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Abstract
The growth-associated protein GAP-43 has a pivotal role in axonal
growth and guidance during development. Towards the end of postnatal
development its expression dramatically declines in most brain regions with
few exceptions, such as cerebellar cortex and inferior olive (IO). When
experimentally over-expressed in murine CNS in vivo, it is able to induce
axonal sprouting, moreover it is up-regulated in conditions known to induce
a structural remodelling of neuronal connectivity, such as injuries to the
CNS and neurodegenerative disorders. However the reason why high
expression is maintained through adulthood only in some regions of the
brain has never been clarified.
Taking advantage of lentiviral vectors and shRNAs to induce an efficient
and stable gene silencing specifically in the IO, we chose to investigate
GAP-43 role in axonal remodelling of the adult CFs, since they originate
from one of the nuclei which retain GAP-43 high expression levels, they are
conveniently arranged for morphological studies and they are endowed with
profound plastic and regenerative potentials. Here we show in vivo, in adult
rats, that silencing of GAP-43 causes an atrophy of olivocerebellar terminal
axons and significant modification of its presynaptic boutons.
These data suggest that GAP-43 plays a pivotal role in the maintenance
of axonal structure of CF and of the organization of presynaptic plasma
membrane in physiological conditions and it plays a complex role in CF
lesion-induced sprouting.
Finally, by means of two-photon microscopy and laser nanosurgery, we
describe here for the first time in vivo lesion-induced sprouting in the
mammalian CNS.
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Introduction
1. The cerebellum
1. General organization and function
From a macroscopic point of view, the cerebellum is a very distinct
region of the brain which occupies, in all vertebrates, the position
immediately behind the tectal plate in the mesencephalon. It is the only
region of the central nervous system (CNS) to span the midline without
interruption, immediately over the fourth ventricle (Eccles, 1967; Herrup and
Kuemerle, 1997; Shepherd, 2004).
The cerebellar cortex can be roughly divided into three longitudinal
regions: the medial vermis and two lateral hemispheres. Each of them is
connected to one of three groups of deep cerebellar nuclei (Ito, 1984). Two
transverse fissures divide the cerebellum into three lobes: the postero-lateral
fissure defines the most caudal flocculo-nodular lobe from the corpus
cerebelli and the primary fissure lies in the corpus cerebelli between the
posterior and the anterior lobe. The flocculo-nodular lobe receives mainly
vestibular inputs and represents the evolutionary most ancient cerebellar
region, referred to as archicerebellum. The region of the corpus cerebelli,
which receives mainly spinal cord input is called the paleocerebellum. In
primates, including humans, the largest component by far is the
neocerebellum whose size is related to the development of the cerebral
hemispheres, and it is dominated by cortical inputs. The cerebellum is
connected to the rest of the CNS by three large fibre bundles, the cerebellar
pedunculi (Kandel et al., 2003; Shepherd, 2004).
The cerebellar cortex (Fig. 1) generates a single efferent pathway
consisting in the axons of the GABAergic Purkinje cells (PCs; Fig. 2), which
regulate cerebellar nuclei activity by their inhibitory action. The large soma
of PCs form a distinct monolayer in the cerebellar cortex, interposed
between other two layers: the molecular layer, between the pial surface and
the PC layer, containing the vast dendritic arbour of PCs, and the granular
layer, between PC layer and the cerebellar white matter (Shepherd, 2004).
Neuronal input reaches the cerebellar cortex through two distinct
glutamatergic pathways: the mossy fibres (MFs), originating from the spinal
cord and a number of areas of the brainstem including the pontine nuclei,
and the climbing fibres (CFs; Fig 3), identified as the terminal arborisation
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Fig. 1 - Basic structure of the cerebellar cortex.
There are two main afferents to the cerebellar cortex: climbing fibres (CF), which
make direct excitatory contact with the Purkinje cells, and mossy fibres (MF), which
terminate in the granular layer and make excitatory synaptic contacts mainly with
granule cells, but also with Golgi cells. In some cases, the stem axons of CF and MF
also provide collaterals to the cerebellar nuclei en route to the cerebellar cortex. The
ascending axons of the granule cells branch in a T-shaped manner to form the parallel
fibres, which, in turn, make excitatory synaptic contacts with Purkinje cells and
molecular layer interneurons — that is, stellate cells and basket cells. Typically,
parallel fibres extend for several millimetres along the length of individual cerebellar
folia. With the exception of granule cells, all cerebellar cortical neurons, including the
Purkinje cells, make inhibitory synaptic connections with their target neurons (Mod.
from Purves, 2004).

of axons, whose cell bodies are located in the inferior olivary nucleus (IO, in
the brain-stem). MFs, the major source of afferent input to the cerebellum,
terminate in the molecular layer, where their bulbous terminals contact
granule cells dendrites. Additionally, granule cells dendrites also receive the
inhibitory input of Golgi cells axons; direct contacts between MF terminals
and Golgi cells dendrites have been observed as well (Eccles, 1967). The
whole synaptic complex here described is organized in a structure called
cerebellar glomerulus (Eccles, 1967; Ramon y Cajal, 1911).
Both olivocerebellar axons and MFs give rise also to collaterals which
innervate the deep cerebellar nuclei as well (Bloedel and Courville, 1981).
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Fig. 2 – Purkinje cell morphology.
GFP-expressing PC from an adult rat visualized by confocal microscopy after
lentiviral injection. The different calibre of the dendrites identifies two compartments,
the proximal and the distal one. Note the difference in the density of the spines
emerging from the two dendritic domains: the proximal one appears smooth since few
spines are present; the distal one is covered with packed spines; scale bar 25 µm (Cesa
& Strata 2009).

Granule cell axons form fibres ascending through the PC layer into the
molecular layer, and, after a T-shaped branching, form parallel fibres (PFs).
PFs run parallel to the pial surface and perpendicular to the fan-like PC
dendritic arbours. PFs represent, together with CFs, the only excitatory input
impinging on PCs dendrite. However their innervation territories on PC
dendrites are different: PFs innervate distal dendritic branchlets while CFs
innervate the thicker proximal dendritic branches (Fig. 2; Ito, 1984; Ito,
2006). A remarkable feature of these two types of synapses is that each PC is
innervated in the rat by a single CF and by about 200,000 PFs (Carulli et al.,
2004; Strata and Rossi, 1998).
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A

B

Fig. 3 - Terminal arborisations of labelled climbing fibres (CFs) in parasagittal
sections.
A) Photomicrograph of a CF terminal arborisation. B) Reconstruction of a terminal
arborisation. The organization in a main thick ramification (stalk) and thin lateral
ramifications (tendrils) is clearly visible. Swellings along CF ramifications represent
axonal boutons (varicosities). Scale bar 50 µm (Sugihara & Shinoda 1999).

PC activity is regulated by two types of inhibitory interneurons, the
stellate and the basket cells, both receiving input from PFs. A third type of
inhibitory interneuron is represented by Golgi cells, which form synapses on
granule cell dendrite juxtaposed to the MF glomeruli. The first two
inhibitory interneurons have their soma in the molecular layer while Golgi
cells have their soma in the PC layer (Ito, 1984; Ito, 2006).
The cerebellar cortex also receives information by means of some
additional diffuse projections from the brainstem. These consist in
cholinergic fibres, originating from the pedunculo-pontine nucleus (Jaarsma
et al., 1997), noradrenergic fibres from the locus coeruleus (Abbott and
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Sotelo, 2000) and serotonergic fibres from raphe nuclei (Strahlendorf and
Hubbard, 1983).
Lugaro cells and the recently discovered unipolar brush cells as
additional elements of cerebellar neuronal circuitry and added to the classic
diagram of cerebellar circuitry. Lugaro cells are inhibitory interneurons
located in the granular layer which are activated by serotonergic fibres and,
in turn, inhibit Golgi cells (Aoki et al., 1986; Sahin and Hockfield, 1990).
Unipolar brush cells are located in the granular layer with a more extensive
representation in the vestibule-cerebellum and receive excitatory synapses
on their dendritic brush from a single MF terminal. The unipolar brush cell
axon form branches within the granular layer, where they give rise to large
terminals, similar to MF glomeruli, which synapse with both granule cells
and unipolar brush cell dendrites. These cells receive inputs from
glutamatergic primary vestibular fibres and choline-acetyltransferasepositive MFs (Dino et al., 1999; Ito, 2006).
The wide variety of sensory inputs processed and integrated by the
cerebellum support an important computational rule resulting from such
complex circuitry. The observation of an ordered disposition of neuronal
elements led to the first hypothesis about the cerebellar computational
function, known as the “Marr-Albus-Ito” theory of cerebellar motor learning,
still largely accepted (Albus, 1971; Ito, 1984; Ito, 2006; Ito and Kano, 1982;
Marr, 1969; Strata, 2009).
Until the 1960s, the cerebellum was thought to be involved exclusively in
the control of movement; it was viewed as a comparator adjusting the motor
output on the basis of sensory input. It was recently proposed that the
cerebellum forms an internal model that reproduces the dynamics of the
different parts of the body, helping the brain to perform precise movements,
without the strict need of feedback information from the moving body part.
(Ito, 2008; Wolpert et al., 1998). In the last twenty years, a growing body of
anatomical, physiological, behavioural and clinical evidence has suggested
that in addition to its role in motor control, the cerebellum is involved in
cognitive and emotional functions, such as fear-associated memory,
providing some sort of neuronal coordination not only with the motor cortex
but also with many other cortical regions. This would explain, for instance,
the great development of cerebellar hemispheres which has occurred in the
evolution of primates in relation to the development of associative cerebral
cortex (Sacchetti et al., 2009).
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2.

