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Activation of Rho GTPases Triggers Structural Remodeling
and Functional Plasticity in the Adult Rat Visual Cortex
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A classical example of age-dependent plasticity is ocular dominance (OD) plasticity, triggered by monocular deprivation (MD). Sensitiv-
ity of cortical circuits to a brief period of MD is maximal in juvenile animals and downregulated in adult age. It remains unclear whether
a reduced potential for morphological remodeling underlies this downregulation of physiological plasticity in adulthood. Here we have
tested whether stimulation of structural rearrangements is effective in promoting experience-dependent plasticity in adult age. We have
exploited a bacterial protein toxin, cytotoxic necrotizing factor 1 (CNF1), that regulates actin dynamics and structure of neuronal
processes via a persistent activation of Rho GTPases. Injection of CNF1 into the adult rat visual cortex triggered a long-lasting activation
of the Rho GTPase Rac1, with a consequent increase in spine density and length in pyramidal neurons. Adult rats treated with CNF1, but
not controls, showed an OD shift toward the open eye after MD. CNF1-mediated OD plasticity was selectively attributable to the enhance-
ment of open-eye responses, whereas closed-eye inputs were unaffected. This effect correlated with an increased density of geniculocor-
tical terminals in layer IV of monocularly deprived, CNF1-treated rats. Thus, Rho GTPase activation reinstates OD plasticity in the adult
cortex via the potentiation of more active inputs from the open eye. These data establish a direct link between structural remodeling and
functional plasticity and demonstrate a role for Rho GTPases in brain plasticity in vivo. The plasticizing effects of Rho GTPase activation
may be exploited to promote brain repair.

Introduction
Critical periods are particularly sensitive phases of development
during which even brief alterations in sensory experience induce
significant cortical plasticity (Berardi et al., 2000; Hensch, 2005).
For example, a short period of monocular deprivation (MD) in
early age induces a shift in the ocular dominance (OD) of cortical
neurons toward the open eye (Frenkel and Bear, 2004). Even if
the adult cortex retains some potential for plasticity, sensitivity of
cortical circuits to MD is maximal in juvenile animals (Hofer et
al., 2006; Lehmann and Löwel, 2008; Morishita and Hensch,
2008; Sato and Stryker, 2008). Similarly, structural plasticity of
neuronal processes in visual cortex is prominent in young ani-
mals and much reduced in adulthood. For example, the vast ma-
jority of dendritic spines, the main site of excitatory input, are
remarkably stable and persist unaltered over a period of months
in the adult visual cortex (Grutzendler et al., 2002; Majewska et
al., 2006; Keck et al., 2008; Holtmaat and Svoboda, 2009; Chen
and Nedivi, 2010). It remains unclear whether this downregula-
tion of structural remodeling underlies the reduced potential for
experience-dependent plasticity in adulthood.

Actin dynamics is a key regulator of the shape and morpho-
logical plasticity of axons, dendrites, and dendritic spines. Actin

dynamics is controlled by the Rho family of small GTPases, in-
cluding RhoA, Rac1, and Cdc42 (Van Aelst and Cline, 2004). Rho
GTPases are molecular switches that cycle between a GDP-bound
inactive and a GTP-bound active state to control actin assembly
and polymerization. Rho GTPases can be blocked in their acti-
vated, GTP-bound state by a bacterial protein toxin from Esche-
richia coli, named cytotoxic necrotizing factor 1 (CNF1). CNF1
catalyzes the deamidation of a single glutamine residue of the Rho
molecules, thus impeding GTP hydrolysis and leading to their
persistent activation (Flatau et al., 1997; Schmidt et al., 1997;
Diana et al., 2007). Here we have exploited this enzymatic activity
to examine whether stimulation of structural rearrangements re-
instates experience-dependent plasticity in adult age.

Materials and Methods
Animals
Long–Evans hooded female rats (age � P90) bred in our animal facility
were used in this study. A total of 132 animals were used. Animals were
housed in a 12 h light/dark cycle with food and water available ad libitum.
All experimental procedures were in conformity to the European Com-
munities Council Directive 86/609/EEC and were approved by the Italian
Ministry of Health.

CNF1 injections
E. coli CNF1 was obtained from the 392 ISS strain (kindly provided by V.
Falbo, Istituto Superiore di Sanità, Rome, Italy) and purified as described
previously (Falzano et al., 1993b). CNF1 was diluted to a final working
concentration of 2 nM with sterile 20 mM Tris-HCl buffer, pH 7.5. CNF1
activity was tested on cultures of mouse NIH-3T3 fibroblasts that be-
come giant and multinucleated 24 – 48 h after toxin exposure (Falzano et
al., 1993a). For control injections, we used either the vehicle solution
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(Tris-HCl buffer) or a recombinant toxin (CNF1 C866S) in which the
change of cysteine with serine at position 866 abrogates the enzymatic
activity on Rho GTPases (Schmidt et al., 1998). The plasmid coding for
CNF1 C866S was a kind gift from E. Lemichez (Inserm, Nice, France),
and the recombinant toxin was purified as described previously (Falzano
et al., 1993b).

Stereotaxic infusions of CNF1 (3 �l of a 2 nM solution) or control
solution were made into the primary visual cortex of adult rats under
avertin anesthesia. CNF1/control injections were performed in three
sites: 4.0 lateral to the midline and 1 mm anterior, 1 mm posterior, and in
correspondence with lambda. CNF1 was slowly delivered at a depth of
0.8 –1 mm from the pial surface.

Electrophysiology
Rats were anesthetized with urethane (Sigma; 20% solution in saline;
7 ml/kg body weight) and placed in a stereotaxic apparatus. Record-
ings were performed as described previously (Restani et al., 2009). A
portion of the skull overlying the occipital cortex was carefully drilled
on one side of the skull, and a glass micropipette (2 M�) filled with
NaCl (3 M) was mounted on a three-axis motorized micromanipula-
tor and inserted into the binocular portion of visual cortex (�5.0 mm
lateral from midline and in correspondence with lambda). Visual
evoked potentials (VEPs) and single units were recorded from three
to four penetrations per animal.

