/
ml). The preparation was illuminated from below and
was kept at 37°C by means of an air curtain incubator
(Arenberg Sage).

After a brief equilibration period (up to 30 min), axon
bundles were filled with HRP (Sigma, type VI). A glass
micropipette with a 10- to 20-um tip was coated with a
concentrated solution of HRP and allowed to dry. The
tip was inserted into the inferior or middle cerebellar
peduncle or into white matter tracts. After an additional
15 min the slices were then fixed by immersion in 1%
paraformaldehyde/1% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.3.

Older mice were anesthetized with Nembutal and in-
serted into a Kopf stereotaxic frame. The skin was in-
cised, and a small hole was drilled in the skull. A glass
micropipette was inserted into the cerebellum, and a
small amount of concentrated HRP solution (0.01 to 0.05
ul) was injected by pressure into the cerebellar white
matter. Animals were allowed to rest for 4 to 6 hr and
were perfused with the same fixative as above.

Both slices and dissected whole brain were stored in
fixative overnight at 4°C and were then embedded in
gelatin-albumin hardened with glutaraldehyde. Parasag-
ittal sections were cut at 75 um on a vibratome (Oxford)
and were placed in phosphate buffer. They were reacted
in diaminobenzidene in phosphate buffer and hydrogen
peroxide, without cobalt treatment. All sections were
then prepared for electron microscopy by rinsing them
in buffer, followed by osmication, en bloc staining with
uranyl magnesium acetate, dehydration in ethanols, and
embedding in Epok (Fullam). Sections were embedded
between two plastic slides.

After polymerization, the thin plastic wafer was
separated from the slides and placed on a glass slide.
Axons were then examined in the light microscope and
drawn with the aid of a Leitz drawing tube and X 100 oil
immersion objective. Pieces of the wafer were glued to
Epon stubs and sectioned with a glass knife at 7 pm.
These sections were placed on a glass slide, and sections
containing pieces of the original arbor were drawn at the
same magnification as well as photographed with phase
contrast optics. By placing the drawing of the 7-um
sections on the original drawing, pieces of the axon of
interest became evident, The selected 7-um sections were
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removed from slides and remounted onto a faced-off
block.

Thin sections were cut and placed on single-holed
Formvar-coated grids, stained with uranyl acetate and
lead citrate, and examined on a JEOL 100 S electron
microscope. The drawings of the 75-um and 7-um sec-
tions as well as the phase photograph served as guides
for relocating specific terminals from individual lengths
of axon arbors. Over 150 preparations from cerebella at
PO to P14, three at P21, and three adults were studied
at the light microscope level, and 12 of those preparations
were submitted to electron microscopic analysis.

Results

Adult axons. Figure 1 shows camera lucida drawings of
typical climbing and mossy fibers from adult mouse
cerebellum labeled with HRP. The branching pattern
and shapes of the terminals correspond to those in the
rat (Palay and Chan-Palay, 1974). Several features
should be noted: (1) Adult mossy fibers never project
into the Purkinje cell layer, and climbing fibers rarely
give off collaterals into the granule layer. We have noted
only two cases out of nearly 100 examples in which
collaterals of climbing fibers end within the granule layer
in a mossy fiber-like bouton (Palay and Chan-Palay,
1974). (2) Climbing fibers have highly branched arbors
that follow the course of a Purkinje cell dendrite and
bear small (1 to 2 um) round or indented terminals that
synapse with Purkinje cell dendrites on spiny branchlets.
(3) Mossy fibers have larger diameters and branch less
frequently than climbing fibers. Mossy fiber boutons
occur en passant, at branch points as well as at the ends
of branches. They are usually large (up to 20 um long)
and lobulated, although thin collaterals can also bear
smooth medium-sized boutons. The large terminals are
the central profile in glomeruli and synapse with granule
cell dendrites.

