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Introduction
Synaptic transmission effi cacy largely depends on the morphol-
ogy of dendritic spines, which are highly specialized protru-
sions on the neuronal surface that receive most of the central 
excitatory input (Harris and Kater, 1994; Yuste and Tank, 1996). 
Dendritic spines are highly motile structures capable of under-
going rapid morphological plasticity in response to external sig-
naling events (Bonhoeffer and Yuste, 2002; Nimchinsky et al., 
2002). Such architectural changes are achieved via dynamic 
modifi cations of the local actin cytoskeleton, the major cyto-
skeletal element present in dendritic spines (Fifkova and Delay, 
1982; Matus et al., 1982; Matus, 2000).

Much information has been gathered describing the many 
actin-regulatory mechanisms that cells use to control diverse 
morphogenic events (Luo, 2002). A group of proteins that 
have acquired a most noticeable position are the Rho  GTPases, 
of which RhoA, Rac1, and cdc42 are the best-characterized 
members (Hall, 1998; Settleman, 1999). Rho GTPases act 
as molecular switches, existing in an active GTP-bound and 
an inactive guanosine diphosphate (GDP)–bound state (Van 
Aelst and D’Souza-Schorey, 1997; Hall, 1998). Depending 
on this, these proteins trigger modifi cations in the actin poly-
merization state via specifi c downstream effectors. As they are 
ubiquitously distributed, the activity of Rho GTPases must be 
precisely monitored in space and time, allowing for the many 
different architectural actin-dependent modifi cations occur-
ring at different cellular domains (Govek et al., 2005). Thus, 
for example, the protrusive or quiescent status of axonal growth 
cones is determined by the dynamic state of the underlying ac-
tin cytoskeleton, which, in turn, is locally regulated by specifi c 
membrane-signaling events in a Rho GTPase– dependent man-
ner (Luo, 2000). In principle, a similar spatially and  temporally 
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Actin is the major cytoskeletal source of dendritic 
spines, which are highly specialized protuber-
ances on the neuronal surface where excitatory 

synaptic transmission occurs (Harris, K.M., and S.B. Kater. 
1994. Annu. Rev. Neurosci. 17:341–371; Yuste, R., and 
D.W. Tank. 1996. Neuron. 16:701–716). Stimulation 
of excitatory synapses induces changes in spine shape 
via localized rearrangements of the actin cytoskeleton 
(Matus, A. 2000. Science. 290:754–758; Nagerl, U.V., 
N. Eberhorn, S.B. Cambridge, and T. Bonhoeffer. 2004. 
Neuron. 44:759–767). However, what remains elusive 
are the precise molecular mechanisms by which different 
neurotransmitter receptors forward information to the 

 underlying actin cytoskeleton. We show that in cultured 
hippocampal neurons as well as in whole brain synapto-
somal fractions, RhoA associates with glutamate receptors 
(GluRs) at the spine plasma membrane. Activation of 
ionotropic GluRs leads to the detachment of RhoA from 
these receptors and its recruitment to metabotropic GluRs. 
Concomitantly, this triggers a local reduction of RhoA 
 activity, which, in turn, inactivates downstream kinase 
RhoA-specifi c kinase, resulting in restricted actin instabil-
ity and dendritic spine collapse. These data provide a di-
rect mechanistic link between neurotransmitter receptor 
activity and the changes in spine shape that are thought to 
play a crucial role in synaptic strength.
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Figure 1. High concentrations of KCl lead to local depolymerization of F-actin and dendritic spine retraction. (A) Dendritic spines were visualized with 
phalloidin (F-actin; red in merge) and presynaptic terminals labeled with synaptotagmin (ST; blue in merge). Close apposition between postsynaptic F-actin 
accumulations and presynaptic terminals is observed (panels 1 and 2). (B) DiI (green in merge)-labeled neurons were incubated with 5 or 55 mM KCl be-
fore fi xation and labeled with phalloidin (blue in merge). The F-actin accumulations on the dendritic surface coincide with the membranous protrusions de-
tected with DiI (5 mM KCl; arrowheads). Upon 55 mM KCl treatment (55 mM KCl), DiI and F-actin labeling reveal the absence of actin-rich membranous 
protrusions and a rather high accumulation of F-actin in the dendritic shaft compared with controls (5 mM KCl). (C) Immunofl uorescence analysis of hippo-
campal neurons treated with 5 or 55mM KCl before fi xation. Untreated and control buffer-treated (5 mM KCl) cells show similar numbers of dendritic spines, 
whereas 55 mM KCl-treated neurons exhibit an 85% reduction of dendritic spine number as judged by F-actin–rich protrusions at the surface (graph a). 
 Replacing neurons into growth medium (55 mM KCl + wash) allowed a nearly complete recovery of spine number (graph b). Error bars represent SD. 
***, P < 0.001; one-way ANOVA followed by Tukey’s post-hoc test. Bars, 5 μm.
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restrictive control over membrane-signaling events could be 
involved in the expansion/retraction of dendritic spines upon 
synaptic stimulation. In support of this, in cultured hippocam-
pal neurons, activation of AMPA and N-methyl-d- asparate 
(NMDA) receptors (NMDARs) results in dendritic spine col-
lapse in an actin-dependent manner (Halpain et al., 1998; 
Hering and Sheng, 2003). Furthermore, manipulation of Rho 
GTPase activity via the expression of constitutively active or 
dominant-negative mutants affects dendritic spine number and 
shape (for review see Dillon and Goda, 2004). In Xenopus  laevis 
optic tectal neurons, the stimulation of glutamate receptors 
(GluRs) lowers RhoA activity (Li et al., 2002). However, many 
questions remain open: how do these three locally restricted 
events—membrane receptor activation, modulation of RhoA 
activity, and actin dynamics—relate mechanistically? How 
does the activation of excitatory neurotransmitter receptors in-
fl uence the activity of RhoA in spines? What are the molecular 
mechanisms controlling the underlying actin cytoskeleton? To 
address these issues, we performed a series of cell biological 
approaches in embryonic rat hippocampal neurons in culture 
during the time of ongoing excitatory synaptic activity.

Results
Our fi rst goal was to reproduce the experimental conditions that 
would allow us to visualize dendritic spine dynamics in cul-
tured hippocampal neurons, a system extensively used to study 
dendritic spines (Fischer et al., 1998; Korkotian and Segal, 
2001a,b). Staining of mature hippocampal neurons with labeled 
phalloidin readily revealed actin-rich structures along the den-
dritic shaft (Fig. 1 A). Magnifi cation of dendritic areas allowed 
us to observe individual actin clusters projecting away from the 
dendritic shaft (Fig. 1 A, panels 1 and 2). Approximately 97% 
of these actin protuberances exhibited presynaptic terminals in 
their direct vicinity (as seen by synaptotagmin [ST] labeling). 
Labeling live cells with the lipophilic probe DiI confi rmed that 
such actin accumulations label membranous projections emerg-
ing from the dendritic surface (Fig. 1 B). Furthermore, incuba-
tion with elevated levels of potassium ions (55 mM KCl), which 
are known to induce neurotransmitter release (Corder et al., 
1982; Waring et al., 1999; Chen and Lang, 2003), led to a dras-
tic simplifi cation of the dendritic surface and induced major re-
arrangements of the underlying actin cytoskeleton (Fig. 1 B). 
Statistical analysis showed that stimulated cells exhibited a sig-
nifi cant 85% reduction in dendritic actin-based projections in 
comparison with untreated or control buffer–treated cells (5 mM 
KCl; Fig. 1 C, graphs). The specifi city of the aforementioned 
effects was demonstrated by recovery of the number of fi lamen-
tous actin (F- actin)–rich projections back to control-like values 
when 55 mM KCl medium was replaced with normal growth 
medium (Fig. 1 C, 55 mM KCl + wash). Phenotypically, the 
surface retraction of actin-rich spines upon 55 mM KCl treat-
ment was associated with a dramatic increase of actin fi laments 
within the dendritic shaft (Fig. 1 C, 55 mM KCl; and Fig. S1, 
available at http://www.jcb.org/cgi/content/full/jcb.200506136/
DC1). Because similar effects are induced by the addition of 
the neurotransmitters AMPA and NMDA (see Fig. 4), this fi rst 

series of results established the basis for attempting our next 
goal: to determine the possible mechanisms involved in archi-
tectural control of F-actin–rich dendritic spines.