For VEP recordings, the electrode was typically positioned at a depth
of 400 �m within the cortex. In some animals, recordings were also
performed at a depth of 100 �m and yielded the same results (Restani et
al., 2009). Transient VEPs were recorded in response to abrupt reversal (1
Hz) of a horizontal square-wave grating (spatial frequency, 0.07 cycles/°;
contrast, 90%), generated by computer on a display (Sony; subtending
110 � 85° of visual angle; mean luminance, 15 cd/m 2) by a VSG card
(Cambridge Research System). VEP amplitude was quantified for each
eye by measuring the peak-to-trough amplitude, as described previously
(Restani et al., 2009; Cerri et al., 2010). Analysis of the amplitude of VEP
responses was performed blind to experimental treatment.

Extracellular recordings of spiking activity were performed at a depth
�800 �m from the cortical surface. Thus, our sample of cells is mainly
derived from layers II–III, in which we also examined CNF1-mediated
structural plasticity (see below). The visual stimulus consisted of a
computer-generated bar (contrast, 90%; thickness, 3°; speed, 25°/s) pre-
sented on a monitor (Sony; mean luminance, 15 cd/m 2). Spontaneous
activity and peak response were determined from peristimulus time his-
tograms (PSTHs) of the cell response to the stimulus, averaged over 20
consecutive stimulations as described previously (Restani et al., 2009;
Cerri et al., 2010).

OD was evaluated according to the methods of Hubel and Wiesel
(1962). Neurons in ocular dominance class 1 were driven only by stim-
ulation of the contralateral eye. Neurons in ocular dominance class 2/3
were binocular and preferentially driven by the contralateral eye. Neu-
rons in ocular dominance class 4 were equally driven by the two eyes.
Neurons in ocular dominance class 5/6 were binocular and preferentially
driven by the ipsilateral eye. Neurons in ocular dominance class 7 were
driven only by the ipsilateral eye. For each animal, the bias of the OD
distribution toward the contralateral eye [contralateral bias index (CBI)]
was calculated as follows: CBI � [(N(1) � N(7)) � 1/2 (N(2/3) � N(5/6)) �
NTOT]/2 NTOT, where N(i) is the number of cells in class (i), and NTOT is
the total number of recorded cells in a specific animal.

To obtain a finer and statistically more robust comparison of OD
distributions, we computed the normalized OD score of single neurons
(Rittenhouse et al., 1999) and plotted the cumulative distribution for
each experimental group. OD score was computed on cells with complete
PSTH analysis of peak and baseline spiking activity after closure of either
eye. OD score was defined as {[Peak(ipsi) � baseline(ipsi)] � [Peak(con-
tra) � baseline(contra)]}/{[Peak(ipsi) � baseline(ipsi)] � [Peak(con-
tra) � baseline(contra)]}.

Anatomical analysis
Rats were deeply anesthetized and transcardially perfused with 4% para-
formaldehyde in 0.1 M phosphate buffer 10 d after injection of CNF1

(n � 8) or control solution (n � 4). A group of naive, untreated rats was
also included (n � 4). Serial cortical sections (one of three, 40 �m thick,
cut on a freezing microtome) were Nissl stained for the evaluation of
cortical thickness. The remaining serial sections were immunostained
with the neuron-specific anti-NeuN (mouse monoclonal; Millipore Bio-
science Research Reagents) or with OX-42 (mouse monoclonal; BD
Pharmingen) antibodies (Caleo et al., 2007). Cortical thickness and neu-
ronal and microglial density were measured in five coronal sections per
animal using Stereo Investigator software (MicroBrightField). Analysis
was performed blind to experimental treatment.

Cortical thickness. In each section, we measured the distance from the
pial surface to white matter. These values were averaged to obtain cortical
thickness in individual animals.

Density of NeuN- and OX-42-positive cells. NeuN- and OX-42-positive
cells were counted in three-dimensional counting boxes (100 � 100 � 20
�m) positioned in layer II/III of primary visual cortex. An average of 450
NeuN-positive and 340 OX-42-positive cells were counted for each ex-
perimental animal. Cell density was calculated by averaging values ob-
tained from at least 15 counting boxes per animal. To determine CNF1
effects on microglial morphology, we acquired at high magnification
several microglial cells per condition, and we compared their morphol-
ogy blind to experimental treatment.

Another subset of four rats per group were perfused 10 d after CNF1/
vehicle, and brain coronal sections were stained for perineuronal nets
and myelin basic protein. After a blocking step, sections were incubated
with biotin-conjugated Wisteria floribunda agglutinin (WFA) (10 �g/ml;
Sigma) or with myelin basic protein (MBP) (1:500; Sternberger Mono-
clonals), followed by Cy3-conjugated ExtrAvidin (1:500; Sigma) or anti-
rabbit secondary antibody conjugated to Dy568 fluorophore (1:500;
Jackson ImmunoResearch), respectively.

Density of WFA-positive cells. Labeled cells were counted blind to treat-
ment on a fluorescence microscope using a 40� objective in vertical
stripes (width, 250 �m) spanning the entire thickness of primary visual
cortex from layer II to layer VI. Six to eight sections were analyzed for
each experimental animal.

Analysis of MBP expression. Images from anti-MBP-stained coronal
sections through the visual cortex were captured at 10� with a CCD Carl
Zeiss Axiocam camera. Exposure time and gain were kept constant for all
samples. Images were imported into NIH ImageJ, and the distribution of
relative MBP intensity within visual cortex was quantified according to
the procedure described by McGee et al. (2005). The distribution of
fluorescence intensity was measured using the profile function of NIH
ImageJ, and the corresponding pixel intensities were reported. Data
points are the average of at least four to five sections from each of four
animals per group.

To examine thalamocortical terminals, animals were intracortically
injected with CNF1 (n � 6) or vehicle (n � 5), and the contralateral eye
was monocularly deprived 1 week later. Monocularly deprived animals
were perfused at 2 weeks. Another group of naive rats were injected
unilaterally with CNF1 (n � 4) or vehicle (n � 4) and perfused at 10 d.
Free-floating sections were incubated overnight with 1:1000 rabbit anti-
vesicular glutamate transporter 2 (vGlut-2) primary antibody (Synaptic
Systems) in PBS. The signal was detected by incubation in anti-rabbit
secondary antibody conjugated to Dy488 fluorophore (1:200; Jackson
ImmunoResearch). Sections were mounted on glass slides using
VectaShield mounting medium (Vector Laboratories).

