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Abstract

The adult mammalian central nervous system has a limited ability to establish new connections and to recover from
traumatic or degenerative events. The olivo-cerebellar network represents an excellent model to investigate
neuroprotection and repair in the brain during adulthood, due to its high plasticity and ordered synaptic organization.
To shed light on the molecular mechanisms involved in these events, we focused on the growth-associated protein GAP-43
(also known as B-50 or neuromodulin). During development, this protein plays a crucial role in growth and in branch
formation of neurites, while in the adult it is only expressed in a few brain regions, including the inferior olive (I0) where
climbing fibres (CFs) originate. Following axotomy GAP-43 is usually up-regulated in association with regeneration. Here we
describe an in vivo lentiviral-mediated gene silencing approach, used for the first time in the olivo-cerebellar system, to
efficiently and specifically downregulate GAP-43 in rodents CFs. We show that lack of GAP-43 causes an atrophy of the CF in
non-traumatic conditions, consisting in a decrease of its length, branching and number of synaptic boutons. We also
investigated CF regenerative ability by inducing a subtotal lesion of the 10. Noteworthy, surviving CFs lacking GAP-43 were
largely unable to sprout on surrounding Purkinje cells. Collectively, our results demonstrate that GAP-43 is essential both to
maintain CFs structure in non-traumatic condition and to promote sprouting after partial lesion of the 10.
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Introduction

Reorganization of terminal arbors and synaptic remodelling,
thought to underlie some aspects of learning and memory, occurs
throughout life in the intact brain [1,2] and plays a crucial role in
recovery after brain injury [3]. An important mediator of
structural plasticity of axonal fibres is the growth-associated
protein GAP-43 [4-6]. The expression of GAP-43 is high in the
brain during development and it declines in most neurons when
mature synapses are formed. However in some brain regions a
high expression of GAP-43 is maintained throughout life [7,8] and
it is suggested to play an important role in synaptic plasticity and
synaptic vesicle release during adulthood [4-6,9]. This is
confirmed by studies performed on mice lacking one or both
copies of Gap-43 gene or expressing a point-mutated form,
revealing alterations in well established learning and memory
paradigms [10-14].

Previously it has also been shown that GAP-43 plays a major
role in axonal sprouting. For instance, transgenic mice overex-
pressing GAP-43 in motoneurons exhibit both a spontaneous
sprouting and an increased sprouting following block of neuro-
muscular transmission by botulinum toxin [15]. On the other
hand, Purkinje cells (PCs) never express GAP-43 and show no
sprouting after axotomy. However, in transgenic mice expressing
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GAP-43 selectively in PCs, sprouting appears both at the lesion
site and along the intact axon surface, showing that the over-
expression of GAP-43 is sufficient to induce sprouting [16-18]. We
further investigated this point by assessing whether axonal
sprouting is prevented by down-regulation of GAP-43 in neurons
which constitutively express it and which are able to sprout.

Another aspect still poorly understood is whether GAP-43 plays
any function in the structure of neurons of the adult brain under
non-traumatic conditions, as observed during development.

Homozygotic knockout mice lacking Gap-43 gene die early in
the postnatal period [19], while brain development in heterozy-
gotic knockout mice is profoundly affected, showing severe
impairments of axonal pathfinding and in the formation of
telencephalic commissures [11,15,19-21]. Hence, the possibilities
for these transgenic animals to represent a proper model for
studying GAP-43 during adulthood are very limited.

Here we describe the use of an i vivo gene silencing approach
based on the injection of lentiviral particles encoding both a green
fluorescent protein (GFP) and a specific short-hairpin RNA
(shRNA) targeting Gap-43 mRINA sequence. Using this technique
we have investigated the structural role played by GAP-43 in
axonal fibres of the adult brain under physiological conditions and
its requirement in axonal sprouting. To this aim the cerebellar
cortex provides an excellent model due to its high degree of
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structural plasticity [22-30]. The IO is among the regions
retaining a high expression of GAP-43 throughout life [7,8,31].
Additionally, CFs, which are the terminal arbors of the axon of
olivary neurons, innervate the dendrites of the PCs in a one-to-one
relationship, displaying a well characterised three-dimensional
organization [32,33]. Previous studies investigating regeneration in
the central nervous system have also shown that, following a
subtotal lesion of the 1O, the surviving CFs display a remarkable
collateral sprouting, leading to reinnervation of the nearby located
CF-deprived PCs [28,34].

Here we show that specific silencing of GAP-43 in the 10 of
adult rodents leads to an atrophy of CF arborisation, to
modifications of its synaptic varicosities and to a dramatic
reduction of collateral sprouting after IO injury. In conclusion,
these data demonstrate that in the cerebellum GAP-43 plays an
important role in maintaining the complex structure of the CFs
under physiological conditions. In addition, by showing i vivo that
it is required for CF sprouting, they give a significant contribution
to consolidate the idea that GAP-43 is an important target for
promoting regeneration of the nervous system following injury.

Results

1. In-vivo silencing of GAP-43 by lentiviral delivery of
shRNA

In order to downregulate GAP-43 protein expression in olivary
neurons we designed five candidate shRINA sequences (sShRNA1-5)
and cloned them into a GFP-encoding lentiviral vector. Silencing
efficacy was evaluated by western-blot in rat pheochromocytoma
PC12 cell line [35,36] (Fig. 1A). These cells were chosen as they
express high levels of GAP-43 following differentiation in
dopaminergic neuron-like cells by NGF treatment [4].

High expression of shRNA, as achieved by the use of lentiviral
vectors, can induce off-target effects leading to structural and
functional modifications [37]. This is possibly due to the activation
of an interferon response [38]. Therefore, in a series of control
experiments, we included a scrambled sequence designed by
randomizing the selected shRNA sequence in order to avoid any
possible RNA target.

As shown in Fig. 1A, in cells treated with shRNA1, 3, 4 and 5,
GAP-43 protein expression was significantly reduced, if compared
to non-treated cells and control conditions. In particular, in cells
treated with shRNA4, very low levels of expression were observed.
These data were further confirmed at mRINA level by real-time
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PCR. Here a scrambled sequence (SCR) was tested against
shRNA4 showing the specificity of the silencing effect (Fig. 1B).
Increasing the titre of the viral stock, as obtained by a double-
centrifugation protocol, allowed i vitro silencing of GAP-43 down
to the detection limit when compared to non-treated cells or to
cells treated with control or scrambled sequences (Fig. 1C). On the
basis of these results all following experiments were performed
using shRNA4 (renamed siGAP).

