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ABSTRACT

Activity-dependent modifications in the strength of excitatory synapses are considered to be major
cellular mechanisms that contribute to the plasticity of neuronal networks underlying learning and
memory. Key mechanisms for the regulation of synaptic efficacy involve the dynamic changes in size
and number of dendritic spines, as well as the synaptic incorporation and removal of AMPA-type
glutamate receptors (AMPAr). As key regulators of the actin cytoskeleton, the Rho subfamily of GTP-
binding proteins play a critical role in synaptic development and plasticity. They shuttle between the
active GTP-bound form and the inactive GDP-bound form under the regulation of dedicated guanine
nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). More than 80 human GEFs
and 70 GAPs have been identified, most of which are expressed in the brain with a specific spatial
and temporal expression pattern. However, the function of most GEFs and GAPs in the brain has not
been elucidated. In this review, we highlight the novel neuronal function of the synaptic RhoGAP
ARHGAP12 and the ID-associated RhoGEF TRIO and further propose 3 possible approaches of neurons
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utilizing Rho GTPase regulatory proteins to accurately modulate synaptic function.

Introduction

Chemical signals are transmitted between neurons via
specialized structures named synapses. The vast majority
of excitatory synapses in which glutamate is the predomi-
nant neurotransmitter are located on spines, actin cyto-
skeleton enriched protrusions on the dendrite. The
adaptive plastic property of neurons, namely the ability of
rapidly changing the morphology and the molecular com-
position at excitatory synapses in response to experience,
is widely believed to be the cellular basis of learning and
memory. The long-lasting increase and decrease in synap-
tic strength, known as long-term potentiation (LTP) and
long-term depression (LTD), respectively, are 2 most
well-studied forms of Hebbian synaptic plasticity. Con-
siderable experimental evidence has demonstrated that
alterations in the size and the amount of dendritic spines,
which largely rely on remodeling of actin cytoskeleton,
are correlated with the efficacy of excitatory synaptic
transmission (reviewed in ref. 1). Interestingly, intimate
association between LTP/LTD and enlargement/shrink-
age of dendritic spines have been observed,* which fur-
ther supports the positive correlation between spine
structure and synaptic strength, and leads to the concept
of structural plasticity and functional plasticity.

Due to the capability of directly controlling actin
dynamics and organization, Rho GTPase family members
have been pointed as key contributors for orchestrating
changes in synaptic structure and function. Belonging to
the Ras superfamily of small GTPases, Rho GTPases func-
tion as molecular switches cycling between an active
GTP-bound form and an inactive GDP-bound form.
Among 22 members of Rho family identified so far, RhoA
has been demonstrated to inhibit spine formation and
maintenance while Racl and Cdc42 display opposing
effect in both cellular and animal models.*® The activity
of Rho GTPase is mainly regulated by guanine nucleotide
exchange factors (GEFs), which are positive regulators, by
GTPases activating proteins (GAPs) and guanine nucleo-
tide dissociation inhibitors (GDIs), which are negative
regulators. Several critical GEFs and GAPs have been
found to be localized at synapses and play multifaceted
roles in regulating synaptic function.”'' For instance, the
extensively studied RhoGEF Kalirin7 (Kal7) has been
found to exclusively localize to the postsynaptic compart-
ment of excitatory synapses in hippocampus. Elevated
Kal7 levels increase spine density and size, whereas down-
regulation of endogenous Kal7 leads to a decrease in spine
and synapse density both in vitro and in vivo.">"* Also,
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loss of Kal7 results in a decrease of NR2B containing N-
methyl-D-aspartate receptors (NMDATrs) in PSDs and
specifically impairs NMDAr-dependent LTP and LTD."*
In addition, another GEF Tiam1 has been shown to regu-
late axon extension and neuronal migration both in vitro
and in vivo."”"” Knocking down Tiaml significantly
reduces dendritic arborization and spine density, as well
as the frequency of miniature excitatory postsynaptic cur-
rent (mEPSC) in cultured hippocampal neurons.'®°
More recently, Um et al. have demonstrated that Tiam1
forms a GEF/GAP complex with RacGAP Bcr at synapses,
which is essential for rapidly regulating Racl signaling
and maintaining synaptogenesis in an optimal range.*'

