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The highly specific connection patterns of the mature CNS are shaped through finely regulated processes of axon growth and retraction.
To investigate the relative contribution of cell-autonomous mechanisms and extrinsic cues in these events, we examined the development
of Purkinje axon intracortical plexus in the rat cerebellum. During the first postnatal week, several new processes sprout from focal
swellings along the initial portion of the Purkinje neurite and spread in the granular layer. Intense structural plasticity occurs during the
following week, with pruning of collateral branches and remodeling of terminal arbors. The mature distribution of the Purkinje infra-
ganglionic plexus, confined within the most superficial portion of the granular layer, is attained at approximately postnatal day 15. A
similar neuritic branching pattern is also developed by Purkinje cells grown in cultures of dissociated cerebellar cells or transplanted to
extracerebellar CNS regions, suggesting that cell-autonomous mechanisms contribute to determining the Purkinje axon phenotype.

The structural remodeling of Purkinje intracortical plexus is concomitant with the development of cerebellar myelin. To ask whether
myelin-associated factors contribute to the morphological maturation of Purkinje neurites, we prevented normal myelinogenesis by
killing oligodendrocyte precursors with 5�-azacytidine or by applying neutralizing antibodies against the myelin-associated neurite
growth inhibitor Nogo-A. In both conditions, Purkinje axons retained exuberant branches, and the terminal plexus spanned the entire
extent of the granular layer. Thus, the formation of Purkinje axon collaterals is, in part, controlled by intrinsic determinants, but their
growth and distribution are regulated by environmental signals, among which are myelin-derived cues.
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Introduction
The specific wiring of neural circuits is achieved through complex
mechanisms of neuritic growth and retraction, leading to devel-
opment of characteristic patterns of axon branching, distributed
over precise target domains. Several lines of evidence show that
branch formation is elicited and directed by extrinsic cues
(O’Leary et al., 1990; Acebes and Ferrus, 2000; Kalil et al., 2000;
Özdinler and Erzurumlu, 2002; Soussi-Yanicostas et al., 2002).
On the other hand, certain neurons develop characteristic neu-
ritic patterns even when they grow into an unusual environment,
suggesting that cell-autonomous mechanisms may be also rele-
vant to determining the axon phenotype (Acklin and Nicholls,
1990; Canal et al., 1998; Bhide and Frost, 1999). Similarly, al-
though intrinsic changes of maturing neurons may contribute to
the progressive decline of neuritic growth potential (Davies,
1994; Fawcett, 2001), the structural remodeling that shapes ma-

ture connectivity is dependent on environmental signaling, in-
cluding competitive interactions with other neurons (Goodman
and Shatz, 1993; Lichtman and Colman, 2000) and growth-
inhibitory molecules issued by glial cells (Schwab et al., 1993;
Huber and Schwab, 2000). Among the latter, myelin-associated
molecules, such as Nogo-A, contribute to channel-developing
axons along their pathways (Schwab and Schnell, 1991; Colello
and Schwab, 1994) to restrict structural plasticity at the end of
development (Kapfhammer and Schwab, 1994a,b; Schwegler et
al., 1995; Vanek et al., 1998) and to regulate neuritic branching in
vitro (Shen et al., 1998).

To investigate the relative contribution of intrinsic properties
and environmental cues in the shaping of precise neuritic pat-
terns, we examined the development of Purkinje axon collateral
branches. Ramón y Cajal (1911) reported that initially exuberant
Purkinje intracortical plexus undergoes structural remodeling,
leading to confinement of terminal branches within precise cor-
tical domains (supraganglionic and infraganglionic plexus). This
issue has been scantily investigated thereafter, and the mecha-
nisms that regulate the growth and plasticity of Purkinje axon
collaterals remain mostly unclear. The morphological matura-
tion of intracortical plexus is disrupted after x-irradiation (Crepel
et al., 1980), and it is temporally related to cerebellar myelination
(Reynolds and Wilkins, 1988; Kapfhammer and Schwab, 1994a;
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Huber et al., 2002) and to the decline of Purkinje axon regenera-
tive potential (Gianola and Rossi, 2001). Together with the ax-
onal sprouting and activation of growth-associated genes in-
duced by functional neutralization of Nogo-A in adult Purkinje
cells (Zagrebelsky et al., 1998; Buffo et al., 2000), these observa-
tions suggest that myelin-associated factors contribute to regula-
tion of the developmental plasticity of Purkinje neurites. To test
this hypothesis and to elucidate some of the mechanisms under-
lying the formation of the intracortical plexus, we examined the
sprouting, growth, and pruning of Purkinje axon collaterals dur-
ing postnatal development and investigated their interactions
with oligodendrocytes. In addition, we asked whether the normal
shaping of intracortical plexus can be achieved after oligodendro-
cyte removal or application of anti-Nogo-A antibodies. Our re-
sults indicate that Purkinje intracortical plexus develop accord-
ing to stereotyped morphological patterns suggestive of the
execution of an intrinsic growth program, but their typical dis-
tribution within precise cortical domains is disrupted when my-
elin development is prevented.

Parts of this paper have been published previously in abstract
form (Gianola et al., 2002).

Materials and Methods
Experimental animals. The experiments were performed on Wistar rats
(Charles River, Calco, Italy). Fifty rat pups from five littermates, killed at
different postnatal ages from postnatal day 0 (P0) to P15 (three or four
individuals per time point), were used to study the development of Pur-
kinje axon intracortical plexus and cerebellar myelination. Forty-five rats
from five additional littermates were used for experiments in which nor-
mal myelinogenesis was disrupted (5�-azacytidine administration and
anti-Nogo-A antibody injection), whereas two pregnant rats were used to
prepare dissociated cultures of cerebellar cells. Finally, analysis of trans-
planted Purkinje cells was performed on material belonging to a previous
study (Carletti et al., 2002). All surgical procedures were performed un-
der deep general anesthesia obtained by intraperitoneal administration
of ketamine (100 mg/kg; Ketavet; Bayer, Leverkusen, Germany) supple-
mented by xylazine (5 mg/kg; Rompun; Bayer) or diazepam (2.5 mg/kg;
Roche Molecular Biochemicals, Mannheim, Germany). In addition, rat
pups (up to P8) were cryoanesthetized in melting ice. The experimental
plan was designed according to National Institutes of Health guidelines
and the Italian law for care and use of experimental animals (DL116/92)
and approved by the Italian Ministry of Health and the Bioethical Com-
mittee of the University of Turin.

Disruption of cerebellar myelin development. To interfere with the de-
velopment of cerebellar myelin, we used two different approaches. A first
set of animals (n � 22) underwent daily subcutaneous injections of 5�-
azacytidine (5 �g/gm of body weight, in saline) from P6 to P15. This
modification of the method originally set up by Savio and Schwab (1989)
(intraperitoneal injections from P0 to P15) was necessary to disrupt oli-
godendroglial development but to minimize effects on other proliferat-
ing cell populations (e.g., granule cell progenitors). Control rats (n � 5)
received daily subcutaneous injections of vehicle (saline solution) during
the same postnatal period. All these animals were killed at P15.