Density of vGlut-2-positive terminals. Images of vGluT-2 immunoreac-
tivity in layer IV of binocular visual cortex were acquired with a Leica
confocal laser scanning microscope, using a 63� oil-immersion objec-
tive (numerical aperture 1.4) and a 2.5� digital zoom. A preliminary
analysis of the fluorescence intensity of the samples was done, and the
acquisition parameters (photomultiplier gain and offset, laser intensity)
were set to avoid signal saturation at either end of the pixel intensity
range (0 –255). An intensity scan along the z-axis was used to select the
brightest focal plane, which was acquired together with the underlying
and overlying focal planes (1 �m z-step), and then the resulting images
were stacked and saved as eight-bit TIFFs (Mainardi et al., 2010). At least
12 images from four to five sections were acquired for each experimental
animal.
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Signal quantification was performed with MetaMorph software (Mo-
lecular Devices) as described by Caleo et al. (2007, 2009). For each image,
four rectangles covering neuronal somata and representing the back-
ground were drawn, and their mean fluorescence intensity was calcu-
lated; then, the values were averaged. vGlut-2 positive pixels were
discriminated from background by applying a threshold (mean back-
ground signal in the cell somas multiplied by 4.5). The expression level of
vGluT-2 was then calculated as the percentage of pixels in the field whose
intensity was over threshold (Caleo et al., 2007, 2009; Mainardi et al.,
2010).

Pull-down assay
A total of eight CNF1-injected and eight vehicle-injected rats were exam-
ined. Visual cortex samples were dissected, frozen in dry ice, and pro-
cessed for a pull-down assay to determine levels of activated Rac1. The
test is based on the use of an effector (GST–PAK70�106) capable of
binding activated Rac1. Samples were homogenized in 50 mM Tris, pH
7.4, 1 mM EDTA, pH 8.0, 0.5% Nonidet P-40, 150 mM NaCl, 10% glyc-
erol, 10 �g/ml aprotinin, 10 �g/ml leupeptin, and 1 mM PMSF and
processed for pull-down assay as described previously (Diana et al.,
2007). The homogenates were clarified by centrifugation at 14,000 rpm
for 5 min at 4°C, and the pull-down assay was performed by using 0.5 mg
of homogenate and 60 �g of GST–PAK70-106. Rac binding to GST–
PAK70-106, total Rac, �-tubulin levels were determined by Western blot
analysis as described below.

Immunoblotting
We injected CNF1 (n � 8) or vehicle solution (n � 8) in the visual cortex
of rats older than P90. Their visual cortices were dissected 10 d after
injection. Proteins were extracted with lysis buffer (1% Triton X-100,
10% glycerol, 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM EDTA, 0.1
mM Na3VO4, 1 �g/ml leupeptin, 1 �g/ml aprotinin, and 1 mM PMSF).
Protein extracts (10 �g) were separated by electrophoresis and blotted,
and filters were incubated with an antibody specific for vGlut-1 (1:2000
dilution; Synaptic Systems) or with an antibody recognizing GAD65/67
(1:5000 dilution; Sigma). Blots were then reacted with HRP-conjugated
secondaries (Bio-Rad) and developed by ECL (GE Healthcare). Filters
were also probed with anti-�-tubulin monoclonal antibody (1:10,000
dilution; Sigma), which serves as an internal standard for protein quan-
tification. Levels of vGlut-1, GAD65/67, and activated Rac1 were deter-
mined as described previously (Caleo et al., 2007; Mainardi et al., 2010).
Briefly, films were digitized, and band ODs relative to the proteins of
interest and corresponding �-tubulin internal standards were measured
with NIH Image J. For each sample (corresponding to the visual cortex of
a single animal) and each film, we calculated the ratio of protein to
�-tubulin OD values. These values were normalized to the mean of the
ratios obtained for vehicle-treated samples run on the same gel. Each
sample was run in three different gels, and the normalized values were
averaged. Results are presented as a percentage of control (vehicle-
treated) values (Cotrufo et al., 2003; Caleo et al., 2007; Antonucci et al.,
2008; Mainardi et al., 2010).

Dendritic spine analysis
Adult rats injected with CNF1 (n � 11) or vehicle solution (n � 10) were
deeply anesthetized and perfused through the heart with 4% paraformal-
dehyde 10 d after injection. A block of visual cortex was sectioned in the
coronal plane into 300-�m-thick slices by using a vibratome (Leica). The
lipophilic dye 1,1	-dioctadecyl-3,3,3	,3-tetramethylindocarbocyanine (DiI)
(Invitrogen) was coated onto tungsten particles (diameter, 1.1 �m; Bio-
Rad) according to Gan et al. (2000). DiI-coated particles were delivered
to the slices by using a Helios Gene Gun System (Bio-Rad). Density of
labeling was controlled by gas pressure (80 psi of helium). After labeling,
slices were fixed in 4% paraformaldehyde. Labeled structures were ana-
lyzed with a Leica confocal microscope (63� oil-immersion objective;
numerical aperture 1.4; 3� zoom). Two to four labeled pyramidal neu-
rons per animal were randomly selected from layers II–III in the binoc-
ular zone of the visual cortex. Images of basal dendrites were acquired,
stacked (0.5 �m step), and then analyzed with MetaMorph (Molecular
Devices) blind to the treatment. All protrusions along each dendrite were
counted and measured in length. Specifically, we measured the length of

the spine neck (from the dendritic shaft to the beginning of the spine
head). For the statistical analysis of spine neck lengths/densities, we cu-
mulated the measures taken from individual spines/dendrites belonging
to CNF1- or vehicle-treated neurons (Tashiro et al., 2000; Govek et al.,
2004; Wallace and Bear, 2004). As an alternative method, we also mea-
sured the average lengths and densities for each animal and calculated the
mean per group.

