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AMPA receptors (AMPA-R) are major mediators of synaptic trans-
mission and plasticity in the developing and adult central nervous
system. Activity-dependent structural plasticity mediated by dy-
namic changes in the morphology of spines and dendrites is also
essential for the formation and tuning of neuronal circuits. RhoA
and Rac1 are known to play important roles in the regulation of
spine and dendrite development in response to neuronal activity.
These Rho GTPases are activated by guanine nucleotide exchange
factors (GEFs). In this study, we identified GEF-H1/Lfc as a compo-
nent of the AMPA-R complex in the brain. GEF-H1 is enriched in the
postsynaptic density and is colocalized with GluR1 at spines.
GEF-H1 activity negatively regulates spine density and length
through a RhoA signaling cascade. In addition, AMPA-R-dependent
changes in spine development are eliminated by down-regulation
of GEF-H1. Altogether, these results strongly suggest that GEF-H1
is an important mediator of AMPA-R activity-dependent structural
plasticity in neurons.

glutamate receptor � GTPase � learning and memory �
structural plasticity � synaptic plasticity

Dendritic spines are small actin-rich protrusions from neuronal
dendrites with a globular head and thin neck. As a basic

functional unit of the excitatory synapse, dendritic spines are critical
for most excitatory synaptic transmission in the brain. Because
dynamic changes in the shape, size, and number of spines are major
forms of structural synaptic plasticity, the molecular mechanism
underlying the regulation of spine development, maintenance, and
dynamics has been an active research area in neuroscience. Spines
are rich in F-actin and actin dynamics modulate the morphological
plasticity of spines. In various cell types including neurons, actin
dynamics is regulated by Rho GTPases in response to external
cues (1).

The Rho family of small GTPase consists of a large number of
proteins including Rho, Rac, and Cdc42. These proteins are binary
switches that cycle between GDP-bound inactive and a GTP-bound
active state. In response to various extracellular signals, this switch
is turned on or off by regulatory proteins. In neurons, Rho GTPases
have been implicated in the cytoskeletal dynamics for structural
plasticity of excitatory synapses. Particularly, RhoA and Rac1 have
been known as key players for the regulation of spine and dendrite
development and dynamics (2).

The regulatory proteins of the Rho GTPases include guanine
nucleotide exchange factors (GEFs), GTPase activating proteins,
and guanine nucleotide dissociation inhibitors. GEFs catalyze the
exchange of GDP for GTP to generate the active state of Rho
GTPases. In contrast, GTPase activating proteins and guanine
nucleotide dissociation inhibitors inactivate Rho GTPases. The
expression of GEF proteins is tissue-specific, providing a molecular
mechanism for tissue-specific modulation of Rho GTPases (3).
Tiam1 is known as a neuronal GEF involved in NMDA receptor
activity-dependent structural plasticity (4). However, neuronal
GEFs involved in AMPA receptor (AMPA-R) activity-dependent
structural plasticity have not been reported.

Modulation of the trafficking and activity of AMPA-R by
NMDA receptor activity is a major mechanism for synaptic plas-
ticity (5). Recent studies have identified several AMPA-R inter-
acting proteins that can modulate the activity and trafficking of
AMPA-Rs (5). In this study, we immunopurified the AMPA-R
from rat brain and found that the RhoA GEF, GEF-H1, is a
significant component of the AMPA-R complex in vivo. Truncated
GEF-H1/Lfc was first identified as an oncogene (p40/Lfc) involved
in cell proliferation (6–8). The full-length GEF-H1 was found as a
120-kDa protein consisting of 985 aa (9). Interestingly, GEF-H1
binding to microtubule regulates its enzymatic activity, suggesting
GEF-H1 could mediate cross-talk between microtubules and actin
(9, 10). Our functional analysis of GEF-H1 demonstrated that
GEF-H1 negatively regulates the density and length of spines
through a RhoA signaling cascade. In addition, AMPA-R activity-
dependent changes in spine development were eliminated by inhi-
bition of GEF-H1. Together, this study strongly suggests that
GEF-H1 is an AMPA-R associated protein that is important for
activity-dependent structural plasticity.

