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Abstract

Ion channels play crucial roles in a variety of cellular activities. A superfamily of

ion channels known as voltage-gated ion channels is responsive to changes in the

electrical potential across the cell membrane in which they reside. This property of

voltage sensitivity allows voltage-gated ion channels to be major contributors to the

electrical communication utilized by cells. The prominence of these channels in many

biological processes has made them a popular drug target in hopes of treating a variety of

pathologies. Chapter I is a broad overview of these voltage-gated ion channels with a

particular emphasis on the pharmacology developed and discovered for these channels.

Voltage-gated ion channels play an integral role in neuronal signaling. A

challenge for a neuron is managing the proper number and type of signaling proteins

required for up to thousands of synaptic connections with other neurons. One strategy for

neurons to deal with this problem is to translate the necessary proteins locally, near the

required site for the protein to function optimally. Transcripts isolated from

synaptosomes were quantified and the most abundant transcripts were considered to be

candidate transcripts that are locally translated.

Chapter II explores how the local translation of one of the candidate transcripts,

the voltage-gated potassium channel Kv1.1 is regulated in neurons. Kv1.1 mRNA was

detected in neuronal dendrites and we developed a novel method to visualize the local

translation of Kv1.1 using Kaede, a photo-convertible fluorescent protein. Inhibiting

NMDA glutamate receptors, PI3 kinase, or mTOR increased the local translation of

Kaede-Kv1.1 in dendrites. These findings suggest neuronal activity suppresses the local

translation of Kv1.1.
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The appendix details other candidate transcripts that were further characaterized.

A particular focus is on 14-3-3 eta as a candidate transcript that is locally translated as

well as the functional significance of the interaction between 14-3-3 and GABA-B

receptors.
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CHAPTER I

Introduction to Voltage-Gated Ion Channels



Introduction

Cells create differences in voltage and ion concentration across membranes

through the action of ATP-dependent ion pumps, and the ions flow down the

electrochemical gradients through ion channels underlies the generation and propagation

of action potentials, release of hormones and neurotransmitters, and many other functions

essential for cellular signaling and homeostasis. Mammalian cell membranes typically

maintain a resting membrane potential of -50 to —90 mV, a range that is close to the

equilibrium potential for potassium (K') and far from the equilibrium potentials for

sodium (Na') and calcium (Ca"). Relatively voltage-insensitive background K' channels

maintain hyperpolarized membrane potentials at rest, resisting the depolarizing shifts in

membrane potential that open voltage-dependent Na', K', and Ca" channels.

A sufficiently strong depolarizing stimulus, such as a sodium current through an

ionotropic glutamate receptor, can precipitate an action potential by initiating the

sequential opening and closing of voltage-gated ion channels. Voltage-gated Na'

channels open earliest and further depolarize the membrane before they inactivate and

become non-conductive. More slowly activating voltage-gated K' channels then open

and return the membrane towards its resting potential before they inactivate. Voltage

gated Ca” channels also open upon depolarization, stimulating neurotransmitter release

as well as longer term (e.g., transcriptional) effects that depend on calcium as a second

messenger.

It is clear from the roles of voltage-gated ion channels in the neuronal action

potential that channels must be selective for a specific ion, and must open and inactivate

within the proper voltage range. The conformational changes that lead to opening and



closing of channels are known as “gating,” and occur in response to stimuli such as

ligands or voltage. Selectivity and gating depend on structural elements of the channel

proteins, and X-ray crystallographic studies in the last few years have provided the first

high-resolution insights into the 3-dimensional organization and functional properties of

channels. However, before the channels can affect cellular physiology, they must fold

properly, co-assemble with homologous or auxiliary subunits, and reach the plasma

membrane through the secretory pathway. While gating and selectivity have been

tractable properties to study with electrophysiological techniques for decades, only

recently have genetic, molecular biological, biochemical, and immunological approaches

enabled channel biologists to understand the pre- and post-translational modification,

assembly, and trafficking of ion channels.

With so many levels of regulation of ion channel activity, one can imagine that

mutations of ion channels at critical amino acid residues could lead to various defects in

channel folding, trafficking, or conduction. Indeed, a number of ion channel-related

diseases, or channelopathies, have been described, including epilepsy, arrhythmia,

myotonia, diabetes, and even cancer, in humans. In addition, animal models, particularly

mouse and the fruit fly Drosophila melanogaster, have helped to reveal the physiological

roles of both wild-type and mutant channels.

As the roles that channels play in pathophysiology become clearer, the importance

of developing pharmacological tools to manipulate channel function grows. Nature has

provided many highly specific channel blockers in the form of peptide toxins from

venomous snakes, spiders, sea snails, scorpions, and other species. While useful for

laboratory studies, these toxins have poor bioavailability, so the identification and



development of organic small molecule blockers and openers has become an important

goal of pharmacological research.

This review will give an overview of the current state of knowledge about the

structures of ion channels; the mechanisms of selectivity and gating; the cell biology of

ion channels, including co-assembly of channel subunits with other proteins and

trafficking of ion channels; the physiological functions of ion channels and their roles in

disease; and pharmacological tools available for the manipulation of ion channels in vitro

and in vivo. While a vast array of ion channels exists with different selectivities and

mechanisms of activation, I will focus on voltage-gated K', Na', and Ca" channels.

Cloning and Evolutionary Relationships

Cloning of the first voltage-gated ion channel, from the eel Electrophorus

electricus, revealed four repeats of a six transmembrane segment (TMS) topology, with a

highly charged fourth TMS in each repeat [1]. Further cloning of other voltage-gated

channels indicated that an amphipathic O-helix, with an arginine residue at approximately

every third position, is a conserved motif among voltage-gated ion channels. This

charged helix appeared to be a region of the channel that is sensitive to changes in

transmembrane potential.

Identification of the genes for voltage-gated K' channels, beginning with the

Shaker mutant of Drosophila [2, 3], revealed an evolutionary relationship among voltage

gated ion channels. Whereas the Na' and Ca" channels contain four pseudorepeating

domains (DI-IV), each containing six TMS, the voltage-gated K' channels are made up

of only one domain of six TMS and assemble as tetramers. Thus, it appears that voltage



gated sodium and Ca" channels emerged evolutionarily by successive gene duplications

from a K' channel precursor. With the sequencing of genomes of organisms from all

kingdoms of life, it is clear that voltage-gated ion channel genes are both ancient and

ubiquitous. Na' channels of 24TMS topology have been found in some lower organisms,

such as cnidarians and ctenophores [4], and one 24TMS voltage-gated Ca” channel is

present in the yeast Saccharomyces cerevisiae [5]. Among the voltage-gated cation

channels, only K' channels are present in prokaryotes, though a Na' channel of 6TM

topology from Bacillus halodurans has been cloned and characterized [6]. Bacterial K"

channels that can be over-expressed and purified in large quantities provided the raw

materials for the X-ray crystallographic studies that show the details of ion selectivity and

voltage-sensing at an atomic level.

Nomenclature

The naming of ion channels has been an idiosyncratic process over the years, as

researchers named channels for mutant or knockout phenotypes, or with acronyms

derived from channel functional properties. For example, K' channels related to the

Shaker channel from Drosophila have alternately been called Shaker, Kv1.x, or KCNA

channels. In the interest of consistency, we will follow IUPHAR nomenclature for

voltage-gated sodium (Nav) [7] and Ca" channels (Cav) [8]. For voltage-gated K'

channels, we use Kv names for the A-type and delayed rectifier channels Kv1.x, Kv2.x,

Kv3.x, Kv4.x, Kv5.1, Kv6.x, Kv8.1, and Kv3.x. We use the more common literature

names for the KCNQ1-5 channels and for the calcium-activated K' channels of large

(BK), intermediate (IK), and small (SK) conductance. The more widely used,



Drosophila-derived names EAG, ERG, and ELK are employed instead of KCNH1-8 or

Kv10.x/Kv11.x/Kv12.x [9].

Potassium Channels

K' channels are essential in both excitable and non excitable cells for the control

of membrane potential, regulation of cell volume, and the secretion of salt,

neurotransmitters and hormones. They allow the selective, diffusional passage of

potassium ions across biological membranes, and are capable of up to 10,000-fold

selectivity of potassium over sodium. Voltage-gated K' channels, unlike the related

voltage-gated Na' and Ca" channels, are expressed not only in heart, neurons, and

muscle cells, but also in many non-excitable cells.

While best known for their role in repolarizing the membrane of neurons and

cardiomyocytes during an action potential, K' channels are, in fact, expressed in most

mammalian cell types. They play a critical role in such diverse processes as epithelial salt

balance across epithelial cells, particularly in the kidney and colon, T cell signaling, and

insulin release by pancreatic beta cells. Accordingly, a growing number of K' channels

are potential targets for treatment of diseases, and K' channel mutations have been linked

to a number of diseases. For example, missense mutations in KCNQ2 or KCNQ3 that

reduce M-channel current cause an autosomal dominant form of seizure disorder, benign

neonatal familial convulsions. And a number of voltage-gated K' channel mutations can

cause arrhythmias by delaying the repolarization phase of the cardiac action potential.

With the sequencing of the human genome, over 80 K channels genes have now

been identified, and can be grouped into several classes based on their transmembrane



topologies. The inwardly-rectifying K' channels have two TMS flanking the highly

conserved pore region including the P loop, which confers potassium selectivity (see

“Selectivity,” below), and assemble as tetramers. The two-P, or KCNK channels, consist

of two inward rectifier-type domains linked together, and function as dimers. The

voltage-gated and calcium-activated K' channels have a pore domain with an inward

rectifier-type topology, containing the conserved Ploop, preceded by four

transmembrane domains (five, in the case of BK channels). A highly charged fourth TMS

functions as the voltage sensor in the voltage-gated channels. The N- and C-terminal

domains of K' channels are cytoplasmic and can regulate channel electrophysiological

properties and trafficking, and can be a platform for phosphorylation, channel-lipid

interactions, and co-assembly with other proteins. In addition to these pore-forming, or O

subunits, a number of cytosolic and transmembrane proteins co-assemble with K"

channels and alter channel sensitivity to various ligands or to voltage, or regulate

subcellular localization of the channel complex.

The last six years have brought high-resolution structures of several bacterial K"

channels, as well as cytoplasmic domains and beta subunits of several mammalian

channels. The structure of Kcs.A in 1998 [10] showed the atomic details of potassium

coordination by the selectivity filter. While the Kcs.A structure shows a channel in the

closed state, the structure of the calcium-activated MthK [11] reveals the conformation of

an open channel. A structure of the voltage-gated K' channel, KvaP, was published in

2003 [12], but there is still much debate regarding the organization of transmembrane

helices of this class of channels and the conformational changes involved in voltage

gating [13]. The increasing use of structural biology as a tool for studying ion channels



will allow for more detailed understanding of gating, selectivity, disease-causing

mutations, as well as the interactions between channels and the drugs that modulate them.

A vast pharmacology exists for K' channels, including many peptide toxins

isolated from microbes and venomous animals, and therapeutically more useful small

organic compounds. Many of these agents act on multiple K' channels subtypes, on

account of the conserved structural elements among K' channels, while others show

potent specificity for a single channel subtype.

Voltage-Gated K' channels

Voltage-gated K' channels are generally divided into subgroups depending on

sequence homology and the ability to heteromultimerize. The three Shal K" channels

(Kv4.1-4.3 or KCND1-3), for example, can co-assemble with each other but not with

Shaker (Kv1.1—1.8 or KCNA1-8) K' channels. The Kv channels activate upon

depolarization and inactivate either through fast or slow inactivation, and are also known

as delayed rectifiers, since upon depolarization they repolarize the membrane after a

delay. Other voltage-gated K' channels, the KCNQ channels and KCNH (HERG, EAG,

ELK) channels, activate more slowly and are known as slow delayed rectifiers. While

electrophysiological studies have demonstrated the diverse activation and inactivation

properties of voltage—gated K' channels, high resolution structural studies and

spectroscopy are beginning to provide detailed molecular models for the voltage

dependent properties of these channels.

Selectivity



The region of K' channels responsible for selectivity, the P-loop, was identified

more than a decade ago by sequence alignment and mutagenesis studies, and a tripeptide

motif Gly-Tyr-Gly, was found to be crucial for distinguishing potassium from other

monovalent cations [14]. It was not until MacKinnon and colleagues solved the crystal

structure of the KcsA channel from Streptomyces lividans [10] that the geometry of

potassium coordination by the channel pore became clear. The four subunits of the K'

channel symmetrically surround the permeating potassium ions of the structure, with the

channel reaching its narrowest point at the GYG region of the P-loop. In this region,

known as the selectivity filter, rings of four carbonyl oxygens coordinate potassium ions

as they move through the constriction in single-file. The oxygens, in effect, mimic the

hydration sphere of a potassium ion in solution, and therefore lower the dehydration

energy required to move the ion from bulk solvent into the protein channel. The geometry

of the pore provides a more favorable coordination sphere for potassium than for sodium,

which has a smaller atomic radius and a higher dehydration energy. Some have argued

recently, though, that the channel pore may not be rigid, and that the nature of carbonyl

dipole moments themselves favor potassium over sodium [15].

Conduction occurs in the direction of the electrochemical gradient for potassium

at rates approaching the diffusion limit. Repulsion between closely-spaced potassium

ions in the selectivity filter facilitates such rapid conduction [10]. The narrow selectivity

filter makes up less than a third of the distance of the conduction pathway, and the rest of

the channel pore is wide enough to contain water molecules that hydrate ions as they pass

through the inner cavity. Thus, each ion is only briefly dehydrated. Ions in the water



filled cavity below the selectivity filter are further stabilized by the orientation of

negative dipoles of the four pore helices towards the cavity.

Voltage-Activation

With the cloning and sequencing of the first voltage-gated K' channels, Shaker

from Drosophila melanogaster in 1987 [3], and the previously cloned voltage-gated

sodium and Ca" channels, it became clear that the charged S4 TMS was likely to be

important for voltage sensing. Electrophysiological studies had already shown that a

“gating current” of 12-13 charges precedes the conduction of ions through the channel,

indicating that a charged part of the channel protein moves across the transmembrane

electric field in a voltage-dependent manner [16]. Site-directed mutagenesis of basic

residues in S4 confirmed the importance of S4 in voltage gating [17]. Later experiments

showed that acidic residues in the S2 and S3 segments are important for stabilizing S4

basic residues within the membrane [18]. Based on the presumed topology of the channel

and the magnitude of gating currents, several models for voltage sensor movement were

proposed [4]. The S4 helix might undergo a simple translation, altering the register of S2

S4 and S3-S4 interactions, and exposing some S4 residues to the extracellular solution.

Alternatively, voltage sensing could be a combination of helical translation and rotation

of S4. Resonance energy transfer experiments measured relatively small changes in the

distance of S4 segments relative to one another, results not consistent with dramatic

conformational changes [19, 20). A way to reconcile the measured distances with the

necessity of moving 12-13 charges through the transmembrane electric field is a thinning

of the membrane around S4, such that four basic residues could move from the

10



cytoplasmic side of the membrane to the extracellular side with only a modest translation

and rotation.

The structure of the bacterial voltage-gated K' channels KvåP showed an

unexpected orientation of S1-S4, with an S3-S4 voltage-sensing “paddle” on the outer

edge of each subunit and touching lipid [12]. The data led MacKinnon and colleagues to

propose that the voltage paddle is flexible and can swing across the bilayer upon voltage

activation [21]. A caveat of the crystallization procedure, however, was the use of an

antibody against the S3-S4 region to co-crystallize with the channel. The antibody likely

distorted the voltage-sensing portion of channel so that it may not be resting in its normal

position for the depolarized state (assuming that crystallization in detergent mimics the

zero mV state of the channel). In addition, parts of the structure that appear to be on the

cytoplasmic side of the membrane in the structure are glycosylated in homologous

mammalian channels, suggesting that they are unlikely to move through the membrane

[13]. Thus, the mechanics of voltage-sensing are still an open question that will require

more high resolution structural and computational studies before it can be answered

definitively.

Gating

Diverse stimuli can cause channel opening and closing, a process known as

“gating,” and their effects must ultimately affect potassium movement through the

permeation pathway of the channel. Structural and spectroscopic studies, coupled with

measurements of the solvent accessibility of residues in open versus closed states have

identified two “gates” that restrict ion permeation. One is at the cytoplasmic face of the

11



channel, where the inner pore-lining helices constrict and can block ion passage through

the narrow opening. This region was mapped through the differential accessibility of

cysteine-modifying reagents to cytseine mutations in S6 in the open and closed states

[22]. Structures of the KcsA channel, which is presumably in the closed state [10], and

MthK, a calcium-sensitive channel in the open state [11], confirmed this result. The

Kcs.A structure has straight pore-lining helices that constrict at the cytoplasmic side to

limit access to the selectivity filter. MthK, when opened by calcium, swings open its pore

helices around a glycine hinge in M2 (S6), such that there is an opening of 12 Angstroms

from the cytoplasm to the inner pore. While voltage-gated K' channels may make use of

this glycine hinge, they also have a Pro-X-Pro motif (though KVAP lacks this element) at

the cytoplasmic mouth of the channel that acts as a hinge and may make the opening

narrower than that of MthK [23]. Interestingly, this more constricted opening may

explain in part the ten-fold lower conductance of Kv channels compared to MthK.

The second gate is at the selectivity filter, which can adopt a conformation that

prevents permeation of ions. This kind of gating underlies C-type (slow) inactivation of

Kv channels, an inactivation mechanism that persists in the absence of fast inactivation

(see below) and is dependent on the extracellular potassium concentration. The structure

of Kcs.A in the presence of low potassium (3 mM) shows a collapsed structure that

coordinates fewer potassium ions than the high potassium (200 mM) structure [24]. The

structure of a bacterial inwardly-rectifying K' channels has a slightly different pore

structure, and also appears to be a non-conducting form [25] that may represent a C-type

inactivated conformation.

12



A related question for voltage-gated channels is how voltage sensing is coupled to

the channel gates to allow for opening following voltage driven channel conformational

changes that give rise to the gating current. During voltage-sensing, the S4 domain's

charged residues move outwards, likely exerting tension on the S4-S5 linker. Some

studies have suggested that this linker interacts with the C-terminal end of S6 in the

HERG K' channels [26] and the Kv1.2 channel [27].

Fast Inactivation

A-type, or rapidly inactivating, K' channels inactivate on a scale of tens to

hundreds of milliseconds after depolarization. This inhibition is mediated by a peptide of

about 30 amino acids either at the N-terminus of the channel or at the N-terminus of a 3

subunit. The peptide binds to the cytoplasmic side of the K' channel pore and prevents

ion conduction until it is reversed by repolarization [28]. Although no structure of the

inactivation peptide bound to the pore has been solved, the prevailing model has been the

“ball-and-chain.” The N-terminal “ball” of basic and hydrophobic residues is tethered by

a “chain” of linker residues to the T1 domain or 3-subunit, and probably snakes through

the space between the T1 domain and the membrane in order to reach the pore [29]. The

“ball” residues are not well conserved among channels, but hydrophobic residues seem to

be of particular importance in binding to the pore [30].

Interacting Proteins

There are many cytoplasmic proteins that have been found to interact with

voltage-gated K' channels, and to alter the electrophysiological properties or localization

13



of the pore-forming o-subunits. The B-subunits exist in three forms, 31-3, 31 and £3

having several splice variants, and co-assemble with Kv O-subunits in the endoplasmic

reticulum [31]. While 31 and 33 are capable of converting slowly-inactivating delayed

rectifiers to transient A-type currents, 32 seems primarily to increase Kv surface

expression. These subunits are members of the aldo-keto reductase family and bind

NADPH. The function of the co-factor is not clear, and while mutation of catalytic

residues seems to have no effect on trafficking of 32 subunits, disruption of the cofactor

binding site leads to improper targeting of alpha subunits [32]. Large-conductance

calcium-activated K' (BK) channels interact with another type of B-subunit, which has

two transmembrane segments and modifies the voltage activation and calcium sensitivity

of the BK O-subunits.

A second class of proteins that directly affect voltage-gated potassium activity is

the KChIPs (K' Channel Interacting Proteins), which interact primarily with members of

the Kv4 (Shal) sub-family. KChIPs are cytoplasmic calcium-binding proteins that have

four EF-hand Caº'-binding motifs, and bind to the N-terminal domain of Kv4.x channels.

KChIPs 1-3 affect o-subunit activity similarly, by increasing current density, shifting the

voltage activation curve to more hyperpolarized potentials, speeding up recovery from

inactivation, and slowing the time constant of inactivation [33]. KChIP4 may compete

competitively with other KChIPs, fails to increase current density, and can remove rapid

inactivation from Kv4.x currents [34].

KCNE (Mink and MiRP) proteins are a class of transmembrane subunits that

modulate voltage-gated K' channel function. They contain a single transmembrane helix

with a glycosylated, extracellular N-terminus and a cytoplasmic C-terminal domain.
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KCNE1 assembles with KCNQ1 to form the slow component of the cardiac delayed

rectifier K' current (IKs), part of the repolarization phase of the cardiac action potential.