In another set of animals (n � 15), neutralizing antibodies against the
myelin-associated neurite growth inhibitory protein Nogo-A were in-
jected in the cerebellar parenchyma, as previously described (Zagrebelsky
et al., 1998; Buffo et al., 2000). Deeply anesthetized P10 rat pups were
fixed to a stereotaxic apparatus, and the cerebellar vermis was exposed by
removing small fragments of the occipital bone. A glass micropipette,
connected to a PV800 Pneumatic Picopump (WPI, New Haven, CT), was
inserted 0.5 mm deep into the cerebellar parenchyma (vermal lobules
V–VII), and 1.5–2 �l of 11C7 anti-Nogo-A antibodies (500 �g/ml; kindly
supplied by Novartis Pharma AG, Basel, Switzerland) was pressure-
injected during 5–10 min. 11C7 is a monoclonal antibody directed
against an 18-amino acid peptide of the Nogo-A-specific region, as pre-
viously described for the rabbit antiserum 472 (Chen et al., 2000). Con-
trol age-matched rats (n � 8) received similar injections of a mouse-anti-

human IgG (heavy and light chain; Jackson ImmunoResearch, West
Grove, PA). These animals were killed at P12 (three rats receiving anti-
Nogo-A antibodies), P15 (eight rats injected with anti-Nogo-A and four
with control antibodies), and P23 (four rats in either group).

Cultures of dissociated cerebellar cells. The preparation of dissociated
cerebellar cell cultures was based on a protocol described by Hatten et al.
(1998). Timed pregnant embryonic day 17 (E17) rat dams were deeply
anesthetized (as above). The embryos were removed by cesarean section,
collected in ice-cold PBS with 0.6% glucose (PBG), and immediately
decapitated. The cerebella were dissected and collected in PBG. After
incubation with trypsin (1% in PBG; Sigma, St. Louis, MO) and DNase
(0.1%; Sigma) for 5 min at 37°C, the tissue was mechanically dissociated
to a single-cell suspension with fire-polished Pasteur pipettes in culture
medium, supplemented with 10% horse serum. Culture medium was
composed of Eagle’s basal medium with Earles’s salts (Invitrogen, Gaith-
ersburg, MD) supplemented with glutamine (2 mM; Invitrogen), glucose
(32 mM), and penicillin-streptomycin (20 U/ml; Invitrogen). The cell
suspension was diluted and plated on poly-D-lysine-coated glass cover-
slips (12 mm diameter, 5 � 10 4 cells per coverslip). After cells had at-
tached (3–5 hr), the medium was changed into serum-free medium con-
taining insulin (5 �g/ml), selenite (5 ng/ml), transferrin (5 �g/ml), and
bovine serum albumin (10 mg/ml; all from Sigma). The cultures were
maintained at 37°C in a humidified atmosphere with 5% CO2 and fixed
after 5, 17, or 20 d in vitro.

Transplanted Purkinje cells. To examine the axonal branching pattern
of Purkinje cells grown in an unusual environment, we analyzed Purkinje
cells heterotopically grafted to extracerebellar CNS regions. This material
belonged to a previous study (Carletti et al., 2002), in which E12 embry-
onic cerebellar cells, taken from transgenic mice overexpressing en-
hanced green fluorescent protein (EGFP) under the control of the
�-actin promoter, were transplanted in utero to the cerebral ventricles of
E16 rat embryos. The examined material included 100-�m-thick vi-
bratome sections from the brains of several recipient animals killed be-
tween P20 and P30 (for details, see Carletti et al., 2002).

Histological procedures. The animals were deeply anesthetized and
perfusion-fixed with 4% paraformaldehyde in 0.12 M phosphate buffer
(200 –1000 ml depending on the age). The brains were removed, post-
fixed overnight in the same fixative at 4°C, and finally transferred to 30%
sucrose in 0.12 M phosphate buffer at 4°C until they sank. The cerebella
were cut using a freezing microtome in several series of 30-�m-thick
sagittal sections collected in Tris-buffered saline, pH 7.4.

One series of sections, used for morphometric analysis (see below),
was first incubated in 0.3% H2O2 in PBS to quench endogenous peroxi-
dase. Then, the sections were incubated for 30 min at room temperature
and overnight at 4°C with anti-calbindin D-28K (polyclonal, 1:3000;
Swant, Bellinzona, Switzerland) diluted in PBS with 0.25% Triton X-100
added to 0.2% normal goat serum. Immunohistochemical staining was
performed according to the avidin– biotin–peroxidase method (Vec-
tastain ABC Elite kit; Vector Laboratories, Burlingame, CA) and revealed
using 3,3�-diaminobenzidine (0.03% in Tris-HCl) as a chromogen. The
reacted sections were finally mounted on gelatin-coated slides, air-dried,
dehydrated, and coverslipped.

The other series of cerebellar sections was used for double immuno-
fluorescence. They were first incubated overnight at 4°C with anti-
calbindin antibody (polyclonal, 1:1500, plus 0.2% normal goat serum in
PBS and Triton X-100, as above) and revealed by 1 hr of incubation at
room temperature in a goat anti-rabbit IgG conjugated to fluorescein
isothiocyanate (1:200 in PBS and Triton X-100 with 0.2% normal goat
serum; Sigma). The sections were rinsed and incubated overnight at 4°C
with the second primary antibody to reveal several oligodendrocytic
markers: anti-myelin basic protein (MBP, monoclonal, 1:2000; Stern-
berger Monoclonals, Baltimore, MD), anti- neuroglycan 2 (NG2, poly-
clonal, 1:200; Chemicon, Temecula, CA), anti-Nogo-A (antibody 11C7,
1:10000; kindly supplied by Novartis Pharma AG), and anti-2�,3�cyclic
nucleotide 3� phosphodiesterase (CNP, monoclonal, 1:500; Chemicon).
These antibodies were diluted in PBS and Triton X-100 added to either
normal horse serum or normal goat serum (0.2%) depending on the
species of the secondary antibody. Finally, the sections were incubated
for 1 hr in secondary biotinylated anti-mouse IgG or anti-rabbit IgG
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(1:200; Vector Laboratories) and then in streptavidin-Texas Red-X con-
jugate (1:200 in PBS and Triton X-100; Molecular Probes, Eugene, OR).
After unbound Texas Red-X was washed off with PBS and Triton X-100,
sections were coverslipped using a mixture of phosphate buffer, pH 7.2–
7.4, and glycerol.

Cerebellar cultures were fixed for 5–10 min in 4% paraformaldehyde
in 0.12 M phosphate buffer and rinsed in PBS. They were immunostained
for calbindin and revealed by peroxidase immunocytochemistry or im-
munofluorescence as described above.

Data analysis. The histological preparations were examined by means
of a Zeiss (Oberkochen, Germany) Axiophot light microscope. Micro-
graphs were taken by means of a Nikon (Mellville, NY) Coolpix 950
digital camera attached to the same microscope. The material was also
examined with a Fluoview 300 confocal microscope (Olympus Optical,
Hamburg, Germany). Digital images were processed with Adobe Photo-
shop 6.0 to adjust contrast and to assemble the final plates. Quantitative
and morphometric evaluations were made using Neurolucida software
(MicroBrightField Inc., Colchester, VT) connected to a Nikon E-800
microscope via a color CCD camera.