Results
Identification of GEF-H1 as a Component of the AMPA-R Complex.
Through proteomic screening of AMPA-R-binding proteins in rat
brains, GEF-H1, a GEF, was identified as a component of the
AMPA-R complex in the brain [Fig. 1 and supporting information
(SI) Fig. S1]. AMPA-R complexes were purified from rat brains
using wheat germ agglutinin (WGA)-chromatography and large-
scale immunoprecipitation (IP). WGA-chromatography was
adapted to enrich for glycosylated mature membrane proteins and
to exclude immature AMPA-R complexes in the endoplasmic
reticulum and Golgi apparatus. To distinguish specific binding from
nonspecific binding of proteins to IgG, Protein A, and Sepharose
during the large-scale IP, the eluant from WGA-chromatography
was divided into 2 pools and 1 pool was used as a negative control.
In the negative control group, the GluR1 antibody was blocked with
the synthetic peptide used for the generation of the antibody (see
Fig. 1A, Pep �). The isolation of many of the copurifying proteins
was inhibited by preabsorbing the GluR1 antibody with the anti-
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genic peptide, indicting their specific association with AMPA-Rs.
As shown in Fig. 1A, this procedure specifically isolated a major
protein band with a molecular weight of 105 kDa, which contains
the AMPA-R subunits GluR1–4, and several other protein bands
detected by silver-staining. One of the proteins (see Fig. 1A, arrow)
around the 120-kDa region was excised from the protein gel and
applied to liquid chromatography/tandem mass spectrometry (LC-
MS/MS) analysis as described in Methods and the SI Methods.
Protein database searches identified 3 peptides as a part of Rho/Rac
GEF 2 (see Fig. S1A). Fig. S1B shows MS/MS spectra of one of the
peptides. Further sequence analysis indicated that the Rho/Rac
GEF 2 is a rat homolog of human GEF-H1 and mouse Lfc
identified in previous studies (6–9).

The specificity of GEF-H1 association with AMPA-R complex
was confirmed through Western blot analyses with protein samples
from rat brains, cultured cortical neurons, and heterologous cells
(see Fig. 1 B, C and D). First, protein samples from each step of the
purification of AMPA-Rs were probed with anti-GEF-H1 antibod-
ies using Western blot analysis (see Fig. 1B). GEF-H1 was detected
in solubilized brain lysates at around 120 kDa, similar in size to its
human and mouse homologous. Interestingly, GEF-H1 was de-
tected in the eluant of WGA-chromatography as much as in the
void, suggesting that significant amounts of GEF-H1 bind to mature
membrane proteins. The enrichment and specific detection of the
GEF-H1 protein in the eluant of the large-scale AMPA-R IP
confirmed the result of LC-MS/MS analysis (see Fig. 1B). In

small-scale IPs of endogenous AMPA-R complexes using cortical
neuronal cultures, GEF-H1 as well as stargazin (a known interactor
of AMPA-Rs) was specifically coimmunoprecipitated with GluR1
as a part of AMPA-R complex in neurons. Neither GEF-H1 nor
stargazin was detected in this co-IP when GluR1 antibody was
blocked by the synthetic peptide (see Fig. 1C, Peptide �). For
further analysis of GEF-H1 association with AMPA-R complex,
GFP-tagged GEF-H1 (GFP-GEF-H1) was coexpressed with myc-
tagged AMPA-R subunits in heterologous cells, and the GFP-
GEF-H1 was immunoprecipitated using an anti-GFP antibody (see
Fig. 1D). Both GluR1 and GluR2 were specifically coimmunopre-
cipitated with GFP-GEF-H1. However, the efficiency of this co-IP
with heterologous cell lysate was much lower than that with brain
or neuronal lysates, suggesting that the interaction may be stabilized
by other proteins or by posttranslational modifications in neurons.
Surprisingly, a GluR1 mutant lacking the cytoplasmic C-terminal
(R1Ct�) was also coimmunoprecipitated with GFP-GEF-H1, in-
dicating that the C-terminal of AMPA-R is not required for
GEF-H1 binding (see Fig. 1D). On the other hand, GluR6 (a
subunit of kainate receptors) was not coimmunoprecipitated with
GFP-GEF-H1, indicating that the interaction between AMPA-Rs
and GEF-H1 is specific (Fig. S2).