Its effect on KCNQ1 is to slow voltage activation and increase conductance, and

mutations in KCNE1 that reduce KCNQ1/KCNE1 conductance can be arrhythmogenic

[35]. KCNE1 can also interact with Kv4.3 and decreases its activation and inactivation

rates while increasing current density [36], while KCNE3 has been found to co

immunoprecipitate with and affect the electrophysiological properties of Kv2.1 and

Kv3.1 [37].

Cytoskeletal and scaffolding proteins may help to target or maintain voltage-gated

K' channels at specific sub-cellular locations. Filamin, an actin-binding protein, co

localizes with Kv4.2 and may aid in the synaptic targeting of this channel [38]. Integrins,

a type of cell adhesion molecule, may help to maintain Kv4.x channel complexes at the

neuromuscular junction [39], and interact with Kv1.3 in T lymphocytes. The scaffolding

protein PSD-95 can mediate synaptic clustering of Kv channels with other channels and

signaling proteins [40].

Kv Channels: Physiological Functions, Disease Relevance, Pharmacology

Threshold of voltage activation and channel localization play key roles in the

physiological function of the various Kv subunits. K' channels that activate at

subthreshold potentials will tend to resist excitation near the resting potential, while

channels that activate at more depolarized potentials will tend to play a more important

role in the repolarization phase of an action potential. Axonal or axon terminal K"

channels shape action potentials and modulate neurotransmitter release, whereas
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somatodendritic channels affect synaptic integration and shape backpropagating action

potentials.

Kv1 channels are predominantly localized to membranes immediately adjacent to

the nodes of Ranvier (the juxtaparanodal region) of myelinated axons, axonal membrane

of unmyelinated axons, and nerve terminals [41], though they have also been found in

somatodendritic membranes [42]. Their main functions at axonal locations are

repolarization during an action potential and spike broadening at the terminal in order to

regulate calcium influx, and thereby neurotransmitter release. Kv1 channels form

sustained currents, except when they contain a Kv1.4 subunit or 31 subunits that confer

fast inactivation. Kv1.5 is expressed in the heart, where it makes up the ultra-rapidly

activating K' current [43], a part of the repolarization phase of the cardiac action

potential, while Kv1.3 modulates T-lymphocyte activation by promoting calcium influx

at hyperpolarized potentials [44].

Kv2 channels produce sustained currents that are localized predominantly in the

cell body and dendritic membranes. Kv2.1 has a more restricted distribution in the soma

and proximal dendrites [45], while Kv2.2 is found along the length of dendrites [46]. The

o-subunits Kv5.1, 6.1-6.3, 8.1, and 9.1-9.3 are all non-functional when expressed alone

in heterologous systems. However, many of them can co-assemble with Kv2 channels,

acting as dominant negatives in some cases and increasing conductance in others [47,

48].

The four Kv3 channels can make up either transient or sustained currents, and

have more depolarized thresholds for voltage activation (>-10 mV.) than most other Kv

channels. Coupled with their rapid deactivation (within milliseconds), this high threshold
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makes these channels suited to their role in high-frequency spiking neurons [49].

Accordingly, Kv3 expression has been observed in most types of high-frequency firing

neurons, such as neocortical interneurons [50] and auditory principal neurons [51].

The three Kv4 channels all form A-type currents that are expressed predominantly

in somatodendritic membrane. This localization implies that Kv4 channels play a role in

synaptic integration and backpropagating action potentials, which are of particular

importance for informing dendritic membranes of neuronal firing activity. Their

coincidence with sub-threshold post-synaptic inputs can lead to synaptic plasticity

through long-term potentiation. Immunohistochemistry [52] and electrophysiological

studies [53] suggest that Kv4 channels, especially Kv4.2, are likely to mediate the A-type

currents in dendrites of hippocampal pyramidal neurons. These currents increase in

density with distance from the Soma, leading to a dampening of backpropagating action

potential amplitude in distal dendrites [54]. The inhibition of A-type potassium currents

by neurotransmitter receptor-coupled phosphorylation [55] provides a mechanism for

increasing backpropagating action potential amplitude or frequency and NMDA receptor

activation. Kv4 channels are also responsible for the transient outward potassium current

(Ikºto) during the repolarization of the cardiac action potential, as Kv4.2 knockout mice

lack this Ik to [56]. This current likely consists of Kv4.2/3 subunits and KChIP2, since a

gradient in KChIP2 expression across the ventricular wall reflects the increase in Ikto in

the epicardium compared to the endocardium [57].

Despite their ubiquitous expression in both excitable and non-excitable cells, Kv

channel mutations have been implicated in a relatively small number of diseases.

Mutations in Kv1.1 can cause episodic ataxia type-1 (EA-1), an autosomal dominant
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disorder characterized by stress- or alcohol-induced attacks of imbalance and loss of

coordination. EA-1 and its associated loss of function mutations cause an increase in

action potential duration, repetitive firing, and elevated neurotransmitter release. These

EA-1 mutations either yield non-functional channels or channels with impaired Kv31

mediated N-type inactivation [58]. An intriguing pharmacological mystery with episodic

ataxia is the ability of the carbonic anhydrase inhibitor acetazolamide to relieve attacks

[59]. In addition to this Kv1.1 disorder, Kv4.3, in accordance with its importance in the

cardiac transient outwardly-rectifying K' channels, has been found to be down-regulated

in paroxysmal atrial fibrillation [60].

The most potent blockers of Kv channels are toxins from a variety of venomous

creatures, which can block either a single channel type or a range of voltage-gated

channels with high affinity. Since peptide toxins make poor pharmaceutical agents,

however, the channel blockers used clinically are smaller, less specific organic

compounds. The least specific blockers, Ba”, Cs' and tetraethylammonium (TEA) are

simply cationic species that block the conduction pathway, whether they are applied to

the inner or outer face of the channel. Another general blocker of K' channels is 4

aminopyridine, which blocks voltage-gated channels at micromolar to millimolar

concentrations and likely acts at the cytoplasmic opening of the channel [61]. A slightly

more potent inhibitor is quinidine, an antiarrhythmic derivative of the antimalarial drug

quinine, and a voltage-dependent open channel blocker [62].

Dendrotoxins are potent peptide toxins from the venom of mamba snakes that

have nanomolar affinities for Kv channels. Dendrotoxin K is specific for Kv1.1, while o

dendrotoxin targets A-type potassium currents and 3- and Y-dendrotoxins block primarily

#
# º

º
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non-inactivating potassium currents. The scorpion peptide margatoxin and stichodactyla

toxin from sea anemone inhibit Kv1.3 at nanomolar concentrations, and can block

experimental autoimmune encephalomyelitis [63]. The prospect of Kv1.3 blockers as

immunosuppressants has made the development of small molecule inhibitors a promising

endeavor [64, 65]. Other selective peptide toxins include BDS-I and BDS-II, from sea

anemone, which block Kv3.4, and the spider toxin heteropodatoxin-2 and phrixotoxin-2

from tarantula, which are selective for Kv4 channels.

Large Conductance Calcium-Activated K' channels: Physiological Functions,

Disease Relevance, Pharmacology

Large-conductance calcium-activated K' (BK) channels are voltage-dependent,

have an intrinsic calcium sensing ability and a conductance ranging from 100-250 pS,

and play diverse roles in neuronal and non-neuronal tissues. In hippocampal neurons,

they mediate both the repolarizing phase of an action potential and the fast

afterhyperpolarization, and respond directly to calcium influx through N-type Ca”

channels [66]. And in adrenal chromaffin cells, the hypothalamic-pituitary-adrenocortical

stress axis modulates epinephrine release by alternative splicing of mRNA of BK

channels, which regulate hormone release [67]. In the cochlea, a gradient of BK splice

variants/B-subunit complexes with varying kinetics underlies frequency tuning along the

cochlear hair cell membrane [68]. The gradient makes those hair cells with more slowly

gating BK channels (more [-subunit) tuned to lower frequencies, while hair cells

sensitive to higher frequencies have faster-gating BK channels (less [3-subunit). Deletion

of BK causes hearing loss in knockout mice, and seems to be correlated with down

regulated KCNQ4 expression in outer hair cell membrane that leads to degeneration of
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those cells [69]. BK is the most abundant channel in vascular smooth muscle, and

channel composition is important in regulating vascular tone, since impaired 3-subunit

expression leads to increased vasoconstriction and hypertension [70]. More recently, BK

channels have been found to be essential for killing of certain microorganisms by

neutrophils, and may function by promoting the release of microbicidal serine proteases

into the phagosome [71].

There are several peptide toxins that block BK channels specifically, including

iberiotoxin, slotoxin, and BmBKTx1, all of which are from scorpion venom.

Charybdotoxin, another scorpion toxin, has also been used as a BK blocker, but it inhibits

some voltage-gated K' channels, as well as the intermediate conductance calcium

activated K' channels (IK). Non-peptide inhibitors include the indole diterpenes

paxilline, penitrem A, and verruculogen. There are several activators of the

benzimidazolone family, such as NS-1619 and NS-004, that have only moderate

specificity for BK. The opener BMS-204352 may limit ischemic damage during stroke

[72], while NS-8 may be useful as a treatment for incontinence [73]. BK activators may

also be useful in the treatment of erectile dysfunction [74], since arousal stimulates

increased BK current, causing hyperpolarization and relaxation of the cavernosal smooth

muscle cell membranes.

Intermediate Conductance Calcium-Activated K' channels: Physiological

Functions, Disease Relevance, and Pharmacology

Intermediate conductance (IK) and small conductance (SK) calcium-activated K'

channels are both voltage-insensitive 6TM K' channels, and derive their calcium
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sensitivity from calmodulin, which is constitutively bound to the channel C-terminal

domain. IK channels have conductances of 20-80 pS, are found mostly in non-neuronal

tissues, and are often important for secretion and volume regulation. In red blood cells,

increased IK channel activity can lead to cell shrinkage that promotes the concentration

and aggregation of hemoglobin S in sickle cell anemia patients [75]. In T lymphocytes,

IK channels are up-regulated upon mitogen stimulation [76], and maintain cytoplannic

calcium concentrations necessary for activation [77]. The importance of IK in T-cell

activation could make it a potentially useful target for auto-immune diseases such as

multiple sclerosis and rheumatoid arthritis [78].

The only peptide toxin that inhibits IK channels potently is charybdotoxin, but, as

was mentioned above, it is not specific. The antifungal clotrimazole blocks IK at

micromolar concentrations, but has the undesirable property of also being a cytochrome

P450 inhibitor. An analogue that does not affect cytochrome activity, TRAM-34, has

been reported [79], and may be a more promising pharmaceutical candidate. IK blockers

have been proposed as possible treatments for sickle cell anemia [80], diarrhea, and

rheumatoid arthritis [81]. As is the case with Kv1.3 blockers, IK inhibitors may be useful

as immunosuppressants. Activators include 1-ethyl-2-benzimidazolinone (1-EBIO), a

more potent analogue NS309, chlorzoxanone, and zoxazolamine, and may be useful in

treating cystic fibrosis and vascular disorders [81].

Small Conductance Calcium-Activated K' channels: Physiological Functions,

Disease Relevance, and Pharmacology
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SK channels have conductances of 4-20 pS, and are best known for mediating the

neuronal afterhyperpolarization (AHP) of medium duration. This current activates within

milliseconds and has a duration on the order of hundreds of milliseconds. Depending on

channel localization, the SK AHP can regulate bursting behavior in neuronal firing, set a

tonic firing frequency or instantaneous firing rate, modulate rhythmic oscillations in

activity, or affect spike frequency adaptation [82]. The three SK genes, SK1-3, have

varying sensitivities to the bee venom peptide toxin apamin, a property that has helped in

distinguishing these channels eletrophysiologically. Apamin-blocked AHP has been

proposed to play a role in learning and memory [83], and hippocampi of Alzheimer's

disease patients have been found to have reduced numbers of apamin binding sites [84].

SK activity can also regulate catecholamine release in adrenal chromaffin cells [85]. And

genetic studies have suggested SK3 involvement in schizophrenia [86] and anorexia

nervosa [87].

Apamin is the most potent blocker of SK channels, and more recently, the

scorpion peptide toxins scyllatoxin [88] and BmSKTx [89] have been identified as

selective blockers of SK channels. Tubocurarine, a plant-derived, non-peptide inhibitor of

the nicotinic acetylcholine receptor, also blocks SK channels at the same site as apamin

[90]. Dequalinium and bicuculline are other non-peptide blockers of SK channels, but the

former is a mitochondrial poison and the latter blocks GABA-A chloride channels.

Synthesis of bisquinolinium cyclophane compounds related to dequalinium has yielded

blockers such as UCL-1684, which is at least 100-fold more potent than dequalinium

[91]. SK activators, such as 1-EBIO, NS309, and chlorzoxanone, also stimulate IK
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channel activity, and are thought to act by increasing the interaction between SK and

calmodulin [92].

KCNQ Channels: Physiological Functions, Disease Relevance, and Pharmacology

Channels of the KCNQ family are voltage-gated, activate slowly, and play critical

roles in cardiac, neuronal, and auditory function. Mutations in four of the five KCNQ

channels (KCNQ1-4) underlie genetic disorders in humans. The first member of the

family, KCNQ1, was cloned as a gene associated with long-QT syndrome type 1 [93].

KCNQ1, co-assembled with KCNE1, was subsequently identified as the slow delayed

rectifier current of the cardiac action potential. KCNQ1 was later also found to form a

prominent current in colonic crypt cells (with KCNE3) [94] that mediates intestinal

chloride homeostasis, and to modulate potassium recycling in the inner ear (with

KCNE1) [95].

Long-QT syndrome type 1 is caused by mutations in either KCNQ1 or KCNE1

that lead to non-functional or smaller currents than wild-type. These mutations are

located throughout the channel [96]. The reduced channel activity leads to a prolongation

of the repolarization phase of the cardiac action potential and lengthening of the QT

phase of the electrocardiogram. The result can be torsade de pointes, a life-threatening

arrhythmia. Autosomal-dominant LQT1, or Romano-Ward syndrome, is the result of

dominant negative mutations in KCNQ1 or KCNE1, while the rarer Jervall-Lange

Nielsen syndrome is recessive and causes both LQT1 and congenital bilateral deafness.

Deafness results from a failure of mutant channels to maintain high endolymph K.'

concentration. Auditory stimulation leads to potassium influx into hair cells from the

{
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endolymph, followed by K' exit from the basal side of hair cells and recycling to the

endolymph through the stria vascularis. This last step in recycling occurs through

KCNQ1/KCNE1 channels, so reduced channel activity leads to reduced endolymph

potassium levels and reduced endolymph potential, which diminishes sensitivity to

auditory stimuli. Potassium leaves hair cells through KCNQ4 channels on the basal side

of the outer hair cell membrane [97], and a loss of this channel’s function can lead to

outer hair cell degeneration [98]. KCNQ4 is expressed almost exclusively in the inner

ear, and mutations in this channel cause nonsyndromic autosomal dominant deafness-2

(DFNA-2) [99]. Several DFNA-2-associated mutations in KCNQ4 cluster around the

pore region [100].

Two other members of the KCNQ family, KCNQ2 and KCNQ3, make up the M

current, a neuronal current that is activated sub-threhold and inhibited by muscarinic

acetylcholine receptor activation, and affects neuronal excitability. While KCNQ2 and

KCNQ3 expressed alone produce relatively small currents, together they form channels

with over ten times the current expected from summing their individual conductances

[101]. In addition to M1 muscarinic receptors, other receptors that can mediate M-current

inhibition include B2 bradykinin receptors, substance P, and luteinizing hormone

releasing hormone receptors [102]. This coupling is a way for neurotransmitters to excite

the post-synaptic membrane, by inhibiting a potassium conductance that resists

excitation. While knockout of KCNQ2 is lethal, a mouse with a dominant negative

KCNQ2 restricted to neurons has increased hippocampal pyramidal neuron excitability,

reduced spike frequency adaptation, spontaneous seizures, and behavioral

hyperexcitability [103].

24



Mutations in KCNQ2 and KCNQ3 are associated with a seizure disorder in

neonates, benign neonatal familial convulsions (BNFC), and predispose affected

individuals to epilepsy later in life. BFNC caused by KCNQ2/3 mutations can be the

result of relatively modest (25%) reductions in current [104]. Mutations that cause loss of

channel function in BNFC include pore mutations and frameshift truncations of KCNQ2

and KCNQ3 that yield non-functional channels, and do not act as dominant negatives

[96]. KCNQ4 and KCNQ5 can also co-assemble with KCNQ3, and may contribute to the

diversity of M-currents found in the nervous system [105].

The cardiac Iks and the neuronal M-current are the two major pharmaceutical

targets in the KCNQ family, and there are specific pharmacologies for each. Several anti

arrhythmic drugs can block KCNQ1/KCNE1 complexes selectively, particularly the

chromanols HMR1556 and chromanol 293B, and can prolong the cardiac action potential

and block ventricular tachycardia by prolonging Iks [106]. These blockers are both

enantioselective, (-)3R,4S being the potent enantiomer in each case [107], and both more

potently inhibit KCNQ1/KCNE1 complexes than KCNQ1 tetramers [108, 109].

Benzodiazapenes such as L-768673 and L-7 also block Iks [110]. Mefenemic acid and the

chloride channel blocker DIDS non-specifically activate KCNQ1.

Linopirdine is a relatively specific M-current inhibitor, and was shown to enhance

learning and cognition in a mouse model [111], but failed to show a clear effect in a

human Alzheimer's disease trial [112]. The M-current is also blocked by XE991, though

this drug inhibits KCNQ1 and KCNQ4, as well. An activator of KCNQ2/3, retigabine, is

in clinical trials as an anticonvulsant to treat epilepsy, and may also be useful in treating

neuropathic pain [113]. The BK activator BMS-204352 also stimulates M-current.

{
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KCNH K Channels: Physiological Functions, Disease Relevance, Pharmacology

Channels of the KCNH family include EAG (ether-à-go-go), HERG (human

ether-à-go-go-related gene), and ELK (ether-à-go-go-like gene). These names derive

from the channels' homology to the Drosophila ether-d-go-go channel, and are

characterized by their slow activation and direct activation by cyclic nucleotides. Another

important property of these channels is that they are voltage-dependent and activate at

sub-threshold or near-threshold potentials, suggesting that they could play a role in

resting membrane potential regulation [114] and spike frequency adaptation[115]. HERG

is best known for its role in the fast delayed rectifier current (IKI) of the cardiac action

potential, where it carries a large portion of the outward current during repolarization.

The channel has an unusual, bell-shaped current-voltage curve, with increasing currents

up to +10 mV, then progressively smaller currents at more depolarized potentials [116].

This behavior is the result of slow voltage activation coupled with unusually fast C-type

inactivation at depolarized potentials [117]. Mutations in HERG are associated with long

QT syndrome, type 2, and account for the reduced potassium currents that lead to

prolongation of the cardiac QT phase.

In general, the function of KCNH channels in the mammalian nervous system is

not well characterized, despite the well-studied role of these channels in Drosophila

neuromuscular function. ERG mRNA is present throughout the brain [118], and has been

suggested to play a role in firing frequency and spike frequency adaptation in cerebellar

Purkinje neurons [119]. The three ELK channels have predominantly neuronal

expression, and can co-assemble with one another. Although their functional importance
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is unknown, their activation at potentials near the resting potential suggests a role in

neuronal excitability. EAG channels are expressed predominantly in non-neuronal

tissues, and are notably up-regulated in various tumors. Transfection of normal cells with

the gene encoding EAG can lead to transformation to tumor cells [120], and EAG

expression has been reported to be a marker for cervical cancer [121]. HERG also has

oncogenic potential in neoplastic hematopoietic cells [122]. This unexpected role for ion

channels in cell proliferation is likely related to cell cycle-dependent changes in channel

activity [123].

The rapid delayed rectifier potassium current of the heart, Ikr, is a major drug

target for the treatment of arrhythmia, and the class III methanesulfonalide

antiarrhythmics block this current carried by HERG/KCNE2. The methanesulfonalides

include dofetilide, E-4031, ibutilide, D-solatol, and MK-499. They are open channel

blockers that enter the cytoplasmic mouth of channel and bind to residues in the central

cavity [124]. Class III antiarrhythmics prolong the ventricular action potential by

increasing the QT phase. While these drugs can work by pore block, there are also reports

that they can rescue channel mutants with folding defects and increase trafficking to the

plasma membrane [125]. Unfortunately, many of these drugs are associated with drug

induced long QT syndrome, an increased risk for torsade de pointes, and sudden cardiac

death [126]. Still, the class III antiarrhythmics are useful as a therapy for atrial fibrillation

or flutter [127].

Antihistamines (astemizole, terfenadine), antipsychotics (chlorpromazine,

haloperidol), some antibiotics, and gastrointestinal prokinetic agents (cisapride) have also

been found to cause drug-induced long QT syndrome and ventricular arrhythmia [126].
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Peptide toxins that block other voltage-gated K' channels are generally not effective

against HERG, but recently two scorpion peptides, Ergtoxin and BeKm-1, have been

identified, and specifically inhibit HERG, but not ELK or EAG channels [128, 129].

