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Axonal and dendritic outgrowth is an in-
tegral component of both initial neural
development and neuronal regeneration.
Both axon and dendrite outgrowth are ac-
tivity dependent, and recent evidence has
accumulated that both are regulated by
calcium (Ca 2�) (Zheng and Poo, 2007;
Wayman et al., 2008). Furthermore, block
of calmodulin-dependent kinases (CaMKs)
by KN-62 or KN-63 reduced both axonal
and dendritic growth, suggesting a role for
CaMK in Ca2�-dependent neurite out-
growth (Wayman et al., 2008). However,
because KN-62 and KN-63 inhibit CaMK
kinase (CaMKK), as well as CaMKI,
CaMKII, and CaMKIV (Wayman et al.,
2008), these studies were unable to deter-
mine which kinase was responsible for
axonal or dendritic outgrowth. Although
Takemoto-Kimura et al. (2007) established
that dendritogenesis in cortical neurons was
regulated specifically by CaMKI�, the path-
way responsible for axonal elongation re-
mained unknown.

In a recent issue of The Journal of Neuro-
science, Ageta-Ishihara et al. (2009) ex-

tended this earlier work to demonstrate that
another member of the CaMKI family,
CaMKI�, is responsible for axon elonga-
tion. Using an elegant series of genetic stud-
ies, including knockdown, knock-out, and
overexpression studies, the authors estab-
lished that CaMKK activation of CaMKI�
leads to axonal growth, whereas CaMKK ac-
tivation of CaMKI� promotes dendritic
outgrowth [Ageta-Ishihara et al. (2009),
their Fig. 1, Fig. 2, Fig. 3]. This work pro-
vides clear evidence for a switch in CaMKK–
CaMKI signaling to control either dendritic
or axonal elongation. Figure 1 provides a
simple summary of the CaMKK–CAMKI
signaling pathways derived from Takemoto-
Kimura et al. (2007) and Ageta-Ishihara et
al. (2009).

Given that CaMKI� and CaMKI�
likely have similar catalytic domain struc-
tures (Swulius and Waxham, 2008), how
do they exert different effects on axonal
and dendritic growth? One possibility is
that they are targeted to different cellular
locations. CaMKI� has several residues
that can be palmitoylated and/or preny-
lated, targeting it to lipid rafts (Takemoto-
Kimura et al., 2007). CaMKI� is instead
found in the cytoplasm. To address whether
this different localization is important for
the differential effects on process growth,
the authors performed a series of mu-
tagenesis studies [Ageta-Ishihara et al.
(2009), their Fig. 4] to cause CaMKI� to
be retained in the cytosol and CaMKI� to
be targeted to lipid rafts. Surprisingly, the

two enzymes could not substitute for each
other: when CaMKI� was expressed in the
cytosol, it did not remediate the effects of
CaMKI� knockdown on axonal growth,
and when CaMKI� was targeted to lipid
rafts, it did not remediate the effects of
CaMKI� knockdown on dendrite growth.
These studies indicate that despite the
structural similarity between CaMKI�
and CaMKI�, a high degree of substrate
specificity may still exist. To extend this
conclusion, it would be useful to deter-
mine whether CaMKI� can activate Rac, a
small GTPase activated by CaMKI�, to
facilitate dendrite elongation (Takemoto-
Kimura et al., 2007). Furthermore, enzy-
matic activity assays should be performed
to confirm that the mutant forms of
CaMKI� and CaMKI� exhibited normal
enzymatic activity and that the results of the
mutagenesis studies were not spuriously
caused by a lack of enzymatic activity.

