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Abstract Alzheimer’s disease (AD) is a monumental public
health crisis with no effective cure or treatment. To date, ther-
apeutic strategies have focused almost exclusively on up-
stream signaling events in the disease, namely on 3-amyloid
and amyloid precursor protein processing, and have, unfortu-
nately, yielded few, if any, promising results. An alternative
approach may be to target signaling events downstream of 3-
amyloid and even tau. However, with so many pathways al-
ready linked to the disease, understanding which ones are
“drivers” versus “passengers” in the pathogenesis of the dis-
ease remains a tremendous challenge. Given the critical roles
of Rho-guanosine triphosphatases (GTPases) in regulating the
actin cytoskeleton and spine dynamics, and the strong associ-
ation between spine abnormalities and cognition, it is not sur-
prising that mutations in a number of genes involved in Rho-
GTPase signaling have been implicated in several brain dis-
orders, including schizophrenia and autism. And now, there is
mounting literature implicating Rho-GTPase signaling in AD
pathogenesis as well. Here, I review this evidence, with a
particular emphasis on the regulators of Rho-GTPase signal-
ing, namely guanine nucleotide exchange factors and GTPase-
activating proteins. Several of these have been linked to var-
ious aspects of AD, and each offers a novel potential thera-
peutic target for AD.
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Introduction

In the mammalian nervous system, one of the most morpho-
logically plastic structures in neuronal networks can be found
along dendritic shafts, in the form of small protrusions called
dendritic spines. During development and throughout adult-
hood, their numbers and morphology constantly evolve,
reflecting changes in synapse formation and function,
allowing for remodeling of neuronal circuits. It is generally
believed that this inherent plasticity is the basis of learning and
memory processes, driven by changes in signaling pathways
and cytoskeletal protein rearrangement [1-5].

Given their importance in learning and memory, it is not
surprising that dementia could stem from the disruption of
normal dendritic spine function, an idea that dates back to well
over 100 years ago, to Ramén y Cajal, who first postulated
that “dementia could result when synapses between neurons
are weakened as a result of a more or less pathological condi-
tion, that is, when processes atrophy and no longer form con-
tacts, when cortical mnemonics or association areas suffer
partial disorganization”. Indeed, in the last few decades, mul-
tiple lines of evidence have shown that disruptions in dendritic
spine shape, size, or number invariably accompany various
brains disorders, such as schizophrenia [6—9], Angelman syn-
drome [10], and Rett syndrome [11-13], and may be even be a
characteristic feature of traumatic brain injuries [ 14, 15]. What
do these various neuropsychiatric and neurodevelopmental
diseases share in common? They all involve deficits in infor-
mation processing and share a key common pathogenic sub-
strate, namely dendritic spines. Alzheimer’s disease (AD),
however, represents an interesting case.

AD is a Disease of Synapses

While classified as a neurodegenerative disease, in the earliest
clinical phases, patients with AD, who otherwise exhibit
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normal sensory and motor functions, typically present with a
remarkably pure impairment of cognitive abilities and
amnestic symptoms. Mounting evidence suggests that these
are due to prominent synapse loss, particularly in the hippo-
campus and throughout the cortex [16-20], the principal areas
affected in AD, and not to the loss of whole neurons. In fact,
dendrite and synapse loss show a much stronger correlation
with the associated cognitive decline than do neurofibrillary
tangles or frank neuronal degeneration [17]. Additionally, the
loss of synapses is often significantly more pronounced than
would otherwise be predicted from simple neuronal loss, firm-
ly placing synaptic dysfunction as a driver of AD-related cog-
nitive decline rather than a byproduct [16—18]. At its core, AD
is a disease of synapses. Consequently, correcting this loss of
synapses represents a viable and arguably requisite therapeutic
strategy, especially in the early stages of the disease, prior to
massive neuronal loss.

