
Introduction

Plasticity is the neural mechanism that allows the 
brain to continuously adapt to changes of the exter-
nal world. It sustains processes such as learning 
and memory and it is essential to promote recovery 
from brain damage. Plastic responses are particu-
larly evident during the development of the nervous 
system. They have been extensively studied in the 
visual system, given its well-known physiology 
and the ease of manipulation of its primary input 
(Gordon and Stryker, 1996). In rodents, if one eye 
is sutured shut in early age (monocular deprivation, 
MD), binocular neurons of the primary visual cortex 
(V1) are able to shift their eye preference (ocular 
dominance, OD) towards the open eye (Frenkel and 
Bear, 2004). Even if sensitivity of cortical circuits 
to MD is maximal in juvenile animals (Hofer et al., 
2006; Lehmann and Lowel, 2008; Morishita and 
Hensch, 2008; Sato and Stryker, 2008; Spolidoro 
et al., 2012), the adult cortex retains some poten-

tials for plasticity. Plastic changes in adulthood are 
qualitatively and quantitatively different from those 
in juvenile animals (Hofer et al., 2006; Medini and 
Pizzorusso, 2008). In particular, in youth MD trig-
gers an initial depression of deprived eye inputs 
followed by a potentiation of the responses evoked 
by the open eye. Instead, in adult mice, prolonged 
MD results only in the potentiation of the open eye 
responses (Sawtell et al., 2003; Frenkel and Bear, 
2004). Differently from mice, an OD shift can not 
be induced in rats during adulthood (Fagiolini et al., 
1994; Guire et al., 1999).
Recent literature presents an increasing number of 
papers suggesting that functional changes due to 
an altered visual experience (e.g. MD, dark rear-
ing, eyes enucleation) are often accompanied by a 
reorganization of neuronal structures. Excitatory 
synaptic structures such as dendritic spines are the 
most studied, as they are particularly sensitive to 
experience (Lendvai et al., 2000; Trachtenberg et al., 
2002; Majewska and Sur, 2003; Mataga et al., 2004; 
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Oray et al., 2004; Hofer et al., 2009). Recently, 
given the functional role of inhibition in plasticity 
(Hensch, 2005), several groups started to investigate 
the structural dynamics of inhibitory neurons both in 
standard conditions as well as in response to experi-
ence (Chen et al., 2011a; Chen et al., 2011b; Chen et 
al., 2012; van Versendaal et al., 2012).
In this review we will focus on the dynamic of excit-
atory and inhibitory synapses and on their structural 
changes related to functional modifications. We will 
further review novel evidence on the importance of 
structural remodeling to promote functional plastic-
ity in the adult cerebral cortex (Cerri et al., 2011).

Spine morphology and dynamics

Spines are membranous protrusions from the neu-
ronal surface. They consist of a head (volume 
0.001-1 Pm3) connected to the neuron by a thin 
(diameter < 0.1 Pm) spine neck (Harris and Kater, 
1994; Nimchinsky et al., 2002; Zito and Murthy, 
2002). They mainly arise from the dendrites but 
they can be also found in the soma or in the axon 
hillock. More than 90% of excitatory synapses 
terminates on spines (Yuste and Bonhoeffer, 2001; 
Nimchinsky et al., 2002; Sobczyk et al., 2005; 
Verkuyl and Matus, 2006; Tackenberg et al., 2009). 
Neurotransmitter receptors are mainly restricted to 
the surface of the spine and concentrate close to the 
presynaptic element. This area is referred to as the 
postsynaptic density (PSD), a membrane-associated 
disc of electron dense material, containing receptor 
proteins, channels, and signalling systems. In addi-
tion to PSD, the spine head contains several other 
specialized structures such as smooth endoplasmic 
reticulum (SER) and actin microfilaments, whose 
polymerization and de-polymerization are involved 
in spine morphogenesis. One important class of sig-
nalling molecules that transduce extracellular signals 
to regulate actin assembly is represented by the Rho 
family, a class of small GTPases, a subgroup of the 
Ras superfamily of GTPases (Hall, 1998; Lai and 
Ip, 2013). The best-studied members of this family 
are Rac1 and RhoA. Activation of Rac1 facilitates 
the dendritic spines formation, maintenance and 
elongation. In contrast, RhoA activation prevents 
spine formation and induces spine shortening (Luo 
et al., 1996; Threadgill et al., 1997; Li et al., 2000; 