Although relatively little is known about EAG and ELK pharmacology relative to

HERG’s, EAG is a potential target for anti-tumor therapies, as both the antihistamine

astemizole [130] and the tricyclic antidepressant imipramine [131] can inhibit EAG

mediated cell proliferation. The physiological roles of ELK channels are still unknown,

and the search for their function would be aided by specific pharmacological tools.

Other Sub-Families of K' channels: Inwardly-Rectifying and Two-P K' channels

The inward rectifier sub-family contains the basic transmembrane unit of a K'

channels, two TMS flanking the P-loop. The unique electrophysiological feature of these

channels is inward rectification: a larger conductance at membrane potentials favoring

inward current than at potentials favoring outward current. This property is the result of

blockade of the cytoplasmic side of the pore by magnesium or polyamines at depolarized

potentials. These channels are open around the resting potential and resist small

depolarizations, but are blocked upon stronger depolarizations, such as those following

the opening of voltage-gated Na' channels.

Inwardly-rectifying K' channels help to set the resting membrane potential of

excitable cells, and play more specialized roles in other cells types. The ATP-sensitive

KATP, channel, for example, is an octamer of four Kir 6.1 or 6.2 subunits and four

sulfonylurea receptor (SUR) subunits. Inhibition of KATP in pancreatic beta cells

promotes insulin release. Another class of inward rectifier is the GIRK channels, which
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are opened by binding to the G-protein Gby subunit, and so are linked to the activity of G

protein coupled receptors.

The two-P, or KCNK, channels [132] have only recently been identified, and

make up a sub-family of fourteen members in humans. Their topology consists of two

inward rectifier channels linked in tandem, so they contain two P loops per subunit and

presumably assemble as dimers. Functionally, the two-P channels are thought to carry

background, or leak, potassium conductances, which set the resting potential of many cell

types and can modulate the excitability of neurons, heart and muscle cells, and endocrine

cells. While no high-affinity, specific agents for two-P channels have been identified, a

number of physiological stimuli, such as mechanical stretch, acid, and polyunsaturated

fatty acids do affect channel open probability. Some neurotransmitters can inhibit two-P

channels, further enhancing membrane excitability through second messenger pathways

[133]. Two-P channels may also be a target for general anesthetics, as agents such as

halothane and chloroform open some KCNK channels at clinically relevant

concentrations [134].

Voltage-Gated Na’ channels

Voltage-gated Na' channels and K' channels are responsible for action potential

generation. In the initial phase of a neuronal action potential, small inward currents

through post-synaptic ligand-gated cation channels sum to produce a threshold

depolarization. This depolarization activates a large inward sodium current that

depolarizes the cell even further and then inactivates within several hundred milliseconds.

Voltage-gated Na' channels carry this large inward current, spreading the depolarization
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from the axon initial segment, to the nodes of Ranvier along the axon, and ultimately to

the nerve terminal where neurotransmitter release occurs. By contrast, voltage-gated K'

channels are responsible for the repolarization of the membrane: they open after voltage

gated Na' channels and carry a large, opposing outward current that returns the

membrane potential towards its resting value, reverses Na' channel inactivation, and

allows the neuron to fire another action potential.

For repetitive neuronal firing to be possible, voltage-gated Na' channels must be

highly selective for sodium over other ions, must open rapidly in the correct range of

membrane potential, must inactivate quickly, and then recover upon membrane

repolarization. In addition, the channels must be targeted to the correct subcellular
locations, such as the axon initial segment and nodes of Ranvier. Voltage-gated Na'

channels are expressed in excitable cells of the central and peripheral nervous systems,

the heart, skeletal muscle, as well as several other excitable cell types. They have been

found in many animal species, both vertebrates and invertebrates, though they are absent

in the nematode C. elegans. Recently, a superfamily of bacterial voltage-gated Na'

channels has even been identified, though these Na' channels resemble voltage-gated K'

channels in topology rather than their mammalian sodium-selective counterparts [6, 135].

In their groundbreaking electrophysiological studies of the squid giant axon,

Hodgkin and Huxley measured sodium- and potassium-selective conductances [136], but

did not yet know what cellular components mediated these ionic fluxes, or if they were

even separate entities. The discovery of two toxins that could inhibit the axonal sodium

current but not the potassium current, tetrodotoxin (TTX) from puffer fish and saxitoxin
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from Gonyaulax marine dinoflagellates, gave the first strong evidence that sodium and

potassium traversed the membrane through distinct pathways [137, 138].

A voltage-gated Na' channel from the electric eel Electrophorus electricus was

the first voltage-gated ion channel to be cloned [1], and its primary structure immediately

provided clues to the function of the channel. The channel is made up of four

homologous repeats (DI-IV) of six putative TMS, each repeat having a cluster of

positively charged residues that were proposed to be part of the voltage-sensing

mechanism. The fourth TMS (S4) of each repeat has a positively-charged residue

approximately every third residue, while the determinants of ion selectivity are residues

in the region between the S5 and S6 TMS (the SS1-SS2 region). The S6 transmembrane

domain lines the ion conduction pathway. Inactivation of the channel appears to be

mediated by an interaction of the linker between the third and fourth repeats of the Na'

channel with the cytoplasmic ends of the S5 and S6 TMS [139, 140].

The cytoplasmic N- and C-terminal domains of the Na' channel, as well as

cytoplasmic linker regions between the repeats, provide sites for post-translational

modifications and co-assembly with cytoplasmic domains of other proteins. Mutations in

many parts of the channel can interfere with the electrophysiological function or the

targeting of voltage-gated Na' channels, and lead to a number of cardiac, neurological,

and skeletomuscular disorders. In the following sections, we will discuss in more detail

the molecular basis for the electrophysiolgical and cell biological properties of voltage

gated Na' channels, their physiological significance in both normal and disease states,

and the pharmacology of voltage-gated Na' channels.
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A Single Family of Voltage-Gated Na’ Channel o-Subunits

The mammalian repertoire of voltage-gated Na' channels consists often

members, which are so closely related that they make up a single family. This is in

contrast to voltage-gated K' channels, which can be divided into at least twelve sub

families, and the three sub-families of voltage-gated Ca" channels. Nine of the o

subunits, Nav1.1–1.9, have more than 70% identity in the transmembrane and

extracellular amino acids, while the tenth channel, Nax, is approximately 50% identical

to the other nine Na' channels, but has sequence differences in some of the key regions

for selectivity, voltage sensing and inactivation.

The brain Na' channel was originally isolated as a trimer of the pore-forming O

subunit Nav1.2 with the ■ º-1 and fl-2 auxiliary subunits [141], but in other tissues the O

subunits may interact with only one or none of the cloned fl-subunits. There are four fl

subunits, of which two, ■ -2 and fl-4, form disulfide bonds with the O-subunit; 3-1 and ■ º-3

interact non-covalently with the O-subunit. These proteins have a single TMS, a short

cytoplasmic domain, and a heavily glycosylated extracellular domain. The extracellular

domain has an IgG-type fold that is homologous to several cell adhesion proteins, and is

thought to mediate clustering of channels with other proteins at nodes of Ranvier and the

axon initial segment, as well as cell-cell contact. In addition to affecting the sub-cellular

localization of voltage-gated Na' channels, B-subunits can also modulate the

electrophysiological properties of O-subunits, such as the rate of fast inactivation and

voltage-dependence of activation. B-subunits’ effects may help to explain functional

differences between heterologously expressed O-subunits and native channels.
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All members of the voltage-gated Na' channel family share the same topology,

with four pseudo-repeats, each containing six putative TMS, and cytoplasmic N- and C

termini. The fourth TMS of the first three repeats have 4-5 lysines or arginines, while the

S4 of the fourth repeat has 7-8 positively-charged residues. Current models suggest that

all four S4 segments shift towards the extracellular side of the membrane during voltage

activation [142]. A number of studies of the gating charge indicate that the positively

charged residues may be mostly surrounded by water-filled crevices, such that the entire

transmembrane electric field is compressed into a distance of a few Angstroms [143].

Accordingly, relatively modest translations of the S4 segments may be sufficient to carry

the entire gating charge.

Selectivity

While K' channel selectivity is determined by backbone carbonyl coordination of

ions in the selectivity filter, it is charged side chains in the Na' channel pore that appear

to be crucial for selectivity. Voltage-gated Na' channels are approximately ten-fold more

selective for sodium over potassium and have a negligible permeability to calcium. The

SS1-SS2 region of the four repeats has a conserved set of residues, D (repeat I), E (repeat

II), K (repeat III), and A (repeat IV), known as the DEKA region. These four residues are

thought to form a ring of side chains that allow for sodium permeation while excluding

potassium and calcium. Mutation of the pore lysine residue of the DEKA motif

eliminates the channel's selectivity among alkali metal ions and makes the channel

permeable to calcium and even to large organic cations such as tetraethylammonium

(TEA) [144]. Ca' channels have four glutamate (E) residues at the equivalent positions,
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and in fact, a Na' channel can be converted to a Ca' channel by mutating the D, K, and

A of the DEKA region to glutamates [145]. Voltage-gated K' channels are presumed to

have a four-fold rotationally symmetric pore, since they are composed of four equivalent

monomers, and the coordination of potassium resembles the geometry of a hydrated

potassium ion [146]. By contrast, the Na' channel pore clearly uses the asymmetry

afforded by four non-equivalent repeats in order to discriminate among ions.

Inactivation

Na' channel inactivation allows for the recovery of the resting membrane

potential and for repetitive firing, and many disease mutations of Na' channels affect this

aspect of channel activity. Voltage-gated Na' channel inactivation can be divided into a

fast inactivation, which occurs within milliseconds of channel opening, and slow

inactivation, which occurs on a timescale of hundreds of milliseconds to minutes.

Although inactivation depends on voltage activation of the channel, inactivation itself

does not require the voltage-gated migration of any charged residues [147]. Rather, it

appears to be a conformational change that leads to blockage of the conduction pore by a

cytoplasmic region between the third and fourth repeats of the channel.

Fast inactivation of voltage-gated Na' channels is essential for proper firing of

action potentials and for preventing backward propagation of action potentials along the

axon. It limits the duration of the depolarization mediated by sodium influx, and gives a

directionality to the action potential: once the Na' channels at a given node of Ranvier

have opened and inactivated as part of an action potential, the action potential will

propagate only in the direction of open Na' channels, towards the axon terminal. Three
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residues in the III-IV linker region are critical for inactivation, and have been termed the

IFM (Isoleucine-Phenylalanine-Methionine) motif [139, 148]. These residues likely dock

to the inner mouth of the channel, since mutations of residues in the cytoplasmic end of

the DIV S6 TMS [149] and in the DIV S4-S5 loop [150] can disrupt fast inactivation.

While fast inactivation directly affects action potential duration, slow inactivation

plays a role in spike frequency adaptation and may even be important for memory of

previous channel activity [151]. Near the resting potential, very few channels undergo

fast inactivation, but slow inactivation can be a factor in regulating the duration of

openings in this range. Thus, slow inactivation can decrease membrane excitability by

keeping voltage-gated Na' channels closed in the steady state. The P-region, or SS1-SS2,

appears to be important for slow inactivation, since a residue in this part of the hNav1.5

(D II) was found to be a critical determinant of the probability of entry into a slow

inactivated state [152]. As is the case with voltage-gated K' channels, voltage-gated Na'

channel slow inactivation may be due to a collapse of the pore in response to other

conformational changes within the channel.

Trafficking

A well characterized example of voltage-gated Na' channel trafficking is the

localization of Nav1.2 at the axon initial segment of neurons. Although the fl-subunits are

involved in adhesion and channel trafficking, they do not themselves target Na' channels

to the axon. Rather, the O-subunit contains several motifs that allow for its proper

localization. A di-leucine motif in the C-terminal domain is responsible for

internalization of the channel in somadendritic membrane, but not axonal membrane
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[153]. Axonal channels may be trapped by the ankyrin G 3-IV spectrin complex, while

the Na' channels in non-axonal membrane are untethered and retrieved by endocytosis

[154]. While the C-terminus is sufficient for axonal targeting, it cannot localize Nav1.2 at

the initial segment of the axon. The channel has an acidic cluster in the cytoplasmic II-III

linker that acts as a retention motif for the axon initial segment [155]. This motif binds to

the clustering protein ankyrin G, and is conserved in Nav1.1, 1.3, 1.4, 1.5, and 1.6.

Interactions between ankyrin G and 3-spectrin help Na' channels to cluster at high

density in the post-synaptic membrane of neuromuscular junctions [156]. Ankyrin G is

also essential for targeting of voltage-gated Na' channels to the axon initial segment and

nodes of Ranvier, as mice with ankyrin G knocked out fail to properly localize axonal

Na' channels [157]. Neurofascin and NrCAM are cell adhesion proteins that cluster with

ankyrin G at the axon initial segment, and are important for Na' channel accumulation at

nodes of myelinating cells [158]. Cell adhesion molecules prevent channels from

diffusing away from nodes of Ranvier and the axon initial segment.

Physiological Functions

Of the nine members of the Nav1.x family, seven are expressed in the central

and/or peripheral nervous system; Nav1.5 is found primarily in heart muscle; and Nav1.4

is localized to skeletal muscle cells. Nax has a wider distribution, and has been identified

in heart, uterus, glia, the peripheral nervous system, and in smooth muscle.

Within neurons, Na' channels are often localized at the axon initial segment and

nodes of Ranvier, where they play an essential role in the propagation of action

potentials. These channels generally carry transient, fast-inactivating sodium currents that
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allow for rapid recovery and repetitive firing of neurons. Somatic integration of

excitatory synaptic inputs causes action potential initiation at the axon initial segment.

The insulating properties of myelin allow the action potential to jump rapidly from node

to node and ultimately to the synaptic terminal, where the opening of voltage-gated Caº'

channels stimulates neurotransmitter release.

Although some voltage-gated Na' channels are selectively retrieved from

somatodendritic membrane, Na' channels are still present in dendrites. At post-synaptic

dendritic sites, Na' channels may amplify excitatory post-synaptic potentials as they

travel towards the soma. In addition, action potentials can backpropagate from the soma

to the dendrites, and the efficiency of backpropagation is dependent on the dendritic Na'

channel density [159]. In Purkinje neurons, for example, dendritic Na' channel density

decreases steeply with distance from the soma [160], so backpropagating action

potentials dissipate quickly. In mitral cells or hippocampal CA1 neurons [159, 161],

however, there is a higher ratio of Na' to K' channels in the dendrites, allowing for

regenerative action potential backpropagation. The coincidence of subtheshold post

synaptic stimulation and backpropagating action potentials is thought to underlie some

forms of synaptic plasticity. The calcium influxes mediated by this coincidence could

mediate long-term potentiation (LTP) and other transcriptional changes in neuronal

activity.

While the best characterized voltage-gated sodium currents are transient and fast

inactivating, sodium currents with different inactivation properties are important for

modulating excitability. Persistent sodium currents are present at subthreshold potentials,

where channels can open but fast inactivation does not occur. Their activation can
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effectively depolarize the cell, such that it is closer to the threshold for action potential

firing. More substantial depolarization by a persistent sodium current, however, can lead

to resting inactivation of Na' channels and decreased excitability. This distinction

underlies the ability of some skeletal muscle Na' channel mutations that disrupt fast

inactivation to cause myotonia (hyperexcitability), while others cause paralysis

(hypoexcitability). Inhibiting persistent sodium currents also decreases excitability as K'

channels that are open at rest push the membrane towards more hyperpolarized

potentials. Persistent currents have been found electrophysiologically in central [162] and

peripheral neurons [163], and are thought to be mediated by Nav1.6. There are other

reports of TTX-resistant persistent sodium currents, as well [164].

In addition to the rapidly inactivating and persistent sodium currents, a resurgent

sodium current has also been characterized [165]. It appears after a large depolarization,

such as an action potential, followed by a return to a slightly depolarized potential (-40

mV). The resurgent current increases slowly and decays slowly, and might facilitate

repetitive firing. The molecular identity of this current is not known, though mice lacking

Nav1.6 also lack the resurgent current [166].

Several Na' channel family members are expressed predominantly in the

peripheral nervous system, particularly in sensory neurons, and are thought to play a role

in pain sensation. The Na' channel blocking activity of local anesthetics provides further

evidence for the role of voltage-gated sodium currents in nociception. Nav1.7 is

expressed at the terminal of sensory neurons, while Nav1.8 is exclusively expressed in

sensory, especially nociceptive, neurons. Both channels respond to inflammatory factors

involved in hyperalgesia, like nerve growth factor (NGF) [167, 168], which increases
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expression of these channels in response to tissue damage and and leads to inflammatory

pain sensation. Primary erythermalgia, a chronic human inflammatory disorder, which

causes intermittent extreme pain and redness in the feet and hands, maps to the Nav1.7

locus [169], and the associated mutations lead to hyperexcitability of nociceptive DRG

neurons [170]. Accordingly, mice with Nav1.7 deleted from sensory neurons have

increased mechanical and thermal pain thresholds and decreased inflammatory pain

responses [171]. Nav1.8 is also likely to play a role in inflammatory pain on account of

its up-regulation by NGF and the analgesic effects of Nav1.8 antisense in models of

inflammatory pain [172].

Nav1.3 is generally expressed in the adult central nervous system, but upon nerve

damage such as axotomy this channel and the ■ º-3 subunit can be upregulated in sensory

neurons [173]. This expression of Nav1.3 may be an important cause of hyperexcitability

and neuropathic pain following nerve injury. Its upregulation can be suppressed by glial

derived neurotrophic factor (GDNF) [174], a factor associated with analgesia. Nav1.9, by

contrast, provides a persistent sodium current that is down-regulated after axotomy [175].

Since Nav1.9 is activated at more hyperpolarized potentials compared to other Na'

channels and has relatively slow kinetics of activation and inactivation [164], a decrease

in its expression could remove resting inactivation of other Na' channels and thereby

increase excitability. Thus, activation of Nav1.9 might be an effective way to minimize

neuropathic pain.

In the central nervous system, changes in the localization of neuronal channels in

myelinated neurons may play a role in the degenerative processes of multiple sclerosis

(MS). Nav1.6 is usually localized to the nodes of Ranvier, but its distribution throughout
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the axon becomes more diffuse during the demyelination characteristic of MS. Nav1.6 is

also up-regulated and co-localizes with the sodium-calcium exchanger, as well as with 3

amyloid precursor protein, a marker for axonal damage, in MS-damaged neurons. The

persistent current mediated by Nav1.6 may cause increased calcium influx into the cell

via the sodium-calcium exchanger and thus provide a mechanism for toxicity [176].

The predominant voltage-gated Na' channel subunit in heart cells is Nav1.5,

which plays a key role in the depolarization and plateau phases of the cardiac action

potential. A number of arrhythmias and other cardiac diseases are due to mutations in

Nav1.5, and drugs from the class 1 antiarrhythmics are blockers of the heart voltage

gated Na' channel. Brain Na' channels Nav1.1 and 1.3 have also been identified in the

sinoatrial node of the heart, where no Nav1.5 is expressed. The associated currents are

TTX-sensitive and their blockade results in greater heart rate variability and lower

spontaneous heart rate [177].

The Nax Na' channel has only 50% identity to members of the Nav1.x family,

and notably has fewer charges in the S4 segments and low conservation of residues in the

III-IV linker region that mediates fast inactivation. A mouse with this gene knocked out

has a reduced capacity to regulate NaCl intake under both high- and low-salt conditions

[178]. Nax is expressed, among other places, in the circum ventricular organs of the

brain, which control salt and water homeostasis, consistent with its role in

osmoregulation.
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Channelopathies

Na' channels expressed in skeletal muscle, heart, and the nervous system have

been implicated in a number of genetic disorders, and Na' channel activity plays a role in

many other disease states. Inherited mutations that affect channel activity most frequently

change the inactivation properties of the Na' channel, rendering the cells where they are

expressed either more or less excitable than they would normally be. Other mutations

affect voltage-dependent activation or assembly with other proteins required for proper

channel function.

Mutations in the skeletal muscle Na' channel, Nav1.4, are associated with several

channelopathies, including paramyotonia congenita, potassium-aggravated myotonia,

hyperkalemic periodic paralysis, and hypokalemic periodic paralysis. Myotonias are

characterized by difficulty with muscle relaxation, triggered by exercise, cold, or a rise in

plasma potassium levels, and produce repetitive activity in an electromyogram. The most

common mutations are T1313M, in the III-IV linker, and R1448H/C in the S4 of domain

IV, both of which slow fast inactivation [179]. Both types of mutation lead to a persistent

current that slightly depolarizes muscle cells, enough to decrease the firing threshold, but

not sufficient to lead to resting inactivation of the Na' channel population. Potassium

aggravated myotonia is frequently found to be associated with the G1306E/V/A

mutations in the III-IV linker [180]. These mutations in the fast inactivation loop slow

inactivation and lead to a persistent current with more frequent, longer openings.

Periodic paralysis, in contrast to myotonia, is a disorder caused by reduced

muscle excitability, and is manifested by a silent electromyogram. Hyperkalemic periodic
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paralysis (HyperPP) can be triggered by stress, fasting, potassium-rich foods, or exercise.