GEF-H1 Negatively Regulates the Development of Dendritic Spines.
Our biochemical and immunocytochemical analyses of GEF-H1
showed localization of GEF-H1 in postsynaptic density (PSD) and
spines (Figs. S3A and S4C). In addition, GEF-H1 was highly
expressed in the brain during the period of active spine develop-
ment (Fig. S3B). Given that a GEF-H1 could regulate actin
dynamics through the activation of Rho GTPases, we hypothesized
that GEF-H1 could modulate spine development. Because previ-
ous studies showed that dendritic spine development starts after 14
days in vitro (DIV) in cultured dissociated neurons (11), our
experiments were designed to manipulate the GEF-H1 activity
during 14 to 16 DIV. We first examined the effects of GEF-H1 loss
of function on spine development using a dominant-negative
form of GEF-H1 and shRNA knock-down of GEF-H1 expression.
Both of these manipulations demonstrated that GEF-H1 regulates
spine density and length (Figs. 2 and 3). For quantitative analysis in
this study, a spine was defined as a small protrusion from dendrite
with GluR1 staining. Therefore, neurons were costained with
antibodies recognizing transfected GFP-GEF-H1 and endogenous
GluR1. In addition, either GFP or mCherry was used as morpho-
logical marker. Through this triple immunofluorescence staining of
cultured hippocampal neurons, the number and length of spines
only from GFP or GFP-GEF-H1 transfected neurons could be
measured.

A dominant-negative form of GEF-H1 was generated by intro-
ducing a point mutation (T247A) on the catalytic domain (Rho
GEF domain) of GEF-H1 (see SI Methods for detail). A group of
13 DIV hippocampal neurons was cotransfected with the GFP-
tagged dominant-negative GEF-H1 (GEF-DN) and mCherry, fixed
at 16 DIV, and stained with antibodies against GFP and GluR1.
The neurons transfected with GEF-DN (see Fig. 2 A and A�) have
more spines and longer spines compared with the neurons trans-
fected with GFP (see Fig. 2 B and B�). The change on spine density
was analyzed quantitatively by counting the number of spines per 10
�m of dendrite. Over-expression of GEF-DN significantly in-
creased spine density (see Fig. 2C and Table S1). The change in
spine length was analyzed quantitatively by plotting average and
frequency (%) distribution of spine length. Over-expression of
GEF-DN significantly increased average spine length (see Fig. 2D
and Table S1). The length increase was the result of an increase in
percentage of longer spines (see Fig. 2E). On the other hand,
over-expression of GEF-H1 decreased the length of dendritic
spines (Fig. 4A and E, and see Table S1). The length decrease is
because of an increase in the percentage of shorter spines (Fig. 4F)
without increase in spine number (see Fig. 4D and Table S1).
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Fig. 1. ProteomicandWesternblotanalysisofGEF-H1associationwithAMPA-R
complex. (A) Silver staining of cortical AMPA-R complex resolved by SDS/PAGE.
LC-MS/MS analysis of a band (arrow) around the 120-kDa region revealed GEF-H1
(GEF), an interactorofAMPA-R.Westernblotanalyseswithanti-GEF-H1antibody
confirm the association of GEF-H1 with AMPA-Rs (B–D). The immunoprecipita-
tion (IP) was performed with (�) or without (–) peptide block (Pep or Peptide)
withthepeptideusedtodeveloptheanti-GluR1antibody (AandC).Westernblot
analyses were performed with protein samples from each step of the AMPA-R
complexpurification (B), fromcorticalneuronal culture (C), or fromHEK293Tcells
(D). Sol, solubilized brain lysate; Stg, stargazin; WGA, wheat-germ agglutinin. (D)
GEF-H1 tagged with GFP (GEF) was coexpressed with myc-tagged GluR1, GluR2,
or C-terminal truncated form of GluR1 (R1Ct�). Pull-down of the GEF-H1 with
anti-GFP antibodies specifically co-immunoprecipitated these GluRs. Molecular-
mass of standards are indicated in kDa on the left (A–D).
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To study this in more detail, a lentivirus that expresses GEF-H1
shRNA and GFP under the control of 2 promoters was generated,
and examined as described in the SI Methods and Fig. S5. First, the
knock-down efficiency of the shRNA of GEF-H1 in neurons was
quantitatively analyzed using cortical neuronal culture. Four days
after viral infection, GFP signals begin to appear and reached a
plateau 7 days after the infection. Therefore, 9 DIV hippocampal
neurons were infected to knock-down endogenous GEF-H1 ex-
pression during initial period for spine development (13 to 16 DIV).
The infection of the lentivirus carrying GEF-H1 shRNA knocked
down most of endogenous GEF-H1 expression in cortical neurons
(86 � 1.0%, n � 4) (see Fig. 3F). The inhibition of GEF-H1
expression also significantly down-regulated GluR1 expression
(21 � 3.0%, n � 4) (see Fig. 3F).