We examined protrusions in the dendritic segment starting from the
first bifurcation (beginning at �25 �m from the soma; Mataga et al.,

Figure 1. Enhanced Rac1 activation and increased spine density in the primary visual cortex
after CNF1 treatment. A, Representative immunoblot showing the amount of activated Rac1
(Rac1–GTP) in protein extracts from visual cortex 10 d after CNF1 (or vehicle) injection.
�-tubulin, Loading control. B, Quantification of the ratio between Rac1–GTP and total Rac in
CNF1- and vehicle-treated rats (3 independent experiments). CNF1 significantly enhances Rac1
activation (paired t test, p � 0.01). C, Spine phenotype of visual cortex pyramidal neurons in
animals treated with vehicle (left) or CNF1 (right). Scale bar, 1 �m. D, Box chart showing spine
neck lengths for vehicle- and CNF1-treated neurons. The horizontal lines denote the 25th, 50th,
and 75th percentile values. The error bars denote the 5th and 95th percentile values, whereas
the square indicates the mean of the data. Spine neck length is significantly longer in CNF1-
treated samples with respect to controls (Mann–Whitney rank-sum test, p � 0.001). E, Anal-
ysis of spine density in basal dendrites from layer II–III pyramidal neurons in visual cortex.
Neurons of animals treated with CNF1 show a consistent and highly significant increase in the
density of protrusions (Mann–Whitney rank-sum test, p � 0.001). The horizontal lines in the
box chart denote the 25th, 50th, and 75th percentile values. The error bars denote the 5th and
95th percentile values, whereas the square indicates the mean of the data. We examined 2356
spines from 31 neurons and 1761 spines from 21 neurons in CNF1- and vehicle-treated rats,
respectively. **p � 0.01; ***p � 0.001.
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2004; Pizzorusso et al., 2006) and ending at a distance of 100 �m from the
cell body. A total of 31 neurons/2356 spines and 21 neurons/1761 spines
were analyzed in CNF1- and vehicle-treated rats, respectively.

Statistical analysis
Statistical analysis was performed with SigmaStat. Differences between
two groups were assessed with Student’s t test for data normally distrib-
uted and with Mann–Whitney rank-sum test for data non-normally dis-
tributed. Differences between three groups were evaluated with one-way
ANOVA, followed by Holm–Sidak test. MBP intensity profiles were
compared using two-way repeated measures ANOVA. Cumulative fre-
quency distributions were compared with the Kolmogorov–Smirnov
test. Differences between OD histograms were assessed using a � 2 test
(four degrees of freedom).

Results
Activation of Rho GTPases increases spine density and length
in cortical pyramidal neurons
Injection of CNF1 into the brain has been shown previously to
trigger a sustained (28 d) activation of Rac1 (Diana et al., 2007;
Pavone et al., 2009). We stereotaxically injected CNF1 (2 nM) or
vehicle into the primary visual cortex of naive adult rats (older
than P90). The activation state of Rac1 was assessed by a pull-
down assay. A significant activation of Rac1 was observed 4 h
after the injection (data not shown) and persisted at 10 d (paired
t test, p � 0.01; Fig. 1A,B).

To evaluate the impact of CNF1 injection on dendritic spine
structure, rats were intracortically injected with CNF1 (n � 11)
or vehicle (n � 10) and perfused at 10 d. “DiOlistic” labeling of
pyramidal neurons in layers II–III was performed on vibratome
slices of primary visual cortex (Fig. 1C). We measured spine neck
length and the density of protrusions on basal dendrites. The vast
majority of the protrusions had a well-defined neck and head
structure, characteristic of mature spines; filopodia accounted for
only a minority of the protrusions, with no difference between
CNF1-treated and control neurons (10.2 
 0.57 and 10.8 

0.8%, respectively; t test, p � 0.99). For the statistical analysis of
spine neck lengths/densities, we initially cumulated the measures
taken from individual spines/dendrites belonging to CNF1- or
vehicle-treated neurons. We found that median length of the
spine neck in CNF1-treated cortices was significantly longer than
in control cortices (CNF1: median, 1.15 �m; 25 -75% interquar-
tile ranges, 0.83–1.55; vehicle: median, 1.04 �m; 25–75% inter-
quartile ranges, 0.77–1.42; Mann–Whitney rank-sum test, p �
0.001; Fig. 1D). Remarkably, we detected a highly consistent in-
crease in spine density of CNF1-treated neurons (median, 0.62
spines/�m; 25–75% interquartile ranges, 0.52– 0.8) with respect
to controls (median, 0.45 spines/�m; 25–75% interquartile
ranges, 0.38 – 0.56; Mann–Whitney rank-sum test, p � 0.001; Fig.
1E). These results were highly consistent among animals, and
indeed we obtained the same results by measuring the average
lengths and densities for each animal and calculating the mean
per group (length: CNF1, 1.15 
 0.03 �m; vehicle, 0.99 
 0.06
�m; t test, p � 0.037; density: CNF1, 0.64 
 0.05 spines/�m;
vehicle, 0.47 
 0.04 spines/�m; t test, p � 0.028).

CNF1 injection increases vGlut-2 and vGlut-1 expression in
visual cortex
To examine whether enhanced spine density in CNF1 animals
was accompanied by a corresponding increase in presynaptic ex-
citatory markers, we analyzed the expression of vGlut-1 and
vGlut-2 in the visual cortex. A previous study (Coleman et al.,
2010) demonstrates that vGlut-2 can be used as a selective and
reliable marker for thalamocortical axon terminals in rodent pri-