The episodic muscle weakness associated with the disorder is the result of incomplete

channel inactivation, which leads to a persistent sodium current that can depolarize the

resting membrane potential from —90 mV to as high as —50 mV [96]. This depolarization

causes most of the Na' channels to be inactivated at rest and makes them unable to

initiate an action potential, explaining the silent electromyogram. Approximately 90% of

families with this disorder have a mutation in S6 (DII), T704M, which causes a 10 mV

leftward shift in the voltage-dependent opening of the channel [96]. Thus, channels open

at more negative potentials, well outside their inactivation range, creating a persistent

current that depolarizes the resting membrane potential. Mutations of Nav1.4 can also

lead to hypokalemic periodic paralysis. These mutations lie in DII S4, and enhance both

fast and slow inactivation [181].

The cardiac Na' channel, Nav1.5, is associated with several inherited arrhythmic

disorders, including Long-QT Syndrome Type 3, Brugada Syndrome, and conduction

disorder. Long-QT Syndrome is caused by a slowed repolarization of the cardiac action

potential, manifested by a lengthening of the QT phase of the electrocardiogram. This

arrhythmia can lead to lower ventricular filling, ventricular fibrillation, decreased cardiac

output, and death. All Nav1.5 mutations that cause long-QT 3 result in defects in fast

inactivation [182]. The most severe of these is the AKPQ1505-7 deletion in the III-IV

loop [183 1995]. Impaired inactivation prolongs the plateau of the cardiac action

potential with a persistent sodium current, resulting in slower repolarization and a QT

interval that is 2-5% longer than normal [96]. Class Ib antiarrhythmics such as

mexiletine have been used to reduce the persistent sodium current of the mutant channel.
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Brugada syndrome [184] is a cardiac arrhythmia that elevates the ST segment of

the electrocardiogram, substantially increasing the risk of idiopathic ventricular

fibrillation in affected individuals. The elevated ST segment is the result of a voltage

gradient between the epicardium and the endocardium: the loss of sodium current has a

greater effect on the epicardium, on account of its counteracting the transient outward

potassium current (Ikºto), than on the endocardium, where this potassium current is less

prominent. The epicardium thus repolarizes pre-maturely relative to the endocardium,

resulting in an arrhythmogenic transmural voltage gradient. Disease mutations are found

at amino acids throughout the channel, and generally render the channel non-functional

[185].

In the central nervous system, mutants of both the Na' channel o-subunit Nav1.1

and the fl-1 subunit have been found to cause generalized epilepsy with febrile seizures.

The B-subunit mutation (C121W) maps to a cysteine residue in the extracellular domain

that is involved in a disulfide bond which is essential for proper folding of the domain

[186]. O-subunit mutations decrease interaction with 3-1 (D1866Y), causing a right shift

in the voltage dependence of inactivation and a greater persistent current, or can affect

the voltage-dependence of inactivation (I1656M and R1657C) by uncoupling voltage

sensor movements from fast inactivation [187-189]. Another form of epilepsy, severe

myoclonic epilepsy of infancy (SMEI), has also been mapped to several sites on the

scn 1a (Nav1.1) gene [190]. Mutants causing this form of epilepsy are either non

functional or non-inactivating. Several missense mutations of Nav1.2 can also lead to

GEFS [191] or benign familial neonatal-infantile seizures [192], while nonsense
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mutations are correlated with intractable epilepsy such as SMEI [193]. Voltage-gated Na'

channel mutations may also predispose individuals to autism [194].

Pharmacology

Several classes of toxins and small organic compounds bind to distinct

sites on voltage-gated Na' channels, affecting channel permeation or inactivation. The

first identified toxins that could specifically block Na' channels are tetrodotoxin (TTX)

and saxitoxin (STX), which have varying affinities for different members of the voltage

gated Na' channel family. TTX is concentrated from marine bacteria by the fugu puffer

fish, while STX is a poison from dinoflagellates, which are ingested by various shellfish.

Both bind with low nanomolar affinity to the skeletal muscle and brain channels, and

have much lower affinity for the cardiac and peripheral Na' channels Nav1.8 and 1.9.

The TTX/STX binding site is determined by residues in the selectivity filter of the

channel, as well as the fl-subunit, and not surprisingly, these toxins block the channel

pore. Both toxins contain a positively-charged guanidinium group that interacts with

glutamate and aspartate residues in the SS2 regions. The H-conotoxins are peptide toxins

from the Conus marine snails and have a guanidinium group from an arginine residue that

mediates binding to the same part of the channel as TTX and STX.

A second class of toxins is composed of lipid-soluble compounds such as the

plant-derived aconitine, batrachotoxin (BTX), and grayanotoxin (GTX), and veratridine,

which is secreted by the skin of poisonous frogs from the Phyllobates genus. Unlike

TTX, STX and p-conotoxins, these lipid-soluble toxins are activators of Na' channels

that shift voltage activation to more negative potentials and inhibit fast inactivation.
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Ciguatoxins (CTX) and brevetoxin (PbTx), both derived from marine dinoflagellates,

make up another class of lipid-soluble toxins that activate voltage-gated Na' channels by

shifting the voltage-dependence of activation to more hyperpolarized potentials and by

inhibiting fast inactivation. The type-I sea anemone toxin, scorpion O-toxins, and

Australian funnel-web spider-derived atracotoxins prevent fast inactivation of voltage

gated Na' channels by binding extracellular S3-S4 and S5-S6 linkers [195]. The peptide

scorpion 3-toxins bind to the extracellular end of S4DII and the S3-S4DII loop, and

likely stabilize the open conformation of the voltage-sensing S4 transmembrane domain

[196].

Other activators of voltage-gated Na' channels include the pyrethroid

insecticides, such as dichlorodiphenyltrichloroethane (DDT). Anti-epileptic drugs like

phenytoin, lamotrigine, and carbamazepine are blockers of voltage-gated Na' channels,

and the Na' channel blocking action of antidepressants such as imipramine, amitriptyline,

and maprotiline may mediate sedative and arrhythmogenic side effects of these drugs.

Antiarrhythmic drugs of class 1b, such as mexiletine, as well as local anesthetics, have

been useful treatments for paramyotonia congenita and potassium-aggravated myotonia,

and can be neuroprotective in some cases. Antiarrhythmic drugs have not been as useful

as one might hope, however, on account of their side effects: their tendency to promote

arrhythmias in many patients is of particular concern.

Local anesthetics make up a class of voltage-gated Na' channel blockers that

act on nociceptive fibers of the peripheral nervous system. These compounds are lipid

soluble, and include lidocaine, bupivacaine, benzocaine, and many other compounds.

They cross the membrane in order to reach their site of action at the cytoplasmic mouth
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of the channel, where they display use-dependent block: that is, successive

depolarizations increase access of local anesthetics to their binding site on the channel

[197]. Unlike the blockers TTX and STX, there is relatively little variability in local

anesthetic affinity among the members of the voltage-gated Na' channel family.

Affinities do not necessarily correlate with analgesic efficacy, since repetitive firing, not

current amplitude, is what underlies nociceptive transmission [198].

Calcium channels

Voltage-gated Ca" channels are essential for mediating cellular responses to

electrical activity, exemplified by the fundamental requirement of these channels in

neurotransmitter release and muscle contraction. Intracellular calcium ion concentration

is highly regulated and normally maintained around 100 nM, as prolonged elevation of

calcium levels can trigger cell death. Voltage-gated Ca" channels play a major role in

controlling intracellular calcium concentrations. The influx of calcium into a cell induced

by the opening of a voltage-gated Ca” channel can cause over a 1,000-fold increase in

localized calcium concentration, resulting in profound changes in cellular function.

Over the decades, an impressive body of work has examined the physiological

impact of calcium currents and the proteins involved in shaping these currents. The initial

cloning of a voltage-gated Ca" channel as well as the biochemical isolation of an o

subunit with its auxiliary subunits occurred in 1987 [199, 200]. Over the years, a total of

ten pore forming 0.1- subunits from humans have been cloned along with a wide array of

auxiliary subunits: four O.2ö-, four B-, and eight Y-subunits.
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Like voltage-gated sodium channels, the voltage-gated Ca" channel's pore

forming O-subunit gene encodes a 24 transmembrane protein divided into four 6 TMS

pseudo-repeating domains. This pore-forming 0.1-subunit interacts noncovalently with

the auxiliary subunits O26, 3, and sometimes Y at non-overlapping domains of the ol

subunit to form a voltage-gated Ca" channel complex.

The interactions of these subunits can have a profound impact on the function,

localization, and stability of the Ca" channel. Ultrastructural studies using electron

microscopy and single particle analysis of the skeletal muscle Ca" channel (Cav1.1, 0:26

1, B-1a, Y-1) and cardiac Ca" channel (Cav1.2, ozö-1, B-2 or 3) at nanometer resolution

have provided some insight into the physical association of the voltage-gated Ca"

channel subunits, corroborating information gleaned from biochemical studies over the

past few years [201]. High resolution crystal structures of Ca” channel components are

an enticing but challenging goal that has not been fully realized. Obtaining a more

structurally refined image of the Ca" channel will provide greater insight into the

channel’s mechanics, function, and provide a guide for the development of drugs to alter

Ca” channel activity.

Recently, the first crystal structures of a voltage-gated Ca" channel domain were

published, depicting the 18 amino acid stretch of the cytoplasmic domain I-II linker site

where the B-subunits interact with the O. 1-subunit, known as the O.1 interaction domain

(AID) bound to different 3-subunits at high resolution [202-204]. These structures reveal

that the AID is an amphipathic helix. The highly conserved hydrophobic residues of the

AID form a complement to the hydrophobic groove of the B-subunit that is most intimate
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with the AID. Unlike the 3 subunit, it is not clear where 0.26- or Y- interact with the

Cavo. 1-subunit.

There is great diversity among voltage-gated Ca" channels. From the sheer

number of possible subunit combinations that assemble to form a functional channel to

the range of signaling pathways involved in these channels, great challenges and

opportunities exist in pharmacologically controlling these channels. Buoyed by the early

success of blocking voltage-gated Ca" channels to treat hypertension, continued efforts

are underway to better understand specific roles of voltage-gated Ca" channels and to

develop new and better pharmacological tools.

O. subunit

The broadest classifications among the ten cloned O. subunits are the high voltage

activated (HVA) and the low voltage activated (LVA) classes of subunits [205]. The

HVA Ca" channels require a large depolarization to open in normal physiological

conditions. Further classification of HVA channels is now possible based upon their

pharmacological profile: dihydropyridine (DHP) sensitive channels (L-type, Cav1.1 –

1.4), ()—agatoxin IVA sensitive channels (P- and Q- type, Cav2.1), ()—conotoxin GVIA

sensitive channels (N-type, Cav2.2), and SNX482 sensitive channels (R type, Cav2.3)

[8]. The remaining three cloned Ca" channels are the LVA type channels (Cav3.1 – 3.3),

also known as T-type channels, and have no known specific blockers at this time. These

channels open at membrane potentials close to rest and have a small single channel

conductance [206, 207], but can collectively influence the excitability and signaling

properties of a neuron.
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Voltage-gated Ca" channels are able to selectively allow calcium entry through

the cell membrane and exclude the passage of other ions, including sodium, which is

roughly the same size as a calcium ion. A ring of four glutamates, one from the pore

lining P-loop of each pseudo-repeat, is the crucial site for calcium selectivity and is

conserved among all of the HVA of subunits [208]. The acidic side chains of this EEEE

ring motif are believed to project into the pore interior of the Ca" channel, allowing the

negatively charged carboxylate oxygens to coordinate a calcium ion. Even a subtle

mutation of a single glutamate to aspartate or glutamine reduces the calcium affinity of

the voltage-gated Ca” channel [209]. LVA Cav3 channels have a similar selectivity ring,

but with two glutamates and two aspartates instead of four glutamates forming the ring.

There is a proposed hinged-lid model for the fast inactivation of voltage-gated

Ca” channels (210). S6 of DI-IV acts as a docking site for the DI-II linker region to

block the conduction of calcium reminiscent of the ball and chain model seen in sodium

and potassium voltage-gated channels.

B-subunits

Of the four known cytosolic fl-subunits, [-1a was the first discovered when it was

copurified with the initial isolation of Cav1.1 in skeletal muscle [211]. Over the years,

characterizations of the four fl-subunits have revealed numerous splice variants with

distinct properties [212]. [3-1b and É-2a for example, have the ability to independently

associate with the plasma membrane via acidic motifs or palmitoylation [213, 214].

Sequence analysis and the recent crystal structures of [-2, 3-3, and É-4 show that

3 subunits are part of the membrane-associated guanylate kinase (MAGUK) family
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[215]. SH3, a protein-protein binding motif, and a guanylate kinase motif the two main

motifs of MAGUK proteins, although the enzymatic capability of the guanylate kinase

has been modified in 3-subunits and is now involved in establishing protein-protein

interfaces that modulate Cav-ol Ca" channel function.

The ability of B-subunits to physically interact with the AID was thought to be

primarily mediated by a 41 amino acid region of the B-subunit known as the fl-interacting

domain [216]. However, crystal structures of the AID bound to a 3-subunit have revealed

a more accurate portrayal of this region that binds to the AID, dubbed the AID binding

pocket (ABP). The ABP is located at the ATP-coordination site of the GK domain, but a

conserved tryptophan in the AID allows the É-subunit to bind to the O-subunit instead of

ATP.

fl-subunits have a number of profound effects on the trafficking, kinetics, and

voltage properties of the voltage-gated Ca" channel [217). With the exception of some

truncated splice variants, B-subunits increase the functional expression of HVA Ca"

channels. Almost all voltage-gated Ca" channel o-subunits have an ER retention si gnal

located in the I-II cytoplasmic loop and B-subunits shield this signal to promote exit from

the ER and surface expression of the channel [218). B-subunits also influence Ca"

channels at the plasma membrane and are capable of increasing the mean open time of

Ca” channels as well as shifting the voltage dependence of HVA Ca" channel

activation, making the Ca" channel more apt to open when a cell depolarizes. The

voltage dependence of steady state inactivation is also shifted to more hyperpolarized

potentials by 3-subunits, with the exception of N-terminal palmitoylated B-2a.

Palmitoylated 3-2a retards the inactivation of Cav1.2, 2.2, and 2.3.
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o:26-subunits

There are four known mammalian O.28-subunits that interact with voltage-gated

Ca” channel o-subunits. Expanding on this molecular diversity, at least five splice

variants of 0.26-1 (0.26-1a to 0.26-1e) and three of O.26-2 (0.26-2a to O.26-2c) have been

detected with a tissue-specific distribution pattern. A salient feature of the O.28-subunit is

that it is proteolytically cleaved and the resulting oz- and 6-peptides are linked together

via disulfide bridges. The entire oz-subunit is located extracellulary and the 6-subunit is

a single transmembrane protein that acts as its anchor [219].

O2 is heavily glycosylated and presumably this glycosylation ultimately

influences the trafficking and stability of the voltage-gated Ca" channel. Indeed, ozö

generally increases the surface expression level of voltage-gated Ca" channels [220).

Depending on the Cav 0.1- and B- subunits coexpressed with O.26 in a heterologous

expression system, 0.26 is also capable of accelerating both the activation and

inactivation of calcium current. Like the B-subunit, O.26 also shifts the voltage

dependence of the Ca” channels to more hyperpolarized potentials. It is not clear how

ozómodulates these biophysical properties of the voltage-gated Ca" channel.

Y-subunits

The primary focus of research on Y-subunits involved in Ca" channel function

has been on its role in skeletal muscle, the only tissue known to express calcium Y

subunits until recently. Since the discovery that the spontaneous mutation in the stargazer
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mouse line is a neuronal Y-subunit [2.2.1], the number of Y-subunits cloned has expanded

to eight, and a number of these are expressed in the brain [222].

Y-subunits have four transmembrane domains with intracellular amino- and

carboxyl-termini. Features of some of the neuronal Y-subunits are a cAMP/cGMP

phosphorylation consensus site and potential sites for N-linked glycosylation. The Y

subunits are unique among the auxiliary subunits in not having a known influence on

voltage-gated Ca" channel surface density. They also do not interfere with the ozö- or B

subunits’ interactions with the Cav O-subunit. The impact of Y-subunits on voltage-gated

Ca' channel electrophysiology has not been robust or clearly understood. The general

consensus is that Y-subunits lower the current of Ca" channels by causing a

hyperpolarizing shift in the voltage dependence of inactivation.

Voltage-gated Ca” channels: Function and Pharmacology

Voltage-gated Ca" channels are expressed in all excitable cells and play

numerous functional roles in a variety of signaling pathways that encode electrical

activity into cellular events [4]. Although voltage-gated Ca" channels share fundamental

physiological properties, the different Cav O- and auxiliary subunits have specialized

distributions, functions, and pharmacological sensitivities. For decades, Ca" channels

have been manipulated by researchers using multivalent cations and small organic

molecules. The repertoire of pharmacological manipulations has more recently been

expanded using peptides mainly derived from the venoms of predatory creatures. There

continue to be focused efforts on the discovery and synthesis of new compounds to

influence voltage-gated Ca" channel behavior (223).
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General Blockers

Certain metal ions are capable of nonselectively blocking voltage-gated Ca”

channels. Cadmium ions block all HVA Ca" channels. Nickel ions were historically used

to block LVA channels but only Cav3.2 of the LVA family as well as a number of HVA

channels are actually blocked by nickel [224]. Trivalent cations such as lanthanum,

yttrium, and holmium are potent blockers of all voltage-gated Ca" channels. These

multivalent ions block voltage-gated Ca" channels primarily by occlusion of the ol pore

region containing the EEEE ring of glutamic acid residues. These ions also have

secondary effects outside of the pore region that influence the biophysical properties of

voltage-gated Ca" channel.

Cav1 Family

Cav1.1 expressed in skeletal muscle is directly coupled with ryanodine receptors

that line the sarcoplasmic reticulum which stores intracellular calcium. Depolarization of

skeletal muscle plasma membrane opens Cav1.1 with slow kinetics, causing activation of

ryanodine receptors and leading to intracellular release of calcium. The released calcium

from the internal stores binds to proteins such as troponin and ultimately allows myosin

to generate the force necessary for contraction. Mutations of Cav1.1 have been associated

with malignant hyperthermia, a condition in which a normally healthy individual can

experience a life threatening release of calcium from the sarcoplasmic reticulum when

given anesthetics or muscle relaxants [225]. The mutation is a substitution of an arginine

to histidine or cysteine in the cytoplasmic III-IV linker that appears to lower the
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depolarization threshold needed to induce the ryanodine receptor to release calcium from

the sarcoplasmic reticulum stores [226].

The Cavl family is important in cardiac and smooth muscle function. Cav1.2 and

Cav1.3 are involved in pacemaking activity for the heart by controlling rhythmic entry of

calcium in the sinoatrial and atrioventricular nodes. They also have roles in neurons along

with the classical neuronal Cav2 family in regulating synaptic activity and gene

expression. Unlike the predominantly axonal distribution of Cav2 channels, Cav1.2-1.4

have a more somatodendritic distribution in neurons. Cavl channels possess a binding

site for calmodulin, a calcium binding protein that can activate many signaling pathways

in a calcium dependent manner. Synaptic activity that leads to Cavl channel opening can

initiate nuclear signaling and activation of transcription factors such as cyclic AMP

response element binding (CREB) protein, leading to changes in gene transcription. Cavl

channels are able to both recruit and activate calmodulin by providing a calmodulin

binding site as well as a calcium ion source from the open channel. Calcium-bound

calmodulin is capable of activating a number of kinase pathways including ones that

phosphorylate CREB, encouraging its nuclear entry and activity as a regulator of

transcription [227].

Cav1.4, the most recently cloned of the Cavl family, is the least understood, but a

channelopathy, incomplete congenital stationary night blindness (CSNB2), caused by

mutations in Cav1.4 has illuminated one of the roles of this channel. CSNB2 presents

itself with a combination of symptoms such as myopia, nystagmus, reduced visual acuity,

or night blindness. Over 40 mutations in Cav1.4, ranging from amino acid substitutions to

truncations, have been identified in CSNB2 patients [228]. It is not clear how these
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particular mutations of Cav1.4 compromise channel function. Cav1.4 is ideally suited for

controlling tonic neurotransmitter release because it has a rather low threshold for

activation at around -40 mV and inactivates slowly. Moreover, Cav1.4 is expressed in the

retina and electroretinograms of CSNB2 patients indicate a defect in the tonic

neurotransmission that occurs between photoreceptors and second order neurons [229].

The most varied and clinically useful Ca" channel pharmacological agents are

those that block Cavl channels to treat hypertension, angina, and certain arrhythmias

[230]. The actions of dihydropyridines on Cavl channels have been studied since the

1980s and their influences on the channel are complex. The ability of dihydropyridines to

interact with Cavl channels is state-dependent; dihydropyridines are inferior blockers

when Cavl Ca" channels are closed during hyperpolarizing conditions. There is also

evidence that dihydropyridines promote the Ca” channel to be in an inactive state,

reducing the channel’s current [2.31]. The sites of dihydropyridine interaction with Cavl

have been isolated using mutagenesis studies, and a key conserved site is a threonine in

S5 of domain III in Cav1.2 [232]. Moreover, a number of sites in domains III and IV

also contribute to Cavl’s dihydropyridine sensitivity [233,234].

