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The Developmental Loss of the Ability of Purkinje Cells to
Regenerate Their Axons Occurs in the Absence of Myelin: An
In Vitro Model to Prevent Myelination
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Axonal regeneration in the mammalian CNS is a property of immature neurons that is lost during development. Using organotypic
culture of cerebellum, we have shown that in vitro Purkinje cells lose their regenerative capacity in parallel with the process of myelina-
tion. We have investigated whether myelination is involved in the age-dependent loss of regeneration of these neurons. By applying a high
dose of bromodeoxyuridine in the culture medium of newborn cerebellar slices during the first 3 d in vitro, we have succeeded in
obtaining cultures with oligodendrocyte depletion, together with a lack of ameboid microglia and enhancement of Purkinje cell survival.
These cultures, after 14 d in vitro, are completely devoid of myelin. We have compared the ability of Purkinje cells to regenerate their
axons in the presence or absence of myelin. Purkinje cells in cerebellar explants taken at birth, treated with bromodeoxyuridine and
axotomized after 7 d in vitro, survive better than similar neurons in untreated cultures. However, despite the lack of myelin and the
enhanced survival, Purkinje cells do not regenerate, whereas they do regenerate when the axotomy is done at postnatal day 0. Thus, the
Purkinje cell developmental switch from axonal regeneration to lack of regeneration does not appear to be regulated by myelin.
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Introduction
In the immature CNS, neurons can regenerate their axons after
axotomy, an ability that is lost with maturation (Hasan et al.,
1993; Chen et al., 1995; Li et al., 1995; Dusart et al., 1997; Hafidi et
al., 1999; Prang et al., 2001). Molecular changes intrinsic to the
neurons or to their axonal microenvironment are considered to
be the main causes for the abortive regeneration of mature central
neurons in mammals. Environmental inhibitory molecules, such
as chondroitin sulfate proteoglycans and tenascin-C, neurite out-
growth inhibitors, are both expressed by adult reactive astrocytes
but not by neonatal ones (McKeon et al., 1991). Myelin is also a
good candidate because it appears late during development
(Reynolds and Wilkin, 1988; Foran and Peterson, 1992), and
myelin molecules are negative regulators of regeneration
(Schwab and Bartholdi, 1996). Four neurite outgrowth inhibitor
molecules (Nogo-A, Tenascin-R, MAG, and oligodendrocyte
myelin glycoprotein) have been identified as responsible for the
inhibitory role of oligodendrocytes and myelin in axonal regen-
eration of mature neurons (McKerracher et al., 1994; Mukho-
padhyay et al., 1994; Chen et al., 2000; GrandPre et al., 2000;
Pesheva and Probstmeier, 2000; Prinjha et al., 2000; Wang et al.,

2002). Finally, there are strong assumptions that myelin is in-
volved in the developmental switch that marks the end of the
period during which immature neurons can regenerate their ax-
ons. For instance, the end of the permissive period for axon re-
generation in the spinal cord is coincident with the onset of my-
elination. Delaying spinal cord myelination delays the end of the
permissive period in chick embryos (Keirstead et al., 1992) and in
neonatal rats (Savio and Schwab, 1990). More recently, Cai et al.
(2001, 2002) have shown that changes in endogenous levels of
cAMP are responsible for the switch of the action of myelin-
derived molecules on axonal regeneration. A developmental de-
crease of cAMP levels turns the growth-promoting effect of MAG
into inhibition, marking the end of the transient developmental
period with neuronal ability for axon regeneration (Cai et al.,
2001, 2002).

Both in vivo (Gianola and Rossi, 2001) and in vitro studies
(Dusart et al., 1997; Ghoumari et al., 2002) of cerebellar Purkinje
cells have shown that their regenerative period stops by the end of
the first postnatal week. Thus, as is the case in the spinal cord, the
developmental switch from a regenerative to a lack of regenera-
tion period seems to be coincident also with the onset of myeli-
nation, which in the mouse cerebellum starts at approximately
postnatal day (P) 6 (Foran and Peterson, 1992). The question
raised by these studies is whether myelin-related molecules are
involved in the developmental switch affecting the response to
axotomy of maturing Purkinje cells. With this in mind, we de-
signed a simple in vitro model of oligodendrocyte depletion in
organotypic slice culture of neonatal mouse cerebellum based on
the use of the antimitotic effect of bromodeoxyuridine (BrdU).
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A comparative study between control and treated cultures
showed that the antimitotic drug selectively prevents the devel-
opment of phagocytes and oligodendrocytes and promotes the
survival of Purkinje cells. Using these unmyelinated cultures, our
axotomy experiments showed that myelin is not the key factor in
the regulation of the developmental switch from axonal regener-
ation to lack of regeneration.

Materials and Methods
Animals. Unless otherwise specified, newborn Swiss mice (Janvier, Le
Genset St. Isle, France) were used in this study. P0 was the day of birth.
Calbindin knock-out (CaBP�/�) mice (a kind gift from Dr. Michael
Meyer, Martinsreid, Germany) (Airaksinen et al., 1997) were used in
most of the coculture experiments to determine more precisely the fate of
the regenerating axons of Swiss Purkinje cells immunostained with CaBP
on CaBP�/� slices (Dusart et al., 1997). Homozygous ��6lacZ mice
(strain C57BL/6x129S/v; a kind gift from Dr. William Wisden, Cam-
bridge, UK) (Mellor et al., 1998) were used in this study to label granule
cells. In these mice, exon 8 of the �6 GABAA receptor subunit gene was
disrupted by homologous recombination, and an internal ribosomal en-
try site-sLacZ cassette was inserted. Because the �6 subunit is expressed
specifically in the granule cells in the cerebellum, immunostaining with
the �-galactosidase (�gal) antibody labels the granule cells in the
��6lacZ mice (Jones et al., 1997). For each result, at least three animals
and 15 slices were used in three independent experiments. The experi-
mental plan was designed in agreement with European Union guidelines
for care and use of experimental animals.

In vivo immunohistochemistry of MBP. P0 and P3 mice were anesthe-
tized with ice, and P7, P10, and P21 mice with sodium pentobarbital (200
mg/kg, i.p.). All animals were perfused through the ascending aorta with
4% paraformaldehyde in 0.12 M phosphate buffer (PB), pH 7.4. Brains
were removed, postfixed 4 hr, and cryoprotected in 30% sucrose for 2 d.
The cerebella were cut in the sagittal plane (24-�m-thick free-floating
sections) on a freezing microtome. The sections were then treated as
described below for the slice culture.

Slice culture. Cerebellum organotypic cultures of newborn mice (P0)
were prepared as described previously (Ghoumari et al., 2002). Briefly,
after decapitation, brains were dissected out into cold Gey’s balanced salt
solution (Invitrogen, Cergy Pontoise, France) containing 5 mg/ml glu-
cose. Cerebellar parasagittal slices (350 �m thick) were cut on a McIlwain
tissue chopper and transferred onto membranes of 30 mm Millipore
culture inserts with 0.4 �m pore size (Millicell; Millipore, Bedford, MA).
Slices were maintained in culture in 6-well plates containing 1 ml of
medium at 35°C in an atmosphere of humidified 5% CO2. The nutrient
medium was composed of 50% basal medium with Earle’s salts (Invitro-
gen), 25% HBSS (Invitrogen), 25% horse serum (Invitrogen),
L-glutamine (1 mM), and 5 mg/ml glucose (Stoppini et al., 1991).