The morphometric evaluation of Purkinje axon collaterals during
postnatal development was performed on calbindin-immunostained
vermal sections of rat pups at different survival times between P6 and P15
(three or four animals per age). In these sections, at a high magnification
with a 100� immersion oil objective, we counted the number of collat-
eral processes originating from Purkinje axons whose course could be
followed from the cell body to the axial white matter (100 –150 axons
were sampled at each age). The neurites were also subdivided according
to their basoapical position along cerebellar lobules (see Fig. 3C). Statis-
tical evaluations on the changes of primary Purkinje collateral branches
was performed by ANOVA.

The axons sampled from P8 and P15 cerebella (n � 106 and 157,
respectively) were reproduced by the Neurolucida software (Micro-
BrightField), and the position of branching points along the course was
marked (Fig. 1, dotted arrow). In addition, to determine the position of
branching points relative to the granular layer depth, the thickness of the
granular layer was estimated along a line perpendicular to the cerebellar
surface, passing through the branch origin (Fig. 1, dashed arrow). Be-
cause the thickness of the granular layer is not uniform along the cere-

bellar cortex, the position of branching point is represented in Figure 4, A
and B, relative to the normalized extension of the layer.

A similar analysis was performed on calbindin-immunolabeled Pur-
kinje cells from dissociated cultures after 17–20 d in vitro. Only isolated
Purkinje cells located at the periphery of the culture with no or minimal
contact with other cells were examined. In this case, the whole axon was
reproduced, including terminal arbors and collateral branches (n � 109
from six cultures). The latter were identified according to the following
criteria: (1) they were thinner than the parent neurite; (2) they spread at
right angles from the axon shaft; and (3) they terminated in poorly ex-
tended terminal networks (see Fig. 4 D,E). All the other processes ema-
nating from the axon shaft, fine filopodia �30 �m long, were not
considered.

Finally, we examined 73 transplanted Purkinje cells, located in differ-
ent extracerebellar regions of the recipient brain, whose axon could be
followed for �200 �m through a single 100-�m-thick vibratome sec-
tion. The whole axon segment was reproduced, and branching points
were marked. In all the different conditions, the values obtained from
Purkinje axon-bearing collateral branches are illustrated in the graphs of
Figure 4, in which single neurites are plotted on the y-axis, and the
position of branching points is reported on the x-axis. Statistical analysis
was performed by Student’s t test.

Morphometric analysis to quantify the structural changes of recurrent
collateral plexus in 5�-azacytidine- and in Nogo-A-treated cerebella was
performed following a previously established method (Buffo et al., 2000).
For each animal, three calbindin-immunolabeled vermal sections were
selected and subdivided into “treated” and “control” regions. In 5�-
azacytidine-injected animals (n � 5), because of the nonsynchronous
development of cerebellar cortex (see Results), myelination was particu-
larly delayed at the later maturing apex of cortical lobules, whereas in
basal regions, myelinogenesis appeared unaffected at the time of exami-
nation (see Fig. 7A,B). Indeed, 5�-azacytidine treatment was only started
at P6; it is likely that many oligodendrocyte precursors destined to basal
lobule portions are already postmitotic at this age. Thus, in these animals,
treated regions were the apical portions of lobules V–VII, whereas basal
regions of the same lobules were taken as an internal control (the approx-
imate positions of these areas are illustrated in Fig. 8 A). The same regions
were analyzed in the cerebella of age-matched (P15) vehicle-injected
animals (n � 5). The analysis was restricted to these lobules to sample
axons from comparable regions in control and treated animals.

In the sections from cerebella receiving antibody injections, treated
regions were the distal portions of dorsal vermal lobules (V–VII), located
close to the injection site, whereas distal regions of ventral vermal lobules
(I–III), distant from the injection site, were taken as the internal control
(the approximate positions of these areas are illustrated in Fig. 8 B)
(Buffo et al., 2000). Antibody injections were made at P10, and the ex-
amined animals were killed at P15 (five animals injected with anti-
Nogo-A antibodies and four rats receiving control antibody injections)
or at P23 (four animals in each group).

Morphometric measurements of Purkinje axons were performed on
three sagittal sections of the cerebellar vermis from each animal (Buffo et
al., 2000). In each section, we sampled one area in treated and one in
control regions by superimposing a 155 � 255 �m square. On the whole,
three treated and three control areas were sampled for each animal. The
selected areas encompassed the whole granular layer depth and con-
tained only minimal portions of the Purkinje cell layer or axial white
matter. All the anti-calbindin-immunostained Purkinje axon segments
present within such areas were reproduced using the Neurolucida soft-
ware (MicroBrightField Inc.) with a 20� objective, corresponding to
750� magnification on the computer screen. Each labeled axon segment
or branch was reproduced as a single profile. From these reproductions,
the software calculated the number of axon profiles, the total length of all
the reproduced segments, and the number of times that the axons crossed
a 25 � 25 �m grid superimposed on the selected area. The data from the
different areas in the three sections sampled from each cerebellum were
averaged to obtain values for every individual animal (n � 5 for 5�-
azacytidine experiments and P15 anti-Nogo-A injected animals; n � 4
for P23 anti-Nogo-A and P15 and P23 control antibody injections).
These values were used to prepare the histograms of Figure 8 (where

Figure 1. Evaluation of the position of branching points along Purkinje axons. We examined
Purkinje axons whose course from the Purkinje cell body to the white matter (wm) could be
followed in a single section. The course of these axons through the granular layer (gl, shaded
area) was reproduced (dotted arrow), and the position of the branch origin (black dot) was
marked. In addition, to evaluate the position of branching points relative to the granular layer
depth, the thickness of the granular layer was estimated along a line perpendicular to the
cerebellar surface (dashed arrow), which passed through the branch origin. ml, Molecular layer.
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mean � SD is reported) and for statistical anal-
ysis performed by Student’s t test.

Finally, to assess whether anti-Nogo-A anti-
bodies induced oligodendrocyte death, we es-
timated the fraction of myelinated Purkinje ax-
ons in P15 rats treated with anti-Nogo-A
antibodies (n � 5) and control antibodies (n �
4) and in a set of intact animals (n � 4). From
each case, we sampled 100 –120 Purkinje axon
profiles in the axial white matter of vermal lob-
ules V–VII in sections double-labeled for calbi-
ndin and MBP. For each axon, we determined
whether it was associated with an MBP-
immunostained oligodendroglial process.
Neuritic profiles not covered or partially cov-
ered by MBP-labeled processes were classified
as unmyelinated. Statistical analysis was per-
formed by Student’s t test.

Results
Growth and remodeling of Purkinje
axon collateral branches
The formation of Purkinje axon intracor-
tical plexus was investigated in calbindin-
immunostained cerebella of rat pups dur-
ing the first 2 postnatal weeks. The
maturation of Purkinje cells and other
cortical elements is not synchronous
throughout the whole cerebellum but
proceeds in a progressive manner along
the mediolateral, caudorostral, and proxi-
modistal axes (Inouye and Murakami,
1980; Altman and Bayer, 1985, 1997).
Consequently, although our observations
were restricted to the vermal cortex, there
was a clear time lag between the matura-
tion of Purkinje neurons situated at the
lobule apex and those located at the base
in the depth of the fissures (see Fig. 3C).
For the sake of simplicity, in the following
description, specific developmental stages
are related to precise postnatal ages refer-
ring to Purkinje cells located in the me-
dium region of cortical lobules (see Fig.
3C), ontogenetic events being more ad-
vanced toward the base and delayed to-
ward the apex.