Figure 2. CNF1 injection increases vGlut-2 and vGlut-1 expression in visual cortex. A, Representa-
tive immunostaining for vGlut-2 in layer IV of binocular visual cortex in vehicle- and CNF1-treated rats.
Scale bar, 10�m. B, Quantification reveals a significant increase in density of vGlut-2-positive puncta
in the CNF1-infused cortex (t test, p�0.04). Data are mean
SEM. C, Representative immunoblot-
ting for vGlut-1 in the visual cortex of vehicle- and CNF1-injected rats. Each lane represents the visual
cortex of one animal. �-tubulin, Loading control. D, Quantification of immunoblots for vGlut-1 (8
samples per group examined in triplicate). CNF1 significantly enhances the expression of vGlut-1 (t
test, p � 0.01). Data are mean 
 SEM. E, Representative immunoblotting for GAD65/67 on protein
extractsfromthevisualcortexofvehicle-andCNF1-injectedrats.Eachlanerepresentsthevisualcortex
of one animal. �-tubulin, Loading control. F, G, Quantification of immunoblots for GAD67 (F ) and
GAD65 (G; 8 samples per group examined in triplicate). There is no significant variation of GAD65/67
levels between vehicle and CNF1 samples (t test, GAD67, p � 0.47; GAD65, p � 0.15). Data are
mean 
 SEM. *p � 0.05; **p � 0.01.
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mary visual cortex. We therefore analyzed vGlut-2 immunolabel-
ing in layer IV of binocular visual cortex of vehicle- and CNF-
treated animals. We found that vGlut-2 levels were higher in
CNF1-injected rats with respect to the controls (t test, p � 0.04;
Fig. 2A,B), pointing to an increased density of geniculocortical
afferents in adult, CNF1-treated cortices.

We also analyzed the expression of vGlut-1, the major excit-
atory vesicular transporter in the cortex, by Western blot. Quan-
titative immunoblotting analysis indicated a significant (40%)
upregulation of vGlut-1 in CNF1-treated cortices 10 d after in-
jection (t test, p � 0.01; Fig. 2C,D).

There was a tendency for reduced levels of GABA biosynthetic
enzymes GAD65/67 in CNF1-treated animals, but this trend did
not reach statistical significance (t test, p � 0.15; Fig. 2E,F).
Altogether, these data demonstrate that injection of CNF1 into
the adult rat visual cortex induces a long-lasting activation of

Rac1, associated with an increase in den-
dritic spine density and a corresponding
increase in the levels of the presynaptic
excitatory markers vGlut-2 and vGlut-1.

CNF1 treatment does not alter the
expression of known structural brakes
on plasticity
Histological controls were performed 10 d
after CNF1 injection to demonstrate that
the sustained activation of Rho GTPases
had no deleterious effects on neuronal
survival in the cortex. Cortical thickness
and neuronal density (measured in NeuN-
stained coronal sections) were superimpos-
able in naive, CNF1- and vehicle-injected
rats (one-way ANOVA, p � 0.57; Fig.
3A,B). We also controlled inflammatory re-
sponses using staining for OX-42, a marker
for microglia and neutrophils (Tropea et al.,
2003). We found that CNF1 had no impact
on the density of OX-42-positive cells in pri-
mary visual cortex (one-way ANOVA, p �
0.63; Fig. 3C). We also compared microglial
morphology between conditions, and we
found no detectable differences between
CNF1-treated and control cortices (Fig. 3D).

It was of interest to examine whether
CNF1 treatment has an impact on the ex-
pression of specific structural “brakes” on
plasticity, such as perineuronal nets and
myelin (Pizzorusso et al., 2002; McGee et
al., 2005). Perineuronal nets (visualized
by WFA) and MBP expression were ex-
amined 10 d after CNF1 injection. Quan-
tification of the density of WFA-positive
cells across the whole thickness of pri-
mary visual cortex revealed no significant
differences among naive (NORM), vehicle-
and CNF1-treated rats (one-way ANOVA,
p � 0.33; Fig. 4A,B). The pattern of MBP
staining was very similar in all animals,
with strong expression in white matter
and layers IV–VI and reduced expression
in supragranular layers (Fig. 4C). The dis-
tribution of MBP intensity within visual
cortex was indistinguishable among the

experimental groups (two-way repeated-measures ANOVA, p �
0.85; Fig. 4D). Thus, CNF1 injection has no significant effect on
the expression of known structural brakes on plasticity.

Activation of Rho GTPases reinstates OD plasticity via the
enhancement of open eye inputs
We used the classical paradigm of MD to examine whether
CNF1-induced structural remodeling reinstates functional
plasticity. Adult (older than P90) rats were unilaterally in-
jected into the visual cortex with CNF1 or vehicle, and 7 d later
the eye contralateral to the injection was sutured shut. OD was
evaluated by VEPs and extracellular recordings of single-unit
activity after 7 d of MD (Fig. 5A).

We found that the contralateral-to-ipsilateral (C/I) VEP ratio
(i.e., the ratio of VEP amplitudes recorded by stimulating the
contralateral and ipsilateral eye) was �2 in naive adult rats.

Figure 3. CNF1 has no adverse effects on neuronal survival in the visual cortex. A, Mean cortical thickness in the various
experimental groups. NORM, Cortex of normal adult animals (n � 4); vehicle, cortex injected with vehicle solution (n � 4); CNF1,
cortex treated with CNF1 (n � 8). There are no significant differences among the groups (one-way ANOVA, p � 0.8). B, Top,
Representative immunostaining for the neuronal marker NeuN in layer II–III of the visual cortex of animals in the three experi-
mental groups. CNF1 produces no significant alterations in neuronal density (bottom; one-way ANOVA, p � 0.57). C, Top, Repre-
sentative immunostaining for the microglial marker OX-42. Density of microglial cells is not impacted by CNF1 administration
(bottom; one-way ANOVA, p � 0.63). Scale bars, 100 �m. All data are mean 
 SEM. D, Representative high-magnification
images of OX-42-positive microglial cells in the various groups. Scale bar, 12 �m.
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Intracortical injection of vehicle solution followed by MD had no
effect on OD (Fig. 5B, MD � vehicle vs naive adult, post-ANOVA
Holm–Sidak test, p � 0.52), whereas delivery of CNF1 produced
a robust and consistent shift toward the ipsilateral open eye (one-
way ANOVA followed by Holm–Sidak test, MD � vehicle and
naive adult vs MD � CNF1, p � 0.001; Fig. 5B). Thus, CNF1
triggers a plastic modification normally restricted to the critical
period. Importantly, injection of a mutated form of CNF1 that
lacks enzymatic activity (mut CNF1; Schmidt et al., 1998) was
completely ineffective in shifting OD (MD � CNF1 vs MD �
mut CNF1, post-ANOVA Holm–Sidak test, p � 0.002; Fig. 5B),

demonstrating that activation of Rho GTPases by CNF1-induced
deamidation is crucial for the reinstatement of plasticity.