Some cultures were transected with two needles under a dissecting
microscope. The two parts were gently separated to ensure a complete
axotomy before being reapposed. In some experiments, the dorsal parts
were apposed to ventral halves of P0 calbindin knock-out (CaBP�/�)
cerebellar slices (Dusart et al., 1997; Ghoumari et al., 2002).

Oligodendrocyte depletion: exposure of cerebellar slices to BrdU. BrdU
(1.5 � 10 �4

M; Sigma, St. Louis, MO) dissolved in NaCl (9 gm/l) was
incorporated into the nutrient medium from the time of culture until the
third day in vitro. The BrdU concentration used to prevent myelin for-
mation in cerebellar slices has been defined previously (Younkin and
Silberberg, 1973). We tested different times of exposition to BrdU and
found that the treatment during the first 3 d of culture is the shortest time
of exposition to BrdU, leading to oligodendrocyte depletion. We did not
obtain the same time window of treatment as in the study of Younkin and
Silberberg (1973), probably because they used rats instead of mice.

Antibodies and lectin. Rabbit polyclonal antibodies against CaBP (di-
luted 1:5,000; Swant, Bellinzona, Switzerland) and rabbit polyclonal an-
tibodies L7 (diluted 1:5,000; a kind gift from Dr. John Oberdick, Colum-
bus, OH) (Oberdick et al., 1988) were used to visualize Purkinje cells
(Dusart et al., 1997). Mouse monoclonal antibodies against parvalbumin
(diluted 1:10,000; Sigma) were used to visualize Purkinje, basket, and

stellate cells (Celio, 1990). Mouse monoclonal antibodies against NeuN
(diluted 1:500; Chemicon, Hampshire, UK) stain all neurons in the cer-
ebellum, except Purkinje cells (Mullen et al., 1992). Rabbit polyclonal
antibodies against �gal (diluted 1:1,000, Cappel Cooper Biomedical,
Malvern, PA) were used to stain granule cells in the ��6lacZ mice.

Mouse monoclonal antibodies against MBP (diluted 1:2,000; Boehr-
inger Mannheim, Indianapolis, IN) were used to visualize myelin and
mature oligodendrocytes (Dusart et al., 1997). Rabbit polyclonal anti-
bodies against GFAP (diluted 1:10,000; Dako, Glostrup, Denmark) were
used to label astrocytes (Dusart et al., 1997). Isolectin B4 from Griffonia
simplicifolia coupled with FITC (diluted 0.02 mg/ml; Sigma) was applied
to visualize microglial cells, macrophages, and endothelial cells (Streit
and Kreutzberg, 1987).

Staining procedures. The cultures and cocultures were fixed in 4%
paraformaldehyde in PB (0.1 M; pH 7.4) for 1 hr at room temperature
(RT) at intervals ranging from 7 to 14 d in vitro (DIV). After washing in
PBS (Invitrogen), the slices were taken off Millicells. When antibodies
against MBP were used, slices were first immersed in Clark’s solution
(95% ethanol–5% acetic acid) for 20 min at 4°C to extract some of the
lipids and, thus, make the MBP antigens accessible for the antibodies;
then, the slices were washed several times with PBS. In all cases, the slices
were incubated for 1 hr in PBS containing 0.2% gelatin, 0.1% sodium
azide (PBSGA), and lysine (0.1 M), before applying the primary antibod-
ies, diluted in PBSGA overnight. The primary antibodies were revealed
with the following secondary antibodies: goat anti-mouse CY3 (1:200
dilution; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA),
goat anti-rabbit CY3 (1:200 dilution; Jackson ImmunoResearch Labora-
tories, Inc.), or sheep anti-rabbit FITC (1:200 dilution; Silenus Labora-
tories, Hawthorne, Australia). After a 2 hr incubation in PBSGA contain-
ing the secondary antibodies, the slices were washed several times in PBS,
mounted in mowiol (Calbiochem, France Biochem, Meudon, France),
and analyzed using a Leica DMR microscope equipped with a coolscan
camera (Princeton Instruments, Evry, France). Images were captured on
a Dell computer using Metaview software (Universal Imaging Corpora-
tion, West Chester, PA). Finally, figure plates were prepared using Adobe
Photoshop version 6.0 software (Adobe System, Inc).

Electron microscopy. After 14 DIV, slices were fixed in culture medium
added with increasing doses of fixative containing 1% paraformaldehyde
and 1% glutaraldehyde in PB (0.4 M; pH 7.4) from one-fourth of the
volume to full fixative for 2 hr at RT. The slices were postfixed in a
solution containing 2% osmium tetroxide in PB for 2 hr at RT. After en
bloc staining with a solution containing 2% uranyl acetate in PB (0.2 M;
pH 4.6) for 45 min at 4°C, the slices were dehydrated in graded ethanols
and flat-embedded in Araldite. Three blocks of control and BrdU-treated
slices were sectioned with a Reichert-Jung ultramicrotome. The first
complete 0.5-�m-thick section was stained with 0.5% toluidine blue
(Merck, Darmstadt, Germany). The ultrathin sections were stained with
uranyl acetate and lead citrate and examined with a Philips CM100.

Myelin and oligodendrocyte quantification. Oligodendocytes send out
extensions of their cytoplasmic membrane, each of which forms a seg-
ment of sheathing around an axon, called the internode (see Fig. 2C);
internodes are separated by spaces where myelin is lacking, in the nodes
of Ranvier. Thus, on a section immunolabeled with an antibody raised
against MBP, two elements can be visualized, the oligodendrocytes (Fig.
2 A, B) and the internodes (Fig. 2C). Because each oligodendrocyte my-
elinates many axons, internodes are always seen in packs. A pack of
internodes is defined as a set of internodes that are close to each other
(Fig. 2C). To assess the state of myelination, internodes and mature
oligodendrocytes (those MBP positive) were quantified under a fluores-
cence microscope (Leica DMR). Three classes of slices were defined. The
first class (I) included the slices with a small number of oligodendrocytes
and of packs of internodes (�15 of each; Fig. 2G). The second class (II)
included slices containing �16 oligodendrocytes or 16 internode packs
but �20 packs of internodes (Fig. 2 A). The third class (III) included
slices containing �21 packs of internodes (Fig. 2 E). Thus, class III rep-
resents the slices with a maximum amount of myelination.