Rho-Guanosine Triphosphatases at the Center of AD
Pathology

The precise molecular nature of synapse loss in AD is not fully
understood. However, previous studies in developing brains
and in maturing neurons in culture provide valuable clues. Of
particular interest is the Rho-family of guanosine
triphosphatases (GTPases), a subfamily of the Ras superfam-
ily of GTPases, which stimulate a wide array of cellular pro-
cesses, including morphogenesis, cell migration, mitosis, and
adhesion [21-23]. The Rho subfamily is further divided into 7
subfamilies (Rho, Rac, Cdc42, Rnd, RhoD, RhoBTB, and
RhoH), of which the most extensively studied members are
RhoA, Racl, and Cdc42 for their role in regulating the actin
cytoskeleton, the main structural component of dendritic
spines, and thus in controlling spine dynamics [24-27].
Because of their important roles in various cellular processes,
their activities are tightly spatiotemporally regulated to ensure
homeostasis.

There are 3 main modes of regulation of Rho-GTPase ac-
tivity (Fig. 1) [28]. They are activated by guanine nucleotide
exchange factors (GEFs), which catalyze the exchange of
bound guanosine-5’-diphosphate for guanosine-5’-triphos-
phate, and inhibited by GTPase-activating proteins (GAP),
which catalyze the hydrolysis of guanosine-5’-triphosphate
to guanosine-5’-diphosphate. A third critical level of regula-
tion is provided by the Rho-specific guanine nucleotide dis-
sociation inhibitor family of proteins, which act to sequester
the inactive pool of Rho-GTPases in the cytosol and prevent
their interactions with GEFs at the cell membrane [29].

Aberrant Rho-GTPase signaling leads to widespread neu-
ronal network dysfunction and eventual diseases, and has
been proposed to cause certain diseases, including AD.
Recent immunohistological studies suggest that the subcellu-
lar localization of RhoA may be altered in AD brains, with
decreased staining in the neuropil and a marked increase in
neurons, co-localizing with hyperphosphorylated tau inclu-
sions [30]. Localization of Racl and Cdc42 were reported to
be unchanged. RhoA mislocalization can also be seen in the
human amyloid precursor protein (hAPP) Tg2576 (Swedish
mutation) AD mouse model, which shows decreased levels in
synapses but increased levels in dystrophic neurites [30]. At
12—18 months of age, these mice have also been reported to
have significantly increased RhoA levels and decreased Racl
levels in the brain [31]. Our recent studies in the hAPP J20
(Swedish and Indiana mutations) AD mouse model show a
strong correlation between dendritic spine loss and behavioral
deficits with a significant increase in RhoA activity [32]. In
vitro studies in cultured cells also reflect these changes. A3
oligomers trigger a significant increase in RhoA activity in
both SY5Y cells and in cultured hippocampal neurons
[31-34]. Cdc42 and Racl levels have been reported to be
elevated in select neuronal populations in AD brains com-
pared with age-matched controls and have been proposed to
perhaps play a role in activating cell cycle-related genes [35].
Interestingly, in these studies Cdc42 and Racl show consid-
erable overlap with early cytoskeletal abnormalities
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Fig. 1 Regulation of Rho-guanosine triphosphatase (GTPase) activity.
Rho-GTPases are activated by guanine nucleotide exchange factors
(GEFs), which catalyze the exchange of bound guanosine-5’-
diphosphate (GDP) for guanosine-5’-triphosphate (GTP), and inhibited
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suggesting that these changes are an extremely proximal event
in the pathogenesis of the disease. These findings are consis-
tent with studies showing increased Cdc42 and Racl activity
in hippocampal neurons treated with fibrillar 3-amyloid (Af3)
[36]. Intriguingly, both RhoA and Racl have been implicated
in the processing of APP and A342 production. It has been
proposed that Racl activity might promote A(342 production
by positively regulating APP gene synthesis [37], and/or by
shifting the substrate specificity of y-secretase between
Notchl and APP [38]. Moreover, cleavage of APP may be,
at least in part, dependent on RhoA signaling, as A{342 pro-
duction is significantly reduced by treatment with nonsteroidal
anti-inflammatory drugs that block RhoA activity or that of
the RhoA effector ROCKII in vivo in a transgenic AD mouse
model [39, 40].

