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The RhoA (Rho) GTPase is a master regulator of dendrite morphogenesis. Rho activation in developing neurons slows dendrite branch
dynamics, yielding smaller, less branched dendrite arbors. Constitutive activation of Rho in mature neurons causes dendritic spine loss
and dendritic regression, indicating that Rho can affect dendritic structure and function even after dendrites have developed. However,
it is unclear whether and how endogenous Rho modulates dendrite and synapse morphology after dendrite arbor development has
occurred. We demonstrate that a Rho inhibitory pathway involving the Arg tyrosine kinase and p190RhoGAP is essential for synapse and
dendrite stability during late postnatal development. Hippocampal CA1 pyramidal dendrites develop normally in arg�/� mice, reaching
their mature size by postnatal day 21 (P21). However, dendritic spines do not undergo the normal morphological maturation in these
mice, leading to a loss of hippocampal synapses and dendritic branches by P42. Coincident with this synapse and dendrite loss, arg�/�

mice exhibit progressive deficits in a hippocampus-dependent object recognition behavioral task. p190RhoGAP localizes to dendritic
spines, and its activity is reduced in arg�/� hippocampus, leading to increased Rho activity. Although mutations in p190rhogap enhance
dendritic regression resulting from decreased Arg levels, reducing gene dosage of the Rho effector ROCKII can suppress the dendritic
regression observed in arg�/� mice. Together, these data indicate that signaling through Arg and p190RhoGAP acts late during synaptic
refinement to promote dendritic spine maturation and synapse/dendrite stability by attenuating synaptic Rho activity.
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Introduction
The ability of a neuron to integrate into networks and process
information is determined by the size and shape of its dendrite
arbor. Dendrite arbor growth in the CNS is choreographed by a
diverse set of cues. These cues regulate the activity of Rho family
GTPases RhoA, Rac1, and Cdc42, which coordinate the actin
cytoskeletal rearrangements required for dendrite morphogene-
sis (Luo, 2002; Van Aelst and Cline, 2004; Govek et al., 2005). In
neurons, RhoA (Rho) acts via its neuronal effector Rho kinase
(p160ROCK/ROCKII) (Hirose et al., 1998) to regulate actin po-

lymerization (Da Silva et al., 2003) and actomyosin contractility
(Ridley, 2001). Rho activation in developing neurons reduces
dendrite branch dynamics (Li et al., 2000, 2002), resulting in
dendrite arbors with reduced complexity (Ruchhoeft et al., 1999;
Lee et al., 2000; Govek et al., 2004). Expression of constitutively
active Rho in mature neurons leads to dendritic spine loss and
dendritic regression (Nakayama et al., 2000; Tashiro et al., 2000;
Govek et al., 2004), but it is unclear whether and how endogenous
Rho regulates dendritic spine maturation and dendrite arbor sta-
bility in late postnatal development.

The Abl family nonreceptor tyrosine kinases Abl and Arg act
downstream of adhesion receptors to mediate changes in neuro-
nal morphogenesis (Wills et al., 1999; Zukerberg et al., 2000;
Woodring et al., 2002; Hernandez et al., 2004; Moresco et al.,
2005; Thompson and Van Vactor, 2006). Arg is required for cor-
tical dendrite branch maintenance in the postnatal mouse brain
(Moresco et al., 2005), but the cellular and molecular mecha-
nisms by which Arg promotes dendrite stability are unclear. We
have recently shown that Arg acts via its substrate p190RhoGAP
to inhibit Rho after fibroblast adhesion to fibronectin (Hernan-
dez et al., 2004; Bradley et al., 2006; Peacock et al., 2007). Arg,
p190RhoGAP, and Rho are all enriched in dendritic spines (Lam-
precht et al., 2002; Moresco et al., 2003; Santos Da Silva et al.,
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2004). These observations suggest that Arg/p190RhoGAP signal-
ing may act in dendritic spines to influence the stability of den-
dritic arbors.

We provide evidence here that Arg signaling through
p190RhoGAP promotes hippocampal dendrite arbor stability by
regulating dendritic spine morphology. Dendrite arbors on hip-
pocampal CA1 pyramidal neurons reach their normal mature
size in arg�/� mice by postnatal day 21 (P21) but are not main-
tained, leading to dendrite regression by P42. The loss of dendrite
branches in arg�/� mice is accompanied by a reduction in hip-
pocampal synapses and poor performance in a hippocampus-
dependent behavioral test. In wild-type (WT) mice, dendritic
spines transition from a larger size and broader distribution of
morphologies at P21 to a smaller, more homogeneous morphol-
ogy by early adulthood, but this morphological transition is not
observed in arg�/� mice. p190RhoGAP activity is reduced in
arg�/� hippocampi, resulting in increased Rho activity. Impor-
tantly, genetic experiments indicate that p190rhogap mutations
enhance the effects of arg mutations on apical dendrite arbors,
whereas rockII mutations suppress the dendritic instability ob-
served in arg�/� mice. Together, these data indicate that Arg
signaling through p190RhoGAP promotes hippocampal synapse
and dendrite stability by regulating Rho activity in the dendritic
spine.

Materials and Methods
Biocytin injection of hippocampal neurons. Hippocampal slices (400 �m)
were prepared and maintained in a standard interface chamber at 33°C.
Individual CA1 pyramidal neurons were injected with 4% biocytin solu-
tion in 2 M sodium acetate solution, pH 7.5. Neurons were injected with
100 ms current injections of 5 nA at 1 Hz for 10 min. After 10 min of
recovery, injected neurons were fixed in 4% paraformaldehyde over-
night, cryoprotected in 30% sucrose, resectioned at 40 �m, and visual-
ized using standard avidin– horseradish peroxidase (HRP) staining (Vec-
tastain Elite ABC; Vector Laboratories, Burlingame, CA).

Morphometric analysis of neurons. Individual biocytin-labeled neurons
were traced under 100� magnification using a light microscope outfitted
with a Z drive and reconstructed using Neurolucida software (Micro-
BrightField, Williston, VT). Sholl analysis, total dendrite length, and
branchpoint number were determined using NeuroExplorer software
(MicroBrightField). Neurons were traced by an experimenter blind to
the genotype.

Electron microscopy. Mice were perfused transcardially under deep an-
esthesia with halothane inhalation. A short perfusion with 0.1 M PBS, pH
7.4, was followed by a perfusion with 4% paraformaldehyde/0.2% glu-
taraldehyde in 0.1 M PBS, pH 7.4. Brains were dissected and postfixed in
the same solution overnight at 4°C. Vibratome sections of the hippocam-
pus were cut and processed in 1% OsO4 at 4°C for 1 h (Schikorski and
Stevens, 1997). After dehydration in ethanol, the sections were con-
trasted en bloc in 0.5% uranyl acetate in 95% ethanol for 1 h and flat-
embedded in Epon. Embedded vibratome sections were further cut to 70
nm thickness for electron microscopy. Synapses were photographed with
a Jeol (Peabody, MA) 100 CX II electron microscope.