Quantification of Purkinje cell survival. To determine the Purkinje cell
survival in cultures, those neurons were immunostained with an anti-
body against CaBP and quantified under a fluorescence microscope
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(Leica DMR). Three groups of slices were de-
fined (Ghoumari et al., 2002). Briefly, the first
group (I) included the slices with few and dis-
persed Purkinje cells (i.e., those with no com-
pact group of �20 Purkinje cells). The second
group (II) included the slices containing one or
two compact groups of �20 Purkinje cells. The
third group (III), with maximum Purkinje cell
survival, included the slices containing more
than three compact groups of at least 20 Pur-
kinje cells or one compact group of �50 Pur-
kinje cells. For each case, the percentages of
slices included in groups I, II, and III were
calculated.

�6 Granule cell quantification. To determine
whether the BrdU treatment has a permanent
effect on the granule cell population, we have
used ��6lacZ mice. P0 –P14 DIV slices (con-
trol and treated) were immunostained with
�gal antibody that labels granule cells in those
mice. On each slice, the area with the highest
number of �gal immunoreactive cells was se-
lected, and one picture of this area was taken at
the 40� magnification (93,150 �m 2). �gal-
positive cells were counted in the picture, and
the cell density (number of �gal-positive cells
per 100,000 �m 2) was calculated for each slice.
Then, the means of cell densities and the SEM
were calculated for control and treated slices.
Data were statistically analyzed using the Stu-
dent’s t test.

Quantification of molecular layer interneu-
rons. Because there are no specific markers for stellate and basket cells, we
used anti-parvalbumin antibodies that label these interneurons and ma-
ture Purkinje cells. Using double labeling with antibodies against parval-
bumin (revealed in red) and against CaBP (revealed in green), we were
able to differentiate Purkinje cells (double labeled, yellow) from stellate
and basket cells (red). On each slice, the area with the highest number of
stellate cells and basket cells were selected, and two pictures were taken at
40� magnification (93,150 �m 2) with a Coolscan camera. In Adobe
Photoshop, the gray picture from the CaBP immunostaining was copied
into the green layer of a red, green, and blue image, and the parvalbumin
immunostaining picture was copied into the red layer. The red cells were
counted on each assembled image. The cell density (number of red cells
per 100,000 �m 2) was calculated for each slice. Then, the means of cell
densities and the SEM were calculated for control and treated slices. Data
were analyzed using the Student’s t test.

Quantification of the regeneration in presence or absence of BrdU. To
evaluate the regeneration of Purkinje cell axons in controls and BrdU-
treated cultures, we quantified the surfaces covered by the regenerative
axons and their lengths as described previously (Ghoumari et al., 2002).
However, we did not use parvalbumin staining to delineate the coculture
interfaces, because they were double labeled with MBP staining to check
for the presence or the absence of myelin. However, because in many
slices the fusion line between cocultures could be identified, we used this
criterion in our quantifications. This criterion can be applied not only to
cocultures but also to axotomized explants. We first eliminated all the
slices on which this interface could not be defined without ambiguity
[control axotomy (Ctrl-Axt) at 0 DIV, 36 slices; BrdU-Axt at 0 DIV, 17
slices; Ctrl-Axt at 7 DIV, 18 slices; BrdU-Axt at 7 DIV, 44 slices]. The
other slices, on which the needle cut was obvious (Ctrl-Axt at 0 DIV:
seven animals, 13 slices; BrdU-Axt at 0 DIV: six animals, 25 slices; Ctrl-
Axt at 7 DIV: seven animals, 24 slices; BrdU-Axt at 7 DIV: nine animals,
24 slices), were digitally scanned with a Coolscan camera, and the images
were analyzed using Metamorph software. The contour of the area cov-
ered by the regenerative axon processes was acquired by hand with
computer-aided filling, and the surface was calculated by Metamorph.
This measure takes into account both regenerative axon lengths and
numbers. In addition, the length of the longest axon per culture was

measured on the acquired pictures. The means and the SEM were cal-
culated. Data were analyzed using the Student’s t test.

Results
The aim of the present study was to determine whether myelina-
tion is involved in the regulation of the developmental switch that
converts the capacity of Purkinje cells to regenerate their axons
into a permanent failure. To this aim, we compared the timing of
this change in cultures with or without myelin. First, we had to
show that in cultures taken from P0 cerebellum and maintained
in vitro for 7 or 14 d (DIV), myelination and the developmental
switch on Purkinje cell regeneration occur. In parallel, we also
had to prove that the BrdU treatment for 3 consecutive days
ablates oligodendrocytes and prevents myelin formation. Finally,
we analyzed whether the BrdU treatment interferes with the other
cell populations of the cerebellar cortex.

Cerebellar myelination: onset in vivo and in vitro
We first determined the precise timing of the myelination in the
mouse cerebellum because little information was available previ-
ously. At P0, the cerebellum was totally devoid of MBP staining.
MBP-positive cells appeared in the central deep white matter of
the P3 vermis, in which small packs of myelinated segments were
distributed within and around the deep cerebellar nuclei (Fig.
1A). At this age, a few MBP-positive cells were also present in the
prospective white matter axes of the folia, including in the most
dorsal lobules (Fig. 1A, inset). By P7, the myelination had pro-
gressed, with the appearance of numerous packs of myelinated
segments in the central white matter axes of the lobules (Fig. 1B
and inset). By P10, myelinated segments started to appear in the
granule cell layer (Fig. 1C) and were present in high density both
in the white matter and in the granule cell layer at P21 (Fig. 1D).
These results clearly demonstrate that myelination in the cerebel-
lum starts from P3.

Figure 1. Mouse developmental myelination in vivo. Parasagittal slices of cerebella at P3 ( A), P7 ( B), P10 ( C), and P21 ( D)
immunostained with an antibody against MBP. A, At P3, numerous MBP-positive cells are present in the area of the deep nuclear
neurons and few in the white matter of the folia (see high magnification in the inset). B, At P7, myelinated segments can be
observed in the white matter of the folia (see high magnification in the inset). C, At P10, almost all the axes of the folia are
myelinated, and some myelin segments start to appear in the granule cell layer. D, At P21, the cerebellum is almost fully myelin-
ated. Note that MBP-positive segments are present at high density in the granular cell layer. The arrows in A and B indicate to the
areas presented at higher magnification in their respective insets. Scale bar: A–D, 220 �m; insets, 75 �m.
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In vitro, after 7 DIV, MBP-positive oligodendrocytes and in-
ternodes were observed (Fig. 2A). Oligodendrocytes were round
MBP-positive cells with few processes (Fig. 2B), and myelin in-
ternodes were thin elongated MBP-positive elements (Fig. 2C).
MBP-positive internodes usually appeared in packs (Fig. 2A,C)
that were also more numerous in the area of deep nuclear neu-
rons, in which Purkinje cell axons terminate (Fig. 2A,D). After 14
DIV, the number of MBP-positive cells and internodes increased,
and they are observed all over the slice (Fig. 2E).

To evaluate the stage of myelination in the cultures, three
classes of slices were defined, as described in Materials and Meth-
ods. Briefly, the first class (I) included the slices with fewer than
15 oligodendrocytes and fewer than 15 internode packs (Fig. 2G).