RhoA regulates dendritic spine actin 
in a GluR-dependent manner
RhoA is an actin-regulatory protein that enriches in discrete 
structures along the dendritic surface in hippocampal neu-
rons (Hall, 1998; Nakayama et al., 2000; Santos Da Silva 
et al., 2004). Therefore, we wondered whether the aforemen-
tioned 55 mM KCl-induced changes in spine number and actin 
remodeling involved the modifi cation of RhoA activity. West-
ern blot analysis of subcellular fractions obtained by biochem-
ical fractionation of rat brain extracts revealed that RhoA is 
present in postsynaptic fractions (Fig. 2 A). To dissect the role 
of RhoA activity in dendritic spines, we immunolabeled con-
trol as well as 55 mM KCl-treated cultured hippocampal neu-
rons for RhoA and F-actin and performed confocal microscopy. 
To exclusively visualize the active and, thus, membrane-bound 
RhoA, the cytosolic protein pool was detergent extracted from 
the cells. Analysis of confocal slice images demonstrated that 
under control conditions, apart from being present throughout 
the entire dendritic tree, a considerable amount of active RhoA 
clusters colocalized with the F-actin–rich dendritic spines 
(Fig. 2 B, panel 1). As expected, 55 mM KCl-treated neurons 
presented a drastically changed F-actin pattern in respect to 
controls: namely, the loss of actin-rich dendritic spines and 
accumulation of F-actin fi bers in the shaft (Fig. 1, B and C). 
Concomitantly with the increased F-actin signal intensity, the 
amount of active RhoA in the dendritic shaft was largely en-
hanced (Fig. 2 B, panel 2 and graph). These data suggested 
that the 55 mM KCl-induced changes in the F-actin phenotype 
could possibly be induced via alterations in the levels of ac-
tive RhoA. To test this hypothesis, we analyzed the amount of 
GTP-bound active RhoA in whole cells and in synaptosomes. 
Stimulation of synaptosomes with 55 mM KCl signifi cantly 
reduced the levels of active RhoA in respect to control buffer 
treatment (Fig. 3 A). Such synaptic reduction of RhoA activ-
ity could explain the loss of actin-rich spines observed upon 
55 mM KCl treatment (Fig. 1, B and C). On the other hand, 
stimulation of whole cells with 55 mM KCl greatly increased 
the amount of active RhoA (Fig. 3 A). Given the fact that in 
total cell extract the amount of extra synaptic material greatly 
exceeds the synaptic, the observed 55 mM KCl-triggered in-
crease of RhoA activity most likely refl ects extrasynaptic pools 
of RhoA, which, in turn, could explain the formation of actin 
cables along the dendritic shaft.

Thus, we sought to defi ne whether such reduction of RhoA 
activity in synaptosomes and the drastically changed F-actin 
phenotype observed in cultured neurons are in fact triggered 
by activation of GluRs in the excitatory postsynapse rather 
than being secondary effects of the treatment. For this, synap-
tosomes were preincubated with the NMDA- and AMPA-type 
GluR antagonists MK-801 and CNQX, respectively, and RhoA 
activity levels were measured biochemically (Fig. 3 B). Prein-
cubation with MK-801 and CNQX prevented the 55 mM KCl-
induced decrease of RhoA activity levels,which is  consistent 
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Figure 2. RhoA and F-actin behave similarly upon 55 mM KCl treatment. (A) RhoA is detectable in cytosol, synaptosomes, and in postsynaptic density 
fraction (PSD I). The enrichment of PSD 95 in respect to presynaptic protein synaptophysin demonstrates the pureness of the postsynaptic fraction. (B) Confo-
cal slice of immunofl uorescence analysis of RhoA localization to the dendritic spine. The cells were detergent extracted to visualize only membrane-bound 
and, thus, active RhoA. In untreated or control buffer–treated cells, RhoA localizes to the actin-rich domains of the cell (control). Enlargement of a dendritic 
segment revealed that apart from being present throughout the dendritic shaft, RhoA colocalizes with dendritic spine actin (panel 1, arrows). Note the 
55 mM KCl-induced loss of dendritic spine actin and accumulation of F-actin cables in the shaft (55 mM KCl). In these cells, compared with controls, RhoA 
and F-actin signal intensity are greatly increased (graph). Error bars represent SD. The enlarged dendritic segment illustrates the colocalization between 
RhoA and F-actin in the dendritic shaft (panel 2; arrows indicate regions of colocalization). RhoA is green and F-actin is red in merged images. *, P < 0.001; 
paired t test. Bars, 10 μm.

with the aforementioned effects being caused by excessive 
neurotransmitter release (Fig. 3 B). Moreover, preincubation of 
cultured neurons with either antagonist prevented the 55 mM 

KCl- induced loss of F-actin– rich dendritic spines as well as 
the formation of actin cables in the dendritic shaft (Fig. 3 C, 
graph). This illustrates that although we cannot exclude the 
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Figure 3. RhoA activity in synaptosomes is reduced upon 55 mM KCl treatment in a GluR-dependent manner. (A) Active RhoA (RhoA-GTP) was isolated from 
synaptosomes and whole cell extracts using a RhoA activation assay (AA). 55 mM KCl signifi cantly decreased RhoA activity in synaptosomes compared with 
control buffer treatment (5 mM KCl). On the other hand, treatment of whole cells with 55 mM KCl largely increased RhoA activity in respect to controls. 
(B) Activation assay. Preincubation with MK-801 and CNQX prevented the 55 mM KCl-induced decrease of synaptosomal RhoA activity. (C) Dendritic seg-
ments showing GluR1 localization in mature neurons. In control cells, GluR1 labeling (green in merge) was punctate, and the protein colocalized with F-actin 
(red in merge)–rich dendritic spines (5 mM KCl, arrowheads). Upon 55 mM KCl treatment, F-actin cables formed in the shaft, and spine number was reduced 
(55 mM KCl, graph). Preincubation with CNQX or MK-801 prevented the spine loss and the formation of actin cables (graph). (D) Graph showing total spine 
number versus the number of spines containing GluR1 labeling. In cells treated with 5 and 55 KCl or CNQX + 55 mM KCl, the percentages were comparable 
(96–100%), whereas MK-801 + 55 mM KCl led to a 30% reduction of GluR1-containing spines (white arrowheads in C indicate GluR1-positive spines). 
Error bars represent SD. *, P < 0.001; paired t test. ***, P < 0.001; one-way ANOVA followed by Tukey’s multiple comparison test. Bars, 5 μm.