Axons from birth to postnatal day 5. During the first
few postnatal days, injections of HRP into the inferior
or middle cerebellar peduncle filled axons bearing small
delicate growing tips within the core of the cerebellar
anlage. At PO to P1, no axons with growth cones were
seen within the tracts. Many axons project so far into
the cerebellar anlage that they end in the very thin
molecular layer just beneath the developing external
granule layer (Fig. 2). Although it was difficult to discern
Purkinje cells at this time, even in cresyl violet-stained
sections, many of these fibers are situated in the future
position of Purkinje cells, possibly in association with
them.

The argument could be made that growth cones in
transit might be damaged by the slice procedure and are,
therefore, not filled. However, in several cases where the
putative white matter was labeled, part of the deep
nuclear region was labeled, and a few fibers with large
growth cones of the sort observed in vitro and in insect
embryos (Raper et al., 1983) were seen leaving the cere-
bellum via the superior cerebellar peduncle (not shown).
These most likely represent cerebellar efferents from the
deep cerebellar nuclei. Furthermore, in sections of em-
bryonic cerebellum stained with antisera to one of the
neurofilament triplet proteins, we have observed that

Maturation of Cerebellar Axons

1717

fibers are present within the cerebellar anlage as early
as embryonic day 15 (C. A. Mason and R. Liem, manu-
script in preparation). Taken together, these findings
suggest that axons arrive in the cerebellum and wait
within cerebellar tissue for their target cells to mature
for several days before birth.

We examined whether during this waiting period char-
acteristic climbing and mossy fiber characteristics were
recognizable. For the first few postnatal days, presum-
ably a week after axons had arrived in the anlage, the
identity of cerebellar axons could not be determined
(Figs. 2 to 4). Figures 2 and 3 show typical axons which
branch infrequently as they extend several hundred mi-
crons within the anlage. Some branches bear small
growth cone-like structures with filopodia, while other
branches on the same axon end in long bud-like struc-
tures, similar to those seen by Speidel (1942) on resting
or nonmoving branches in his studies of growing axons
in the tail fin of living tadpoles. The ultrastructure of an
axonal growth cone from this period is shown in Figure
3. The HRP does not obscure bundles of fine filaments
in the filopodia. Although clear vesicles occur in both the
flank as well as the filopodia, and the body of the growth
cone associates with an unidentified profile, synapses
were not seen in these or in other serial sections of this
growth cone. Other such identified growing tips remain
to be studied, particularly at embryonic stages, to deter-
mine whether waiting axons establish synaptic relations
with target cells.

From P2 to P4, axons still do not resemble either adult
mossy or climbing fibers, but some distinguishing fea-
tures appear. Small foliate or bud-like expansions and
short hairs occur en passant as well as at axon tips.
Branches of these fibers course around perikarya, but
the identity of these perikarya and the nature of contacts,
if any, made by these branches is not yet known. On
other axons, larger more oblong structures occur at
branch points of axons (Fig. 4). These growing tips may
represent climbing and mossy fiber terminals, respec-
tively. In the absence of the full phenotypic expression
of axon branching pattern and terminal shape, the only
remaining criterion for their identity is the postsynaptic
target. However, because Purkinje cells are just begin-
ning to form a monolayer, the identity of the cells in
association with the axons is difficult to determine.

Climbing and mossy fibers during the second postnatal
week. From postnatal day 5 onward, it is possible to
identify lengths of axons as mossy- or climbing fiber-
like. Immature mossy fibers become apparent as axons
running nearly parallel with or at an angle to the devel-
oping white matter; these fibers give rise to an en passant
series of expansions with filopodia. The expansions are
small and tent-shaped and after the first postnatal week
begin to have a more irregular surface. By the second
week some are as lobulated as adult terminals (Figs. 5 to
7). The ultrastructure of the expansions from P7 to P10
onward confirms that these mossy fibers are the central
profiles in a glomerular arrangement. Even though such
terminals appear immature at the light microscopic level,
that is, they have the form of growth cones in vitro and
bear filopodia, the central expansion is full of synaptic
vesicles and makes synaptic contacts with granule cell
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Figure 1. HRP-labeled adult climbing fiber (CF) arborizing along dendrites of a Purkinje cell {P) in Purkinje cell layer, and
mossy fibers (MF) in granule layer. These fibers were drawn to scale, but note the difference in dimensions of their respective
boutons. Mossy fibers never send branches into the Purkinje cell layer, and climbing fibers rarely have mossy fiber-like collaterals.