For immunocytochemical analysis, hippocampal neurons were
infected with the lentivirus at 9 DIV, fixed at 16 DIV, and stained
with antibodies against GFP, GluR1, and MAP2 that were used as
markers for morphology, the postsynaptic membrane, and dendrite,
respectively. Compared with the neurons infected with lentivirus
carrying GFP only (see Fig. 3 B and B�), the neurons infected with
lentivirus carrying shRNA of GEF-H1 and GFP (see Fig. 3 A and
A�) showed dramatic changes in spine development similar to the
neurons transfected with GEF-DN. Inhibition of GEF-H1 expres-
sion by shRNA significantly increased the spine density (see Fig. 3C

and Table S1) and spine length (see Fig. 3D and Table S1). The
length increase was because of an increase in percentage of longer
spines (see Fig. 3 C and E), which is consistent with the result of
similar analysis with GEF-DN (see Fig. 2). Together, the effects of
dominant-negative GEF-H1 and GEF-H1 shRNA and over-
expressed GEF-H1 on spine development clearly showed that
GEF-H1 negatively regulates spine development.

Early studies of GEF-H1 suggested that GEF-H1 could activate
both RhoA and Rac1 (7, 12, 13). However, recent studies of
GEF-H1 homologs consistently demonstrated that GEF-H1 is a
RhoA-specific GEF in non-neuronal cells (9, 14–16). To test if
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Fig. 2. Dominant-negative form of GEF-H1 increases the density and length of
dendritic spines. (A) Hippocampal neurons (13 DIV) were transfected with
mCherry and a dominant-negative form of GEF-H1 tagged with GFP (GEF-DN),
andstainedthenwithantibodiesagainstGFPandGluR1at16DIV. (B)Asnegative
control, the same batch of neurons were transfected with mCherry and GFP and
stained then same way as above. (A� and B�) Images of the whole neurons
presented in (A) and (B), respectively. (Scale bars, 10 �m.) (C) The effect of GEF-DN
on spine density was analyzed quantitatively by plotting number (#) of spines per
10 �m of dendrite. Compared with GFP-transfected neurons (Cont), the neurons
transfected with GEF-DN had significantly more number of spines. (D) Compared
withControl,GEF-DNcausedsignificant increase in spine length.The labelofbars
is same as in (C). See Table S1 for values and statistical analysis for (C) and (D). (E)
TheeffectofGEF-DNonspine lengthwasalsoanalyzedquantitativelybyplotting
frequency (%) distribution of spine length.
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Fig. 3. shRNA mediated down-regulation of endogenous GEF-H1 increases
density and length of dendritic spines and changes the activity of RhoA and
Rac1. (A) Hippocampal neurons (9 DIV) were infected with lentivirus carrying
shRNA of GEF-H1 and GFP, and stained then with antibodies against GFP,
GluR1, and MAP2 at 16 DIV. (B) As negative control, the same batch of neurons
were infected with lentivirus carrying GFP only, and stained then same way as
above. (A� and B�) Image of the whole neurons presented in (A) and (B),
respectively. (Scale bars, 10 �m.) (C–E) The density and length of spines were
analyzed quantitatively as explained in Fig. 2. Compared with neurons in-
fected with GFP only (Cont), neurons infected with GFP and shRNA of GEF-H1
(RNAi) showed significant increase in spine density and length. See Table S1
for values and statistical analysis. (F) Cortical neurons (DIV 9) were infected
with lentivirus carrying shRNA of GEF-H1 and GFP (Ri) or GFP only (Vec). At DIV
16, neurons were harvested and solubilized proteins were then applied to
Western analyses with antibodies against GEF-H1, GluR1, and neurofilament.
Infection of the shRNA significantly down-regulated the expression of endog-
enous GEF-H1. (G) Cortical neurons were infected and harvested as above and
solubilized proteins were applied to RhoA or Rac1 assay. Compared with the
infection of lentivirus carrying GFP only (Vec), the infection of lentivirus
carrying GFP and GEF-shRNA (Ri) significantly increased and decreased active
RhoA and Rac1, respectively. See Table S2 for values and statistical analysis.
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GEF-H1 could activate either RhoA or Rac1 in neuronal cells, the
activity of RhoA and Rac1 was measured by pulling down activated
RhoA or Rac1 after infection of the lentivirus carrying shRNA of
GEF-H1. In agreement with the recent studies from non-neuronal
cells, RhoA activity was significantly decreased by knock-down of
endogenous GEF-H1 (see Fig. 3G and Table S2), indicating that