Growing evidence highlights the association between
synaptic dysfunction and neurodevelopment disorders
including intellectual disability (ID) and autism spectrum
disorders (ASDs). A series of mutations in genes encoding
Rho GTPases signaling have been identified in patients
with ID and/or ASDs.*” There is no doubt that revealing
the precise function of individual Rho proteins will shed
light on the mechanisms underlying ID and ASDs.
Including ID associated proteins OPHN1, ARHGEF6 and
Kalirin, more than 80 GEFs and more than 70 GAPs exist
in the human genome,**"** providing a ratio between the
number of Rho GTPases and GEFs/GAPs about 4 to 1.
Although lots of efforts have been made to unmask the
detailed regulatory role of Rho proteins in different devel-
opmental stages of the central nervous system (CNS), the
field still lacks a complete picture of how the brain utilizes
“overabundant” molecules involved in Rho GTPase sig-
naling to achieve a precise regulation of synaptic strength
during development and cognition. It is hypothesized
that excess GEFs and GAPs enable neurons to temporally
and spatially restrict their responses to local extracellular
cues and further ensure proper connectivity for learning
and memory (reviewed in refs. 26, 27). Here, based on the
previous findings and the recent functional characteriza-
tions of the novel synaptic RhoGAP ARHGAP12 ** and
the ID associated RhoGEF TRIO,* we further propose 3
possible approaches, in addition to previously summa-
rized regulatory manners (reviewed in ref. 27), for
neurons to accurately control synaptic strength via Rho
GTPase signaling pathways during development.

Diverse approaches accomplishing precise
regulation of synaptic efficacy via Rho GTPase
signaling

Using individual multifunctional GEFs/GAPs at
synapses

We recently uncovered a dual function for the previously
uncharacterized RhoGAP, ARHGAPI12, specifically at
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hippocampal excitatory synapses during development®®
(Fig. 1A). ARHGAPI12 is able to orchestrate synaptic effi-
cacy by modulating both spine morphology and surface
o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
receptor (AMPATr) levels at the post-synaptic compartment.
Overexpression of ARHGAP12 reduced both spine density
and volume while knocking down ARHGAPI2 resulted in
increased spine volume without affecting spine density.
Functionally, elevated levels of ARHGAPI2 significantly
depressed CA3-CA1 synapses, and on the contrary, potenti-
ated excitatory synaptic transmission was observed in ARH-
GAP12 downregulated neurons. Our data further showed
that ARHGAPI2 is able to actively regulate excitatory
AMPATr endocytosis. More importantly, we demonstrated
that 2 distinct pathways are engaged to mediate structural
and functional alterations respectively. On one hand, the
GAP activity of ARHGAP12 allows it to regulate the activity
of its target Racl GTPase and subsequently modulate the
morphology of dendritic spines. On the other hand, by
interacting with the F-BAR protein CIP4, ARHGAPI2 is
involved in the endocytic machinery and further regulates
AMPAr endocytosis. A similar mechanism has been
observed in studies of OPHN1, whose mutations have been
associated with ID.*> OPHNI1 regulates spine structure
through its RhoGAP activity and maintains normal AMPAr
recycling via interacting with Homer1b/c.**' Moreover, via
interactions with endophilin A2/3, OPHNI also mediates
persistent decreases in surface AMPArs in mGIuR-LTD.*
Together, these findings strongly indicate that neurons can
optimize synaptic efficacy by making use of individual mul-
tifunctional proteins involved in Rho GTPase signaling at
synapses (Fig. 3A). It is not hard to imagine that several
advantages may come from this approach. Firstly, using one
protein to regulate cellular events that alter synaptic struc-
ture and function in the same direction would greatly rein-
force and ensure desired synaptic modifications in response
to experience and/or development to occur correctly. Sec-
ondly, it enables neurons to respond to external cues more
rapidly since one signal might already be sufficient to trigger
structural and functional modifications simultaneously.
Lastly, it provides an optimal energetic setting at synapses in
the CNS. It has been shown that the largest component of
brain energy is used at synapses and disruptions thereof
have been found to present pathological effects (reviewed in
ref. 33). Using multifunctional Rho GTPases and their regu-
lators may contribute to turning on an energy-saving mode
at synapses and maximize energy supply for normal cogni-
tive processes.

