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Dendritic spines form the postsynaptic
compartment of the majority of excitatory
glutamatergic synapses in the brain. Mor-
phological properties of dendritic spines
are linked with functional properties of
the synapse: e.g., changes in synaptic
strength are often accompanied by
changes in spine size. This structural and
functional plasticity is thought, in part, to
underlie the processes of learning and
memory. Consistent with a critical role for
dendritic spines in human cognition, ab-
errancies in spine morphology are associ-
ated with several neurodevelopmental
and neuropsychiatric disorders. There-
fore, understanding the molecular factors
that contribute to the regulation of den-
dritic spines is of great interest.

Mechanistically, spine formation and
plasticity are driven primarily by rear-
rangements of the actin cytoskeleton. Ac-
tin dynamics are regulated by small
GTPases of the Rho family: RhoA, Rac1,
and Cdc42. These in turn are modulated
by GTP exchange factors (GEFs) and GT-
Pase activating proteins (GAPs) that acti-
vate and inactivate Rho GTPases, respec-

tively. Rho–GEFs and Rho–GAPs are
downstream effectors of a variety of syn-
aptic signaling pathways. They are thereby
poised to link transsynaptic signaling
events with the actin cytoskeleton to coor-
dinate changes in dendritic spine mor-
phology with alterations in neuronal ac-
tivity. Over 60 GEFs have been identified
in the mouse genome, and recent studies
have suggested important roles for several
in spine morphogenesis in vitro. Because
of possible overlapping functions of these
Rho regulators, a recent challenge has
been to determine the specific roles of
such factors in the intact nervous system.

One promising candidate to serve
a critical function in vivo is kalirin-7, a
Rac1–GEF expressed postnatally in neu-
rons and localized to the postsynaptic
density. In vitro studies using cultured
neurons have demonstrated that overex-
pression of kalirin-7 induces the forma-
tion of dendritic spines, whereas knock-
down or loss of function of kalirin-7 leads
to a decrease in spines (Penzes et al., 2001;
Ma et al., 2003). Kalirin-7 acts down-
stream of synaptic adhesion molecules,
for example the ephrinB–EphB complex
and N-Cadherin, and is involved in
activity-dependent spine plasticity and re-
cruitment of AMPA receptors (AMPARs)
into spines (Penzes et al., 2003; Xie et al.,
2007, 2008). Whether kalirin-7 is required
in vivo for spine formation and dynamics
that ultimately may underlie learning and
memory had not been previously studied.
To address these questions, Ma et al.
(2008) generated kalirin-7 knock-out
(kal7 KO) mice. In a recent issue of The

Journal of Neuroscience, they described the
analysis of spine and synapse morphol-
ogy, functional electrophysiology, and be-
havior of these mice.

The authors first examined whether
kalirin-7 is required for the formation/
maintenance of dendritic spines and syn-
apses in vivo by analyzing CA1 hippocam-
pal pyramidal neurons from adult kal7
KO and wild-type (WT) mice. Consistent
with previous in vitro studies, by Golgi
staining, they detected a decrease in spine
density in kal7 KOs to 85% of WT levels
[Ma et al. (2008), Fig. 2]. Furthermore,
analysis of electron micrographs revealed
a 30% reduction in the density of gluta-
matergic synapses [Ma et al. (2008), their
Fig. 7], confirming the loss of spines is ac-
companied by decreases in synaptic struc-
tures. Corroborating these in vivo obser-
vations, the authors found that the density
of glutamatergic synapses in cortical neu-
rons cultured from kal7 KOs was reduced
by 39% compared with WT neurons [Ma
et al. (2008), their Fig. 9].