Immunolocalization of p190RhoGAP was performed as described
previously (Moresco et al., 2003). Mice were killed and perfused as above,
and brains were excised and postfixed with 0.1 M borate buffer, pH 10.4,
4% paraformaldehye overnight at 4°C. Coronal sections (1–5 mm) of the
hippocampus were cut and treated with 1% sodium borohydride for 45
min. Sections were rinsed repeatedly and cryoprotected in 20% glycerol
and 15% sucrose. Sections were frozen on powdered dry ice. Samples
were thawed, and 60- to 100-�m-thick sections were cut using a vi-
bratome. Sections were treated with 10% normal serum in PBS for 1 h,
followed by incubation in a 1:500 dilution of anti-p190RhoGAP antibod-
ies (Becton Dickinson, San Jose, CA). Antibody/antigen interaction was
detected by avidin/biotin complex coupled to HRP according to the
manufacturer’s instructions (Vector Laboratories). Sections were pro-

cessed for conventional electron microscopy. Contrast was enhanced by
the application of 1% lead acetate.

Morphometric analysis of synapses. The electron micrographs were ob-
tained at a magnification of 12,000� or 25,000� and scanned at 12,000
dpi resolution. Excitatory synapses were identified in electron micro-
graphs as mushroom-shaped spines containing a postsynaptic density
(PSD) apposed to a presynaptic terminus with associated synaptic vesi-
cles according to previously described criteria (Harris et al., 1992;
Schikorski and Stevens, 1997). PSD length and dendritic spine area was
determined using NIH ImageJ software. Spine area was traced from the
thinnest part of the neck. All measurements were made by an experi-
menter blinded to the sample identity.

Analysis of dendritic spines. Brains from WT and arg�/� mice express-
ing the GFP-M1 transgene (Feng et al., 2000) were fixed by transcardial
perfusion, and 20 �m sections were imaged on a Leica (Nussloch, Ger-
many) confocal microscope. Protrusions and spines were enumerated
and measured using ImageJ software. All analyses were performed
blinded to the genotype of the samples.

Immunoblotting. Tissue samples were disrupted in 50 mM Tris, pH 6.8,
10% glycerol, 2% SDS, and 1% 2-mercaptoethanol and boiled for 10
min, and the protein concentration was determined using the bicinchro-
nic acid assay (BCA; Pierce, Rockford, IL). Extracts were separated on 8%
SDS-PAGE gels, blotted to nitrocellulose membrane, and probed with
anti-Abl (PharMingen, San Diego, CA) or anti-Arg (Koleske et al., 1998)
antibodies.

Object recognition task. Locomotor activity during an initial 30 min
habituation phase was monitored with the automated Omnitech (Co-
lumbus, OH) Digiscan Micromonitor system equipped with 16 photo-
cells and the same type of cages normally used to house rats (45 � 24 �
20 cm). Object recognition tests were conducted in a lit, quiet room using
12- to 16-week-old male WT, abl�/�, arg�/�, or abl�/�arg�/� double-
knock-out (bs-dko) mice or 7-week-old male WT, arg�/�p190�/�, or
arg�/�rock�/� mice using an adaptation of a previously described pro-
tocol (Gresack and Frick, 2003).

After habituation, mice were briefly removed and placed in the home
cage while two identical objects (15 ml Falcon tubes) were placed at
opposite ends of the cage. For both the sample and choice phases, mice
were allowed to explore the objects for a total of 30 s before removal from
the cage. Mice that did not explore the objects for a total of 30 s within 3 m
were excluded from additional testing. Forty-eight hours after the sample
phase, the choice test was performed in which the familiar object and a
novel object (wrapped 1 ml syringe barrel) were placed at opposite ends
of the same cage the mouse had previously explored. The location of the
novel object was counterbalanced across mice in each group. Exploration
of the objects was videotaped with a camera suspended above the cage.
Exploration was defined as nasal or oral contact with the objects, and a
single blinded rater scored all sessions. Exploration time of the familiar
objects in the sample and choice phase was analyzed by two-factor (ge-
notype vs location) repeated-measures (RM)-ANOVA to verify the ab-
sence of side preferences that could bias performance in the choice phase.
Exploration of the novel object was analyzed by two-factor (genotype vs
location) RM-ANOVA. Data collected from WT, arg�/�p190�/�,
and arg�/�rock�/� mice were further interrogated by within-genotypes
paired t tests.

Tests were also performed on a cohort of WT and arg�/� mice at P21
and 7 weeks of age. Weanling mice were first allowed to habituate to the
open field for 20 m and gently removed while the two identical objects
were placed in the field. Weanlings were then immediately replaced and
allowed to accumulate 30 s of total exploration time. Weanlings that did
not accumulate 30 s of oral or nasal exploration within 6 m were ex-
cluded. Forty-eight hours later, mice were again placed in the field with
one familiar and one novel object and were removed when 30 s of explo-
ration had been accumulated. Mice were retested 4 weeks later as de-
scribed in the initial novel object recognition experiment, but with a new
set of objects (black and white disc and folded standard index card). The
location of the novel object was again counterbalanced, and exploration
was videotaped and scored by a single blinded observer. Exploration time
on days 1 and 3 were analyzed by two-factor (genotype vs location or
object type) RM-ANOVA followed by a post hoc Student’s t test.
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Immunoprecipitations. Hippocampi were
dissected in ice-cold PBS and homogenized in
lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl,
2 mM EDTA, 1% Triton X-100, and protease
and phosphatase inhibitors). The protein con-
centration of each extract was determined using
the BCA detergent-compatible protein assay kit
(Pierce). Total protein extract (0.5–1 mg) was
precleared with 50 �l of protein G Plus/A aga-
rose beads (Calbiochem, San Diego, CA) for 30
min at 4°C. Two micrograms of anti-
p190RhoGAP monoclonal antibody (mAb)
were incubated with 0.5–1 mg of total extract
for 2 h or overnight at 4°C with gentle mixing.
Then, 30 �l of protein G Plus/A agarose beads
(pre-equilibrated) was added, and immune
complexes were incubated for 1 h at 4°C. Im-
munoprecipitates were washed three times with
1 ml of lysis buffer, mixed with sample buffer,
and separated by SDS-PAGE for immunoblot
analysis. Coimmunoprecipitated proteins and
loading controls were detected by stripping and
reprobing the blot with anti-120RasGAP mAb
and anti-phosphotyrosine (4G10; Upstate Bio-
technology, Charlottesville, VA). Bands were
quantified using a densitometer and Image-
Quant software.