Taken together, the evidence suggests that Rho-GTPases play
a fundamental role in several aspects of AD pathology, from
APP processing and A 342 production to the widespread synap-
tic dysfunction associated with the disease. While the interplay
between the various signaling pathways remains unclear, Rho-
GTPases may provide attractive therapeutic targets for AD.

Direct Modulation of Rho-GTPases for AD Treatment

The idea that the direct pharmacological modulation of Rho-
GTPase activity might restore normal synaptic function and
cognition in AD has some precedence. Previous studies have
shown that cytotoxic necrotizing factor 1 (CNF1), a bacterial
protein produced by Escherichia coli that activates RhoA,
Racl, and Cdc42, can promote the formation of spine-like
structures in cultured neurons. Local injection of CNF1 has
been shown to increase dendritic spine density in the rat visual
cortex [41]. More importantly, these newly formed dendritic
spines appear to be functional, as intracerebroventricular
(ICV) injection of CNF1 can persistently (up to 90 days
post-treatment) increase hippocampal neurotransmission,
long-term potentiation (LTP), and memory in wild-type mice
[42—44]. These benefits may also translate to other neurolog-
ical disorders. For example, ICV injection of CNF1 has been
reported to reduce locomotor hyperactivity and to partially
correct memory deficits typically seen in the hAPP (Swedish
and Indiana mutations) TgCRND8 AD mouse model [45].
CNF1 can also improve the behavioral and astrocytic deficits
in a mouse model of Rett syndrome [46]. It should be pointed
out that as CNF1 targets all 3 Rho-GTPases (i.e., RhoA, Racl,
and Cdc42) for activation, it is unlikely that it simply corrects
a possible imbalance in Rho-GTPase signaling in AD, and the
possibility that the beneficial effects could be nonspecific and
unrelated to any direct action on AD pathology cannot be
ruled out. To date, selective modulation of individual Rho-
GTPases has not been evaluated in the context of AD treat-
ment, but the involvement of Rho-GTPases in several cancers
has driven considerable pharmaceutical research, and several

specific inhibitors have been developed for cancer-related
therapies [47]. Whether or not any of these specific
inhibitor/modulators can be beneficial for patients with AD
remains to be seen, but they certainly represent a worthwhile
area for investigation. One important caveat to note, however,
is that total inhibition of Rho-GTPases might, in fact, not be an
optimal strategy. Rho-GTPases play important physiological
roles in normal synaptic functions, and their activities are es-
sential for learning and memory, and for the establishment of
LTP [48]. As a result, total inhibition may interfere with long-
term signaling required for spine structural plasticity [49]. An
alternative approach may be to manipulate selectively the ac-
tivity of the regulators of Rho-GTPase signaling.

Aberrant Regulation of Rho-GTPase Signaling in AD

While aberrant Rho-GTPase signaling may be associated with
several neurological diseases, to date, none of them, with the
exception of certain cancers [50], can be directly attributable
to loss- or gain-of-function mutations in the protein them-
selves. Unlike Ras proteins, which are frequently mutated,
especially in cancer (~30 %), activity-altering mutations in
the Rho proteins themselves are extremely rare. Rather, the
aberrant signaling appears to stem from the overexpression,
mutation, or dysregulation of proteins that control Rho-
GTPase activity, such as overactivation or overexpression of
GEFs and inactivation of GAPs or guanine nucleotide disso-
ciation inhibitors [51, 52].