Nakayama and Luo, 2000; Tashiro et al., 2000; Sin 
et al., 2002; Govek et al., 2004).
Conventionally, spines are classified into four main 
categories: mushroom spines have a large head and 
a narrow neck; thin spines have a smaller head and 
a narrow neck; stubby spines show no constriction 
between the head and the attachment to the shaft; the 
filopodia, with an headless hairlike morphology, are 
reminiscent of the filopodium on the axonal growth 
cone, and both structures are found mostly during 
development (Skoff and Hamburger, 1974).
In the last decades, progresses in neuroscience tech-
niques, such as the introduction of in vivo two-pho-
ton microscopy, have boosted the number of studies 
focused on spine structural dynamics. This imaging 
investigation revealed that spines are extremely 
dynamic structures (Bonhoeffer and Yuste, 2002). 
Several groups have imaged dendritic spines in the 
developing (Lendvai et al., 2000; Grutzendler et al., 
2002; Holtmaat et al., 2005) and adult neocortex 
in vivo (Grutzendler et al., 2002; Trachtenberg et 
al., 2002; Holtmaat et al., 2005; Zuo et al., 2005; 
Majewska et al., 2006; Hofer et al., 2009).
The characteristics of the spine population change 
during the development of the mouse neocortex. 
Spine density increases during the second and third 
week of life, followed by a period of net spine prun-
ing and loss (Holtmaat et al., 2005; Zuo et al., 2005). 
This leads to a fairly stable spine density in the adult 
brain. Young spines are often very long and classi-
fied as filopodia. Length decreases with age and in 
the mature brain large thick mushroom spines are 
frequent. Basically, large spines tend to be more 
stable than thin spines or filopodia (Trachtenberg et 
al., 2002; Holtmaat et al., 2005; Zuo et al., 2005).
During development, spines appear and disappear at 
a rapid rate, and as the brain matures, spine turnover 
decreases. In the adult brain, only a subpopulation 
of spines continues to turn over (Holtmaat et al., 
2005; Zuo et al., 2005). These spines are transient 
and appear/disappear over days. All the other spines, 
such as the mushroom spines, are mostly stable, 
persisting for months (Grutzendler et al., 2002; 
Holtmaat et al., 2005; Zuo et al., 2005). The per-
centage of stable spines varies in different areas and 
layers of the cortex. Spines in the visual cortex are 
more stable than those found in the somatosensory 
cortex (96% and 50% of total spines respectively) 
(Grutzendler et al., 2002; Trachtenberg et al., 2002; 
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Holtmaat et al., 2005). In layer 2/3 of the visual 
cortex, spines have a higher density, and there is a 
lower percentage of transient spines in comparison 
to layer 4 (Holtmaat et al., 2005).
Motility of spines decreases with age (Lendvai et 
al., 2000; Majewska and Sur, 2003). Some studies 
suggest that spine motility and the resulting changes 
of their morphology regulate diffusion of the spine 
biochemical components and regulate local calcium 
dynamics (Majewska et al., 2000).
In conclusion, spine morphological changes and 
dynamics are both hallmarks of different brain 
ages, with extensive remodeling in juvenile age and 
greater stability in adulthood.