Rho activity assays. Under heavy sedation
with Nembutal, mouse brains were rapidly ex-
cised, hippocampi were lysed in buffer, and Rho
activity was assayed as described previously
(Bradley et al., 2006).

Results
Hippocampal dendrite arbors are
smaller in arg�/� mice
We used biocytin injection followed by
camera lucida reconstruction to exam-
ine the structure of hippocampal CA1
pyramidal neurons in mice lacking Abl
and/or Arg (Fig. 1 A). Both Sholl and
morphometric analyses reveal that CA1
pyramidal neurons in 6- to 8-week-old
arg�/� mice have smaller apical dendrite
arbors compared with WT controls (Fig.
1 B, D). Quantitation revealed that the
total length of apical dendrites is re-
duced 27% in arg�/� neurons compared
with WT neurons (Fig. 1 D). These smaller apical dendrite
arbors have 31% fewer dendrite branches (Fig. 1 E) and a com-
mensurate decrease in the number of apical dendrite segments
compared with WT neurons. Basal dendrite length and
branchpoints are more modestly reduced in arg�/� CA1 pyra-
midal neurons relative to wild type at this stage in develop-
ment, but these reductions are not statistically significant. Af-
ter staining of serial P42 hippocampal sections with anti-
NeuN antibodies to stain neurons, we used unbiased
quantitative stereology to estimate CA1 pyramidal neuron
density. This analysis revealed that CA1 pyramidal neurons
are 29% more densely packed in the CA1 pyramidal layer of
P42 arg�/� mice (3.41 � 0.32 � 10 5/mm 3) than in the WT
mice (2.62 � 0.14 � 10 5/mm 3) (n � 12 sections, 2 mice, for
each genotype).

In contrast to the defects observed in arg�/� neurons, abl�/�

CA1 pyramidal neurons are similar in shape, length, and branch-
point number to WT neurons (Fig. 1B–E). We previously showed

that brain-specific abl�/�arg�/� mice (bs-dko mice), which genet-
ically lack Abl and Arg in all brain neurons, exhibit more severe
reductions in cortical dendrites than arg�/� mice (Moresco et al.,
2005), indicating that Abl and Arg have overlapping roles in cortical
dendrite arbor stabilization. Surprisingly, bs-dko hippocampal CA1
pyramidal neurons exhibit only modest reductions in apical den-
drite length and branches, 14 and 17%, respectively, but only the
reduction in length is statistically significant (Fig. 1D,E). Thus, al-
though Abl is not essential for dendrite arbor appearance, the loss of
Abl function can partially suppress the dendrite defects observed in
arg�/� hippocampal CA1 pyramidal neurons.

We examined whether differences between Abl and Arg ex-
pression levels might explain the differential requirements for
Abl and Arg in hippocampal dendrite development. We used
quantitative immunoblotting with purified recombinant Abl and
Arg as standards to measure the Abl and Arg levels in hippocam-
pal extracts (supplemental Fig. 1, available at www.jneurosci.org
as supplemental material). Arg is 15-fold more abundant than

Figure 1. Hippocampal dendrite arbors are reduced in adult arg�/� mice. A, Labeling and morphometric analysis of hip-
pocampal CA1 pyramidal neurons. Individual live neurons in acute hippocampal slices were injected with biocytin using sharp
electrodes (1). Hippocampal sections were fixed, sectioned, and stained using streptavidin-HRP-conjugates (2). Individual slices
were traced using Neurolucida software and reconstructed (3). B, C, Sholl analysis of apical (B) and basal (C) dendrites from WT,
arg�/�, abl�/�, and bs-dko hippocampal CA1 pyramidal neurons. Sholl analysis measures dendrite complexity: concentric
three-dimensional shells of increasing radius are centered on the cell body of the neuron; the number of intersections of the
dendrite arbor with a given shell is plotted versus the shell radius. Each point represents mean � SE. For all data shown, analysis
was performed on the following: WT, n � 12 mice, 25 neurons; arg�/�, n � 11 mice, 22 neurons; abl�/�, n � 12 mice, 25
neurons; bs-dko, n�11 mice, 21 neurons. D, E, Mean total length (D) and branchpoint number (E) of apical (left) and basal (right)
dendrite arbors from WT, abl�/�, arg�/�, and bs-dko hippocampal CA1 pyramidal neurons. Error bars indicate mean�SE. Data
for ANOVA between all genotypes are as follows: apical length, p � 0.0034; basal length, p � 0.3376; apical branchpoints, p �
0.0128; basal branchpoints, p � 0.3104; post hoc Student–Newman–Keuls test for each mutant versus wild type, *p � 0.05.
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Abl in hippocampal extracts (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material), consistent with its
more prominent role in regulating dendritic arbor stability. In-
terestingly, Abl levels are increased fourfold in arg�/� hippocam-
pus extracts relative to wild type. A similar upregulation of Abl is
not observed in arg�/� cortical extracts (Moresco et al., 2005).

arg�/� mice perform poorly in a hippocampus-dependent
object recognition task
Because arg�/� mice exhibit a selective loss of hippocampal CA1
dendrites, we examined whether hippocampal function was al-
tered in these mice. The object recognition task capitalizes on
rodents’ innate tendency to explore novel items placed in a famil-
iar environment.

Twelve- to 16-week-old male WT, abl�/�, arg�/�, and bs-
dko mice were first habituated to the test cages. Mice of all geno-

types habituate similarly to the novel envi-
ronment of the test cage, as demonstrated
by a time-dependent reduction in loco-
motor activity (Fig. 2A). Mice were then
allowed to explore two identical objects
for a total of 30 s. After 48 h, the mice were
placed in the test cage containing one fa-
miliar and one novel object. WT, abl�/�,
and bs-dko mice exhibit the expected in-
crease in exploration of the novel object,
but arg�/� mice exhibit no preference for
the novel object (Fig. 2B). This deficit in
hippocampus-dependent behavior in
arg�/� mice mirrors the reductions in hip-
pocampal dendrite arbor complexity.

We then used the novel object recogni-
tion task to measure hippocampus-
dependent behavior in a cohort of WT and
arg�/� mice throughout development. In-
terestingly, at P21, both WT and arg�/�

mice exhibit the expected increase in ex-
ploration of the novel object. However, by
7 weeks of age, arg�/� mice exhibit no
clear preference for the novel object,
whereas the WT mice maintain the nor-
mal increased exploration of the novel ob-
ject (Fig. 2C).

Apical dendrite arbors develop
normally in arg�/� mice but
later regress
Behavioral testing indicated that hip-
pocampal function is normal in P21
arg�/� mice but that it becomes reduced
as arg�/� mice age to adulthood. We ex-
amined whether structural alterations of
hippocampal CA1 pyramidal neurons
might mirror this age-dependent loss of
hippocampal function. We focused on the
apical arbors because these were most af-
fected in arg�/� mice (Fig. 1D,E).