participation of presynaptic RhoA pools under these conditions 
(Wang et al., 2005), the observed 55 mM KCl-induced changes 
in synaptic RhoA activity and F-actin are mainly caused by 
modulation of postsynaptic RhoA. Analysis of the subcellular 
localization of GluR1 in mature hippocampal neurons pro-

vided further evidence that neurotransmitter-mediated 55 mM 
KCl-induced synaptic changes are caused by the activation of 
GluRs. In control cells under control conditions, GluR1 label-
ing was very punctate and mainly restricted to dendritic spines but 
was largely absent from the dendritic shaft (Fig. 3 C, 5 mM KCl). 
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Figure 4. Activity of iGluRs determines the amount of receptor interaction with RhoA. (A) RhoA was coprecipitated with NMDAR2a and GluR1, respec-
tively, from synaptosomal preparations. (B) Immunoprecipitation of RhoA from synaptosomes. The spine resident membrane proteins NMDA receptor 2a 
(NMDAR2a) and glutamate receptor 1 (GluR1) coprecipitate with RhoA. Incubation with GTPγS before the immunoprecipitation increased the interacttions 
to RhoA, whereas preincubation with GDP had the opposite effect. (C) RhoA activation assay. Reduced RhoA activity upon high potassium treatment 
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Upon 55 mM KCl treatment, the protein distribution became 
more diffuse, and large amounts of GluR1 localized to the den-
dritic shaft (Fig. 3 C, 55 mM KCl). Preincubation with CNQX 
prevented the displacement of GluR1 into the shaft, and the 
punctate staining largely colocalized with dendritic spines, 
similar to controls (Fig. 3 C, CNQX + 55 mM KCl). A similar, 
although less effective, protection was achieved with the 
 NMDAR antagonist MK-801 (Fig. 3 C, MK-801 + 55 mM 
KCl). Although in MK-801–pretreated cells total spine number 
was similar to controls, in some areas of the cell the labeling of 
GluR1 appeared slightly less punctate.

To further examine GluR1 localization to dendritic 
spines under the different experimental conditions, we consid-
ered the total amount of F-actin–rich dendritic spines as 100% 
and compared this with the number of spines actually contain-
ing GluR1 (Fig. 3 E). We found that in 5 mM KCl, 55 mM 
KCl, and CNQX + 55 mM KCl-treated neurons, nearly 100% 
of all spines contained GluR1 labeling (Fig. 3 E). Neurons 
treated with MK-801 before 55 mM KCl incubation exhibited 
a signifi cant 25% decrease of GluR1-positive, F-actin–rich 
spines. As we did not exclusively label plasma membrane 
GluR1, we can only speculate about the nature of such altered 
GluR1 pattern. However, we believe that the 55 mM KCl-
 induced partial displacement of GluR1 from the synapse into 
the shaft could be caused by receptor endocytosis and  recycling 
as a response to altered synaptic activity (Ehlers, 2000). This, 
in turn, could explain the observed decrease of GluR1-positive 
spines and the increase of shaft GluR1. Collectively, these 
data suggest that the 55 mM KCl-induced modulation of syn-
aptic RhoA activity and, thus, local F-actin stability directly 
depend on the activity of excitatory neurotransmitter rather 
than result from a generalized entry of Ca2+ induced by such 
treatment. The data also suggest that activation of both recep-
tor types is necessary to induce  depolymerization of dendritic 
spine actin.

RhoA interacts with NMDA- and AMPA-
type GluRs in an activity-dependent manner
Given the aforementioned fi ndings and considering that the 
activation of RhoA and, thus, its capacity to favor actin poly-
merization depends on the degree of its association to mem-
branes (Leung et al., 1995; Matsui et al., 1996), we reasoned 
that its role in spine stability might be instructed via imme-
diate signaling from membrane components of the transmis-
sion machinery. In fact, we found that RhoA coprecipitated 
with NMDAR2a and GluR1 from synaptosomal preparations 
(Fig. 4 A; for mock experiments see Fig. S2, available at http://
www.jcb.org/cgi/content/full/jcb.200506136). Vice versa, we 

performed coimmunoprecipitation with RhoA antibody and 
found that GluR1 and NMDAR2a coimmunoprecipitated with 
RhoA preferentially in its active state (Fig. 4 B, GTPγS vs. 
GDP treatment). Thus, we hypothesized that the reduction of 
RhoA activity observed upon 55 mM KCl treatment (Fig. 2 C) 
could be caused by signaling from NMDAR2a and GluR1. 
In fact, the amount of both receptors coprecipitating with 
active RhoA was largely reduced after 55 mM KCl (Fig. 4 C). 
To examine the relationship between RhoA and excitatory neu-
rotransmitter receptors more thoroughly, synaptosomal prepa-
rations were stimulated with 55 mM KCl, AMPA, or NMDA, 
and the effi ciency of the RhoA receptor interaction was mea-
sured biochemically. In all cases, the interaction of RhoA with 
NMDAR2a and GluR1, respectively, was signifi cantly de-
creased (Fig. 4 D). Furthermore, incubation of synaptosomal 
preparations with NMDA and AMPA receptor antagonists 
MK-801 and CNQX prevented the 55 mM KCl-induced de-
tachment between RhoA and NMDAR2a or GluR1, respec-
tively (Fig. 4 E). Importantly, stimulation with AMPA led 
to a reduction of NMDAR2a–RhoA interaction levels, and, 
similarly, NMDA induced detachment of GluR1 and RhoA 
(Fig. 4 F). This could be prevented by preincubation of the 
respective antagonists before stimulation, meaning MK-801 
for NMDAR2a–RhoA and CNQX for GluR1–RhoA binding 
(Fig. 4 F). This suggests that cross talk between AMPA and 
NMDARs exists, meaning that stimulation of one receptor type 
leads to indirect activation of the other and, as such, refl ects 
on the reduced RhoA receptor interaction we observed here. 
Summarizing, these data demonstrate the existence of an iono-
tropic GluR (iGluR)–mediated RhoA-dependent signaling 
pathway that directly controls dendritic spine F-actin stability.

Association of RhoA to mGluR1 
depends on AMPA-type GluR activity 
and is independent of RhoA activity levels
We next investigated whether the interaction of RhoA with 
neurotransmitter receptors was restricted to iGluRs only. 
We found that metabotropic GluR1 (mGluR1), which is closely 
associated to the excitatory postsynaptic density (PSD; Mateos 
et al., 2000), coprecipitated with RhoA from synaptosomal 
preparations (Fig. 5 A). The specifi city of the interaction was 
confi rmed by performing the reverse immunoprecipitation us-
ing mGluR1 antibody for coprecipitating RhoA from synapto-
somes (Fig. 5 B). However, unlike NMDAR2a and iGluR1, the 
interaction between RhoA and mGluR1 was not reduced upon 
stimulation with 55 mM KCl, AMPA, or NMDA (Fig. 5 A). On 
the contrary, the amount of mGluR1 that coprecipitated with 
RhoA from synaptosomes was greatly increased by this 

