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Abstract Since the time of Cajal it has been understood that
axons and dendrites perform distinct electrophysiological
functions that require unique sets of proteins [Cajal SR
Histology of the nervous system, Oxford University Press,
New York, (1995)]. To establish and maintain functional
polarity, neurons localize many proteins specifically to either
the axonal or the somatodendritic compartment. In particular,
ion channels, which are the major regulators of electrical
activity in neurons, are often distributed in a polarized
fashion. Recently, the ability to introduce tagged proteins
into neurons in culture has allowed the molecular mecha-
nisms underlying axon- and dendrite-specific targeting of ion
channels to be explored. These investigations have identified
peptide signals from voltage-gated Na+ and K+ channels that
direct trafficking to either axonal or dendritic compartments.
In this article we will discuss the molecular mechanisms
underlying polarized targeting of voltage-gated ion channels
from the Kv4, Kv1, and Nav1 families.
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Introduction

In pioneering studies investigating the mechanisms of
protein targeting in eucharyotic cells, it was demonstrated
that short peptide motifs direct proteins specifically to
intracellular organelles, such as the endoplasmic reticulum
and the nucleus [1, 12]. More recent work has found that

peptide motifs can also target proteins to specific regions on
the plasma membrane. This observation was first made in
epithelial cells, where many proteins are directed to one of
two plasma membrane domains, known as the apical and
basolateral regions, that are located at opposite ends of the
cell and are separated by a band of tight junctions [21].
Like those of epithelial cells, the plasma membranes of
neurons are divided into two regions, the axon and the
dendrite, by a barrier that prevents diffusion of proteins
between the two compartments [43]. The similarities in
cellular structure between neurons and epithelial cells, and
the fact that certain proteins express in a polarized manner
in both cell types, suggested that targeting mechanisms
based on peptide motifs might mediate the localization of
proteins in both cell types [7]. When technical advances
allowed neurons to be transfected with recombinant DNA
constructs, it was confirmed that peptide motifs mediate
polarized targeting of proteins in neurons [15, 42].

The ability to express tagged proteins in neurons allowed
vesicle trafficking to be observed in axons and dendrites,
leading to new insights into the mechanisms underlying
polarized targeting. In particular, it has been shown that
polarized targeting can be mediated by four distinct mecha-
nisms: polarized vesicular trafficking, compartment-specific
endocytosis, compartment-specific vesicle docking, and trans-
cytosis (Fig. 1). (1) In polarized vesicular trafficking, protein
is sorted into a subset of vesicles that is transported
specifically to a particular subcellular compartment, such as
the dendrites (Fig. 1a). Polarized vesicular trafficking was
first characterized by studies in which the green fluorescent
protein (GFP)-labeled transferrin receptor was expressed in
hippocampal neurons in culture. The transferrin receptor was
localized to vesicles that were found exclusively in dendrites
and that were distinct from those containing exogenously
expressed, tagged axonal proteins [2]. (2) Compartment-
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specific endocytosis, the mechanism by which the snare
protein VAMP2 is localized, is characterized by vesicular
transport to both axons and dendrites (Fig. 1b) [31].
Following transport, vesicles undergo exocytosis, resulting
in the deposition of VAMP2 onto the membranes of both
compartments. Subsequently, VAMP2 is endocytosed spe-
cifically from the dendritic compartment, resulting in the
presence of the protein only on the axonal membrane. (3)
Compartment-specific vesicle docking, like compartment-
specific endocytosis, involves the nonspecific vesicular
transport of protein (Fig. 1c). However, the former mecha-
nism involves the docking of transport vesicles in a single

compartment. This mechanism was observed to be respon-
sible in part for targeting of NgCAM, which is present in
vesicles that dock specifically at the plasma membrane of the
axonal compartment resulting in expression of protein
exclusively on the axonal membrane [2, 31]. (4) NgCAM
was also found to be localized by transcytosis (Fig. 1d) [44].
This mechanism involves vesicular transport of protein
specifically to the dendrites, followed by endocytosis and
transport to the axon.