GEF-H1 is a GEF for RhoA in neurons. On the other hand, Rac1
activity was increased by knock-down of GEF-H1 (see Fig. 3G and
Table S2). Given that RhoA could inhibit Rac1 activity in neurons
(17), the decrease of RhoA activity by the shRNA of GEF-H1 could
result in the increase of Rac1 activity. This result demonstrated that
GEF-H1 could negatively regulate Rac1 activity by activating RhoA
in neurons. Previous studies demonstrated that RhoA could neg-
atively regulate spine density and length (18) and that Rac1 could
positively regulate spine density (11, 19, 20). Therefore, it is likely
that the up-regulation of spine density and length by GEF-H1
shRNA is a result of down-regulation of RhoA activity accompa-
nying up-regulation of Rac1 activity.

GEF-H1 Regulates the Development of Dendritic Spines Through RhoA
Signaling Cascade. As mentioned above, data in Fig. 3 imply that
RhoA signaling pathway is involved in the regulation of spine
development by GEF-H1. To test this hypothesis, we attempted to
interfere with the negative regulation of spine development by
over-expressed GEF-H1 through pharmacological inhibition of the
RhoA signaling pathway. As expected, the inhibition of the RhoA
signaling pathway eliminated the effect of GEF-H1 over-expression
on spine development (see Fig. 4).

Treatment of neurons with a RhoA inhibitor, C3T, significantly
increased the spine density and length of cultured neurons (see Fig.
4 B, D, and E, and Table S1). This result is consistent with previous
study using brain-slice cultures (18). Moreover, treatment of neu-
rons with Y27632, an inhibitor of the kinase ROCK, a downstream
effecter of RhoA, also significantly increased the spine density and
length of cultured neurons (see Fig. 4 C–E, and Table S1). The
Y27632 effect on spine length is consistent with a previous study
using brain-slice culture, although the effect on spine density was
not observed in this previous study (21). In our experiments, the
effect of Y27632 on spine length was significantly stronger than that
of C3T (see Fig. 4 E and F, and Table S1), which may be because
of the relatively longer treatment of neurons with Y27632 (3 days)
than that of C3T (14–16 h).

Over-expression of GEF-H1 showed a dosage effect on spine
development as well as on dendritic arbor development. Neurons
with large amount of GEF-H1 expression had poor spine devel-
opment (see Fig. 4A). However, a neuron with low or mild
expression of GEF-H1 did not show any significant changes in the
development of spines (see Fig. S4C). As mentioned above, a
neuron over-expressing GEF-H1 always showed strong colocaliza-
tion of GEF-H1 with microtubules (Fig. S4 B and E). Therefore, for
our quantification of spine development shown in Fig. 4, only the
neurons showing microtubule-like structure of GEF-H1 were se-
lected as neurons over-expressing GEF-H1.

The negative effect of GEF-H1 over-expression on spine length
was completely eliminated by the inhibitor of RhoA or ROCK (see
Fig. 4 B, C, E, and F, and Table S1). The combination of GEF-H1
over-expression and inhibition of RhoA-ROCK signaling pathway
clearly demonstrated that GEF-H1 could modulate the spine
development through the RhoA-ROCK signaling pathway (see
Fig. 4 and Fig. S6).