Marker = 10 ym.

dendrites. Such a terminal is shown in Figure 7. A section
through one of the filopodia (Fig. 7, I and a) issued by
this terminal reveals a few vesicles. The profile adjacent
to it contains a coated pit, commonly seen in profiles
adjacent to labeled filopodia and found by others during

synaptogenesis in cerebellum (Altman, 1971; Eckenhoff
and Pysh, 1979). After the flank of the growing tip makes
synaptic contacts, filopodia might continue to explore
the surrounding neuropil in search of additional targets.

Figure 8 shows a climbing fiber-like axon that gives
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Figure 2. HRP-labeled afferent fibers in cerebellum at P1. Although foliation has just begun (see inset), these fibers extend
well into the area that is the future molecular layer, and some nearly contact the external granule cell layer (egl). Marker = 10

um.,



Figure 3. A cerebellar axon labeled with horseradish peroxidase (HRP) at P0. The two branches on the right end in growth
cone-like structures (GC) with filopodia (F), whereas the left branch terminates in a slender blunt tip. Electron micrographs
show serial sections through one of the growth cones (GC), which contains clear vesicles of various sizes in the body of the
growth cone, small vesicles and filaments in filopodium F1 and small vesicles in filopodium F2. Note the presence of small
vesicles of the same size in other unlabeled profiles. No synapses were observed in these and other adjacent sections. A large
amount of extracellular space is common within the cerebellar anlage at this age. Marker in drawing = 10 um; marker in

micrograph = 1 pm.
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Figure 4. HRP-labeled cerebellar axons at early postnatal ages. None of these axons is recognizable as either climbing fibers
or mossy fibers. An axon at P3 bears an enlarged growth cone (arrow) typical of those seen in culture. All axons, including this
one, have minute foliate tips, smaller than the sorts of growth cones seen in vitro. Note filopodia on axons at P1 that course
around cells (as seen in a cresyl violet-stained section). The identity of these cells is unknown, since most cells do not yet occupy
their respective layers. Marker = 10 uym.
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Figure 5. Immature mossy fibers, labeled with HRP at P6 (a), 7 (b), 12 (¢), and 16 (d). At P7 (b) and 12 (c), expansions both
en passant (b) as well as at the ends of fibers (¢) resemble growth cones seen in vitro, with broad bases and long filopodia.
Marker = 10 ym.
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P12

Figure 6. Mossy fiber at P12. A typical mossy swelling occurs at a branch point, whereas all three of the distal tips are
immature and are not distinguishable as mossy or climbing fiber-like. The branch which approaches a Purkinje cell (P) has no

terminal specialization. Marker = 10 um.

rise to three mini-arbors which are finely branched and
relate to Purkinje cells. The small comma-shaped ter-
minal (Fig. 8, F, a to ¢) curves around a somatic process
of the Purkinje cell nearby (F'ig. 8, asterisk). The growing
tip contains vesicles, but no true synaptic junction was
observed. One terminal on this axon more closely resem-

bles a growth cone (Fig. 8, G). This terminal was not
retrieved in the ultrastructural analysis, so its synaptic
relations are not known.

By P10 to P12, elementary climbing fiber branching
patterns become more identifiable (Figs. 9 and 10), but
the terminal boutons are not as round and smooth as in
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Figure 7. HRP-labeled immature mossy fibers. These large growth cone-like structures are actually immature mossy fiber
terminals (2 on drawing and micrograph b) and form elementary glomeruli and synapse with granule cell dendrites (arrow). They
also give rise to filopodia that curve around granule cells (g) and often contain small clear vesicles (not shown). One filopodium
(1) is apposed to a profile in which a coated vesicle is forming (arrow in micrograph a). P, Purkinje cell. Marker = 10 ym.
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the adult. Instead, short fine filopodia and foliate struc-
tures are placed along the fine climbing branches. Climb-
ing fiber-like axon lengths are more tortuous than mossy
fibers.