In WT mice, apical arbors had essen-
tially reached their fully mature size by
P18 –P21, as reported previously (Burt,
1980), and exhibited a modest expansion
as the mice aged up to 3.5– 4 months of
age. Of special interest, the apical arbors of

P18 –P21 arg�/� neurons are similar in size and branchpoint
number to WT neurons at P18 –P21 (Fig. 3A,B). However, the
apical arbors of the CA1 pyramidal neurons in the arg�/� mice
are reduced in length and branches by P30 –P31. Further apical
arbor shrinkage was observed in arg�/� neurons 6 – 8 weeks of
age, but arbors did not shrink further between this age and 3.5– 4
months of age (Fig. 3A,B). These findings indicate that apical
dendrite arbors of hippocampal CA1 pyramidal neurons initially
develop normally in arg�/� mice but lose branches and length as
the mice mature to adulthood.

Shaffer collateral–CA1 synapse loss precedes the reduction in
arg�/� apical dendrite arbors
Arg localizes to excitatory synapses made between Schaffer col-
lateral axons and the apical dendrites of hippocampal CA1 syn-
apses (SC-CA1 synapses) (Koleske et al., 1998), suggesting that

Figure 2. arg�/� mice exhibit deficits in a hippocampus-dependent novel object recognition task. A, Habituation of WT,
arg�/�, abl�/�, and bs-dko mice to test cage environment. Locomotor activity was measured by the number of photobeams
broken in the test cage. Two-factor RM-ANOVA revealed a significant effect of time ( p � 0.001) but no interaction between
genotype and time ( p � 0.6), indicating that all groups habituated to the testing environment equally. For all data shown in A
and B, analysis was performed on the following: WT, n � 11 mice; arg�/�, n � 8 mice; abl�/�, n � 6 mice; bs-dko, n � 7 mice.
B, Performance of WT, arg�/�, abl�/�, and bs-dko mice in an object recognition task. The amount of time exploring each of two
identical objects (Familiar, A) is shown on day 1. The amount of time exploring one familiar and one novel object (Novel, B) is
shown on day 3. On day 1, exploration time is equally distributed between two identical objects in all genotypes. On day 3, WT,
abl�/�, and bs-dko mice display preferred exploration of the novel object, indicated by increased exploration time. arg�/� mice
exhibit no preference between familiar and novel objects. Data for two-factor (genotype vs object type) RM-ANOVA are as follows:
day 1: location, p � 0.57; interaction, p � 0.80; day 3: object type, p � 0.001; interaction, p � 0.045; post hoc Student’s t test for
WT, abl�/�, and bs-dko, *p � 0.05; arg�/�, p � 0.2. C, Performance of a cohort of WT and arg�/� at P21 and 7 weeks of age
in the object recognition task. Exploration time was equally distributed between two identical objects in both genotypes on day 1
in all tests as in B above (data not shown). At P21, both WT and arg�/� mice show a preference for the novel object (B) during
testing on day 3. By 7 weeks, arg�/� mice show no significant preference between familiar (A) and novel (B) objects. n � 9 WT
mice and 7 arg�/� mice. Data for two-factor RM-ANOVA are as follows: day 1: pups, location, p � 0.38; interaction, p � 0.63;
7-week-old mice, location, p � 0.95; interaction p � 0.2; day 3: object type, p � 0.001 for P21 mice with no interaction effect
( p � 0.3); interaction effect, p � 0.003 for 7-week-old mice; post hoc pairwise Student’s t test, *p � 0.05; 7-week-old arg�/�

mice, p � 0.11. D, Performance of WT, arg�/�p190�/�, and arg�/�rock�/� mice in an object recognition task. On day 1,
exploration time is equally distributed between two identical objects in all genotypes (data not shown). On day 3, WT mice show
a preference for the novel object, whereas arg�/�p190�/�, and arg�/�rock�/� mice show no significant preference between
familiar (A) and novel (B) objects. n � 7 WT mice, 7 arg�/�p190�/� mice, and 7 arg�/�p190�/� mice. Data for two-factor
(genotype vs object type) RM-ANOVA are as follows: day 1: location, p � 0.09; interaction, p � 0.68; day 3: object type, p �
0.001; interaction, p�0.4; paired t tests, *p�0.05; arg�/�p190�/�, p�0.09; arg�/�rock�/�, p�0.20. Error bars indicate
mean � SE.

Sfakianos et al. • Arg Regulates Dendrite and Synapse Stability and Behavior J. Neurosci., October 10, 2007 • 27(41):10982–10992 • 10985



Arg might regulate dendrite stability by
controlling synaptic structure or function.

To test the possibility that Arg may in-
fluence SC-CA1 synapses, we determined
whether the number or morphology of
SC-CA1 synapses is altered in arg�/�

mice. SC-CA1 synapses were identified by
the presence of a dendritic spine contain-
ing a PSD apposed to a presynaptic com-
partment containing at least three synap-
tic vesicles (Fig. 3C,D). In the WT mice,
the synapse density (number of synapses
per unit area) does not change signifi-
cantly from P21 to P42 (Fig. 3E). How-
ever, although SC-CA1 synapse density is
similar in WT and arg�/� mice at P21, it is
reduced by 43% in arg�/� mice at P31 and
by 30% at P42 (Fig. 3E). The 43% reduc-
tion in synapses at P31 is greater than the
reduction in dendrite arbors (13%) ob-
served in arg�/� neurons (Fig. 3A,B), and
no reduction in branchpoints was ob-
served at this time point, suggesting that
synapse loss precedes dendrite arbor
shrinkage. The observed reduction in syn-
apses at P42 (30%) is strikingly similar to
the reductions in apical dendrite arbor
(27%) observed in arg�/� neurons over
the same developmental period. Together,
these findings strongly suggest that the re-
duction in dendritic arbors in arg�/� mice
results from a defect in synapse mainte-
nance between P21 and P42.

Dendritic spine morphogenesis is
abnormal in arg�/� mice
The localization of Arg to dendritic spines
(Moresco et al., 2003) suggests it might
mediate morphological changes during
spine maturation. We closely monitored
spine morphology in WT and arg�/� mice
during development to examine a possible
role for Arg in spine morphogenesis.

We measured dendritic spine area for
multiple SC-CA1 synapses as a character-
istic of spine head morphology. A plot of
spine head areas in WT mice at P21 reveals a broad distribution,
which reflects overall heterogeneity of spine head size at this point
in development. Between P21 and P42, spines undergo a mor-
phological transition in which there is a 30% reduction in mean
area (Fig. 4A) in WT animals. In addition to an overall reduction
in size, the variance in spine areas in WT animals was reduced by
71% between these time points ( p � 0.0001, two-tailed F test for
variance).