Recent studies have found examples of ion channels that
are targeted by polarized vesicular trafficking and compart-
ment-specific endocytosis, but none have been found to be
localized by either compartment-specific vesicle docking or
transcytosis. In this review we will examine the targeting of
three different voltage-gated ion channels: Kv1 and Kv4
channels, which are localized by polarized vesicular
trafficking, and Nav1 channels, which are localized by
compartment-specific endocytosis.

Dendritic targeting of Kv4.2

Kv4.2 is a voltage-gated K+ channel found in dendrites that
both activates and inactivates quickly, electrical properties
that make it ideal for blocking action potential initiation and
propagation [32]. Patch clamp recordings of pyramidal
neurons from the CA1 region of the hippocampus have
revealed that, under normal conditions, action potentials
can neither be initiated in dendrites, nor can they back-
propagate from the axon to dendrites [14]. Inhibition of
Kv4.2, either by exposing a hippocampal slice to the
pharmacological blocker 4-aminopyridine or by expressing
a dominant negative variant of a Kv4.2 subunit in
hippocampal pyramidal cells, allows both initiation and
backpropagation of action potentials in the dendrites [3, 14,
16]. Accordingly, the subcellular targeting of this channel
defines a region through which action potentials do not
travel, and because it is expressed in most CNS neurons, it
likely plays a critical role in specifying the electrophysio-
logical characteristics of neurons throughout the brain [27].

Recently, signals involved in targeting of the channel
were identified, allowing us to better understand how Kv4.2
is localized to dendrites. Using tagged, recombinant
versions of the channel transfected into neurons in cultured
slices of rat cortex, its localization on the membrane was
assessed using surface labeling [28]. By testing a series of
constructs consisting of chimeras between Kv4.2 and the
axonal channel Kv1.4, as well as Kv4.2 constructs with
sequences either deleted or mutated, a 16-amino acid
sequence containing two tandem leucines was identified
that is necessary for dendritic targeting of the channel. This
single domain is sufficient to direct dendritic targeting, as a
fusion of this domain with Kv1 channels, which are found

Fig. 1 Mechanisms of polarized targeting of proteins in neurons. Four
mechanisms underlying polarized targeting of proteins in neurons are
illustrated in the text. a Polarized vesicular trafficking. b Compartment-
specific endocytosis. c Compartment-specific vesicle docking. d Trans-
cytosis. For clarity, vesicular trafficking is shown in the apical dendrite,
but not in secondary dendrites
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in axons, as well as with nonspecifically localized,
heterologous proteins, such as CD8, directs these proteins
to dendrites [28]. This motif is conserved in all K+ channels
that belong to the Shal family, of which Kv4.2 is a member,
from Caenorhabditis elegans to humans. However, similar
motifs are not found in other K+ channel families.

Whether or not a protein is localized by a mechanism
that involves polarized vesicular trafficking can be deter-
mined by comparing that protein’s intracellular expression
pattern with its expression pattern on the cell surface.
Proteins targeted by polarized vesicular trafficking have
intracellular and surface expression patterns that are both
confined to a specific compartment. In contrast, proteins
targeted through unpolarized vesicle trafficking followed by
a plasma membrane-based sorting process are expressed
intracellularly in both compartments, but are present on the
plasma membrane in only one compartment. Two observa-
tions suggest that Kv4.2 is localized by polarized vesicular
trafficking: (1) both cytosolic and surface Kv4.2 is
localized to dendrites and (2) the dileucine-containing motif
does not mediate endocytosis (Fig. 1) [28]. Polarized
vesicular trafficking involves somal sorting of proteins into
a subset of vesicles, followed by transportation of these
vesicles specifically to dendrites, both of which are
hallmarks of dendritic targeting of the transferrin receptor
[2]. Clues about the mechanism by which vesicle sorting
occurs are suggested by analogy with dileucine-containing
motifs that mediate basolateral targeting in epithelial cells
and/or endocytosis [38]. These motifs bind to subunits of
clathrin adaptor complexes, providing a means of fastening
the cytoplasmic domain of a transmembrane protein to a
constituent of the protein coat [18]. Thus, transmembrane
proteins containing specific motifs can be sorted into
vesicles whose coat contains the cognate adaptor protein
complex [26]. While this is a plausible mechanism by
which targeting motifs can mediate sorting of proteins into
a subset of transport vesicles, it is not clear why a vesicle
containing a protein with a certain targeting motif should be
transported specifically to a particular subcellular compart-
ment. However, previous work has suggested that, in neurons,
locomotion of transport vesicles is mediated by kinesin
motors, suggesting that kinesins may play a role in specifying
the destination to which the vesicles are transported [13].