Fibers having both mossy and climbing fiber morphol-

i w ; SR QE.?’P’: ..(\? '!3%« S o R TR

Figure 8. HRP-labeled axon at P5, considered to be an immature climbing fiber. Note that this fiber gives rise to at least three
mini-arbors, one of which (to the right) bears an additional branch with blunt growing tips. However, this formation of multiple
arbors occurs before the axon invades the Purkinje cell layer. One small growth tip (F') was identified in thin sections as curving

around a somatic process of a Purkinje cell (P, asterisk). Although it contains vesicles, a specialized contact was not observed in
these and in other serial sections. Marker in drawing = 10 pm; marker in micrograph =1 uym.

ogy. Although lengths of axons can be classified as mossy-
or climbing fiber-like with respect to branching pattern
and form of terminal bouton during the second postnatal
week, many axons simultaneously display characteristics
of both types of afferent (Figs. 11 to 13) and, therefore,
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Figure 9. Climbing fibers at P10 to P12. Although from animals of similar age, these fibers are at various stages of maturation.
Axon a branches close to the white matter and the terminal arbors of two branches extend over four adjacent Purkinje cells (P).
On axon b, an effluorescence of terminal swellings forms a characteristic “nid” on the soma of a Purkinje cell. Marker = 10 um.

are here termed “combination” axons. The most common
form of combination axon is a fiber of large diameter
that projects diagonally through the granule layer, having
one to three mossy fiber terminals along its length. The
most distal swellings are usually less mature in shape
and bear many short (approximately 10 to 20 pm) filo-
podia. In addition, one to two long filopodial extensions
{(up to 100 um) extend into the Purkinje cell layer and
give rise to small foliate en passant and terminal expan-
sions of the sort seen on climbing fibers. The filopodial
branches curve around individual Purkinje cell somata
and cross over as many as six Purkinje somata, issuing
small swellings to each cell. At the light microscope level,
single Purkinje cells appear to receive such filopodial
branches from more than one mossy fiber-like combi-
nation axon. Combination mossy fibers, that is, axons
with primarily mossy fiber-like characteristics proxi-
mally and terminal climbing fiber-like branches within
the Purkinje cell layer, are more common than combi-
nation climbing fibers, whose arbors are mainly climbing
fiber-like within the Purkinje cell layer, and issue short
collaterals with mossy terminals into the granule cell
layer (Fig. 10a).

When analyzed in the electron microscope, the mossy
fiber-like boutons of fibers that show primarily mossy
fiber morphology proximally and climbing fiber mor-
phology distally make characteristic glomeruli with gran-
ule cell dendrites (Fig. 12a). The fine filopodial branches

make elementary contacts onto both Purkinje cells and
granule cells (Fig. 13). The types of contacts include
adherent junctions onto somatic spines of Purkinje cells
(Fig. 13d) and onto shafts of growth cones within the
neuropil (Fig. 12b). Other contacts made by the fine
branches are elementary synaptic contacts onto Purkinje
cell somata, with an accumulation of a few vesicles but
no density (Fig. 13, a and b). In Figure 13d, an unlabeled
profile (marked x) is adjacent to the labeled filopodial
branch of a combination mossy fiber. In earlier studies
(e.g., Laramendi, 1969), this type of profile would have
been identified as deriving from climbing fibers, but since
the cytology of this and the labeled profile from the
combination mossy axon are similar, its identity is in
question. Contacts with accumulation of a few vesicles
and both pre- and postsynaptic densities are made by
fine branches of combination mossy fibers onto Purkinje
cell somatic spines (Fig. 13¢), onto unidentified profiles
(Fig. 13e), as well as onto granule cells (Fig. 13f). Some
fine branches make contacts onto granule cells that
descend through the line of Purkinje cells (not shown).
Two features of combination fibers should be empha-
sized. First, the fine branches of combination mossy
fibers that extend into the Purkinje cell layer never
project further than the apical tip of the Purkinje cell
soma. In contrast, combination climbing fibers, with
short mossy fiber-like collaterals, extend into the molec-
ular layer as typical climbing fiber arbors (Fig. 10a).
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Figure 10. Characteristic climbing fiber arbors at P12. Terminal swellings on axon ¢ are more distinct and adult-likp t}}an
those on axons @ or b. Note that axon a also gives rise to a mossy fiber-like swelling in the granule layer, making it a combination
climbing fiber. All axons appear to extend over more than one Purkinje cell. Marker = 10 um.
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P12