Consistent with previous reports
(Eisenman et al., 1991), the corticofugal
Purkinje cell projection was already established at birth, and
strongly stained axons could be followed up to their terminal
fields in the deep cerebellar nuclei. During early postnatal days
(P0 –P4), Purkinje axons formed a dense network in the nascent
internal granular layer (Fig. 2A), making it difficult to distinguish
single neurites or branches. Thus, although the development of
collateral branches may begin at a younger age, we decided to
restrict our analysis from P5 onward when, because of the pro-
gressive expansion of the internal granular layer, it was possible to
examine individual Purkinje axons.

At P5, thin Purkinje neurites originated from the basal
perikaryal pole and ran across the granular layer. Along their
intracortical segment, most of these axons displayed focal en-
largements of different sizes and shapes, from moderate thicken-
ings to large swellings (Fig. 2B–E). The latter often appeared to

adhere to each other in clumps formed by different converging
axons (Fig. 2B). The analysis of individual neurites, well sepa-
rated from their neighbors, revealed that several new processes,
including fine filopodia, short sprouts, and longer profiles with
tiny growth cones, originated from the enlarged segments (Fig.
2C–E). Such an active sprouting of collateral branches was evi-
dent up to P8 –P10. The outgrowing processes, which appeared
progressively more complex and ramified, spread throughout the
granular layer (Fig. 2F), but in many instances, they were clearly
oriented toward the overlying Purkinje cell layer (Fig. 2G).

The terminal varicose chains of the infraganglionic plexus (the
supraganglionic one, in the lower molecular layer, was obscured
in our preparations by the staining of Purkinje cell dendrites)
gradually developed during the following days. At the same time,
however, Purkinje axons displayed novel morphological features,
suggestive of a different developmental phase (Fig. 2H–J). The

Figure 2. Sprouting, growth, and pruning of Purkinje axon collateral branches. A, Dense meshwork formed by calbindin-
immunolabeled Purkinje axons in the nascent granular layer during the very first postnatal days. Arrowheads in B point to a clump
of Purkinje axon swellings in the granular layer. C–E, Thickened or swollen segments (arrows) of individual Purkinje axons, from
which numerous processes sprout (red arrowheads). Blue arrowheads indicate tiny growth cones at the tip of some of such newly
formed processes. In F, a thick collateral branch (arrowheads) emanates from a focal enlargement (arrow) along the parent axon
and spreads in the granular layer, giving off several second-order ramifications. The arrow in G indicates another collateral branch
ending with a small growth cone (red arrowhead) in the vicinity of the Purkinje cell layer; two other ramifications, issued by the
same corticofugal axon, are indicated by blue arrowheads. H, Thin collateral branch (arrow) ascending through the granular layer;
a secondary ramification of this process ends with a large varicosity (red arrowhead). The blue arrowhead points to another process
from the same intracortical plexus that ends with a small bouton. The thin branch shown in I (arrow) courses through the granular
layer and terminates with some fine varicose chains (blue arrowheads) confined to the vicinity of the Purkinje cell layer; deeper in
the granular layer, a shorter process belonging to the same plexus bears a terminal club (red arrowhead). Several presumptive
pruning processes terminating with round clubs are indicated by arrows in J. Also note that the enlarged segments along the
corticofugal neurites have disappeared, leaving small triangular varicosities (red arrowheads), whereas the fine terminal branches
(some indicated by blue arrowheads) are confined to the most superficial portion of the granular layer. Anti-calbindin immunola-
beling is shown in all panels. Postnatal ages are indicated on the micrographs. Scale bars: A, B, G, J, 20 �m; C–F, H, I, 10 �m.
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large axon swellings gradually disappeared, leaving tiny
triangular-shaped varicosities situated at branching points (Fig.
2J) (Gravel et al., 1986). Collateral branches issued from corti-
cofugal neurites were less frequent and appeared as thin ramified
processes ascending through the granular layer. In addition, nu-
merous Purkinje axon profiles, including both primary branches
(Fig. 2 J) and second- and third-order ramifications in the deep
granular layer (Fig. 2H,I), terminated with characteristic round-
shaped boutons. Similar terminal clubs have been associated with
axon-pruning phenomena (Acebes and Ferrus, 2000), such as
physiological remodeling at the neuromuscular junction (Riley,
1981; Bernstein and Lichtman, 1999) or axonal retraction after
target loss in the adult (Rossi et al., 1993). Hence, we interpreted
these structural features of Purkinje axons as a morphological
correlate of the withdrawal of supernumerary branches. The ma-
ture morphology of Purkinje axon collaterals was essentially
achieved at the end of the second postnatal week, with sparse
ascending branches and fine networks of varicose chains, strictly
confined in the upper granular layer (Fig. 2 J).

The progressive pruning of Purkinje intracortical plexus was
confirmed by quantitative estimations of the number of first-
order ramifications issued by corticofugal neurites (Fig. 3A–C).
The mean number of branches (Fig. 3A) decreased from 2.48 �
0.21 (mean � SD) at P6 to 1.11 � 0.03 at P15 (ANOVA, f(4,15) �
34.3; p � 0.001). The same trend was also observed when axons
from different proximodistal positions along the cerebellar lob-
ules were examined separately, although, as expected, the matu-
ration process was more advanced in basal than in apical regions
(Fig. 3C). The frequency distribution of collateral branches
shifted accordingly to lower values with increasing ages (Fig. 3B);

at P15, 97.5% of Purkinje axons had two
or fewer branches. Interestingly, at all ages
we encountered a small but consistent
fraction of Purkinje neurites (6.8% at P6
and 16.2% at P15) with no collateral
branches, indicating that a subset of Pur-
kinje cells in the adult cerebellum lacks
recurrent intracortical plexus.

Cell-autonomous mechanisms in the
development of Purkinje axon
collateral branches
The origin of Purkinje collateral branches
in vivo is related to the distance from the
cell body but not to the position in the
granular layer
To investigate the cellular mechanisms
underlying the interstitial sprouting of
Purkinje axon collaterals, we first asked
whether the branching site was related to
the distance from the perikaryon or to the
position in the granular layer. The latter
instance would imply the intervention of
local branch-promoting cues positioned
in a specific region of the granular layer,
whereas the former would be suggestive of
an intrinsically programmed growth pat-
tern. We sampled Purkinje axons, whose
course from the cell body to the white
matter could be followed in a single sec-
tion, and determined the position of
branching points in relation to the granu-
lar layer depth or the parent cell body (see
Materials and Methods; Fig. 1). As shown

in Figure 4, A and B (referring to P8 and P15, respectively),
branching points were uniformly distributed throughout the
whole thickness of the granular layer, except for the upper 10%
(just below the Purkinje cell layer), where no branching points
occurred. When the distance from the cell body was considered
(Fig. 4C,D), all branching sites were localized within the first
150 –200 �m of neuritic length. The mean distance was signifi-
cantly shorter at P8 (66 � 3.16 �m, mean � SD, 106 axons) than
at P15 (103.6 � 12.4 �m, 157 axons; Student’s t test, p � 0.001),
indicating that during this period, the position of branching
points was progressively displaced.