How could a kinesin motor mediate dendrite-specific
trafficking of transport vesicles? One possibility is that
certain kinesins autonomously traffic to a specific subcel-
lular compartment, perhaps by recognizing the subset of
microtubules that project to the compartment. Evidence for
the existence of such proteins, which have been termed
smart motors [2], comes from the observation that a number
of the 45 kinesins found in mammals are localized
specifically to dendrites [20, 23]. The question of whether
a kinesin acts as a smart motor when transporting a

particular cargo has important implications for the function
of targeting motifs on the cargo protein. If a protein is
transported by a smart motor, then, by definition, all the
information that is necessary for targeting of the cargo is
provided by the kinesin. In that case, the only role of a
targeting motif on the cargo protein is to attach that protein
to the appropriate kinesin.

Kv4.2 is transported by the kinesin Kif17, which is also
responsible for dendritic transport of the NMDA receptor
subunit NR2B [5, 11, 33]. Using coimmunoprecipitation
assays, it was found that Kif17 does not attach to Kv4.2 via
the dileucine-containing motif, but rather through the
extreme C terminus of the channel [5]. Because the
dileucine motif is not involved in attachment to Kif17, but
is necessary for dendritic targeting of Kv4.2, it must be
influencing Kif17 to traffic to dendrites. In that case, Kif17
cannot be acting as a smart motor when transporting Kv4.2.
These results corroborate the finding that a Kif17 mutant
lacking the cargo binding domain traffics to both axons and
dendrites, indicating that the motor domain by itself is not
sufficient to mediate compartment-specific targeting [25].
Accordingly, Kv4.2 must influence Kif17 to traffic to
dendrites, likely by signaling through the dileucine motif
and proteins with which the motif interacts. This conclusion
is consistent with evidence that associated proteins can
influence the tendency of kinesins to traffic specifically to
axons or dendrites. For instance, the kinesin Kif5B, which
transports the alpha-amino-3-hydroxy-5-methyl-4-isoxazo-
lepropionic acid (AMPA) receptor GluR2, a dendritic
protein, traffics to dendrites when associated with the Psd-
95, Dlg, and ZO1 (PDZ) domain-containing protein
glucocorticoid receptor-interacting protein (GRIP). In con-
trast, Kif5B traffics to axons when associated with the
adaptor protein JSAP1 [34]. Proteins that interact with the
dileucine motif of Kv4.2 could thus play a role analogous
to that of GRIP by influencing Kif17 to traffic specifically
to dendrites. In summary, the results of previous experi-
ments point to a model whereby the dileucine motif,
through its interacting proteins, causes the channel to be
sorted into specific vesicles and influences Kif17 to traffic
those vesicles specifically to dendrites. Future experiments
will be required to test whether this model accurately
describes the mechanism underlying dendritic targeting of
Kv4.2.

Nav1.2 targeting to axons

The subcellular distribution of sodium channels from the
Nav1 family play a critical role in determining where action
potentials initiate in neurons [18]. Nav1.2 is localized to the
axon hillock where it responds to depolarization by
generating Na+ currents necessary to trigger action poten-
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tials [36]. To identify signals that target this channel to the
axon, a series of chimeric constructs consisting of cyto-
plasmic regions of the channel fused with heterologous
proteins were tested in hippocampal neurons in dissociated
culture [8]. These studies revealed that the C terminus
contains a nine-amino acid, dileucine-containing motif that
is sufficient to target heterologous proteins to the surface of
the axon. Because these proteins are present intracellularly
in both axons and dendrites, this motif mediates targeting
through a plasma-membrane-based trafficking mechanism,
rather than through polarized vesicular trafficking. In COS
cells, the motif mediates clathrin-dependent endocytosis
through an interaction with the adaptor protein AP-2, and in
neurons it mediates dendrite-specific endocytosis. These
results suggest a targeting mechanism whereby proteins
with this motif are transported to, and inserted into, the
membranes of both axonal and dendritic compartments.
Localization to only the axon occurs through prompt
endocytosis of the proteins from the dendritic membrane,
but not the axonal membrane (Fig. 1b) [8]. Surprisingly,
dendrite-specific endocytosis does not appear to be an
important mediator of axonal targeting in other Nav1
channels, despite the presence of peptide regions that are
homologous to the dileucine-containing motif in Nav1.2 in
the Na+ channels Nav1.1 and Nav1.6 [8].