Viral preparations (siGAP, SCR and control) were stereotaxi-
cally injected into the IO of rats at post-natal day 19-22
(Supplementary Fig. S1), when cerebellar cortex has completed
its development [39]. Rats were chosen for the possibility to induce
a subtotal lesion of the IO by intraperitoneal injection of 3-
acetylpyridine (3-AP), as this treatment was shown to elicit plastic
changes in surviving CFs [28,34].

The efficacy of GAP-43 silencing in olivary neurons was then
verified i vivo by immunofluorescence on fixed cerebellar slices 3
weeks after the injection. GIP-expression in CFs was used as an
unequivocal marker of transduction with the lentiviral vector.
Laser scanning confocal microscopy was used to measure GAP-43
protein expression in CFs by specific colocalization with GFP
fluorescence. Injection of siGAP lentiviral particles, compared to
control, induced a dramatic reduction of GAP-43 expression,
confirming effective i viwo silencing (8-bit brightness intensity
arbitrary units: control =41.0%4.1, siGAP =14.5%2.0; p<<0.001,
N=11 and 9 fibres respectively; Fig. 2).

2. Atrophy of climbing fibres

The CF is composed by a thick axonal stalk from which many
thin collaterals originate (namely tendrils; Fig. 3A, D, G). Some of
these collaterals run parallel to the stalk on the PC dendrite while
shorter ones form a net-like structure around the dendrite that
appears particularly complex on the thickest and most proximal
portion of the dendrite. In its most distal portions the CF is
composed by fewer tendrils and the stalk decreases in diameter
(Fig. 3A, D). These morphological features, clearly recognizable
due to expression of GFP, are retained by CFs expressing SCR
sequence, while fibres expressing siGAP sequence exhibit a
characteristically different structure with fewer tendrils along their
proximal and distal portions (Fig. 3A-F). A similar pattern can be
observed on coronal sections (Fig. 3G-I) where a reduction of
density of varicosities is particularly evident.

In order to quantify the changes of the CF arbor following
GAP-43 down-regulation we first measured its total length. In
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Figure 1. Silencing of GAP-43 in PC12 cells. (A) Western blot of GAP-43 (upper line) in NGF-differentiated PC12 cells not transduced (N.T.),
transduced with GFP-only (control) or with one of the five silencing constructs (shRNA1-5). Vinculin is used as a loading control (lower line). (B) Real-
time PCR showing Gap-43 mRNA levels in PC12 cells not transduced (N.T.) or transduced with a highly concentrated (by double centrifugation)
lentiviral preparation expressing GFP only (Control), shRNA4 (siGAP) or a scramble sequence (SCR). Two independent cultures per case; reference
gene: ATP5B. (C) Western blot of GAP-43 in NGF-differentiated PC12 cells transduced with highly concentrated lentivirus. -actin is used as a loading

control (lower line).
doi:10.1371/journal.pone.0020791.g001
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Figure 2. Silencing of GAP-43 in climbing fibres. (A-F) Projection of a series of optical sections from rats transduced with control (A-C) or siGAP
viral particles (D-F). Images were obtained by confocal microscopy on cerebellar slices immunostained with anti-GAP-43 antibody (red). Only
transduced CFs are labelled by GFP expression (green). (C, F) GAP-43 signal co-localizing with GFP has been isolated for each optical section and z-
projected. High expression of GAP-43 is identified in control CFs (A-C, arrows), but not in siGAP CFs (D-F), demonstrating efficient in vivo silencing by
siGAP sequence. (G) Quantification of GAP-43 immunofluorescence intensity in specifically identified CFs (N=11 and 9; 3 animals per group; mean *=

SEM; *** p<<0.001).
doi:10.1371/journal.pone.0020791.g002

control conditions the mean value was 1024+56 um. Following
transduction with SCR sequence we obtained a mean value of
91143 um, which was not statistically different from control.
Conversely, a significant decrease was found in the length of GAP-
43 deprived arbors, which had a mean value of 683%=33 um
(p<<0.001; post-hoc comparisons: siGAP vs. control, p<<0.001;
siGAP vs. SCR, p<<0.01; N=14, 14 and 13 CFs respectively
control, SCR and siGAP CI's; Fig. 4A).

To obtain a bi-dimensional index of the structural complexity
of the CFs in different conditions we measured branching fibres
by Sholl’s analysis (Fig. 4B) [40,41]. A statistically significant
decrease in the median number of intersections between 36 and
114 pm from the centre was present in the GAP-43 deprived
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CFs, relative to control and SCR conditions (control: 6.5%0.4;
SCR=7.2%0.5; siGAP=4.6%0.2; p<0.001; post-hoc compari-
sons: siGAP vs. control p<<0.01, siGAP vs. SCR, p<0.001;
N =14, 14 and 13 CFs respectively control, SCR and siGAP CFs;
see Fig. 4C-D).

A further analysis was aimed at determining the number of
varicosities in each CF arbor, identified either by their morphology
or by VGLUT2 immunostaining [42]. As shown in Fig. 4E, their
total number decreased significantly from a mean value of 544+23
in control fibres and 501%=23 in SCR fibres to a value of 304+20
in siGAP fibres (p<<0.001; post-hoc comparisons: siGAP vs.
control and siGAP vs. SCR, p<<0.001; N=14, 14 and 13 CFs
respectively control, SCR and siGAP CFs; Fig. 4E).
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Figure 3. Morphology of rat CFs after silencing of GAP-43. Representative confocal images of rat parasagittal (A-F) and coronal (G-I)
cerebellar sections, immunolabelled for VGLUT2 (in red). CFs were transduced with control (A, G), SCR (B, H) and siGAP sequences (C-I). (D-F) Details
of the terminal and proximal tracts of CFs shown in A-C. The thick axonal stalk is pointed by arrows in D and G. Some of the numerous thin collaterals
called tendrils are pointed by arrowheads in D-I. siGAP CFs are less branched in comparison to control and SCR CFs (A-C). At high magnification both
on parasagittal and coronal view a reduction in the number of tendrils is evident in siGAP fibres (D-I), especially in terminal tracts (D-F). As a
consequence, VGLUT2-positive varicosities appear reduced along the whole fibre (D-I).

doi:10.1371/journal.pone.0020791.9003

To assess whether the decrease in the number of varicosities was
only due to the observed reduction of CF length or not, we
measured the density of varicosities per um of fibre length. As
shown in Fig. 4F, while the density mean value was not statistically
different between control and SCR, in GAP-43 deprived fibres
a significant decrease was measured compared to both control
and SCR  conditions (control: 0.53*0.03; SCR =0.55%0.02;
siGAP =0.44%0.02; p<<0.01; post-hoc comparisons: siGAP vs.
control p<<0.03, siGAP vs. SCR, p<<0.01; N=14, 14 and 13 CFs
respectively control, SCR and siGAP CFs; Fig. 4E).