The second class (II) included the slices
containing �16 oligodendrocytes or 16
internode packs but �20 internode packs
(Fig. 2A). The third class (III), with a
maximum of myelination, included the
slices containing �21 internode packs
(Fig. 2E). This quantification reflects the
rate of myelination observed in slices. At 7
DIV, 53% of the slices already contained
MBP-positive elements: 47% were in class
II and 6% in class III (Fig. 2F). Myelina-
tion greatly increased during the second
week, and at 14 DIV, the majority of the
slices was in class III (80%; Fig. 2F). Thus,
myelination has begun at 7 DIV and is
greatly increased during the second week
of culture.

BrdU provoked depletion of
oligodendrocytes in vitro
To provoke oligodendrocyte cell death,
we applied BrdU during the first 3 d of
culture, during active oligodendrocyte di-
vision (see Materials and Methods). BrdU
at high concentrations leads to the death
of all dividing cells. Treated slices at 7 DIV
and 14 DIV were completely devoid of
MBP-positive elements, and only in some
P0 � 14 DIV slices were a few MBP-
positive elements observed (Fig. 2G). All
the BrdU-treated slices were in class I at 7
DIV and 14 DIV (Fig. 2F), whereas 80%
of the control slices at 14 DIV were in the
class III. To corroborate the immunohis-
tochemical results, we performed an ul-
trastructural study to provide further evi-
dence of the lack of myelin in the treated
slices. The electron microscopic study was
performed on P0 cerebellar slices, treated
or untreated, and maintained in vitro for
14 d.

In all control slices, we identified areas
composed mainly of longitudinally ori-
ented axonal profiles and glial cells (Fig.
3A). These areas corresponded to the cer-
ebellar white matter and contained the
Purkinje cell axons which, with the excep-
tion of some others emerging from a few
deep nuclear neurons, were the only my-
elinated axons in the cerebellar culture

(Dusart et al., 1997). The myelin sheaths around the Purkinje cell
axons were thinner than in the adult cerebellum, because less
than a dozen major dense lines formed the compact spiraled
sheet. However, the spacing of nodes of Ranvier along the axon
appeared normal, because the density of the nodes (Fig. 3A,D)
corresponded to that observed in mouse cerebellum. Thin myelin
sheaths were occasionally seen surrounding perikarya of cortical
interneurons, particularly granule cells (Fig. 3B), as known to
occur in the cerebellum (Cooper and Beal, 1977). In addition, we
also observed abundant thin myelinated fibers undergoing de-
generation in control cultures (Fig. 3A). In contrast to the control
cultures, the BrdU-treated cultures were completely devoid of
myelin sheaths around axons, interneuronal perikarya, or ne-

Figure 2. Myelination and inhibition of myelination in vitro. A–D, Photomicrographs of a P0 cerebellar slice maintained 7 DIV
and double labeled with antibodies against MBP ( A–C) and CaBP ( D). MBP-positive oligodendrocytes (arrowhead) and segments
(arrow) are present ( A). Note that the packs of MBP-positive segments are numerous in the area of deep nuclear neurons revealed
by the presence of numerous Purkinje cell axon terminals (A, D, arrows). B, Higher magnification of an area of A showing MBP-
positive oligodendrocytes. Arrowheads in A and B point to the same area. C, Higher magnification of the area indicated by the arrow
in A, showing MBP-positive segment packs. Arrows in A and C point to the same area. E, Photomicrograph of a P0 –14 DIV slice
immunostained with an antibody against MBP showing the high number of MBP-positive cells and segments in comparison with
the P0 –7 DIV slice ( A). F, Quantitative evaluation of myelination. The three classes of slices (I, II, and III) were defined according to
the number of MBP-positive cells and segments. Class I included the slices with a small number of oligodendrocytes and of packs
of internodes (�15 of each; G). Class II included slices containing �16 oligodendrocytes or 16 internode packs but �20 packs of
internodes ( A). Class III included slices containing �21 packs of internodes ( E). N, Number of animals; n, number of slices. G,
Photomicrograph of a P0 –14 DIV BrdU-treated slice immunostained with an antibody against MBP. Note that only a few oligo-
dendrocytes (arrow) can be observed. Scale bar: A, D, E, G, 270 �m; B, C, 30 �m.
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crotic debris. Nevertheless, areas contain-
ing almost exclusively longitudinally ori-
ented axons and glial cells, corresponding
to pseudo-white matter, were constantly
encountered in these cultures (Fig. 3C,E).
Thus, whereas in control slices myelinated
axons were systematically observed, they
were completely absent in the treated
slices, providing further evidence that the
oligodendrocyte depletion model truly
provides a cellular milieu exempt from
myelin.

Effects of BrdU on the different cellular
populations of the cerebellar cortex
Other cell populations of the cerebellar
cortex could be affected by the BrdU treat-
ment, either directly if they also prolifer-
ate during this time window (microglia,
astrocytes, granule, basket, and stellate
cells) or indirectly, as could be the case
for Purkinje cells. We, therefore, inves-
tigated the effect of the treatment on the
other cellular populations of the orga-
notypic culture.

Astrocytes
P0 � 7 DIV control and BrdU-treated
slices were immunostained with a GFAP
antibody that specifically labels astro-
cytes. Because of the high density of
GFAP-positive profiles encountered in
both types of slices, we did not attempt
quantification of the number of astro-
cytes. Nevertheless, their density as
measured by the surface area covered by
these profiles was greater in the treated
slices (Fig. 4, compare A, B). More im-
portantly, there was a remarkable qual-
itative difference between astrocytes in
both types of slices. In the treated ones,
the GFAP-positive processes were much
longer than in control slices (Fig. 4 A, B).
This hypertrophy of astrocytic processes
indicates that they are more reactive.
Thus, although our data do not allow us
to conclude that there was an increased
number of astrocytes with BrdU treat-
ment, they strongly indicate that the re-
active gliosis that characterizes control
organotypic culture (Dusart et al., 1997) is increased by the
treatment.

Microglial cells
Two types of cells were labeled with isolectin B4, the microglial or
macrophagic cells, and the endothelial cells. The endothelial cells
were easily identifiable because of their elongated shape. These
endothelial cells were present in control and in treated slices at
the same apparent density (data not shown). In contrast, a clear
difference in the microglial and macrophagic cell population was
observed between control and treated slices: only a few isolectin
B4-positive cells were present in BrdU-treated slices (Fig. 4D)
when compared with control slices (Fig. 4C). In addition, there

was also an important qualitative difference: in control slices, the
majority of the isolectin B4-positive cells were round or
ameboid-shaped, with a macrophage-like appearance (Fig. 4C),
indicative of reactive microglial cells or of macrophages. In con-
trast, in BrdU-treated slices, the isolectin B4-positive cells were
ramified with numerous processes (Fig. 4D). This morphology
corresponds to that of resting microglial cells. Thus, BrdU treat-
ment suppresses most of the round ameboid microglial cells.