While the targeting motif of Nav1.2 is sufficient to mediate
targeting to the axon, it does not affect targeting within the
axonal compartment. Instead, targeting to the axon initial
segment is mediated by a 27-amino acid ankyrin-binding
motif found in the cytoplasmic linker between the second
and third transmembrane domains of the channel [9, 19].
This motif is also present in Nav1.1, Nav 1.2, Nav1.3, and
Nav1.6, and is sufficient to cause heterologously expressed
transmembrane proteins, such as CD4, and even cytoplasmic
proteins, such as GFP, to localize to the axon initial segment
through ankyrin binding. Thus, the axonal targeting of Na+

channels appears to involve at least two different mecha-
nisms: direct binding to a cytoskeletal protein and dendrite-
specific endocytosis. Whether these mechanisms are the sole
determinants of subcellular localization of Na+ channels,
however, remains unclear. These initial studies concentrated
on the behavior of targeting motifs fused to heterologous
proteins, although it was not determined whether either motif
is necessary for axonal targeting of Na+ channels. Thus, it is
not known whether Na+ channels have additional determi-
nants that might assist in axonal targeting. The larger
question is whether axonal targeting might be fundamentally
different from dendritic targeting. Several studies have
suggested that dendritic targeting involves polarized vesicu-
lar trafficking, whereas axonal targeting mechanisms involve
nonspecific trafficking of vesicles followed by targeting to
the plasma membrane of the axonal compartment through
mechanisms that act at the membrane [2, 8, 9, 28, 31].

Kv1 channel targeting to axons

Kv1 channels represent the first example of an axonal channel
that is localized through polarized vesicular trafficking. Kv1
channels are voltage-gated K+ channels that are thought to
play a role in repolarizing the action potential [39].
Accordingly, they are localized in axons, although there is
evidence that they may also be found in dendrites [40, 41].
When tagged and expressed exogenously in dissociated
hippocampal cells in culture, Kv1 channels are found in the
entirety of the axon, but in dendrites they are present only in
proximal regions [10, 29]. Testing of a series of deletion and
chimeric constructs showed that the T1 region, which is
located on the intracellular N terminus of Kv1 channels, is
necessary and sufficient to mediate axonal targeting [10, 29].
In particular, when the T1 domain of Kv1.2 was replaced
with an artificial tetramerization domain based on the leucine
zipper protein GCN4, or when the T1 domain of Kv1.3 was
mutated, the respective channels localized nonspecifically.
Conversely, when the T1 domain of each of Kv1.1–4 was
fused to a nonspecifically localized protein, the resulting
fusion protein localized specifically to axons [10, 29].

Experiments to identify the region of T1 that is
necessary and sufficient for axonal targeting failed to define
a short, contiguous axonal targeting signal. However, it is
likely that Kvβ, which binds to the T1 domain, plays a role
in the targeting of Kv1 channels. Mutating amino acids in
the T1 domain that are necessary for interaction with Kvβ
also prevents the domain from mediating axonal targeting
[10]. This result contrasts with experiments involving
Nav1.2, which found that the beta subunit that associates
with that channel does not play a role in axonal targeting [9,
10]. Although interaction with Kvβ appears to be necessary
for axonal targeting, it is likely not sufficient, as mutating at
least one residue that is not involved in binding of Kvβ to
T1 prevents the T1 domain from mediating axonal targeting
[10]. These results suggest that axonal targeting mediated
by the T1 domain depends both on interactions mediated
through Kvβ and others that are independent of Kvβ.