(Fig. 3 A) diminishes coprecipitation of NMDAR2 and GluR1 with active RhoA (graph). *, P < 0.001; paired t test. (D) Less GluR1 and NMDAR2a coim-
munoprecipitate with RhoA in synaptosomes after 55 mM KCl compared with control- (graph) or 5 mM KCl-treated samples. Similar effects are observed 
after direct stimulation with AMPA or NMDA, respectively. (E) Preincubation with specifi c antagonists for NMDA and GluRs MK-801 and CNQX, respec-
tively, prevented the decrease of RhoA–GluR interaction induced by 55 mM KCl. (F) Biochemical analysis of the cross reactivity between GluR1 and 
NMDAR2a. Preincubation with NMDA antagonist MK-801 partially prevented the AMPA-induced reduction of GluR1–RhoA interaction (compare AMPA 
with MK-801 + AMPA). Furthermore, direct stimulation with NMDA decreased the amount of GluR1–RhoA interaction, and this could partially be 
blocked by CNQX (compare NMDA with CNQX + NMDA). On the other hand, stimulation with AMPA lowered RhoA–NMDAR2a interaction levels and, 
as such, could be prevented by preincubation with MK-801. Error bars represent SD. ***, P < 0.001; one-way ANOVA followed by Tukey’s multiple 
comparison tests.
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Figure 5. Association of RhoA with mGluR1 depends on AMPA receptor activation and is independent of RhoA activity levels. (A) mGluR1 coprecipitates 
with RhoA from rat synaptosomal preparations. Stimulation with AMPA, NMDA, or 55 mM KCl increased the interaction of mGluR1with RhoA. (B) Immuno-
precipitation of mGluR1 from synaptosomes leads to coprecipitation of RhoA. (C) CNQX but not MK-801 prevents the 55 mM KCl-induced amplifi cation 
of RhoA–mGluR1 interaction. (D) Activation assay performed on synaptosomes. Incubation with mGluR1 antagonist (AIDA) increases RhoA activity, 
whereas the agonist (DHPG) lowers activity levels of RhoA. (E) Effect of AIDA and DHPG on RhoA affi nity to mGluR1. In respect to controls (5 mM KCl), in-
cubation of synaptosomes with AIDA (AIDA + 5 mM KCl) and DHPG (DHPG + 5 mM KCl) increases the amount of receptor–RhoA interaction. Although 
the effect of AIDA appears very drastic, DHPG only slightly increases the RhoA–mGluR1 interaction. In both cases (AIDA and DHPG), subsequent treatment 
with 55 mM KCl leads to the opposite effect, inducing a drastic reduction of RhoA–mGluR1 interaction levels (AIDA + 55 mM KCl and DHPG + 55 
mM KCl). (F) Effect of mGluR1 activity on AMPA and NMDAR interaction with RhoA. RhoA–GluR1 interaction was slightly (118%) increased by AIDA (AIDA + 
5 mM KCl). DHPG did not have any signifi cant effect (DHPG + 5 mM KCl). In both cases, stimulation with 55 mM KCl led to a detachment between RhoA 
and GluR1 (compare AIDA + 55 mM KCl and DHPG + 55 mM KCl with 55 mM KCl). AIDA slightly decreased the amount of NMDAR2a precipitating 
with RhoA under control conditions (compare AIDA + 5 mM KCl with 5 mM KCl). NMDAR2a resisted the 55-mM KCl stimulus in AIDA-treated samples, as 
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 treatment (Fig. 5 A). To scrutinize the relationship between 
iGluRs and mGluRs, we incubated synaptosomes with MK-801 
and CNQX before 55 mM KCl treatment and analyzed the 
amount of mGluR1–RhoA interaction (Fig. 5 C). We found 
that CNQX alone but not MK-801 blocks the increased inter-
action of RhoA with mGluR1 caused by 55 mM KCl (Fig. 5 C), 
indicating that activation of AMPA, rather than NMDARs, is 
necessary to allow RhoA to change interaction partners (i.e., 
detaching from iGluRs while gaining affi nity to mGluRs). 
Overall, the detachment from iGluRs appears to result simply 
from conformational changes, as RhoA interaction with GluR1 
and/or NMDAR2a decreases or increases according to their 
activity state. The more active the receptor, the less its affi nity 
for active RhoA and, therefore, the more instable the surround-
ing actin network. Although not tested here, the observed 
changes in RhoA interaction partners, provoked by excitatory 
stimuli (namely 55 mM KCl, NMDA, and AMPA) may lead to 
the stabilization of mGluRs at the plasma membrane, which, 
in turn, could relate to the selective endocytosis and recycling 
of iGluRs.

To better understand the relationship between mGluR1 
signaling and synaptic RhoA activity, we treated synaptosomes 
with AIDA and with DHPG, an mGluR type I–specifi c antago-
nist and agonist, respectively. We found that activity levels of 
mGluR1 affected the levels of synaptic RhoA activity, as AIDA 
led to an increase of RhoA activity, whereas DHPG had the op-
posite effect (Fig. 5 D, graph). This, in turn, affected the amount 
of interaction between RhoA and mGluR1 (Fig. 5 E). Incu-
bation with AIDA (AIDA + 5 mM KCl) drastically increased 
the amount of mGluR1–RhoA interaction, whereas DHPG 
(DHPG + 5 mM KCl) did not have a signifi cant effect in re-
spect to controls (Fig. 5 E, compare with 5 mM KCl). Further-
more, we found that incubation with both AIDA and DHPG, 
followed by 55 mM KCl, blocked the increased association of 
RhoA to mGluR1 (Fig. 5 E, compare AIDA + 55 mM KCl and 
DHPG + 55 mM KCl with 55 mM KCl alone). However, 
 although direct inhibition of mGluR1 increases the amount of 
active RhoA (Fig. 5 D) and the amount of mGluR1–RhoA 
interaction, respectively (Fig. 5 E), we cannot assume that the 
55 mM KCl- induced enhanced interaction with RhoA is caused 
by the simple inactivation of mGluR1, as blockage of this G 
protein–coupled receptor in either state via incubation with its 
specifi c agonist (DHPG) or antagonist (AIDA) before 55 mM 
KCl treatment led to a decreased interaction with RhoA (in con-
trary to simple 55 mM KCl incubation; Fig. 5 E). These data 
demonstrate that although activity levels of mGluR1, similar to 
iGluRs, locally affect RhoA activity levels, the observed en-
hanced RhoA affi nity for mGluR1 under 55 mM KCl treatment 
is independent of RhoA activity levels (as 55 mM KCl lowers 
RhoA activity) and is determined by two major components: 
(1) the activation of AMPA receptors (as blockage with CNQX 
 prevents the association of RhoA to mGluR1 upon 55 mM 

KCl); and (2) the cycling of mGluR1 between its active and 
 inactive state.

Considering these data, we were curious to investigate 
whether activity of mGluR1 affected the interaction between 
iGluRs and RhoA. For this, we incubated synaptosomes with 
AIDA and DHPG, subsequently added 55 mM KCl, and ana-
lyzed the various RhoA receptor interactions biochemically 
(Fig. 5 F). As previously described, stimulation with 55 mM 
KCl lowered the amount of GluR1/NMDAR2a–RhoA interac-
tion noticeably (Fig. 5 F, compare 5 mM KCl with 55 mM KCl). 
Preincubation with AIDA slightly increased GluR1–RhoA in-
teraction levels (118%), whereas DHPG did not signifi cantly 
affect the amount of RhoA receptor interaction (Fig. 5 F, black 
bars; compare 5 mM KCl with AIDA/DHPG + 5 mM KCl). 
However, in both cases, 55 mM KCl led to RhoA–GluR1 in-
teraction levels similar to controls (compare 55 mM KCl with 
AIDA/DHPG + 55 mM KCl). NMDAR2a, on the other hand, 
was sensitive to the AIDA and DHPG treatment (Fig. 5 F, gray 
bars). Inhibition of mGluR1 prevented the 55 mM KCl-induced 
detachment between NMDAR2a and RhoA (AIDA + 55 mM 
KCl). Simple activation of mGluR1, on the other hand, led to 
a drastic reduction of NMDAR2a–RhoA interaction levels, 
similar to what was normally observed upon 55 mM KCl treat-
ment (DHPG + 5 mM KCl). Subsequent stimulation of DHPG-
treated samples with 55 mM KCl did not have a signifi cant 
effect on NMDAR2a–RhoA interaction levels, as they remained 
low (DHPG + 55 mM KCl).