Figure 11. Combination mossy fibers at P12 that are mossy fiber-like in the granule layer and also give rise to delicate
filopodial branches with climbing fiber-like terminals that extend into the Purkinje cell layer, usually over more than one

Purkinje cell (P). Marker = 10 um.

Second, the contacts made by the branches of combina-
tion mossy fibers that project into the Purkinje cell layer
appear to be primitive, i.e., consisting of puncta adhaer-
entia, or accumulations of a few vesicles, with or without

a short density. Regardless of whether these structures
are indications of incipient synaptic specializations or
simply attachment points (see McGraw and McLaughlin,
1980 for discussion), we speculate that they represent
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Figure 12. Two combination mossy fibers at P12. Bouton I appears mossy fiber-like in the drawing and makes a characteristic
synaptic glomerulus (micrograph a). The filopodial branch arising from a combination mossy fiber at point 2 makes an adherent
junction (arrow) with an unlabeled growth cone (GC). The filopodium of that growth cone is shown by the small arrow.

(Micrograph b has been rotated 90° with respect to the drawing.) Marker in drawing = 10 pm; marker in micrograph = 1 pm.
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the trial and error steps accompanying the formation of
specific contacts by other more appropriate portions of
the axon.

By P21, combination fibers consist largely of mossy
fiber lengths with shorter projections toward Purkinje
cells. By P30 and into adulthood, combination climbing
fibers with mossy terminals in the granule layer are rare,
and combination mossy fibers were not observed.

Discussion

We have found that although the afferent axons of the
cerebellum are already present in the cerebellar anlage
at the time of birth, they do not develop their character-
Furthermore, when characteristic morphology becomes
obvious, many single axons transiently express the phen-
otypes (terminal shapes and synaptic connections) of
both types of afferent axon. We will consider the second
finding in light of the first.

Waiting axons and the development of combination
fibers. In some cortical systems, afferents apparently
“wait” in subcortical zones before invading target re-
gions, but the rules of synaptic connections of waiting
axons have not been delineated in any of the systems in
which this phenomenon occurs (Rakic and Sidman, 1970;
Lund and Mustari, 1977; Wise et al, 1979). In the cere-
bellum, many of the cells which project as climbing and
mossy fibers are born (in rat) from E13 to E19 (Altman
and Bayer, 1978). Afferent axons (in mouse) arrive in
the cerebellar anlage as early as 6 days prenatal (Tello,
1940; Sidman, 1968; C. A. Mason and R. Liem, manu-
script in preparation) and appear to overlap in their
projection, both during late embryonic stages, when they
fill the cerebellar anlage up to the external granule layer,
and in early postnatal periods, when they lie in a plexus
beneath the newly formed Purkinje cell layer (in human
cerebellum, referred to as the lamina dissecans, Rakic
and Sidman, 1970). Growing tips on cerebellar axons
during this period are similar despite the fact that affer-
ent axons derive from different brainstem sources. Char-
acteristic terminal structures do not develop until over a
week later, but this does not necessarily signify the
absence of early contacts with target cells, even though
the cells have not yet developed their dendrites (Ramon
y Cajal, 1911, 1960; Altman, 1972; Rakic, 1975). Such
waiting immature axons may contact cells in a primitive
form, either by elementary synaptic, adherent, or even
electrotonic junctions (Ginzberg and Gilula, 1980; Tagh-
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ert et al.,, 1982). However, connectivity studies need to
be performed to confirm that axons from both climbing
and mossy fiber sources have already projected to cere-
bellum at the time the unclassifiable axons are seen.