Varicosities are essential components of axons, as they contain
most of the cytosolic and membrane-bound proteins involved in
synaptic transmission. We observed that, following silencing of
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GAP-43, atrophic CFs have fewer small varicosities, while the
remaining are larger and more regularly-shaped (Fig. 5).

During the period of GAP-43 silencing (between the third and
sixth week of postnatal life) rat body growths, suggesting that
depletion of GAP-43 may affect axonal growth during this time
window. In order to investigate if the atrophic modification
observed in CF was at least partially independent of axonal growth
and age-related body growth we replicated the key experiments in
older animals. For the different proportions of head bones in older
rats, a proper exposure of the dorsal side of brain stem was
technically not possible in a normal stereotaxical apparatus in
these animals. However, this method of injection was easily
adapted to adult mice (2—-3 months old FVB mice) as it had the
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Figure 4. Morphometric analysis in juvenile rats reveals CF atrophy after GAP-43 silencing. (A) A significant reduction of CFs length is
observed in siGAP compared to control and SCR conditions. (B) Schematic representation of Sholl’s analysis for CF branches traced in Fig. 3A:
complexity of branching was quantified as the number of intersections between the CF and a series of concentric circle. (C) Sholl’s analysis shows the
number of CF branches as a function of the distance from the main branching point in control, SCR and siGAP fibres (values every 6 um are shown).
(D) Number of branches as assessed by Sholl’s analysis. For each fibre median value is obtained in the range from 36 to 114 um, where its maximum
is observed. (E) Number of varicosities and (F) density of varicosities per length unit (N=14, 14 and 13; 3 animals per group; mean * SEM; Tukey's
post-hoc test: *p<<0.05; ** p<<0.01; *** p<<0.001).

doi:10.1371/journal.pone.0020791.9g004

added bonus of opening up the possibility to extend our findings Using the same methodological approach used in rats, we
on the role played by GAP-43 in maintaining CF structure to observed also in mice a significant reduction in the length of CFs
other m vivo studies (such as in combination with genetically and the density of varicosities (length: control =691%+32 um,
modified mouse models or with time-lapse imaging by multi- siGAP =598%27 um, p<<0.05; varicosities/pum: control =0.41*+
photon microscopy). 0.04; siGAP=0.32%0.01, p<0.05; N=19 and 15; Fig. 6). This
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Figure 5. Morphology of varicosities in control and siGAP CFs in rats. Representative images of control and siGAP CFs acquired by confocal
microscopy at high magnification (objective 63 x, zoom 3x), showing larger VGLUT2-positive varicosities in siGAP fibres (arrows) compared to
control. Small varicosities (arrowheads) are less frequent in siGAP fibres than in control. A reduction in the number of varicosities and tendrils is also

detectable.
doi:10.1371/journal.pone.0020791.g005

shows that GAP-43-dependent maintenance of CF structure is, at
least partially, independent of age, suggesting that silencing of
GAP-43 is able to induce a regressive modification of CF inde-
pendent of axonal growth.

3. GAP-43 is crucial for CF sprouting induced by a
subtotal lesion of the inferior olive

Collateral sprouting of CFs can be obtained in the rat following a
subtotal lesion of the IO by means of an intraperitoneal injection of
3-AP. Surviving IO neurons exhibit collateral sprouting of the CF
arbor in the molecular layer, where they can innervate one or more
of the nearby located PCs deprived of their original CF afferent
[28,34]. In order to assess the m vivo requirement of GAP-43 in this
process, we performed a subtotal lesion of the 1O three weeks after
mjecting lentiviral particles encoding GIFP (control) or both GIFP
and siGAP sequences. Following an additional 3 weeks, we
confirmed neurotoxic effects of 3-AP on IO neurons by observing
the presence of large areas, in the molecular layer, that were totally
or sub-totally deprived of CF varicosities (identified by VGLUT2
staining; Fig. 7C—F). In contrast, animals that were not treated by 3-
AP (Fig. 3) are characterized by an evenly dense distribution of
VGLUT2-labelled varicosities throughout the whole molecular
layer. Morphological analysis of the surviving CFs, both on sagittal
and coronal planes revealed a picture that is consistent with previous
reports [28]. Here, sprouting could be observed in one or more
points in control CFs, both in sagittal and coronal sections
(Supplementary Fig. S2). These points were identified as those
where the CF was moving away from the dendrite of its own PC to
contact the dendrite of a PC located either within the same sagittal
plane or in an adjacent one (Supplementary Fig. S2A-B, inserts).

A difference in sprouting between control and GAP-43 silenced
rats was then observed (Fig. 7). The total number of CFs showing
collateral sprouting, as assessed on coronal sections, was significantly
reduced in siGAP samples to a mere 16% of control (from 4.8*1
CFs per section in control animals to 0.8%0.6 in siGAP animals;
p<<0.05, N=5 and 3 animals; the number of slices analyzed per
animal was respectively 6, 6, 12, 6, 8 and 10, 17, 27), demonstrating
i vivo, for the first time to our knowledge, that GAP-43 plays a
crucial role in axonal sprouting in the cerebellum (Fig. 7A).