Structural dynamics of inhibitory 
interneurons

Recent data revealed unexpected remarkable 
structural dynamics of interneurons in adult V1. 
Inhibitory interneurons are generally devoid of 
spines and receive excitatory inputs onto dendritic 
shafts (Kawaguchi et al., 2006; Chen et al., 2011a).
While spine motility of excitatory neurons in adult 
V1 is low in normal conditions, dendritic branch tips 
of inhibitory interneurons display a high degree of 
dynamics: they can elongate or retract about 10 Pm 
over a week (Lee et al., 2006; Lee et al., 2008; Chen 
et al., 2011a). This remodeling process is present 
in various interneuron subtypes in layer 2/3 (Lee et 
al., 2008). Interestingly, interneuron tip growth is 
coupled with excitatory synaptogenesis (Chen et al., 
2011b). Recent evidence suggest that a percentage of 
interneurons expressing neuropeptide Y (NPY+), as 
well as calretinin (CR+) and somatostatin (SOM+) 
bear spines on their dendrites (Keck et al., 2011). 
The turnover of the spines on these interneurons is 
comparable to those on pyramidal neurons (Keck et 
al., 2011). It is interesting that spines on interneu-
rons carry functional glutamatergic receptors and 
receive excitatory inputs (Keck et al., 2011).
On the other hand, interneuron axons make contact 
with excitatory cells in various subcellular domains, 
including cell body, axon initial segment, dendritic 
shaft, and also dendritic spines (Markram et al., 
2004). Imaging studies revealed a certain degree of 
stability in the overall axonal architecture of inhibi-
tory neurons during normal experience (Marik et al., 

2010; Keck et al., 2011). However, their axonal bou-
tons are constantly added and lost over time (Chen et 
al., 2011b; Keck et al., 2011).
An interesting in vivo experiment (by high-resolution 
dual-colour two-photon microscopy) simultaneously 
monitored inhibitory synapses and dendritic spines 
in the entire dendritic arbor of layer 2/3 pyramidal 
neurons (Chen et al., 2012). The results revealed the 
distribution and the structural dynamics of inhibitory 
synapses on both dendritic shafts and spines of post-
synaptic pyramidal neurons. Authors took advantage 
of fluorescent tagging of gephiryn, a postsynaptic 
protein found exclusively in inhibitory synapses, to 
image inhibitory structures (Chen et al., 2012; van 
Versendaal et al., 2012). By this new technique, they 
demonstrated that inhibitory synapses on dendritic 
shaft are uniformly distributed across the dendritic 
tree. On the other hand, it was clear that inhibitory 
synapses on spines were at high density on distal 
apical dendrites of the pyramidal neuron (Chen et al., 
2012). It was also possible to measure turnover rate 
of inhibitory synapses on spines that was about three-
fold higher than that of inhibitory synapses on shafts 
(Chen et al., 2012). Interestingly, inhibitory synapses 
and dendritic spines dynamics are spatially clustered 
indicating local coordination of inhibitory and excit-
atory synaptic rearrangements (Chen et al., 2012).

Structural changes and sensory 
experience

The idea that changes in the structure of the brain 
might occur as a consequence of experience was 
first proposed by Ramon y Cajal more than a century 
ago. Many subsequent studies have confirmed this 
predictive idea. Indeed, changes in spine density, 
morphology and motility have been shown to occur 
with changes in neuronal activity and experience. 
Engert and Bonhoeffer (1999) provided a bright 
demonstration of this hypothesis. Combining the 
stimulation pattern of long term potentiation (LTP) 
induction with two-photon imaging in hippocampal 
slice culture, they found that the induction of LTP 
in a small dendritic region resulted in the emergence 
of new spines in the stimulated region. Thus, the 
strengthening of neuronal connections is sustained 
by structural changes in dendrites (Engert and 
Bonhoeffer, 1999). Similar effects on spines were 
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described also after sensory stimulation. Indeed, 
raising rats in an enriched environment (Diamond et 
al., 1975; Leggio et al., 2005) or whisker deflection 
in freely moving animals (Knott et al., 2002) lead to 
an increase in spine and synapse densities.
Many of the studies focused on spines plasticity 
have been carried out in somatosensory cortex of 
adult mouse as a model. Here the spine population 
appears to be much more dynamic than in other 
cortical areas (Trachtenberg et al., 2002; Holtmaat 
et al., 2006). Wilbrecht and co-authors investigated 
responses to whisker deflection in the barrel cortex 
(Wilbrecht et al., 2010). They trimmed a subset of 
whiskers and evaluated the responses evoked by the 
spared whiskers. Authors found that the response 
to spared whiskers was potentiated. In particular, 
they recorded a marked potentiation in layer 5 
neurons close to the interface between deprived 
and spared cortical barrel columns. In this region, 
trimming induced growth of new, persistent spines. 
Interestingly, in homozygote DCAMKII-T286A 
mice, that lack experience-dependent potentiation, 
whisker trimming resulted in the generation but not 
stabilization of new spines (Wilbrecht et al., 2010). 
Overall, these findings provide strong support for a 
role of spine growth and stabilization in response to 
potentiation. This is in line with more recent data 
demonstrating a link between spine density and 
functional potentiation in visual cortex (Hofer et al., 
2009; Cerri et al., 2011, see below).
Evidence for a role of spine growth in experience-
dependent plasticity also came from experiments 
in the mouse visual cortex. In juvenile animals, 
functional changes after MD come first, and thala-
mocortical axon remodeling takes some days to 
develop (Antonini and Stryker, 1993; Antonini et 
al., 1999). Spine motility increases after 2 days of 
MD, while after 4 days there is a significant spine 
loss, consistent with the initial strong reduction 
of responses elicited by the deprived eye (Gordon 
and Stryker, 1996; Mataga et al., 2004; Oray et al., 
2004). An additional period of MD in juvenile mice 
lead to the formation of new spines, in keeping with 
the subsequent strengthening of open eye inputs 
(Mataga et al., 2004). Similarly, a study by Sur and 
collaborators, combining two-photon microscopy 
and intrinsic signal imaging, found that spines loss 
closely follows functional depression of deprived 
eye input in ferret visual cortex (Yu et al., 2011).