Like cardiac and skeletal muscle, vascular smooth muscle utilizes voltage-gated

Ca" channels for regulating intracellular calcium levels that are responsible for muscular

contraction. Using the dihydropyridine group of drugs has been clinically useful to treat

hypertension by blocking Cavl [235]. Reducing Cavl channel activity reduces calcium

entry into vascular smooth muscle and consequently reduces vascular pressure.

Cav2 Family
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The members of the Cav2 family are expressed in a range of organs such as the

pancreas, heart, and testis. However, their widespread presence in the central nervous

system and their importance in neuronal function has been the overriding focus of Cav2

channel studies. The three Cav2 channel types have different pharmacological sensitivity

profiles and specialized roles, but a common trait among them is their regulation of

neurotransmitter release. Located at the presynaptic end of an axon, Cav2 channels open

and allow calcium to enter the axonal terminal when an action potential pulse reaches the

end of its path along an axon. Calcium ions that enter through Ca" channels and the

channels themselves are key players in second messenger pathways leading to

presynaptic release of neurotransmitters [236]. Cav2.1 and Cav2.2 contain a synaptic

protein interaction motif in the II-III intracellular loop that binds with various proteins

that are part of the neurotransmitter release machinery such as synaptotagmin I, syntaxin

I, and SNAP-25 (237]. This voltage-gated Ca" channel involvement in linking electrical

activity with exocytic release is also utilized in other physiological contexts such as

hormone release [238].

Unlike the Cavl family, individual Cav2 O. subunits have specific blockers. The

best known pharmacological modulators of the Cav2 family are peptides derived from the

venom of predatory animals. These 20-30 amino acid peptides can be rather specific,

capable of binding to a particular Cav2 subunit at nanomolar concentrations.

The most specific blocker of Cav2.1 is the 48 amino acid (O-agatoxin isolated

from the American funnel spider Agenelopsis aperta. However, it also blocks Cav2.2

with low affinity, as well as Cav2.3. Blockade by GO-agatoxin is irreversible and likely

interferes with the Cav2.1 voltage sensor. The S3-S4 region of DIV is the major site
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where (0-agatoxin interacts with Cav2.1 [239]. P- and Q-type calcium currents arise from

different splice variants of Cav2.1. The Q-type Cav2.1 splice variant has an addition of

an aspargine and proline in the agatoxin interaction region, resulting in a lower agatoxin

binding affinity.

The venom from the sea snail Conus geopgraphus contains a 27 amino acid

peptide Co-conotoxin GVIA that is a selective, irreversible blocker of Cav2.2 N-type

channels. Q-conotoxin GVIA blocks Cav2.2 by physically occluding the pore [240].

Other selective N-type blocking peptides are ■ o-conotoxin MVIIA and MVIIC from the

Conus magus snail, and the Co-conotoxin CVID isolated from Conus catus.

The therapeutic and commercial success of Cavl channel blockers has inspired

the possibility that specific Cav2 channel blockers have therapeutic potential as well. The

most promising application is to use the Cav2 channel blockers for pain treatment. The

impetus for finding pharmacological modulators of Cav2 channels is that the channels are

highly expressed in the superficial layer of the dorsal horn of the spinal cord, an area

where nociceptive signaling is transmitted. It is hoped that blocking Cav2 channels will

block mediators of nociceptive signaling such as substance P [241]. The promise of this

strategy is supported by Cav2.2 knock out mice having lowered sensitivity to neuropathic

and inflammatory pain and current pu-opioid receptor agonists used for pain relief, such as

morphine, partially block Cav2 channels [242, 243]. Ziconotide, a compound derived

from Go-conotoxin MVIIA, has been approved for clinical use by the F.D.A. and the

European Commission for treating severe chronic pain. Currently, ziconotide can only be

administered mathecally and there are some cases of severe side effects such as unruly

behavior and hypotension [244]. More toxin-derived Cav2 channel blockers are in

=>

=5

57



various stages of development for pain treatment [245]. In addition, small organic

molecules that specifically target Cav2 have the advantage of being orally administered

and are also being developed and reviewed for pain treatment [246].

Until recently, there were no known pharmacologically blockers of Cav2.3 Ca”

channels, but it is now known that these channels are blocked by SNX-482, a compound

isolated from the venom of the tarantula Hysterocrates gigas [247]. SNX-482 also

partially inhibits Cavl channels with low affinity, but SNX-482 is the best Cav2.3

blocker to date [248].

Cav3 Family

The Cav3 family is the least understood among the voltage-gated channels but its

members are known to be expressed in many tissues. Opening at potentials near the

resting membrane potential, Cav3 channels can influence the membrane potential of the

cell at rest. There is also evidence that Cav3 channels affect rhythmic neuronal firing.

Despite years of intense effort, there are still no specific and effective

pharmacological blockers of Cav3 channels. As a result, studies of Cav3 have been

hindered but there is growing evidence for functional roles of Cav3 channels and the

potential benefits of developing specific Cav3 pharmacological targets.

Like Cav2.2, Cav3.2 and Cav3.3 are expressed in the dorsal root ganglion neurons

of the superficial lamina. Given Cav3's low activation threshold kinetics, blocking these

channels can reduce the overall excitability of a neuron. A number of pain models

suggest an increase in excitability of nociceptive neurons contributes to pain perception.
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Blocking Cav3 neurons could hamper these neurons’ excitability and subsequently

suppress nociceptive signaling [245].

Auxiliary subunit modulators

Given the substantial functional modifications that auxiliary subunits can have on

voltage-gated Ca' channel properties, drugs that bind to these Ca' channel auxiliary

subunits may also lead to alterations in Ca" channel function. One such example is the

anticonvulsant drug gabapentin. Gabapentin interacts with a number of proteins,

including 0.26-1 [249]. Both the O2- and 6-subunits are required for gabapentin binding,

but it is not known how this binding alters voltage-gated Ca" channel function. The

general effect of gabapentin on voltage-gated Ca" channels is a reduction in macroscopic

current. Besides the anticonvulsant properties of gabapentin, it has also been found to

relieve neuropathic pain. Gabapentin's analgesic properties may be attributable to its

block of Cav2.2 current in the dorsal root ganglia.

Other Voltage-Gated Channels

The superfamily of voltage-gated cation channels contains several other important

channel types, including the cyclic nucleotide-gated (CNG) channels, the

hyperpolarization-activated channels (HCN), and the transient receptor potential (TRP)

channels. CNG channels are non-selective cation channels, and are crucial for the

receptor-mediated transduction of visual and olfactory information through cyclic

nucleotide second messenger pathways [250]. HCN channels are non-selective, gated by

cyclic nucleotides, and are opened at voltages hyperpolarized to the resting potential.
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They play a role in pacemaker activity of neurons and of the heart [251]. TRP channels

are non-selective and only weakly voltage-sensitive. They are more distantly related to

Kv channels than the HCN or CNG families. These channels play a role in a variety of

sensory systems, including nociception, thermosensation, and taste sensation [252].

Other unrelated classes of voltage-gated ion channels include voltage-gated

proton channels and voltage-gated chloride channels. The voltage-gated proton channel is

an essential part of the oxidative burst of phagocytic cells of the immune system,

providing a cationic shunt for the large, anionic superoxide flux generated by NADPH

oxidase [253]. This channel has not yet been cloned. Voltage-gated chloride channels, or

ClC channels, are a subset of anion channels that is entirely unrelated structurally to

cation channels. These channels modulate muscle cell excitability, endosomal and

vesicular acidification, epithelial transport, bone resorption, and cell swelling [254].
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CHAPTER II

mTOR Mediates Neuronal Activity Suppression of

Local Translation of Kv1.1 mRNA in Dendrites
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Summary

Mammalian target of rapamycin (mTOR) has been implicated in synaptic

plasticity and local translation in neuronal dendrites. Here we report that the mTOR

inhibitor rapamycin increases Kv1.1 total protein in hippocampal neurons and promotes

Kv1.1 surface expression on dendrites. Moreover, endogenous Kv1.1 mRNA as well as

mRNA for fluorescently tagged Kv1.1 localize to hippocampal neuronal dendrites and

soma. We further show local synthesis of Kv1.1 fused to the photo-convertible Kaede in

hippocampal neuronal dendrites upon inhibition of mTOR, the upstream molecule PI3

kinase, or the N-methyl-D-aspartate (NMDA) glutamate receptor, suggesting that

synaptic excitation may cause local suppression of dendritic Kv1 channels. :
s
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Results and Discussion

Pathways involving the mammalian target of rapamycin (mTOR) kinase are

important for neuronal signaling. For example, the mTOR inhibitor rapamycin blocks

brain-derived neurotrophin (BDNF)-induced synaptic potentiation, maintenance of long

term potentiation (LTP), and the ability of group 1 metabotropic glutamate receptors

(mGluR1) to induce long-term depression (LTD) [1]. These different forms of synaptic

plasticity depend on the PI3 kinase (PI3-K) /mTOR pathway [2–4]. Products of tumor

suppressor genes linked to the disorders Tuberous sclerosis complex (TSC) and Peutz

Jeghers syndrome [5] TSC1, TSC2 and LKB1 are negative regulators of this pathway and

have been implicated in controlling local synthesis in synaptodendritic compartments [4,

6-8], thereby providing a mechanism that enables a neuron to respond to synaptic

activities by altering protein synthesis near the active synapses.

Whether the mTOR pathway regulates ion channel synthesis and localization is an

interesting open question. Both positive and negative translational regulation of ion

channels will alter channel density which in turn will influence the excitability of the

neuron. Although mammalian homologs of Shaker voltage-gated K' (Kv) channels of the

Kv1 family are primarily localized to the axons [9], o-dendrotoxin (DTX)-sensitive Kv1

channels also contribute to a fraction of the rapidly inactivating (A-type) and slowly

inactivating (D-type) Kv channels in somatodendritic regions of various neurons in the

central nervous system (CNS) ([10] and references therein). These channels are thus

poised to control local excitability of dendritic branches [11,12] and to restrict the

generation of calcium spikes to the dendrites [13]. Whereas the T1 tetramerization

domain of Kv1 channels can mediate axonal targeting [14], it is not known whether
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specific mechanisms are employed for dendritic localization of Kv1 channels. In this

study, we provide evidence for local synthesis of Kv1.1 in hippocampal neuronal

dendrites.

In our pilot studies of the regulation of Kv channels by mTOR, we found that the

mTOR inhibitor rapamycin led to the appearance of a prominent Kv1.1 immunoreactivity

in the dendritic field of CA1 neurons in hippocampal slices (Fig. 1A). Whereas there was

no significant alteration of Kv1.4 immunoreactivity in the same region in slices treated

with rapamycin or the carrier DMSO, the Kv1.1 immunoreactivity of rapamycin-treated

slices was 50 + 14% greater than that of control slices treated with DMSO (n = 3, p =

0.03). Western blot analysis of cortical and hippocampal neuronal cultures verified the

increase in Kv1.1 total protein level following mTOR inhibition by rapamycin, whereas

the Kv1.4 protein and tubulin levels remained unchanged (Fig. 1B, 2A). As expected for

the established mTOR signaling pathway in which the mTOR kinase, upon activation by

PI3 kinase and its effector the Akt/PKB kinase, causes phosphorylation of key cap

dependent translation initiation factors as well as the p70S6 kinase [6, 15], rapamycin

inhibition of mTOR reduced the extent of phosphorylation of the downstream p70S6

kinase but not the Akt kinase upstream of mTOR (Fig. 1B). Moreover, Kv1.1 total

protein levels approximately doubled with 20 nM, 200 nM or 500 nM rapamycin (mean

percent of control: 236 + 12%, n = 5, p < 0.05 for 20 nM; 205+ 7%, n = 7, p < 0.05 for

200 nM, Fig. 2; 280 + 24%, n = 3, p < 0.01 for 500 nM; Fig. 1B). Whereas mTOR

activity is generally associated with increased protein synthesis, it can also down regulate

the level of certain proteins [2, 16-18], similar to the down regulation of Kv1.1 in our

study (Fig. 1A, B).
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Having found an increase of Kv1.1 expression in the dendritic field of CA1

neurons in hippocampal slices (Fig. 1A), we further examined Kv1.1 distribution in

cultured hippocampl neurons with well resolved dendrites and axons, as revealed with the

dendritic marker MAP2 (Fig. 1C) and the axonal marker Neural Filament M (Fig. 2B),

and found that rapamycin increased Kv1.1 in dendrites without affecting the Kv1.1 level

in axons. Interestingly, Kv1.1 appeared in distinct punctate structures in MAP2 positive

dendrites upon inhibition of mTOR (Fig. 1C, 2B). Compared to control neurons treated

with DMSO, rapamycin treatment significantly increased the Kv1.1 immunoreactivity of

these puncta in the proximal dendrites (0-50 pum from soma; 2.9 + 0.6; n = 52 control

dendrites; n = 50 dendrites treated with rapamycin; p = 0.002). Remarkably, for puncta

localized to the primary apical dendrite (50 – 150 pum from soma), rapamycin increased

Kv1.1 immunoreactivity dramatically by 12 fold (12.3 + 3.68; n = 50 control dendrites; n

=49 dendrites treated with rapamycin; p = 0.002; Fig. 1C).

Moreover, using a monoclonal antibody against an extracellular epitope of Kv1.1

[19] to label Kv1.1-containing channels on the surface of hippocampal neurons without

detergent permeabilization, we found high levels of Kv1.1 on the surface of proximal

apical dendrites of neurons treated with rapamycin but not the carrier DMSO (Fig. 1D).

Taken together, we found that the hippocampal neurons displayed mTOR activity as

evidenced by the presence of phosphorylated Akt and p70S6 kinase (Fig. 1B) and the

rapamycin effect in decreasing p70S6 kinase phosphorylation and increasing endogenous

Kv1.1 (Fig. 1).

The unexpected finding of rapamycin-induced increase of Kv1.1 on the surface of

dendrites (Fig. 1D) raised the possibility that mTOR regulates local synthesis of Kv1.1 in
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dendrites. To explore this intriguing possibility, we first double labeled rapamycin treated

cultured hippocampal neurons with antibodies against Kv1.1 and mTOR, and found that

mTOR-containing granules were colocalized with a fraction of the Kv1.1 immuoreactive

punctate structures (Rcoloc = 60 + 5%; Fig. 3A). Next, we looked for Kv1.1 mRNA in

dendrites by in situ hybridization with endogenous Kv1.1 mRNA in cultured

hippocampal neurons (Fig. 3C), as well as comparing the levels of mRNA from

synaptosomes and those from whole hippocampi using two different measurements (Fig.

3B, table 1). In microarray analyses, we found the Kv1.1 mRNA in synaptosomes

normalized by that in hippocampi to be greater than those for MAP2 and ARC, which are

known to be targeted to dendrites, and substantially higher than those for the synaptic

protein NSF and nuclear proteins such as hºme (table 1). Similarly, in real time PCR

measurements, the normalized (synaptosomes/total hippocampus) ratio for Kv1.1 mRNA

(0.73 + 0.08, n = 8) was comparable if not greater than that for MAP2 mRNA (0.47+

0.05, n = 9), which is targeted to the dendrites [20] (Fig. 3B). For comparison, the

normalized ratio for Kv1.4 mRNA (n = 6) was only a fraction of that for Kv1.1 mRNA

(15 + 2%, p<0.001) and MAP2 mRNA (23 + 3%; p < 0.001) (Fig. 3B; Tukey multiple

comparison test). To complement these quantitative comparisons of Kv1.1 with known

dendritic messenger RNAs, we looked more closely at the subcellular distribution of

Kv1.1 mRNA in cultured hippocampal neurons using MAP2 as a dendritic marker, and

found significant levels of Kv1.1 mRNA along the length of major dendrites (Fig. 3C).

Not only was endogenous Kv1.1 mRNA found in dendrites, in situ hybridization of

hippocampal neurons infected with a Sindbis viral construct, which included cDNA for

the fusion protein EGFP-Kv1.1 followed with the 3'UTR sequence for Kv1.1, revealed
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significant signals in granules in dendrites up to 110 pm from the soma (Fig. 3D); the

signal was abolished when the labeled EGFP anti-sense oligonucleotide probe was

combined with excess unlabeled oligonucleotides. In contrast, when control neurons

infected with Sindbis viral constructs for EGFP cDNA, with similar polyadenylation

signal and poly A tail for transcript stabilization, were probed with the same EGFP anti

sense oligonucleotides, the signals that were above background levels only appeared

within 10 to 20 pum from the soma (Fig. 3D). The finding of Kv1.1 mRNA targeting to

neuronal dendrites, where punctate structures of endogenous Kv1.1 protein are found

partially colocalized and near the vicinity of mTOR, is thus compatible with the

possibility of Kv1.1 local synthesis in dendrites.

To ask whether Kv1.1 could be synthesized locally in dendrites, it is necessary to

devise a method to distinguish Kv1.1 that is synthesized in dendrites from Kv1.1 that is

synthesized in neuronal soma and then transported to dendrites. For this purpose, we

developed a translation reporter by fusing Kaede, a photo-convertible fluorescence

protein [21], to the N-terminus of the Kv1.1 coding sequence (Kaede-Kv1.1), followed

with 3'UTR of Kv1.1. UV induces a specific proteolytic cleavage of Kaede, converting

its fluorescence from green into red, allowing the Kaede-Kv1.1 that is newly synthesized

following the UV exposure to be distinguished by its green chromophore (Fig. 4A). After

verifying that the fusion protein Kaede-Kv1.1 appeared on the cell surface (Fig. 5A) and

gave rise to functional channels with the same biophysical properties as Kv1.1 channels

in Xenopus oocytes (Fig. 5B), we went on to express these fluorescent channels in

hippocampal neurons via Sindbis virus-mediated infection.
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To look for newly synthesized Kaede-Kv1.1 in neurons treated with the mTOR

inhibitor rapamycin, PI3-K inhibitors, or the DMSO carrier as control, we imaged live

neurons before and after UV-induced photo-conversion of existing Kaede-Kv1.1 into red

fluorescent proteins (Fig. 4B). Following this UV treatment, newly synthesized Kaede

Kv1.1 appeared in the dendrites over the course of approximately one hour. To verify that

the increase in pixel intensity of green fluorescence was due to newly synthesized Kaede

Kv1.1, we subjected the neuron to a second UV exposure (2nd photo-conversion), which

would convert the green fluorescence due to Kaede-Kv1.1—but not background

fluorescence—into red fluorescence. This series of experiments revealed that treating

neurons with rapamycin or either of two PI3-K inhibitors, wortmannin and LY294002,

caused a marked increase in newly synthesized Kaede-Kv1.1 in the dendrites (Fig. 4B

and data not shown).

The green Kaede-Kv1.1 in the dendrites that appeared following UV photo

conversion of existing Kaede-Kv1.1 is likely due to local dendritic protein synthesis,

because movement of Kaede-Kv1.1 from the cell body to the dendrites was not detected

over the course of one hour (Fig. 6). In fact, after photo-conversion of the Kaede

fluorescence in a defined region of the dendritic branch of a neuron expressing Kaede

Kv1.1, very little green fluorescence appeared in the photoconverted region of the

dendrite over 50 min (Fig. 6A, B). By contrast, in control neurons expressing Kaede

fused to only the soluble N-terminal domain of Kv1.1, green protein was transported to

the photoconverted region of the dendrite within 5 min (Fig. 6A, B). Furthermore, in the

rare example of an observed channel movement, Kaede-Kv1.1 exhibited a slow transport

rate of less than 15 pum/hour. Fusion of Kv1.1 to EGFP (EGFP-Kv1.1) also revealed
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similar low mobility (data not shown). The slow traffic of fluorescently tagged Kv1.1

would be consistent with an insufficient amount of endogenous Kv1 O. and/or fl subunits

that promote forward trafficking of Kv1.1-containing channels. In any case, we saw no

indication of Kaede-Kv1.1 traffic from the cell body to the dendrites. Rather, the

fluorescently tagged Kv1.1 was concentrated in stationary “hot spots” along the dendrite,

reminiscent of the appearance of proteins locally translated in dendrites [8, 22]. In fact, in

our time-lapse live imaging of dendrites, the newly synthesized Kaede-Kv1.1 was most

prominent in those punctate hotspots that exhibited the strongest Kaede-Kv1.1 signal

prior to photo-conversion (Fig. 4B, arrows); the Kaede-Kv1.1 fluorescence at these hot

spots grew over time without detectable transport of Kaede-Kv1.1 along the dendrites,

consistent with the notion that these puncta correspond to sites of local synthesis of

Kv1.1 in dendrites.