@ PLoS ONE | www.plosone.org

An additional issue was to quantify and compare the area
occupied by those CFs undergoing sprouting in control rats and
after GAP-43 silencing. The surface was measured on coronal
sections based on GFP signal, and a significant reduction was
observed in rats treated with siGAP viral particles compared to
control (from 1530%=137 pm? to 1152+116 pm?, p<<0.05,N=19
and 17 CFs, from 5 control and 3 siGAP animals; I'ig. 7B-F). This
confirms that, at least in the cerebellum, GAP-43 plays an
important role in establishing both the regenerative potential and
the extension of axonal sprouting.

Discussion

Several studies have shown, using transgenic mice, that
overexpression of GAP-43 induces axonal sprouting [4,43],
suggesting that it represents an appealing target to promote
central nervous system repair following brain injuries [3].
However, the role played by GAP-43 in adult uninjured brain
still remains largely speculative. Furthermore, clarifying its role in
injury-induced plasticity in the adult is of primary importance for
regenerative studies. We showed here that silencing GAP-43 in the
1O profoundly affects the morphology of CFs in adult rodents,
leading to an atrophy of their tendrils, a retraction of the fibre and
a decreased density of varicosities. GAP-43 is associated with the
activation of specific cell adhesion pathways, as in the case of
neuronal L1/NCAM, which are proteins involved in axonal
outgrowth and synaptic plasticity [18,44-48] and are highly
expressed in the IO [49,50]. GAP-43 also interacts with
cytoskeletal and presynaptic scaffold proteins. It interacts, among
others, with actin to regulate its polymerization, with the
microtubule associated protein MAP-2 and with brain spectrin
[51,52]. Spectrin forms a filamentous network with actin under the
plasma membrane, providing support for cell morphology [53].
This is confirmed in the neuromuscular junction of Drosophila
larva, where spectrin is required in the presynaptic compartment
for maintaining synapse stability [54,55]. It is also interesting to
note that a disruption of the normal distribution of the membrane
proteins PlexinB1 and Nogo receptors has been recently reported
in PCs following axotomy and overexpression of GAP-43 [56].
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Figure 6. Morphometric analysis in adult mice confirms CF atrophy after GAP-43 silencing. Representative confocal images of mouse
parasagittal cerebellar sections, immunolabelled for VGLUT2 (in red; A-B). CFs were transduced with control (A) and siGAP sequences (B). (C) Total
length and (D) density of varicosities per length unit are reduced in siGAP CFs compared to control (N=19 and 15, from 3 animals per group, mean =

SEM).
doi:10.1371/journal.pone.0020791.g006

Therefore, the atrophy induced by silencing GAP-43 suggests that
GAP-43 may cooperate with cytoskeletal proteins at the
membrane in maintaining axonal and pre-synaptic structures by
linking them to neuronal adhesion molecules.

Several lines of evidence show that ectopic overexpression of
GAP-43 induces axonal sprouting. It was shown that cerebellar
PCs, which constitutively lack this protein, gain the ability to
sprout in transgenic mice specifically overexpressing GAP-43 in
PCs [16,18]. Likewise, adult motoneurons exhibit a spontaneous
axonal sprouting and an enhanced sprouting following axotomy
when GAP-43 overexpression is induced in transgenic mice [15].
In the present study we have shown i vivo that downregulation of
GAP-43 expression is sufficient to largely prevent CF collateral
sprouting induced by subtotal lesion of the 10O. This demonstrates
that, in this model of injury-associated axonal growth, a single
molecule can affect the regenerative programme in the adult
brain. However, we have also observed a few CFs in which the
regenerative potential was preserved, although the overall
extension of sprouting was significantly reduced. This raises the
possibility that in these fibres a residual expression of GAP-43 may
be sufficient to support sprouting. Alternatively, other pathways
may be active in these neurons and compensate GAP-43 loss [6]
such as the GAP-43 related protein MARCKS (Myristoylated
Alanine-Rich C-Kinase Substrate), expressed at high levels in 10
and similarly involved in promoting axonal growth [8]. A further
possible interpretation relies on the heterogeneity of olivary

@ PLoS ONE | www.plosone.org

neurons in overexpressing plasticity-related proteins in reaction
to axotomy [57], raising the possibility that GAP-43 may not be
necessary for sprouting in all neurons of the I10.

The experiments presented here demonstrate that in the adult
brain GAP-43 plays a role in the maintenance of CI axonal
structure under physiological conditions. We also induced partial
degeneration of the IO by 3-AP injection, an approach used for
studying structural plasticity in the cerebellum. It is remarkable to
observe that specific downregulation of GAP-43 almost completely
abolished collateral sprouting of the CF. This provides new data
about the role played by GAP-43 in regeneration of the nervous
system following injury. Axonal degeneration and synaptic loss
also have a relevant role in several neurodegenerative diseases,
including amyotrophic lateral sclerosis, spinal muscular atrophy,
glaucoma, Alzheimer’s disease, Parkinson’s disease and multiple
sclerosis [58-60]. Finding effective pharmacological treatments for
modulating the expression or the activity of GAP-43 may
contribute to sustain axonal structures, preventing axonal dying
back in neurodegenerative diseases.

Materials and Methods

4. Design and cloning of shRNA

Five candidate shRNAs were designed to specifically silence rat
Gap-43 gene (NM_017195.1), according to the rationale estab-
lished by Reynolds and colleagues [61]. Each sequence was
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molecular layer shows the degeneration of CFs due to 3-AP treatment. Asterisks and dotted lines indicate cell bodies of innervated PCs. Arrowheads
indicate sprouting points for reinnervation of a nearby dendritic arbor. The absence of VGLUT2 labelling in the molecular layer indicates the

degeneration of CFs originally surrounding the surviving CFs.
doi:10.1371/journal.pone.0020791.g007

formed by a 19 nt sense core and its antisense, separated by a loop
sequence (TTCAAGAGA) and followed by a stop sequence
(TTTTTGGAA) [62,63,64]. The following sequences were so
designed: 1) GACAGAAAGTGCTGCTAAA, 2) AGCTCAAA-
GACGAGAAGAA, 3) GAAAGAAGCTGTAGATGAA, 4) GA-
ACATGCCTGAACTTTAA, 5) GTCCAACAGTGTGGCT-
TAA.