In contrast, in the adult mouse, the MD-induced OD 
shift is implemented primarily by the strengthening 
of the open eye responses (Sawtell et al., 2003). 
Monocular deprivation doubles the rate of spine 
formation, thereby increasing spine density of layer 
5 neurons of the binocular visual cortex (Hofer et 
al., 2009). New spine formation during MD seems 
to be strictly correlated with the potentiation of the 
responses evoked by the open eye.
Interestingly, spine growth is specific to layer 5 
cells, as in the somatosensory cortex, suggesting a 
circuit-specific structural plasticity. Moreover, spine 
loss after MD is not observed in adulthood, consis-
tent with the absence of depression of deprived eye 
inputs (Sawtell et al., 2003; Mataga et al., 2004).
A nice paper by Sonja Hofer and co-authors pro-
vided interesting results on structural plasticity and 
MD in adulthood (Hofer et al., 2009). They followed 
spine dynamics of layer 5 neurons in the adult bin-
ocular visual cortex during ocular dominance plas-
ticity. They performed a first MD, then mice were 
allowed normal binocular vision for about 16-20 
days, and after they repeated a second MD. The first 
MD induced the expected OD shift, and was paral-
leled by a doubling in rate of spine formation, that 
increased spine density. Restoring binocular vision 
returned spine dynamics to baseline levels, but, in 
contrast, absolute spine density remained elevated. 
However, when the same eye was deprived for the 
second time, despite the observed OD shift, spines 
did not increase again. These results suggest that the 
synapses on the spines generated during the first MD 
could be weakened by binocular vision to restore a 
normal ocular dominance, and strengthened by the 
second MD, providing the structural base for the 
faster OD shift induced by the second MD.
These beautiful results propose a model that could 
explain how prior experiences could be stored in 
adult cortical circuits (Hofer et al., 2009).
Taken together, these results demonstrate that gain 
or loss of spines during MD closely parallels the 
functional consequences of MD and corroborates the 
idea of a causal link between experience-dependent 
plasticity and structural changes.
Other paradigms of sensory deprivation have also 
linked spine reorganization with functional out-
comes. A total lack of visual experience in the 
early stage of life (Dark Rearing) dampens visual 
responses and shifts the feature of spine morphology 
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and density towards their immature state that can 
only be partially reverted by light exposure (Wallace 
and Bear, 2004; Tropea et al., 2010). A small reti-
nal lesion, but not total lack of visual input, highly 
increases spine turnover in visual cortex, leading 
to an almost complete replacement of spines in the 
deafferentated cortex. This process is likely to medi-
ate the topographic remapping linked with visual 
function recovery (Keck et al., 2008).