The effect of the drugs on the RhoA signaling pathway was
confirmed through RhoA and Rac1 assays with cortical neurons
(see Fig. 4G and Table S2). Most RhoA activity was inhibited by
C3T. However, Y27632 did not decrease RhoA activity, confirming
that ROCK is downstream of RhoA. RhoA activity was slightly
increased by Y27632, possibly because of negative feedback. Fur-
thermore, Rac1 activity was significantly increased by the RhoA
inhibitor but not by the ROCK inhibitor. This result is also
consistent with the increase of Rac1 activity by shRNA of GEF-H1
(see Fig. 3G and Table S2), confirming that Rac1 activity is
inhibited by RhoA activity in neurons. All together, these results
demonstrated that GEF-H1 could regulate spine development
through the RhoA signaling cascade including ROCK and Rac1.
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Fig. 4. The negative effect of GEF-H1 over-expression on spine length is
eliminated by an inhibitor of RhoA or ROCK. (A) Hippocampal neurons (13 DIV)
were transfected with mCherry and GFP (Cont) or mCherry and GEF-H1 tagged
withGFP(GEF),andthenstainedwithantibodiesagainstGFPandGluR1at16DIV.
(B) Hippocampal neurons were transfected the same way as above, treated with
aRhoAinhibitorC3transferase(C3T,1.0�g/ml)overnight(14–16h)at15DIV,and
stained as above. (C) Hippocampal neurons were transfected the same way as
above, treated with a ROCK inhibitor (Y27632, 100 �M) for 3 days, and stained as
above. Only GFP or GFP-GEF and mCherry images are shown here for comparison
(A–C). (Scale bars, 10 �m.) (D–F) The effect of drug or GEF-H1 on the density and
length of spines were analyzed quantitatively as explained in Fig. 2. Compared
with untreated neurons (Cont), neurons treated with C3T (C3T) or Y27632 (Y27)
showed significant increases in spine density. Spine density did not changed by
GEF-H1 over-expression (GEF �). (E) Compared with untransfected neurons (first
bar from the left), neurons over-expressing GEF-H1 (second bar) showed signif-
icant decrease in spine length. The change of spine length by GEF-H1 over-
expression is eliminated by treatment of C3T (fourth bar) or Y27632 (sixth bar).
The drug treatments only (third or fifth bar) significantly increased spine length.
The label of bars is the same as in (D). (F) The change of spine length by GEF-H1
over-expression was eliminated by the drug treatments. See Table S1 for values
and statistical analysis (D and E). (G) Cortical neurons were treated with C3T or
Y27632 as above. At 16 DIV, neurons were harvested and solubilized proteins
were applied to RhoA or Rac1 assay. C3T treatment significantly decreased and
increased the activity of RhoA and Rac1, respectively. See Table S2 for values and
statistical analysis.
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GEF-H1 Mediates the AMPA-R Activity-Dependent Regulation of Spine
Development. It has been previously reported that AMPA-R ac-
tivity regulates the development of dendrites through Rho GTPases
(2, 22). Previous studies also demonstrated that AMPA-R activity
is involved in the stabilization of spines (2, 22). Blocking AMPA-R
activity with NBQX significantly reduced spine density (23) and
spine motility was inhibited by application of AMPA-R agonists
(24). However, the molecular mechanism underlying this regulation
is not clear. Our data demonstrating the association of GEF-H1
with the AMPA-R complex and the regulation of spine develop-
ment by GEF-H1, suggest that GEF-H1 could play a role in the
AMPA-R-dependent regulation of spine development. To test
this hypothesis we first examined AMPA-R-dependent regulation
of spine development after shRNA knock-down of GEF-H1
expression.