Purkinje cells
Previous results with Purkinje cells in slice culture have revealed
that these neurons are very sensitive to the in vitro conditions and
pass through a developmental critical period of programmed cell
death (Ghoumari et al., 2000, 2002). Because their survival is

Figure 3. Electron micrographs of P0 –14 DIV cerebellar slices treated with BrdU (C, E) or untreated (A, B, D). A, On a control slice,
numerous myelinated axons (MAx) and few oligodendrocytes (Oligo) can be observed. The asterisk indicates the presence of a
degenerating myelinated axon. RN, Ranvier node. B, The granule cell (GC) shown in this micrograph is myelinated. C, On a treated
slice, no myelin can be detected either around axons (Ax) present among glial cells (gl c) or around granule cells (GC). D, Electron
micrograph showing a Ranvier node (RN) in a control slice. E, Electron micrograph showing the presence of numerous nonmyeli-
nated axons (Ax) on a treated slice. Scale bar: A, E, 1 �m; B, 1.5 �m; C, 1.25 �m; D, 0.5 �m.

8322 • J. Neurosci., September 10, 2003 • 23(23):8318 – 8329 Bouslama-Oueghlani et al. • Loss of Purkinje Cell Regeneration in Absence of Myelin



essential for the aim of our study, we paid special attention to
their fate in the BrdU-treated slices. To correlate survival and
location of Purkinje cell axons with formation or prevention of
myelin, most results were obtained from double-labeled cultures,
with anti-CaBP to identify Purkinje cells (Fig. 5C,D) and anti-
MBP to evaluate the state of myelination of their axons (Fig.
5A,B). Surprisingly, the treatment with BrdU develops culture
conditions in which the death of Purkinje cells is nearly abol-
ished. As a result, the number of surviving Purkinje cells is much
greater in treated than in untreated cultures (Fig. 5, compare C,
D). All the treated slices were in group III (see Materials and
Methods; Fig. 5E), contrary to what happened with control slices
(Fig. 5E). The density was so greatly increased that it was often
difficult to visualize the dendritic arbors of the surviving neurons
(Fig. 5D), raising the question of their characterization. To elim-
inate any possibility of ectopic expression of CaBP (a cerebellar-
selective marker of Purkinje cells), some of the treated cultures
were double labeled with anti-CaBP and anti-L7 (a specific
marker for Purkinje cells). The double labeling corroborated that
all CaBP-positive neurons (Fig. 6A,C) were also L7 positive (Fig.
6B,C), although in some cells the level of L7 expression was much
lower than the level of CaBP expression (Fig. 6A–C). Therefore,
conditions created by the BrdU treatment are extremely favor-
able for the survival of Purkinje cells in P0 � 14 DIV cultures.

General pattern of neuronal distribution in cerebellar culture
NeuN antibody is known to label all neurons of the cerebellar
cortex, with the exception of Purkinje cells (Mullen et al., 1992).
Thus, the use of cerebellar slices double labeled with anti-NeuN
and anti-CaBP antibodies allowed us to evaluate neuronal sur-
vival and distribution in control and treated cultures. In both

types of cultures, the numerous NeuN-
positive cells were heterogeneously dis-
tributed and were more frequently seen in
regions neighboring CaBP-positive Pur-
kinje cells (Fig. 6D,E). The discrimina-
tion between molecular layer interneu-
rons (basket and stellate cells) and granule
cells was based on the different size of
their respective cell bodies and also by the
use of cell markers. Double immunostain-
ing with CaBP and parvalbumin was per-
formed to identify stellate and basket cells,
and �gal immunostaining on ��6lacZ
mouse cerebellar slices were used to iden-
tify mature granule cells.

Stellate and basket cells
Anti-parvalbumin antibodies label ma-
ture Purkinje cells and molecular layer in-
terneurons (stellate cells and basket cells),
whereas anti-CaBP antibodies label exclu-
sively Purkinje cells. In double (anti-
parvalbumin/anti-CaBP) immunolabeled
P0 � 14 DIV slices, most Purkinje cells
were double stained and appeared in yel-
low (Fig. 6H); only a few were parvalbu-
min negative and appeared in green
(CaBP positive; Fig. 6F,H). Basket and
stellate cells were only labeled by anti-
parvalbumin antibodies and appeared in
red (Fig. 6G,H). The occurrence in both
control and treated cultures of a few
CaBP-positive/paralbumin-negative Pur-

kinje cells could be explained by the already established fact that
the developmental acquisition of parvalbumin expression is of-
ten delayed under in vitro conditions. In any case, the combina-
tion of markers used here allowed us to identify with certainty
stellate and basket cells. These interneurons could be observed in
areas containing Purkinje cell dendrites (Fig. 6G,H), areas equiv-
alent to cortical molecular layer. Such parvalbumin-positive/
CaBP-negative neurons were scarce in control and treated cul-
tures. Quantitative analysis of stellate and basket cell densities in
control and treated slices were performed as described in Mate-
rials and Methods. The mean cell densities (�SEM) were 7 � 1.6
per 10 5 �m 2 in BrdU-treated slices (four animals, 18 slices) and
9 � 1.8 in control slices (three animals, 15 slices). These densities
were not significantly different (t test; p � 0.05). We can, there-
fore, conclude that the BrdU treatment has no effect on the de-
velopment and survival of stellate and basket cells in the P0 � 14
DIV cerebellar cultures.

Granule cells
During cerebellar development in vivo, granule cells originate
from precursor cells of the external granular layer (EGL) that
proliferate during the first two postnatal weeks (Miale and Sid-
man, 1961). Thus, during the treatment of the cultures with
BrdU, EGL cells were actively proliferating. It was, therefore, cru-
cial to investigate whether the application of BrdU to the culture
medium significantly altered the granule cell population. These
investigations were performed in slices taken from P0 cerebella of
��6lacZ transgenic mice, which allows identification of granule
cells with �gal immunostaining (see Materials and Methods)
(Jones et al., 1997). However, because the expression of the
GABAA receptor �6 subunit is a late process in granule cell dif-