Three possibilities exist for the transient expression
of both mossy and climbing fiber branching patterns and
bouton shape on the same fiber. First, waiting axons that
are future mossy fibers might temporarily contact Pur-
kinje cells, since these cells are dispersed in the embry-
onic cerebellar anlage and the normal target granule cells
of mossy fibers have not yet migrated inward from the
external granule layer. Mossy fibers that overlapped in
their projection with climbing fibers in embryonic stages
would remain in contact with inappropriate target Pur-
kinje cells as these cells migrate into position. Mossy
fibers would then develop climbing fiber-like boutons
onto Purkinje cells as well as mossy boutons onto appro-
priate target granule cells, thus becoming combination
axons. It is possible that this hypothesis could explain
the “heterologous” synapses made by mossy fibers onto
Purkinje cells in cerebella rendered agranular either from
such neurological mutations as weaver or upon x-irradia-
tion (for review, see Sotelo, 1982), thus reflecting the
persistence of inappropriate branches of combination
axons.

A second possibility is that filopodia that arise from
combination mossy fibers contact inappropriate cells
during exploratory movements in postnatal periods.
Mossy fibers may also extend filopodia toward the direc-
tion of migrating granule cells as they descend and
contact nearby Purkinje cells at the same time. More
data are needed on whether axons contact cells soon
after their arrival in the cerebellum, the nature of these
contacts (see Llinas and Sugimori, 1979), the identity of
the contacted cells, and the extent of the projection of
both climbing and mossy fibers before the formation of
the Purkinje cell layer.

Characterization of the electrophysiology of combina-
tion axons would also clarify their synaptic relations. It
is possible that in the determination of supernumerary
climbing fiber input onto immature Purkinje cells in rat
cerebellum (Crepel et al., 1976; Mariani and Changeux,
1981; Crepel, 1982), the graded action potentials that
were observed derived not only from redundant climbing
fiber branches but also from the supernumerary filopo-
dial branches projected by combination mossy fibers.

The shape and cytology of growing tips. The postnatal
development of mossy and climbing fibers has been doc-

Figure 13. Two combination fibers and a mossy fiber at P12 and selected electron micrographs of identified portions (I to 5)

of these HRP-labeled fibers. a, A claw-like swelling (1) at the end of a filopodial branch arising from a mossy terminal (arrow)
contains an accumulation of clear vesicles (v) where it contacts a Purkinje cell soma (P). A synaptic density was not observed
in this or other adjacent sections, but the membrane of the Purkinje cell appears ruffled. b, In growing tip 2, an accumulation of
vesicles (v) occurs where the labeled profile is adjacent to the Purkinje cell membrane (arrow), even though a membrane
specialization is lacking (compare to a). ¢, In another section through this branchlet (micrograph c), growing tip 2 makes an
elementary synaptic contact, consisting of pre- and postsynaptic densities (arrow) and a few vesicles (v), with a profile that was
seen in other sections to be continuous with the Purkinje cell soma (P). d, The lower portion of growing tip 2 makes a long
adherent contact (arrow) with a perikaryal spine (s) of the same Purkinje cell contacted by other parts of 2. Note the unlabeled
vesicle-containing profile (X) that abuts the soma. It resembles part 2 as well as presumed climbing fiber terminals in unlabeled
material, as described by Larramendi (1969). e, Small labeled swelling (4) makes an elementary synaptic contact (arrow),
consisting of a cluster of a few vesicles and a short pre- and postsynaptic density, with an unidentified profile. f, A growing tip
(5) with large clear vesicles (v) makes a contact (arrow), similar to the one in d, with a granule cell soma (G). (The micrograph
has been rotated 90° with respect to the drawing.) Marker in drawing = 10 um; marker in micrographs = 1 ym.
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umented at the light microscopic level (Athias, 1897;
Ramon y Cajal, 1911; 1960; O’Leary et al., 1971; Palay
and Chan-Palay, 1974) and at the ultrastructural level
(e.g., Larramendi, 1969; Mugnaini, 1969; Hamori and
Somogyi, 1983; Landis et al., 1983), but the images from
the two kinds of observations have rarely been correlated.
From light microscopic observations, Athias (1897) con-
sidered the expansions with filopodia on mossy fibers to
be growth cones. Ramoén y Cajal (1911) recognized that
mossy terminals were smooth in their more primitive
state and that they only later emitted short thin projec-
tions. In our study, we have shown that during the
waiting period, structures that resemble growth cones in
the light microscope do not make obvious synaptic con-
tacts. By the end of the first postnatal week, however,
large growth cone-like structures are associated with
synaptic formations, in this case, recognizable elemen-
tary glomeruli. In contrast, filopodia on hoth climbing
and mossy fiber-like axons during this time engage in
elementary contacts, in the form of endocytotic figures,
simple accumulation of vesicles, or adherent contacts.
The synaptic relations of immature mossy fiber termi-
nals in this way resemble those of developing retinogen-
iculate terminals in the kitten, in which the base of
growth cone-like structures is the central profile in a
glomerulus (Hamori and Somogyi, 1983; Landis et al.,
1983), while the more slender extensions form simpler
contacts (Mason, 19824, b). Since the growth cones and
growing tips on waiting cerebellar axons are much
smaller than adult mossy terminals, expansion of grow-
ing tips and subsequent outgrowth of filopodia must
accompany establishment of synaptic arrangements.
Therefore, the form of the expansion resembles growth
cones seen in vitro (Johnston and Wessells, 1980; Le-
tourneau, 1982) long after outgrowth has taken place.