In line with the spatiotemporal specificity of ARH-
GAP12, namely its unique expression pattern in excit-
atory neurons of CA1 subregion at early developmental
stages, our results suggest that ARHGAPI12 functions as
a synaptic “brake” during hippocampal development by
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Figure 1. Synaptic function of ARHGAP12 during hippocampal development. (A) ARHGAP12 is almost exclusively expressed in CA1
excitatory neurons. Overexpression of ARHGAP12 significantly reduces both spine density and volume while downregulation leads to
increased spine size without affecting the density. Electrophysiologically, elevated ARHGAP12 levels depress both AMPAr- and NMDAr-
mediated synaptic transmission whereas reduced ARHGAP12 levels specifically enhance AMPAr-mediated transmission. In addition,
knocking down ARHGAP12 promotes silent synapses converting to functional synapses. (B) ARHGAP12 acts as a synaptic “brake” during
hippocampal development. In rodent, rapid synaptogenesis in the hippocampus occurs between the second and the third postnatal
week followed by a selective pruning in adolescence and maintenance in adulthood. The expression of ARHGAP12 protein in CA1 subre-
gion gradually declines in the first 3 postnatal weeks and sustains low levels throughout hippocampal development, which releases the
“brake” and allows for synaptogenesis.

limiting silent synapses converting to active synapses  mediated signaling pathway, in the sense that synaptic
(Fig. 1B). Additionally, we also observed a positive feed-  activity is required for ARHGAPI2 repression, and in
back loop between synaptic activity and ARHGAP12  turn, ARHGAP12 downregulation enhances synaptic
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Figure 2. Synaptic function of TRIO in the hippocampus. Reduced expression of TRIO increases dendritic complexity and enhances syn-
aptic transmission at CA3-CA1 synapses.

efficacy. Overall, these results indicate that by regulating  to environmental stimuli and developmental changes,
the levels of individual multifunctional molecules  and consequently maintain synaptic strength and con-
involved in Rho GTPase singnaling, neurons may adjust ~ nectivity in an optimal range.
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Figure 3. Three approaches utilized by neurons to precisely regulate synaptic efficacy. (A) Using individual multifunctional Rho GEFs/
GAPs to control synaptic structure and function. (B) Using homologs displaying distinct effects on neuronal and synaptic development.
(O) Recruiting multiple GEFs/GAPs to target a common cellular event.
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Notably, Arhgapl2 mRNA was recently identified as a
potential target of FMRP, an RNA binding protein that
represses translation® and loss of function mutations in
FMRP gene result in Fragile X Syndrome (FXS). A form
of protein synthesis-dependent synaptic plasticity,
mGIluR-LTD, has been demonstrated to be exaggerated
in a mouse model of FXS (Fmrl KO mice), due to the
absence of FMRP mediated repression of “LTD” pro-
teins. Several mechanisms including PICKI-GluA2
interaction,”*® OPHN1-endophilin interaction,”* PKC-
dependent phosphorylation of GluA2, and activation of
the Racl-LimK-cofilin signaling pathway’>~* have been
implied in the regulation of mGluR-LTD. Based on these
reports and our observation of ARHGAPI2 being a
repressor of spine morphology and synaptic strength, we
speculate that ARHGAPI12 could be perfectly situated to
act as a coordinator to structurally and functionally
weaken synapses during plasticity. Moreover, it could
also serve as a potential target to reverse the exaggerated
mGIuR-LTD phenotype observed in FXS. One of the
current focuses in our group is to seek direct experimen-
tal evidence to evaluate this hypothesis. Experiments
combining electrophysiological, molecular biological and
behavioral approaches in Arhgapl2 knockout animals
will provide novel insight of how ARHGAP12 is involved
in mGIuR-LTD and how neurons command multifunc-
tional GEFs and GAPs to precisely regulate cognitive
processes.

Using homologs displaying opposing effect

Many of the GAPs and GEFs are highly identical in
terms of their structure. As it has been proposed, the spa-
tiotemporal expression pattern could explain the func-
tional divergence. A typical example is a-chimaerin, a
RhoGAP possessing GAP activity toward Racl and to a
lesser extend to Cdc42. There are 2 isoforms of a-chi-
maerin, «l- and «2- chimaerin, which both contain C1
and RhoGAP domains but differ in that the o2-chi-
maerin contains an N-terminal SH2 domain that is
absent from «1.”® Interestingly, both isoforms strongly
differ in their temporal expression. Whereas o2-chi-
maerin is strongly expressed early in development, the
expression of a1-chimaerin coincides with synaptogene-
sis, resulting in a high expression in mature neurons. In
concordance, both isoforms have been found to have
very distinct functions. Alpha2-chimaerin has been
found important for axon guidance and neuron migra-
tion,”***" whereas a1-chimaerin has a specific role in
spine pruning in the hippocampus and cerebellum.*>**
In addition to the discoveries above, homologs involved
in Rho GTPase signaling may also target common cellular
processes during development in a counterproductive