Physiology and synaptic plasticity

The cerebellum contains more neurons than the rest of the brain, due to
the huge number of granule cells (Shepherd, 2004). Each PC receives a
single CF axon which makes ~1,500 synapses (Strata and Rossi, 1998), and
these synapses release glutamate with a very high probability, differently to
PFs (Dittman and Regehr, 1998; Silver et al., 1998).
The stimulation of PFs causes a graded excitatory post-synaptic current
(EPSC) in the PCs and triggers in a “simple spike” (i.e. conventional action
potential), while CFs generate the largest depolarizing event in the CNS and
a highly characteristic all-or-none burst of impulses known as “complex
spike” (Fig. 4) composed of an initial fast action potential (due to a Na+
spike), followed by two or three smaller spikelets superimposed on a
sustained depolarization plateau (Eccles et al., 1966; Ito, 2006; Ohtsuki et
al., 2009; Thach, 1967). The EPSCs at CF synapses are largely mediated by
the activation of AMPA receptors (Konnerth et al., 1990; Llano et al., 1991;
Perkel et al., 1990) that contain GluR2 subunits and are therefore not
permeable to calcium (Ohtsuki et al., 2009). Only recently it was clarified
that mature Purkinje cells express also functional NMDA receptors which
contribute to the complex spike waveform, by influencing the number and
timing of spikelets, as well as the after-depolarization plateau (Piochon et al.,
2007; Renzi et al., 2007). The large number of synaptic contacts formed by a

Fig. 4 – Climbing fibre complex spike and its long-term depression.
CF stimulation generates a large all-or-none depolarization of PC defined as complex
spike and composed of an initial large and fast action potential, due to Na+
conductance, followed by two or three smaller spikelets superimposed on a sustained
depolarization plateau. A low frequency stimulation (5 Hz) of CF for 30s evokes
long-term depression (LTD; shown in the right panel) of its excitatory post-synaptic
potential (EPSP), consisting in a reduction in the amplitude of the first spikelet
(arrow; Ohtsuki et al., 2009).
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single CF input on PC and their high probability of glutamate release are
responsible of a large, widespread calcium transient that accompanies
complex spikes and plays a crucial role in cerebellar plasticity (Miyakawa et
al., 1992; Ross and Werman, 1987). In addition, the CF activity exerts a
tonic inhibition on the PC (Montarolo et al., 1982; Sugihara et al., 1999) due,
at least partly, to a pure spillover connection to inhibitory interneurons in the
molecular layer (Szapiro and Barbour, 2007). Direct synaptic contacts
between CFs and inhibitory interneurons has been reported only
morphologically by anterograde labelling of CF (Sugihara et al., 1999) but
never confirmed functionally.
According to the classical model provided by the Marr-Albus-Ito theory
of cerebellar motor learning, proposed in the late 60s, cerebellum could work
as a learning machine, in which the synchronous activation of CF and PFs
could lead to a long-lasting modification of the evoked synaptic potentials at
PF-PC synapses, underlying learning and memory. It was shown that a
protocol of low frequency stimulation of PF (1 Hz for 5 min) paired with CF
stimulation can induce LTD at PF synapses (Ito, 1984; Ohtsuki et al., 2009).
The induction of LTD at PFs depends on the activation of the mGluR1/PKC
signalling cascade and activation of α-calcium/calmodulin-dependent kinase
II (αCaMKII). CF signalling triggers dendritic calcium transients and
contributes to PF LTD induction by activating these induction cascades. Coactivation of PF and CF inputs causes a supralinear calcium signalling in PF
spines, thus providing a coincidence detection mechanism that might be
required to reach a critical calcium threshold for LTD induction (Ito, 2001;
Ohtsuki et al., 2009).
Recent findings suggest that there is no specific requirement for CF
evoked calcium signals, but it has an important role in facilitating PF LTD
induction by amplifying local calcium transients, since a strong PF
stimulation alone is sufficient to induce PF LTD (Eilers et al., 1997; Hartell,
1996).
By applying the low-frequency/low-intensity PF stimulation protocol
used for LTD induction but in the absence of any CF stimulation, PF
develop a second and opposite form of synaptic plasticity, consisting in a
long-term potentiation (LTP) of PF EPSC, expressed both pre- and
postsynaptically (Lev-Ram et al., 2002; Salin et al., 1996). The induction of
PF LTP depends on lower calcium transients than LTD induction (Coesmans
et al., 2004), and requires the activation of protein phosphatases PP1, PP2A
and PP2B (Belmeguenai and Hansel, 2005). It is interesting to observe that,
concerning the level of calcium signalling and kinase/phosphatase activation
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A

PF-EPSP after CF-LTD
PF-EPSP

B

Fig. 5 – Bidirectional long-term plasticity of parallel fibre – Purkinje cell synapses
regulated by CF plasticity.
A) CF function and plasticity plays a pivotal role in PF plasticity because it regulates
the direction of the modification of PF-EPSP (LTP or LTD), resulting in a
phenomenon of metaplastic modifications at PFs. Usually a long and low frequency
stimulation (5 Hz, 30 s) of PF paired to CF induces a long-term depression (LTD) of
PF-EPSP (open dots). Previous induction of CF-LTD inverts the sign of PF plasticity,
leading to the induction of long-term potentiation (LTP) instead of LTD (closed dots).
B) A high calcium threshold is needed at PF-PC synapses for the induction of LTD.
CF stimulation is necessary for [Ca2+]i to reach the threshold needed for PF-LTD. The
reduction of PC calcium transients due to CF-LTD is sufficient to prevent the
overcoming of the threshold, thus enabling the potentiation of PF synapses (modified
from Ohtsuki et al., 2009).

requirements, PF bidirectional synaptic plasticity seems to be controlled by
opposite mechanisms of those described in hippocampus and cortex (Jorntell
and Hansel, 2006).
The idea of an invariant all-or-none response of the CF, has long
prevailed. Nevertheless CF has been recently shown to undergo synaptic
plasticity events itself: a low-frequency stimulation protocol (5 Hz for 30 s)
is sufficient to induce LTD of CF EPSCs (Hansel and Linden, 2000), found
to be expressed post-synaptically (Shen et al., 2002; Fig. 4). The biochemical
cascade involved in the induction of CF LTD has several similarities with
the LTD induction cascade at PF. At both types of synapses a postsynaptic
calcium transient, the activation of mGluR1 receptors, and the activation of
protein kinase C (PKC) are required for LTD induction (Hansel and Linden,
2000). Moreover CF LTD induction is also PKA-dependent (Schmolesky et
al., 2007).
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CF LTD plays a pivotal role in cerebellar plasticity because it was shown
to control the direction of the modification of PF-EPSP (LTP or LTD),
resulting in a phenomenon of metaplastic modifications at PFs. When CF
LTD is induced before the application of the paired low-frequency
stimulation protocol at PF and CF, this protocol induces LTP instead of LTD
at PF synapses (Coesmans et al., 2004; Fig. 5). It was shown that CF LTD is
accompanied by a reduction in calcium transients associated with the
complex spike (Weber et al., 2003). The most likely explanation for this
reversal of direction of PF plasticity is that CF LTD is sufficient to reduce
the activity dependent calcium signal below the threshold for LTD induction
at PF synapses (Coesmans et al., 2004; Jorntell and Hansel, 2006).
This is not the only way by which CF regulate PF plasticity. Indeed a
post-synaptic release of endocannabinoids is triggered by CF and contributes
to facilitate the induction of LTD at PFs by suppressing a form of presynaptic PKA dependent PF LTP (Brenowitz and Regehr, 2003; Safo and
Regehr, 2005; van Beugen et al., 2006; Ohtsuki et al., 2009). CF activity can
also induce the release of the neuropeptide corticotropin-releasing factor
(CRF; Barmack and Young, 1990; Tian and Bishop, 2003), which has been
shown to be involved in the induction of parallel PF LTD too (Miyata et al.,
1999). CF input thus exerts a fine control over PF plasticity not only through
the calcium transients associated with complex spike activity, but also by the
activity-dependent production of endocannabinoids and the release of CRF.
To enhance the complexity of the system even further there are other
synapses that were shown to undergo to various form of synaptic plasticity
(Fig. 6; Hansel et al., 2001). The repetitive stimulation of CFs can induce an
increase of inhibitory post-synaptic currents (IPSC) triggered by inhibitory
interneurons on PC (IPSC-LTP; Kano et al., 1992). This IPSC-LTP requires
a postsynaptic Ca2+ transient and the activation of αCaMKII and PKA
(Hashimoto et al., 1996; Kano et al., 1996; Kawaguchi and Hirano, 2000;
Khodakhah and Armstrong, 1997). The synapses between MFs and granule
cells can undergo to LTP, too, as a consequence of high frequency
stimulation (100 Hz for 100 ms repeated 8 times at 250 ms intervals) in a
way that depends on activation of NMDA glutamate receptors, mGluR, and
PKC, similarly to hippocampal LTP (Armano et al., 2000; D'Angelo et al.,
1999; Rossi et al., 1996). Last, GABAergic synapses between PC and deep
cerebellar nuclei neurons exhibit LTD or LTP themselves. This appears after
repeated postsynaptic hyperpolarizing pulses paired or not with a
postsynaptic hyperpolarization or application of an internal Na+ channel
blocker (Aizenman et al., 1998).
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Fig. 6 - Summary of synaptic and intrinsic plasticity in the cerebellar circuit.
In this cartoon all known forms of functional plasticity occurring in the cerebellum
are summarised: LTP is indicated by a red bar at synapses, LTD by a blue one.
Changes in intrinsic excitability of a neuronal type are indicated by a red action
potential in the soma (Hansel et al., 2001).