The results of this analysis indicate that collateral branches
originate from a restricted segment of the Purkinje axon. Never-
theless, they do not show that the position of branching point is
dependent on the distance from the cell body. Indeed, the ob-
served distance range fairly corresponds to the average thickness
of the granular layer; hence, it could be also attributed to extrinsic
cues distributed over the whole extension of the layer. To rule out
this possibility, we sampled axons whose course through the
granular layer (Fig. 1, dotted arrow) was longer than 200 �m in
cortical regions where the thickness of this layer (Fig. 1, dashed
arrow) was �200 �m. As shown in Figure 4E, also for these
axons, the position of branching points was never farther than
200 �m from the cell body, even if the neurite segment coursing
through the granular layer was 100 –200 �m longer. The mean
distance was 106.8 � 4.2 �m (72 axons), close to the value ob-
tained from the whole P15 sample (see above). Thus, collateral
branches are issued from a specific region of the Purkinje axon
(within 150 –200 �m from the soma) irrespective of the location

Figure 3. Retraction of Purkinje axon collateral branches during postnatal development. A, Mean number of first-order collat-
eral branches � SD issued by stem Purkinje axons at different postnatal ages. B, Normalized frequency distribution of the number
of collateral branches (br) on individual Purkinje axons during the same period. C, Time course of collateral branch withdrawal in
separate samples of Purkinje axons from apical (A), medium (M), or basal (B) regions of cortical lobules (indicated by corresponding
shadowing on the diagram). The micrographs, all taken from the same cerebellar section at P8, show the nonsynchronous matu-
ration of Purkinje cells located at different basoapical positions along the same cortical lobule (lobule VI). nr, Number.
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in the depth of the granular layer, suggest-
ing that the position of branching points is
determined by cell-autonomous mecha-
nisms rather than extrinsic cues.

Branching pattern of Purkinje axons
grown into unusual environments
To further corroborate this conclusion,
we examined the branching pattern of
Purkinje axons in two different condi-
tions in which they developed in an un-
usual environment. We first investigated
the pattern of axon growth of Purkinje
cells dissociated at E17 and maintained in
culture for several weeks. The analysis was
restricted to isolated Purkinje cells at the
periphery of the culture dish with no or
minimal contact with other cells. At 5 d in
vitro (Fig. 5A–C), Purkinje cells displayed
thick neurites that ended with prominent
growth cones, sometimes breaking in two
or three branches to form the terminal ar-
bor. Most interestingly, however, many of
such axons displayed large lamellipodia-
like swellings, situated well behind the
leading growth cone. Numerous thin
filopodia (Fig. 5A,B) and a number of
longer and thicker processes ending with
small growth cones (Fig. 5C) radiated
from such enlargements. At 17–20 d in
vitro (Fig. 5D–F), Purkinje axons dis-
played well developed terminal arbors,
made of several long processes, originat-
ing from the bifurcation of the stem neu-
rite. Lamellipodia-like swellings were no
more visible along the axon, and in many
cases (34 of 109 Purkinje cells), there were
no ramifications along the neuritic seg-
ment proximal to the terminal arbor (Fig.
5F). Nevertheless, the majority of Pur-
kinje axons did show some clear-cut col-
lateral branches, identified by a number of
distinctive features: (1) they were thinner
than the parent neurite; (2) they spread at
right angles from the axon shaft; and (3)
they terminated in poorly extended termi-
nal networks (Fig. 5D,E).

The origin of collateral branches was
always within the first 150 �m from the
cell body (Fig. 4F). The mean distance,
61.5 � 12.7 �m (mean � SD, 75 axons),
was remarkably similar to that observed at
P8 in vivo. Thus, Purkinje cells grown in vitro, with minimal
contact with other cerebellar cells, develop a typical pattern of
axon growth, similar to that seen in vivo, with a stem neurite
bearing a large terminal field and a few collateral branches, issued
along a well defined axon segment.

To further elucidate whether this peculiar axon phenotype can
be expressed in other unusual environments, we examined the
neurites of Purkinje cells taken from E12 embryonic mouse cer-
ebella and heterotopically transplanted to E16 rat embryos in
utero (Carletti et al., 2002). In this condition, we analyzed Pur-
kinje cells ectopically located in several extracerebellar regions,

whose axons could be followed for at least 200 �m through a
single 100-�m-thick vibratome section. Although 70% of the
sampled Purkinje cells did not bear any ramification along the
examined axon segment, in several instances we did observe typ-
ical recurrent collateral branches with morphological features
similar to those observed in the cerebellum in vivo (Fig. 5G–I).
Most of these branches also originated a few hundred microme-
ters from the soma, but in some cases they were more distant, up
to 500 �m (Fig. 4G). Nevertheless, all the examined axons bore
only one or two (occasionally three) collateral branches with typ-
ical morphological features (Fig. 5G–I). Altogether, these obser-

Figure 4. Morphometric evaluation of the position of Purkinje axon collateral branching points. In all graphs, the sampled
Purkinje axons are represented individually along the y-axis; for each axon, the measured length and the position of branching
points are represented along a line parallel to the x-axis. Collateral branches are numbered according to their origin along the
neurite and represented by different solid markers (bottom right graph), the first branch being the nearest to the Purkinje cell
perikaryon. In A, B, the position of branching points is plotted versus the normalized thickness of the granular layer (GL; 0
corresponds to Purkinje cell layer, 100 to white matter) at P8 and P15, respectively. C–G, Position of branching points along axon
length: 0 on the x-axis corresponds to the origin of the neurite from the Purkinje cell (PC) body; open squares indicate the length of
the segment measured for each axon in the different conditions (see below). Individual axons are ordered along the y-axis
according to the length of this segment. In C–E, open squares indicate the length of the axon segment from the cell body to the
granular layer–white matter border; the other markers indicate the position of collateral branches along each axon. C, D, Position
of branching points at P8 and P15. E, Same analysis performed on a sample of P15 axons, which run through a granular layer �200
�m thick with a course longer than 200 �m. F, Position of branching points estimated for Purkinje cells grown 17–20 d in vitro
(DIV); open squares represent the distance from the cell body to the first bifurcation of the terminal arbor. G, Position of branching
points in Purkinje cells transplanted to extracerebellar CNS regions; open squares indicate the length of the axon that could be
followed through a single 100-�m-thick section.
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vations indicate that the Purkinje axons develop according to a
stereotyped pattern that is substantially maintained in a foreign
environment.

Myelin formation in the cerebellar cortex and its relationship
with the development of Purkinje cell collateral branches
To elucidate the role played by myelin-associated factors in the
maturation of Purkinje cell intracortical plexus, we first exam-
ined the relationship between outgrowing collateral branches
and oligodendrocytes during postnatal cerebellar development.
In line with previous reports (Reynolds and Wilkins, 1988; Kapf-
hammer and Schwab, 1994a), myelin formation, as visualized by
anti-MBP staining, started at the end of the first postnatal week
(P6) from the central white matter and progressed toward the
periphery during the following days (Fig. 6A–D). Between P6 and
P10, MBP-stained profiles gradually advanced along the axial

white matter of cortical lobules (Fig.
6A,B). Labeled processes first appeared in
the granular layer at P10-P12 (Fig. 6C),
and myelination in this layer was almost
complete by P15 (Fig. 6D), although the
density of labeled profiles increased fur-
ther during the following days (data not
shown). Purkinje axons are thus myelin-
ated in a retrograde manner starting at
�P6 from the corticofugal branch in the
white matter, whereas the intracortical neu-
ritic segments are covered by myelin sheaths
after P10.