Summarizing these data and the previously discussed 
results, we conclude that in excitatory synapses, activation of 
AMPA-type GluRs directly affects type I mGluRs, thus in-
creasing mGluR1 affi nity to RhoA. This could lead to stabili-
zation of the receptor at the plasma membrane so as to allow 
for specifi c mGluR1-mediated signaling events necessary for 
different neurotransmission-induced events. In fact, we demon-
strated that activation of mGluR1 before 55 mM KCl stimula-
tion decreased NMDAR but not AMPA receptor response. To 
analyze in further detail the relationship between ionotropic 
and metabotropic receptors, we performed double treatments, 
preincubating synaptosomes with both MK-801 + AIDA or 
MK-801 + DHPG before 55 mM KCl and analyzed the amount of 
mGluR1 coprecipitating with RhoA. Unfortunately, the incuba -
tion of synaptosomes with two agonists/antagonists at the same 
time led to inconsistent information. Yet, some of them clearly 
indicated that combined incubations (MK-801 + AIDA/DHPG 
or CNQX + AIDA/DHPG) did not prevent the detachment be-
tween mGluR1 and RhoA, provoked by AIDA/DHPG + 55 mM 
KCl [not depicted]). Although only preliminary, these data 
strengthen the notion that the 55 mM KCl-induced increase 
in the affi nity between RhoA and mGluR1 requires AMPA 
 receptor activity and also that such signaling can be overruled 
by direct modulation of mGluR1 activity levels, which, in turn, 
modulates NMDAR response.

NMDAR2a–RhoA interaction levels remained elevated (compare AIDA + 55 mM KCl and 55 mM KCl). Although simple DHPG treatment drastically 
 reduced the amount of NMDAR2a–RhoA interaction (compare DHPG + 5 mM KCl and 5 mM KCl), subsequent incubation with 55 mM KCl led to 
 interaction levels similar to controls (compare DHPG + 55 mM KCl and 55 mM KCl). Error bars represent SD. ***, P < 0.001; one way ANOVA followed 
by Tukey’s multiple comparison tests. *, P < 0.001; paired t test.



JCB • VOLUME 172 • NUMBER 3 • 2006 462

Figure 6. RhoA-mediated dendritic spine F-actin stability is regulated in a ROCK–PIIa-dependent manner. (A) Analysis of subcellular fractionation of adult 
rat brain showed that ROCK and PIIa are detectable in cytosol, synaptosomes, and in PSD I fractions. (B) Representative confocal slice images of mature 
hippocampal neurons labeled for ROCK (a; green in merge) and profi linIIa (PIIa, b; green in merge). Both proteins are present throughout the cell, preferen-
tially in F-actin–rich regions (red in merge). Enlargement of dendritic segments revealed that apart from being present throughout the dendritic shaft, ROCK 
and PIIa colocalize with dendritic spine actin. Boxed areas in whole cell images mark the localization of enlarged dendritic segments shown in the fi gure. 
Arrowheads indicate points of colocalization between F-actin and ROCK or PIIa, respectively. (C) ROCK and PIIa both coimmunoprecipitate with RhoA from 
synaptosomal fractions, and such interaction is favored by RhoA activation (GTPγS) and reduced if RhoA is inactivated (GDP). (D) 55 mM KCl largely 
 inactivates RhoA compared with control buffer–treated samples (5 mM KCl; see Fig. 2 C). Concomitantly, the amount of coprecipitated ROCK and PIIa 
with  active RhoA (RhoA-GTP) is drastically reduced, whereas the quantity of coprecipitated Diaphanous (Dia1) is not altered. Error bars represent SD. 
*, P < 0.001; paired t test. Bars, 5 μm.
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RhoA-mediated dendritic 
spine F-actin stability is regulated 
in a ROCK–Profi linIIa-dependent manner
Our next aim was to understand how spine-associated RhoA 
forward neurotransmitter receptor derived information to the 
underlying actin cytoskeleton. RhoA-specifi c kinase (ROCK) 
and the neuronal-specifi c profi linIIa (PIIa) form a complex 
(ROCK–PIIa complex) that regulates (in a RhoA activity–
 dependent manner) local actin polymerization in the growth 
cones of young, unpolarized mammalian neurons as well as 
in the axon of polarized neurons (Da Silva et al., 2003, 2005). 
Thus, we investigated whether mature neurons possibly have 
the capacity to recruit this pathway to dendritic spines to locally 
regulate actin dynamics and, thus, synapse stability. The fi rst in-
dication for a possible involvement was the observation that the 
ROCK–PIIa complex is present in postsynaptic fractions puri-
fi ed from mature rat brain extracts (Fig. 6 A; for controls see 
Fig. 2 A). The localization in spines was confi rmed by confocal 
microscopy of mature hippocampal neurons in culture (Fig. 6 B).
Both proteins are present throughout the cell. Enlargement of 
dendritic segments showed that both proteins, apart from be-
ing present along the entire dendritic shaft, are also found in 
F-actin–rich dendritic spines. Therefore, we tested whether 
RhoA activity is necessary to effi ciently recruit the ROCK–
PIIa complex within spines. Both ROCK and PIIa precipitated 
with RhoA in synaptosomal extracts, and this interaction was 
favored by RhoA activation (Fig. 6 C). Because the latter de-
pends on excitatory synaptic transmission (Figs. 2 and 3), we 
tested whether high KCl stimulation would reduce the forma-
tion of the RhoA-ROCK–PIIa complex in synaptosomes. Con-
sistent with the previous data, the amount of ROCK and PIIa 
interacting with purifi ed active RhoA was reduced upon high 
KCl stimulation (Fig. 6 D). Similar effects were obtained by 
direct stimulation with AMPA and NMDA (Fig. S3, available 
at http://www.jcb.org/cgi/content/full/jcb.200506136/DC1). 
To determine whether synaptic input restrictively modulates 
the activity of this particular set of RhoA-downstream play-
ers within dendritic spines, we analyzed the effect of 55 mM 
KCl on the interaction between RhoA and Diaphanous 1 (Dia1; 
Sahai and Marshall, 2002). The amount of Dia1 coprecipitat-
ing with active RhoA was not altered by high KCl treatment 
(Fig. 6 D), indicating that the interaction between RhoA and the 
ROCK–PIIa complex within the synapse is of a unique kind and 
refl ects the functional importance of this signaling cascade for 
synaptic transmission–induced structural modifi cations.

Restrictive activation of caged ROCK 
inhibitor Y27632 induces localized 
spine retraction
We next set out to directly evaluate the importance of this path-
way in the regulation of dendritic spines by locally inactivating 
RhoA–ROCK downstream signaling in a restricted dendritic 
segment while preserving its activity in the neighboring areas 
(Fig. 7). DiI-labeled mature neurons were incubated with a pho-
tosensitive ROCK inhibitor (caged Y27632). Local uncaging by 
stimulation with UV light induced local disruption of the activ-
ity of the ROCK–PIIa complex and was refl ected by the rapid 

retraction of spines on the stimulated areas (Fig. 7 A). The neigh-
boring dendritic segment, positioned outside of the pinhole dur-
ing uncaging, did not show any noticeable alterations in spine 
structure (Fig. 7 B). Moreover, UV stimulation of dendritic seg-
ments of neurons treated with the vehicle buffer used to dissolve 
the caged compound did not induce changes in spines (Fig. 7 C). 
The dendritic spine retraction we observed under localized 
ROCK inactivation clearly demonstrates the  involvement of this 
RhoA-dependent and ROCK–PIIa- mediated signaling cascade 
for stabilizing the actin cytoskeleton within spines.

Discussion
In this study, we illustrated that RhoA interacts with GluRs at 
the level of the PSD and regulates dendritic spine actin in a 
ROCK–PIIa-dependent manner. Such RhoA-dependent den-
dritic spine F-actin regulation is rapidly (within minutes) modu-
lated in response to direct (AMPA and NMDA) or indirect (55 mM 
KCl) stimuli. Furthermore, we have managed to differentiate 
between iGluR and mGluR behavior to such stimuli and, more-
over, dissected the differences between NMDA- and AMPA-
type neurotransmitter receptors.