Forward and reverse oligonucleotides were annealed and cloned
into pLVIHM (kindly provided by D. Trono, Lausanne,
Switzerland) downstream to the RNApollll promoter H1. All
five sequences were tested and shRNA4, targeting both rat and
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mouse Gap-43, was chosen as it showed the highest efficiency. This
was then sub-cloned in p207.pRRLsinPPTs.hCMV.GFP.WPRE
(p207 for short, kindly provided by L. Naldini, Milan, Italy). In
order to make it suitable for shRNA expression, p207 was
modified (p207-SH) with the insertion of a divergent H1 promoter
upstream to the CMV promoter.

As a control for short-hairpin non-specific effects, shRINA4
sequence was randomized and the absence of any possible target
was checked by bioinformatics. The following SCR 19 nt
sequence was obtained and cloned in the p207 transfer vector as

described above: GACGAACGTATCCATATAT.
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5. Lentiviral particles production

Lentiviral particles were produced according to previously
described methods [65]. Briefly, the VSV-G-pseudotyped lentiviral
particles were generated by calcium phosphate transfection of
HEK293T cells with a mixture of helper and transfer plasmids
[65,66]. Following 14-16 hrs of incubation with the transfection
mix, cells were washed with Dulbecco phosphate buffered solution
(DPBS), and then they were grown in complete DMEM supple-
mented with pyruvate. Surnatant containing viral particles was
harvested 4042 hrs after transfection, filtered through a 0.45 um
Durapore Stericup unit, and concentrated by 2 ultracentrifugation
steps (or only 1 for the first selection experiments). Finally, the viral
pellet was suspended in DPBS with 1% bovine serum albumin
(BSA) in a final volume equivalent to 1:2,000-5,000 of the initial
(1:400 for the first selection experiments). Viral transduction
efficiency was estimated on HEK239T cells measuring the rate of
transduced cells by cytofluorimetry, obtaining a viral titre of 0.8—
0.9%10” units/pl. Viral particles were stored at —80°C. in single use
2 pl aliquots.

6. Protein extraction and Western-blot

Rat pheochromocytoma PC12 cells (generously provided by
M.E. Schwab, Zurich, Switzerland) [35,36] were plated on 35 mm
dishes coated with poly-lysine at a density of 300,000/dish.
Starting from the following day they were differentiated by nerve
growth factor (NGF, 100 ng/ml) for 3 days in serum free medium
with 1% BSA. Every 2-3 days half of the medium was replaced
with fresh medium containing NGF. Virus was added together
with NGF, at a 1:2000 dilution. Protein extracts were obtained by
incubating detached cells on melting ice for 25 min in standard
lysis buffer (10 mM Tris pH 7.5, 150 mM NaCl, 1% Triton-X,
10 mM NaF, | mM Na3gVO,) added with 1% protease inhibitors
cocktail (Sigma). Crude lysate was centrifuged at 15,000x g for
5 min at 4°C and supernatant was collected.

Cell extracts (20 pg) were denaturated at 96°C for 5 min and
loaded on SDS-polyacrylamide gel (12%). Gels were blotted on
PVDF membranes. Immunodetection was performed by rabbit
polyclonal anti-GAP-43 1:1000 (NB300-143, Novus Biological,
USA), mouse monoclonal anti-vinculin 1:1000 (Sigma) or mouse
monoclonal anti-actin 1:5000 (Sigma) as loading control and
horseradish peroxidise conjugated secondary antibodies (Chemi-
con) and ECL-Plus (Amersham).

7. RNA extraction and real-time PCR

PC12 cells were plated at a density of 60,000/dish and treated
with NGF and virus as described above. RNA extraction and two-
step retro-transcription were performed by FastLane Cell cDNA
kit (Qiagen) according to manufacturer instructions. An equivalent
of 10 ng RNA was used for retrotranscription reaction. As a
reference gene we chose the nuclear encoded mitochondrial ATP
synthase beta polypeptide (ATP5b; NM_134364.1). Gap-43
mRNA relative expression was measured by real-time PCR
(Applied Biosystem 7900HT) using Fast-start Universal Master
mix (Roche) and Universal Probe Library (Roche). Reaction was
run in four replicates. Primers were designed by a dedicated online
software (Roche) and checked for their amplification efficiency.
Their sequences and associated fluorescent probes were the
following (5'-3"): Gap-43 Fw ACGGAGACTGCAGAAAGCA,
Rev CGGGCACTTTCCTTAGGTTT, probe #63; ATP5b Fw
CATGGGTACAATGCAGGAAA, Rev GGTCATCAGCTGG-
CACATAG, probe #77. Quantification was made by the AACt
method [67,68] on raw data exported on Excel (Microsoft).

@ PLoS ONE | www.plosone.org

GAP-43 Dependent Plasticity in Climbing Fibres

8. Stereotaxic injections and partial lesion of the inferior

olivary nucleus

Animals were housed according to the European Community
Council Directive (86/609/CEE). The experimental protocols
were designed in accordance with Italian law D.L. 116/92 and
approved by the Italian Minister of Health. All efforts were made
to minimize animal suffering and to reduce the number of animals
used.

The method used to inject the virus into the IO was modified
from Nishiyama and Linden [26]. Briefly, juvenile P19-P22 45-
55g wild-type Wistar rats (Harlan) were deeply anaesthetized by
an intraperitoneal injection of ketamine/xylazine and placed in a
stereotaxic device. The dorsal neck muscles were retracted to
expose the dura over the foramen magnum, and an opening was
made to expose the brainstem. A borosilicate capillary (Sutter
Instruments) was connected to a picospritzer (Parker Inst, USA)
and front filled with 1.5 pl of lentiviral suspension. Injections were
made unilaterally starting from the midline, at a depth of 2.2—
2.3 mm. The capillary was set at an angle of 46° from vertical on
the sagittal plane and 5° from the midline on the horizontal plane.
A volume of viral suspension of ~0.5 pl was delivered over a 6—
12 min period, while the capillary was left in place for another
15 min before it was withdrawn.

For the different proportions of the head bones in older rats,
exposure of the dorsal side of brain stem was technically not
possible in a normal stereotaxical apparatus in these animals.
However, this method of injection was easily adapted to adult mice
(FVB, nine-twelve weeks old, Harlan) with few minor adjustments
(coordinates for the injections: 55° from vertical, 7° from the
midline, 1.6 mm depth; injected volume: ~0.3 pl).