In the above experiments, the localization of surface
protein was used to assess subcellular targeting. Thus, they
do not provide information about the molecular mecha-
nisms underlying axonal targeting mediated by the T1
domain. In particular, they do not address whether the T1
domain mediates trafficking of vesicles, or whether it works
through a plasma membrane-based mechanism, such as
dendrite-specific endocytosis. To investigate mechanisms
by which the T1 domain mediates axonal targeting, the
subcellular localization of both surface and intracellular
protein for a CD8/T1 fusion protein was assessed following
expression in cortical neurons in slices [29]. In this case,
both intracellular and surface CD8T1 were targeted
specifically to axons, suggesting that the T1 domain
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mediates trafficking of vesicles rather than dendrite-specific
endocytosis or axon-specific vesicle docking. Further
evidence that the T1 domain mediates axonal targeting of
vesicles was provided by experiments examining the
trafficking of vesicles containing a fusion of the T1 domain
with transferrin receptor (TfRT1). When a TfR–GFP
construct was expressed in dissociated neurons, the protein
was present in 1–2-μm tubulovesicular structures that were
confined to dendrites and that moved at high rates of speed
both anterogradely and retrogradely [2, 35]. In contrast,
TfRT1–GFP localized to vesicles that moved in axons,
providing evidence that the T1 domain is sufficient to
mediate trafficking of vesicles to axons [29]. These results
indicate that trafficking of vesicles is important for axonal
targeting of at least one ion channel, and suggests that
axonal and dendritic trafficking do not necessarily involve
distinct mechanisms. Furthermore, it is possible that
mechanisms that have been found to mediate axonal
targeting of Na+ channels at the level of the plasma
membrane may, in fact, function in a role that is secondary
to axonal trafficking of vesicles.

Additional channels

We have chosen to concentrate on mechanisms underlying
polarized targeting of three channels, Kv4, Kv1, and Nav1
channels, as these have been studied in the greatest detail.
However, numerous other ion channels have been found to
localize specifically to either the axonal and dendritic
compartments, and, in many cases, regions of the channel
have been identified that are involved in the localization. For
instance, when expressed in dissociated hippocampal cul-
tures, tagged versions of the calcium channel Cav2.2 are
targeted either to axons or dendrites, depending on which
exon comprises the C terminus of the channel. The long
splice variant Cav2.2a is localized to presynaptic sites in
axons, whereas the short splice variant Cav2.2b is localized
to the soma and dendrites [22]. The potassium channels
Kv3.3 and Kv3.1 have been found to localize specifically in
the somatodendritic region of pyramidal neurons of the
electrosensory lateral line lobe of Apteronotus leptorhynchus
[6]. Moreover, the coding sequence of Kv3.3 contains a PDZ
binding motif at the extreme C terminus that is necessary
and sufficient to mediate targeting throughout the dendritic
tree of pyramidal neurons in vivo [6]. In contrast, Kv3.1
does not contain the PDZ binding motif and is expressed
only in the somata and proximal dendrites. Finally, the
AMPA receptor GluR1 contains a motif in its C terminus
that is sufficient to direct targeting of a heterologous protein
to dendrites [30]. A remarkable finding from these studies,
and others that have examined the subcellular targeting of
polarized, nonchannel proteins, is that there appears to be no

consensus in the primary amino acid structure of motifs that
mediate either axonal or dendritic targeting.

Future challenges

Although much has been learned about the mechanisms of
polarized targeting of ion channels, many challenges
remain. In the case of the dileucine motif that mediates
dendritic targeting of Kv4.2, it will be critical to identify
interacting proteins. These proteins likely cause Kv4.2 to
sort into a specific subset of vesicles and also modify the
function of Kif17 such that it transports those vesicles
specifically to dendrites. In addition to helping to define the
targeting mechanisms of specific channels, the identifica-
tion of proteins that bind to targeting motifs will make it
possible to determine whether other dendritically targeted
proteins share a common targeting mechanism. This
question is particularly intriguing because all known
dendritic targeting motifs appear only in single proteins or
in families of proteins that are highly related, suggesting
that a multiplicity of mechanisms are involved in dendritic
targeting. By disrupting the function of Kv4.2 dileucine
motif interactors and determining whether this disruption
blocks the localization of other dendritically targeted
proteins, it should be possible to determine whether proteins
share common mechanisms of dendritic targeting, even if
they contain targeting motifs that are not homologous.