Like WT mice, dendrite spines are heterogeneous in size in
arg�/� mice at P21. However, spine areas do not transition into a
more homogenous size between P21 and P42 in arg�/� mice. The
means and variances of spine area become slightly reduced between
P21 and P42, but neither change is statistically significant ( p � 0.44
and p � 0.39, respectively). Importantly, we included only PSD-
containing spines that are apposed to vesicle-filled presynaptic ter-
mini for these measurements. Thus, the data for P42 arg�/� mice do
not account for spines that may have already deteriorated.

We also measured dendritic spine head width (dh) and neck
width (dn) for multiple SC-CA1 synapses and examined the ratio of
these measurements (dh/dn) as an overall measure of spine shape.
As in spine head areas, a plot of dh/dn ratios in WT mice at P21
reveals a broad distribution, which reflects the significant spine
shape heterogeneity at this point in development. Spines undergo a
morphological transition in WT mice between P21 and P42 in which
they assume a narrower overall distribution of shapes, leading to a
reduction in dh/dn variance from P21 to P42. Although we observe
significant heterogeneity in spine shape by this dh/dn measurement
in arg�/� at P21, we do not observe the morphological transition to
a more homogeneous shape distribution in these mice (data not
shown).

Previous reports suggest that the length of the PSD is a valid
measurement of synaptic strength (Schikorski and Stevens,
1997). Therefore, we also analyzed the length of the PSD in WT
and arg�/� mice to identify other possible discrepancies. In WT

Figure 3. Hippocampal dendrites and synapses develop normally in arg�/� mice through P21 but are reduced as the mice age.
A, B, Mean total length (A) and branchpoint number (B) of apical dendrite arbors from WT and arg�/� hippocampal CA1
pyramidal neurons at P18 –P21, P30 –P31, 6 – 8 weeks of age (6 – 8 wk), or 3.5– 4 months of age (3.5– 4 mo). Error bars indicate
mean � SE. Data from 6- to 8-week-old mice from Figure 1 are used for comparison. Data for P18 –P21 mice are as follows: WT,
n � 13 mice, 20 neurons; arg�/�, n � 13 mice, 25 neurons. Data for P30 –P31 are as follows: WT, n � 5 mice, 11 neurons;
arg�/�, n � 4 mice, 11 neurons. Data for 3.5– 4 months are as follows: WT, n � 6 mice, 13 neurons; arg�/�, n � 6 mice, 15
neurons. ANOVA for length, p � 0.0043; ANOVA for branchpoints, p � 0.0017; post hoc pairwise Student’s t test for significance,
*p � 0.05. C, D, Electron micrographs of hippocampal area CA1 from adult WT (C) and arg�/� (D) mice. Dendritic spines (S) are
indicated. Scale bars, 200 nm. E, Mean SC-CA1 synapse density (number per square micrometer) in WT and arg�/� mice at P21
and P42. Error bars indicate mean � SE. Quantitation was performed on the following mice: P21 WT, n � 10 sections, 3 mice; P21
arg�/�, n�10 sections, 3 mice; P31 WT, n�27 sections, 2 mice; P31 arg�/�, n�25 sections, 2 mice; P42 WT, n�10 sections,
3 mice; P42 arg�/�, n � 10 sections, 3 mice. ANOVA between all genotypes and time points, p � 0.0001; post hoc Student’s t test
for significance, *p � 0.05.
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animals, mean PSD length is reduced by a statistically significant
13% from P21 to P42 (Fig. 4C). This reduction in PSD length may
relate to the reduction in spine area observed in WT mice over
this same period (Fig. 4A). Interestingly, this change is not ob-
served in arg�/� mice in which the mean PSD length is reduced
only slightly from P21 to P42.

Finally, to examine whether defects in spine morphogenesis
resulted from alterations in dendritic spine formation in arg�/�

mice, we also examined spine density on apical dendrites of WT
and arg�/� neurons by imaging CA1 pyramidal neurons labeled
with a green fluorescent protein (GFP) transgene [line M1 (Feng
et al., 2000)]. Spine-like protrusions are present at similar densi-

ties in WT and arg�/� mice at P21 (sup-
plemental Fig. 2C, available at www.jneu-
rosci.org as supplemental material), but
spine density along dendritic segments be-
comes reduced by 21% in the arg�/� mice
by P42 (supplemental Fig. 2D, available at
www.jneurosci.org as supplemental mate-
rial). Importantly, analysis of GFP-labeled
neurons confirmed the finding (Fig.
4A,B) that dendritic spines are larger and
more heterogeneous in arg�/� neurons
than in WT neurons at P42 (supplemental
Fig. 2E, available at www.jneurosci.org as
supplemental material). These findings
indicate that Arg is not required for spine
formation but is required for spine
maintenance.

p190RhoGAP phosphorylation and
binding to p120RasGAP are reduced in
arg�/� hippocampus
After integrin-mediated fibroblast adhesion
to fibronectin, Arg acts via its substrate
p190RhoGAP (p190) to inhibit Rho and at-
tenuate actomyosin contractility (Hernan-
dez et al., 2004; Bradley et al., 2006; Peacock
et al., 2007). As a first step toward under-
standing whether p190 mediates the effects
of Arg on hippocampal synapse morphol-
ogy and dendrite stability, we examined
p190 localization and activity.

Arg is enriched in synaptic fractions
(synaptoneurosomes) relative to crude ho-
mogenate (Koleske et al., 1998). Similarly,
p190 is enriched at least fivefold in purified
hippocampal synaptoneurosomes relative
to crude hippocampal homogenate (Fig.
5A). Enrichment of p190 in synaptoneuro-
somes suggests a possible role in mediating
the activity of Arg on spine morphology and
dendrite stability. Consistent with this, im-
munoelectron microscopy reveals signifi-
cant p190 localization in dendritic spines at
SC-CA1 synapses (Fig. 5B).

Phosphorylation of p190 on tyrosine
1105 by Arg promotes its binding to
p120RasGAP, resulting in p190 recruitment
to the membrane where it inhibits Rho
(Bradley et al., 2006). As indicators for
p190RhoGAP activity, we monitored p190
phosphorylation status and binding to

p120RasGAP in WT and arg�/� hippocampal extracts at different
stages in development. Immunoprecipitation of p190 from hip-
pocampal extracts followed by immunoblotting with anti-
phosphotyrosine antibodies revealed that p190 phosphorylation is
reduced 43 and 30% in hippocampal extracts made from arg�/�

mice at P21 and P42, respectively, relative to control hippocampal
extracts from WT mice (Fig. 5C,D). Levels of p120RasGAP that co-
immunoprecipitate with p190 are also reduced by 36 and 35% at P21
and P42, respectively, in arg�/� mice hippocampal extracts relative
to WT extracts (Fig 5C,E).