To further test the possibility that Kaede-Kv1.1 was synthesized near the punctate

structures in the dendrites, we quantified the appearance of newly synthesized Kaede

Kv1.1 over time, in puncta localized in the dendrite over 50 pum from the soma. Whereas

the mean pixel intensity of green fluorescence in puncta of DMSO-treated control

neurons exhibited a modest increase one hour after the UV exposure (119 + 8% of the

level immediately after photo-conversion; n = 24 puncta, 4 neurons), the increase of

Kaede-Kv1.1 green fluorescence was significantly greater in neurons treated with

rapamycin (162 + 14%; n = 27 puncta, 5 neurons, p < 0.05), or with the PI3-K inhibitors,

LY294002 (164 + 17%; n = 21 puncta, 4 neurons, p < 0.05), or wortmannin (168 + 10%;

n = 24 puncta, 4 neurons, p < 0.05) (Fig. 4C). Moreover, the rapamycin-induced increase

in Kaede-Kv1.1 (169 + 6%; n = 48 puncta, 7 neurons) was greatly reduced by the protein
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synthesis inhibitors anisomycin (aniso) (138 + 5%; n = 45 puncta, 7 neurons, p < 0.01)

and cycloheximide (CHX) (135% + 6%; n = 34 puncta, 5 neurons, p < 0.01) (Fig. 7B, C).

These findings provide further support for local synthesis of Kv1.1 in the dendrites.

Having obtained evidence for active signaling of the pathway involving PI3

kinase and mTOR (Fig. 1B)—as revealed by the presence of phosphorylated Akt and p70

S6 kinase (Fig. 1B)—and the involvement of this signaling pathway in local translation

of Kaede-Kv1.1 in dendrites (Fig. 4 and 7B, C), we next asked how Kv1.1 local

translation might be regulated by neuronal activity. To do this we examined hippocampal

neuronal cultures with and without treatments with antagonists of the NMDA glutamate

receptor and mOluR1/5 receptor (Fig. 7A). Interestingly, the NMDA receptor antagonist

AP5 significantly increased the level of endogenous Kv1.1 but decreased mTOR

phosphorylation (P-mTOR; Kv1.1 282 + 52%, n = 4, p = 0.013; P-mTOR 46 + 20%, n =

4, p = 0.035; Fig. 7A). Furthermore, when NMDA receptor activation is inhibited in

neurons the ratio of Kv1.1 total protein and P- mTOR is approximately 11 fold greater

than control neurons (10.9 + 3.92, n = 4, p = 0.045; Fig. 7A). By contrast, the mGluR1/5

antagonist MCPG had no significant effect on endogenous Kv1.1 protein levels or P

mTOR (Kv1.1 162 + 35%, n = 4, NS: P-mTOR 147+ 48%, n = 3, NS; ratio 2.02 + 0.45,

n = 3, NS). It thus appears that NMDA receptor activity causes activation of mTOR and

consequently suppresses Kv1.1 production. To determine whether NMDA receptor

activity could affect Kv1.1 local synthesis, we tested the effect of AP5, in the presence or

absence of the protein synthesis inhibitor anisomycin (aniso), on local synthesis of

Kaede-Kv1.1. Indeed, the appearance of newly synthesized Kaede-Kv1.1 at preexisting

“hot spots” along the dendrites requires protein synthesis (Fig. 7B, C, AP5 149% + 5%; n
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= 62 puncta, n = 10 neurons; AP5+ aniso 128% + 5%; n = 24 puncta, n = 4 neurons, p <

0.01), indicating that NMDA receptors activated due to synaptic activity could locally

regulate Kv1.1 synthesis in dendritic locations near the active synapse.

In summary, we have found Kv1.1 mRNA in the dendrites of hippocampal

neurons (Fig. 3B, C, table 1). Moreover, mRNA for fluorescently tagged Kv1.1 is

targeted to the dendrites (Fig. 3D) and can be translated locally (Fig. 4B, C). We further

show that the activity of NMDA receptor and mTOR of cultured hippocampal neurons is

important for suppression of local synthesis of Kaede-Kv1.1 (Fig. 7B, C) and for

controlling endogenous Kv1.1 protein level (Fig. 1B, 7A), thereby down regulating

dendritic Kv1.1 (Fig. 1C) and Kv1.1-containing channel density on the surface of

hippocampal dendrites (Fig. 1D).

These unexpected findings raise a number of interesting questions. How might

NMDA receptor activity be linked to the signaling pathway involving PI3 kinase and

mTOR that is implicated in controlling Kv1.1 local synthesis? It is known that NMDA

receptor-dependent LTP of EPSCs is associated with increased PI3 kinase activity in

CA1 [23], likely due to the ability of NMDA receptor to increase Ca” and Caº'-loaded

calmodulin so as to activate PI3 kinase associated with the AMPA glutamate receptor

[24]. This PI3 kinase activation in turn causes phosphorylation of Akt and p70S6 kinase,

which are upstream and downstream of the mTOR kinase, respectively, and is essential

for the expression but not the induction or maintenance of LTP of EPSC [23]. Thus,

NMDA receptor activation could lead to direct activation of PI3 kinase locally at the

active synapses, potentially causing local suppression of Kv1.1 synthesis in the dendrites

via the mTOR signaling pathway, thereby contributing to EPSP-spike (E-S) potentiation
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[12]. These considerations further raise the intriguing possibility this signaling pathway

plays a role in EPSC LTP expression, perhaps by regulating local translation of AMPA

receptor and/or other proteins for their surface expression [25-27].

How might mTOR regulate the local translation of Kv1.1 mRNA? One possibility

is that when mTOR is inhibited, cap-dependent translation is inhibited, and the synapse

shifts to cap-independent translation of transcripts with internal ribosome entry sites

(IRES) [5]. However, Kv1.1 mRNA does not contain an IRES and our translation

reporter Kaede-Kv1.1 lacking the 5’ UTR is still regulated by mTOR inhibition.

Interestingly, Kv1.1 mRNA has two putative AU rich elements (AREs) in the 3’ UTR

often found in early response genes and other molecules subject to rapid regulation,

similar to the AREs in the ligatin mRNA reported to be under NMDA receptor regulation

[28]. ARE binding proteins could either stabilize the mRNA for translation or promote

the degradation of mRNA. Moreover, these positive and negative regulators can respond

to signaling pathways often through phosphorylation and compete with one another for

binding of mRNA, thus providing a way for rapid change [29]. It will be interesting to

explore the possibility that NMDA receptor activation shifts Kv1.1 mRNA from a form

readily accessible to translation to perhaps a different complex for silencing or

degradation.

The suppression of Kv1.1 local synthesis via NMDA receptor activity uncovered

in our study represents an interesting positive feedback mechanism that could specifically

enhance the EPSP arising from previously active synapses, by increasing its ability to

activate voltage-gated sodium and/or calcium channels thereby facilitating EPSP

summation and making it more likely that the membrane potential will reach the
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threshold for action potential generation [11, 30]. In addition, hippocampal neuronal

dendrites exhibit uneven distribution of Kv channels [11, 31], with one fifth of these

dendritic Kv channels sensitive to not only 4-aminopyridine (4-AP) but also the Kv1

specific O-DTX [11], so as to effectively prevent action potential initiation in dendrites

and dampen back propagated action potentials [11, 13]. Given the interesting findings of

clustered D-type Kv channels on the CA1 dendrite [31] and the local increase of dendritic

excitability and calcium influx within the dendritic branch with potentiated EPSC [12], it

would be interesting to explore in future studies the possibility that synaptic activities

along the dendrites dynamically regulate the size and distribution of microdomains of

Kv1 channels, thereby varying the extent of integration and plasticity of synaptic inputs

impinging in the vicinity of the previously active synapses and to adjust the quality and

capacity of information storage [30]. It will also be important to elucidate homeostasis

mechanisms of Kv1.1 local synthesis regulation for the resetting of local excitability.
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Materials and methods

DNA constructs

The 3'UTR of Kv1.1 was cloned by RT-PCR from rat brain cDNA, using a

primer specific for the coding sequence of Kv1.1 (catteaccgcatcgataacaccacag) in the

forward direction and an oligo dT primer in the reverse direction. The 3'UTR was

inserted into Kv1.1 cDNA at the Cla I site within the coding sequence and the Not I

(blunt) site within the multiple cloning site of pcDNA3 (Invitrogen). The 3'UTR

equivalent to the 3'UTR cloned for this study is reported in Genbank (accession number

M26161).

Kaede was initially cloned into the EGFP-N1 vector (Clontech) by replacing the

EGFP cDNA inserted at the Bamh 1 and Not I (blunt) sites. Kaede-Kv1.1 and EGFP

Kv1.1 were generated by PCR using a primer specific for the EGFP-N1 vector in the

forward direction (aggcgtgtacggtgggaggtotatata) and a primer that contained the last 15

nucleotides of the cDNA before the stop codon, of either Kaede or EGFP, with the

addition of a Nhe I site at the 3’ end (Kaede: cccggccgctagocttgacgttgtc.c; EGFP:

cggc.cgctagecttgtacagctcgtc.catgccgaga) in the reverse direction. The PCR product was

digested with Nhe I and inserted into a Nhe I site of the Kv1.1 cDNA at the start codon

that was previously engineered into the sequence by the Quick Change Site Directed

Mutagenesis Kit (Strategene).

Sindbis virus generation

Kaede/EGFP-Kv1.1 was subcloned by a blunt end ligation into the Stu I site of

the SinRep5 virus vector (Invitrogen) and pseudovirions produced according to the
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manufacturer’s directions. Virus was concentrated by ultracentrifugation for 90 minutes

at 100,000 x g.

Brain slice preparation

Brains from 15-25 days old Sprague-Dawley rats (Charles River, CA) were

removed and immersed into cold dissection buffer containing 87 mM NaCl, 25 mM

NaHCO3, 75 mM Sucrose, 10 mM Glucose, 2.5 mM KC1, 1 mM NaH2PO4, 0.5 mM

CaCl2, 7 mM MgCl2 and equilibrated with 95% O2 and 5% CO2. Hippocampal slices of

~400 pm thickness were prepared with vibratome (Leica), transferred to a holding

chamber with the ACSF solution containing 119 mM NaCl, 2.5 mM KCl, 2.5 mM

CaCl2, 1.3 mM MgCl2, 26.2 mM NaHCO3, 1 mM NaH2PO4, 11 mM glucose and bubbled

with 95%O2/5% CO2 at 37° C.

Primary neuronal cultures

Cortical and Hippocampal neurons were prepared by the method described by Ma

et al. [32, 33] with the exception that the high density cultures were plated at

approximately 600,000 cells / 35 mm plate. Three days after plating the media was

changed to neurobasal media (Invitrogen) supplemented with 1X B-27, 100 units/ml of

penicillin-streptomycin, 2 mM L-glutamine and 2.5 puM cytosine.

Antibodies

Rabbit and monoclonal antibodies against Kv1.1 were a kind gift from Dr. James

Trimmer [19, 34], Kv1.4 antibodies have been previously described by Sheng et al. [35],

x

:
:

109



Rabbit MAP2 and NFM antibodies were purchased from Chemicon, Phospho-p70S6

kinase (Thr 389), Phospho Akt, and Phopho mTOR (Ser 2448) antibodies were purchased

from Cell Signaling, mTOR antibody was purchased from AbCam, and anti-tubulin was

purchased from Sigma.

Antibody dilutions used in immunostaining: mouse anti-Kv1.1, 1:500, mouse anti

Kv1.1e, 1:500; rabbit anti-Kv1.4, 1:100; rabbit anti-MAP2, 1:1000; rabbit anti-mTOR,

1:100. Antibody dilutions used in western blotting experiments: rabbit anti-Kv1.1,

1:1000; mouse anti Kv1.1, 1:1000; rabbit anti-Kv1.4, 1:100; mouse anti-tubulin, 1:1000;

mouse anti-phospho-p70S6 kinase (Thr 389), 1:100; rabbit anti-phospho Akt, 1:100,

rabbit anti-phospho mTOR (Ser 2448), 1:500.

Western Blot Analysis

SDS-PAGE and Western Blotting were performed as previously described [36].

High-density hippocampal or cortical cultures were washed and treated for 75 minutes in

pre-warmed HEPES-based artificial CSF (ACSF: 150 mM NaCl, 10 mM HEPES [pH

7.4], 3mm KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose) containing either DMSO as

carrier control, or 20 nM, 200 nM (hippocampal neurons, Fig. 3A), or 500 nM rapamycin

(cortical neurons, Fig. 1B). For neuronal activity experiments hippocampal neurons (DIV

21 – 30) were treated with DMSO, 200 pum DL-2-amino-5-phophonopentanoic acid

(AP5), or 50 pum (+)-alpha-methyl-4-carboxyphenylgleine (MCPG; hippocampal

neurons, Fig. 7A) for 75 minutes. Neurons were lysed using RIPA buffer (150 mM NaCl,

10 mM Tris [pH 7.2], 0.1% SDS, 1.0% Triton X-100, 1.0% Deoxycholate, 5 mM EDTA)

plus 1X complete protease inhibitor (Boehringer Mannheim). Lysates were collected and
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centrifuged at 4 °C for 20 minutes at 20,000 x g. SDS sample buffer was added and the

samples were separated by SDS-PAGE and transferred to ECL-hybond nitrocellulose

(Amersham). The membranes were incubated with primary antibodies followed by

horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (1:1000; Jackson

laboratories). Proteins were detected using SuperSignal(R) West Femto Maximum

Sensitivity Substrate (Pierce) that was diluted 2 fold with double distilled water.

Densitometry was performed by scanning films with an Alpha Imager Imaging system

and the band intensity was analyzed with Alpha Imager software. Signals for each lane

were normalized against the tubulin signal.

Immunostaining

Acute slices were treated with or without rapamycin (200 nM) in oxygenated

ACSF for 75 minutes at 37 °C. Slices were fixed in 4% paraformaldehyde overnight at

4°C. Slices were washed 3X in PBS-T (PBS + 0.3% Triton X-100), blocked overnight in

5% goat serum, PBS-T, incubated with primary antibody in the blocking buffer overnight

at 4°C. Slices were washed four times in PBS-T for 30 minutes/wash at 4°C, and then

incubated with fluorophore-conjugated secondary antibodies (Jackson Laboratories) at

1:400 dilution overnight at 4°C. Slices were washed at least four times in PBS-T for 30

minutes/wash at 4°C followed by a final wash at 4°C overnight. Slices were mounted

using GEL/MOUNTTM (biomeda) and imaged at 4X using a Texas Instruments

epifluorescent e800 microscope. For each condition, three slices from 3 rats were

quantified in the hippocampal slice experiment. For signal quantification, digitized
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images were analyzed with NIH IMAGE J software for mean signal intensity for both

Kv1.1 and Kv1.4 in the same slice.

Cultured neurons were treated as described above for western blotting. Neurons

were fixed and stained as previously described [33]. Neurons were imaged using a Texas

Instruments epifluorescence e800 microscope. All dendrites of each neuron in control and

rapamycin treated were analyzed. Puncta were defined as peaks that exceeded the mean

control signal intensity plus two standard deviations using NIH Image J software

(http://rsb.info.nih.gov/ij). Mean signal intensities of the punctae were compared between

control neurons and rapamycin treated neurons between 0– 50 pum and 50 – 150 pum from

the soma. Mean signal intensity of the axons was determined by tracing the axon 150 pum

from the soma.

A modified method as outlined by Tiffany et al. (2000) was used for surface

staining of Kv1.1. In brief, hippocampal neurons (DIV 21) were treated for one hour and

45 minutes in HEPES based ACSF containing either DMSO or rapamycin (200 nM) and

then fixed in 4% paraformaldehyde in PBS for 20 minutes at 4°C. Neurons were then

washed 3X in TBS (50 mM Tris-HCl, pH 7.4 and 150 mM NaCl), blocked in BLOTTO

(3% nonfat dry milk powder in TBS) for 1 hour at room temperature, and incubated

overnight at 4°C with an antibody against an extracellular epitope of Kv1.1. Neurons

were then washed 6 times with TBS for a total of one hour before permeabilization with

0.1% Triton X-100, and one hour incubation at room temperature with rabbit anti-MAP2.

Kv1.1 and MAP2 were detected using cy3 and cy5 conjugated goat anti-mouse and goat

anti-rabbit antibodies, respectively. Quantification of surface signal in dendrites was

carried out by using NIH Image J software to obtain the background subtracted pixel
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intensity by tracing a dendrite for 120 pum from the soma and an equal area adjacent to

the dendrite (background). Background subtracted pixel intensity was averaged every 10

pum and plotted against distance from the soma.

For co-localization experiments of Kv1.1 and mTOR, neurons in culture for 28

days were treated with rapamycin for 75 minutes to induce synthesis of dendritic Kv1.1.

Neurons were fixed and stained as outline above. Images were acquired with a Zeiss

confocal microscope (Zeiss Axioskop 2 FS mot) using a water immersion lens (IR

Achroplan 63x/0.90 W). Pearson's coefficient for colocalization (Reoloc) was determined

by analyzing two dendrites from 13 neurons using the co-localization test included in

NIH Image J software.

Microarray Analysis

Oligonucleotide microarrays representing 8800 genes in the rat genome (Rat

genome U34A) were used (Affymetrix). Probes for microarray hybridization were

generated from RNA that was purified from total hippocampi and from the synaptosomal

fraction of hippocampi from twenty P70 rats. Synaptosomes were prepared as outlined in

Raab-Graham and Vandenberg [36]. Total RNA from the synaptosomal fraction and the

total hippocampal fraction was isolated by RNeasy kit (Qiagen). cDNA was generated

from 1 pig of total RNA using the SMART cDNA synthesis kit (Clontech) with a

modified oligo dT primer that included the T7 bacterial phage sequence for subsequent in

vitro transcription of cDNA (ggccagtgaattgtaatacgactcactatagggaggcggtttttttttttttttttttttttt).

Biotin-labeled cKNA was generated by in vitro transcription using the T7 Ampliscribe kit

in the presence of biotin-CTP and biotin-UTP. A single microarray was used for each

:
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condition for the sole purpose of identifying putative mRNAs that are near or at the

synapse to be verified by quantitative Real Time PCR and in situ hybridization. Raw data

for two accession numbers per gene that are relevant to this study are reported in table 1.

Quantitative Real Time PCR

Synaptosomal RNA and toal hippocampal RNA were isolated as outlined above

for microarray analysis. Total RNA yield was determined by RiboGreen(R) RNA

Quantitation Kit (Molecular probes). RT-PCR was performed using Superscript II

(Invitrogen) with an oligo-dT primer. A second strand was synthesized according to the

manufacteurer's instructions. cDNA was incubated with RNase One (Promega) to

remove all RNA. cDNA was quantified using PicoGreen(R) dsDNA Quantitation Kit

against a set of known standards in order to ensure that equal amounts of cDNA were

used for Real time PCR. Real time PCR was performed in the presence of SYBR-green

DNA binding dye (Molecular Probes) using an icycler Real time PCR machine

(BIORAD). Each sample was run in duplicate at the time of the experiment. Each

experiment was performed at least six times using four independent RNA preparations.

The primers used had a Tm of at least 60 °C and were HPLC purified. The primer

sequences are listed below 5’ to 3’:

Kv1.1 Forward: agcaagctcctgaccgatgtttaaa

Reverse: gttgggttttttttttctttttgct

Kv1.4 Forward: CggaggaggaggcgaCagcgaac

Reverse: cctCctCctcgctcagctCcctaag

MAP2 Forward: gccgcagcgc.caatggatttc

:
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Reverse: agctctc.cgttgatcc.cgttctctttg

NSF Forward: ggccttctgagtgggacagcagcttg

Reverse: gcgattttccttggttttagccttgc

In situ Hybridiztion

Fluorescence in situ hybridization (FISH) was performed using a method

developed by combining protocols described by http://www.singerlab.org/protocols and

Wells et al. [37] with the following modifications: Low density cultured hippocampal

neurons (28 days in vitro) were fixed in 4% paraformaldehyde, 4% sucrose for 18

minutes on ice. Neurons were washed 3X in PBS and 1X in SSC for 5 minutes. Neurons

were permeabilized with 1% Triton-X 100, 1X SSC for 30 minutes at room temperature.

Digoxigenin labeled cKNA corresponding to the sense and antisense strand of Kv1.1 3’

UTR (nucleotides 1523 – 1746, accession number M26161) was hybridized overnight at

50 °C followed by a 2 hour incubation at 37 °C before washing as outlined in protocol.

DIG-labled cKNA was detected with a monoclonal mouse anti-digoxygenin antibody

(1:100; Boehringer Mannheim) overnight at 4 °C followed by a cy5-conjugated anti

mouse secondary antibody (1:200) for 2 hours at room temperature. Quantification of

punctate signal (mRNA granules) was carried out as described above for dendritic Kv1.1

puncta.

For in situ hybridization of infected neurons, cultures (DIV 21) were infected with

Sindbis virus encoding either EGFP-Kv1.1 or EGFP. 18 hours post infection in situ

hybridization (ISH) was performed as described above using an EGFP antisense DIG

labeled oligo as described by Wells et al. [37] and hybridized overnight at 37°C. ISH

:
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signal was normalized for each neuron by taking the ratio of the mean hybridization

signal every 10 pum along the dendrite and the mean of the hybridization signal of 3 pum

within the first 10 pm from the soma at the point at which the signal was not saturated.