Ageta-Ishihara et al. (2009) showed
that whereas BDNF promotes dendri-
tic growth in agreement with previous
work (Takemoto-Kimura et al., 2007),
muscimol, a GABAA receptor (GABAAR)
agonist, promoted axonal growth [Ageta-
Ishihara et al. (2009), their Fig. 5]. The
authors established that, as shown previ-
ously for immature neurons, GABAAR ac-
tivation is depolarizing in the cortical
cultures used in this study. Instead of
causing hyperpolarization, GABAAR acti-
vation in immature neurons results in
efflux of Cl�, which causes cell depolar-

Received Dec. 3, 2009; revised Jan. 11, 2010; accepted Jan. 11, 2010.
We thank Amber A. Bloomer and Kelly E. Krcmarik for participation

in discussion of the article. We also thank Dr. William D. Atchison of the
Department of Pharmacology/Toxicology at Michigan State University for
helpful advice regarding the manuscript.

Correspondence should be addressed to Dr. April P. Neal, Department of
Pharmacology and Toxicology, Room B331, Life Sciences Building, Michi-
gan State University, East Lansing, MI 48824. E-mail: nealap@msu.edu.

DOI:10.1523/JNEUROSCI.5984-09.2010
Copyright © 2010 the authors 0270-6474/10/302807-03$15.00/0

The Journal of Neuroscience, February 24, 2010 • 30(8):2807–2809 • 2807



ization, activation of voltage-gated Ca 2�

channels, and Ca 2� influx (Fig. 1). This
reversal of polarization occurs because
immature neurons lack the potassium-
chloride cotransporter, KCC2, which main-
tains the Cl� gradient in mature neurons
(Rivera et al., 1999). Ageta-Ishihara et al.
demonstrate that Ca2� influx is increa-
sed after application of muscimol [Ageta-
Ishihara et al. (2009), their Fig. 6], and that
forced expression of KCC2 in these cultures
impairs axonal growth under control condi-
tions, as well as following exposure to mus-
cimol [Ageta-Ishihara et al. (2009), their
supplemental Fig. 5]. These data support
their hypothesis that GABAAR activation
and subsequent Ca2� influx is one of the
underlying mechanisms responsible for ax-
onal outgrowth in developing cortical
neurons.

Few studies have examined the in vivo
effects of disrupting CaMK signaling.
Therefore, Ageta-Ishihara et al. (2009)
knocked down CaMKI� expression in
utero and examined corpus callosal axons
on postnatal day 16 (P16) [Ageta-Ishihara
et al. (2009), their Fig. 7]. In control ani-
mals, callosal axons originating in layers
II/III of the somatosensory (S1/S2) cortex
crossed the corpus callosum and termi-
nated in layers II/III of the contralateral
S1/S2 cortex. However, in animals that
were electroporated with a short hairpin
RNA targeted against CaMKI� (shKI�),
the axons did not extend substantially be-
yond the white matter layer of the con-
tralateral S1/S2 cortex. Thus, knockdown
of CaMKI� activity seemed to affect ter-
minal axon extension, suggesting that in
vivo CaMKI� may only be involved in the
final steps of axon arborization. An im-
portant alternative hypothesis, however,
is that knockdown of CaMKI� delays
axon midline crossing. The progression of
axons in CaMKI� knockdown animals at
P16 described by Ageta-Ishihara et al.
(2009) is comparable to that of wild-type
P8 animals in a study by Wang et al.
(2007). This latter study, which used similar
electroporation methods, demonstrated
that hyperpolarization of developing so-
matosensory axons through overexpres-
sion of Kir2.1, an inward rectifying K�

channel, delayed midline crossing (Wang
et al., 2007). The results of Ageta-Ishihara
et al. (2009) suggest that hyperpolariza-
tion would block CaMKI� signaling, thus,
it is possible that the two studies produce
similar effects on axon growth. It would
be interesting to determine whether the
CaMKI� knockdown animals exhibited a
slower rate of midline crossing, as well as

or rather than having deficits associated
with terminal axon extension.