One of the first such described examples is in the well-
known neurodevelopmental disease, X-linked mental retarda-
tion, characterized by a severe deficit in cognitive functions,
with the absence of any gross abnormalities in brain structures
[53]. However, ultrastructural analysis suggests that this may
be caused by severe defects in morphology of dendritic spines,
resulting in altered neuronal network formation [54]. This is
thought be caused, at least in part, to a loss of function of
oligophrenin-1, a RhoGAP expressed in both fetal and adult
brains [55, 56], which stimulates the GTPase activities of
RhoA, Racl, and Cdc42 [57], although more recent data sug-
gest that its activity may be specific for RhoA [58]. A loss of
function of oligophrenin-1 leads to increased RhoA activity,
eventually culminating in abnormal dendritic spine morphol-
ogy. Mutations in ARHGEF6, which encodes a Rac1/Cdc42
GEF, known as «PIX/Cool-2, has also been described in pa-
tients with X-linked mental retardation [59], possibly resulting
in decreased Racl/serine/threonine-protein kinase 3 (PAK3)
signaling [60]. Oligophrenin-1 has not been directly associat-
ed with AD. However, recent in vitro data have identified it as
a potential binding partner for intersectin-1 [61], a multifunc-
tional adaptor protein involved in endocytosis and exocytosis,
which has itself been associated with AD and Down syndrome
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[62]. While the involvement of oligophrenin-1 in AD remains
speculative, several Rho-GTPase regulatory proteins have
been linked to AD (Table 1).

Kalirin-7

Kalirin was originally discovered in 1996 as a novel protein that
interacts with the cystolic C-terminus of peptidylglycine -
amidating monooxygenase, an integral membrane peptide-
processing enzyme [63]. Kalirin has since emerged as a major
Racl-GEF and as a key regulator of structural and functional
plasticity at dendritic spines [64—68]. Several isoforms of the
kalirin gene (KALRN), stemming from various promoters and
transcriptional starts, have been discovered over the years, in-
cluding the major isoforms kalirin-5 kalirin-7, kalirin-9, kalirin-
12, and Duet [69-71]. Several of these isoforms have been
linked to a wide range of human diseases, including stroke
and addiction [72], but kalirin-7 has been of particular interest
because of its possible involvement in neuropsychiatric diseases.

Kalirin-7 (Duo in humans) is the most abundant kalirin
isoform in the adult brain, where its expression is largely lim-
ited to central nervous system neurons, localizing specifically
at the postsynaptic end of excitatory synapses. Interestingly, in
rodents, kalirin-7 protein levels are almost undetectable at
birth, only increasing at postnatal day 14, which coincides
with the onset of synaptogenesis [73, 74]. Kalirin-7 plays a
key role in the regulation of the size and density of dendritic
spines, where it interacts with several PDZ domain-containing
proteins [64—68].

Intriguingly, several recent studies have shown kalirin-7
mRNA and protein levels to be decreased in AD hippocampal
tissue [75—77]. The functional consequences of this decrease

are not clear, but, interestingly, kalirin-7 associates with induc-
ible nitric oxide synthase (iNOS) in the hippocampus resulting
in the downregulation of its enzymatic activity [76, 78]. These
data are in line with the findings that iNOS levels and activity
are increased in AD [79, 80], suggesting that the decrease of
kalirin-7 in patients with AD contributes to further augment
iNOS activity and exacerbate AD pathology [76]. Kalirin-7
decrease may also have a critical causative role in dendritic
spine pathology in AD. Kalirin-7 knockout (KO) mice show a
significant decrease in hippocampal dendritic spine density,
deficits in LTP, and impaired cognitive function [64]. These
synaptic deficits are thought to be due to abnormally attenu-
ated signaling by Racl, the main target of Kalirin-7 [65-67].

Much work remains to be done to fully dissect the role of
kalirin-7 in AD pathogenesis, especially in mediating dendrit-
ic spine pathology. However, the available evidence is com-
pelling. Restoring the depleted levels of kalirin-7 mRNA, or
altering its protein function or that of its downstream targets
may be a viable therapeutic strategy to rescue AD-associated
synaptic dysfunction and dendritic spine loss. The recent dis-
coveries that kalirin-7 may also be implicated in schizophre-
nia, where its levels are also reduced, are of particular interest
and suggest perhaps a common mechanism between these two
diseases. Therapeutic strategies targeting kalirin-7 may also
prove beneficial for AD treatment.