These observations strongly suggested that p190RhoGAP
activity is reduced in arg�/� hippocampus and led us to test

Figure 4. The morphological maturation of spines is altered in arg�/� mice. A, B, Hippocampal dendritic spine cross-sectional
areas in WT (A) and arg�/� (B) mice at P21 and P42. Representative spines and areas are shown on the left. Plots of spine areas
are shown on the right. WT spines exhibit a 30% reduction in the mean area between P21 and P42. In addition, a two-sample F test
shows a statistically significant (71%) decrease in variance in WT spines from P21 to P42 ( p � 0.0001, two-tailed F test for
variance). arg�/� spines do not exhibit a significant reduction in mean area from P21 to P42, and their variances are statistically
equivalent. Quantitation was performed on the following mice: P21 WT, n � 68 synapses, 3 mice; P21 arg�/�, n � 65 synapses,
3 mice; P42 WT, n � 60 synapses, 3 mice; adult arg�/�, n � 61 synapses, 3 mice. ANOVA between all genotypes and time points,
p � 0.0001; post hoc Student–Newman–Keuls test for significance, *p � 0.05. Scale bars, 200 nm. C, Average PSD length
(nanometer) in WT and arg�/� mice at P21 and P42. Quantitation was performed on the same dataset used to quantitate synapse
density in Figure 3E. One hundred fifteen PSD measurements were made for each of the four age/genotype combinations. ANOVA
between all genotypes and time points, p � 0.004; post hoc Student–Newman–Keuls test for significance, *p � 0.05.
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whether Rho activity is increased in
these mice. Indeed, Rho activity is in-
creased 35 and 21% in P21 and P42 hip-
pocampal extracts, respectively, relative
to age-matched WT hippocampal ex-
tracts (Fig. 5F ). Together, these data in-
dicate that p190RhoGAP activity is re-
duced in the arg�/� hippocampus, and
this is accompanied by an increase in
Rho activity.

Arg and p190RhoGAP interact
functionally to regulate hippocampal
synapse and dendrite morphogenesis
Our findings that p190RhoGAP localizes
to dendritic spines and that its activity is
reduced in arg�/� mice suggests that Arg
acts via p190RhoGAP to regulate dendrite
stability. We used genetics to examine a
possible functional interaction between
Arg and p190RhoGAP during dendrite ar-
bor formation/stabilization. Six- to eight-
week-old arg�/� or p190rhogap�/� single
heterozygotes have hippocampal apical den-
dritic arbors that are similar in length (Fig.
6A) and branchpoints (Fig. 6B) to WT mice.
In contrast, apical dendrite arbors in arg�/

�p190rhogap�/� double heterozygotes are
19% shorter and have 23% fewer branches
than control WT animals (Fig. 6A,B). SC-
CA1 synapse density is reduced by 28% in
P42 arg�/�p190rhogap�/� mice relative to
wild type, a reduction similar to the 30% re-
duction observed in arg�/� animals (Fig. 6E).
Like arg�/� mice, spine head sizes are larger
and more heterogeneous in arg�/

�p190rhogap�/� mice than in WT animals
(Fig. 6F). Rho activity is also increased by 37%
in P42 arg�/�p190rhogap�/� hippocampi rel-
ativetoWTcontrolhippocampi(Fig.5G).To-
gether, thesefindingssuggest thatreducedArg:
p190RhoGAP-dependent Rho inhibition
contributes to the synaptic and dendritic de-
fectsobservedinarg�/�p190rhogap�/�brains.

We also examined the consequences of
the reduced synapse density and dendrite
size on the behavior of arg�/�

p190rhogap�/� mice using the novel ob-
ject recognition task. Seven-week-old
arg�/�p190rhogap�/� mice showed little
preference for the novel object in this test,
whereas WT control animals showed a
marked preference for the novel object
(Fig. 2D).

Reducing gene dosage of the Rho
effector ROCKII suppresses dendritic regression in arg�/�

mice but enhances synapse loss
The brain-specific p160 isoform of Rho kinase (ROCKII) is a
major effector of Rho signaling in the brain (Hirose et al., 1998;
Mueller et al., 2005). Under normal conditions, Arg acts via
p190RhoGAP to inhibit Rho activity. These data suggest that
hyperactive Rho signaling through ROCKII may contribute to

the dendritic regression observed in arg�/� mice. We hypothe-
sized that reducing ROCKII levels in the brain might suppress the
hippocampal dendritic regression observed in arg�/� mice. In
contrast to arg�/� mice, which exhibit significant reduction of
apical dendrite length and branchpoints at 6 – 8-weeks of age,
arg�/� mice that are also heterozygous for a rockII mutation
(arg�/�rockII�/� mice) (Thumkeo et al., 2003) have dendritic

Figure 5. p190RhoGAP phosphorylation and binding to p120RasGAP and Rho activity are disrupted in arg�/� mice. A,
Immunoblotting analysis of p190RhoGAP from WT and arg�/� hippocampus at P21 and P42. Fifteen micrograms of total protein
from crude homogenate (H) or synaptoneurosome (SN) preparations were loaded onto an SDS-PAGE gel and immunoblotted with
antibodies to PSD protein 95 (PSD95) or p190RhoGAP. B, Immunoelectron microscopic localization of p190RhoGAP in SC-CA1
synapses. Synapses are oriented with presynaptic compartment at the top and dendritic spine at the bottom. Dark-
immunopositive staining for p190RhoGAP appears in the dendritic spine and is indicated by asterisks. C, Representative example
of p190RhoGAP immunoprecipitation (IP) analysis. p190RhoGAP was immunoprecipitated from hippocampal homogenates
made from WT or arg�/� mice at P21 or P42. The blots were probed with anti-p190RhoGAP and anti-p120RasGAP. Blots were also
probed with anti-phosphotyrosine (anti-PY), and the signal corresponding to p190RhoGAP is shown. D, Quantitation of
p190RhoGAP phophorylation. Bands from immunoprecipitation experiments were quantified by densitometry. The values are the
ratios of intensity of the pY band to p190RhoGAP and normalized to WT controls. n � 4 sets of mice. Student’s t test for
significance, *p � 0.05. E, Quantitation of p190RhoGAP-associated p120RasGAP. Bands from immunoprecipitation experiments
were quantified by densitometry. The values are the ratios of intensity of p120RasGAP band to p190RhoGAP and normalized to WT
controls. n � 3 sets of mice. Student’s t test for significance, *p � 0.05. F, Quantitation of Rho activity. Rho activity measured in
hippocampal lysates made from WT or arg�/� mice at P21 or P42 is shown. Values are expressed as the amount of active Rho per
microgram of lysate protein. n � 7 pairs of mice for each time point. Student’s t test for significance, *p � 0.05. G, Quantitation
of Rho activity. Rho activity measured in hippocampal lysates made from WT, arg�/�p190rhogap�/� (arg�/�p190�/�), or
arg�/�rockII�/� (arg�/�rock�/�) P42 mice is shown. WT data are the same as in F. n � 4 pairs of mice for arg�/�p190�/�

and arg�/�rock�/� mice. Student’s t test for significance, *p � 0.05. Error bars indicate mean � SE.
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arbors that are similar in length (Fig. 6C) and branchpoint num-
ber (Fig. 6D) to WT mice. Control rockII�/� mice also have
normal apical dendritic arbors. These observations suggest that
increased signaling by the Rho effector ROCKII is required for
the dendritic regression observed in arg�/� mice.