To better understand Na+ channel targeting, it will be
important to determine whether polarized vesicle trafficking
is involved. While the known mechanisms, which involve
nonspecific trafficking of vesicles followed by dendrite-
specific endocytosis and/or binding to ankyrin, are suffi-
cient to account for the distribution of Na+ channels seen in
CNS neurons, it has not been shown that other mechanisms
are not involved. Indeed, it is likely that a targeting process
involving polarized vesicle trafficking would be signifi-
cantly more efficient than one that relies on the nonspecific
trafficking of vesicles. Also, it remains to be explained how
dendrite-specific endocytosis is achieved. It is well docu-
mented that axonal membranes are capable of mediating
endocytosis [37]. Thus, the endocytosis motif found in
Nav1.2 must possess distinctive qualities that enable it to
direct endocytosis, specifically in dendrites. One possibility
is that the motif interacts specifically with adaptor proteins
that are active only in dendrites. As with the mechanisms
underlying Kv4.2 targeting, unraveling the mechanisms of
Nav1.2 targeting will require the identification of proteins
that interact with its targeting motif.

For Kv1 channels, defining the role of Kvβ in targeting
will be critical. To do this, it will be necessary to identify other
proteins in the T1/Kvβ complex. Because vesicle trafficking
appears to play an important role in axonal targeting mediated
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by the T1 domain, it will also be important to identify any
kinesins involved in the transport of Kv1 channels and any
adaptor proteins that might connect kinesins to the channel.

The contribution of RNA transport to polarized targeting of
ion channels is another area that merits further study.
Currently, RNAs encoding many proteins, including ion
channels, have been detected in dendrites; however, the
significance of RNA transport for subcellular localization is
not clear [24]. Perhaps the best documented examples of ion
channels that are translated in dendrites are the AMPA
receptors GluR1 and GluR2 [17]. Dendritic translation of
both channels is induced in response to electrical activity;
however, the importance of dendritic translation to subcellu-
lar targeting of AMPA receptors is uncertain. The C terminus
of AMPA receptors contains a sequence that is sufficient to
mediate dendritic targeting of proteins, and so, it is likely that
GluR1 and GluR2 would be targeted to dendrites even in the
absence of dendritic RNA transport [30]. Accordingly, RNA
transport is likely used as a fast way to deliver protein to
dendrites in response to a particular stimulus, rather than a
mechanism for shaping the overall AMPA receptor distribu-
tion. Further study will be necessary to completely charac-
terize the role of compartment-specific translation in defining
the subcellular distribution of dendritic ion channels.

In conclusion, ion channels are targeted to specific
compartments in neurons by diverse mechanisms that have
been uncovered through the identification of peptide-
targeting motifs. In the future, the identification of proteins
that interact with these motifs will enable further under-
standing of how neurons create and maintain the complex
expression patterns of ion channels that enable generation
and processing of electrical signals.

Acknowledgements Work in the author’s laboratory was supported
by National Institute of Health grants NS-41963 and MH-71439 and
by a grant from Whitehall foundation. The author would like to thank
Emily Liman and David McKemy for helpful comments on the
manuscript.

References

1. Blobel G, Walter P, Chang CN, Goldman BM, Erickson AH,
Lingappa VR (1979) Translocation of proteins across membranes:
the signal hypothesis and beyond. Symp Soc Exp Biol 33:9–36

2. Burack MA, Silverman MA, Banker G (2000) The role of
selective transport in neuronal protein sorting. Neuron 26:465–
472

3. Cai X, Liang CW, Muralidharan S, Kao JP, Tang CM, Thompson
SM (2004) Unique roles of sk and kv4.2 potassium channels in
dendritic integration. Neuron 44:351–364

4. Cajal SR (1995) Histology of the nervous system. Oxford
University Press, New York

5. Chu PJ, Rivera JF, Arnold DB (2006) A role for kif17 in transport
of kv4.2. J Biol Chem 281:365–373

6. Deng Q, Rashid AJ, Fernandez FR, Turner RW, Maler L, Dunn RJ
(2005) A c-terminal domain directs kv3.3 channels to dendrites.
J Neurosci 25:11531–11541

7. Dotti CG, Simons K (1990) Polarized sorting of viral glycopro-
teins to the axon and dendrites of hippocampal neurons in culture.
Cell 62:63–72