Dedicator of Cytokinesis 3

Dedicator of cytokinesis (Dock) proteins are members of a
family of GEF proteins (A, B, C, D) that differ from other
GEFs in that they lack 2 common motifs, namely the double
homology (DH) domain and the pleckstrin homology (PH)

Table 1  Involvement of Rho-guanosine triphosphatases (GTPases) and their regulators in the pathogenesis of Alzheimer’s disease (AD)
Name Change in AD  Regulators/target(s)/effector(s)  Proposed roles in AD [reference(s)]
Rho-GTPase RhoA 1 ROCKI, ROCKII Synaptic dysfunction; dystrophic neunites; dendritic spine loss;
A P42 production [30-34, 39, 40]
Racl T PAKI, PAK3 Cytoskeletal abnormalities; altered APP processing; increased
APP synthesis [31, 35-38]
Cdc42 T PAK2, PAK3 Cytoskeletal abnormalities; cell cycle re-entry [31, 35, 36]
GEFs/GAPs  Dock3 l Racl Tau hyperphosphorylation and neurofibrillary tangles; APP
degradation; A3 production [85, 86]
Kalirin-7 l Racl iNOS upregulation, dendritic spine pathology [75-80]
Ephexin-5 1?2 EphB2/RhoA Dendritic spine loss; dysregulated calcium signaling [100, 101]
Ephexin-1 1? EphA4/RhoA Dendritic spine loss [100, 108-110, 112]
Oligophrenin-1 ~ ND RhoA Binding partner for AD-linked protein Intersectin-1 [61]
EphR EphB2 l Ephexin-5 Synaptic dysfunction; loss of NMDA receptors [100, 101]
EphA4 1? Ephexin-1 Dendritic spine loss [100, 108-110, 112]

1 = upregulated activity or protein expression; | = repressed activity or protein expression; GEF = guanine nucleotide exchange factor; GAP = GTPase-
activating protein; EphR = erythropoietin-producing hepatocellular receptor; ND = not determined; ROCK = rho-associated, coiled coil-containing
protein kinase; PAK = serine/threonine-protein kinase; APP = amyloid precursor protein; A3 = 3-amyloid; NMDA = N-methyl-D-aspartate
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domain [81]. Instead, they contain two Dock homology re-
gions (DHRs), DHR-1 and DHR-2, which play important
roles for the membrane targeting and GEF activity of Docks,
respectively. So far, 11 Dock proteins have been identified in
the mammalian system (Docks 1-11), playing important
physiological functions in diverse brain development process-
es [82]. Several Dock proteins have already been linked to
various neuropsychiatric and neurodegenerative diseases, in-
cluding autism spectrum disorder, schizophrenia, and
Parkinson’s disease.

Dock3 (also known as modifier of cell adhesion), a mem-
ber of the DOCK-B subfamily, was originally discovered as a
presenilin-1 (PS1)-interacting protein, highly expressed in the
cortex and hippocampus, which hinted at a possible role in
AD pathogenesis [83]. Indeed, analysis of postmortem brain
tissue patients revealed a significant decrease in total Dock3
protein in AD brains. As Dock3 is a Rac1-specific GEF [84],
its depletion is consistent with reduced Racl activity in AD
neurons. Interestingly, overexpression of Dock3 stimulates the
phosphorylation of tau protein and has been found to localize
to the insoluble fraction of extracts from AD brains, where it
associates with neurofibrillary tangles [85]. Dock3 is also
thought to play a role in the regulation of APP processing.
Expression of Dock3 promotes the ubiquitin-proteasome sys-
tem-mediated degradation of APP and significantly reduces
AP secretion [86]. Whether decreased Dock3 levels in AD
contribute to increased AP levels is unknown, but it further
emphasizes the importance of dysregulated Rho-GTPase reg-
ulators in AD.