Next, to investigate whether the mor-
phological alterations in the kal7 KOs lead
to defects in synaptic function, Ma et al.
(2008) performed electrophysiological
experiments using acute hippocampal
slices. They found a decrease in spontane-
ous EPSC frequency but not amplitude in
the kal-7 KOs, as well as an unaltered
evoked EPSC amplitude [Ma et al. (2008),
their Fig. 4]. Together, these data indicate
that despite the reduction in synapse
number, baseline synaptic transmission
remains intact in the absence of kalirin-7.
Furthermore, to test for a role of kalirin-7
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in synaptic plasticity, a theta burst pairing
paradigm to elicit long-term potentiation
(LTP) was used. Although the induction
of LTP was not affected in kal7 KOs, the
magnitude of LTP was significantly
smaller compared with WT. Expression of
LTP depends on synaptic insertion of
AMPARs; therefore, the decreased LTP in
the mutants might reflect a deficit in AM-
PAR trafficking. Previous in vitro studies
have implicated kalirin-7 in activity-
dependent synaptic AMPAR localization
(Xie et al., 2007). The current results com-
plement the in vitro findings and support
a requirement for kalirin-7 in synaptic
plasticity in vivo.

Although Kal7 KO mice were viable,
fertile, and had intact gait, reflexes, and
motor function, they exhibited dimin-
ished anxiety compared with WT mice.
Consequently, the authors questioned
whether the observed synaptic disrup-
tions might additionally lead to more spe-
cific deficits in hippocampal-dependent
behaviors and therefore subjected adult
kal7 KO and WT mice to a number of
assays probing learning and memory.
Their most intriguing finding was a selec-
tive disruption in specific aspects of learn-
ing in the kal7 KOs [Ma et al. (2008), their
Fig. 3]. Kal7 KO mice performed no dif-
ferently from WT in a reward-dependent
memory task (radial arm maze) or in an
object recognition test. In contrast, they
exhibited an impairment in contextual
fear memory, as assessed by a paradigm in
which learning is associated with an aver-

sive stimulus. Thus, lack of kalirin-7 re-
sults in specific impairments in anxiety
and fear-based learning, rather than in
general perturbations of learning ability.

Together, in this series of experiments,
Ma et al. (2008) have importantly estab-
lished for the first time the requirement
for kalirin-7 not only for spine formation/
maintenance, but also for proper synaptic
function and behavior in vivo. This study
nicely shows that KO of kalirin-7 recapit-
ulates the spine phenotype observed in in
vitro studies, demonstrating that despite
the existence of many Rho–GEFs in brain,
kalirin-7 performs an essential function in
vivo. An open question for future study
will be to determine the mechanisms by
which loss of kalirin-7 in vivo leads to
morphological and functional alterations
of spines and synapses.

In vitro evidence strongly links
kalirin-7 to pathways regulating actin cy-
toskeletal dynamics that govern dendritic
spine growth. Kalirin-7 activation of the
small GTPase Rac1 can lead to the activa-
tion of p21 activated kinase (Pak) (Penzes
et al., 2003) and subsequent Pak-
dependent induction of actin polymeriza-
tion. Accordingly, the reduction in spine
density observed upon loss of kalirin-7
could arise from decreases in active Rac1
and Pak. Although global levels of acti-
vated Rac1 were unaltered in kal7 KOs
[Ma et al. (2008), their Fig. 5], it is likely
that kalirin-7 controls localized transient
activation of Rac1 that requires more sen-
sitive methods to be detected. Interest-

ingly, the KO of kalirin-7 leads to a de-
crease in the levels of synaptic cyclin-
dependent kinase 5 (Cdk5) [Ma et al.
(2008), their Fig. 8], which has also been
implicated in the regulation of the actin
cytoskeleton downstream of Rac1. In vitro
studies have demonstrated that Cdk5
phosphorylates and thereby inactivates
Pak in a Rac–GTP-dependent manner
(Nikolic et al., 1998). The opposing ac-
tions of kalirin-7 and Cdk5 on the activity
of Pak could allow for rapid rearrange-
ments in the actin cytoskeleton. However,
why the loss of kalirin-7 results in a reduc-
tion of synaptic Cdk5 levels is currently
unclear. As suggested by the authors, the
decrease in synaptic Cdk5 might contrib-
ute to the phenotype of the kal7 KOs. In
future studies, it will, therefore, be impor-
tant to reconstitute Cdk5 to WT levels in
kal7 KO neurons to test whether the KO
phenotype is reversed.

