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Cdk5 Regulates EphA4-Mediated Dendritic Spine Retraction
Through an Ephexin1-Dependent Mechanism

Excitatory synaptic transmission occurs primarily at dendritic spines, small protrusions
that extend from dendritic shafts. Emerging studies have shown that dendritic spines are
dynamic structures which undergo changes in size, shape and number during development,
and remain plastic in adult brain.1 Regulation of spine morphology has been implicated
to associate with changes of synaptic strength.2 For example, enlargement and shrinkage
of spines was reported to associate with certain forms of synaptic plasticity, i.e., long‑term
potentiation and long time depression, respectively.3 Thus, understanding the molecular
mechanisms underlying the regulation of spine morphogenesis would provide insights
into synapse development and plasticity. Receptor tyrosine kinases (RTKs) such as the
Ephs are known to play critical roles in regulating spine morphogenesis. Eph receptors are
comprised of 14 members, which are classified into EphAs and EphBs according to their
sequence homology and ligand binding specificity. With a few exceptions, EphAs typically
bind to A‑type ligands, whereas EphBs bind to B‑type ligands. During development of the
central nervous system (CNS), ephrin‑Eph interactions exert repulsive/attractive signaling,
leading to regulation of axon guidance, topographic mapping and neural patterning.4
Activated Ephs trigger intracellular signaling cascades, which subsequently lead to
remodeling of actin cytoskeleton through tyrosine phosphorylation of its target proteins
or interaction with various cytoplasmic signaling proteins. Intriguingly, emerging studies
have revealed novel functions of Ephs in synapse formation and synaptic plasticity.5
Specific Ephs expressed in dendritic spines of adult brain are implicated in regulating
spine morphogenesis, i.e., EphBs promote spine formation and maturation, while EphA4
induces spine retraction.6,7
In the adult hippocampus, EphA4 is localized to the dendritic spines.7,8 Activation of
EphA4 at the astrocyte‑neuron contacts, triggered by astrocytic ephrin‑A3, leads to spine
retraction and results in a reduction of spine density.7 It has been well established that actin
cytoskeletal rearrangement is critical for spine morphogenesis, and is controlled by a tight
regulation of Rho GTPases including Rac1/Cdc42 and RhoA. Antagonistic regulation of
Rac1/Cdc42 and RhoA has been observed to precede changes in spine morphogenesis, i.e.,
activation of Rac1/Cdc42 and inhibition of RhoA is involved in spine formation, and vice
versa in spine retraction.9 Rho GTPases function as molecular switches that cycle between
an inactive GDP‑bound state and an active GTP‑bound state. The  activation status of
GTPase is regulated by an antagonistic action of  guanine‑nucleotide exchange factors
(GEFs) which enhance the exchange of bound GDP for GTP, and GTPase‑activating
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Emerging evidence has indicated a regulatory role of cyclin‑dependent kinase 5
(Cdk5) in synaptic plasticity as well as in higher brain functions, such as learning and
memory. However, the molecular and cellular mechanisms underlying the actions of
Cdk5 at synapses remain unclear. Recent findings demonstrate that Cdk5 regulates
dendritic spine morphogenesis through modulating actin dynamics. Ephexin1 and
WAVE‑1, two important regulators of the actin cytoskeleton, have both been recently
identified as substrates for Cdk5. Importantly, phosphorylation of these proteins by Cdk5
leads to dendritic spine loss, revealing a potential mechanism by which Cdk5 regulates
synapse remodeling. Furthermore, Cdk5‑dependent phosphorylation of ephexin1 is
required for the ephrin‑A1 mediated spine retraction, pointing to a critical role of Cdk5
in conveying signals from extracellular cues to actin cytoskeleton at synapses. Taken
together,  understanding the precise regulation of Cdk5 and its downstream targets at
synapses would provide important insights into the multi‑regulatory roles of Cdk5 in actin
remodeling during dendritic spine development.
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by  reexpression of wild‑type ephexin1, but not
by expression of its phosphorylation‑deficient
mutant. Our findings therefore provide important
evidence that  phosphorylation of ephexin1 by
Cdk5 is required for the EphA4‑dependent spine
retraction.