The role of iGluRs: differences 
in NMDA- and AMPA-type receptors
Generally, we found that the 55 mM KCl-induced reduction of 
dendritic spine F-actin stability and, consequently, the loss of 
excitatory synapses are triggered by an activity-dependent re-
lationship between RhoA and iGluRs: the less active the recep-
tors, the more interaction with RhoA and the higher, in turn, 
its GTPase activity level. Such a mechanism could provide the 
cell with a safe guard mechanism to guarantee a certain level 
of synaptic activity. If the amount of synaptic transmission is 
very low, the iGluRs will preferentially be inactive and will, 
via  recruitment of RhoA, stabilize the underlying actin cyto-
skeleton to maintain or even enhance the stability of the post-
synaptic structure. Therefore, this will enhance the possibility 
of excitatory transmission at this particular synapse. In the op-
posite situation, when excitatory stimulation occurs, the open/
closed ratio and, thus, activity of iGluRs will increase, inducing 
a reduction of RhoA activity levels, which then allows loosen-
ing of the underlying actin cytoskeleton. Such reduced inter-
action with RhoA and the increased actin dynamics occurring 
at the PSD could give rise to many of the  neurotransmission-
induced mechanisms that have been observed: for example, 
the remodeling of spine shape and enhanced endocytosis 
and recycling of neurotransmitter receptors (Korkotian and 
Segal, 1999; Montgomery et al., 2005). However, despite their 
capacity to directly regulate postsynaptic actin stability, we 
found that AMPA and NMDAR signaling has differential ef-
fects on other neurotransmitter receptors at the excitatory PSD, 
namely mGluR1.

Type I mGluR signaling affects NMDA 
but not AMPA receptor response
Contrary to NMDAR2a and iGluR1, the interaction between 
RhoA and mGluR1 was greatly increased upon 55 mM KCl 
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treatment. Interestingly, we found that such affi nity mainly re-
quires two conditions: the activation of AMPA receptors and the 
cycling of mGluR1 between its active and inactive state. Type 
I mGluRs have been implicated in a large variety of signaling 
events connected to different models of memory formation and 
have been shown to play important roles in various neuroprotec-
tive mechanisms (for review see Baskys and Blaabjerg, 2005). 
The increased interaction with RhoA observed upon 55 mM 
KCl could, therefore, allow mGluR1 to locally stabilize the un-
derlying actin cytoskeleton to maintain its position at the plasma 
membrane. This, in turn, would allow for mGluR1-dependent 
signaling events to occur (e.g., the down-regulation of  NMDAR 
response to avoid NMDA toxicity; Blaabjerg et al., 2003). 
In fact, we observed that altered mGluR1 activity has a direct 
effect on NMDAR2a response, as inactivation of this G protein–
coupled receptor before treatment with 55 mM KCl reduced the 
NMDAR2a response to the stimulus, and the RhoA receptor in-
teraction resisted the treatment. Direct activation of mGluR1, on 
the other hand, strongly reduced the affi nity of NMDAR2a for 
RhoA. This, in turn, could have multiple effects on the stability 
of NMDARs at the PSD. As pointed out previously, the range of 
mGluR1-dependent signaling events is very wide, and we can 

only speculate about the exact biochemical mechanisms used 
to modulate NMDAR response (see respective model in Fig. 8). 
However, as incubation times were rather short (3 min) and all 
immunoprecipitation experiments were performed on synapto-
somal preparations, we consider two possibilities as the most 
plausible: (1) modifi cation of the intracellular calcium stores 
leads to an NMDAR insensitivity (because of its chemical prop-
erties as a calcium ion channel) while leaving AMPA receptor 
response mainly unmodifi ed (AMPA receptors being mainly 
permeable for sodium ions); and (2) phosphorylation of the 
 intracellular domain of NMDAR2a induces insensitivity of the 
receptor and, therefore, reduces its reaction to the treatment.

To summarize, this work illustrates in detail a signaling 
pathway by which neurotransmission events occurring at the 
excitatory synapse directly trigger the necessary cytoskeletal 
rearrangements at these domains and describes how these, in 
turn, modulate the response of the postsynapse. Certainly, one 
should address many more points to further understand the 
uniqueness of each neurotransmitter receptor and its signaling 
properties to the underlying actin cytoskeleton, yet we limited 
this study to three different receptor types to allow a more 
 detailed analysis of the matter.

Figure 7. Restrictive activation of caged ROCK inhibitor Y27632 induces localized spine retraction. Single images of in vitro time-lapse experiments per-
formed on DiI-labeled neurons incubated with caged ROCK inhibitor (caged Y27632). (A) Images of a dendritic segment (dendrite 1) before (top) and after 
(1–8 min) uncaging of Y27632 by exposure to UV light. Dendritic spines retract upon activation of the compound (arrowheads). (B) A neighboring dendrite 
located outside the pinhole during uncaging of dendrite 1. The spines on this dendrite remain stable and do not retract (arrow-heads). Compare top image 
(before uncaging of dendrite 1) with bottom image (after uncaging and observation of dendrite 1). (C) Dendritic segment of a DiI-labeled neuron treated 
with the vehicle buffer used to dissolve the caged compound. UV stimulation did not induce changes in spines. Compare top image with the four bottom 
 images (arrowheads). Bars, 5 μm.



GLUTAMATE RECEPTORS MODULATE SPINE SHAPE VIA RHOA • SCHUBERT ET AL. 465

Materials and methods
Cell culture
Primary cultures of rat embryonic hippocampal neurons were prepared 
as described previously (Goslin and Banker, 1991). For biochemical 
 analysis, 150,000 cells were plated per 30-mm plastic dish coated with 
0.1 mg/ml poly-L-lysine. For morphological analysis, 100,000 cells were 
plated per 60-mm dish, each with six poly-L-lysine–coated glass coverslips, 
and for in vitro time-laps observations, the cells were plated on 40-mm 
poly-L-lysine–coated glass coverslips. All times referred to in the text and 
fi gure legends are after seeding (time of plating is 0 h). Y27632 was used 
at 24 nmol/ml (Calbiochem). Optionally, neurons were incubated with 
1 μM MK-801 (Sigma-Aldrich) or 2 μM CNQX (Qbiogene) for 10 min 
 before high potassium treatment (see below).

Antibodies
The following antibodies were used: mouse monoclonal anti-RhoA (26C4; 
Santa Cruz Biotechnology, Inc.), mouse monoclonal anti-ROCK (clone 21; 
BD Transduction Laboratories), mouse monoclonal anti-PSD95 (Upstate 
 Biotechnology), mouse monoclonal antisynaptophysin (Boehringer), rab-
bit polyclonal anti–α-synuclein (a gift from C. Sanchez, Centro Biologia 
Molecular, Madrid, Spain), rabbit polyclonal anti-mGluR1 (AB-1504; 
Chemicon), rabbit polyclonal anti-PIIa (a gift from W. Witke, European 
Molecular Biology Laboratory, Monterotondo, Italy), rabbit polyclonal anti-
GluR type 1 (Upstate Biotechnology), rabbit polyclonal anti-NMDAR2a 
(AB1555P; Chemicon), rabbit polyclonal anti-ST (a gift from M. de Hoop, 
Aventis, Frankfurt,  Germany), and goat polyclonal anti-Dia1 (V20; Santa 
Cruz  Biotechnology, Inc.). Goat anti–rabbit and goat anti–mouse Alexa-
Fluor350/488/568 (Invitrogen) and donkey anti–mouse, goat anti– rabbit, 
and donkey anti–goat HRP-conjugated antibodies (GE Healthcare) were 
used as secondary antibodies.