The role of MATRIX in spine dynamics
In the last decade, it has became clear that the 
extracellular environment, such as the Extracellular 
Matrix (ECM), can play a crucial role in spine 
dynamics and visual cortical plasticity (Pizzorusso 
et al., 2002; Pizzorusso et al., 2006; Spolidoro et 
al., 2012; de Vivo et al., 2013). Indeed, several 
evidences suggest that in adults, ECM is strongly 
non-permissive for spine plasticity.
The family of chondroitin-sulfate proteoglycans 
(CSPGs) is one of the major components of the 
ECM that have been found to be involved in plas-
tic remodeling. These molecules are organized in 
specific structures named perineuronal nets (PNNs) 
that lay around the soma and dendrites of parval-
bumin-positive neurons. Degradation of CSPGs 
in adult rats visual cortex by chondroitinase ABC 
(ChABC) leads to restoration of OD plasticity (nor-
mally absent in adult rats) and to an increase spine 
density (Pizzorusso et al., 2002; Pizzorusso et al., 
2006). Recently, two-photon in vivo spine imaging 
in mice, showed an increased structural plasticity of 
spines (i.e. higher spine motility and appearance of 
filopodia) upon degradation of CSPGs (de Vivo et 
al., 2013). Moreover, ChABC treatment followed 
by high frequency stimulation induces LTP in layer 
5 neurons of the visual cortex and results in spines 
head enlargement (de Vivo et al., 2013).

Experience-dependent dynamics of inter-
neurons
Recent papers have addressed the structural dynam-
ics of inhibitory neurons in response to alteration of 
visual inputs (Keck et al., 2011; Chen et al., 2012; van 
Versendaal et al., 2012). Keck and colleagues showed 
that the retinal lesion paradigm induces a general 
decrease in axonal boutons density in the majority of 
inhibitory neurons, and a specific, rapid and long last-
ing reduction of spines in spiny interneurons (Keck et 

al., 2011). Interestingly, authors observed that these 
changes occurred hours after retinal lesion, suggest-
ing that inhibitory structural plasticity is likely to 
precede changes in excitatory circuits.
Other works took advantage of the MD paradigm 
to trigger structural changes in mice (Chen et al., 
2011b; Chen et al., 2012; van Versendaal et al., 
2012). MD increases branch dynamics of interneu-
rons, likely providing the substrate for the reduction 
of intracortical inhibition that allows plasticity to 
occur (Chen et al., 2011b).
MD determines, already within the first day, a 
transient loss of inhibitory synapses on pyramidal 
spines imaged in layer 2/3 of the visual cortex in 
adult mice. Surprisingly, restoration of binocular 
vision is again associated with inhibitory synapse 
loss, and increases the responsiveness to the previ-
ously deprived eye (van Versendaal et al., 2012). 
These mechanisms may represent an important way 
to modulate specific inputs, without interfering with 
excitatory structure dynamics and preserving the 
general organization of the circuitry.
In line with these findings, Chen and co-authors also 
reported a reduction in inhibitory synapses on spines 
within 2 days after MD, at an early time with respect 
to inhibitory synapses on dendritic shaft, eliminated 
between 4-8 days after MD (Chen et al., 2012). 
These data suggest that inhibitory synapses on shaft 
and on spines constitute two populations with dif-
ferent kinetics, likely to be differentially affected by 
experience (Chen et al., 2012).
All the studies described above provide a link 
between structural and functional plasticity as they 
consider changes of neuronal structures that follow 
the alteration of neuronal activity or sensory experi-
ence. Another approach to study the relationship 
between structure and function is to experimentally 
induce structural changes first, and then look at the 
functional effects on neuronal circuits (Dahlhaus et 
al., 2008; Cerri et al., 2011; Djurisic et al., 2013). 
For example, reducing dendritic spines and filopodia 
density limits LTP induction in those connections 
arising from layer 4 to layer 2/3 of mouse visual 
cortex (Dahlhaus et al., 2008).
Our group proposed a direct link between spine 
dynamic and adult plasticity. We performed an exper-
iment that proved that pharmacological enhancement 
of spine density resulted in reinstatement of OD plas-
ticity in adult rats (Cerri et al., 2011).
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Structural remodeling via RhoGTPases 
activation triggers functional plasticity