As shown previously with organotypic hippocampal slice
cultures (23), treatment of cultured neurons with the AMPA-R
antagonist NBQX for 7 days significantly decreased spine den-
sity because of elimination of immature spines (Fig. 5 B and E,
and see Table S1). Most of the remaining spines after NBQX
treatment are mushroom spines that have a medium length and
round head (see Fig. 5 B and E and Table S1). This negative
effect of NBQX on spine density was completely eliminated by
the down-regulation of GEF-H1 expression (see Fig. 5 C and E
and Table S1). The combination of NBQX treatment and
down-regulation of GEF-H1 demonstrated that GEF-H1 is
critical for the AMPA-R regulation of spine development.

To further examine the effect of NBQX on spine development,
the activity of RhoA and Rac1 were measured with or without
NBQX treatment using cortical neuronal cultures (Fig. 5F and see
Table S2). NBQX treatment significantly increased RhoA activity
and decreased Rac1 activity. This activity change of Rho GTPases
by NBQX was completely eliminated by the down-regulation of
GEF-H1 expression (see Fig. 5F and Table S2). Therefore, it is
likely that the decrease of spine density by NBQX is a result of an
increase of RhoA activity by activation of GEF-H1. All together,
these results strongly suggest that inhibition of AMPA-R activity
results in the activation of GEF-H1 and the modulation of spine
development.

Discussion
Recent studies have implicated AMPA-Rs in the regulation of
activity-dependent structural plasticity (2). However, the molecular
details of the intracellular signaling pathways for AMPA-R-
dependent structural plasticity are largely unknown. In this study,
we have shown that GEF-H1 is associated with the AMPA-R
complex and that GEF-H1 is a link from AMPA-R activity changes
to the regulation of structural plasticity in neurons. Many numbers
of neurological disorders, such as mental retardation, are associated
with defects in dendritic spine morphology and number of dendritic
spines (25). Therefore, our study provides additional insights into
the AMPA-R function and synaptic plasticity in general that may
be relevant to brain development, learning and memory, and
neurological disorders.

A previous study of GEF-H1 in neurons showed that GFP-
GEF-H1 was localized in the dendritic shaft and translocated to
spines only after KCl-dependent depolarization or electrical stim-
ulation (26). As mentioned above, our results showed that over-
expressed GFP-GEF-H1 was not observed in spines but in dendritic
shafts. However, we observed GEF-H1 puncta in spines from
neurons expressing low levels of GFP-GEF-H1 that could be similar
to the expression level of endogenous GEF-H1. Our Western blot
analysis showed that endogenous GEF-H1 is highly enriched in
PSD III fraction from the brains, strongly suggesting that endog-
enous GEF-H1 is in spines where most excitatory synapses are
located. Our neurons were transfected with GFP-GEF-H1 at DIV
13 and examined at DIV 16. In the previous study (26), neurons
were transfected with GFP-GEF-H1 at DIV 7 and 8 and examined

at DIV 16 to 21. This difference in expression time of exogenous
GFP-GEF-H1 might be responsible for the different subcellular
location of GEF-H1. In addition, the previous study (26) used rat
GEF-H1 cDNA (encode 958 aa) that is shorter than our rat
GEF-H1 cDNA (encode 985 aa). Compared to their shorter cDNA,
our full-length cDNA encode 27 aa more in the N-terminal region.
Previous studies showed that full-length human GEF-H1 and
mouse Lfc have the same size as our GEF-H1 cDNA (9, 15).