Figure 4. Effects of BrdU treatment on astrocytes and microglial cells. A, B, Photomicrographs of P0 –7 DIV slices stained with
anti-GFAP antibodies. Control slice ( A) and treated slice ( B) show numerous GFAP-positive processes. Note that the density and the
size of GFAP-positive processes are higher in the treated slice ( B) than in the control slice ( A). C, D, Photomicrographs of P0 –7 DIV
slices stained with isolectin B4 –FITC. The control slice ( C) shows a high number of microglial cells, most with a round morphology.
In contrast, in a BrdU-treated slice ( D), the majority of isolectin B4-positive cells is ramified showing numerous processes. Note that
the number of isolectin B4-positive is higher in the control slice ( C) than in the treated slice ( D). Scale bar: A, B, 40 �m; C, D, 70 �m.
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ferentiation (Mellor et al., 1998), the
study of the cultures was only possible in
P0 � 14 DIV. Corroborating the results
obtained with NeuN immunohistochem-
istry, the distribution of the �6-positive
cells was heterogeneous in control and
treated slices, and granule cells were nu-
merous in regions containing Purkinje
cells (data not shown). Quantitative anal-
ysis of granule cell densities in control and
treated slices were performed on �gal im-
munostained slices of ��6lacZ mice (see
Materials and Methods). The mean
(�SEM) granular cell densities were 197
� 10 per 10 5 �m 2 in BrdU-treated slices
(four animals, 33 slices) and 180 � 12 in
control slices (four animals, 33 slices).
This difference was not significant (t test;
p � 0.05). Furthermore, at the ultrastruc-
tural level, numerous granule cells were
observed in BrdU-treated slices as well as
in control slices. Thus, BrdU treatment
did not alter the density of granule cells
after 14 DIV. These quantitative studies
do not preclude the possibility of a high
rate of death of dividing granule cell pre-
cursors during the 3 d of BrdU treatment.
However, because these days were the first
3 DIV, and in the presence of a large num-
ber of surviving Purkinje cells and of their
plausible secretion of mitogen factors, in-
cluding sonic hedgehog (Dahmane and
Ruiz-i-Altaba, 1999), regeneration of
granule cell precursors is most possible.

In conclusion, the 3 d treatment of P0
cerebellar slices with BrdU successfully
provided relatively mature (P0 � 14 DIV)
cultures devoid of myelin. Moreover, our
comparative study of control and treated
cultures showed important qualitative
and quantitative changes. In addition to
the expected absence of oligodendrocytes
and myelin, BrdU also prevented the pro-
liferation of phagocytes, increased the
normally occurring process of astrogliosis
in the cerebellar explants, and, notably,
increased the survival of Purkinje cells.

Regeneration of P0 Purkinje cell axons
maturing in vitro is age dependent
We have shown previously that Purkinje
cells in explants taken from P0 cerebellum are able to regen-
erate their lesioned axons, whereas this regenerative capacity
is totally absent in Purkinje cells taken from P7 cerebellum
(Dusart et al., 1997; Ghoumari et al., 2002). Because the devel-
opmental pace of neurons could differ from in vivo to in vitro
conditions, we tested whether P0 Purkinje cells maturing in vitro
would also lose their regenerative capacity. P0 cerebellar slices
were divided into a dorsal and a ventral half at explantation,
amputated of their ventral halves, and apposed to ventral halves
of P0 explants taken, in most instances, from CaBP�/� cerebel-
lum. After 7 DIV, despite their high survival rates in intact slices,
axotomized Purkinje cells massively died, but the survivors in-

tensively regenerated their axons within the ventral halves of the
CaBP�/� explants (Fig. 7A). Thus, we corroborated previous
results, showing that P0 Purkinje cells are extremely sensitive to
axotomy and exhibit a great ability to regenerate their axons.
However, when P0 � 7 DIV slices were processed with the same
experimental protocol as P0 slices, and maintained in culture for
7 more days (P0 � 14 DIV), the death of axotomized Purkinje
cells was also massive, but the survivors completely lost their
regenerative capacity (Fig. 7B). Indeed, the mean of the surface
area covered by regenerative axons and the mean of the length of
the longest regenerative axons drop dramatically between the
slices axotomized at 0 DIV and the slices axotomized at 7 DIV

Figure 5. BrdU treatment increases Purkinje cell survival. Photomicrographs showing P0 –14 DIV cerebellar slices. Control (A, C)
and treated (B, D) slices were double immunostained with anti-MBP (A, B) and with anti-CaBP (C, D) antibodies. A, C, The control
slice shows numerous MBP-positive elements ( A) and a high rate of survival of Purkinje cells ( C). B, D, The BrdU-treated slice is
devoid of myelin ( B), and a higher rate of Purkinje cell survival is observed ( D) in comparison with the control slice ( C). E,
Quantitative evaluation of Purkinje cell survival. The three groups of slices (I, II, and III) were defined according to the number of
Purkinje cells (see Materials and Methods). Briefly, slices with no compact group of �20 Purkinje cells were included in group I,
slices containing one or two compact groups of �20 Purkinje cells in group II, and slices containing more than three compact
groups of at least 20 Purkinje cells or one compact group of �50 Purkinje cells in group III. Note that all the BrdU-treated slices are
in group III, whereas control slices are distributed in the three groups. Scale bar: A–D, 220 �m.
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(Fig. 7E,F). These results strongly suggest that (1) the develop-
mental switch from permissive regeneration to lack of regenera-
tion occurs in Purkinje cells maturing in vitro, and (2) the loss of
regenerative capacity of these neurons is not correlated with the
loss of their sensitivity to axotomy.

Myelin is not the key factor in the age-dependent loss of the
regenerative capacity of Purkinje cells
To determine whether myelination occurring in the cerebellar
slices is, indeed, the key factor that controls the regenerative
capacity of maturing Purkinje cells, the coculture system de-
scribed above was used. For these experiments, the 3 d treat-
ment with BrdU was applied to both wild-type (CaBP�/�)
and knock-out (CaBP�/�) cerebellar explants. We found
that the BrdU treatment of slices transected at explantation
(P0) and maintained in vitro for 7 d (P0 � 7 DIV), greatly

improved the survival of axotomized
Purkinje cells (Fig. 7, compare A, C),
which were able to successfully regener-
ate their axons (Fig. 7C). Thus, BrdU
treatment did not affect the regenerative
capacity of immature Purkinje cells.
Other P0 BrdU-treated slices were
transected after 7 DIV and, in most
cases, cocultured in apposition to ven-
tral halves of BrdU-treated CaBP�/�
slices that were also kept in vitro for 7 d.
The cocultures were kept in vitro for an
additional 7 d. In these instances, the P0
� 7 DIV axotomized Purkinje cells sur-
vived in great numbers and were much
more numerous than in control slices
(Fig. 7, compare B, D), after the last 7
DIV (P0 � 14 DIV). Nevertheless, de-
spite the large number of surviving Pur-
kinje cells that facilitated the localiza-
tion of even little regenerative capacity
of their axons, we were unable to ob-
serve true axonal regeneration (Fig.
7D). As previously reported for control
slices, the mean of the surface area cov-
ered by regenerative axons and the
mean of the length of the longest regen-
erative axons in BrdU-treated slices also
drop dramatically between P0 axoto-
mized at 0 DIV and P0 axotomized at 7
DIV (Fig. 7 E, F ). However, because of
the large increase in the number of sur-
viving axotomized Purkinje cells, the ar-
eas covered with the regenerating axons
were much larger than in control cul-
tures (Fig. 7E). Thus, the developmental
loss of Purkinje cell ability to regenerate
their axons occurs even in the absence of
myelin.

Discussion
Cerebellar myelination in vivo and
in vitro
Myelination in the mouse cerebellum has
been reported to begin by the end of the
first postnatal week (Foran and Peterson,
1992). However, we have observed MBP-

positive cells in the deep ventral cerebellum from P3, and by P7,
most of the nascent white matter contained MBP-positive cells
and packs of myelinated segments. Thus, myelination in the
mouse, as reported previously for the rat (Reynolds and Wilkin,
1988), is an early postnatal event.