A further level of neuronal activity regulation in addition to classic
plasticity at synaptic sites (LTP or LTD), is the modulation of intrinsic
excitability of neurons, consisting in an increase or decrease in the voltagesensitive conductances either locally at the level of single synapse or
globally, affecting the whole neuron (Hansel et al., 2001; Turrigiano, 1999).
This was shown to occur in PC, granule cells and in the neurons of the deep
cerebellar nuclei (Aizenman and Linden, 2000; Armano et al., 2000; Ohtsuki
et al., 2009; Schreurs et al., 1998).
3. Structural plasticity in the cerebellar cortex
Cerebellar cortex is not only able to modify its computational properties
by a complex combination of functional modifications, but its well ordered
circuitry is able to undergo several structural remodelling even during
adulthood, increasing the levels of control of its network function. This was
shown to occur either in relation to synaptic activity or as a reaction to
experimental manipulations (Bosman and Konnerth, 2009; Carulli et al.,
2004; Cesa and Strata, 2009; Rossi and Strata, 1995; Strata and Rossi, 1998).
Several lines of evidence showed a relationship between synaptic plasticity
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and structural modifications, mainly consisting in changes of the number of
synapses. It was proposed that stimulation of PFs in a small dendritic area of
a PC activates at the most 2.6 % (30/1140) of the PF–PC synapses located
within the area, on the basis of the measurements of the area stimulated by
an electrode, on the recorded EPSC and on the average number of synapses
observed anatomically, (Wang et al., 2000). Moreover a burst stimulation of
PFs alone or paired with CF is able to increase or decrease such receptive
field (Jorntell and Ekerot, 2002). It was thus suggested that silent synapses
are functionally produced by LTD, and that learning converts silent synapses
to active synapses, or vice versa, by the induction of LTP or LTD (Jorntell
and Ekerot, 2003; Ito, 2006). Pronounced structural plasticity, including a
lasting change in synaptic number, was shown to occur in direct relation to
learning processes: a decrease of the number of excitatory synapses was
shown to occur in the cerebellar cortex following eye-blink conditioning, a
behavioural learning protocol which is associated with PCs LTD (Connor et
al., 2009).
In addition to the pivotal control on PF function and plasticity, CFs are
characterized by a high degree of structural plasticity. They undergo a
homosynaptic competition with other CFs during development and a
heterosynaptic competition with PFs in the innervation of its PC target.
Moreover they are able to expand their territory of innervation following an
increase of the target space available, and, on the other hand, they undergo to
regressive modifications after elimination of their target or block of
electrical activity (Cesa and Strata, 2009; Hashimoto and Kano, 2005;
Sacchetti et al., 2005; Strata and Rossi, 1998).
The first synaptic contact between PC and CF occurs around birth when
the PC has not yet developed dendrites and the CF form synapses on its
soma. The establishment of the first functional synapse evoking an EPSC
occurs at P2 (Crepel, 1982). At P3, all PC respond to CF stimulation and in
most of them in a way which is graded in steps, ranging from 2 to 5 (Crepel
et al., 1981), supporting the notion of multiple innervation Surplus CFs are
gradually eliminated during early postnatal development and most PCs in
mice become innervated by single CFs within the third postnatal week
(Hashimoto and Kano, 2003; Kano et al., 1995; Kano et al., 1997; Kano et
al., 1998; Offermanns et al., 1997). The CF regression process is influenced
also by the interactions of the target PCs with PFs. In three different mutant
mice, in which loss of granule cells is generated by totally different
mechanisms, multiple innervation of PCs by CFs persists into adulthood.
This is indeed the case in the weaver (Crepel, 1976), staggerer (Crepel et al.,
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1980; Mariani and Changeux, 1980; Steinmayr et al., 1998) and reeler
mutant mice (Mariani et al., 1977). It was further shown in rats deprived of
granule cells that the phase of CF regression starting from P9 needs PF
innervation (Crepel, 1976; Mariani et al., 1990; Mariani et al., 1987).
Excitatory innervation on PC not only express a developmental
homologous competition among CFs but also a heterologuos competition
between CF and PFs. PFs and CF form synapses on distinct portion of the
PC dendritic domain, the spiny distal and thin dendritic branchlets for PFs
and the fairly smooth proximal and thick dendritic branches for CF (Cesa
and Strata, 2009). Interestingly the orphan glutamate receptor delta-2 subunit
(GluRδ2) is expressed selectively in cerebellum, and, there, only in PC distal
spines (Lomeli et al., 1993). This protein plays a crucial role in the
differential distribution and stabilization of PF and CF synapses (Guastavino
et al., 1990; Ichikawa et al., 2002; Kurihara et al., 1997; Mandolesi et al.,
2009a; Mandolesi et al., 2009b). Although no physiological ligand has been
found yet, it was recently shown that it is involved in the stabilization and
strengthening of synaptic connectivity between PFs and PCs, serving
probably as an adhesion molecule (Mandolesi et al., 2009a; Yuzaki, 2003).
CF is able to expand their territory of innervation in response to enlarged
target space, or to undergo to regressive modifications (Fig. 7; Cesa and
Strata, 2009; Rossi and Strata, 1995; Strata and Rossi, 1998). Following a
subtotal lesion of the inferior olive by means of 3-acetylpyridine (3-AP),
most PCs remain deprived of their CFs. In these conditions, the surviving CF
undergo sprouting and innervate the denervated PC (Benedetti et al., 1983;
Rossi et al., 1991a; Rossi et al., 1991b) establishing new synapses (Benedetti
et al., 1983). A few days after the lesion, a large number of new spines
emerge from the PC proximal dendritic domain. The proliferation of spines
that follows the CF terminal arbor deletion is accompanied by sprouting of
adjacent PFs invading its territory of innervation (Rossi et al., 1991a; Sotelo
et al., 1975). Moreover, GluRδ2 becomes expressed in the newly-formed
spines innervated both by PFs and CFs (Cesa et al., 2003). After sprouting of
CFs, the competitor PFs are confined to the distal dendritic domain and the
GluRδ2 disappears from the proximal dendritic compartment (Cesa et al.,
2003; Rossi et al., 1991a; Rossi et al., 1991b). This situation seems to
recapitulate cerebellar cortex development, when, during an initial phase, the
two inputs coexist on the same dendritic portions, a homogeneous
distribution of spines occurs and the GluRδ2 is transiently expressed also in
CF synapses (Zhao et al., 1998). The capacity of reactive synaptogenesis by
the PF input has also been demonstrated following lesion of rat
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Fig. 7 - Structural plasticity of adult intact climbing fibres following target deletion
or expansion.
(A–D) Camera lucida drawing of control and target-deprived CFs (mod. from Rossi et
al., 1993). At 7 days after target deletion (B), a conspicuous loss of fine varicose
branches already occurs comparing to control (A). The progressive retraction of distal
varicose branches is enhanced at later survival times (C and D).
(E and F) Collateral sprouting of CFs after expansion of target territory. Following a
subtotal lesion of the inferior olive by means of 3-acetylpyridine (3-AP), most PCs
remain deprived of their CFs. Surviving CFs emit collateral sprouting (arrowheads)
and reinnervate adjacent PCs, as shown in the sagittal (E) and coronal (F) planes
(mod. from Rossi et al., 1991a).
(G–I) Innervation of grafted Purkinje cells by adult intact olivary axons. (G) The lowpower micrograph shows the relationship between the graft (arrowheads) and the host
cerebellum. (H) The arrow points to a thick CF collateral which runs straight to the
host cerebellar surface to enter the transplant and give rise to an arborisation
(arrowheads) impinging on Purkinje cells within the graft. (I) An olivary axon (arrow)
forms a CF contacting an adult host Purkinje cells. This fibre emits a collateral
(arrowheads) that extends on the dendrites of a grafted cell. Other grafted Purkinje
cells (asterisks) have migrated in the host molecular layer. (Rossi et al., 1992). Scale
bars: A, 30 µm; B, C, 20 µm; D, 25 µm; E and F, 30 µm; G, 1 mm; H 30 µm and I
50µm (Carulliaxons
et al., 2004).
olivocerebellar
by peduncolotomy (i.e. the lesion of the cerebellar

24

1. The cerebellum

peduncles). Also in this case, a few days after the lesion, new spines grow on
deafferented proximal PC dendrites and become innervated by PFs (Cesa
and Strata, 2005).
Adult olivary axons are able to expand their territory of innervation not
only on vacant mature PCs following the loss of adjacent CFs, but also on
additional sets of immature PCs (Fig. 7). When embryonic PCs taken from
cerebellar primordia are transplanted onto the surface of the adult cerebellar
cortex, collaterals of intact CF arbours grow through the molecular layer
with moderate branching along the radial Bergmann glia, perforate pia mater
and innervate the PCs inside the graft. Some grafted PCs which migrate
inside the cerebellar cortex are similarly innervated by CF sprouting (Rossi
et al., 1994). By electrophysiological recordings it has been shown that the
new synapses are fully functional (Gardette et al., 1988; Tempia et al.,
1996).
The opposite expression of CF structural plasticity is observed after the
experimental deletion of its target neurons or, similarly, after the block of
synaptic transmission. After PC degeneration induced by intracerebellar
injections of kainic acid, CFs progressively undergo remarkable regressive
modifications, consisting in the loss of most of the terminal arborisation and
in the sparing of only its proximal thick branches. At about 1 month after the
lesion, the total arbor length is 30% of control and only 10% of branches and
varicosities are still present (Rossi et al., 1993). Similar results have been
observed when PCs are deleted by propidium iodide (Rossi et al., 1993) or in
mutant mice undergoing PC degeneration because of genetic mutations
(Rossi and Strata, 1995). Interestingly, these regressive modifications are
reversed whenever new PCs become available, for example when embryonic
PCs are transplanted into the kainic acid lesion (Armengol et al., 1989) or
into a mutant cerebellar cortex (Sotelo and Alvarado-Mallart, 1987). The
infusion of the AMPA receptor inhibitor NBQX but not the infusion of the
mGluR inhibitor MCPG causes a modification of CF boutons consisting of a
reduction of their major and minor axes and their ratio (Cesa et al., 2007).
These data suggest that CF has bidirectional target-dependent control of its
morphology and that synaptic transmission through AMPA receptors (but
not mGluR) may be involved, raising the possibility that this trophic relation
with the target is dependent on the activity of some cerebellar neurons.
As an expression of the heterosynaptic competition between CFs and
PFs, CF remodelling is usually accompanied by opposite PF modifications:
after a subtotal lesion of the IO, PF sprout abundantly onto the proximal
dendritic territory of the PC (Rossi et al., 1991a; Rossi et al., 1991b; Sotelo
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et al., 1975); on the contrary, selectively weakening the PF synapses results
in a larger CF innervation area on the PC dendritic tree and persistent
multiple CF innervation (Hirai et al., 2005; Kano et al., 1998; Kurihara et al.,
1997; Watanabe, 2008).
The block of synaptic transmission not only affects the morphology of
CF but also that of PC, inducing spinogenesis on the PC proximal dendrite
similarly to that observed after a lesion of IO or a peduncolotomy (Fig. 8).
By infusion of tetrodotoxin (TTX), an inhibitor of voltage-gated Na+
channels, or NBQX for 7 days in the cerebellar parenchyma in vivo, the CF
terminal arbor loses a high number of synaptic contacts and a large number
of new spines appear in the proximal dendritic domain limited to the regions
surrounding their presynaptic varicosities (Bravin et al., 1999; Cesa et al.,
2007). The CF synaptic loss is accompanied by expansion of the PFs which
invade the proximal dendritic domain. Newly formed spines express
GluRδ2. This is surprisingly expressed also on those innervated by
GABAergic neurons and those still in contact with the CFs (Morando et al.,
2001). Thus, in analogy with the acetylcholine receptor clustering during
differentiation of the neuromuscular synapse (Yang et al., 2001), it was
suggested that GluRδ2 expression is an intrinsic activity-independent
property of all PC spines, and independent from the afferent input. After a
recovery period of 135 days (4.5 months), GluRδ2s is down-regulated in the
spines innervated by CF and the PFs are displaced by CF and confined to the
distal dendritic territory. These findings led to the hypothesis that (1) an
activity-independent, intrinsic mechanism (Sotelo, 1978; Sotelo, 1990)
promotes spine growth over the whole dendritic territory and (2) an activitydependent spine-pruning action is exerted by the CF in the territory of the
target dendrite surrounding its synapses as a kind of lateral inhibition (Cesa
et al., 2007). Therefore, active CFs exert a repressive action on the proximal
dendritic domain through ionotropic AMPA receptors (Cesa et al., 2007). In
addition it was shown that a delayed wallerian degeneration of CFs after the
lesion of olivocerebellar axons in Wlds mutant mice (described in the
following sections) was sufficient to delay PC spinogenesis as well,
suggesting that some adhesion molecules may also be involved in CF
repression of PC spinogenesis (Cesa and Strata, 2005).
It was recently shown that the block of electrical activity affects not only
glutamatergic innervation of PC but also inhibitory innervation (Fig. 8).
After the block of electrical activity the density and the size of GABAergic
terminals that derive from basket and stellate cells increase, expanding their
territory of innervation but only to PC proximal dendritic domain.
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Fig. 8 – Summary of remodelling of the excitatory and inhibitory inputs to the
mature PC in control condition and after block of neuronal activity by infusion
of TTX.
Schematic illustration of the excitatory and inhibitory inputs to the mature PC in
control condition and after TTX. (A) Normally, CF makes excitatory contacts on
clusters of spines emerging from the proximal dendritic domain of the PC, whereas
PFs form synapses with the spines of the distal compartment. GABAergic inputs from
basket and stellate neurons are distributed along the PC somatodendritic region. (B)
Block of electrical activity leads to a remarkable remodelling of the PC connections.
New spines proliferate on the proximal dendritic domain and while the CF loses many
of its synaptic contacts, PFs and GABAergic terminals expand they territory of
innervation, GluRδ2 appears in all spines of the proximal dendritic domain,
independently of the nature of their presynaptic partners. BC, basket cell; SC, stellate
cell; GC, granule cell (Cesa & Strata, 2009).