manner. A striking example occurs along the functional
characterization of Trio and its ortholog Kalirin. Initial stud-
ies indicated that Trio full-knockout mice display embryonic
lethality.** Moreover, disrupted cerebellum development,
such as abnormal neurite growth and granule cell migration,
has been observed in conditional knockout mice of Trio.*”
Recently, we identified TRIO as a responsible gene for mild
to borderline ID and further revealed its contribution during
neurite outgrowth and basal synaptic transmission.”> Our
results showed that reduced Trio levels promote neurite out-
growth and specifically enhance AMPAr-mediated trans-
mission, indicating that the endogenous TRIO restricts
these 2 critical cellular events (Fig. 2). Surprisingly, although
sharing more than 80% of the sequence, the effect exhibited
by TRIO is opposing to that displayed by Kalirin, which
stimulates neurites outgrowth and is required for activity-
dependent spine enlargement and enhancement of
AMPAr-mediated transmission. This scenario is of particu-
lar interest since it represents another approach of neurons
accurately regulating multiple critical events of neuronal
development. By choosing structural identical homologs
displaying opposite synaptic function, neurons may achieve
a fine balance that is required for all neuronal events includ-
ing migration and synaptogenesis and accurately steer brain
development in the proper direction (Fig. 3B). Of note, a
recent study reported that neurons with elevated levels of a
specific isoform of TRIO, TRIO-9, displayed increased
AMAPr-mediated synaptic transmission.*® Also, knocking
down endogenous TRIO at 1 day in vitro (1 DIV) when
Trio is the most profoundly expressed led to a deficit in syn-
aptic transmission,*® an opposite effect of reducing TRIO
levels at a later time point, 4 DIV. These findings imply that
variants of GEFs and GAPs might exhibit distinct function
and aberrations in their levels occurring at different stages
of development may result in diverse, even completely
opposing impact at synapses. Future experiments are
needed to test this idea.

Recruiting multiple GEFs/GAPs to target common
cellular events

A recent study reported the contribution of ARHGAP12
in regulating phagocytosis,” an important event respon-
sible for eliminating particles in diverse cell types. A com-
mon feature of the phagocytic process, regardless of the
type of receptor bound or the size of the target particles, is
the involvement of actin cytoskeleton remodeling.*®
Interestingly, other studies showed that both phagocytosis
and excitatory synaptogenesis require Racl activation
downstream of BAI1.*** Schlam et al. have demon-
strated that ARHGAP12 acts synergistically with other 2
GAPs, SH3BP1 and ARHGAP25, to disassemble actin, a
critical step underlying phagosome maturation for



completing the internalization of large targets. Sustained
Rac or Cdc42 activities resulted from silencing one of the
3 Rho GAPs can compromise phagocytic efficiency.”’
These findings, in RAW 264.7 cell lines, may provide a
hint of why and how multiple Rho regulators are required
in CNS. Instead of being functionally redundant, multiple
Rho regulators, with overlapping functions, might be
engaged in the same neuronal event to ensure it takes
place flawlessly (Fig. 3C). Given that both endogenous
ARHGAPI2 and TRIO are the most abundant at early
developmental stages in the hippocampus and that both
are present at synapses and limit synaptic transmission, it
stands to reason that ARHGAP12 and TRIO may serve as
GEF-GAP partners and restrict synaptic strength collabo-
ratively in order to keep neuronal connectivity optimal.
Future experiments are required to evaluate this possibil-
ity, clarify respective contributions of ARHGAP12 and
TRIO and further identify more pivotal GEFs and/or
GAPs partners in controlling normal synaptic function.

Conclusion

Detailed functional analysis of Rho GTPases and their
regulatory proteins will provide mechanistic insight of
how the normal brain regulates cognition and how neu-
rological disorders occur. In addition to the continuous
investigation of unraveling neuronal function of individ-
ual GEFs and GAPs, future experiments might also aim
for generating an expression profile of Rho regulators at
the single cell, perhaps even at single synapse level.
Indeed, novel imaging techniques combined with
reporter molecules allow to investigate Rho GTPase sig-
naling at single synapse level.” Different cell types at dif-
ferent brain regions may possess their unique identities
reflected by distinct compositions of GEFs and GAPs,
which might ultimately determine their responses and
contributions in cognitive processes.
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