To investigate the interactions be-
tween Purkinje axons and oligodendro-
cytes during postnatal development, we
performed additional double labeling for
calbindin and the glial precursor marker
NG2 (Dawson et al., 2000) or the myelin-
associated neurite growth inhibitor
Nogo-A (Chen et al., 2000). As previously
reported (Levine et al., 1993), high num-
bers of NG2-positive cells, characterized
by several branched processes, were al-
ready present in the granular layer during
the first postnatal week. In many in-
stances, such processes were in close rela-
tionship with Purkinje axons or outgrow-
ing collateral branches (Fig. 6E,F),
suggesting that Purkinje neurites interact
with presumptive immature oligodendro-
cytes during the phase of collateral branch
sprouting and growth.

During the first postnatal week,
Nogo-A antibodies did not stain oligo-
dendrocytic processes, whereas Purkinje
cell bodies and dendrites, but not axons,
displayed clear labeling that gradually
faded out during the following days (Fig.
6G,H). Faint Nogo-A labeling in the cen-
tral white matter was first detected at P8
(Fig. 6H), but clearly stained oligoden-
drocyte cell bodies or processes became
evident at P10 (Fig. 6 I) (Huber et al.,
2002). Thereafter, Nogo-A-positive cells
and processes radiated into the granular
layer twining around Purkinje axons (Fig.

6 J). By P15, intensely labeled oligodendrocytes with several pro-
cesses apposed to Purkinje neurites appeared throughout the
granular layer (Fig. 6K,L). Thus, myelination of intracortical
Purkinje axons and, most notably, expression of Nogo-A occur
after P10, at the time when the bulk of neuritic pruning takes
place.

Disruption of myelin formation interferes with the structural
remodeling of Purkinje axon collateral branches
To assess whether myelination contributes to the structural re-
modeling of Purkinje cell intracortical plexus, we examined the
morphology of recurrent collateral branches in experimental
conditions in which normal myelin development was prevented.
In a first series of experiments, we killed oligodendrocyte precur-
sors by systemic administration of the antimitotic agent 5�-
azacytidine between P6 and P15 (Savio and Schwab, 1989). Be-

Figure 5. Axon branching pattern of Purkinje cells grown in vitro ( A–F) or transplanted to extracerebellar CNS regions (G–I).
A–C, Three Purkinje cells after 5 d in vitro; large arrows point to the lamellipodia-like swellings located along the axons, behind the
leading growth cones (small arrows). Thin filopodia (A, B, arrowheads) or longer processes (C, arrowheads) sprout from such
swellings. D–F, Purkinje cells after 20 d in vitro; arrowheads indicate terminal arbors, whereas arrows in D, E point to collateral
branches. Note that the Purkinje cell in F has no collateral ramifications. G–I, Transplanted Purkinje cells grown in extracerebellar
CNS regions (G, diencephalon; H, mesencephalon; I cerebral cortex); arrowheads point to collateral ramifications. All panels are
confocal stacks of calbindin-immunofluorescent ( A–F) or EGFP-expressing (G–I) Purkinje cells. Scale bars: A–C, 20 �m; H, 30 �m;
D–G, I, 50 �m.
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cause granule cell development could also
be affected by this treatment, we injected
5�-azacytidine subcutaneously for a re-
stricted period (see Materials and Meth-
ods) to interfere with myelin formation
without disrupting the global maturation
of the cerebellar cortex. Indeed, our
treated cerebella did not show the typical
alterations associated with granule cell
loss, such as hyperfoliation, disorganiza-
tion of the Purkinje cell monolayer, or ab-
normal Purkinje cell dendrites (Sotelo,
1990; Ji and Hawkes, 1996; Altman and
Bayer, 1997). Because of this mild treat-
ment, however, myelin formation was
only delayed, particularly at the apical re-
gions of cortical lobules, where oligoden-
drocytic maturation occurs later (e.g., Fig.
6A–D). At P15, basal regions displayed a
pattern of myelination similar to that seen
in intact animals, and Purkinje axon col-
laterals were already confined to the upper
granular layer (Fig. 7A). In contrast, in the
apical regions, MBP- or Nogo-A-positive
profiles were sparse, and numerous
calbindin-immunolabeled neurites cov-
ered the deep granular layer, with a clear
reciprocal distribution between oligoden-
droglial profiles and axonal processes
(Fig. 7B). Quantitative analysis of Pur-
kinje axon changes was performed by
comparing a number of morphometric
parameters measured in the basal and api-
cal regions of vermal lobules V–VII from
P15 5�-azacytidine-treated rats (n � 5)
and age-matched animals that received
vehicle injections (n � 5). As shown in
Figure 8A, no significant differences were
observed in the basal lobule portions of
treated and control animals, whereas in
the apical regions there was a clear in-
crease in the number of axonal profiles
(Student’s t test, p � 0.016), total length
( p � 0.001), and density ( p � 0.001).
Thus, in those cortical regions where my-
elin formation was effectively disrupted,
the maturation of Purkinje intracortical
plexus was strongly altered, and numerous processes remained in
the deep granular layer.

To further elucidate the role of myelin-associated molecules
in the developmental plasticity of Purkinje axons, we injected
anti-Nogo-A antibodies or mouse anti-human IgGs as a control
in the cerebellar parenchyma of P10 rats. At P15, oligodendroglial
cell bodies and processes, which were already numerous in the
granular layer of intact or control antibody-treated animals, were
sparse in the cortical lobules neighboring anti-Nogo-A injection
sites (Fig. 7C–E). The latter lobules were characterized by numer-
ous calbindin-immunolabeled profiles distributed over the
whole granular layer (Fig. 7C,D), including those regions where
some oligodendrocytes were present (Fig. 7E). Quantitative anal-
ysis showed a significant increase of all morphometric parame-
ters in cortical folia surrounding anti-Nogo-A injection sites
compared with similar regions from cerebella treated with con-

trol antibodies (Fig. 8B; number of axonal profiles, Student’s t
test, p � 0.001; total length, p � 0.007; density, p � 0.008). In
contrast, no differences were found when regions distant from
the injection sites were compared (Fig. 8B).

The reduced amount of oligodendrocytes in the granular layer
of anti-Nogo-A-treated cerebella could suggest that the effect on
Purkinje axons was attributable to glial cell loss rather than neu-
tralization of Nogo-A. However, both in P15 animals and in three
additional animals killed at P12, we found no evidence for myelin
degeneration or axonal damage, except for a restricted region in
the immediate vicinity of the cannula track. Furthermore, the
fraction of myelinated Purkinje axons in the axial white matter of
the lobules surrounding the injection site was equivalent in anti-
Nogo-A-treated rats (90.5 � 2.4%, mean � SD; n � 5), in those
injected with control antibody (90.8 � 2.3%; n � 4), and in
age-matched unmanipulated rats (90.1 � 2.2%; n � 4). Alto-

Figure 6. Postnatal development of cerebellar myelin. A–D, Survey images double labeled for calbindin (CaBP, green) and MBP
(red) showing the development of Purkinje axon myelination, which progresses in a retrograde manner from the axial white
matter to the granular layer. E, F, Confocal images showing the interaction between calbindin-immunostained Purkinje axons
(green) and presumptive oligodendrocyte precursors labeled by anti-NG2 antibodies (red). G–L, Confocal images taken from
cerebellar sections double-labeled for calbindin (green) and Nogo-A (red). Note the progressively fading somatodendritic staining
of Purkinje cells at P6 (G) and P8 ( H ). Faint Nogo-A labeling in the white matter is first detected at P8 ( H ), but clear-cut
Nogo-A-positive oligodendrocytes (I, arrowheads) appear at P10. From P12 onward ( J–L), strongly stained oligodendrocytes are
present in the granular layer, with long processes (arrowheads) twining around Purkinje axons. Postnatal ages are indicated on the
micrographs. Scale bars: E, F, K, L, 10 �m; I, J, 20 �m; D, H, 50 �m; A–C, G, 100 �m.
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gether, these observations indicate that application of Nogo-A
antibodies induced, in addition to Nogo-A neutralization, a delay
in myelin maturation rather than oligodendrocyte death.