GABAergic inputs, normally forming only symmetric synapses and only on
the dendritic shaft, after TTX infusion innervate the dendritic spines forming
not only symmetric synapses but also asymmetric synapses, typically
excitatory. The postsynaptic densities of the spines innervated by the
GABAergic input also express both excitatory (GluRδ2, AMPA GluR1 and
GluR2/3 subunits) and inhibitory receptors (GABAA α1 and β2/3 subunits)
during TTX infusion, coexisting on the same GABAergic-PC ectopic spine
synapses (Cesa et al., 2008) The observation that under TTX the PF
synapses are devoid of GABAA receptor labelling suggests that the
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expression of these receptors, in contrast to the glutamate receptors, is
induced by the GABAergic innervation even in the absence of activity (Cesa
and Strata, 2009).
In conclusion, adult CFs, PFs and GABAergic terminals are endowed
with a strong intrinsic plasticity This allows synaptic and structural
modifications not only in response to lesions, but also to activity-dependent
synaptic remodelling. Formation of a large number of new spines occurs
after inferior olive lesion when the PC is hyperactive but also after the block
of the cerebellar electrical activity, suggesting that this process is set up by
neurons independently.
4.

Climbing fibre plasticity regenerative properties and intrinsic
factors
The plastic properties of mature IO neurons are associated with their
basal expression of several growth-associated proteins: GAP-43 (Kruger et
al., 1993), the remodelling-related foetal PSA-NCAM (Fernandez et al.,
1999), the transcription factor EGR-1/KROX-24 (Herdegen et al., 1995) and
the myristoylated alanine-rich C kinase substrate (MARCKS; McNamara
and Lenox, 1997). Moreover they are able to respond with a cell body
reaction to axonal injury, and can regenerate after axotomy in a permissive
environment (Carulli et al., 2004). This does not happen in other neurons,
such as PC, which do not undergo axonal regeneration after axotomy and are
endowed by weak sprouting capabilities. Olivocerebellar axons undergo to
regression after transection, being unable to grow into the surrounding
mature cerebellar parenchyma (Bravin et al., 1997; Buffo et al., 1998; Rossi
and Strata, 1995; Wehrle et al., 2001). However, the injured axons are able
to elongate into transplants of embryonic cerebellar or neocortical tissue and
innervate the grafted PCs, forming CF-like structures (Rossi and Strata,
1995). Similarly, injured olivocerebellar axons are able to growth through a
transplant of neonatal Schwann cells and to elongate towards PCs (Bravin et
al., 1997).
The high basal expression of growth markers was suggested to be a key
factor for the low threshold for axon sprouting of olivary neurones.
However, it was also suggested that the same genes may be involved in the
vulnerability of IO neurons to axotomy, leading to their low survival rate
(Carulli et al., 2004).
Transection of the olivocerebellar pathway at the inferior cerebellar
pedunculi induces a vigorous cell body response (Buffo et al., 2003; Buffo et
al., 1998; Florenzano et al., 2002), leading to a loss of 65% of olivary
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neurones at 2 months after axotomy. Coincidentally, IO neurones upregulate
several markers: the nitric-oxide synthase (NOS) related to cell injury,
transcription factors (c-Jun and JunD) and the growth-associated protein
GAP-43, associated with reparative processes. The upregulation of these
proteins is sustained for at least 2 months after lesion and correlates with cell
survival (Buffo et al., 2003; Buffo et al., 1998).
Although pedunculotomy transects the axons of all contralateral IO, the
intensity of the cell body reaction is not uniform throughout the area. Two
olivary cell types can be identified within precise sub-areas of the IO:
responsive cells, able to intensely activate c-Jun, GAP-43 and NOS, mainly
located in the medial accessory olive and in the principal olive, and
unresponsive cells in the rest of the IO, which display weak c-Jun staining
and no GAP-43 or NOS upregulation,. The pattern of reactive cells was
shown to be independent to the distance of the lesion site from the IO cell
bodies (Buffo et al., 2003). A similar reaction with the same pattern of gene
up-regulation was obtained with a selective immunotoxin-mediated deletion
of PC (Buffo et al., 2003). These data confirm the indication that the adult
IO has an intrinsic heterogeneity in some cellular properties including the
ability of activating growth-related genes.
The high plastic and regenerative properties of CFs are thus associated
with a high (although heterogeneous) basal expression of growth-associated
intrinsic neuronal factors (the growth-associated proteins GAP-43,
MARCKS, the remodelling-related foetal PSA-NCAM, the transcription
factors EGR-1/KROX-24) and to the ability to respond to axonal injury or
neuronal target deletion by upregulating the expression of genes related to
cell injury (NOS) or associated with reparative events (GAP-43, the
transcription factors c-Jun and JunD).
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2. Structural plasticity in the central nervous system:
spontaneous and lesion-induced
1.

Spontaneous pre-synaptic and post-synaptic structural plasticity
during adulthood
During the last fifty years neuroscience has revealed that the nervous
system has developed the ability to dynamically adapt the motor output to
the changes of sensory stimuli, to keep memory of such adaptation and to reestablish pathways disrupted during injuries. Abnormalities of such plastic
properties have been shown to be involved in many disorders, such as mental
retardation (Bagni and Greenough, 2005; Ramakers, 2002). Many efforts
have also been made to develop effective methods to enhance the functional
recovery of patients with injuries in the CNS such as spinal cord injuries and
those caused by stroke (Benowitz and Yin, 2007).
Neuronal plastic properties consist in the ability of the nervous system to
modify the efficacy of synaptic transmission and their connectivity with
other neurons. This properties can be respectively referred to as functional
(or synaptic) plasticity and structural plasticity (Butz et al., 2009).
Functional plasticity comprises any change in the strength of a single
synapse without changing the anatomical connectivity between neurons.
Classic examples are provided by the well characterized long-term
potentiation (LTP) and long-term depression (LTD) of the excitatory postsynaptic current occurring in hippocampus and cerebellum (Ito, 2001;
Lynch, 2004). The changes in synaptic strength may occur by insertion or
removal of postsynaptic receptors, by changing the presynaptic release of
transmitters or the intrinsic excitability of the neurons (Butz et al., 2009;
Hansel et al., 2001).
In contrast, any change of the anatomical connectivity between neurons is
defined as structural plasticity. This comprises changes in synapse numbers,
axonal and dendritic branching patterns, synaptic connectivity patterns, and
even neuronal cell numbers (Butz et al., 2009).
Structural plasticity plays a major role during development, when
continuously new connections are established and refined. This has been
studied in detail in several brain areas and systems, such as in the case of
ocular dominance columns of the visual system, activity-dependent pruning
of motor fibres during establishment of single innervated motor fibres,
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pruning of cerebellar CFs and development of single innervated PCs
(Hashimoto and Kano, 2005; Butz et al., 2009)
Even when development is complete structural modifications occur
spontaneously, and consist in the dynamic formation, modification and
pruning of dendritic spines and axonal fibres (i.e. “spontaneous structural
plasticity”; Butz et al., 2009). During the last decade a great attention has
been paid to plasticity of dendritic spines, due to the high motility they can
express (Holtmaat and Svoboda, 2009). For instance, in barrel cortex only
one third of dendritic spines are stable for months, while the others can move
within a few days or even in one day. However in other brain regions, such
as the visual cortex, a lower rate of motile spines is observed, being 90% of
the spines here stable in time, showing that spontaneous structural plasticity
may be very variable in the different areas of the CNS (Butz et al., 2009).
Recent studies based on time-lapse imaging performed over time periods
ranging from days to months have demonstrated that, during adulthood, also
axon terminals can undergo spontaneous structural plasticity (Gogolla et al.,
2007). For instance spontaneous synaptic rewiring by axonal turnover takes
place in mature cortex within single columns or between one column and its
direct neighbours (De Paola et al., 2006; Stettler et al., 2006; Butz et al.,
2009). Recently it was shown in cerebellar CFs that spontaneous structural
plasticity can vary even within the same axonal arbour, being higher in some
types of branches and very subtle in others (Fig. 9; Nishiyama et al., 2007).
Spontaneous structural modifications in the axon can occur not only as
motility of the axonal branches but also as changes in the position or shape
of the presynaptic boutons. Similarly to what happens to dendritic spines,
stable and dynamic boutons (persisting respectively for months or days) can
be spatially intermingled along terminal arbours. Moreover their ratio can be
different for different neuronal types (Holtmaat and Svoboda, 2009).
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Fig. 9 - Axonal motility in CF specific for it transverse branches.
Frontal optical section of fluorescent mouse CF obtained by two-photon time-lapse
microscopy in anesthetised living mice over a 3 h monitoring period. CFs were
labelled by a fluorescent dye injected into the IO. A) CF ascending branches and their
varicosities do not have any morphological change during the monitoring time. B) On
the contrary, on the same monitoring period transverse branches have evident
morphological changes. Yellow arrowheads indicate two different transverse branches
that undergo elongation (mod. from Nishiyama et al., 2007)

2. Spontaneous structural plasticity, neuronal activity and behaviour
Structural plasticity can be influenced by electrical activity.
Depolarization and synaptic transmission may increase the postsynaptic
intracellular calcium concentration in dendrites and spines by activating
ligand-gated calcium channels or voltage-dependent calcium channels. This
may affect dendritic spinogenesis and spine morphology (Jourdain et al.,
2003; Lipton and Kater, 1989).
Calcium can also act as a pre-synaptic second messenger, regulating
growth cone motility and affecting in this way axonal outgrowth. Axonal