A variety of forms of axonal tips has been seen both
in vitro (Johnston and Wessells, 1980) and in vivo (Ra-
moén y Cajal, 1911; Speidel, 1942; Roberts, 1976), from
blunt ends to a broad foot bearing filopodia. However,
the relationship of these forms to temporal and spatial
positions along pathways or within targets is obscure. It
is also unclear to what extent forms and cytology of
growth cones in culture relate to those in vivo (e.g., del
Cerro and Snider, 1968; Tennyson, 1970; Bunge, 1973;
Vaughn et al., 1974; Nordlander and Singer, 1982). What
is evident from in vitro studies is that growth cones vary
in shape according to their adhesivity to different sur-
faces (Letourneau, 1982). Although in vitro experiments
have focused on axonal outgrowth, differential adhesivity
of growing tips on appropriate cell surfaces may in part
account for modification of shape from bud-like growing
tips on neonatal axons to the expanded growth cone-like
structures on mossy fibers during postnatal maturation,
as their proper target granule cells become available.

Relationship of terminal bouton shape to target cell
features. Axons express their features as mossy fiber-like
or climbing fiber-like, depending on whether they project
into granule or Purkinje cell layers, respectively. Mossy
fiber-like terminals are never found in the Purkinje cell
layer of normal postnatal mice. The shape of terminal
swelling on individual fibers also reflects their synaptic
relationships. Knobby mossy fiber-like terminals always
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form the central profile in a glomerulus and synapse with
granule cell dendrites, whereas small round climbing
fiber-like terminals form axodendritic synapses on spines
of Purkinje cells (Palay and Chan-Palay, 1974). Even
though some immature fibers transiently project into
both granule and Purkinje cell layers, the shape of ter-
minals on each branch corresponds to the target cell
type, supporting the notion that the shape of the presyn-
aptic terminal is determined by interactions of growing
tips with the target cell surface (Morest, 1968, 1969a, b;
Mugnaini, 1970; Hamori, 1973; Rakic, 1975).