Erythropoietin-Producing Hepatocellular Receptor Signaling

Another class of molecules that has garnered a great deal of
attention in the past few years is the erythropoietin-producing
hepatocellular (Eph) family of receptor tyrosine kinases.
Already implicated in various physiological and pathological
processes in many cell types and organs [87], Eph receptors
(EphRs) have emerged as key players in neuropsychiatric dis-
eases [88]. EphRs bind to membrane-tethered ephrin receptor-
interacting proteins known as ephrin ligands, located on adja-
cent cells, to initiate a bidirectional signaling cascade down-
stream of both the receptor (forward signaling) and the ligand
(reverse signaling) [89]. EphRs are subdivided into 2 classes,
based on sequence similarities and the preferred binding ligand:
EphA and EphB. Each subclass of EphR is comprised of sev-
eral members (EphA1-A8 and EphB1-B6). As a general rule,
EphA receptors usually bind to glycosylphosphatidylinositol
anchor-linked ephrin A ligands, while EphB receptors tend to
bind transmembrane ephrin B ligands; however, EphR/ephrin
cross-reactivity does occur [87].

One of the key functions of EphR is to regulate cytoskeletal
dynamics through Rho-GTPases, more specifically through
RhoA. EphR kinase activation can activate RhoA directly, or

indirectly through the EphR-interacting nucleotide exchange
factor, Ephexin, which can activate RhoA. The ability to mod-
ulate Rho-GTPase activity in neurons is critical during devel-
opment to regulate neurite outgrowth, growth cone collapse,
and axon guidance [87], and, more recently, as regulators of
excitatory synapse formation, function, and plasticity in the
central nervous system [88]. Indeed, several EphR and ligands
localize with postsynaptic density marker PSD95 at excitatory
synapses in hippocampal neurons, including EphA4, EphB1,
EphB2, and EphB3 [90-95]. To date, at least 2 EphRs have
been linked to AD.

EphB2/Ephexin-5

Considerable progress has been made in characterizing the
mechanisms by which EphB receptors regulate excitatory syn-
aptic function and synapse development. Targeted deletion of
EphB2 in rodents has revealed that EphB2 plays a critical role
in regulating N-methyl-D-aspartate-receptor calcium signal-
ing and in the establishment of LTP, particularly in the hippo-
campal perforant path [96-98]. More recently, compelling ev-
idence has shown EphB2 to be directly implicated in dendritic
spine formation during development through the temporally
precise inhibition of RhoA signaling [99]. One of the key
components of this pathway is ephexin-5 (1 of 5 closely relat-
ed GEFs), which directly interacts with EphB2. Activation of
EphB2 signaling leads to the tyrosine phosphorylation and
degradation of ephexin-5, resulting in suppressed RhoA acti-
vation in neurons, thereby allowing for synapse development
[99]. Consistent with these findings, EphB1/EphB2/EphB3
triple KO mice have fewer mature cortical and hippocampal
excitatory synapses, suggesting that any depletion of EphB
levels in the brain could negatively affect synaptic structures.

Indeed, a dramatic decrease of EphB2 receptor levels has
been reported in postmortem brain tissue from patients with
AD with mild cognitive deficits [100, 101]. Similarly, a de-
crease in EphB2 is also observable in the hAPP transgenic AD
mouse model as early as 2 months of age, prior to onset of
behavioral deficits. This strongly suggests that a decrease in
EphB2 may be a causative factor rather than a simple conse-
quence of synaptic dysfunction in AD. While EphB2 can be
processed by y-secretase-mediated cleavage [102], depletion
of EphB2 levels appears to stem from increased internaliza-
tion and degradation of the receptor rather than increased pro-
cessing, explaining the decrease in both cell surface and total
EphB2 levels in AD neurons [101]. More importantly, the
evidence suggests that this abnormal process may be triggered
by A3 oligomers, which exhibit a high affinity for the extra-
cellular domain of EphB2, directing the receptor to the
ubiquitin-proteasome system for degradation [101]. Loss of
normal EphB2 function results in its inability to target
ephexin-5 for degradation, resulting in hyperactivation of
RhoA in neurons, which may account for the loss of dendritic
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spines and synaptic proteins, such as N-methyl-D-aspartate
receptors. Intriguingly, EphB2 can also associate with
intersectin (Cdc42 GEF) and kalirin (Racl GEF), both of
which are implicated in AD (discussed above), which co-
cluster with activated EphB2 at synaptic sites to regulate
EphB2-mediated morphogenesis and maturation of dendritic
spines in cultured neurons [103, 104]. Whether EphB2 deple-
tion in AD is directly related to reduced kalirin-7 or
intersectin-1 levels is unknown.