8. Garrido JJ, Fernandes F, Giraud P, Mouret I, Pasqualini E, Fache
MP, Jullien F, Dargent B (2001) Identification of an axonal
determinant in the c-terminus of the sodium channel na(v)1.2.
EMBO J 20:5950–5961

9. Garrido JJ, Giraud P, Carlier E, Fernandes F, Moussif A, Fache
MP, Debanne D, Dargent B (2003) A targeting motif involved in
sodium channel clustering at the axonal initial segment. Science
300:2091–2094

10. Gu C, Jan YN, Jan LY (2003) A conserved domain in axonal
targeting of kv1 (shaker) voltage-gated potassium channels.
Science 301:646–649

11. Guillaud L, Setou M, Hirokawa N (2003) Kif17 dynamics and
regulation of nr2b trafficking in hippocampal neurons. J Neurosci
23:131–140

12. Hall MN, Hereford L, Herskowitz I (1984) Targeting of E. coli
beta-galactosidase to the nucleus in yeast. Cell 36:1057–1065

13. Hirokawa N (1998) Kinesin and dynein superfamily proteins and
the mechanism of organelle transport. Science 279:519–526

14. Hoffman DA, Magee JC, Colbert CM, Johnston D (1997) K+
channel regulation of signal propagation in dendrites of hippo-
campal pyramidal neurons. Nature 387:869–875

15. Jareb M, Banker G (1998) The polarized sorting of membrane
proteins expressed in cultured hippocampal neurons using viral
vectors. Neuron 20:855–867

16. Johnston D, Hoffman DA, Colbert CM, Magee JC (1999)
Regulation of back-propagating action potentials in hippocampal
neurons. Curr Opin Neurobiol 9:288–292

17. Ju W, Morishita W, Tsui J, Gaietta G, Deerinck TJ, Adams SR,
Garner CC, Tsien RY, Ellisman MH, Malenka RC (2004)
Activity-dependent regulation of dendritic synthesis and traffick-
ing of ampa receptors. Nat Neurosci 7:244–253

18. Kirchhausen T (1999) Adaptors for clathrin-mediated traffic.
Annu Rev Cell Dev Biol 15:705–732

19. Lemaillet G, Walker B, Lambert S (2003) Identification of a
conserved ankyrin-binding motif in the family of sodium channel
alpha subunits. J Biol Chem 278:27333–27339

20. Marszalek JR, Weiner JA, Farlow SJ, Chun J, Goldstein LS
(1999) Novel dendritic kinesin sorting identified by different
process targeting of two related kinesins: kif21a and kif21b. J Cell
Biol 145:469–479

21. Matter K, Mellman I (1994) Mechanisms of cell polarity: sorting
and transport in epithelial cells. Curr Opin Cell Biol 6:545–554

22. Maximov A, Bezprozvanny I (2002) Synaptic targeting of n-type
calcium channels in hippocampal neurons. J Neurosci 22:6939–6952

23. Miki H, Setou M, Hirokawa N (2003) Kinesin superfamily proteins
(kifs) in the mouse transcriptome. Genome Res 13:1455–1465

24. Miyashiro K, Dichter M, Eberwine J (1994) On the nature and
differential distribution of mrnas in hippocampal neurites: impli-
cations for neuronal functioning. Proc Natl Acad Sci USA
91:10800–10804

25. Nakata T, Hirokawa N (2003) Microtubules provide directional
cues for polarized axonal transport through interaction with kinesin
motor head. J Cell Biol 162:1045–1055

26. Rapoport I, Chen YC, Cupers P, Shoelson SE, Kirchhausen T
(1998) Dileucine-based sorting signals bind to the beta chain of
ap-1 at a site distinct and regulated differently from the tyrosine-
based motif-binding site. EMBO J 17:2148–2155

27. Rhodes KJ, Carroll KI, Sung MA, Doliveira LC, Monaghan MM,
Burke SL, Strassle BW, Buchwalder L, Menegola M, Cao J, An

768 Pflugers Arch - Eur J Physiol (2007) 453:763–769



WF, Trimmer JS (2004) Kchips and kv4 alpha subunits as integral
components of a-type potassium channels in mammalian brain.
J Neurosci 24:7903–7915