32

2. Structural plasticity

outgrowth is promoted by neuronal activity also by glutamatergic synaptic
transmission (Butz et al., 2009).
Stabilization of immature axonal branches is further regulated by
competition among growing axons for postsynaptic targets as well as
competition between growing branches of the same axon (Huang and ElHusseini, 2005; Butz et al., 2009).
In the adult brain circuit changes mediated by structural plasticity and
accompanied by synapse formation and elimination are thought to underlie
aspects of long-term memory formation (Bailey and Kandel; Holtmaat and
Svoboda, 2009)
A wealth of studies has addressed the problem of how experience may
change cortical connectivity (Zuo et al., 2005; Holtmaat et al., 2006; Keck et
al., 2008; Hofer et al., 2008). Experience-dependent cortical remapping is
not only the result of a mere functional change in connectivity (i.e. by
synaptic plasticity such as LTP and LTD) but is also associated with
structural changes in terms of synapse formation and deletion (Butz et al.,
2009).
Many studies showed for instance an increase in dendritic spines
following synaptic activation or spatial learning. Experiments based on
Golgi staining method have revealed that environmental enrichment
(Volkmar and Greenough, 1972), extensive training (Kolb et al., 2008),
stress levels (Magarinos et al., 1996) and abuse of drugs (Robinson et al.,
2001; Robinson and Kolb, 1999) all might have profound influences on the
complexity of dendritic arbours in some cortical areas (Holtmaat and
Svoboda, 2009). In the adult brain spine and synapse density can change
upon manipulation of sensory experience (Moser, 1999). Increased spine and
synapse densities have been reported after rearing or training in enriched
environments (Beaulieu and Colonnier, 1987; Greenough et al., 1985; Kolb
et al., 2008; Moser, 1999; Moser et al., 1994), and also after long-term
sensory stimulation (for example, Knott et al., 2002) and deprivation (for
example, Zuo et al., 2005).
Furthermore in the hippocampus there are indications that axonal
sprouting occurs during spatial learning (Holahan et al., 2009; RamirezAmaya et al., 2001) or in response to environmental enrichment (Galimberti
et al., 2006; Holtmaat and Svoboda, 2009).
3. Lesion-induced structural plasticity
While the spontaneous structural plasticity underlying homeostatic and
activity-dependent remodelling in the adult brain may be subtle and occurs
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in a limited extension or in a limited portion of neuronal elements, structural
plasticity following a lesion (i.e. “lesion-induced” or “reactive” plasticity)
may be dramatic. For instance in mature primary sensory cortices the gross
morphology of neurons and their circuitry does not change dramatically
under normal conditions. However, following an injury, even areas that are
regarded as stable such as primary sensory-motor areas can express profound
reactive plasticity (Butz et al., 2009).
Reactive sprouting of intact fibre tracts can reoccupy postsynaptic targets
left vacant by a lesion. The first example was provided by lesioning two
afferent fibre systems of the septal nuclei complex: the hippocampal fimbrial
fibres, which provide input to the septal nuclei, and the medial forebrain
bundle, which provides hypothalamic input to the septal nuclei (Raisman,
1969; Butz et al., 2009). A clear example of reactive plasticity was provided
by cerebellar CF, thanks to the simple planar organization of PC dendrite
and to the fact that each PC is innervated by single CFs (Rossi et al., 1991b).
Reactive plasticity may even modify laminar distribution patterns of
afferent fibres suggesting the possible competition between different afferent
fibres impinging on different dendritic territories. In the hippocampus, for
example, commissural and associative fibres (Frotscher et al., 1995; Lynch
et al., 1973; Nadler and Cotman, 1978) terminate in the inner molecular
layer of the dentate gyrus. After cutting the perforant path terminating in the
outer molecular layer, also commissural and associative fibres sprout and
make contact with targets in the outer molecular layer (Lynch, 1974; Nadler
and Cotman, 1978). In the cerebellar cortex, either after pharmacological
sub-total lesion of IO or by complete surgical deafferentation of cerebellar
pedunculi, a similar expansion of PF innervation territory is observed,
forming new synapses on PC proximal dendritic portion, normally
innervated only by the CF (Carulli et al., 2004). Deafferented neurons within
the lesion projection zone seem to change their receptive field properties
(Giannikopoulos and Eysel, 2006), since they significantly increase their
number of unstable spines and additionally form novel stable spines (Keck et
al., 2008). In addition, neurons bordering the lesion projection zone show
signs of axonal sprouting following the lesion, possibly due to disinhibition
(Antonini et al., 1999; Antonini and Stryker, 1996). This can be similarly
observed in the cerebellar cortex, where the loss of CF afferents leads to the
formation of a high number of spines on PC proximal dendritic arbor (Sotelo
et al., 1975).
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4.

Axonal retraction and degeneration

Structural plasticity involving presynaptic elements can in general
involve the synaptic boutons, their turn-over, remodelling and movements
(Gogolla et al., 2007; Holtmaat and Svoboda, 2009). More extensive
modifications involve entire axonal portions.
There are two opposite mechanisms through which sections of axons are
removed: retraction and degeneration (Low and Cheng, 2005; Luo and
O'Leary, 2005). In retraction, the axonal process is gradually pulled
backward, and the corresponding axonal material is transported back to more
proximal sections of the axon. In contrast, degeneration involves rapid
blebbing, and fragmentation of an entire axonal stretch into short segments,
which are then removed by phagocytic cells such as locally activated glia or
macrophages. Both processes are efficient and tightly regulated, and both
can be followed by regrowth of the axon from its proximal end. However,
although their ultimate outcome is similar, the two processes differ in that all
cellular material, including intracellular signalling organelles (e.g. signalling
endosomes), is conserved inside the neuron in retraction, whereas
degeneration involves shedding of the axonal material, and its uptake by
local phagocytes. Axon retraction has only been documented for modest
local axon shortening events during axon outgrowth, whereas larger removal
events all appear to involve axon degeneration (Saxena and Caroni, 2007).
When are axon segments eliminated by retraction and when by
degeneration? As a simple rule, retraction seems to involve the elimination
of shorter branches, whereas degeneration tends to affect longer axonal
segments (Low and Cheng, 2005; Luo and O'Leary, 2005; Saxena and
Caroni, 2007). During development axonal pruning has a major role to
define the right nervous pathways. A large-scale axonal elimination occurs
for instance in defining the right target of layer V cortical neuron axons,
after having reached several distant target areas. On the contrary, a smallscale axonal pruning occurs to defining connections such as in the retinogeniculo-cortical pathways. A form of axonal elimination occurs also locally
to define monoinnervated targets, by maintaining only one afferent axon
among several competing for the same target. This happens in a similar way
in the development of neuromuscular junctions and in the establishment of
the CF-PC connectivity in the cerebellum (Crepel and Mariani, 1976;
Hashimoto and Kano, 2005; Saxena and Caroni, 2007).
Most neurodegenerative diseases including Alzheimer’s, Parkinson’s,
Huntington’s, motoneurons diseases (such as familiar amyotrophic lateral
sclerosis), and prion diseases involve protracted gradual loss of distal
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synapses and axons that can precede the death of neuronal cell bodies by
months (Saxena and Caroni, 2007). In these pathologies an axonal “dying
back” is observed, similar to that caused by toxic indults such as heavy
metals, acrylamide, the anticancer drug vincristine, the antibiotic
nitrofurantoin. It is not clear if it is due to a real axonal degeneration rather
than axonal retraction.
Traumatic injuries cause the degeneration of the distal axonal portion
referred to as Wallerian degeneration (Waller, 1850). The discovery of a
slow Wallerian degeneration mouse mutant (Wlds), in which the distal stump
survives up to 3 weeks instead of few days, showed that this is an active
process rather than just caused by nutrients deprivation (Lunn et al., 1989).
The Wlds dominant mutation consists of a fusion sequence encoding a
chimeric protein composed by the N-terminal 70 aminoacids of the ubiquitin
ligase of UFD2/E4 and the full-length NAD+ synthesizing enzyme NMN
adenylyltransferase 1 (Nmnat1), linked by a 18 amino acids region (Coleman
et al., 1998; Conforti et al., 2000; Lyon et al., 1993; Mack et al., 2001). The
protein has a predominant nuclear localization. The N-terminal domain of
Wlds influences the intranuclear location of the ubiquitin proteasome as well
as its intrinsic NAD+ synthesis activity (Wilbrey et al., 2008). In the Wlds
mutation, part of the protective effect could arise from the over-expression
of Nmnat1 with a consequent increase in NAD+ levels (Araki et al., 2004). It
was also shown that SIRT1, a NAD+-dependent histone deacetylase, is a
downstream effector of Nmnat1 activation that leads to axonal protection.
Differential proteomics analysis on isolated synaptic preparations from the
striatum in mice has revealed 16 proteins with modified expression levels in
Wlds synapses (Wishart et al., 2007). Wlds bind directly to vasolincontaining protein (VCP/p97), a protein with a key role in the ubiquitin
proteasome system (Laser et al., 2006; Hilliard, 2009).
The molecular mechanism underlying axonal retraction and degeneration
is poorly understood. However it was shown that, during axonal retraction,
the microtubule cytoskeleton remains intact (Yamada et al., 1970) and the
activation or disinhibition of RhoA pathway leads to an activation of
myosin-based machinery of actin filament cytoskeleton retraction through
the serine-threonine Rho kinase ROCK (Ahmad et al., 2000; Billuart et al.,
2001; Eaton et al., 2002; Luo, 2002). Given the potential similarities
between repulsive axon guidance and axon retraction, repulsive guidance
molecules such as ephrins, Slits, or Semaphorins, all of which signal through
RhoA in the context of axon guidance or inhibition of axon growth, could
also signal axon retraction (Luo, 2002; Luo and O'Leary, 2005).
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On the contrary, during degeneration the microtubule cytoskeleton is
disrupted, axon undergoes blebbing, possibly due to the block of axonal
transport, and axonal fragments are removed by phagocytes. In several
models it was shown that the ubiquitin-proteasome system is involved in this
process, as well as target derived neurotrophic factors. Axonal degeneration
is thus a self-destruction process reminiscent in its logics and significance of
apoptosis (Luo and O'Leary, 2005; Saxena and Caroni, 2007).
5. Axonal growth, regeneration and sprouting
Under specific intrinsic and environmental permissive conditions, which
may be neuron type-specific, following a lesion an axon may regenerate the
lost portion by axonal elongation or may generate new portions by sprouting.
After axotomy, while the distal segment of the severed axon undergoes
Wallerian degeneration, the proximal fragment attached to the cell body may
degenerate in a dying back fashion or attempt to reconnect with its target by
regeneration. This can happen through regrowth of the axonal proximal
fragment or through sprouting. However, following nerve injury, functional
recovery can also occur through other mechanisms, for example by plasticity
of surrounding neurons (Hilliard, 2009).
In humans and other mammals, axonal regeneration occurs in the PNS
while it is reduced or absent in the CNS. Axonal regeneration fails mainly
due to two causes: a non-permissive external environment and neuronal
intrinsic factors. A large body of work in vertebrates has revealed the crucial
inhibitory role that the glia play in the regenerative ability of a CNS axon
following injury. Several myelin-associated inhibitors have been discovered,
including Nogo, myelin-associated glycoprotein, oligodendrocyte myelin
glycoprotein, ephrin B3 and the transmembrane semaphorin 4D/CD100. An
additional important source of inhibition comes from the glial scar. Here,
reactive astrocytes, recruited to the site of injury, secrete inhibitory
extracellular matrix molecules such as chondroitin sulphate proteoglycans
(Carulli et al., 2006). In addition to extracellular elements, numerous studies
have revealed the crucial role that neuronal intrinsic factors play in
determining the regenerative ability of a neuron. An example of this lies in
the inability of some injured axons to regrow even if placed in a permissive
environment. Important findings have shown that pre-conditioning nerve
lesions generated days in advance can influence and enhance the
regenerative potential of a subsequent lesion of the same nerve (McQuarrie
and Grafstein, 1973). One mechanism underlying the increased axonal
regrowth appears to be based on cAMP levels. In fact, increased axonal
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regrowth can be induced with pre-treatment of the DRG neurons with a
membrane-permeable cAMP analog (dibutyryl cAMP; db-cAMP), which
elevates the intracellular concentration of cAMP in these cells (Benowitz
and Yin, 2007; Hilliard, 2009).
6. Regeneration in the CNS
The failure of axotomised central neurons to undergo axon elongation is
related to two main elements. The first is the poor intrinsic ability of the
axon to regenerate and respond to growth-promoting cues. The second
consists in several extracellular factors present in the environment of the
damaged central nervous system that do not support regeneration or prevent
it. What is clear, at present, is that the ability to regenerate is highly variable
among different neuronal phenotypes (Carulli et al., 2004). At least some
adult central nervous system neurones retain the ability to reactivate specific
machineries necessary to elongate axons, to decode guiding cues and to form
functional synapses when provided with a permissive environment.
However, regeneration can only occur in neurons able to respond to a
lesion by activating a specific cell body response, which includes the
activation of specific growth-associated genes (Caroni et al., 1997; Herdegen
et al., 1997; Skene and Virag, 1989). Among the known growth-associated
genes are found immediate early genes and transcription factors, such as cJun, JunD, KROX-24; growth-cone components, such as GAP-43 and CAP23; cytoskeletal proteins, such as tubulin and actin isoforms; cell adhesion
and other cell surface molecules, such as integrins, NCAM, L1 (Anderson et
al., 1998; Caroni et al., 1997; Werner et al., 2000).
Furthermore, correlative evidence suggests that the molecular machinery
leading to axon growth and cell death might be closely linked. Yet, the high
propensity of a lesioned neurons to undergo cell death has to be considered
as part of a vigorous cell body reaction. In fact, in several neuronal
populations, severe neuronal degeneration following axotomy is also
associated with strong gene upregulation and axon regeneration into
permissive territories (Doster et al., 1991; Herdegen et al., 1997; Tetzlaff et
al., 1991; Villegas-Perez et al., 1988). Both c-Jun and GAP-43 were not only
associated with axonal regeneration but also with neuronal degeneration
(Aigner et al., 1995; Buffo et al., 1997; Eilers et al., 1998; Gagliardini et al.,
2000; Ham et al., 1995; Hull and Bahr, 1994; Wehrle et al., 2001).
The first evidence for the axon growth-inhibiting properties of the central
nervous system environment comes from cell tissue culture experiments,
which revealed strong inhibitory influences by central nervous system
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myelin on neurite outgrowth, whereas peripheral nervous system myelin
proved to be a good substrate for growth (Schwab and Thoenen, 1985).
These experiments introduced the concept of myelin-associated neurite
growth inhibitors. To date, three inhibitory components of myelin have been
identified: myelin-associated glycoprotein (MAG; Filbin, 2003;
McKerracher et al., 1994; Mukhopadhyay et al., 1994), Nogo (Chen et al.,
2000; GrandPre et al., 2000; Prinjha et al., 2000; Savio and Schwab, 1989),
and, most recently, oligodendrocyte-myelin glycoprotein (OMgp; Kottis et
al., 2002; Wang et al., 2002). Although distinct in molecular structure, these
proteins share a number of common attributes, such as their localisation in
the myelin membrane directly adjacent to the axon. Moreover, they bind to a
common receptor, the Nogo66 receptor (NgR), and may therefore act via a
common signalling cascade (Filbin, 2003; McGee and Strittmatter, 2003;
McKerracher and Winton, 2002; Schwab, 2002).
The injury response of the central nervous system is usually called
reactive gliosis or glial scarring and involves several cell types, including
astrocytes, microglia, oligodendrocyte precursors and meningeal cells.
Central axons fail to regrow through regions of scar formation, which
contains a number of different growth-inhibiting molecules, i.e.
proteoglycans and tenascins (Fawcett and Asher, 1999; Morgenstern et al.,
2002).
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1. Expression in the CNS and relatioship with neuropathologies
The neuronal growth-associated protein GAP-43 (also known as
neuromodulin, B-50, P-57, F1, F-57 and pp46) was initially found to be
associated with nerve growth (Skene and Willard, 1981; Zwiers et al., 1976)
and its gene was subsequently cloned (Basi et al., 1987; Oestreicher et al.,
1997). It is rarely expressed in non-neuronal tissues and is therefore
considered to be a nervous tissue-specific protein. (Mosevitsky, 2005;
Oestreicher et al., 1997).
During development GAP-43 is abundantly expressed throughout the
brain, but it decreases in most neurons when the axon has reached its target,
with a few exceptions. Among these, a robust expression of GAP-43 mRNA
is detectable in some neurons of the olfactory bulb, hypothalamus,
hippocampus (particularly in the CA3 region), cerebellar cortex (only in
granule cells) and in the IO nucleus (Fig. 10). In some neuronal types, such
as hippocampal granule cells, PCs and inhibitory interneurons in the
cerebellar cortex, GAP-43 seems to be completely absent (Kruger et al.,
1993; McNamara & Lenox, 1997).
The functional relevance of GAP-43 is underlined by the low-survival
rate observed during early postnatal period (< 5%) in homozygous knock-out
mice (Maier et al., 1999; Strittmatter et al., 1995). In humans, heterozygote
deletions of the locus comprising GAP-43 gene (3q13.10–3q13.21) were
found to be associated with agenesis of the corpus callosum, together with
severe mental retardation (Genuardi et al., 1994; Mackie Ogilvie et al.,
1998).
The neuronal expression of GAP-43 is up-regulated in vivo in many
conditions which are known to induce structural remodelling of neuronal
connectivity: for instance, conditions which disrupt nervous system
architecture such as nerve lesions, brain traumas or brain ischemia
(Benowitz et al., 1990; Buffo et al., 2003; Oestreicher et al., 1997) or
conditions which induce a robust neuronal activity, due, for example, to
kainic acid administration, pilocarpine-induced seizure or electrical
stimulation (Cantallops and Routtenberg, 1996; McNamara and Routtenberg,
1995; Miyake et al., 2002; Sharma et al., 2009). For this reasons the upregulation of GAP-43 expression has been commonly used as a marker of
structural plasticity and axonal remodelling (Oestreicher et al., 1997).
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Fig. 10 – In situ hybridization of GAP-43 in cerebellum and brain stem.
Autoradiograph showing expression of GAP-43 mRNA in a coronal section of cerebellum
and brain stem. Note the high expression level in the granular layer of cerebellar
cortex and in the inferior olivary nucleus (IO) in the brain stem. IO, inferior olive
nucleus; IODM, inferior olive dorso-medial nucleus; IOPr, inferior olive principle
nucleus; MVe, medial vestibular nucleus; PCRt, parvocellular reticular nucleus; PrH,
prepositus hypoglossal nucleus; ROb, raphe obscurus nucleus; SpVe, Spinal
vestibular nucleus; Sol, solitary tract nucleus, Sp5I, spinal trigeminal nucleus, amb,
ambiguous nucleus (McNamara & Lenox, 1997).