Molecular mechanisms underlying the
action of Cdk5/ephexin1 on actin networks
in EphA4‑mediated spine retraction is just
beginning to be unraveled. It was reported that
activation of EphA4‑signaling induces tyrosine
phosphorylation of ephexin1 through Src family
kinases (SFKs), and promotes its exchange
activity towards RhoA.17 Interestingly, mutation
of the Cdk5  phosphorylation sites of ephexin1
attenuates the Src‑dependent tyrosine phosphorylation of ephexin1 at Tyr87 upon EphA4
activation. These findings suggest that Cdk5 is the
“priming” kinase for ephexin1. We propose that
EphA4 activation by ephrin‑A ligand increases
Cdk5 activity, leading to  phosphorylation and
priming of ephexin1 for the subsequent phosphorylation of ephexin1 by Src kinase at Tyr87,
resulting in an increase of its exchange activity
Figure 1. Phosphorylation of actin regulators by Cdk5 during dendritic spine morphogenesis. (A)
towards RhoA. Thus, regulation of Cdk5 activity
In striatal and hippocampal neurons, phosphorylation of WAVE‑1 by Cdk5 at basal  condition
might
indirectly control the phosphorylation of
prevents WAVE‑1‑mediated actin polymerization and leads to a loss of dendritic spines.
ephexin1 by Src. It is tempting to speculate that
However, activation of cyclic AMP‑dependent signaling by neurotransmitter such as dopamine,
reduces the Cdk5‑dependent phosphorylation of WAVE‑1 in these neurons. Dephosphorylation
phosphorylation of ephexin1 by Cdk5 at the
of WAVE‑1 promotes actin polymerization and results in an increased number of mature amino‑terminal region leads to a conformational
dendritic spines. (B) In mature hippocampal neurons, activation of EphA4 by ephrin‑A increases
change of protein, thus facilitating the access of
Cdk5‑dependent phosphorylation of ephexin1. The phosphorylation of ephexin1 by Cdk5 facilitates
Tyr87 site on ephexin1 to Src kinase. Whereas
its EphA4‑stimulated GEF activity towards RhoA activation and leads to spine retraction.
accumulating evidence have pointed to a pivotal
proteins (GAPs) which increase the intrinsic rate of hydrolysis of role of various GEFs including Tiam1, intersectin and kalirin in
bound GTP.10 Previous studies have implicated that Rho GTPases regulating spine morphogenesis, the involvement of GAPs is not
provides a direct link between Eph and actin cytoskeleton in diverse clear. For example, oligophrenin‑1, a Rho GAP, is implicated in maincellular processes including spine morphogenesis.11 In particular, taining the spine length through repressing RhoA activity.19 Thus, it
EphBs regulate spine morphology by modulating the activity of Rho is conceivable that a specific GAP is involved in EphA4‑dependent
GTPases, thereby leading to rearrangement of actin networks.12‑14 spine retraction. Recently, we found that a2‑chimaerin, a Rac GAP,
Although EphA4 activation results in spine shrinkage, the molecular regulates EphA4‑dependent signaling in hippocampal neurons (Shi
mechanisms that underlie the action of EphA4 at dendritic spines and Ip, unpublished observations). Taken into consideration that
a2‑chimaerin is enriched in the PSDs, a2‑chimaerin is a likely
remain largely unclear.
Work from our laboratory recently demonstrated a critical role of candidate that cooperates with ephexin1 during EphA4‑dependent
cyclin‑dependent kinase 5 (Cdk5) in mediating the action of EphA4 spine retraction.