Immunofl uorescence
Cells were fi xed in PFA/SEM buffer (4% PFA, 0.12 M sucrose, 3 mM 
EGTA, and 2 mM MgCl2 in PBS), quenched with 50 mM ammonium chlo-
ride, and extracted with 0.1% Triton X-100. Specifi c protein detection was 
performed using previously mentioned antibodies (see previous section), 
and F-actin was labeled with TRITC-conjugated phalloidin (Sigma-Aldrich). 
Optionally, cells were labeled with a lipophilic tracer (DiI; Invitrogen) to 
 visualize the plasma membrane. For this, fi xed cells were incubated with 
a 67-μg/ml working solution of DiI prepared in 1× PBS for 30 min at room 
temperature before mounting. For visualization of active RhoA only, cells 
were incubated with 0.1% Triton before fi xation with PFA/SEM to extract 
all soluble protein forms. Cells were observed using a microscope (DMIRE2; 
Leica) equipped with 40, 63, and 100× objectives (Leica) and a digital 
camera (Q550; Leica), and images were captured using the Qfl uoro soft-
ware (Leica). Optionally, samples were analyzed in a confocal scanning 
microscope (LSM 5110; Carl Zeiss MicroImaging, Inc.) on a platform 
 (Axiovert 100 M; Carl Zeiss MicroImaging, Inc.).

In vitro time lapse
For in vitro time-lapse experiments, the plasma membrane of mature hippo-
campal neurons was labeled with a lipophilic tracer (DiI; Invitrogen). 
In brief, cells were incubated for 1 min at 37°C with a 67-μg/ml working 
solution of DiI prepared in equilibrated growth medium. The cells were in-
cubated in HBSS for 10 min under culture conditions, and time-laps recording 
was performed. For this, the cells were treated as described previously 
(Bradke and Dotti, 1997). In brief, cells were placed in a temperature-
 controlled FCS-2 long-term observation chamber (Bioptechs) and posi-
tioned on the stage of an inverted microscope equipped with 40, 63, and 
100× objectives (Leica), and images were captured using the Qfl uoro soft-
ware (Leica). Pictures of chosen cells were taken in 1-min intervals. In some 
cases, the cells were incubated with a 2-μM solution of photosensitive 

Figure 8. Model describing the differential RhoA-related behavior of GluRs in response to excitatory stimuli. (A) Under steady-state conditions, active 
RhoA interacts with all three neurotransmitter receptor types at the level of the excitatory PSD, thus stabilizing spine actin fi laments via its downstream effec-
tor complex ROCK–PIIa (here referred to as RhoA for simplifi cation). Stimulation of neurotransmitter receptors at the excitatory PSD reduces the amount of 
total synaptic RhoA activity and leads to the redistribution of RhoA interactions away from iGluR toward mGluRs. This leads to a localized destabilization 
of dendritic spine actin, consequently allowing for actin-based plasticity and the instability of iGluRs at the PSD. This, in turn, would allow for the regulation 
of excitability of the synapse via either endocytosis and recycling of iGluRs, possibly induced by mGluR1 signaling, or the lateral movement of the receptors 
away from the PSD. Moreover, the stabilization of mGluR1 at the plasma membrane could guarantee signaling events, which are necessary for the cell to 
adjust to the incoming stimuli, such as the regulation of gene expression and modulation of cell survival pathways. Dashed boxes in both the control situa-
tion and excitatory stimulation of PSD panels represent localization of the excitatory synapse illustrated in A, B1, and B2. (B) Model illustrating how mGluR1 
modulates NMDAR response to excitatory stimuli. (B1) Without active mGluR1 present, NMDARs become immune to incoming excitatory stimuli. Upon 
stimulation, high amounts of RhoA remain attached to the receptor, possibly leading to the retention of this receptor at the PSD. (B2) Activation of mGluR1 
with DHPG has the opposite effect. The amount of RhoA–NMDAR interaction is greatly reduced and most likely leads to destabilization of NMDAR at the 
excitatory PSD, consequently reducing NMDA excitability.
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 nitroveratryloxycarbonyl-caged ROCK inhibitor (caged Y27632; Invitro-
gen) for 15 min. Caged Y27632 remains inactive until hydrolyzed under 
UV light (wavelength ≤ 360 nm). To locally activate the compound at a se-
lected dendritic segment (dendrite 1), the microscope pinhole was closed 
to the minimum, and the selected region was stimulated by a 500-ms expo-
sure to light of short wavelength (band pass fi lter 360/40 nm). Pictures of 
the DiI-labeled dendritic tree (absorption of 549 nm and emission of 
565 nm) were taken in 1-min intervals. For control purposes, a second 
dendritic segment (dendrite 2) just outside of the pinhole was observed be-
fore and after local uncaging of Y27632 at dendrite 1, and pictures were 
taken at time points −1 min and +10 min of uncaging at dendrite 1. To 
verify the specifi city of the effects observed after local uncaging of Y27632, 
we incubated DiI-labeled cells with 0.14% DMSO in HBSS (vector buffer 
used for caged Y27632) and stimulated selected dendritic segments 
 (dendrite 3) under the same conditions as described for caged Y27632.

Synaptosomal purifi cation
The protocol used to purify synaptosomal fractions from adult rat brain is 
based on well-established methods used by Cohen et al. (1997) and Carlin 
et al. (1980). 6 g of adult rat brains were homogenized in 4 vol/g of 
 buffer A (0.32 mM sucrose, 1 mM MgCl2, 0.5 mM CaCl2, 1 mM NaHCO3, 
chymostatin, leupteptin, antipain, pepstatin, and 1 mM dithiothreitol) at 
800 rpm/7 strokes in a Dounce glass homogenizer. After the addition of 
10 vol/g of buffer A, the homogenate was centrifuged at 1,400 g for 
10 min to recover the supernatant S1 and the pellet P1. P1 was resus-
pended in 4 vol/g of buffer A, homogenized at 800 rpm/3 strokes, and 
recentrifuged at 700 g for 10 min. The resulting supernatant was com-
bined with S1 and centrifuged at 13,800 g for 10 min. The obtained 
 supernatant (S2) was separated from the pellet P2 and centrifuged at 
100,000 g for 1 h. The resulting supernatant (S3) constitutes the cytosolic 
fraction. P3 was resuspended in 24 ml/10g wet weight of buffer B (0.32 
mM sucrose, 1 mM NaHCO3, 1 mM EGTA, 1 mM dithiothreitol, chymo-
statin, leupeptin, antipain, and pepstatin) and homogenized to obtain the 
crude synaptosomal fraction. To obtain the pure synaptosomal fraction, the 
sample was loaded on a discontinuous sucrose gradient (1 and 1.4 M 
 sucrose) and centrifuged for 65 min at 82,500 g. The synaptosomal fraction 
was recovered from the interphase between 1 and 1.4 M sucrose. Protein 
amount was calculated, and a 4-mg/ml solution was prepared with 
 buffer B. An equal volume of a solution composed of Triton X-100, 0.5 mM 
Hepes/KOH, and protease inhibitors was added and stirred for 15 min on 
ice. The sample was centrifuged at 28,000 g for 40 min to obtain super-
natant LS1. LS1 was centrifuged at 165,000 g for 120 min to obtain pellet 
LP2. LP2 was then homogenized in 2 ml of buffer B and loaded onto a 
 discontinuous sucrose density gradient composed of 1.0, 1.5, and 2.1 M 
sucrose and was centrifuged at 201,800 g for 60 min. A PSD fraction (PSD I) 
was obtained from the interphase between sample and 1.0 M sucrose.