Finally, to ask whether the modifications of the Purkinje axon
pattern induced by anti-Nogo-A antibodies were reversible, we
examined another set of animals that received antibody injec-
tions at P10 and were killed at P23. In these rats, terminal
branches of Purkinje axons were confined to the upper portion of
the granular layer, whereas the corticofugal neurites coursing
through the granular layer were covered by MBP-stained oligo-
dendroglial processes (Fig. 7F). In addition, anti-Nogo-A label-
ing displayed strongly stained oligodendrocyte cell bodies and
processes twining around Purkinje neurites (Fig. 7G,H). Quan-
titative evaluation showed no significant differences with control
animals for all the morphometric parameters (Fig. 8C). Thus, the
effects induced by a single application of anti-Nogo-A antibody

made at P10 are transient, and the normal
distribution pattern of myelin and Pur-
kinje intracortical plexus is achieved
within 2 weeks after injection.

Discussion
To investigate the mechanisms that regu-
late the shaping of specific neuritic pat-
terns in the CNS, we examined the devel-
opment of Purkinje intracortical plexus.
Our results show that (1) collateral
branches sprout from Purkinje axons
during the first postnatal week and
achieve their mature distribution after
growth and pruning processes occurring
during the following week; (2) the same
basic ramification pattern is established
by Purkinje cells grown in situ or in a for-
eign environment, suggesting that Pur-
kinje axon growth is, at least in part, reg-
ulated by intrinsic mechanisms; and (3)
the remodeling of Purkinje axons is con-
comitant with myelination, and experi-
mental manipulations that prevent nor-
mal myelinogenesis produce an altered
distribution of Purkinje axon collaterals.
Thus, the mature pattern of Purkinje in-
tracortical plexus results from complex
interactions between cell-autonomous
mechanisms and extrinsic cues, among
which are oligodendrocyte molecules.

Development of Purkinje collateral
branches: intrinsic mechanisms and
extrinsic cues
After the description by Ramón y Cajal
(1911), who first observed the transient
redundancy of collateral branches, the
development of Purkinje intracortical
plexus has never been thoroughly charac-
terized. Here we show that collateral
branches originate as interstitial ramifica-
tions during early postnatal life. We were
not able to examine individual Purkinje
axons earlier than P5, and it is likely that
some processes sprout at younger ages.
Nevertheless, the numerous outgrowing
profiles observed between P5 and P8, to-

gether with the absence of terminal branches in the upper gran-
ular layer before P10, indicate that the bulk of collateral ramifi-
cations are born during the second half of the first postnatal week.

Several reports indicate that branch sprouting is elicited by
diffusible chemotropic signals, which also direct the navigation of
newly formed processes (O’Leary et al., 1990; Acebes and Ferrus,
2000; Kalil et al., 2000; Özdinler and Erzurumlu, 2002; Soussi-
Yanicostas et al., 2002). Nevertheless, certain neurons maintain
typical neuritic patterns even in foreign territories (Acklin and
Nicholls, 1990; Canal et al., 1998; Bhide and Frost, 1999), sug-
gesting that the axon phenotype can be also regulated by cell-
autonomous mechanisms. The origin of Purkinje collateral
branches in vivo is related to the distance from the cell body but
not to the position in the granular layer. In addition, collateral
branches with typical morphological features are developed both

Figure 7. Morphology of Purkinje axon intracortical plexus after administration of 5�-azacytidine (A, B) or application of
anti-Nogo-A antibodies ( C–H). In the basal regions of cerebellar lobules from animals treated with 5�-azacytidine ( A), myelino-
genesis (as shown by MBP staining, red) is almost normal, and Purkinje axons (green) show the mature distribution pattern. In
contrast, in apical regions of the same lobules ( B), few MBP-positive processes are present in the granular layer, which is covered
by numerous Purkinje axon profiles. C–E, Cerebellar regions close to the anti-Nogo-A injection site in animals killed 5 d after
antibody injection (P15). Immunolabeling for MBP (C, red), Nogo-A (D, red; note the moderately stained Purkinje cell bodies), or
CNP (E, red) shows sparse oligodendroglial profiles in the granular layer, where numerous Purkinje axon branches (green) remain
(arrowheads in D point to collateral ramifications budding from a corticofugal axon). Numerous neuritic processes are also present
in the vicinity of a CNP-positive oligodendrocyte in E. In rats killed 13 d after anti-Nogo-A injection (P23; F–H ), Purkinje neurites are
covered by MBP-stained oligodendroglial processes (F), whereas unmyelinated terminal branches (arrowheads) are confined
within the upper granular layer. Anti-Nogo-A labeling of these cerebella (G, H ) shows strongly stained oligodendrocytes, whose
processes (arrowheads) twine around Purkinje neurites. Confocal images are from double-labeled sections for calbindin (green)
and MBP (A–C, F, red), Nogo-A (D, G, H, red), and CNP (E, red). Scale bars: F–H, 20 �m; C–E, 25 �m; A, B, 40 �m.
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in dissociated cultures and after trans-
plantation to extracerebellar CNS regions.
The position of branching points is re-
markably similar at P8 in vivo and in Pur-
kinje cells grown in vitro, suggesting that
this distance is encoded by an intrinsic
growth program. On the other hand, the
longer distances observed at P15 in vivo or
after transplantation may be attributed to
ensuing interstitial elongation of the Pur-
kinje stem neurite, needed to compensate
for the growth of the surrounding tissue.

Analysis of sensorimotor cortical neu-
rons in vitro shows that advancing growth
cones demarcate specific sites along the
axon, characterized by lamellipodia-like
swellings, from which delayed interstitial
branching occurs (Szebenyi et al., 1998).
Similar phenomena may also happen in
Purkinje cells: both in vivo and in vitro,
new processes sprout from focal swellings
located along the corticofugal axon, indi-
cating that collateral branches originate
from precise neuritic segments specifi-
cally primed for this task. Interestingly,
sprouting phenomena along the same
neuritic region occur when anti-Nogo-A
antibodies are applied to the adult cere-
bellum (Buffo et al., 2000), after axotomy
in growth-associated protein-43-over-
expressing mice (Buffo et al., 1997), and
after inhibition of PKC in organotypic
cultures (Ghoumari et al., 2002).