Alterations of GAP-43 expression pattern has been frequently observed
also in human neuropathologies and their animal models, such as
Alzheimer’s disease, amyotrophic later sclerosis, epilepsy, diabetic
neuropathy and schizophrenia (Oestreicher et al., 1997).
2. Role in axonal outgrowth and guidance
GAP-43 is localized at high concentrations at axonal growth cones in
cultured neurons but virtually absent in dendrites after the end of
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development period (Meiri et al., 1986; Nozumi et al., 2009; Oestreicher et
al., 1997; Van Lookeren Campagne et al., 1990).
The involvement of GAP-43 in filopodia formation, axonal outgrowth
and guidance was shown in many studies based on gene depletion or overexpression of its wild-type or mutated variants in cultured cells and
transgenic mice (Mosevitsky, 2005; Oestreicher et al., 1997).
In primary dorsal root ganglion neurons plated on laminin silencing
GAP-43 by anti-sense oligonucleotides leads to longer, less branched
neurites with smaller growth cones. When these neurons are plated on polyL-ornithine, no growth cone or neurite formation can be observed (Aigner
and Caroni, 1993). In these conditions primary sensory neurons lose the
adherence of their growth cones and the stability of their lamellar extensions.
Moreover, NGF-induced spreading and IGF1-induced branching was also
impaired (Aigner and Caroni, 1995).
Consistently with such evidence, the overexpression of GAP-43 in vivo
leads to a dramatic increase of axonal sprouting. This was shown in several
conditions. Motor nerves at the neuromuscular junction in transgenic mice
overexpressing chicken GAP-43 under the control of Thy-1 promoter have a
number of spontaneous terminal nerve sprouts in normal conditions and
lesion-induced sprouting is enhanced if compared to wild-type. Moreover
the same mice have a prominent spontaneous sprouting of mossy fibres in
the dendate gyrus (Aigner et al., 1995). Similarly, enhancing GAP-43
expression in cultured cortical neurons accelerates formation of neurites
(Anderson et al., 2001; Watterson et al., 2002). In transgenic mice, in which
GAP-43 was overexpressed under the control of the PC-specific L7
promoter, PC axons profusely sprouted along the axon and at the axonal
stump after lesion, even in portions covered by myelin (Buffo et al., 1997;
Gianola and Rossi, 2004). Several studies reported that GAP-43
overexpression is sufficient to induce the formation of filopodia in several
non-neuronal cell lines, although some conflicting results were obtained too.
This was explained by the substantial difference in the cellular machinery
expressed in non-neuronal cells, lacking, for instance, the molecules
necessary for axonal guidance (Gauthier-Campbell et al., 2004; Mosevitsky,
2005; Oestreicher et al., 1997).
Several other works showed that, although GAP-43 overexpression is
sufficient to induce neurite formation and axonal sprouting suggesting a
promoting role on these phenomena, it is not necessary per se for axonal
elongation. On the contrary, it was suggested to be necessary for a proper
response of the growth cone to guiding cues and for their adhesion.
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Embryonic dorsal root ganglia cells obtained from homozygous GAP-43
null mice extend similar axons and produce growth cones with similar
morphological features to wild-type control. However the axons of their
retinal ganglion cells fail to properly cross the optic chiasm (Strittmatter et
al., 1995). These fibres follow abnormal trajectories within the chiasm and
exit randomly into the ipsilateral or contralateral side (Sretavan and Kruger,
1998). A following study revealed that homozygous GAP-43 knock-out
mice fail to form not only a normal optic chiasm but also the anterior
commissure, the hippocampal commissure and corpus callosum (Shen et al.,
2002). This is consistent with the agenesis of the corpus callosum observed
in patients bearing a heterozygote deletions of GAP-43 locus (Genuardi et
al., 1994; Mackie Ogilvie et al., 1998). Interestingly GAP-43
phosphorylation by PKC on Ser-41 in growth cones can be stimulated by Ig
superfamily cell adhesion molecules, such as L1, that have been implicated
in commissural axon guidance (Demyanenko et al., 1999; Kamiguchi et al.,
1998).
From these observations it was proposed that GAP-43 is not essential for
axonal growth, but it is necessary for a proper response of the growth cone to
guiding cues. Accordingly to this idea, it was recently reported that in the
hippocampus of transgenic mice overexpressing a mutant form of GAP-43,
which can not be phosphorilated, mossy fibre growth ectopically to their
normal target layer, innervating the distal stratum oriens (Holahan et al.,
2009) in a way which is similar to that observed in mice with a deletion for
the gene of NCAM or with its conditional ablation (Bukalo et al., 2004;
Cremer et al., 1997).
3. Role in neurotransmitter release, long-term plasticity and memory
Several studies revealed that GAP-43 not only has a role in axonal
growth and guidance but also in neurostransmitter release and long-term
synaptic plasticity (Biewenga et al., 1996; Denny, 2006; Powell, 2006). The
addition of anti-GAP-43 antibodies to permeabilized rat cortical
synaptosomes blocked the phosphorylation of GAP-43 and the calciuminduced secretion of norepinephrine (Dekker et al., 1989). Inhibition of
PKC, which phosphorilates GAP-43 at Ser-41, blocked dopamine release
induced by amphetamine in rat striatal slices (Kantor and Gnegy, 1998), and
LTP does not occur (Lovinger et al., 1986; Routtenberg et al., 2000).
Interestingly at high concentration of Ca2+ (100-200µM), similar to those
required for synaptic vesicle fusion, GAP-43 interacts directly with
components of the synaptic machinery such as SNAP-25, sintaxin and