To induce a subtotal lesion of the IO rats were treated with an
intraperitoneal injection of 3-AP (65-75 mg/kg) followed 3 hrs
later by 15 mg/kg harmaline and 300 mg/kg nicotinamide
1.5 hrs later [69].

9. Immunohistochemistry

Immunohistochemistry was performed as previously described
[70]. Briefly, three weeks after viral injection or after 3-AP
administration rats were deeply anaesthetized and intracardiacally
perfused with ice-cold 4% paraformaldehyde. Brains were post-
fixed for at least 4 hrs at 4°C and equilibrated with 30% sucrose
overnight for cryoprotection. Thirty micrometer-thick sagittal or
50 micrometer-thick coronal sections were cut using a freezing
microtome, then permeabilized in PBS with 1% Triton-X.
Sections were pre-absorbed with 10% normal donkey serum
solution for 1 hr at room temperature and incubated overnight at
+4°C with the following primary antibodies: mouse monoclonal
anti-calbindin D28K 1:2000 (Swant, Switzerland), rabbit poly-
clonal anti-GAP-43 1:1000 (Novus Biological, USA) and rabbit
polyclonal anti-VGLUT2 1:500 (Synaptic Systems GmbH,
Germany). After washing, sections were incubated 2 hrs at RT
with 1:200 Cy-3-conjugated donkey anti-rabbit (Jackson Immu-
noResearch, USA) and Alexa647-conjugated donkey anti-rabbit
(Invitrogen).

10. Confocal microscopy and image analysis

Images from immunolabelled samples were acquired with a
63 x oil immersion objective and a Leica confocal imaging system
(Leica TCR SP5) and processed using NIH Image] software [71].
GAP-43 ex-vivo expression was analysed on brain slice images
acquired with a reduced pinhole (0.75 PAU) and using the same
settings, including laser power, photomultiplier gain and offset (z-
step: 0.5 um). GAP-43-specific signal in transduced CFs was

June 2011 | Volume 6 | Issue 6 | €20791



isolated and identified within each optical section for its
colocalization with GFP. It was then projected on the z-axis and
quantified.

The morphology of isolated GIP-labelled CFs was analyzed on
images acquired from at least 3 animals per group, using always
the same settings with only minor adjustments of laser power and
photomultiplier gain, depending on fluorescence levels (z-step:
0.75 um). Series of optical sections were then z-projected and
analysed by Image]. The total length of CF was measured by
Neuron]J plugin on GFP channel [72]. These tracings were
analysed by Sholl’s method, positioning the first main CF
branching point in the centre (radius step: 2 um; radius span:
1 um) [40,41]. The median number of intersections was calculated
for each CF in the interval of interest, corresponding to the
distance at which the maximum number of branches was present.
The number of varicosities, identified either morphologically or by
VGLUT?2 staining, was manually counted using Image].

Following 3-AP experiments, the number of GFP-positive CFs
with clear signs of sprouting was counted on a epifluorescence
microscope (20X objective) on 50 um thick cerebellar coronal
sections (at least 6 per animal). The isolated GIP-positive
sprouting area of each CF was acquired from coronal sections as
described and measured.

Data were imported in Excel (Microsoft). Mean and standard
error was calculated for all parameters of each experimental
group. Differences among three groups were evaluated by
ANOVA and post-hoc Tukey’s HSD test. Comparisons in two-
groups experiments were evaluated by Student’s #test.

Supporting Information

Figure S1 Injection of viral particles, transduction and
CF labelling. (A) An example of brainstem of a rat injected with
control (GFP-only) viral suspension, as observed by combined DIC
and fluorescent microscopy for GFP signal (coronal section). The
injection successfully reached the IO in the brain stem and
induced the expression of GFP in part of the IO (Py: pyramidal
tract). (B) Representative field in the cerebellar cortex of the same
animal with a GFP-labelled CF with their typical arborization
(ML: molecular layer; PC: Purkinje cell layer; parasagittal section).

(TIF)
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Figure $2 Sprouting of CFs transduced with lentiviral
vectors following subtotal lesion of the IO. Projections of
series of optical sections obtained by confocal microscopy from
sagittal (A-B) and coronal sections (C—E) of animals injected with
control viral particles (expressing only GI'P) and treated with 3-AP
to induce the death of most neurons in the 10 (VGLUT?2, red;
calbindin, blue). (A-B) Two examples of isolated GFP-expressing
CFs (green) that survived to a subtotal lesion of the IO and
developed new branches innervating the surrounding PCs,
completely devoid of their original CF innervation (visible by the
lack of VGLUT2-positive varicosities around the GFP-positive
CF). Arrowheads indicate points of sprouting, where the CF grows
on the dendritic branch of an adjacent PC in both directions,
towards the distal portions as well as towards the soma. A
remarkable change is evident in CF organization, consisting in
thinner stalks and fewer tendrils compared to CFs in normal
conditions (A, insert). In some cases some reinnervating portions of
CFs profusely branch forming a rich tendril net on the newly
mnervated dendritic branch (B, insert). (C—E) Three examples
observed on coronal sections, showing the high variability of the
extension of the reinnervation. A high number of short transverse
branches are present in C and D (arrows in the inserts). In some
cases a longer branch innervated a dendritic arbor far from the
original one (E).

(TIF)

Acknowledgments

We thank Vladimiro Batocchi for important technical assistance. We thank
Didier Trono and Luigi Naldini for providing the plasmids for lentiviral
production. We also thank Valentina Vanni for participating in early
experiments.

Author Contributions

Conceived and designed the experiments: GG GM PS PC. Performed the
experiments: GG PC. Analyzed the data: GG PC. Contributed reagents/
materials/analysis tools: GM. Wrote the paper: GG PS GM.

. Hulo S, Alberi S, Laux T, Muller D, Caroni P (2002) A point mutant of GAP-43
induces enhanced short-term and long-term hippocampal plasticity.
Eur J Neurosci 15: 1976-1982.

. Rekart JL, Meiri K, Routtenberg A (2005) Hippocampal-dependent memory is
impaired in heterozygous GAP-43 knockout mice. Hippocampus 15: 1-7.

. Routtenberg A, Cantallops I, Zaffuto S, Serrano P, Namgung U (2000)
Enhanced learning after genetic overexpression of a brain growth protein. Proc
Natl Acad Sci U S A 97: 7657-7662.