One of the more intriguing findings from the study by
Cissé et al. [101] was that reversing EphB2 depletion in a
subset of granule neurons in the dentate gyrus of hAPP mice
was sufficient to counteract the synaptotoxic effects of Af3:
dentate gyrus LTP, and learning and memory, were completely
restored to normal levels in these mice. Again, this points to
the EphB2 receptor as a possible intervention point for AD
treatment. However, as the authors pointed out, whether in-
creasing EphB2 levels in other brain regions will be as well-
tolerated as in the dentate gyrus remains unknown at this
point.

EphA4/Ephexin-1

Another key EphR involved in synaptic function and dendritic
spine morphology is EphA4. However, contrary to the mech-
anism of EphB2 receptors, ephrin ligand-mediated activation
of EphA4 results in the reduction of synaptic proteins, such as
GlIuR1 and PSD95, and in the retraction and elimination of
dendritic spine at excitatory synapses [91, 92, 105]. Of note,
however, EphA4 KO mice also exhibit significant defects in
dendritic spines [92]. While the overall dendritic arborization
of pyramidal neurons remains normal in these mice, the den-
dritic spines appear significantly longer and have irregular
shapes and organizations. At least 2 mechanisms have been
described for how EphA4 regulates spine dynamics in neu-
rons. The first involves glial ephrin-A3 binding to neuron-
expressed EphA4 [92, 106]. Binding of astrocyte-expressed
ephrin-A3 to postsynaptic EphA4 activates forward signaling
in neurons, resulting in dendritic spine retraction, while simul-
taneously triggering reverse signaling in astrocytes to down-
regulate glutamate transport. The downstream components of
these pathways have yet to be elucidated, but the other de-
scribed mechanism does offer some clues.

Binding of EphA4 to its highest affinity ligand [107],
ephrin-Al also results in dendritic spine retraction [91]. This
interaction results in the recruitment of a complex involving
CdkS (implicated in AD) and p35, resulting in the activation
of another important RhoA-GEF, ephexin-1. Activation of
EphA4 by ephrin-A1 thus triggers activation of RhoA and
the collapses of dendritic spines. Could increased RhoA in
AD be the result of aberrant EphA4 signaling in neurons?

There have been conflicting reports on the levels of EphA4
in AD. While one study has reported a significant decrease in
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EphA4 protein levels in AD brain tissue from patients with
mild cognitive deficits and in the Tg2576 AD mouse model
[100], analysis of synaptosomes from patients with AD re-
veals a significant increase in EphA4 mRNA levels [108].
Another study has shown that the levels of EphA4 are not
changed in AD, but immunohistological localization of
EphA4 in early stage AD (Braak stage II) reveals an altered
distribution in AD brains, with high immunoreactivity in
plaque-like structures, especially in the vicinity of neuritic
plaques [109]. Interestingly, Af3 oligomers have also been
shown to trigger a redistribution of EphA4 from dendritic
spines to the dendritic shaft of hippocampal neurons, preceded
by a significant increase in EphA4 receptor activation [110]. A
similar activation of EphA4 receptor is also observed in
hAPP/PS1 transgenic AD mice, with no change in total pro-
tein levels, seemingly at odds with the decrease reported in
Tg2576 AD mice [100]. These discrepancies may be due to
differences between the AD mouse models (hAPP vs
hAPP/PS1), or simply to the age at which these analyses were
performed. Aberrant Rac1 activity in AD could also be caused
by abnormal EphA4 signaling. Indeed, EphA4 has been iden-
tified as a substrate for both (-secretase (BACEI1) and y-
secretase [111, 112]. EphA4 processing by y-secretase upon
increased synaptic activity generates EphA4 intracellular do-
main fragments, which trigger the formation of dendritic
spines through a Rac1-dependent pathway. More importantly,
AD-linked PS1 mutations (PSIM146L and PS1E280A) can
impair EphA4 processing, resulting in reduced levels of
EphA4 intracellular domain fragments and decrease Racl/
PAK1 signaling [112]. The exact GEF/GAP involved is so
far unknown, but the Racl GAP «2-chimaerin, which inter-
acts with EphA4, may be a good candidate for future research
[113]. Taken together, the evidence suggests that EphA4 may
be a critical regulator of dendritic spine morphogenesis, able
to regulate both RhoA and Racl activities. Thus, aberrant
EphA4 signaling, either through increased expression and/or
decreased y-secretase processing, could account for an imbal-
ance in signaling between RhoA and Racl, similar to that
described in AD. Could restoring normal EphA4 signaling
then be a viable therapeutic strategy for AD? Two recent stud-
ies suggest that this may be the case.