The forms of climbing and mossy fiber-like synaptic
boutons can be interpreted in more general terms, similar
to those observed in retinogeniculate axons (Mason and
Robson, 1979; Robson and Mason, 1979). Large oblong
retinal terminals with an indented surface are the central
profile in a synaptic glomerulus, in which several other
dendrites are contacted by one terminal. The surface of
retinogeniculate terminals is indented by apposing grape-
like dendritic appendages of postsynaptic cells (Robson
and Mason, 1979; Mason et al., 1983), whereas mossy
terminals are lobulated, possibly because a claw-like
granule cell dendrite encloses each lobe. Climbing fiber-
like terminals, like the smaller terminals of retinogeni-
culate axons, are slightly indented and make simple
axodendritic or axospinous contacts, usually with one
synaptic contact per bouton. A single retinogeniculate
axon in the adult cat can bear both kinds of terminals
and, thus, make at least two kinds of synaptic connec-
tions (Robson and Mason, 1979). Therefore, the finding
that single cerebellar axons also make two kinds of
contacts is not inherently surprising. The apparent dif-
ference between retinogeniculate and cerebellar afferents
is that mossy and climbing fibers in the mature cerebel-
lum usually do not overlap extensively in their projec-
tions and synaptic connections, although collaterals of
climbing fibers issued into the granule layer have been
reported to give rise to mossy terminals (Scheibel and
Scheibel, 1954; Palay and Chan-Palay, 1974).

Exuberance and sorting out. We have observed three
types of exuberance in developing cerebellar axons: (1)
Purkinje cells receive branches from more than one axon,
either from pure climbing fibers or mossy combination
fibers with climbing fiber-like branches; (2) individual
climbing fibers or mossy combination fibers contact more
than one adjacent Purkinje cell; (3) individual combi-
nation fibers project into both granule and Purkinje cell
layers and synapse with both granule and Purkinje cells.
Most of these types of exuberance are transient. An
exception is that individual adult climbing fibers can
project to different folia, thus synapsing with more than
one, although widely separated, Purkinje cell (Fox et al.,
1969; Brodal et al., 1980). With the HRP labeling tech-
nique it should be possible to relate these findings to the
reported overbranching of immature climbing fibers
demonstrated electrophysiologically (Crepel et al., 1976;
Mariani and Changeux, 1981; Crepel, 1982) and to assess
the numerical relationships of individual developing
climbing and mossy fibers, as well as of combination
fibers, with their target cells.

Examples of formation and subsequent pruning of
axon branches have been documented in other systems,
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including callosal projections to visual cortex (Innocenti,
1981; Ivy and Killackey, 1981), retinal axons (Rakic and
Riley, 1983), the superior cervical ganglion (Lichtman
and Purves, 1980), and neuromuscular junction (Van
Essen, 1982). These diffuse projections are presumed to
represent superfluous numbers of afferents onto matched
or correct target cells (see Clarke, 1981 for review). Since
the circuitry of the cerebellum is far better understood
than any other region in CNS, and target cell types are
easily identifiable by ultrastructural criteria, the exuber-
ance with regard to the form and projection as well as
dual synaptic connections of combination fibers during
postnatal development is more readily detected. Ramoén
y Cajal (1960) noted that branches of some immature
mossy fibers ascend into the Purkinje cell layer, but this
observation was made without fully understanding the
identity of mossy fibers and without the benefit of the
electron microscope. However, it is conceivable that
there are some axons which always make connections
with several cell types even into adulthood. Thus, axons
with dual morphology should not be considered “mis-
takes” during development (Clarke, 1981) but perhaps
as necessary phases of maturation.

The ultimate signal and the mechanism for sorting
out, either with respect to numbers, to recognition of
correct target cell types, or as in the case of retinal
afferents to the lateral geniculate nucleus, with respect
to segregation of afferents into layers (Rakic, 1977;
Shatz, 1983), is not yet known, It is possible that granule
and Purkinje cells at first share common surface mole-
cules that lure axons or are permissive for movement on
them and replace those with other molecules that would
induce differential adhesivity and subsequent shape
changes in growing tips. These molecules might include
antigens for Purkinje cell-specific antigen markers or
carbohydrate-containing macromolecules bound by lec-
tins (Hatten and Sidman, 1978; Edelman and Chuong,
1982). If exuberant branches, especially those derived
from combination mossy axons that project onto Pur-
kinje cells, represent a final stage in the searching, trial
synapsing, and subsequent sorting out of axons (Stein-
berg, 1970; Changeux and Danchin, 1976; Ruffolo et al.,
1978), then it will be important to correlate maturational
changes of axonal forms with the expression of cellular
and extracellular molecules.
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