Preparation, electrophysiology, and imaging of oocytes

Xenopus oocytes were prepared and maintained as previously described [38].

Oocytes were injected with 5 ng of cKNA coding for Kaede-Kv1.1 or Kv1.1. Currents

were measured using standard two electrode voltage-clamp recording (Degan Amplifier;

pCLAMP software). Oocytes were bathed in ND96 solution, held at —80 mV and Kv1.1

currents were recorded with 200 msec voltage pulses ramping from —70 mV to +70 mV

in 10 mV increments, before and after the perfusion of 100 nM DTX-K. After recording,

oocytes were fixed in 4% paraformaldehyde for 30 min, washed three times in PBS and

mounted using GEL/MOUNTTM (biomeda). Twenty-five confocal images of oocytes in 2

pum z-section steps were acquired using an upright microscope (Leica TCS SP2) with a

20X oil immersion lens (HCPL APO 20x/0.70 imm/corr). Kaede-Kv1.1 or wildtype

Kv1.1 was excited at 488 nm and green emission was detected at 500–550 nm.

Live imaging and analysis

Primary culture of neurons (14 – 28 DIV) was placed in a custom made

temperature controlled, closed chamber stage (Brook Industries) containing HEPES

based ACSF with DMSO, rapamycin (200 nM), LY294002 (50 puM), wortmannin (50

nM), or AP5 (200 puM) and maintained at 36.5°C. Two-photon excitation imaging was

accomplished using an upright scope (Zeiss Axioskop 2 FS mot) with a water immersion

;
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lens (IR-Achroplan 63x/0.90 W). A Ti:sapphire laser (Coherent Chameleon) was tuned to

930 nm to excite Kaede-Kv1.1 and green emission was detected at 500–535 nm. Serial

1.2 plm z-sections of a neuron expressing Kaede-Kv1.1 were acquired then photo

converted using a DAPI filter for 2 min. After the initial photo-conversion, images were

acquired at 20 min intervals for 1 h, followed with a second photo-conversion and then a

final image acquisition.

Live imaging experiments in Figure 4 were performed as above except a water

immersion lens (Achroplan 20x/0.50 W) was used and the duration of photo-conversion

was reduced to 30 sec. Neurons treated with anisomycin (40 nM) or cycloheximide (5.5

pig■ ml) were washed 3x with ACSF and stored in a 37 °C incubator for 20 min in ACSF

with anisomycin or cycloheximide before being placed in the chamber stage.

Eight-bit images of the maximum signal from z-compressed stacks were used for

data analysis. For each neuron, the mean intensity of 5-8 puncta more than 50 pum from

the soma was measured. The magnitude of new protein synthesis was calculated from the

fold increase of the mean green pixel intensity of puncta 1 h after photo-conversion as

compared to that immediately after photo-conversion.

For trafficking experiments (partial photo-conversion; Fig. 6) neurons expressing

either Kaede-Kv1.1 or Kaede-Kv1.1 N-terminal domain were imaged as described above

with the following modifications: A fraction of the dendrite was photo-converted using a

DAPI filter for 30sec. Afterwhich images were taken every 5 min for 55 minutes using a

water immersion lens (Achroplan 20x/0.50 W).
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Eight-bit images of the maximum signal from z-compressed stacks were used for

data analysis. The green pixel intensity of the photo-converted dendrites was normalized

to the green pixel intensity before photo-conversion.
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Figure 1. Inhibition of mTOR increases Kv1.1 protein in central neuronal dendrites.

(A) Distribution of Kv1.1 (black in upper panel and red in bottom panel) and Kv1.4

(blue, bottom panel) protein in hippocampal slices treated with either DMSO (control) or

rapamycin (200 nM) for 75 minutes in oxygenated ACSF at 37 °C. Nuclei were stained

with the fluorescent dye SYTOX for DNA (green). Scale bar = 100 pm. The Kv1.1

immunoreactivity was increased in the CA1 dendritic field of the rapamycin-treated slice

(* in upper right panel indicates regions of increase) (red dash line) compared to control

(red solid line), as shown in the histogram below. By contrast, the histogram of the Kv1.4

signal (blue lines) was not altered by the rapamycin treatment. DG, dentate gyrus. (B)

Schematic for the PI3-K/Akt/mTOR pathway. Below schematic, immunoblot of

phospho-Akt, phospho-S6 kinase, Kv1.1, Kv1.4, and tubulin of cultured cortical neurons

(30 DIV) treated with either DMSO (control) or rapamycin. Right, after normalization by

the level of tubulin in the sample, the total Kv1.1 but not Kv1.4 protein level was

significantly increased by rapamycin (500 nM) (Kv1.1, 280% + 24%, p = 0.002; Kv1.4,

97% + 12%, NS; Rapamycin-treated/DMSO control; 3 independent experiments). (C)

Left, cultured hippocampal neurons treated with DMSO (control) or rapamycin (Rap; 200

nM) were double labeled with antibodies against Kv1.1 (green) and the dendritic marker

MAP2 (red), revealing an increase in dendritic Kv1.1 punctate structures in the

rapamycin treated neurons. Scale bar = 20 pum. Right, quantification of Kv1.1 puncta

signal intensity in all dendrites 0 - 50 pum and 50 -150 pum from the soma and in axons

(dendrites: 0 - 50 pum, DMSO 1 + 0.2, n = 52 dendrites, Rap 3 + 0.6, p = 0.002, n = 50

dendrites; 50-150 pum, DMSO 1 + 0.25, n = 51, Rap 12.3 + 3.7, n = 49, p = 0.002; axons:

DMSO 1 + 0.06, n = 17, Rap 0.8 + 0.08, n = 21, NS). (D) Left, staining of surface Kv1.1
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of unpermeabilized cultured hippocampal neurons (DIV 21) treated with DMSO (control)

or rapamycin (Rap; 200 nM) with primary antibody against an extracellular epitope of

Kv1.1 (green), followed by permeabilization and detection of the dendritic marker MAP2

(red), revealing an increase of surface Kv1.1 in the distal dendrites. Scale bar represents

20 pum. Right, quantification of surface expression of Kv1.1 in DMSO versus rapamycin

treated neurons. Mean signal intensities were averaged every 10 pum along the dendrite as

indicated by the end point designated on the x axis (DMSO versus Rapamycin: 61-70

pum:55.4 + 30.1 versus 86.4 + 45.4, p = 0.02; 71-80 pum:43.2 + 29.3 versus 91.1 + 46.1, p

= 0.02; 81-90 pum:42.0 + 23.1 versus 93.7 + 56.4, p = 0.04; 91-100 pum:45.1 + 26.8

versus 87.1 + 47.8, p = 0.01; 101-110 pum: 37.8 + 20.2 versus 81.2 + 40.7, p = 0.01; n =9

neurons per treatment processed in parallel; 1 dendrite per neuron) * indicates p < 0.05.
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Figure 2. Inhibition of mTOR by 20 and 200 nM increased Kv1.1 total protein in the

dendrites of hippocampal neurons. (A) After normalization by the level of tubulin in

the sample, the total Kv1.1 level was significantly increased by treating hippocampal

neurons with 20 nM and 200 nM rapamycin (DMSO = 100 + 6%, n = 7, 20 nM = 236% +

12%, n = 5; 200 nM, 205 + 7%, n = 7). Statistical significance was determined by one

way ANOVA with reference to control (0 nM) group. Error bars are SEM. * indicates p <

0.05. (B) Cultured hippocamp. neurons treated with DMSO (control) or rapamycin

(Rap; 200 nM) were double labeled with antibodies against Kv1.1 (green) and the axonal

marker neurofilament M (NFM) (red), revealing an increase in dendritic Kv1.1 punctate

structures in the rapamycin treated neurons in NFM minus dendrites. Left, sketch of

neuron to clearly indicate axons (red) and dendrites (blue). Magnified dendrites and

axons are indicated by the box (sketched neuron) and by the arrow (axon) or the

arrowhead (dendrite) in parent neuron on left. Scale bar = 20 pum.
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Figure 3. Dendritic Kv1.1 partially co-localizes with mTOR in hippocampal

neuronal dendrites containing Kv1.1 mRNA. (A) Co-localization of dendritic Kv1.1

(green) and mTOR (red) in rapamycin (200 nM) treated hippocampal neurons. Boxed

dendrites are shown at higher magnification on the right. Scale bar represents 20 pum on

the left and 5 pm on the right. (B) Real time PCR measurements revealed that the ratio of

synaptosomal mRNA and total hippocampal mRNA (synaptosome/total hippocampus)

for Kv1.1 mRNA (0.73 + 0.08, n = 8) is greater than that for MAP2 mRNA (0.47+0.05,

n = 9), Kv1.4 mRNA (0.11 + 0.01, n = 6) and NSF mRNA (0.04 + 0.04, n = 10). **:

significant difference compared to NSF according to one way ANOVA test (Kv1.1 vs.

NSF, p < 0.001, MAP2 vs. NSF, p < 0.001, Kv1.4 vs. NSF, NS). (C) Kv1.1 mRNA is

present in the dendrites of hippocampal neurons. Left, in situ hybridization images.

Boxed dendrite is shown in high magnification on the right. In situ hybridization of

cultured hippocampal neurons (DIV 28) was performed by using a DIG labeled antisense

probe against the 3’ UTR of Kv1.1 to detect endogenous Kv1.1 mRNA (green in top

panels, also shown in black in top panel on the right) in MAP2 positive dendrites. As a

negative control, neurons were hybridized with a sense probe corresponding to the same

region as the antisense probe (neuron in bottom panels and corresponding high

magnification images on the right). Right, the Kv1.1 mRNA granule signal in the

dendrites is normalized by the average background signal in the control using the sense

probe (sense n = 8 dendrites, anti-sense n = 9 dendrites). Scale bar represents 20 pum on

the left and 5 pum in high magnification images. (D) Left, dendritic localization of EGFP

Kv1.1 RNA with poly-adenylation (top) but not EGFP RNA with poly-adenylation

sequence, as revealed by in situ hybridization (ISH) using the same antisense probe for
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EGFP coding sequences. The boxed dendrites are shown at high magnification in panels

on the right. Note granular distribution of EGFP-Kv1.1 RNA. RNA (ISH): black, top; red

in merged panel; EGFP: green; MAP2: blue. Scale bar = 20 pm for both low and high

magnification images. Right, normalized ISH signal of EGFP-Kv1.1 mRNA (solid bars)

and EGFP mRNA (open bars). Mean signal intensities were averaged every 10 pum along

the dendrite. To normalize for expression for each neuron, these signals were divided by

hybridization signals within the first 10 pum from the soma where the signal was not

saturated. End point is designated on the x axis. Significance was determined by the

student's t-test to compare Kv1.1-EGFP mean ISH signal to EGFP mean ISHsignal for

10 pum intervals (n = 13 dendrites). Error bars represent SEM “indicates p < 0.05; **

indicates p < 0.01; *** indicates p < 0.001.
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Figure 4. Inhibition of PI3-K or mTOR increased local translation of Kaede-Kv1.1,

revealed by live imaging of newly synthesized Kaede-Kv1.1

in dendrites. (A) Schematic of photo-convertable Kaede-Kv1.1. (B) By monitoring

neurons in ACSF containing DMSO (control), rapamycin (200 nM), LY294002 (50 puM),

or wortmannin (50 nM) before photo-conversion, immediately after (0 min), or sixty

minutes after (60 min) the first UV exposure to photo-convert existing Kaede-Kv1.1 into

red fluorescent protein, newly synthesized Kaede-Kv1.1 appeared as green fluorescence,

which was then transformed into red fluorescence by the second photo-conversion (2nd

Photo-conversion). Left, representative grey scale images of green fluorescence of

neurons have orange rectangle indicating magnified view of neuron. Scale bar = 20 pum.

Right, dendrite is outlined (orange) and arrowhead follows the fluorescence of an

individual Kaede-Kv1.1 punctum. Scale bar = 2 p.m. (C) Percent increase of newly

synthesized Kaede-Kv1.1 (green fluorescence pixel intensity) in individual puncta greater

than 50 pum from the soma, over the course of 1 hour, is stimulated by treatment with

rapamycin (162 + 14%, n = 27 puncta, 5 neurons), LY (163 + 17%, n = 21 puncta, 4

neurons), or wortmannin (168 + 1.1%, n = 24 puncta, 4 neurons), as compared to DMSO

control neurons (119 + 8%, n = 24 puncta, 4 neurons) Error bars represent SEM.

Significance was determined by one-way ANOVA with DMSO as the reference *

indicating a p < 0.05.
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Figure 5. Functional expression of Kaede-Kv1.1 in Xenopus oocytes (A) Surface

expression of Kaede-Kv1.1 in Xenopus oocyte. Confocal image of Xenopus oocyte

expressing Kv1.1 (left) or Kaede-Kv1.1 (right). (B) Kaede-Kv1.1 exhibits normal

channel properties in Xenopus oocytes. Representative current traces (black) of voltage

clamp recordings from Xenopus oocyte expressing Kv1.1 (left) or Kaede-Kv1.1 (right),

and the background currents after blocking Kv1.1 with DTX-K (red).
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Figure 6. Little detectable movement of Kaede-Kv1.1. (A) Time-lapse imaging after

photo-conversion of a fraction of dendrites (right of blue arc) reveals a recovery of green

fluorescence in photo-converted dendrite (arrow) in neurons expressing Kaede-Kv1.1 N

terminal domain (left) but not in Kaede-Kv1.1 expressing neurons (right). Scale bar = 20

pum. (B) Recovery of green fluorescence (normalized recovery of green fluorescence) in

photo-converted dendrites is minimal in Kaede-Kv1.1 compared to Kaede-Kv1.1 N

terminal domain within 5 min (Kaede-Kv1.1 N-terminal domain versus Kaede-Kv1.1 : 5

min: 0.338 + 0.082 versus 0.011 + 0.003, p=0.005; 10 min: 0.398 + 0.058 versus 0.006

+ 0.012, p = 0.0003; 15 min: 0.423 + 0.063 versus -0.001 + 0.019, p = 0.0003; 20 min:

0.429 + 0.068 versus 0.003 + 0.021, p = 0.0006; 25 min: 0.369 + 0.057 versus 0.007+

0.022, p = 0.0006; 30 min: 0.342 + 0.061 versus 0.008 + 0.024, p = 0.001; 35 min: 0.323

+ 0.060 versus 0.009 + 0.021, p = 0.002; 40 min: 0.324 + 0.059 versus 0.028 + 0.019, p =

0.002; 45 min: 0.285 + 0.054 versus 0.022 + 0.023, p=0.003; 50 min: 0.282 + 0.053

versus 0.022 + 0.019, p = 0.002; 55 min: 0.251 + 0.055 versus 0.024 + 0.025, p = 0.007;

n = 4 neurons per construct) Error bars represent SEM “* indicates p < 0.01; ***

indicates p < 0.001.
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Figure 7. Inhibiting neuronal activity increases the local translation of dendritic

Kv1.1 and reduces the phosphorylation of mTOR. (A) Left, quantification of

normalized Kv1.1 protein, normalized Phospho-mTOR (P-mTOR), and the ratio of Kv1.1

total protein and P-mTOR of hippocampal neurons (DIV 21 – 30) treated for 75 minutes

at 37 °C in ACSF containing DMSO (control), AP5 (200 pm), or MCPG (50 pum)

demonstrating a significant increase of Kv1.1 total protein and a significant decrease in

phosphorylation of mTOR in AP5 treated samples. By contrast there was no significant

change in Kv1.1 or P-mTOR in MCPG treated samples. Samples were normalized by

tubulin and ratios for Kv1.1 protein and phosphor-mTOR were determined for each

sample. Treated neurons were compared to corresponding control sister culture. Student’s

t-test was used to determine significance between control and treated neurons

(normalized Kv1.1 protein, AP5282 + 52%, p = 0.013; MCPG 163 + 35%, NS;

normalized P-mTOR, AP546 + 20, p = 0.038; MCPG 148 + 48%, NS; Kv1.1 protein/P-

mTOR, AP5 10.9 + 3.9, p = 0.046; MCPG 2 + 0.45, NS). Right, immunoblot of Kv1.1

(top panel) and P-mTOR (bottom panel) demonstrating that the ratio of Kv1.1 protein and

P-mTOR in AP5 treated neurons is greater than that for either the control or MCPG

treated neurons. (B) Left, live imaging of Kaede-Kv1.1 in the presence of rapamycin (200

nM), rapamycin plus the protein synthesis inhibitor anisomycin (40 nM) or

cycloheximide (5.5 pig■ ml) before photo-conversion, after photo-conversion (0 min), 60

minutes, and after a second photo-conversion demonstrating that the newly synthesized

green Kaede-Kv1.1 when mTOR is inhibited by rapamycin is sensitive to protein

synthesis inhibitors. Right, live imaging of Kaede-Kv1.1 demonstrates that blocking

neuronal activity by AP5 (200 pum) increases green Kaede-Kv1.1 signal. Note the
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presence of new green signal at translational hot spots in dendrites as indicated by arrows

after 60 minutes. By contrast, note the absence of green signal at hot spots in neurons

treated with the protein synthesis inhibitor anisomycin (40 nM) prior and during

rapamycin or AP5 treatment as indicated by arrow at time point 60 minutes. Left,

representative grey scale images of green fluorescence of neurons have orange rectangle

indicating magnified view of neuron. Scale bar = 20 pum. Right, magnified view of

neuron with dendrite outlined (orange). Scale bar = 2 p.m. (C) Percent increase of newly

synthesized Kaede-Kv1.1 (green fluorescence pixel intensity) in individual puncta greater

than 50 pum from the soma, over the course of 1 hour, is stimulated by treatment with

rapamycin (169 + 6%, n = 48 puncta, 7 neurons), Rap + anisomycin (138 + 4.6%, n = 45

puncta, 7 neurons) Rap + cycloheximide (135 + 6.2%, n = 34 puncta, 5 neurons), AP5

(149 + 4.8%, n = 62 puncta, 10 neurons), AP5+ anisomycin (128 + 4.8%, n = 24 puncta,

4 neurons). Error bars represent SEM. Significance was determined by one-way ANOVA

with Rap as the reference for Rap + aniso and Rap + CHX. Student t-test was used to

determine the significance between AP5 and AP5+ aniso treated neurons. * indicating a

p < 0.05 and ** indicating a p < 0.01. (D) Schematic of neuron showing an inactive

synapse (left) where mTOR is not active, therefore permitting the local synthesis of

Kv1.1 channels that are displayed on the dendritic surface. Right, dendritic branch shows

that neuronal activity can activate NMDA receptors thereby activating the

PI3kinase/mTOR pathway and suppressing the local translation of Kv1.1. This activity

may lower the threshold required to propagate a dendritic action potential and/or increase

the amplitude of the EPSP locally.
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Table 1. Ratio of Kv1.1 mRNA in synaptosomes/hippocampi is greater than ratio for

known dendritic mRNAs. Raw data collected from microarray experiment comparing

mRNA isolated from the synaptosomal fraction of hippocampi to total hippocampi

demonstrates that ratio for Kv1.1 is greater than known dendritic mRNAs such as

CamkII o, Arc, and MAP2 as well as the synaptic protein NSF, and the nuclear protein

Histone 2a.
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Conclusion and Future Directions

Controlling the site of protein translation in a neuron offers a level of cellular

regulation. In many types of cells the machinery to synthesize protein resides in the soma

and the task of getting a protein synthesized in the soma to its desired location is

relegated to protein transport machinery such as motor proteins [1]. For neurons, there

could be some limitations in quickly and effectively localizing proteins, particularly if

faced with transporting proteins through the long distances and complex paths of

dendritic branches, in order to get them to distal dendrites, and to specific synapses in

response to certain patterns of synaptic inputs.

A proposed method for a neuron to overcome the hurdle of properly targeting a

protein to a discrete part of a dendrite in a timely manner would be to translate the protein

near the site of its final destination, rather than the soma [2–4]. For local translation to

occur, three categories of events have to take place: 1) the RNA needs to be transported

to the dendrites, 2) translational machinery needs to be present in dendrites for

translation, and 3) the initiation of translation has to be regulated so that local translation

only occurs when necessary. Over the years, technological advances have given

researchers the tools needed to peer into neurons with greater detail, allowing for more

direct observations of the capacity and occurrence of local translation in neurons. Some

of the key benefits of local translation over the conventional somatic synthesis and

transport of protein is that the response to the need of increased protein levels at a precise

location can be faster. Multiple protein products can also be generated from translation of

a single transcript targeted to the dendrite, providing a source of signal amplification.

145



The list of mRNA transcripts that are found in neuronal processes is growing [5].

Our work has expanded the scope of the types of proteins that could be translated locally,

to include a member of the voltage-gated ion channel family, Kv1.1. We focused on the

regulation of translating Kv1.1 locally. An open question for future investigation is the

process of localizing Kv1.1 mRNA to dendrites which is necessary for local translation.