In addition to stimulation of the RTK signaling cascade following
in spine morphogenesis through regulation of RhoA GTPase.15 Cdk5
is a proline‑directed serine/threonine kinase initially identified to be a EphA4 receptor activation, clustering of EphA4 signaling complex is
key regulator of neuronal differentiation, and has been implicated in required for eliciting maximal EphA4 function.20 It is tempting to
actin dynamics through regulating the activity of Pak1, a Rac effector, speculate that Cdk5 also regulates the formation of EphA4‑containing
during growth cone collapse and neurite outgrowth.16 We found clusters in neurons. Indeed, Cdk5−/− neurons show reduced size of
that EphA4 stimulation by ephrin‑A ligand enhances Cdk5 activity EphA4 clusters upon ephrin‑A treatment, suggesting that Cdk5
through phosphorylation of Cdk5 at Tyr15. More  importantly, we regulates the recruitment of downstream signaling proteins to
demonstrated that ephexin1, a Rho GEF, is phosphorylated by activate EphA4. Moreover, since ephrinA‑EphA4 interaction stimuCdk5 in vivo. Ephexin1 was reported to transduce signals from lates the activity of Cdk5 at synaptic contacts, it is possible that
activated EphA4 to RhoA, resulting in growth cone collapse during Cdk5 might play additional roles at the post‑synaptic regions
axon  guidance.17,18 Interestingly, we found that ephexin1 is highly through phosphorylation of its substrates. For example, PSD‑95, the
expressed at the post‑synaptic densities (PSDs) of adult brains.15 Loss major scaffold protein in the PSDs, and NMDA receptor subunit
of ephexin1 in cultured hippocampal neurons or in vivo perturbs NR2A are both substrates for Cdk5. Interestingly, phosphorylation
the ability of ephrin‑A to induce EphA4‑dependent spine retraction. of these proteins by Cdk5 has been implicated in regulating
The loss of ephexin1 function in spine morphology can be rescued the clustering of neurotransmitter receptors as well as synaptic
www.landesbioscience.com
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t ransmission.21,22 Consistent with these observations, spatial
distribution of neurotransmitter receptors at neuromuscular synapses
is altered and abnormal neurotransmission is observed in Cdk5−/−
mice.23 Thus, further analysis to delineate the precise roles of Cdk5
in EphA4‑dependent synapse development, including regulation of
neurotransmitter receptor clustering, is required.
Recently, Cdk5 was shown to regulate dendritic spine density
and shape through controlling the phosphorylation status of
Wiskott‑Aldrich syndrome protein‑family verprolin homologous
protein 1 (WAVE‑1), a critical component of actin cytoskeletal
network.24 In particular, phosphorylation of WAVE‑1 by Cdk5
prevents actin from Arp2/3 complex‑dependent polymerization and
leads to a loss of dendritic spines at basal state, while reduced Cdk5dependent phosphorylation of WAVE‑1 through  cAMP‑dependent
dephosphorylation leads to an enhanced actin polymerization
and increased number of spines. It is interesting to note that
phosphorylation of ephexin1 and WAVE‑1 by Cdk5 both results
in a reduction of spine density. Whether a concerted phosphorylation of these proteins at synapses by Cdk5 plays a role in synaptic
plasticity awaits further studies. Precise regulation of Cdk5 activity is
unequivocally important to maintain its proper functions at synaptic
contacts. Activation of Cdk5 is mainly dependent on its binding to
two neuronal‑specific activators, p35 or p39, and its activity can be
enhanced upon phosphorylation at Tyr15.
While the signals that lie upstream of Cdk5 have barely begun to
be unraveled, Cdk5 has been demonstrated to be a key downstream
regulator of signaling pathways activated by extracellular cues such as
neuregulin, BDNF and semaphorin. To the best of our knowledge,
ephrin‑EphA4 signaling is the first extracellular cue that has been
identified to  phosphorylate Cdk5 and promote its activity at CNS
synapses.15,25 Since BDNF‑TrkB and semaphorin3A‑fyn signaling
have also been implicated in synapse/ spine development, it is of
importance to examine whether Cdk5 is the downstream integrator of
these signaling events at synapses during spine morphogenesis.26,27
Although accumulating evidence highlights a role of Cdk5 in
spatial learning and synaptic plasticity, the molecular mechanisms
underlying the action of Cdk5 are largely unclear.28,29 With the
recent findings that reveal the critical involvement of Cdk5 in
the regulation of Rho GTPases to affect spine morphology, it can
be anticipated that precise regulation of actin dynamics by Cdk5
at synapses will be an important mechanism underlying synaptic
plasticity in the adult brain.
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