Protein amounts of the cytosolic, crude syaptosomal fractions were 
calculated using spectrophotometric analysis. 1.2 ml of PSD I fraction was 
concentrated to a fi nal volume of 70 μl using chloroform–methanol precipi-
tation. Synaptosomal fractions (500-μl sample volume at 2 mg/ml) were 
optionally treated with 5- or 55-mM KCl solutions (see next section). Where 
noted, synaptosomal preparations (500-μl sample volume at 2 mg/ml) 
were treated with GDP (to 1.0 mM; Pierce Chemical Co.), GTPγS (to 0.1 mM; 
Pierce Chemical Co.), or ddH2O (in the case of control experiments). Sam-
ples were incubated at 30°C for 30 min under constant agitation, and the 
reaction was stopped by placing the samples on ice and adding 32 μl of 
1 M MgCl2. Activation of NMDA and/or AMPA receptors was performed 
by incubating synaptosomal preparations with 10 μM NMDA (Sigma-
 Aldrich) or AMPA (Qbiogene) for 3 min at 37°C under gentle agitation. 
Optionally, synaptosomal preparations were incubated at 37°C with 1 μM 
MK-801 (Sigma-Aldrich), 2 μM CNQX (Qbiogene), 100 μM DHPG 
(Sigma-Aldrich), or 400 μM AIDA (Qbiogene) for 5 min before high potas-
sium treatment (see next section) or incubation with AMPA or NMDA.

KCl treatment
Coverslips were placed into 55 mM KCl (high potassium) buffer (10 mM 
Hepes, 2.2 mM CaCl2, 0.33 mM Na2HPO4, 0.44 mM KH2PO4, 4.2 mM 
NaHCO3, 5.6 mM glucose, 77 mM NaCl, and 55 mM KCl) or 5 mM (low 
potassium) buffer (10 mM Hepes, pH 7.2, 2.2 mM CaCl2, 0.33 mM 
Na2HPO4, 0.44 mM KH2PO4, 4.2 mM NaHCO3, 5.6 mM glucose, 
127 mM NaCl, and 5 mM KCl) and incubated for 3 min at 37°C and 5% 
CO2 in a humid chamber. Coverslips were then processed for immunofl uo-
rescence or replaced into the original growth medium for 22 h (termed 
55 mM + wash) before fi xation. For synaptosomal preparations, low or 
high potassium buffer was added to purifi ed samples and incubated at 

37°C for 3 min under gentle agitation. These samples were brought to 4°C 
on ice and used immediately for immunoprecipitation or RhoA activation 
assay (see below).

RhoA activation assay
Active RhoA was isolated from neuronal lysates and synaptosomal prepa-
rations using the EZ-Detect RhoA activation kit (Pierce Chemical Co.). 
In brief, cell lysates or synaptosomal preparations were incubated with re-
combinant GST-Rhotekin in the presence of the designated SwellGel Immo-
bilized Glutathione Discs (Pierce Chemical Co.) at 4°C for 1 h (gentle 
rocking). The column was then centrifuged briefl y at 7,200 g and washed 
with washing buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM 
MgCl2, 1% NP-40, 1 mM DTT, and 5% glycerol). The gel-bound active 
RhoA was eluted by adding 50 μl of sample buffer (125 mM Tris-HCl, 
pH 6.8, 2% glycerol, 4% SDS, and 0.05% bromophenol blue). The result-
ing elutes were then used immediately for Western blotting (see below).

Immunoprecipitations
Synaptosomal preparations were precleared with prewashed protein 
G–Sepharose beads and were incubated with 3 μg anti-RhoA antibody for 
1 h at 4°C. Subsequently, protein G–Sepharose beads were added, and 
samples were incubated overnight at 4°C under gentle rotation. Samples 
were then washed twice (20 min each) with immunoprecipitation buffer 
(1% Triton X-100, 100 mM NaCl, 2 mM EDTA, 10 mM Tris-HCl, 1 mM 
Na3VO4, pH 7.5, and protease inhibitors), twice (20 min each) with high 
salt buffer (same as immunoprecipitation buffer but with 500 mM NaCl 
and no Triton X-100), and once (20 min) with low salt buffer (same as 
 immunoprecipitation buffer but no NaCl or Triton X-100). Beads were 
 pelleted in between washes by centrifugation at 1,600 g for 30 s. After the 
fi nal wash, beads were pelleted down by high-speed centrifugation, and 
the supernatant was analyzed by Western blotting (see below).

Western blotting
Approximately 40 μg of cytosolic and pure synaptosomal fraction and 
22 μl of concentrated PSD I fraction were loaded on 12% SDS gels and 
separated by electrophoresis. Separated proteins were transferred to nitro-
cellulose fi lters. Filters were blocked by incubation in 3% BSA in PBS with 
0.1% Tween-20. Filters were then incubated with the indicated primary 
 antibodies and with the respective secondary HRP-conjugated antibodies 
(see Antibodies). Signal detection was performed using an ECL detection 
kit (GE Healthcare) before exposure to photosensitive fi lms. The obtained 
 autoradiogram was scanned at high resolution (3000 Pro Scanner; Epson) 
and exported for densitometry analysis (see next section) using National 
Institutes of Health (NIH) Image 1.63 software.

Measurements
Unless noted differently, dendritic spine number was calculated in indi-
vidual mature hippocampal neurons obtained from three independent 
 experiments (n = 9 cells/treatment within one experiment). Labeling F-actin 
with TRITC-conjugated phalloidin identifi ed dendritic spines. Where noted, 
double labeling was performed using phalloidin together with antibodies 
against ST, synaptophysin, or GluR1. A total dendrite length of 40 μM 
analyzed per cell and dendritic spine number was determined based on the 
phalloidin. Where applicable, the determination of dendritic spine number 
also took into consideration only those F-actin protuberances exhibiting ap-
posed presynaptic terminals (as detected with the presynaptic markers). In 
all cases, the total number of dendritic spines per cell was averaged for 
each experiment (population). These population means and the respective 
SDs were then pooled together and plotted as bar graphics in percent-
ages, thus refl ecting the mean variation between individual neurons across 
populations. Analysis within each separate population revealed similar 
variations, indicating that the pooled population data refl ect the varia-
tions across individual populations. Multivariate analysis was performed 
with one-way analysis of variance (ANOVA) followed by Tukey’s multiple 
comparison test (confi dence interval = 95%). Signal intensities of proteins 
(in autoradiogram) detected by Western blot analysis were measured using 
NIH 1.63 software. Unless noted differently, each experiment was repeated 
three times independently. Such measurements were individually normal-
ized against the background of each individual autoradiogram and renor-
malized against the signal obtained with the unrelated protein α-tubulin 
(CP06; Oncogene Research Products) unless immunoprecipitated or activa-
tion assayed where total protein was loaded for each lane analyzed. The 
resulting individual, normalized signal densities were averaged for each ex-
periment (population). The data were analyzed by paired t test (two-tailed 
distribution and two-sample unequal variance). In case of multivariate tests, 



GLUTAMATE RECEPTORS MODULATE SPINE SHAPE VIA RHOA • SCHUBERT ET AL. 467

one-way ANOVA followed by Tukey’s multiple comparison test (confi dence 
interval = 95%) was performed. The means and SDs of each experiment 
were pooled together and represented as graphs in percentages.

Online supplemental material
Fig. S1 shows immunofl uorescent images of mature hippocampal neurons 
labeled with TRITC-conjugated phalloidin. The F-actin pattern and its signal 
intensity are drastically modifi ed in 55 mM KCl-treated neurons in respect 
to controls. Fig. S2 shows immunoprecipitations from synaptosomes, 
 illustrating the specifi city of the interaction between RhoA and GluR1/
NMDAR2a. Fig. S3 illustrates that in synaptosomes, AMPA and NMDA 
mimic the effect of 55 mM KCl on the RhoA-dependent recruitment of 
ROCK and PIIa. Online supplemental material is available at http://www.
jcb.org/cgi/content/full/jcb.200506136/DC1.
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