43

Introduction

VAMP (Haruta et al., 1997). In addition, in conditions of high [Ca2+]i or in
the absence of the effector domain bound by calmodulin, GAP-43 interacts
with rabaptin-5 (an effector of the GTPase Rab5), involved in membrane
fusion during endocytosis, thus modulating endocytosis and synaptic vesicle
recycling (Neve et al., 1998).
Several studies has revealed that LTD and LTP are associated
respectively with a decrease and an increase of GAP-43 phosphorilation by
PKC at Ser-41 in hippocampus indicating a possible role in learning and
memory (Gianotti et al., 1992; Ramakers et al., 1995; Ramakers et al., 2000;
Ramakers et al., 1999).
Furthermore heterozygous mice for GAP-43 deletion expressing a lower
amount of protein have an impairment in learning and memory tasks (Rekart
et al., 2005). Consistently, the overexpression of GAP-43 in transgenic mice
leads to an enhancement of learning in several learning paradigms in a way
which is dependent on the phosphorilation site of GAP-43. Moreover it was
shown in transgenic mice overexpressing GAP-43 isoforms mutant at their
PKC phosphorilation site, either mimicking phosphorilation or preventing it,
that phosphorilation at this site regulates long-term forms of synaptic
plasticity and the performance of memory-associated tasks (Holahan and
Routtenberg, 2008; Holahan et al., 2009; Hulo et al., 2002; Routtenberg et
al., 2000). For instance, transgenic mice overexpressing a GAP-43 sequence
with its Ser-41 mutated to Asp (S41D), which mimics phosphorilated GAP43, had an enhanced LTP when compared to wild type mice (Routtenberg et
al., 2000). Such impairment in learning and memory has been recently
attributed, at least partly, to the abnormal hippocampus architecture reported
in these transgenic mice (Holahan et al., 2009).
4. Regulation of gene expression
GAP-43 gene in humans as well as in mice contains three exons, with the
first exon coding for only the N-terminal 10 amino acids of GAP-43, while
the second exon contains most of the coding region, and includes the residue
phosphorylated by protein kinase C (Ser-41; Benowitz and Routtenberg,
1997). The expression of GAP-43 gene was found to be regulated by basic
helix-loop-helix transcription factors, acting on a promoter containing
several E-boxes (Chiaramello et al., 1996). A cis-acting element was found
to contribute to GAP-43 neuron-specific gene expression, which is common
also to SNAP-25 and nitric oxide synthase.
GAP-43 is regulated not only at the transcriptional level but also at the
level of mRNA stability. The 3'-untranslated region of its mRNA is bound
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by the protein HuD, belonging to the protein family ELAV (embryonic
lethal abnormal vision; Mobarak et al., 2000) The binding of HuD to GAP43 mRNA regulates its stability thus influencing GAP-43 protein level. HuD
role on mRNA stability is dependent on PKCα and on the length of the
mRNA poly(A) tail length (Denny, 2006). HuD, GAP-43 mRNA and
ribosomes have been detected in axonal growth cones (Smith et al., 2004),
suggesting that its local protein synthesis in axon may occur, contributing to
provide locally growth-related proteins that sensitize the growth cone to
guidance cues (Denny, 2006; Goldberg, 2003).
5. Protein structure and association with plasma membrane
Rat GAP-43 is a 226 amino acids protein (Basi et al., 1987). Its real
molecular weight is of about 25 kDa, much lower than the apparent one of
43 kDa observed on SDS-polyacrylamide gels, probably because of the high
number of charged residues present in the protein sequence, and the
consequent lower amount of SDS bound by the protein (Benowitz and
Routtenberg, 1997). It contains indeed 30 Lys, 5 Arg, 3 His, 35 Glu, and 22
Asp. Moreover the number of Pro is larger than average, contributing to the
reduced organization in secondary structure elements (Hayashi et al., 1997).
Consistently to the idea that GAP-43 is mainly unfolded, GAP-43 is cleaved
by 20S proteasome, where folded proteins are too large to enter (Denny,
2004).
The charged residues and the post-translational modifications of GAP-43
protein are responsible for its physical interaction with the plasma
membrane. The protein is palmitoylated at Cys-3 and Cys-4. Its N-terminal
10-11 amino acids are sufficient to target a report protein to the membrane.
Palmitoylation is necessary for the initial step of targeting the protein to the
plasma membrane. After that the basic residues in its N-terminal domain
(Arg-6, Arg-7, and Lys- 9) are sufficient to maintain the association with the
plasma membrane. It was suggested that palmitoylation facilitates the
interaction of these basic residues with the plasma membrane bringing them
into alignment with it. GAP-43 interaction with phospholipids is not only
due to its N-terminal domain but also to the region called effector domain or
IQ domain (Chapman et al., 1991; Laux et al., 2000). This region, rich in
basic residues, interacts with the acidic phospholipid phosphatidylinositol
4,5-bisphosphate (PIP2; Laux et al., 2000).
It was also suggested that palmitoylation may be regulated by
extracellular signals, playing a role in the regulation of GAP-43 action,

45

Introduction

similarly to what happens for PSD-95 (El-Husseini Ael et al., 2002; Milligan
et al., 1995; Mumby, 1997; Skene and Virag, 1989).
6. Localization at axon, growth cone and filopodia
GAP-43 palmitoylation has also a role in targeting the protein to the
axon, being sufficient to redirect to it dendritic proteins such as PSD-95 (ElHusseini Ael et al., 2001; Huang and El-Husseini, 2005; Kang et al., 2008).
It was proposed that GAP-43 palmitoylation and association with the
membranes occur early in the secretory pathway, not later than at the transGolgi network (TGN; Bonatti et al., 1989). Prior to its sorting to the plasma
membrane, GAP-43 becomes part of lipid rafts, rich in cholesterol and
sphingolipids and detergent-resistant after the extraction of membranes (Arni
et al., 1998; Brown and London, 2000; McCabe and Berthiaume, 2001).
After association with membranes at trans-Golgi, GAP-43 travels along the
axon with them by fast axonal transport, similarly to what happens for
SNAP-25 (synaptosomes-associated protein of 25 kDa; Gonzalo and Linder,
1998).
It then reaches growth cone plasma membrane, where it accumulates at
high concentration (estimated at 50-100 µM; He et al., 1997). Here it is
associated with the formation of filopodia, which are thin projections that are
considered to be the first phase in the process of neuronal branching (Gallo
and Letourneau, 2004; Steketee and Tosney, 2002)
7.

Molecular interactions and regulation by calcium and protein
kinase C
GAP-43 has no enzymatic activity but it can interact with plasma
membrane and several cytoskeletal and signaling proteins, influencing the
conformation of bound proteins and modifying local composition of
membranes (Fig. 11; Denny, 2006; Mosevitsky, 2005). In its domain called
effector or IQ domain it interacts with calmodulin and it is phosphorilated by
PKC at Ser-41 (Chapman et al., 1991; Spencer et al., 1992). In addition the
binding with calmodulin has a negative effect on the association with
vesicles in vitro (Gonzalo and Linder, 1998). Moreover, PKC-mediated
phosphorylation introduces a negatively charged phosphate group that
eliminates the binding to PIP2 (Laux et al., 2000) and calmodulin (Chapman
et al., 1991), and changes the interaction of GAP-43 with actin filaments (He
et al., 1997). It was thus suggested that binding of GAP-43 to calmodulin
occurs mainly in the resting cell. In support to this idea, crosslinking
experiments showed that GAP-43 is bound to calmodulin under conditions
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Fig. 11 - Summary of molecular pathways involved in GAP-43 promotion of
filopodial formation.
The axonal growth cone plasma membrane is shown protruding as a filopodium
begins to form. The three actin-binding proteins, gelsolin, profilin, and cofilin, shown
near the F-actin filament, promote filament dynamics when they are not inactivated
by being bound at the plasma membrane to phosphatidylinositol 4,5-bisphosphate
(PIP2), because prior to local stimulation PIP2 is bound to GAP-43, as shown. Upon
local stimulation, which in this case is the binding of nerve growth factor (NGF; on
the right), a series of events are set into motion. RalB contributes indirectly to the
activation of PKC by activating phospholipase D (PLD), which in turn cleaves the
phospholipid phosphatidylcholine (PC) providing the substrate for the production of
diacylglycerol (DAG).
PKC phosphorylates GAP-43 at Ser-41, releasing it from PIP2 and allowing it to
potentially act as a lateral stabilizer of the F-actin. The released PIP2 diffuses in the
membrane, promoting the adhesion of the F-actin with the membrane. Additionally it
promotes actin polimarization via cdc42, the recruitment of the Arp2/3 complex and
the activation of WASP (not shown). For simplicity, the binding of GAP-43 to
calmodulin is not shown. Upon phosphorylation by PKC, GAP-43 would be released
from calmodulin, as it is from PIP2. Actin polymerization is additionally induced by
the activation of cdc42 via RalA and trkA pathway (Denny, 2006).