The signals upstream of kalirin-7 that
lead to the activation of the Rac/Pak/actin
pathway in vivo are currently unknown.
The ephrinB–EphB2 transsynaptic pro-
tein complex represents a potential candi-
date for this function (Fig. 1). In vitro den-
dritic spine growth triggered by activation
of EphB2 is dependent on the recruitment
of kalirin-7 and activation of Pak (Penzes
et al., 2003). Additionally, the decreased
spine density observed in EphB1/2/3 tri-
ple KO mice is reminiscent of the kal7 KO
phenotype and therefore is consistent
with the involvement of EphB2 upstream
of kalirin-7 in this pathway in vivo (Hen-

Figure 1. Kalirin-7-mediated alterations in dendritic spine morphology. Kalirin-7 can lead to increases in spine number (not shown) and size downstream of transsynaptic signaling induced by
ephrinB stimulation of EphB receptors (on left) and/or enhanced neuronal activity (on right). During activation of EphB, kalirin-7 is recruited and activates Rac1, leading to Pak-dependent actin
polymerization. Neurotransmitter release activating NMDA receptors results in kalirin-7-mediated Rac1-dependent actin polymerization and synaptic AMPAR insertion. In both scenarios, actin
polymerization leads to spine enlargement.
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kemeyer et al., 2003 and Kayser et al.,
2006). To determine whether ephrinB–
EphB signaling indeed acts upstream of
kalirin-7, one could test if ephrinB-
induced spine alterations are perturbed in
kal7 KO neurons.

Alternatively, the loss of spines and
synapses in the kal7 KOs could be a con-
sequence of the defects in synaptic plastic-
ity. Strengthening of synapses as induced
by LTP paradigms involves a coordinate
increase in dendritic spine size and synap-
tic insertion of AMPARs. Failure of syn-
apses to respond to activity in this way can
result in their destabilization and elimina-
tion. Kalirin-7 has been implicated in
Rac1-dependent spine enlargement and
synaptic AMPAR insertion in response to
enhanced neuronal activity (Xie et al.,
2007) (Fig. 1). Therefore, it would be in-
teresting to examine activity-induced
trafficking of AMPARs in kal7 KOs to de-
termine if a disruption in this process
might underlie the LTP impairment and
spine loss observed in the KO.

A remaining question raised by this
study is how the loss of kalirin-7 can result
in specific deficits in anxiety and contex-
tual fear memory while leaving other be-
haviors intact. One possible explanation
could be selective regional expression of
kalirin-7, leading to the activation of spe-
cific circuits underlying fear-based learn-

ing. Kalirin-7 is enriched in brain regions
typically associated with learning: the hip-
pocampus and the cortex. However, such
broad expression cannot easily account
for a discrete role of kalirin-7 in fear-
based learning, in particular. An alternate
possibility would entail specific induction
of kalirin-7-dependent signal transduc-
tion pathways in response to aversive
stimuli. In this scenario, kalirin-7 would
be essential to induce synaptic modifica-
tions downstream of signals evoked by
aversive learning paradigms. According to
this hypothesis, other Rho–GEFs could
similarly engage in selective signal trans-
duction pathways underlying specific be-
haviors. In the future, generation and
analysis of additional Rho–GEF KOs will
inform if this concept is indeed more
broadly applicable.

Although these questions will be inter-
esting to address in the future, this study
by Ma et al. (2008) defines a critical role of
the Rho–GEF kalirin-7 in vivo and impor-
tantly contributes to a better understand-
ing of the link between spine morphology,
synaptic plasticity, and behavior.
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