Because oligodendrocyte precursor cells are already present in
the cerebellum at embryonic stages (Levine et al., 1993), myeli-
nation occurs normally in cerebellar slices taken from newborn
mice. It was shown previously with electron microscopy that my-
elination occurs in organotypic cultures (Billings-Gagliardi et al.,
1980; Seil et al., 1980; Notterpek et al., 1993).

In this study, we have shown by immunohistochemistry that
the spatial development of myelination in vitro follows the same
retrograde pattern (from distal axon segments to Purkinje cell
bodies) observed in vivo.

Figure 6. Photomicrographs showing P0 –14 DIV slices double labeled with anti CaBP/L7 ( A–C), with anti NeuN/CaBP (D, E), or
with anti-parvalbumin–CaBP ( F–H) antibodies. A–C, In a BrdU-treated slice, Purkinje cells are CaBP positive (A, green) and L7
positive (B, red), thus appearing in yellow ( C). Note that all CaBP-positive cells are at least somewhat L7 positive (A–C, arrow-
heads). A control slice ( D) and a BrdU-treated slice ( E) double labeled with NeuN (red) and CaBP (green). Note that the number of
NeuN-positive cells seems to be the same in treated and control slices. F–H, A BrdU-treated slice double labeled with parvalbumin
(F, green) and CaBP (F, G). Note that some Purkinje cells are only positive for CaBP (arrowheads), whereas some are positive for both
CaBP and parvalbumin (F-H-, stars). Stellate and basket cells are positive only for parvalbumin (F–H, arrows). Scale bar: A–C, 50
�m; D, E, 85 �m; F–H, 20 �m.
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In vivo and in vitro models to
prevent myelination
Models aimed at partial or total oligoden-
drocyte ablation have been generated pre-
viously. The in vivo models are based on
the temporary destruction of most oligo-
dendrocytes during their maturation,
provoked by an antimitotic approach (for
example X-irradiation of the spinal cord;
Savio and Schwab, 1990), the use of spe-
cific anti-oligodendrocyte antibodies
added with a complement (for example
anti-galactocerebroside-C antibody in-
jected in the spinal cord; Keirstead et al.,
1992), or a transgenic approach by target-
ing in oligodendrocytes a toxic gene, the
herpes virus 1 thymidine kinase (TK), un-
der the control of the MBP promoter
MBP-TK (Mathis et al., 2000).

The in vitro models of oligodendrocyte
depletion were generally obtained by
the addition of antimitotic drugs to the
culture medium, for instance, BrdU
(Younkin and Silberberg, 1973) or, more
frequently, cytosine arabinoside (Seil et
al., 1980; Stanhope et al., 1986). This ap-
proach is not specific and affects all divid-
ing cells. Thus, the only way to increase
specificity is by carefully selecting the time
window of application of the antimitotic
drug. BrdU application during the first 3 d
in vitro is the shortest period allowing us
to obtain P0 � 14 DIV cerebellar explants
free of MBP immunoreactive elements
and without myelin sheath at the ultra-
structural level. Thus, proliferation of the
oligodendrocyte precursor cells must be
very intense during the first 3 postnatal
days.

Effect of BrdU treatment on the cells of
the cerebellum
Because of the lack of specificity of BrdU
toxicity, it could influence all divid-
ing cells within the P0 cerebellar slices,
which consist of granule cell precursors,
GABAergic interneurons, and macroglial
and microglial cells. One interesting ob-
servation has been the severe decrease in
the number of macrophages/activated
microglial cells encountered in the treated
cultures, when compared with untreated
ones. The occurrence in untreated cul-
tures of numerous microglial cells of ame-
boid type fits well with what we know
about these cells. First, in P0 mouse CNS, almost all microglial
cells are of ameboid type and show a ramified morphology only
by P5 (Perry et al., 1985; Perry and Gordon, 1988). Second, it has
been shown that ameboid microglial cells have a marked prolif-
erative behavior and that the number of these cells strongly in-
crease in the developing mouse or rat cerebellum during the early
postnatal development (Ashwell, 1990; Milligan et al., 1991; Al-
liot et al., 1999; Marin-Teva et al., 1999; Dalmau et al., 2003).

Furthermore, the almost complete absence of ameboid cells in P0
� 7 DIV-treated cultures, in which the few existing microglial
cells are of the ramified type, strongly indicates that BrdU killed
all the dividing ameboid cells, sparing only those already in the
process of differentiation.

The disappearance of activated microglial cells and the in-
crease of GFAP immunoreactivity in astrocytes of the treated
cultures are paradoxal. Indeed, it has been shown that microglial

Figure 7. The absence of myelin does not favor axonal regeneration of Purkinje cells. Photomicrographs showing cocultures of
the dorsal region of wild-type P0 mouse cerebellar slices with the ventral region of P0 cerebellar slices taken from a CaBP null
mutant immunostained with CaBP antibodies. A, B, Control slices. C, D, BrdU-treated slices. The limits between the two cultures
are indicated by dashed lines. A, The axotomy and the coculture were performed at 0 DIV. Note that the surviving Purkinje cells
regenerate their axons after 7 DIV (A, arrow). B, The axotomy and the coculture were performed at 7 DIV; the few surviving Purkinje
cells did not regenerate their axons after 14 DIV. C, D, BrdU-treated cocultures. Note that BrdU treatment greatly improves the
survival of axotomized Purkinje cells at 0 DIV ( C) and at 7 DIV ( D) and that, like control cocultures, Purkinje cells are able to
regenerate their axons when axotomy is performed at 0 DIV (C, arrow) but not when axotomy is performed at 7 DIV ( D). E, F,
Quantitative analysis of Purkinje cell regeneration (axon length and surface covered by regenerative axons). On each section, the
surface covered by the regenerative axons (under the limit of the coculture; A–D, dashed line) and the longest regenerative axon
were measured. E, Mean surface covered by regenerative axons. F, Mean length of the longest regenerative axon per slice in
BrdU-treated slices and in control slices (Ctrl) axotomized (Axt) at 0 DIV or at 7 DIV. The measure of the surface covered by
regenerative axons takes into account both regenerative axon lengths and numbers ( E). Scale bar, 220 �m.
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cells can stimulate reactive astrocytosis (Giulian and Robertson,
1990). Thus, the increase of GFAP immunoreactivity in the ab-
sence of activated microglial cells might result from the oligoden-
docytes ablation. Indeed, similar results have been observed in
the MBP-TK transgenic mice in which oligodendrocytes are de-
pleted (Mathis et al., 2000).