In an additional set of experiments, we combined intracortical
CNF1 injections with MD of the contralateral eye, and OD was
measured at 7 d (n � 6 rats). In these animals, we found a C/I
ratio of 1.65 
 0.1 (SEM), that is intermediate between that ob-

Figure 4. CNF1 injections have no impact on density of perineuronal nets and myelin expres-
sion. A, Representative staining for WFA in coronal sections through the visual cortex. NORM,
Cortex of normal adult animals (n � 3); vehicle, cortex injected with vehicle solution (n � 4);
CNF1, cortex treated with CNF1 (n � 4). Scale bar, 25 �m. B, Density of WFA-positive cells in
the visual cortex of the different experimental groups. The statistical analysis reveals no signif-
icant differences in perineuronal net density (one-way ANOVA, p � 0.33). C, Representative
coronal sections through the visual cortex labeled with antibodies to MBP. Layers I–VI and
white matter (WM) are indicated on the left. Scale bar, 100 �m. D, Distribution of MBP intensity
within visual cortex. Cortical layers are indicated on the abscissa. There are no significant differ-
ences in the intensity profile among the various groups (two-way repeated-measures ANOVA,
p � 0.85). WM, White matter.

Figure 5. Activation of Rho GTPases reinstates OD plasticity in the adult cortex via potenti-
ation of inputs from the ipsilateral, open eye. A, Experimental protocol. B, C/I VEP ratios in MD
animals treated with vehicle (MD � vehicle; n � 11), with CNF1 (MD � CNF1; n � 8) and with
a mutated form of CNF1 (MD � mut CNF1; n � 5). 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). Data are mean 
 SEM. Normal adult range: mean 
 SD value. C, Represen-
tative examples of VEP responses for both eyes in MD � vehicle (left column) and MD � CNF1
(right column) rats. Visual stimulus: square-wave grating alternating at 1 Hz, spatial frequency
of 0.07 cycles/°, contrast at 90%. CONTRA, Contralateral deprived eye; IPSI, ipsilateral open eye.
D, Quantitative analysis of absolute VEP amplitudes in MD � vehicle (n � 11) and MD � CNF1
(n � 8) rats. There is no difference in contralateral eye VEP amplitude between the two groups
(Mann–Whitney rank-sum test, p � 0.75, left), whereas ipsilateral eye VEPs are significantly en-
hanced in CNF1-injected rats (Mann–Whitney rank-sum test, p � 0.001, right). ***p � 0.001.
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served in MD � vehicle rats and MD � CNF1 rats analyzed at
14 d (one-way ANOVA followed by Holm–Sidak test; MD �
CNF1 7 d vs MD � CNF1 14 d, p � 0.01; MD � CNF1 7 d vs MD
� vehicle, p � 0.07).

The CNF1-induced OD shift after MD could be attributable to
a depression of deprived eye inputs or to a potentiation of the
visual drive through the ipsilateral open eye. To define the mech-
anism, we analyzed absolute VEP amplitudes after stimulation of
each eye in MD rats treated with CNF1 or control solution (ani-
mals recorded 14 d after injection). Responses evoked by the
contralateral, deprived eye were comparable in CNF1-treated

and control rats (Mann–Whitney rank-
sum test, p � 0.75; Fig. 5C,D). Conversely,
there was a highly significant increase in
the strength of inputs from the ipsilateral,
open eye in CNF1-injected animals (Man-
n–Whitney rank-sum test, p � 0.001; Fig.
5C,D). Thus, the reinstatement of plastic-
ity observed in CNF1 animals is selectively
attributable to a potentiation of open-eye
responses.

We next examined whether Rho GT-
Pase activation alters the efficacy of each
eye to evoke cortical spiking activity. Ex-
tracellular recordings of single-unit dis-
charges were performed contralateral to
the deprived eye, and OD was quantita-
tively assigned to each unit according to a
five-point scale (Restani et al., 2009). We
found that 7 d of MD were totally ineffec-
tive in shifting the OD distribution in rats
treated with vehicle. Indeed, the OD dis-
tribution of MD � vehicle animals was
biased toward the contralateral eye and
superimposable to that of naive unde-
prived animals (� 2 test, p � 0.6; Fig. 6A).
In contrast, a significant shift of OD to-
ward the ipsilateral, open eye was induced
in MD rats injected with CNF1 (� 2 test,
p � 0.001; Fig. 6A). It is worth noting that
this shift was mainly attributable to a loss
of cells driven exclusively by the contralat-
eral, deprived eye (class 1 cells; Fig. 6A).
Computation of an OD score for each re-
corded neuron (Rittenhouse et al., 1999;
Pizzorusso et al., 2002) confirmed that the
OD distribution recorded in MD � CNF1
animals was significantly different from
that of control rats (Kolmogorov–Smir-
nov test, p � 0.01; Fig. 6B). To examine
how CNF1 application affects the re-
sponse strength of each eye, we compared
the peak discharge rates of single units in
MD rats treated with CNF1 or with con-
trol solution. No difference was observed
between two groups for the responses
evoked by the deprived, contralateral eye
(Mann–Whitney rank-sum test, p � 0.64;
Fig. 6C, left). Remarkably, firing rates trig-
gered by the ipsilateral open eye were sig-
nificantly higher in CNF1-treated animals
than in control animals (Mann–Whitney
rank-sum test, p � 0.01; Fig. 6C, right).

These spiking data are in line with the selective potentiation of the
ipsilateral eye observed by VEP recordings (Fig. 5D). Moreover,
the decrease of class 1 cells coupled to a globally stable strength of
contralateral eye responses indicates that the likely mechanism of
CNF1-mediated plasticity is a takeover of originally monocular,
contralaterally driven cells by inputs from the ipsilateral eye.