We also examined whether reduced ROCKII dosage could

suppress the reduced SC-CA1 synapse
density and altered dendritic spine mor-
phology in arg�/� mice. Unexpectedly, arg�/�

rockII�/� mice exhibit a 47% reduction in
SC-CA1 synapse density (Fig. 6E). Like
arg�/� mice, hippocampal dendritic
spines are large and heterogeneous in
arg�/�rockII�/� mice. Thus, although
dendrite arbors are larger in arg�/

�rockII�/� mice than in arg�/� mice, re-
duced ROCKII dosage does not suppress
Arg-dependent phenotypes at the synaptic
level. Consistent with the observed reduc-
tion in synapse density, arg�/�rockII�/�

mice performed poorly in the novel object
recognition task (Fig. 2D). Rho activity
was increased in P42 arg�/�rockII�/� hip-
pocampi by 14% relative to P42 WT con-
trols (Fig. 5G). These observations also af-
firm a causative link between increased
Rho signaling, defects in synapse structure
and stability, and poor performance in the
object recognition task.

Discussion
Rho has a well established role in regulat-
ing dendrite arbor formation, but its roles
in shaping the maturation and stability of
synapses and dendrites are unclear. We re-
port that an Arg- and p190RhoGAP-
dependent Rho inhibitory pathway acts
after dendrite arbor and synapse forma-
tion to regulate dendritic spine matura-
tion and synapse and dendritic stability.
Disruption of this pathway leads to an in-
crease in Rho activity, which impairs nor-
mal dendritic spine morphogenesis, lead-
ing to gradual loss of synapses and
dendrites and deficits in hippocampal-
dependent behavior. Our results demon-
strate that Rho activity must be actively
suppressed during late developmental pe-
riods to ensure proper maturation of den-
dritic spines and maintenance of synapses
and dendritic arbors.

Abl and Arg have non-overlapping roles
in hippocampal dendrite maintenance
The loss of Arg function leads to dendrite
regression in cortical layer 5 pyramidal
neurons, whereas loss of both Abl and Arg
leads to more severe cortical dendritic re-
gression during maturation (Moresco et
al., 2005). These data suggest that Abl and
Arg play overlapping roles in the mainte-
nance of cortical dendrite arbors.

We report here the unexpected finding that loss of Abl func-
tion can partially suppress the hippocampal dendrite regression
observed in arg�/� mice. This genetic analysis indicates that Abl
performs a function that is required for the development of a
phenotype in arg�/� mice and points to different functions for

Figure 6. Genetic analysis of arg, p190rhogap, and rockII in synapse and dendrite arbor development. A, B, Mean total length
(A) and branchpoint number (B) of apical dendrite arbors from WT, arg�/�, p190rhogap�/� ( p190�/�), and
arg�/�p190rhogap�/� (arg�/�p190�/�) mice at 6 – 8 weeks of age. Analysis was performed on the following: WT, n � 12
mice, 25 neurons; arg�/�, n � 10 mice, 22 neurons; p190�/�, n � 11 mice, 23 neurons; arg�/�p190�/�, n � 10 mice, 24
neurons. Data for ANOVA between all genotypes are as follows: length, p � 0.012; branchpoints, p � 0.036; post hoc Student–
Newman–Keuls test for significance, *p � 0.05. C, D, Mean total length (C) and branchpoint number (D) of apical dendrite arbors
from WT, arg�/�, rockII�/� (rock�/�), and arg�/�rockII�/� (arg�/�rock�/�) mice at 6 – 8 weeks of age. Analysis was
performed on the following: WT, n � 12 mice, 25 neurons; arg�/�, n � 11 mice, 22 neurons; rockII�/�, n � 4 mice, 16 neurons;
arg�/�rockII�/�, n � 5 mice, 11 neurons. Data for ANOVA between all genotypes are as follows: length, p � 0.00001;
branchpoints, p � 0.0004; post hoc Student–Newman–Keuls test for significance, *p � 0.05. E, SC-CA1 synapse density of WT,
arg�/�, arg�/�p190�/�, and arg�/�rock�/� mice at P42. Like arg�/� mice, SC-CA1 synapse density is reduced in
arg�/�p190�/� mice relative to WT mice. Unexpectedly, SC-CA1 synapse density is also reduced in arg�/�rock�/� mice.
Quantitation was performed on the following mice: WT, n � 19 sections, 2 mice; arg�/�, n � 17 sections, 2 mice;
arg�/�p190�/�, n � 30 sections, 2 mice; arg�/�rock�/�, n � 25 sections, 2 mice. ANOVA between all genotypes, p �
0.0001; post hoc pairwise Student–Newman–Keuls test for significance, *p � 0.05. F, Dendritic spine head area in WT, arg�/�,
arg�/�p190�/�, and arg�/�rock�/� mice at P42. Spine head area was determined as in Figure 4. Quantitation was performed
on the following mice: WT, n � 60 spines, 2 mice; arg�/�, n � 61 spines, 2 mice; arg�/�p190�/�, n � 113 spines, 2 mice;
arg�/�rock�/�, n � 50 spines, 2 mice. ANOVA between all genotypes, p � 0.001; post hoc pairwise Student–Newman–Keuls
test for significance, *p � 0.05. Error bars indicate mean � SE.
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these kinases in hippocampal dendrites. arg�/� fibroblasts, which
lack Arg/p190RhoGAP-dependent inhibition of Rho, are hyper-
contractile and have more prominent adhesions and stress fibers
than WT cells (Peacock et al., 2007). Abl mediates signaling from
integrin receptors (Lewis et al., 1996). We speculate that the loss
of Abl function may reduce adhesion, which would preclude the
formation of exaggerated contractile structures in abl�/�arg�/�

neurons.
Previous findings that Abl promotes neurite branching and

elongation in cultured cortical neurons (Zukerberg et al., 2000;
Woodring et al., 2002) and dendrite elaboration in cultured hip-
pocampal neurons (Jones et al., 2004) suggested that Abl might
promote dendrite development in vivo. Our genetic studies
clearly demonstrate that Abl is not required for hippocampal
dendrite arbor formation in vivo.