Data in this study consistently demonstrated that GEF-H1
negatively regulates the development of spines through a RhoA
signaling cascade. Our data also strongly indicate that AMPA-R
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Fig. 5. The negative effect of NBQX on spine density is eliminated by shRNA
of GEF-H1. (A) A group of hippocampal neurons (9 DIV) was infected with
lentivirus carrying GFP only, then stained with antibodies against GFP, GluR1,
and MAP2 at 16 DIV. (B) The same batch of neurons were infected same way
as above and treated with an AMPA-R blocker (NBQX, 20 �M) for 7 days. (C)
The same batch of neurons were infected with lentivirus carrying shRNA of
GEF-H1 and GFP and treated with NBQX (20 �M). (D) The same batch of
neurons was infected with lentivirus carrying shRNA of GEF-H1 and GFP. (B–D)
Staining was done same way as in (A). (Scale bars, 10 �m.) (E) The effect of drug
and shRNA of GEF-H1 on spine density was analyzed quantitatively by plotting
number (#) of spines per 10 �m of dendrite. Compared with untreated
neurons (Cont,), NBQX treatment (NBQX) significantly decreased spine den-
sity. The change of spine density by NBQX was eliminated by infection of
shRNA of GEF-H1 (NB�Ri). (F) Cortical neurons were infected with the lenti-
virus (RNAi or Ri) and treated with NBQX (NBQX or NB) as above. At 16 DIV,
neurons were harvested and solubilized proteins were applied to the RhoA or
Rac1 assay. NBQX treatment significantly increased and decreased the activity
of RhoA and Rac1, respectively. However, the NBQX effect was eliminated by
shRNA of GEF-H1 (NB�Ri). See Table S2 for values and statistical analysis.
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activity negatively regulates GEF-H1 activity, resulting in inhibition
of the synaptic RhoA signaling cascades. These are consistent with
the general conclusion derived from the studies of activity-
dependent dendrite arbor growth in vivo using a Xenopus tadpole’s
visual system. Glutamate receptor activation by visual stimulation
negatively regulated the RhoA signaling pathway, resulting in
dendritic arbor growth (2). Furthermore, it has been reported that
AMPA-Rs regulate experience-dependent dendritic arbor growth
in vivo (27). Similarly, for spine development, AMPA-R activation
by local presynaptic inputs could negatively regulate the RhoA-
signaling pathway, resulting in an increase in spine density and
strengthening local connections with the presynaptic inputs.
Through similar mechanisms, the RhoA signaling pathway could be
activated when spine development needs to be limited because of
a low level of synaptic inputs.

GEF-H1 is the first GEF identified as a mediator of AMPA-R
activity-dependent regulation of spine development. AMPA-Rs
and Rho GTPases have been known as key players for functional
and structural plasticity, respectively. In that regard, our finding of
GEF-H1 as a linker between these two could give us important
insight into the molecular mechanisms for synaptic development
and plasticity. Because structural and functional plasticity seems to
be coordinated, there may be common regulators of functional and
structural plasticity that coordinate these 2 aspects of synaptic
plasticity. GEF-H1 may be one of the common regulators because
AMPA-R trafficking is regulated by actin dynamics that is regu-
lated by GEF-H1 activity. It has been suggested that synaptic Ca2�

influx through NMDA receptors during long-term potentiation
induction triggers Rho GTPase-meditated actin polymerization,
resulting in AMPA-R trafficking to synapses (28). Regulation of the
RhoA signaling pathway by GEF-H1 could also be involved in this
NMDA receptor-mediated AMPA-R trafficking in and out of
synapses.

Methods
Detailed experimental methods are described in SI Methods. The use and care
of animals in this study follows the guideline of the Institutional Animal Care
and Use Committee at the Johns Hopkins University.

Biochemical Analyses of AMPA-R Complex from Rat Brains and Cells. Prepara-
tions of rat brain lysate, fractionation, and solubilization are described in the SI
Methods in detail. For the purification of AMPA-R complex from rat brain,
matured membrane proteins were then enriched as described in a previous study
(29). AMPA-R complexes were then purified through large-scale IP followed by
Mass Spectrometry analysis as described in the SI Methods and a previous study
(30) in detail. Purification of synaptosome and postsynaptic density were per-
formed based on a method described previously (31). Western blot analyses were
performed as described previously (32).

cDNA Subcloning, Mutagenesis, and Preparation of Lentiviral shRNA. The EST
clone of Rho/Rac GEF2 was obtained from Integrated Molecular Analysis of
Genomes and their Expression (IMAGE) Consortium and subcloned into mam-
malian-expressionvectors.Basedonapreviousstudy(33), thedominant-negative
form of GEF-H1 (GEF-DN) was designed and generated. The short hairpin RNA
(shRNA) of GEF-H1 was designed based on the sequences of short interference
RNA (siRNA) used in previous studies of GEF-H1 homologous (33, 34), and the
shRNA was subcloned into lentiviral vector, FUGW (35). See the SI Methods for
details.

Neuronal Cell Culture, Immunocytochemistry, Microscopy Image Analysis, and
Statistics. Corticalandhippocampalneuroncultureswereprepared,maintained,
and analyzed as previously described (36). See SI Methods for details.
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