By far, the most numerous and actively dividing progenitor
cells in the postnatal cerebellum are granule cell progenitors in
the EGL. The proliferation of these progenitors starts during the
last days of fetal life, although the bulk production of granule cells
occurs postnatally, between P4 and P10 (Miale and Sidman,
1961; Fujita et al., 1966; Fujita, 1967). Thus, granule cell progen-
itors are one of the main targets of the toxic effect of high doses of
BrdU in our cultures. However, in the treated cultures (14 DIV),
the density of granule cells remains unchanged. Opposing results
have been reported in cytosine arabinoside-treated cerebellar
cultures for 5 consecutive days (Blank and Seil, 1983; Seil et al.,
1983). This apparent paradox can be explained by the work of
Altman et al. (1969), who analyzed the alterations taking place in
the EGL after X-irradiation of the cerebellum of rat pups. They
observed that after destroying a large fraction of EGL cells with
several irradiations starting at birth, this proliferative layer recov-
ers in a high proportion by P10. However, prolonged
X-irradiation prevented the regeneration of EGL cells and the
formation of granule cells (Altman and Anderson, 1973). Thus,
the time window of BrdU application in our cultures (3 d vs 5 d)
does not affect the regenerative capacity of EGL cells, explaining
the maintenance of a normal granule cell density.

The robust survival effect on the Purkinje cell population ob-
served in the BrdU-treated cultures cannot be the result of direct
action of the drug. Purkinje cell proliferation in the mouse occurs
between embryonic day (E) 11 and E13 (Miale and Sidman,
1961), 1 week before explantation and treatment. The indirect
mechanisms leading to this survival effect, although beyond the
scope of the present work, must depend on the cellular alterations
induced by BrdU. For instance, a similar survival effect has been
observed by Seil (1987) in cerebellar cultures treated for 5 con-
secutive days with cytosine arabinoside. In this case, the long
period of treatment prevented any reparative process among
granule cell progenitors in the EGL, and, in addition, the cultures
were also depleted of astrocytes. Adding granule cells to the cul-
ture reduced the number of Purkinje cells, whereas the addition
of astrocytes did not change this number (Seil, 1987). Because the
granule cell density remained normal in our treated cultures (see
above), and the lack of oligodendrocytes has not been related to
any neuronal survival effect (Mathis et al., 2000), the absence of
macrophages and activated microglial cells is one change that
could explain the observed survival. Macrophages are known to
promote neuronal death (Thanos, 1991; Frade and Barde, 1998).
Furthermore, recent data have shown an increase of Purkinje cell
survival in P3 cerebellar cultures specifically depleted of micro-
glial cells (Marin-Teva et al., 2002). Thus, our present results
emphasize the active role played by macrophages in developmen-
tal neuronal death. However, we cannot exclude that astrocytes
activated by BrdU treatment could also promote Purkinje cell
survival.

Purkinje cell age-dependent axonal regeneration occurs in
vitro and is myelin independent
The powerful potential for axon outgrowth of immature neurons
(developmental growth, sprouting, axonal regeneration) is
known to decrease with maturation and to reach its end by the
period of myelination. Delayed myelination by transient deple-

tion of oligodendrocytes provokes a retardation in the age-
dependent switch from promotion to inhibition of axon regen-
eration (Savio and Schwab, 1990; Keirstead et al., 1992).
Moreover, neutralization of myelin-associated proteins with the
IN-1 antibody in the adult cerebellum induces a fast and massive
sprouting of intact Purkinje cell axons (Buffo et al., 2000),
whereas in postnatal cerebellum, it prevents the developmental
pruning effect on immature sprouts of Purkinje cell axon intra-
cortical plexus (Gianola et al., 2003). All these results suggest that
myelin prevents all kinds of axon outgrowth and that myelin-
related molecules are involved in the developmental loss of the
regeneration capability of immature axons.

We have shown previously that Purkinje cells in P0 organo-
typic cerebellar cultures are able to regenerate, but that they have
lost this capacity in P7 cultures (Dusart et al., 1997; Ghoumari et
al., 2002). Similar in vitro results have been reported in other
central systems (Chen et al., 1995; Li et al., 1995; Hafidi et al.,
1999). Here, we show that maturing Purkinje cells in vitro follow
a time schedule similar to that in vivo, as has been seen in other
neuron systems (Woodhams et al., 1993; Lohmann et al., 1999;
Prang et al., 2001). This age-dependent switch observed in vitro is
also independent of the amount survival of the axotomized neu-
rons (Hafidi et al., 1999; Ghoumari et al., 2002). Indeed, although
survival is enhanced, there is still no promotion of axon
regeneration.

In the present study, we show that this switch is not correlated
with myelination. Nevertheless, it has been reported that during
development of other neuronal populations, neuronal cAMP de-
creases and that increasing cAMP in mature neurons overcomes
their inhibition by MAG and myelin (Cai et al., 2001). In our
cerebellar organotypic cultures, elevation of cAMP does not seem
to prevent the Purkinje cells from switching between regenera-
tion and lack of regeneration (our unpublished observations).
Finally, the antibody blockage of NOGO does not allow mature
Purkinje cell axons to regenerate in organotypic culture (Buffo et
al., 2000; our unpublished data).

Our results emphasize the existence of some extrinsic or in-
trinsic factors, other than myelination, involved in the develop-
mental loss of regenerative capacities. Among the extrinsic can-
didates that could influence Purkinje cell ability to regenerate are
astrocytes. Astrocyte maturation occurs in parallel with the loss of
axonal regeneration capacity (Bovolenta et al., 1984; Smith et al.,
1986). It is known that, contrary to mature astrocytes, immature
astrocytes are able to enhance neurite outgrowth (Smith et al.,
1990; Wang et al., 1994). Furthermore, reactive astrocytes are
able to produce proteoglycan molecules that are known to be
inhibitors for regeneration (McKeon et al., 1991; Moon et al.,
2001; Bradbury et al., 2002). In addition, because proteoglycan
molecules could also be produced by oligodendrocyte precursor
cells (Jones et al., 2002), they could be partially responsible of the
age switch.

Concerning intrinsic factors, Goldberg et al. (2002) have
shown recently that retinal maturation triggers the neonatal ret-
inal ganglion cells to irreversibly switch from an axonal to a den-
dritic growth mode. This switch is mediated by signals emerging
from amacrine cells. When Purkinje cells lose their capacity to
regenerate their axons, they undergo their terminal phase of den-
dritic differentiation (Armengol and Sotelo, 1991). Thus, a sim-
ilar switch from an axonal to a dendritic growth mode could
occur in maturing Purkinje cells. Recently, it has been shown that
inactivation of Rho promotes axonal regeneration (Lehmann et
al., 1999; Dergham et al., 2002; Borisoff et al., 2003; Fournier et
al., 2003; Monnier et al., 2003). Thus, it may be interesting to
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study the developmental expression pattern of small GTP-
binding proteins in Purkinje cells and to test their effects on
regeneration.

In conclusion, the regeneration studies reported here have
confirmed that the developmental switch, which transforms
highly regenerative immature Purkinje cells into mature neurons
devoid of regenerative capacity, occurs in long-term cerebellar
culture. Because a similar switch also occurs after experimental
myelin deprivation of cerebellar slices, we can disregard myelin as
a key factor for the regulation of such developmental switch in
maturing Purkinje cells.
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