Arg acts postsynaptically to promote spine maturation and
synapse and dendrite stability
Harris et al. (1992) have shown that spines are heterogeneous in
shape in P15 rats, having thin, mushroom, or stubby shapes in
nearly equal proportion. By P70, nearly two-thirds of the spines
have the thin morphology (Harris et al., 1992). These observa-
tions suggest that spines undergo a transition in shape between
the late postnatal period and adulthood. We observed a similar
transition to more uniform spine shape with a smaller spine area
in WT mice as they age between P21 and P42. As reported previ-
ously in rats, we also observe a modest shrinkage of the PSD in
mouse hippocampal spines during this period (Harris et al.,
1992). Neither of these developmental changes is observed in
arg�/� mice. The failure of arg�/� mice to exhibit a decrease in
the length of the PSD in CA1 pyramidal neurons is most likely a
further reflection of the postsynaptic site of action. Together,
these observations suggest that Arg signaling through
p190RhoGAP regulates a morphological transformation of
spines between late postnatal periods and adulthood.

Interestingly, Abl and Arg have also been localized to the neu-
romuscular junction, where their activity is required for cluster-
ing of the acetycholine receptor. These observations raise the
possibility that Abl family kinases might also organize receptor
clustering in the postsynaptic compartment in other synapses
(Finn et al., 2003).

Dysregulation of Rho leads to spine/synapse degeneration
Our results indicate that hyperactive Rho signaling underlies the
defects in spine maturation and dendritic maintenance in Arg-
deficient mice. Reductions in synapse number and reduced spine
density have similarly been observed in mice lacking p120 Cate-
nin, a cadherin-associated protein that inhibits Rho activity (Elia
et al., 2006). However, a recent study suggests that glutamatergic
transmission can inactivate Rho in cultured neurons, and this
correlates with dendritic spine collapse (Schubert et al., 2006).
Together, these data indicate that Rho levels must be carefully
balanced to achieve proper spine morphogenesis and
maintenance.

Dendritic spine and dendritic arbor abnormalities are found
in the brains of individuals with mental retardation (Kaufmann
and Moser, 2000), autism (Zoghbi, 2003), schizophrenia (Glantz
and Lewis, 2000; Broadbelt et al., 2002), and Alzheimer’s disease
(Anderton et al., 1998). Identification of the genes responsible for
various mental retardation cases has affirmed that dysregulation
of Rho family GTPases leads to these development defects (Ra-
makers, 2000). We highlight here a central role for Arg- and
p190RhoGAP-mediated inhibition of Rho in spine morphogen-

esis and dendrite maintenance. Importantly, synapse and den-
drite loss in mice lacking proper Arg/p190RhoGAP signaling cor-
relates temporally with behavioral deficits in a hippocampus-
dependent task. These findings raise the possibility that
dysfunctional signaling by Arg and p190RhoGAP may contribute
to one or more of these neurological disorders.

Synapse loss precedes dendritic regression in arg�/� mice,
suggesting that synapse loss leads to dendritic regression in these
mice. Heterozygosity for rockII suppresses the dendritic regres-
sion observed in arg�/� mice, although it does not suppress the
defects in spine morphogenesis or synapse loss in these mice,
suggesting that ROCKII activity may be critical for dendritic re-
gression that occurs as a consequence of synapse loss. Impor-
tantly, the poor performance of arg�/�rock�/� mice in the object
recognition task argues strongly that the observed behavioral def-
icits result primarily from reduced synaptic connectivity.

Do Arg and p190RhoGAP mediate signaling from integrin
receptors at the synapse?
Arg and p190RhoGAP mediate the integrin-dependent inhibition of
Rho activity in fibroblasts during adhesion to fibronectin (Hernan-
dez et al., 2004; Bradley et al., 2006). Several integrin receptor sub-
units (�3,�5,�8,�v,�1,�3,�5) localize to synapses (Einheber et al.,
1996; Nishimura et al., 1998; Rodriguez et al., 2000; Chavis and
Westbrook, 2001). Genetic ablation or peptide/antibody inhibition
reveals that integrins have diverse roles in synapse development
(Chavis and Westbrook, 2001; Huang et al., 2006; Shi and Ethell,
2006), synaptic transmission (Kramar et al., 2003; Lin et al., 2003;
Bernard-Trifilo et al., 2005; Chan et al., 2006; Huang et al., 2006),
synaptic plasticity (Chan et al., 2003, 2006; Huang et al., 2006),
and synapse and dendrite stability (Nikonenko et al., 2003; Marrs
et al., 2006).

Inhibitor studies in cultured neurons suggest that Arg relays
signals from integrins containing �1 or �3 subunits (Moresco et
al., 2005). The results presented here raise the intriguing possi-
bility that Arg and p190RhoGAP mediate signaling from synaptic
integrin receptors to modulate spine shape and synapse and den-
drite stability. In support of this hypothesis, antibody inhibition
of integrin �1 function leads to synapse loss in hippocampal slice
cultures (Nikonenko et al., 2003), whereas �1 function-blocking
peptides cause dendritic regression in retinal ganglion cells
(Marrs et al., 2006). However, ablation of integrin �1 in the
mouse hippocampus does not affect hippocampal spine or den-
drite structure, although it reduces synaptic transmission and
plasticity (Chan et al., 2006; Huang et al., 2006). It is possible that
other integrins compensate for the loss of integrin �1. One can-
didate for this backup role would be integrin �3, which localizes
to hippocampal synapses (Chavis and Westbrook, 2001; Shi and
Ethell, 2006) and can regulate the functional maturation of hip-
pocampal synapses (Chavis and Westbrook, 2001). Future ge-
netic studies should reveal whether these or other integrins act
through Arg to regulate synapse development and dendritic
maintenance in vivo.

A model for integrin signaling through Arg and p190RhoGAP
at synapses
Our results strongly suggest that integrin signaling through Arg
and p190RhoGAP acts at the synapse to regulate dendritic spine
maturation and synapse/dendrite stability. We propose that this
mechanism stabilizes synapses in a late stage of maturation. We
hypothesize that synaptic activity promotes localized synthesis or
presentation of an integrin ligand. This ligand would engage
postsynaptic integrin receptor to activate Arg/p190RhoGAP sig-
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naling and attenuate Rho-driven cytoskeletal rearrangements to
promote spine maintenance. The ligand could be an extracellular
matrix molecule, such as fibronectin or laminin, synthesized by
support cells adjacent to the synapse. Alternatively, the ligand
could be an unconventional integrin ligand such as Semaphorin
7a, which interacts with integrins (Pasterkamp et al., 2003) and
can activate Arg-signaling in neurons (Moresco et al., 2005). Less
effectual synapses would have reduced levels of this ligand, result-
ing in reduced signaling through Arg and p190RhoGAP. The
resulting increase in Rho signaling would block dendritic spine
maturation and lead to synaptic failure. Future studies should
reveal which receptors and ligands activate Arg/p190RhoGAP
signaling during dendritic spine maturation in vivo.
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