Increased density of geniculocortical terminals in layer IV of
monocularly deprived, CNF1-treated rats
To gain insight into the mechanisms by which Rho GTPase acti-
vation triggers functional OD plasticity, we examined thalamo-

Figure 6. CNF1 injection in adult MD rats shifts the OD histogram toward the open eye. A, OD distributions of naive adult rats
(NORM) and rats monocularly deprived for 7 d 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 triggers a significant OD shift (� 2 test, p �
0.001) and a reduction of the proportion of neurons driven exclusively by the closed eye (class 1 cells). Number of animals as
indicated. NORM, n � 131 cells; MD � vehicle, n � 184 cells; MD � CNF1, n � 216 cells. B, Cumulative distribution of the OD
score of MD � vehicle (gray circles) and MD � CNF1 (black circles) rats. The two groups are significantly different from each other
(Kolmogorov–Smirnov test, p � 0.01). C, Box chart showing peak firing rates of visual cortical neurons in MD� vehicle and MD�
CNF1 rats. Ipsilateral (IPSI), open-eye responses are significantly increased by CNF1 treatment (Mann–Whitney rank-sum test, p�
0.01), whereas contralateral (CONTRA), deprived-eye responses are unaffected (Mann–Whitney rank-sum test, p � 0.64). **p � 0.01.
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cortical terminals in monocularly deprived rats, 14 d after CNF1
treatment. We analyzed vGlut-2 immunolabeling in layer IV of
the binocular visual cortex contralateral to the deprived eye, and
we found that vGlut-2 levels are consistently higher in CNF1-
injected animals with respect to the controls (t test, p � 0.003; Fig.
7). This result indicates a robust rearrangement of afferent axonal
terminals triggered by CNF1 in the visual cortex of adult MD rats.
Moreover, this enhanced geniculocortical connectivity correlates
with the potentiation of the open-eye responses, suggesting the
addition of synaptic terminals serving the ipsilateral, nonde-
prived eye in the CNF1-treated cortex.

Effects of Rho GTPase activation on cortical physiology in
normal rats
To exclude the possibility that activation of Rho GTPases causes
an OD shift toward the ipsilateral eye, we measured OD in a
subset of adult, CNF1-treated animals with normal vision. We
found that the C/I ratio of VEP responses was unaltered by CNF1
treatment in naive, undeprived adult rats (t test, CNF1 vs normal,
p � 0.83; Fig. 8A). Receptive field size of cortical cells was also
comparable between naive rats and naive rats treated with CNF1
(Mann–Whitney rank-sum test, p � 0.73; Fig. 8B), suggesting
that spatial resolution of cortical neurons was not impacted by
CNF1 treatment. We also noted an increase in the spontaneous
discharge of cortical units (vehicle-treated, median of 4.7
spikes/s; CNF1-treated, median of 10.9 spikes/s; Mann–Whitney
rank-sum test, p � 0.001), which is consistent with a higher den-
sity of excitatory synaptic inputs on cortical neurons.

Discussion
These experiments provide novel evidence on the importance of
structural remodeling for functional plasticity in the adult cere-
bral cortex. To induce morphological changes in the cortex, we
have exploited a bacterial protein toxin, CNF1, that triggers a
persistent activation of Rho GTPases (Flatau et al., 1997; Schmidt

et al., 1997; Diana et al., 2007; Pavone et al., 2009). CNF1 has a
remarkable specificity for small GTPases of the Rho family, thus
excluding the involvement of other classes of GTPases such as Ras
(Schmidt et al., 1998). Mutation of a single amino acid that is re-
quired for the enzymatic activity of CNF1 abolishes the ability of the
toxin to induce spine growth in cultured neurons (Diana et al., 2007)
and functional plasticity in vivo (present results), supporting the
specificity of the CNF1 effects. Importantly, the anatomical analysis
revealed no detectable changes in neuronal and microglial densities,
indicating no pathological alterations after toxin treatment. We also
found that CNF1 produces no changes in the expression of known
structural “brakes” on adult plasticity, such as myelin and perineu-
ronal nets. Therefore, the reactivation of OD plasticity by CNF1
appears to involve morphological changes that proceed independent
of these well-described brakes on plasticity.

The Rho family of GTPases comprises RhoA, Rac1, and
Cdc42, which have different actions on neurite elongation. Spe-
cifically, Rac1 and Cdc42 activation stimulates new spine forma-
tion and branching of neuronal dendrites, whereas RhoA exerts
an inhibitory action (Tashiro et al., 2000; Sin et al., 2002; Govek et
al., 2004; Van Aelst and Cline, 2004). Transgenic mice with over-
expression of a constitutively active human Rac1 in Purkinje cells
show increases in the density of dendritic spines and the appear-
ance of supernumerary synapses (Luo et al., 1996). Antagonistic
effects of Rac1 and RhoA have also been described for axon elon-
gation. In general, Rac1 activation promotes axon outgrowth,
whereas RhoA antagonizes it (Fournier et al., 2003; Montenegro-
Venegas et al., 2010; Tahirovic et al., 2010). For example, Rac1
deficiency impairs axon and lamellipodia formation both in vivo
and in vitro (Tahirovic et al., 2010).

CNF1 can potentially increase the activity of all three Rho
GTPases, but previous in vivo studies in mice have shown that the
CNF1-mediated activation of Rac1 is long lasting (28 d), whereas
that of RhoA is short lasting (�10 d; Diana et al., 2007). For this

Figure 7. Increased vGlut-2 expression in layer IV of CNF1-treated MD rats. A, Representa-
tive immunostaining for vGlut-2 in layer IV of binocular visual cortex contralateral to the de-
prived eye in vehicle- and CNF1-infused rats. Scale bar, 10 �m. B, Quantification reveals a
significant increase in density of vGlut-2-positive puncta in the CNF1-treated cortex (t test, p �
0.003). Data are mean 
 SEM. **p � 0.01.