28. Rivera JF, Ahmad S, Quick MW, Liman ER, Arnold DB (2003)
An evolutionarily conserved dileucine motif in shal K+ channels
mediates dendritic targeting. Nat Neurosci 6:243–250

29. Rivera JF, Chu PJ, Arnold DB (2005) The t1 domain of kv1.3mediates
intracellular targeting to axons. Eur J Neurosci 22:1853–1862

30. Ruberti F, Dotti CG (2000) Involvement of the proximal c
terminus of the ampa receptor subunit glur1 in dendritic sorting.
J Neurosci 20:RC78

31. Sampo B, Kaech S, Kunz S, Banker G (2003) Two distinct
mechanisms target membrane proteins to the axonal surface.
Neuron 37:611–624

32. Serodio P, Kentros C, Rudy B (1994) Identification of molecular
components of a-type channels activating at subthreshold poten-
tials. J Neurophysiol 72:1516–1529

33. Setou M, Nakagawa T, Seog DH, Hirokawa N (2000) Kinesin
superfamily motor protein kif17 and mlin-10 in nmda receptor-
containing vesicle transport. Science 288:1796–1802

34. Setou M, Seog DH, Tanaka Y, Kanai Y, Takei Y, Kawagishi M,
Hirokawa N (2002) Glutamate-receptor-interacting protein grip1
directly steers kinesin to dendrites. Nature 417:83–87

35. Silverman MA, Kaech S, Jareb M, Burack MA, Vogt L,
Sonderegger P, Banker G (2001) Sorting and directed transport
of membrane proteins during development of hippocampal
neurons in culture. Proc Natl Acad Sci USA 98:7051–7057

36. Stuart G, Spruston N, Sakmann B, Hausser M (1997) Action
potential initiation and backpropagation in neurons of the
mammalian cns. Trends Neurosci 20:125–131

37. Sudhof TC (2004) The synaptic vesicle cycle. Annu Rev Neurosci
27:509–547

38. Sugimoto H, Sugahara M, Folsch H, Koide Y, Nakatsu F, Tanaka
N, Nishimura T, Furukawa M, Mullins C, Nakamura N, Mellman
I, Ohno H (2002) Differential recognition of tyrosine-based
basolateral signals by ap-1b subunit mu1b in polarized epithelial
cells. Mol Biol Cell 13:2374–2382

39. Swanson JD, Marscall J, Smith JS, Williams JB, Boyle MB,
Folander K, Luneau CJ, Anatanavage J, Olivia C, Buhrow SA,
Bennet C, Stein RB, Kaczmarek LK (1990) Cloning and
expression of cdna and genomic clones encoding three delayed
rectifier potassium channels in rat brain. Neuron 9:929–939

40. Veh RW, Lichtinghagen R, Sewing S, Wunder F, Grumbach IM,
Pongs O (1995) Immunohistochemical localization of five
members of the kv1 channel subunits: contrasting subcellular
locations and neuron-specific co-localizations in rat brain. Eur J
Neurosci 7:2189–2205

41. Wang H, Kunkel DD, Martin TM, Schwartzkroin PA, Tempel BL
(1993) Heteromultimeric k+ channels in terminal and juxtapara-
nodal regions of neurons. Nature 365:75–79

42. West AE, Neve RL, Buckley KM (1997) Targeting of the synaptic
vesicle protein synaptobrevin in the axon of cultured hippocampal
neurons: evidence for two distinct sorting steps. J Cell Biol
139:917–927

43. Winckler B, Forscher P, Mellman I (1999) A diffusion barrier
maintains distribution of membrane proteins in polarized neurons.
Nature 397:698–701

44. Wisco D, Anderson ED, Chang MC, Norden C, Boiko T, Folsch
H, Winckler B (2003) Uncovering multiple axonal targeting
pathways in hippocampal neurons. J Cell Biol 162:1317–1328

Pflugers Arch - Eur J Physiol (2007) 453:763–769 769


	Polarized targeting of ion channels in neurons
	Abstract
	Introduction
	Dendritic targeting of Kv4.2
	Nav1.2 targeting to axons
	Kv1 channel targeting to axons
	Additional channels
	Future challenges
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