Although the typical Purkinje axon
branching pattern can be established by
Purkinje cells grown in vitro, it is un-
likely that the development of Purkinje
axons is exclusively determined by cell-
autonomous mechanisms. Many out-
growing processes in the granular layer
in vivo are oriented toward the Purkinje
cell layer, suggesting that they are sub-
jected to attractive influences. Further-
more, the progressive withdrawal of col-
lateral branches that occurs between P6
and P15 and the fact that many Purkinje axons lack such
branches indicate that the formation and maintenance of re-
current ramifications require extrinsic support. Thus, our ob-
servations suggest that environmental cues elicit and sustain
the growth of collateral ramifications, which sprout from in-
trinsically primed axon segments.

Role of myelin in the structural remodeling of Purkinje
intracortical plexus
Structural remodeling of developing terminal arbors is generally
related to the refinement of connectivity driven by patterned
positional cues or activity- and experience-dependent mecha-
nisms (Goodman and Shatz, 1993). Concerning Purkinje axon
collaterals, the abnormally extended arborizations observed in
the cerebellum of x-irradiated rats have been attributed to the loss
of granule cells, which are required for the plasticity of climbing
fibers during the same developmental period (Crepel et al., 1980).
Nevertheless, x-irradiation during postnatal development affects

different cell types, including oligodendrocytes (Kapfhammer
and Schwab, 1994b). We show here that after 5�-azacytidine
treatment, which should touch proliferating cells similarly to
x-rays, altered intracortical arbors are confined within myelin-
devoid regions. In addition, similar neuritic changes are induced
by anti-Nogo-A antibodies. Hence, although functional interac-
tions with neighboring neurons or topographic cues (Hawkes
and Leclerc, 1989) are likely important during Purkinje axon
remodeling, our experiments indicate that oligodendrocyte-
derived factors also contribute to shaping of intracortical arbors.

A direct action of anti-Nogo-A antibodies on Purkinje cells is
possible but unlikely because of the very low level of protein
expression in Purkinje axons and the strict similarity with 5�-
azacytidine-induced changes. On the other hand, the reduced
amount of oligodendrocytes in the granular layer of anti-Nogo-
A-treated cerebella could suggest that these cells were killed by
the antibody. Although this cannot be completely excluded, the
lack of morphological evidence for myelin degeneration, together

Figure 8. Morphometric evaluation of Purkinje axon intracortical plexus in 5�-azacytidine- and anti-Nogo-A-treated animals.
A, Different morphometric parameters evaluated in selected areas from basal and apical regions of cerebellar lobules from 5�-
azacytidine-treated animals (solid bars, mean � SD; n � 5) and vehicle-injected control animals (hatched bars, mean � SD; n �
5; the diagram shows the approximate position of the examined areas). All parameters are significantly increased in the apical
regions, whereas no differences occur when basal regions are compared. B, Similar analysis performed on anti-Nogo-A-treated rats
(solid bars, mean � SD; n � 5) or control antibody-treated rats (hatched bars, mean � SD; n � 4) killed at P15 (5 d after antibody
injection). In this case, comparisons were made between areas from lobules near the injection site (inj) and areas from distant
lobules (dis) in the ventral cerebellum. The diagram shows the approximate position of the examined areas and of the injection site,
indicated by the star. A significant increase of all morphometric parameters occurs in the vicinity of anti-Nogo-A application site,
whereas no differences occur in the distant regions. C, Results of the same analysis performed on animals killed at P23 (13 d after
antibody injections). There are no significant differences between anti-Nogo-A (solid bars, mean � SD; n � 4) and control
antibody treated animals (hatched bars, mean � SD; n � 4), indicating that the effect of anti-Nogo-A antibodies are transitory.
Asterisks indicate values that are significantly different from the relevant control (see Results).
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with the normal amount of myelinated axons in the white matter
of the lobules surrounding the injection site, argue against this
possibility. Rather, our results indicate that anti-Nogo-A anti-
bodies induced a delay of oligodendroglial maturation, suggest-
ing that Nogo-A-mediated mechanisms may be also important
for myelin development. In addition, the observation of exuber-
ant Purkinje axon profiles in the granular layer in the vicinity of
oligodendrocytes supports the view that the neuritic alterations
are, at least in part, directly related to functional neutralization of
Nogo-A.

It is uncertain whether myelin-derived factors or other oligo-
dendrocyte molecules, actively induce the pruning of Purkinje
axon branches or whether they just stabilize mature neurites,
preventing further growth. Similarly, it is difficult to establish
whether the numerous axon profiles present in the myelin-
deprived granular layer are preexisting processes that failed to
withdraw or newly formed sprouts issued after the neutralization
of oligodendrocyte-derived inhibition. Adult Purkinje cells show
a strong inclination to sprouting that can be revealed by applica-
tion of different antibodies directed against inhibitory molecules
(Buffo et al., 2000) or after the appearance of growth-promoting
cues (Dusart and Sotelo, 1994; Dusart et al., 1999; Gianola and
Rossi, 2002). Consequently, the interaction between intrinsic
properties of Purkinje cells and growth-stimulating environmen-
tal signals may trigger the sprouting of new processes. In this
context, oligodendrocyte molecules may be important to confine
neuritic plasticity within well defined cortical domains. Nogo-A,
whose receptor is expressed by adult Purkinje cells (Fournier et
al., 2001), is localized in the innermost and outermost myelin
membranes (Huber et al., 2002; Wang et al., 2002) so that it can
exert both a tonic stabilizing function on the axon shaft and
growth-arresting activity on other incoming processes (Bandtlow
et al., 1990, 1993).

Main targets for Purkinje axon collaterals are Purkinje cells
and different types of neurons in the upper granular and lower
molecular layers (Palay and Chan-Palay, 1974; King and Bishop,
1982). After injury, however, Purkinje axons form heterotypic
contacts with granule cells (Dusart et al., 1999), suggesting that
they may compete with mossy fibers for postsynaptic space.
Hence, during development, the centrifugally directed matura-
tion of myelin would progressively restrain intracortical plexus
toward the superficial portion of the granular layer. In the adult,
the dense network of oligodendroglial processes may function as
a barrier to prevent Purkinje axon branches from entering for-
bidden cortical domains. Interestingly, in lobules IX and X,
where Purkinje axon plexus spans the entire granular layer, the
density of MBP-labeled oligodendroglial processes is lower than
in other cortical regions (Rossi et al., 2001).

Consistent with previous observations relating myelin depo-
sition in the mammalian CNS to the end of critical periods for
developmental plasticity (Müller et al., 1994), here we provide
evidence that correct myelination is a necessary prerequisite for
the proper accomplishment of physiological remodeling of de-
veloping CNS axons. Although it is likely that myelination is not
the only factor responsible for restricting the neuritic growth
potential of maturing central neurons (Fawcett, 2001; Karimi-
Abdolrezaee and Schreyer, 2002), it is clear that it exerts a funda-
mental role in confining plastic phenomena within defined CNS
domains to prevent unwanted growth and to maintain synaptic
specificity. Neutralization of this inhibition to promote regener-
ation might thus lead to the formation of abnormal connections
with possible detrimental effects on functional recovery. Never-
theless, the growth-promoting effect of anti-Nogo-A antibodies

on intact neurons is primarily transitory and reversible (Buffo et
al., 2000; Bareyre et al., 2002; this study), and properly patterned
projections can be established by compensatory sprouting
(Thallmair et al., 1998; Z’Graggen et al., 1998). This suggests that
temporary suppression of this inhibition may be compatible with
full anatomical repair and functional recovery.
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