Our microarray experiment detected Kv1.1 transcripts in synaptosomes of naïve adult rats

indicates that Kv1.1 mRNA is constitutively present. However, it is possible for the

levels of Kv1.1 mRNA in neuronal processes to be modulated. The same signaling

cascade that responds to neuronal activity to control local translation of Kv1.1 may also

lead to regulation of the transport of Kv1.1 mRNA to dendrites in order to accommodate

the demand for dendritic Kv1.1. The transcript of the immediate early gene Arc is well

known for being sensitive to being trafficked to dendritic processes in an activity

dependent manner [6, 7]. Kv1.1 mRNA may not respond the same way as Arc mRNA but

they may share some similarities in RNA transport if there are universal features of

trafficking mRNA to dendrites.

Only a select group of mRNA is translated locally in neurons. These transcripts,

including Kv1.1, possess an intrinsic motif to dictate targeting to dendrites. The motifs

that dictate the trafficking of mRNA to neuronal processes is an active research avenue

and will be more tractable as more transcripts are detected in processes. One of the best

characterized motifs for mRNA targeting to dendrites is found in the 3’ UTR of CamkII

[8]. However, most of the 3'UTR of CamkII is necessary for targeting its mRNA to

dendrites. Finding the RNA sequence necessary and sufficient for the dendritic targeting

of Kv1.1 mRNA may not be a trivial continuous stretch of RNA. Rather, it will likely
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involve the secondary structure of RNA and may even be dependent on the RNA

transport machinery available in the neuron. As more transcripts are discovered that

target to dendrites, a common pattern may emerge from these mRNA sequences that

signal the neuron to transport the transcript to dendrites. Investigations into the parts of

the Kv1.1 transcript responsible for its dendritic targeting will help in determining the

intrinsic signals of dendritically localized RNA.

Determining the proteins necessary for transporting Kv1.1 mRNA is also a

potential future endeavor. The first indicator of translational machinery in dendrites was

the detection of polyribosomes located in dendrites, preferentially below postsynaptic

sites [4]. Although not identical to the machinery found in the soma, more ultrastructural

studies have detected components of translational machinery in dendrites [9, 10]. There is

even evidence of proteins involved in post translational modifications of proteins

ascribed to the Golgi apparatus [11] and supports the possibility of integral membrane

proteins being locally translated [12, 13].

RNA is transported from the soma to dendrites in neuronal granules that contain a

collection of mRNA, components of translational machinery, and RNA binding proteins

[14]. It would be interesting to see if Kv1.1 mRNA interacts with any known RNA

binding proteins or those not yet discovered. The specificity of a neuronal granule for the

transcripts it contains is not known, and there may be preferential co-transport of Kv1.1

mRNA with a particular subset of dendritically targeted mRNAs.

There has to be a mechanism in place to silence the translational machinery that

travels with the mRNA in neuronal granules, to allow for occasions when local

translation is not needed in the dendrites. We have found that mTOR activity suppresses
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the local translation of Kv1.1. However, we do not know if this is a direct suppression of

Kv1.1 synthesis, or that mTOR activity upregulates another protein that suppresses

Kv1.1. It would be interesting to explore the effect of mTOR activity on neuronal granule

function. mTOR may have a broad impact on many components of neuronal granules,

even the granule itself.

Although the acceptance that neurons are capable of local translation has grown,

there is still quite a bit of uncertainty on the physiological impact of local translation. The

contributions of many research groups have demonstrated the phenomenon of local

translation and are beginning to establish its functional significance. A particularly

striking study highlighting the role of local translation involved generating a mouse with

just the 3'UTR of CamkII knocked out [15]. With the signaling to target CamkII mRNA

to the dendrites removed, there were a number of behavioral deficits in these mice such

as impaired spatial memory, associative fear conditioning, and object recognition

memory. These phenotypes are attributed to the inability of CamkIIa to be locally

translated.

Decades of research have been devoted to the biophysical characterization of

voltage-gated ion channels and their physiological roles. One of the joys and challenges

of new biological discoveries is to judge their in vivo significance. An exciting prospect

of future work will involve how the site of translation of voltage-gated ion channels in

neurons impacts their physiological significance.

Autosomal dominant point mutations of Kv1.1 in humans can cause episodic

ataxia, a disorder that can result in periods of ataxia and uncontrollable muscle movement

often triggered by stress or fatigue [16]. Although there is not a genetically modified
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mouse available that only disrupts the local translation of Kv1.1, a knockout mouse line

of Kv1.1 has been generated [17]. These mice have a number of defects, the most salient

being increased susceptibility to seizures. There is also a spontaneous 11 base pair

deletion of Kv1.1, leading to a reading frameshift and introduction of an early stop codon

that causes a 265 amino acid C-terminal truncation [18]. These mice have similar

phenotypes as the Kv1.1 null mice such as epileptic seizures and hyperexcitable neurons.

Moreover, these mice have enlarged brain volumes not seen in KCNA1 null mice and are

a model for megencephaly. In the CA1 region of the hippocampus, there is a dramatically

higher level of Kv1.1 mRNA in these megencephalic mice compared to wild type.

Perhaps the truncated Kv1.1 interferes with a feedback signaling loop that regulates the

level of Kv1.1 mRNA. mTOR, or one of its upstream regulators, may also be upregulated

in megencephalic mice, causing a translational suppression and accumulation of Kv1.1

mRNA. It is interesting to note that mTOR activity is involved with cell growth and a

negative regulator of mTOR is tuberous sclerosis complex, that when mutated, causes

increased mTOR activity and abnormal increases in cell growth [19, 20).

mTOR is a prominent kinase regulated by a variety of cellular factors and the

proteins it phosphorylates control a number of important cellular processes including

translational regulation [21]. Given its role in cellular growth, it would be interesting to

see if mTOR activity influences dendritic morphology in a manner correlated with its

regulation of Kv1.1 translation. We observed the effect of mTOR suppression on a

timescale of hours. The increase of Kv1.1 translation may be just one part of an

orchestrated program to change the morphology and function of the dendrite over a

longer time course than we observed.
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As mentioned, one of the most extensively studied proteins for local translation is

CamKII. Whereas NMDA receptor activity and mTOR suppress Kv1.1 local translation,

CamkII translation is upregulated [22, 23]. mTOR is known to upregulate the translation

of many transcripts, but it also selectively downregulates others [24]. The translational

capacity in dendrites may be a limiting factor in the overall rate of dendritic translation

[25]. To maximize the utilization of the translational machinery in dendrites, there may

be a near constant rate of translation occurring but the selection of transcripts translated

could be highly regulated. Perhaps there is a competition for the local translation of

Kv1.1 and CamkII. Monitoring both CamkII and Kv1.1 local translation simultaneously

to examine whether they are regulated in opposite ways may be interesting. If so,

identifying the point of the signaling pathway that diverges in the translational regulation

between CamkII and Kv1.1 could lead towards discovering the determinants of how

mTOR regulates the translation of particular transcripts.

Voltage gated potassium channels are expressed throughout the brain and help in

establishing the resting potential, shaping action potentials, and repolarizing neurons that

can impact action potential frequency [26]. Kv1.1 is characterized as a delayed rectifier.

They are more likely to open when the neuron depolarizes and do not rapidly inactivate.

Depending on the other subunits Kv1.1 assembles with, the properties of the currents

generated vary. For example, Kv1.1 channels associated with beta 1 subunits inactivate

[27]. It is not known what the final subunit composition of the channels that incorporate

the locally translated Kv1.1 and it could be worthwhile to determine the subunit

composition and biophysical properties of the Kv1.1 channels that are created from

locally translated Kv1.1.
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Before the molecular cloning of ion channels, the channels responsible for the

current recordings could only be classified by their biophysical and pharmacological

properties. Many of these currents can now be ascribed to particular channels such as

those containing Kv1.1. A notable example highlighting the function of Kv1.1 is the low

threshold, voltage-gated potassium current (Ikl) found in the auditory system [28]. The

medial nucleus of the trapezoid body of the auditory system receives and preserves

auditory inputs from the cochlear nucleus. Kv1.1 containing channels are the

predominant source of Ikl and reduce the jitter in the action potential firing rate generated

by inputs from the cochlear nucleus. This system has exquisite temporal precision and

makes it possible to localize audio sources based on the timing of stereo inputs preserved

in part by the Ikl of the medial nucleus of the trapezoid body.

We focused our studies on the expression of Kv1.1 in the CA1 region of the

hippocampus. The predominant source of Kv1.1 in the hippocampus is in the axons of

CA3 where it helps control the action potential frequency in these neurons, exemplified

by the hyperexcitability of these neurons in the Kv1.1 knockout mouse [17]. We

observed an increase of Kv1.1 expression in dendrites of the CA1 region after

suppressing mTOR. Establishing the currents that this increased Kv1.1 influence and the

physiological impact of these currents is a pressing goal stemming from this study. There

is by now a greater appreciation that dendrites are not electrically passive and there are a

variety of voltage gated ion channels with heterogeneous distribution patterns throughout

the dendrites. A heavily studied potassium channel current in CA1 dendrites is IA,

characterized by rapid activation and deactivation as well as being highly sensitive to 4

AP. Kv4.2 is largely responsible for IA but there are likely many other voltage-gated
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potassium channels that contribute to IA. It has already been documented from outside

out dendritic patch recordings of CA1 neurons that approximately 20 percent of

potassium channels are sensitive to the Kv1 blocker o-dendrotoxin [29]. Perhaps this

fraction of dendrotoxin sensitive channels would increase if the local translation of Kv1.1

were increased.

Based upon previous studies of voltage-gated potassium channels in dendrites,

there are a number of possible impacts that locally translated Kv1.1 can have on dendrites

[30]. Locally translated Kv1.1 may contribute to the IA of the dendrite. IA limits the

excitability of dendrites and attenuates the back propagation of action potentials. Even if

Kv1.1 is not a component of IA it could still have a similar impact of reducing the

excitability of dendritic branches. The locally translated Kv1.1 may also contribute to a

sustained voltage-gated potassium current detected in the dendrites of CA1 neurons.

Recordings of untreated neurons reveal this current to be uniform along the length of the

dendrite, though single channel recordings from dendritic membranes reveals patchy

channel distribution [31]. This apparent uniformity may be altered by local translation of

Kv1.1. The effect of an increased density of channels that contribute to sustained voltage

gated potassium currents in certain dendritic regions could lower the excitability of the

dendrite in that region.

Unlike the major role of voltage-gated calcium and sodium channels to generate

action potentials, voltage-gated potassium channels have a major responsibility to

modulate the distance traveled and the frequency of action potentials. Being able to

change the voltage-gated potassium channel density in a subset of dendritic regions can

change the magnitude of a subset of EPSPs, influence the path that back propagating
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action potentials travel, and influence the relative contribution of merging EPSPs heading

toward the soma.

We have uncovered a new way for neurons to control dendritic excitability in a

spatially restricted manner. There are a number of exciting avenues to explore the

implications of this discovery. Further elaboration of the translational regulation of Kv1.1

will detail the conditions that influence the level of Kv1 channels. There may be other

channels or proteins that are modified along with Kv1.1. Additionally, more studies into

the physiological impact of locally translated Kv1.1 can shed light on how neurons

integrate and process inputs and the behavioral manifestations of these computations.
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Appendix

Common to most people's experiences, the path of pursuing a scientific project is

an unpredictable journey and sometimes it does not reach a satisfying conclusion. I have

the fortunate opportunity to continue working on some of these projects after graduation.

Moreover, I hope others may be inspired to carry on their own investigations that are

based upon some of the curious observations made in the lab. I will give a brief

chronological description of my scientific pursuits over the past seven years in graduate

school and describe a project involving the interaction of GABA-B receptors and 14-3-3

with some promising preliminary data.

After joining the lab, the initial experiment was to apply recent advances in

microarray technology to ask the simple question, what mRNA transcripts are present in

neuronal processes? The potential of microarrays became readily apparent with

information on the abundance of 8,800 transcripts derived from cDNA isolated from total

hippocampal preparations as well as synaptosomes isolated from hippocampi (GEO

accession: GSE5516). Attention was focused on transcripts with a high synaptosomal

mRNA/total hippocampal mRNA ratio. An interesting pattern emerged that a number of

channel and receptor subunits that form multimeric complexes only had a single subunit

with an enriched synaptosomal mRNA transcript.

We hypothesized that the local translation of the subunit transcript localized in the

neuronal process regulated the assembly and localization of the multimeric channel or

receptor. To test this hypothesis, we wanted to verify the presence of the mRNA in

neuronal processes using techniques complementary to the microarray data. We

measured mRNA concentrations using real time PCR to verify the mircroarray data and
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focused on candidates that were enriched in synaptosomes by both microarray and real

time PCR methods of measuring RNA. The most fruitful and extensive studies came

from characterizing the regulation of Kv1.1 local translation. As detailed in Chapter 2, we

found further evidence of Kv1.1 transcripts localized to neuronal dendrites and

discovered a signaling pathway that regulated the local translation of Kv1.1 and its

surface expression on dendrites.

Another locally translated candidate transcript from the microarray experiment

was the GABA-B R2 subunit. GABA-B receptors consist of both a GABA-B R1 (GB1)

and a GABA-B R2 (GB2) subunit [1-3]. The GB1 subunit has an ER retention/retrieval

motif [4] and we speculated that the local translation of GB2 would provide a means of

establishing the assembly of the GB1 and GB2 subunits in neuronal dendrites. The

GABA-B receptor would then be trafficked to the surface, near the site of GB2 local

translation. However, the real time PCR data did not corroborate the microarray findings

of enrichment of GABA-B R2 subunit in synaptosomes.

However, 14-3-3 eta, one of the seven isoforms of the 14-3-3 family was a

transcript found in both the microarray and real time PCR experiments to be enriched in

the synaptosomal fraction isolated from rat hippocampi. Around the time of doing the

microarray experimnents, a paper by Couve et al. [5] showed that 14-3-3 interacts with

GB1. However, the functional impact of this interaction between 14-3-3 and GB1

receptors was not reported and we decided to investigate the influence of 14-3-3 on

GABA-B receptor function. 14-3-3s are highly abundant, purported to compose nearly

1% of cytosolic protein in the human brain [6]. They interact with hundreds of proteins
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and are involved in a wide variety of roles such as regulating cell division,

neurotransmitter release, apoptosis, enzyme function, and protein trafficking [7-9].

The seven isoforms are very similar to one another but there is some difference in

their subcellular localization in neurons with the epsilon, eta, gamma, beta, and zeta

isoforms found in biochemically isolated synaptic membranes [10]. 14-3-3 proteins can

dimerize, forming both homomers and heteromers [11]. The potential diversity in

functionality from having so many isoforms is not well understood and even the

specificity of the isoforms with particular protein binding partners is not well established.

Having only the 14-3-3 eta isoform identified in our microarray screen presents the

enticing possibility that this isoform is specialized among the 14-3-3 isoforms to be

locally translated and regulate the surface expression of GABA-B receptors.

To look at the influence of 14-3-3 eta on GABA-B receptor surface expression,

we performed a series of surface assay experiments that were developed in the lab [12].

HA-tagged GB1 was transfected into Cos? cells and very little trafficked to the surface

(mean percent relative to GB1HA + GB2 surface expression: 5.5 +/- 1.8%, n = 6, p <

0.001 for GB1HA alone; Fig. 1A). When co-transfected with GB2 subunit, there was a

dramatic increase in GB-1 HA reaching the surface as described previously [4].

Transfecting 14-3-3 eta with GB1-HA and GB2 leads to GB-1HA surface expression that

is around 20% lower than without 14-3-3 eta (mean percent relative to GB1HA + GB2

surface expression: 78.7 +/- 9.3%, n = 15, p < 0.05 for GB1HA, GB2, and 14-3-3 eta;

Fig. 1A).

There are a number of possibilities of how 14-3-3 eta can lead to a reduction of

GABA-B surface expression. 14-3-3s have been found to be involved in the forward
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transport of proteins retained in the Endoplasmic Reticulum [13] and impact the surface

expression of membrane proteins [14]. To get a better handle on the stage of 14-3-3s

involvement with GABA-B receptors that causes a reduction in GABA-B receptor

surface expression, colocalization studies with organelle markers were performed.

Preliminary immunostaining of GB1-HA, 14-3-3, and the Golgi marker GM130 indicates

that there are subcellular regions positive for all three in HEK cells (Fig. 1B). More

experiments with a panel of organelle markers should narrow the circumstances that lead

to 14-3-3 eta interacting with GABA-B receptors.

Another important goal of this project is to look at the impact of 14-3-3 eta on

GABA-B receptors in neurons. Initial experiments of staining neurons for endogenous

GABA-B receptors and 14-3-3 eta reveal an interesting pattern of some colocalization in

major dendritic processes of GB1 and 14-3-3 eta as well as 14-3-3 eta expression being

more extensive than GB1 (Fig. 1C).

A major concern dealing with 14-3-3s is that they have so many potential impacts

on cellular function. Moreover, all cells have endogenous levels of 14-3-3 that may

confound overexpression experiments. We have been working on developing tools to

reduce endogenous 14-3-3 levels to examine the impact reducing 14-3-3 has on GABA-B

receptor function and surface expression. Two promising strategies to knock down 14-3-

3 function are to utilize a cell permeable inhibitor of 14-3-3 we developed and siRNA

specific to 14-3-3 eta.

A potent blocker of 14-3-3, named R18, is a 20 amino acid peptide that blocks the

ligand binding groove of 14-3-3 with a Kd of around 80 nanomolar [15]. We synthesized

this peptide to penetratin, a peptide sequence that can transport itself and its cargo
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through cell membranes [16]. Incubating Cos? cells with R18-Pen increased the surface

expression of GABA-B receptors in a dose dependent manner (Fig. 2A). We also created

a siRNA construct that dramatically reduces 14-3-3 eta levels (Fig. 2B).

Another strategy to overcome the shortcomings of 14-3-3's ability to interact with

so many proteins is to focus on altering GB1 in such a way that it leads to a disruption in

its interaction with 14-3-3 eta. A general approach we are considering is to alter the

phosphorylation state of GB1 either pharmacologically or genetically removing

phosphorylation sites within GB1. We can then look at other effects disrupting 14-3-3's

interaction with GB1 has on GABA-B receptor function.

Currently, there are a number of possibilities for future work with this project.

One focus can be to further characterize the site and regulation of 14-3-3 eta translation

in neurons. We have found some evidence of 14-3-3 eta transcript being localized to

neuronal processes and time lapse imaging of Kaede-14-3-3 eta constructs similar to the

time lapse experiments described in Chapter 2 could provide insight into the site of 14-3-

3 eta translation. These experiments may be more difficult than monitoring Kaede-Kv1.1

translation because 14-3-3 eta is a cytosolic protein and Kaede-14-3-3 eta is likely to be

much more mobile than Kaede-Kv1.1.

Instead of focusing on the site of translation, one can look at the determinants

within the 14-3-3 eta transcript that are required for being localized to neuronal

processes. The potential advantage of this approach is that 14-3-3 eta is very abundant

and this may overcome some of the challenges of needing a robust signal to visualize

RNA.
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Regardless of whether 14-3-3 eta is locally translated, having a better

understanding of the conditions that lead it to interact with GB1 and the impact this has

on GABA-B receptor function is an open question. Our preliminary data suggests that 14

3-3 eta reduces GABA-B receptors but at what stage in the biosynthetic or degradation

pathway the interaction occurs is unknown. Moreover, we do not know the signaling

required for the initiation or termination of the interaction between 14-3-3 eta and GB1.
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Figure 1. 14-3-3 eta reduces GABA-B receptor surface expression, colocalizes with

Golgi apparatus and GB1. (A) Surface expression of GABA-B receptors is reduced

when GB1-HA and GB2 are transfected with 14-3-3 eta in Cos" cells. (B) Co

localization of the Golgi apparatus marker GM130 (upper left box, green merged), 14-3-3

(upper right box, red merged), and GB1-HA (lower left box, blue merged) in HEK cells.

(C) Co-localization of 14-3-3 eta (upper right box, green merged) and GB1 (lower left

box, red merged) in cultured hippocampal neurons.
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Figure 2. R18-Pen or siRNA reduces levels of functional 14–3–3. (A) Incubation for 1 Fº
*.

hour with R18-Pen increases the surface expression of GABA-B receptors on Hek cells ~ *

transfected with GB1-HA and GB2 in a dose-dependent manner. (B) siRNA designed to

bind to 20 base pairs within the coding region of 14-3-3 eta reduces the expression of a

GFP-14-3-3+UTR construct in Cos'7 cells. Cos'7 cells transfected with GFP-14-3-3-HUTR

and pcDNA3 (top panel) or a siRNA directed to a region within the 3'UTR (bottom

panel) expressed GFP-14-3-3+UTR (green) whereas transfection with GFP-14-3-3+UTR

and siRNA against a portion of the coding region (middle panel) had very little

expression of GFP-14-3-3+UTR. (C) Immunoblot of GFP from Cos■ ? cells transfected

with GFP-14-3-3+UTR and pcDNA3, siRNA 14-3-3 car, or siRNA 14-3-3. There is a

greatly reduced level of GFP-14-3-3+UTR expression in cells transfected with siRNA

14-3-3 car compared to those transfected with pcDNA3 or siRNA 14-3-3 utr.
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