As mentioned before, actin dynamics is a key regu-
lator of the shape and morphology of plastic axons, 
dendrites, and dendritic spines. Actin dynamics is 
controlled by a family of small GTPases, the Rho 
family which include RhoA, Rac1, and Cdc42 (Van 
Aelst and Cline, 2004). Rho GTPases are molecular 
switches that cycle between a GDP-bound inac-
tive and a GTP-bound active state to control actin 
assembly and polymerization. They are involved in 
many neuronal development processes that require 
morphological changes, like neuronal migration and 
axon growth and guidance.
The importance of Rho GTPases for morphogenesis 
and maturation of dendritic spine and branches has 
been indirectly demonstrated by modulating the 
expression of Rho pathway regulators (Penzes et 
al., 2003; Buttery et al., 2006; Kang et al., 2009; 
Impey et al., 2010). For example, increased expres-
sion of D1-chimaerin, a RhoGAP that inactivates 
Rac, results in the pruning of dendritic spines and 
branches. By contrast, suppression of its expression 
resulted in increased process growth from the den-
dritic shaft (Buttery et al., 2006).
Recently, we exploited cytotoxic necrotizing fac-
tor 1 (CNF1), a bacterial toxin from Escherichia 
coli able to block Rho GTPases in their activated, 
GTP-bound state, to study whether stimulation 
of structural rearrangements reinstates experience-
dependent plasticity in adult rats (Cerri et al., 2011). 
CNF1 induces deamidation of a single glutamine 
residue of the Rho molecules, thus impeding GTP 
hydrolysis and leading to their persistent activation 
(Fiorentini et al., 1997; Flatau et al., 1997; Schmidt 
et al., 1997; Diana et al., 2007; Fabbri et al., 2010).
We unilaterally injected CNF1 into the primary 
visual cortex of adult rats and we observed a long-
lasting activation of Rac1 (10 days). To evaluate 
CNF1 impact on spines structure, we performed 
“DiOlistic” labeling of pyramidal neurons in layers 
2/3 of the primary visual cortex, 10 days after the 
toxin injection. We found that the median length 
of the spine neck in CNF1-treated cortices was sig-
nificantly higher than in control cortices. Moreover, 
we detected an increase in spine density of CNF1-
treated animals (Fig. 1a,b,c). Spine analysis revealed 
that the vast majority of these protusions had a 

well-defined neck and head structure, characteristic 
of mature spines (Fig. 1a). This is consistent with 
recent data obtained by Martino and co-workers that 
show an increase in spine density in basal but not 
apical dendrites in V1, following CNF1 intracere-
broventricular delivery (Martino et al., 2013).
Enhanced spine density in CNF1 treated animals was 
also coupled with a corresponding increase in pre-
synaptic excitatory markers, as shown by increased 
levels of vGlut1 (the major excitatory vesicular 
transporter in the cortex) and vGlut2 (a marker for 
thalamocortical axon terminals) (Fig. 1d,e). These 
data showed an increased density of intracortical and 
geniculocortical afferents in treated rats.
To address whether CNF1-induced structural remod-
eling reinstates functional plasticity, adult animals 
were monocularly deprived for 7 days, contralateral 
to the CNF-1 injection performed 7 days before MD. 
Delivery of CNF1 prior to MD resulted in signifi-
cant OD shift towards the open eye, as shown both 
by Visual Evoked Potentials (VEPs) and extracel-
lular spiking activity (Fig. 1f,g,h). Importantly, 
the OD shift was selectively due to a significant 
increase in the strength of inputs from the open eye. 
The enhancement in geniculocortical connectivity, 
shown by vGLUT2 levels, is in line with the poten-
tiation of the open-eye responses, suggesting the 
addition of synaptic terminals serving the ipsilateral, 
nondeprived eye in the CNF1-treated cortex.
Interestingly, CNF1 produces no changes in the 
expression of known structural “brakes” on adult 
plasticity, such as myelin and perineuronal nets. 
Therefore, the reactivation of OD plasticity by CNF1 
appears to involve morphological changes that pro-
ceed independently of these well-described brakes on 
plasticity. Thus, these results provide good evidence 
on the importance of cytoskeleton changes in induc-
ing functional plasticity in the adult cerebral cortex.
We speculate that the increase in the density of 
spines could be a crucial factor for the reactivation 
of plasticity. This suggests an increase in the number 
of available postsynaptic sites that could trigger the 
wiring up of new synapses. CNF1 sets in motion a 
mechanism of activity-dependent takeover by which 
newly formed dendritic sites may be contacted pref-
erentially by more active afferents from the open eye.
These results indicate a direct link between structural 
and functionalplasticity of the adult brain and demon-
strate a key role for Rho GTPases in these processes.
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Summary