of low calcium but it is released when calcium concentration is increased or
when GAP-43 is phosphorylated by protein kinase C (Gamby et al., 1996).
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This suggests that GAP-43 role in promoting filopodia extension and
association with the membrane may be inhibited by the binding with
calmodulin in resting conditions or in subcellular domains with a low [Ca2+]i.
The increase of [Ca2+]i and/or the phosphorilation by PKC release the
binding by calmodulin and enable the binding with membrane. In other
words an inhibitory action is played by calmodulin in resting condition and
an opposite role is played by phosphorilation and increase in [Ca2+]i by
removal of the inhibition on GAP-43.
GAP-43 was also proposed to bind directly to actin filaments (Hartwig et
al,1992; He et al,1997). When phosphorylated at Ser-41, GAP-43 binds actin
with a higher affinity and appears to act as a lateral stabilizer of actin
filaments. This favours filopodial extension (He et al., 1997).
A crucial role in controlling GAP-43 action was proposed to be played by
its binding to PIP2 as well, occurring in its non-phosphorilated form. This
binding was suggested to mask and inhibit PIP2 microdomain under resting
conditions. In response to PKC phosphorilation PIP2 would be released by
GAP-43 (Laux et al., 2000). Free PIP2 would in turn sequester actin-binding
proteins such as profilin, cofilin, and gelsolin, resulting in the promotion of
growth and stabilization of peripheral actin. In addition, free PIP2 could bind
vinculin and WASP proteins, which promote focal contact formation, Arp2/3
function and actin recruitment (Laux et al., 2000).
A structural role of GAP-43 was also proposed, as it was shown to
interact not only with actin but also with brain spectrin, another cytoskeletal
protein (Riederer and Routtenberg, 1999). Brain spectrin (also known as
fodrin, calspectin, or actin binding protein I) is one of the major cytoskeletal
proteins associated with the plasma membrane, together with actin, tubulin
and others, such as α-actinin and synapsin I (Goodman et al., 1995; Meiri
and Gordon-Weeks, 1990). Since GAP-43 binds actin filaments (Hens et al.,
1993) and brain spectrin binds the other cytoskeletal elements such as
microtubules and neurofilaments (Hens et al., 1993; Riederer et al., 1986),
the selective binding of GAP-43 to brain spectrin and filamentous actin
could provide sites for the attachment of other proteins and promote the
formation of molecular complexes essential for the organization of the
plasma membrane (Riederer and Routtenberg, 1999).
Among the extracellular signals involved in GAP-43-dependent neuronal
growth there are NGF (Perrone-Bizzozero et al., 1991), NCAM, L1, Ncadherin and FGF receptors (Dunican and Doherty, 2000; Zhang et al.,
2005). It has been proposed that when the Ig-family adhesion molecule
NCAM or L1 on the surface of a growth cone bind to an appropriate
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substrate, FGF receptors are clustered and activated and this results in the
phosphorylation of GAP-43 and the subsequent changes in membrane
cytoskeleton, causing the growth cone to advance (Fig. 12; Ditlevsen et al.,
2008; Dunican and Doherty, 2000; Zhang et al., 2005).
GAP-43 involvement in NCAM-mediated neurite outgrowth was first
suggested by the observation that NCAM did not induce neurite outgrowth
in cerebellar granule neurons from GAP-43 null mice (Meiri et al., 1998).
GAP-43 phosphorylation at Ser41 by PKC and at Ser191/Ser192 by Casein
Kinase II (CKII) has been shown to be related with NCAM-induced neurite
outgrowth (Ditlevsen et al., 2008; Meiri et al., 1998). It was recently shown
that GAP-43 regulates neurite outgrowth mediated specifically by the
isoform NCAM-180 and that, for this function, spectrin and its
phosphorylation by PKC and by CKII are relevant (Korshunova et al., 2007).
The cytoplasmic domains of both NCAM-140 and NCAM-180 interact
with tubulin. Moreover spectrin interacts specifically with NCAM-180, but
not with NCAM-140 or NCAM-120 (Pollerberg et al., 1987; Pollerberg et
al., 1986). Consistently, in PC12 cells, dominant-negative mutant spectrin
disrupts NCAM-180-mediated neurite outgrowth in conjunction with GAP43, but not NCAM-140-mediated GAP-43-independent neurite outgrowth
(Korshunova et al., 2007). The interaction between NCAM and spectrin has
been shown to be important for the assembly of NCAM signaling complexes
associated with lipidic rafts upon NCAM stimulation, by linking NCAM to
signaling proteins such as PKCβ2 (Leshchyns'ka et al., 2003). It was thus
suggested that GAP-43 role in NCAM-mediated neuritogenic signaling
depends on the formation of NCAM-180/spectrin although their relation may
be more complex than this, possibly implying additional mechanisms
(Ditlevsen et al., 2008; Korshunova et al., 2007).
It has also been shown that the growth promoting effects exerted by the
adhesion molecule L1 is dependent on GAP-43 (Meiri et al., 1998) and that
they act synergistically to promote axon growth and regeneration in vivo in
PC-specific double transgenic mice (Zhang et al., 2005). Interestingly L1 is
clearly expressed at high levels in the IO (Horinouchi et al., 2005).
This is consistent with the findings on the impairment of crossing the
optic chiasm by retinal ganglion cells axons in GAP-43 knock-out mice
(Strittmatter et al., 1995) and the role reported to be played in commissural
axon guidance (Demyanenko et al., 1999; Kamiguchi et al., 1998). It is also
consistent with the aberrant innervation of the hippocampal distal stratum
oriens by mossy fibres in mice which overexpress the non-phosphorilable
GAP-43 (S41A) in the whole brain (Holahan et al., 2009), including
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Fig. 12 - Schematic illustration of GAP-43 and NCAM interaction and signaling.
The illustration shows GAP-43 association with NCAM-180 in lipid rafts, which appears
to favour NCAM-180/spectrin complex–mediated neuritogenic signaling in a way
which is dependent on phosphorilation by PKC and casein kinase II. Upon NCAM
trans-homophilic binding, it activates FGFR independently of localization of NCAM
in lipid rafts. Furthermore, NCAM stimulation results in recruitment of NCAM into
lipid rafts and assembly of raft-associated signaling complexes, the composition of
which is at least partially specific for NCAM-140 and NCAM-180. NCAM-180 binds
with high affinity to spectrin, which in turn links NCAM-180 to PKCβII. Upon
NCAM stimulation and the resulting FGFR activation, activated PKCβII in
conjunction with NCAM-180 and spectrin is recruited into lipid rafts, where PKCβII
may function as an activator of GAP-43. For simplicity, RPTPa is depicted only in the
NCAM-140-associated signaling complex, PKCbII is depicted as a component only
of the NCAM-180-associated signaling complex and only cis-homodimers of NCAM
isoforms are shown (CK, casein kinase; DAG, diacylglycerol; FAK, focal adhesion
kinase; GAP-43, growth-associated protein 43; PKC, protein kinase C; PLC,
phospholipase C; RPTP, receptor protein tyrosine phosphatase; Ditlevsen et al.,
2008).

hippocampal granule cells normally devoid of GAP-43 expression (Kruger et
al., 1993; McNamara and Lenox, 1997). This was reported to occur similarly
to what observed in mice knock-out for NCAM or bearing its conditional
ablation (Bukalo et al., 2004; Cremer et al., 1997).
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Functional relations between GAP-43 and Go/i proteins have also been
reported in several studies, showing that Go/i can be activated by N-terminal
GAP-43 fragments introduced into the cells (Mosevitsky, 2005; Oestreicher
et al., 1997). In particular it was shown by the use of isolated Go, that
complete GAP-43 molecules act similarly to the N-terminal fragments in
activating Go (Strittmatter et al., 1990).
Based on the findings that fragments of GAP-43 are naturally formed in
neurons by m-calpain cleavage in the effector domain near Ser-41
(Mosevitsky, 2005; Zakharov and Mosevitsky, 2001) and that Ser-41
phosphorylation prevents this cleavage (Zakharov et al., 2005; Zakharov and
Mosevitsky, 2007), GAP-43 was proposed to serve in growth cones as a
switch for axonal guidance: PKC phosphorylation of Ser-41 preserves GAP43 molecules from calpain action and leads them to bind to actin fibrils. This
binding aids the growth of cytoskeleton fibrils and the protrusion of the
growth cone (Mosevitsky, 2005).
Although a comprehensive picture of the dynamics of GAP-43 multiple
interactions, its phosphorilation (PKC- and CKII-dependent) and calcium
levels is not yet available, a short summary of the several models proposed
can be attempted here (Denny, 2006; Ditlevsen et al., 2008; Mosevitsky,
2005; Oestreicher et al., 1997). GAP-43-dependent promotion of filopodia
formation is inhibited by low [Ca2+]i and stimulated by local increase of
[Ca2+]i and PKC-dependent phosphorilation with a mechanism which
involves the release of calmodulin and PIP2 and the interaction with actin
and spectrin (which in turn binds to cytoskeleton and NCAM). In this way
GAP-43 may contribute to the spatial organization of complexes of
structural and signaling proteins associated with the membrane. Moreover
GAP-43 may act as a lateral stabilizer of actin cytoskeleton and, following
an increase of [Ca2+]i, it may release sequestered PIP2, enabling its inhibition
on acting-binding proteins thus promoting the growth and stabilization of
actin filaments. GAP-43 role in the promotion of growth cone is triggered by
stimuli converging on the production of diacylglycerol (DAG), the activation
of PKC and the increase of [Ca2+]i (Oestreicher et al., 1997). One of the
signaling pathways in which GAP-43 plays a role is that controlled by
NCAM/L1/FGFR which responds to homophilic interactions with similar
adhesion molecules or to FGF (Ditlevsen et al., 2008). This pathway
participates in a GAP-43 dependent manner in axonal guidance in regions
such as optic chiasm (Sretavan et al., 1994; Sretavan and Kruger, 1998;
Strittmatter et al., 1995) and hippocampus (Bukalo et al., 2004; Cremer et
al., 1997; Holahan et al., 2009).
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On the other hand, presumably in response to repulsive cues, GAP-43
free from the binding with calmodulin and from phosphorilation by PKC,
can be cleaved by m-calpain, and its N-terminal fragment can interact with
the Go protein, promoting a collapse of the growth cone (Zakharov and
Mosevitsky, 2007). By these mechanisms GAP-43 regulates axonal growth
and guidance.
Finally, GAP-43 modulation of rabaptin-5 (Neve et al., 1998) and its
interaction with SNAP-25, syntaxin and VAMP (Haruta et al., 1997), may
play a role in the regulation of neurotransmitter release, possibly due to
GAP-43 participation in the organization of protein complexes associated
with the membrane (Riederer and Routtenberg, 1999).
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Aims
GAP-43 represents a key intrinsic factor for the promotion of axonal
growth and it is of crucial interest for the understanding of neuronal intrinsic
regenerative potentials in the CNS.
A plethora of in vitro studies have investigated its role in promoting
axonal growth on cultured cells, while knock-out mice helped to explore its
function in vivo (Oestereicher et al., 1997; Mosevitsky, 2005; Denny, 2006).
Despite its pivotal role during brain development and the dramatic
alterations in neuronal connectivity which are present in knock-out mice,
GAP-43 function in the adult brain is still largely speculative. A better
understanding of the regulatory mechanisms which operate in the adult CNS
will shed new light on axonal structural plasticity, neuronal regeneration and
degeneration.
Our attention has been focused on the role of GAP-43 in axonal structure
and remodelling in the adult brain of wild-type animals. Due to its high
expression in the CFs, their peculiar morphological organization and their
one-to-one relationship with PCs, we chose this structure as a convenient
model for in vivo investigations. We took advantage of lentiviral vectors
encoding both GFP and shRNA. Moreover the IO nucleus in the brainstem,
where CFs originate, is accessible to stereotaxic injection enabling their
labelling and genetic manipulation without interfering with other neuronal
components of the cerebellar cortex.
Preliminary results of this work have been previously presented (Grasselli
et al., 2009; Allegra Mascaro et al., 2009).
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Conclusions
In recent years axonal degeneration has been proposed to play a relevant
role in several neurodegenerative diseases, including amyotrophic lateral
sclerosis (ALS), spinal muscular atrophy, multiple sclerosis, glaucoma, and
Alzheimer’s and Parkinson’s diseases (Cifuentes-Diaz et al., 2002; Conforti
et al., 2007; Fischer et al., 2004; Raff et al., 2002; Schlamp et al., 2006;
Stokin et al., 2005; Trapp et al., 1998). We have shown that GAP-43
silencing determines a retraction of the CF. Finding effective
pharmacological treatments for the promotion of GAP-43 expression could
then contribute to sustain axonal structures, preventing dying back in models
of neurodegenerative diseases.
We have here shown that during adulthood and in physiological
conditions GAP-43 plays a pivotal role in the maintenance of CF axonal
structure and organization of presynaptic plasma membrane. It may act
together with cytoskeleton proteins, spectrin and adhesion molecules. The
possibility that it is modulated via an activity-dependent pathway and its
involvement in synaptic plasticity will however need further investigations.
Despite previous works showing that GAP-43 overexpression is
sufficient to promote axonal sprouting (Aigner et al., 1995; Buffo et al.,
1997; Gianola & Rossi, 2004).
We have also provided the first time-lapse description of lesion-induced
sprouting in the mammalian CNS, and given new insight in the mechanisms
underlying lesion induced sprouting of CF.
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