15. Aigner L, Arber S, Kapfhammer JP, Laux T, Schneider C, et al. (1995)
Overexpression of the neural growth-associated protein GAP-43 induces nerve
sprouting in the adult nervous system of transgenic mice. Cell 83: 269-278.

. Buffo A, Holtmaat AJ, Savio T, Verbeek JS, Oberdick J, et al. (1997) Targeted
overexpression of the neurite growth-associated protein B-50/GAP-43 in
cerebellar Purkinje cells induces sprouting after axotomy but not axon
regeneration into growth-permissive transplants. J Neurosci 17: 8778-8791.

. Gianola S, Rossi I' (2004) GAP-43 overexpression in adult mouse Purkinje cells
overrides myelin-derived inhibition of neurite growth. Eur J Neurosci 19:
819-830.

. Zhang Y, Bo X, Schoepfer R, Holtmaat AJ, Verhaagen J, et al. (2005) Growth-
associated protein GAP-43 and L1 act synergistically to promote regenerative
growth of Purkinje cell axons in vivo. Proc Natl Acad Sci U S A 102: 14883-14888.

. Strittmatter SM, Fankhauser C, Huang PL, Mashimo H, Fishman MC (1995)
Neuronal pathfinding is abnormal in mice lacking the neuronal growth cone
protein GAP-43. Cell 80: 445-452.

. Maier DL, Mani S, Donovan SL, Soppet D, Tessarollo L, et al. (1999) Disrupted
cortical map and absence of cortical barrels in growth-associated protein (GAP)-
43 knockout mice. Proc Natl Acad Sci U S A 96: 9397-9402.

June 2011 | Volume 6 | Issue 6 | €20791



21.

26.

27.

28.

29.

30.

31.

37.

38.

39.

40.

41.

42.

Shen Y, Mani S, Donovan SL, Schwob JE, Meiri KF (2002) Growth-associated
protein-43 is required for commissural axon guidance in the developing
vertebrate nervous system. J Neurosci 22: 239-247.

. Carulli D, Buffo A, Strata P (2004) Reparative mechanisms in the cerebellar

cortex. Prog Neurobiol 72: 373-398.

. Bravin M, Morando L, Vercelli A, Rossi F, Strata P (1999) Control of spine

formation by electrical activity in the adult rat cerebellum. Proc Natl Acad
Sci U S A 96: 1704-1709.

. Cesa R, Scelfo B, Strata P (2007) Activity-dependent presynaptic and post-

synaptic structural plasticity in the mature cerebellum. J Neurosci 27: 4603~
4611.

. Dixon KJ, Sherrard RM (2006) Brain-derived neurotrophic factor induces post-

lesion transcommissural growth of olivary axons that develop normal climbing
fibers on mature Purkinje cells. Exp Neurol 202: 44-56.

Nishiyama H, Fukaya M, Watanabe M, Linden DJ (2007) Axonal motility and
its modulation by activity are branch-type specific in the intact adult cerebellum.
Neuron 56: 472-487.

Rossi F, Borsello T, Vaudano E, Strata P (1993) Regressive modifications of
climbing fibres following Purkinje cell degeneration in the cerebellar cortex of
the adult rat. Neuroscience 53: 759-778.

Rossi F, Wiklund L, van der Want JJ, Strata P (1991) Reinnervation of cerebellar
Purkinje cells by climbing fibres surviving a subtotal lesion of the inferior olive in
the adult rat. I. Development of new collateral branches and terminal plexuses.
J Comp Neurol 308: 513-535.

Sherrard RM, Bower AJ (2003) IGF-1 induces neonatal climbing-fibre plasticity
in the mature rat cerebellum. Neuroreport 14: 1713-1716.

Strata P, Rossi I' (1998) Plasticity of the olivocerebellar pathway. Trends
Neurosci 21: 407-413.

Console-Bram LM, Fitzpatrick-McElligott SG, McElligott JG (1996) Distribu-
tion of GAP-43 mRNA in the immature and adult cerebellum: a role for GAP-
43 in cerebellar development and neuroplasticity. Brain Res Dev Brain Res 95:
97-106.

. Eccles JC, Ito M, Szentagothai J (1967) The Cerebellum as a Neuronal Machine.

Berlin: Springer-Verlag Press.

. Ito M (1984) The cerebellum and neural control. New York: Raven Press.
. Rossi I, van der Want JJ, Wiklund L, Strata P (1991) Reinnervation of cerebellar

Purkinje cells by climbing fibres surviving a subtotal lesion of the inferior olive in
the adult rat. II. Synaptic organization on reinnervated Purkinje cells. J Comp
Neurol 308: 536-554.

. Greene LA, Tischler AS (1976) Establishment of a noradrenergic clonal line of

rat adrenal pheochromocytoma cells which respond to nerve growth factor. Proc
Natl Acad Sci U S A 73: 2424-2428.

5. Dodd DA, Niederoest B, Bloechlinger S, Dupuis L, Loeffler JP, et al. (2005)

Nogo-A, -B, and -C are found on the cell surface and interact together in many
different cell types. J Biol Chem 280: 12494-12502.

Alvarez VA, Ridenour DA, Sabatini BL. (2006) Retraction of synapses and
dendritic spines induced by off-target effects of RNA interference. J Neurosci 26:
7820-7825.

Bridge AJ, Pebernard S, Ducraux A, Nicoulaz AL, Iggo R (2003) Induction of an
interferon response by RNAi vectors in mammalian cells. Nat Genet 34:
263-264.

Sugihara I (2006) Organization and remodeling of the olivocerebellar climbing
fiber projection. Cerebellum 5: 15-22.

Sholl DA (1953) Dendritic organization in the neurons of the visual and motor
cortices of the cat. J] Anat 87: 387-406.

Qiu Z, Ghosh A (2008) A calcium-dependent switch in a CREST-BRGI1
complex regulates activity-dependent gene expression. Neuron 60: 775-787.
Hisano S, Sawada K, Kawano M, Kanemoto M, Xiong G, et al. (2002)
Expression of inorganic phosphate/vesicular glutamate transporters (BNPI/
VGLUT1 and DNPI/VGLUT?2) in the cerebellum and precerebellar nuclei of
the rat. Brain Res Mol Brain Res 107: 23-31.