Here we review important findings in the field of 
structural changes that underlie functional plastic-
ity with particular attention to the visual cortex. We 
focus on the importance of data that describe spine 

remodeling in excitatory neurons and the recent 
discovery of the remarkable structural dynamics 
of interneurons in adult V1. Recent progresses in 
the field of Neuroscience with the help of innova-
tive microscopy techniques, allow a deep charac-
terisation of neuronal structures and the description 

Fig. 1. - Structural remodeling via Rho GTPases activation triggers functional plasticity. a-b-c-d-e) Increased struc-
tural remodeling in the primary visual cortex after CNF1 treatment.
a) Spine phenotype of visual cortex pyramidal neurons in animals treated with vehicle (left) or CNF1 (right). Scale 
bar, 1 Pm. b) Box chart showing spine neck lengths for vehicle and CNF1-treated neurons. Spine neck length is 
significantly longer in CNF1-treated samples with respect to controls (Mann-Whitney rank-sum test, p < 0.001). c) 
Analysis of spine density was performed on basal dendrites from layer 2/3 pyramidal neurons in visual cortex. 
Neurons of animals treated with CNF1 show a consistent and highly significant increase in the density of spines 
(Mann-Whitney rank-sum test, p < 0.001). d) Immunostaining for vGlut-2 in layer 4 of binocular visual cortex in 
vehicle-and CNF1-treated rats. Scale bar, 10 Pm. e) Quantification reveals a significant increase in the density of 
vGlut-2-positive puncta in the CNF1-infused cortex (t test, p = 0.04). These data suggest an increased density of 
geniculocortical afferents in CNF1-treated cortex. f-g-h) Activation of Rho GTPases reinstates OD plasticity in the 
adult cortex. f) Experimental setup for in vivo testing of OD plasticity by electrophysiological recordings g) C/I VEP 
ratios in MD adult rats treated with vehicle (MD + vehicle), with CNF1 (MD + CNF1) and with a mutated form of 
CNF1 (MD + mut CNF1). In MD + vehicle rats, the C/I ratio is unchanged (post-ANOVA Holm-Sidak test, p = 0.52) 
compared with the normal adult range (indicated by the dashed lines), whereas in MD + CNF1 animals, there is a 
dramatic decrease of the C/I ratio (p < 0.001). Injection of a mutated form of CNF1 (mut CNF1) is completely inef-
fective in shifting OD (MD + mut CNF1 vs. MD + vehicle, p = 0.8; MD + mut CNF1 vs. MD + CNF1, p = 0.002). Normal 
adult range: mean ± SD value. e) OD distributions of naive adult rats (NORM) and rats monocularly deprived for 7 
days and treated with either vehicle (MD + vehicle) or CNF1 (MD + CNF1). Recordings were performed in the visual 
cortex contralateral to the closed eye (filled circle). CNF1 delivery prior to MD triggers a significant OD shift toward 
the open eye and a reduction of the proportion of neurons driven exclusively by the closed eye (F2 test, p < 0.001). 
Data are mean ± SEM (modified from Cerri et al., 2011).
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of their live changes. We address how structural 
remodeling parallels functional modifications in 
experience-dependent plasticity, commenting on the 
most relevant findings on this topic. All reported 
data suggest the existence of a close link between 
structural and functional plasticity. In particular, our 
data demonstrate that pharmacological enhancement 
of spine density and length resulted in reinstatement 
of OD plasticity in adult rats. These results point 
out that structural remodeling strictly contributes to 
experience-dependent plasticity and they represent 
the first demonstration of a causal link between 
structural and functional plasticity.
Taken together the experiments described here 
emphasize the key role of neuronal structural changes 
in the evergrowing field of visual cortical physiology.
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