In contrast to Ageta-Ishihara et al.
(2009), another recent publication in The
Journal of Neuroscience reported that
CaMKI� is responsible for axonal rather
than dendritic elongation in hippocampal
cultures (Davare et al., 2009). In this study,
transient receptor potential canonical 5
channel (TRPC5) activation stimulated
axon elongation via CaMKI� (Davare et al.,
2009). Some of the findings of Davare et
al. (2009) are consistent with those of
Ageta-Ishihara et al. (2009); both groups
observed that pharmacological inhibition
of CaMKK or knockdown of CaMKI or
CaMKK blocked axon elongation and that
deficits in axon elongation could be res-
cued by expression of constitutively active
CaMKI. However, the studies disagree on
the specific CaMKI isoform responsible
for axon elongation. Davare et al. (2009)
observed that knockdown of CaMKI�
and to a lesser extent CaMKI� each sig-
nificantly affected axonogenesis, but
only CaMKI� activity affected total
axon length.

What underlies the differences in the
findings of these studies? Axon elongation
in hippocampal neurons may be regulated
differently from that in cortical neurons.
For example, Ko et al. (2005) demon-
strated that the cholesterol content (and
lipid raft composition) differed in hip-
pocampal versus cortical neurons, and
these differences could account for differ-
ences in the timeline of axonal and den-

dritic morphogenesis in the two neuronal
cultures [Ko et al. (2005) and references
therein]. CaMKI� is targeted to lipid rafts
(Takemoto-Kimura et al., 2007), so per-
haps differences in lipid raft composition
alters the abundance or signaling cascade
of CaMKI�. The mutagenesis studies by
Ageta-Ishihara et al. (2009) suggest that
CaMKI� and CAMKI� signaling cascades
are divergent at the level of substrate spec-
ificity [Ageta-Ishihara et al. (2009), their
Fig. 4], so it is also possible that different
intracellular targets exist in cortical versus
hippocampal cultures. Another possibil-
ity for the difference in the two studies is
that Ageta-Ishihara et al. (2009) used high-
density cortical cultures while Davare et
al. (2009) used low-density hippocampal
cultures. Neuronal activity has a large in-
fluence on neuritogenesis [Wayman et al.
(2008) and references therein], and one
would expect a difference in the level of
activity between high- and low-density
cultures. Thus, the differences in the find-
ings may also be a result of different degrees
of network activity.

Overall, the study by Ageta-Ishihara et
al. (2009) provides strong evidence that
CaMKI� plays a critical role in cortical
axon elongation, and it greatly extends
our understanding of the differential con-
trol of axon and dendritic elongation by
the CaMKK–CaMKI signaling pathway
(Fig. 1). The major strengths of the article
lie in the carefully designed genetic ma-
nipulations, as well as the first character-
ization of the effects of in vivo knockdown

Figure 1. CaMKK–CaMKI signaling in developing cortical neurons. Immature cortical neurons lack KCC2, a key transporter that
normally causes chloride influx and thus hyperpolarization upon GABAA receptor (GABAAR) activation (Rivera et al., 1999). As a
result, GABAAR activation in immature neurons causes depolarization and subsequent activation of voltage-gated Ca 2� channels
(VGCC) and Ca 2� influx. Ca 2� binds calmodulin (CaM), allowing CaM to bind both CaMKK and CaMKI. Binding of CaM to CaMKI
results in a conformational change in the activation loop, allowing phosphorylation by CaM-CaMKK and subsequent enzymatic
activation (Wayman et al., 2008). CaMKI� activation results in axon outgrowth, while BDNF signaling in dendrites results in a rise
of intracellular Ca 2�, which cumulates in activation of CaMKI� and dendrite outgrowth. This scheme incorporates combined
results from Takemoto-Kimura et al. (2007) and Ageta-Ishihara et al. (2009).
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of CaMKI� on axon elongation. How-
ever, apparent conflict with the results of
Davare et al. (2009) calls for examination
of whether CaMKK–CaMKI signaling
pathways differ in cortical versus hip-
pocampal neurons due to differences in
CaMKI� signaling or cell density-depen-
dent network activity.
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