. Denny JB (2006) Molecular Mechanisms, Biological Actions, and Neurophar-

macology of the Growth-Associated Protein GAP-43. Curr Neuropharmacol 4:
293-304.

. Ditevsen DK, Povlsen GK, Berezin V, Bock E (2008) NCAM-induced

intracellular signaling revisited. J Neurosci Res 86: 727-743.

. Meiri KF, Saffell JL, Walsh FS, Doherty P (1998) Neurite outgrowth stimulated

by neural cell adhesion molecules requires growth-associated protein-43 (GAP-
43) function and is associated with GAP-43 phosphorylation in growth cones.

J Neurosci 18: 10429-10437.

@ PLoS ONE | www.plosone.org

1

46.

47.

48.

49.

51.

56.

57.

58.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

GAP-43 Dependent Plasticity in Climbing Fibres

Bonfanti L (2006) PSA-NCAM in mammalian structural plasticity and
neurogenesis. Prog Neurobiol 80: 129-164.

Luthl A, Laurent JP, Figurov A, Muller D, Schachner M (1994) Hippocampal
long-term potentiation and neural cell adhesion molecules I.1 and NCAM.
Nature 372: 777-779.

Zhang Y, Zhang X, Yeh ], Richardson P, Bo X (2007) Engineered expression of
polysialic acid enhances Purkinje cell axonal regeneration in L1/GAP-43 double
transgenic mice. Eur J Neurosci 25: 351-361.

Horinouchi K, Nakamura Y, Yamanaka H, Watabe T, Shiosaka S (2005)
Distribution of Llcam mRNA in the adult mouse brain: In situ hybridization
and Northern blot analyses. J Comp Neurol 482: 386-404.

. Munakata H, Nakamura Y, Matsumoto-Miyai K, Itoh K, Yamasaki H, et al.

(2003) Distribution and densitometry mapping of L1-CAM immunoreactivity in
the adult mouse brain-light microscopic observation. BMC Neurosci 4: 7.
Chakravarthy B, Rashid A, Brown L, Tessier L, Kelly J, et al. (2008) Association
of Gap-43 (neuromodulin) with microtubule-associated protein MAP-2 in
neuronal cells. Biochem Biophys Res Commun 371: 679-683.

. Riederer BM, Routtenberg A (1999) Can GAP-43 interact with brain spectrin?

Brain Res Mol Brain Res 71: 345-348.

. Bennett V, Baines AJ (2001) Spectrin and ankyrin-based pathways: metazoan

inventions for integrating cells into tissues. Physiol Rev 81: 1353-1392.

. Pielage J, Fetter RD, Davis GW (2005) Presynaptic spectrin is essential for

synapse stabilization. Curr Biol 15: 918-928.

Schonfeld-Dado E, Fishbein I, Segal M (2009) Degeneration of cultured cortical
neurons following prolonged inactivation: molecular mechanisms. J Neurochem
110: 1203-1213.

Foscarin S, Gianola S, Carulli D, Fazzari P, Mi S, et al. (2009) Overexpression of
GAP-43 modifies the distribution of the receptors for myelin-associated growth-
inhibitory proteins in injured Purkinje axons. Eur J Neurosci.

Buffo A, Carulli D, Rossi F, Strata P (2003) Extrinsic regulation of injury/
growth-related gene expression in the inferior olive of the adult rat.
Eur J Neurosci 18: 2146-2158.

Hilliard MA (2009) Axonal degeneration and regeneration: a mechanistic tug-of-
war. ] Neurochem 108: 23-32.

. Mandolesi G, Grasselli G, Musumeci G, Centonze D (2010) Cognitive deficits in

experimental autoimmune encephalomyelitis: neuroinflammation and synaptic
degeneration. Neurol Sci 31: S255-259.

Rossi S, Muzio L, De Chiara V, Grasselli G, Musella A, et al. (2010) Impaired
striatal GABA transmission in experimental autoimmune encephalomyelitis.
Brain Behav Immun.

Reynolds A, Leake D, Boese Q), Scaringe S, Marshall WS, et al. (2004) Rational
siRNA design for RNA interference. Nat Biotechnol 22: 326-330.

Tiscornia G, Singer O, Ikawa M, Verma IM (2003) A general method for gene
knockdown in mice by using lentiviral vectors expressing small interfering RNA.
Proc Natl Acad Sci U S A 100: 1844-1848.

Tiscornia G, Tergaonkar V, Galimi F, Verma IM (2004) CRE recombinase-
inducible RNA interference mediated by lentiviral vectors. Proc Natl Acad
Sci U S A 101: 7347-7351.

Szulc J, Wiznerowicz M, Sauvain MO, Trono D, Aebischer P (2006) A versatile
tool for conditional gene expression and knockdown. Nat Methods 3: 109-116.

. Mandolesi G, Autuori E, Cesa R, Premoselli F, Cesare P, et al. (2009)

GluRdelta2 expression in the mature cerebellum of hotfoot mice promotes
parallel fiber synaptogenesis and axonal competition. PLoS One 4: €5243.
DuBridge RB, Tang P, Hsia HC, Leong PM, Miller JH, et al. (1987) Analysis of
mutation in human cells by using an Epstein-Barr virus shuttle system. Mol Cell
Biol 7: 379-387.

Pfaffl MW (2001) A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res 29: ¢45.

Nolan T, Hands RE, Bustin SA (2006) Quantification of mRNA using real-time
RT-PCR. Nat Protoc 1: 1559-1582.

Llinas R, Walton K, Hillman DE, Sotelo C (1975) Inferior olive: its role in motor
learing. Science 190: 1230-1231.

Mandolesi G, Vanni V, Cesa R, Grasselli G, Puglisi F, et al. (2009) Distribution
of the SNAP25 and SNAP23 synaptosomal-associated protein isoforms in rat
cerebellar cortex. Neuroscience 164: 1084-1096.

Abramoff MD, Magelhaes PJ, Ram SJ (2004) Image Processing with Image].
Biophotonics International 11: 36-42.

. Meijering E, Jacob M, Sarria JC, Steiner P, Hirling H, et al. (2004) Design and

validation of a tool for neurite tracing and analysis in fluorescence microscopy
images. Cytometry A 58: 167-176.

June 2011 | Volume 6 | Issue 6 | €20791