In vitro use of the peptide-based inhibitor of EphA4 signal-
ing KYL [114] was shown to block Af-induced synaptic
dysfunction, reversing both the loss of dendritic spines in cul-
tured hippocampal neurons and the blockage of LTP induction
in hippocampal slices by A3 oligomers [110, 115]. Moreover,
ICV injections (~3 weeks) of KYL was shown to be effective
in blocking EphA4 signaling in the hippocampus of APP/PS-
1 transgenic AD mice, resulting in the complete rescue of
impaired LTP normally observed in these mice [115].
Finally, molecular docking studies have led to the identifica-
tion of the small chemical, rhynchophylline, as a potent
EphA4 signaling inhibitor, which was shown to completely
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block EphA4 activity in the hippocampus when administered
orally (~3—4 weeks) to APP/PS-1 and Tg2576 AD mice [115].
More importantly, this treatment was able to completely re-
store normal synaptic plasticity in these mice, making a strong
case for an EphA4-based therapeutic strategy for AD.

Perspectives: A Wealth of Possible New AD Targets

As I have discussed throughout this review, the evidence
for the involvement of Rho-GTPases in the pathogenesis
of AD is mounting. Several aspects of the disease, from
synaptotoxicity to APP processing, and A3 production to
tau pathology, elicit the participation of at least one Rho-
GTPase and/or one of their regulators. And while the pre-
cise contribution of each signaling pathway remains un-
clear, significant progress continues to be made. Each
one represents a novel potential therapeutic target for
AD, addressing not only the main symptom of the disease,
that is cognitive dysfunction, but perhaps the primary
drivers of the disease, namely increased A3 and tau.
This is an important consideration as we do not know
whether addressing the symptom alone can alter disease
progression. The critical point to take away is that this
aberrant signaling appears to cause an imbalance in Rho-
GTPase signaling, whereby RhoA is overly activated and
Racl activity is attenuated. Restoring this balance could
be a key step in preventing the loss of synapses associated
with the disease.

The hunt for small molecules or peptides capable of
accomplishing this remains a challenging task. However, as
this imbalance is commonly found in other neuropsychiatric
diseases, therapeutic strategies for other diseases may also
prove beneficial for AD. Once example may be for
Angelman syndrome, where the loss of function of the E3
ligase Ube3 A leads to increased RhoA activity and the abnor-
mal pruning of dendritic spines. One current strategy being
explored for Angelman syndrome is to restore normal Ube3A
expression in order to decrease RhoA activity. A similar strat-
egy for AD may very well work to restore normal RhoA
signaling and rescue the loss of synapses. Another interesting
area for inspiration may be in cancer research, where Rho-
GTPase dysfunction is well documented [116]. Small mole-
cules are constantly being evaluated for the treatment of sev-
eral cancers and it would certainly be worthwhile to evaluate
them for AD in future studies. Ultimately, targeting the path-
ogenic pathways may open new avenues to combination ther-
apies, including those designed to lower A3 or Tau levels in
the brain. As biomarker profiling improves, these could be
customized to individuals as they progress through various
pathological stages of the disease. This may prove to be the
best strategy to intervene and cure AD.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.
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