Figure 8. Effects of CNF1 injection in the normal adult visual cortex. A, C/I VEP ratio is identical in
naive, undeprived adult rats (n�4) and naive rats treated with CNF1 14 d before (n�4; t test, p�
0.83). Data are mean 
 SEM. B, Receptive field size is not altered by CNF1 infusion in naive rats
(Mann–Whitney rank-sum test, p � 0.73). Normal, n � 131 cells; CNF1, n � 55 cells.
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reason, we decided to assess OD plasticity during the second week
after CNF1 treatment. Indeed, the structural phenotype of
CNF1-treated neurons at 10 d (increased spine density and
length) correlated with an enhanced Rac1 activation (Fig. 1). In
an independent set of physiology experiments, we combined
CNF1 injection with MD, and OD plasticity was evaluated at 7 d.
In these experiments, the induction of plasticity was significantly
diminished. One possible explanation for this partial effect is that
the plasticizing actions of Rac1 are partly counterbalanced by an
activation of RhoA during the first phase after CNF1 injection
(Diana et al., 2007).

Recent two-photon imaging studies have indicated a link be-
tween structural and functional plasticity by following longitudi-
nally the morphology of spines and axonal boutons in response to
an altered sensory experience (Hofer et al., 2009; Holtmaat and
Svoboda, 2009; Tropea et al., 2009; Wilbrecht et al., 2010). These
studies have consistently demonstrated experience-dependent
changes in density, structure, and motility of neuronal processes
(Holtmaat and Svoboda, 2009; Hübener and Bonhoeffer, 2010).
Here we have taken another approach that consists in stimulating
morphological changes and then looking at the effects of this
manipulation on the plasticity of cortical circuits. Our DiOlistic
analysis of spine structure revealed robust changes in spine den-
sity and length triggered by CNF1 treatment, in parallel with a
reinstatement of physiological plasticity. To examine how the
dynamics of spine gain/elimination is altered by CNF1, it would
be interesting in future studies to perform longitudinal two-
photon in vivo imaging of spines before and after toxin applica-
tion. Independent of this, the present results provide good
evidence on the importance of cytoskeletal changes to functional
plasticity in the adult cerebral cortex.

CNF1 treatment increased consistently the density of den-
dritic spines and the length of the spine neck. We decided to
measure spine neck length (Belichenko et al., 2009) rather than
length of the whole spine (Wallace and Bear, 2004). This measure
may be useful because (1) spine neck length can be considered a
good indicator of spine function and synaptic strength (Majew-
ska et al., 2000; Arellano et al., 2007), (2) activation of Rho
GTPases could affect spine neck length, without significantly al-
tering the spine head (Tashiro et al., 2000), and (3) measures of
spine neck length allow to better capture with one parameter the
morphological variability of dendritic spines (from short stubby
spines with virtually no neck to spines with small head and long
neck; Arellano et al., 2007).

How can Rho GTPase activation reinstate plasticity in adult-
hood? Rho GTPases play critical roles in activity-dependent plas-
ticity of excitatory synapses by controlling their structural and
functional stability (Bonhoeffer and Yuste, 2002; Van Aelst and
Cline, 2004). We speculate that the increase in the density of
spines could be a crucial factor for the reactivation of plasticity,
because this suggests an increase in the number of available post-
synaptic sites that could trigger the wiring up of new synapses.
Our observation of an increase in the presynaptic excitatory
markers vGlut-2 and vGlut-1 and the fact that transgenic mice
with constitutively active Rac1 have supernumerary synapses
(Luo et al., 1996) is consistent with this possibility.

Interestingly, CNF1-mediated OD shift after MD appeared to
be specifically attributable to a potentiation of open-eye re-
sponses. This differs from the typical effect of eyelid suture during
juvenile age, i.e., a loss of responsiveness of cortical neurons to
the closed eye (Frenkel and Bear, 2004; Restani et al., 2009). The
potentiation of open-eye inputs was accompanied by an in-
creased density of thalamocortical terminals (vGlut-2-positive

puncta) in the visual cortex of CNF1-injected MD rats, indicating
a robust rearrangement of axonal terminals in treated animals.
These thalamocortical rearrangements were also observed in na-
ive, CNF1-treated rats, a condition in which a shift of OD is not
apparent (Fig. 8A). Although we were unable to distinguish eye-
specific thalamocortical synapses, one could speculate that, when
inputs from the two eyes are balanced (naive animals), CNF1-
induced rearrangements involve axonal terminals from both eyes
and do not cause an OD shift. Conversely, under MD conditions,
open-eye geniculocortical inputs would get a competitive advan-
tage, resulting in the addition of synaptic terminals serving the
ipsilateral, nondeprived eye. Therefore, we favor the idea that
CNF1 sets in motion a mechanism of activity-dependent take-
over, by which newly formed dendritic sites are contacted pref-
erentially by more active afferents from the open eye. Recent
studies have indicated a correlation between spine growth/den-
sity and response potentiation in the adult cortex (Dahlhaus et
al., 2008; Wilbrecht et al., 2010). A link between response poten-
tiation and new spine formation is also confirmed by the evidence
that, in adult mouse visual cortex, the functional consequences of
adult MD (strengthening of open-eye responses) is accompanied
by a net gain of spines (Hofer et al., 2009).

Previous strategies to restore plasticity in adulthood have pri-
marily relied on the manipulation of intracortical GABAergic
inhibition (He et al., 2007; Sale et al., 2007; Maya Vetencourt et
al., 2008) or on the removal of extracellular inhibitory molecules
(Pizzorusso et al., 2002; McGee et al., 2005; Syken et al., 2006).
The present data represent, to our knowledge, the first evidence
that activation of Rho GTPases is effective in reinstating physio-
logical plasticity in the adult cortex.

In summary, these results indicate a direct link between structural
andphysiologicalplasticityoftheadultbrainanddemonstrateakeyrole
for Rho GTPases in these processes. Spine pathology is consistently ob-
served in synaptopathies and mental retardation syndromes (Govek et
al., 2004;HoltmaatandSvoboda,2009),andanet lossof spines is found
in neurodegenerative disorders such as Alzheimer’s disease (Tsai et al.,
2004). The plasticizing effects of Rho GTPase activation may be benefi-
cial in the treatment of these pathologies and as a strategy to promote
brain repair after injury.
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(2008) Massive restructuring of neuronal circuits during functional re-
organization of adult visual cortex. Nat Neurosci 11:1162–1167.
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