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Introduction

In 1894, Santiago Ramon y Cajal proposed that
learning results from changes in synaptic strength
(Cajal, 1894). This idea is consistent with the basic
premise for memory formation and suggests that
modifying independent synapses provides a large
capacity to store information (Martin et al., 2000).
Nearly 80 years after Cajal’s initial proposition, a
landmark study by Bliss and Lomo demonstrated
that excitatory synapses in the hippocampus can
undergo persistent changes in synaptic strength that
can be sustained for hours or even several days. These
persistent changes are the cellular basis for a model
of learning and memory that is commonly referred

to as “long-term potentiation” (LTP) (Bliss and
Lomo, 1973).

Today, we know that synaptic strengthening requires
changes in the number and/or conductance of
glutamate receptors (specifically AMPA and NMDA
type) with the induction of LTP. (Malenka and Bear,
2004; Shepherd and Huganir, 2007; Kessels and
Malinow, 2009). However, new questions emerge if we
consider the fact that LTP is Hebbian in nature, i.e.,
that synapses can be modified by previous experience
(Hebb, 1949). How do changes in glutamate receptor
activity influence the propensity of a synapse and
nearby synapses to respond to presynaptic release?
What are the underlying mechanisms that change
postsynaptic responsiveness or, in other words, set the
plasticity threshold, a process that Abraham and Bear
termed “metaplasticity” (Abraham and Bear, 1996)?
Can these metaplastic changes be compartmentalized
in such a way that they are restricted to a synapse, a
dendritic branch, or a dendritic tree?

Anatomy of a Neuron

The nature of a neuron is polarized. It naturally
divides into microdomains of specifically targeted
proteins that facilitate the structural and functional
differences between the dendrites and the axon.
Dendrites subdivided
individual compartments based on several factors:
their proximity to the soma, their branching patterns
from the apical trunk, and the synaptic inputs they
receive (Spruston, 2008). The proteins that make
up these specialized microdomains determine the
synaptic efficacy of the individual compartment.

themselves can be into

In neurons, the relative density and dendritic
localization of ion channels play important functional
roles in synaptic integration, plasticity, and neuronal
excitability (Frick and Johnston, 2005). Historically,
dendrites were viewed as electrically passive, in
contrast to the electrical excitability of the soma

© 2010 Raab-Graham

Posttranscriptional Regulation of Intrinsic Plasticity

(Johnston et al.,, 1996). However, this idea has
been found to be inconsistent with the observation
that action potential firing exceeds what would be
predicted by the summation of LTP-induced EPSPs.
Bliss and colleagues described this phenomena as a
“nonsynaptic component of LTP” (Bliss and Gardner-
Medwin, 1973). We now know that neuronal
dendrites are not passive and that, in fact, they have
a rich and complex distribution of ion channels
(Zhang and Linden, 2003; Frick and Johnston, 2005;
Bloodgood and Sabatini, 2008).

The first indication that voltage-gated ion channels
are “plastic” during LTP came from a series of
experiments that initially discovered that sodium-
dependent action potentials can propagate back into
the dendrites from the soma (i.e., back-propagating
action potential, or bAP) (Johnston et al., 1996).
To test whether LTP causes changes in ion channel
properties that alter membrane excitability (often
referred to as “intrinsic plasticity”), bAPs were
paired with synaptic stimulation (Frick et al., 2004;
Frick and Johnston, 2005). Using calcium imaging
and dendritic recordings, Johnston and colleagues
found that, at the site of stimulation, there was an
increase in bAP amplitude and an enhanced calcium
signal, suggesting an increase in local dendritic
depolarization (Frick et al., 2004). To account for
this unexpected heightened excitability, changes
in channel-gating and endocytosis of potassium
channels have been proposed (Frick et al., 2004;
Kim et al., 2007). Another possible mechanism, as
our work suggests, is that NMDA activity triggers the
posttranscriptional repression of potassium channel

mRNA translation (Raab-Graham et al., 2006).

These critical experiments open the field to
questioning how changes in synaptic efficacy are
coupled to changes in dendritic excitability, both
locally and globally (Zhang and Linden, 2003; Frick
and Johnston, 2005; Kim and Linden, 2007). Thus,
this chapter will focus first on the importance of
local translation and repression during LTP. Second,
it will discuss the identification and the regulation of
local translation of ion channel mRNAs in neuronal
dendrites. Third, it will describe how site-specific
changes in dendritic excitability are important for
synaptic plasticity and how, if left unchecked, they
may be involved in neurodegeneration.

Significance of mRNA Translation
and Repression in Long-term

Potentiation
LTP consists of two phases: early and late. It is widely
believed that late-phase LTP serves as a useful model
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for the consolidation phase of memory formation
(Pittenger and Kandel, 2003). For several years, we
have known that the conversion of early LTP to late
phase requires protein synthesis (Krug et al., 1984;
Frey et al.,, 1993; Abel et al., 1997). In 1983, Bliss
and colleagues set out to examine changes in protein
synthesis during late LTP using two-dimensional
protein electrophoresis of *S-methionine—labeled
proteins that were synthesized during LTP in vivo
(Fazeli et al., 1993). Remarkably, this technique
revealed not only an increase in protein synthesis
but also a corresponding decrease in the relative
abundance of certain proteins. Interestingly, in
their discussion, the authors stated that LTP was
accompanied by the “reduction in synthesis (or an
increase in degradation).” Since then, proteosome-
mediated protein degradation during neuronal
activity has been an active area of research (Hegde
and DiAntonio, 2002). Nonetheless, the idea
of suppression of protein synthesis has been
largely ignored.

mTOR, Plasticity, and Memory
Consistent with the requirement for protein
synthesis during late-phase LTP, signaling of the
mammalian target of rapamycin (mTOR) pathway
is required for the maintenance of late LTP. mTOR
is a serine/threonine kinase whose primary function
is to promote mRNA translation initiation (Hay
and Sonenberg, 2004). In hippocampal slices,
elegant electrophysiological experiments that block
mTOR signaling via the mTOR-specific inhibitor
rapamycin, prior to LTP induction, reduced the
magnitude of LTP for more than 5 h. (Tang et al.,
2002; Cammalleri et al., 2003; Vickers et al., 2005).
Further, inventive genetic approaches that resulted
in increased basal phosphorylation of mTOR in mice
have shown enhanced late LTP (Hoeffer et al., 2008).
In line with the findings of these reports, behavioral
tasks designed to assess learning and memory in
rodents have indicated that mTOR activity is
required for memory formation, consolidation, and
reconsolidation (Casadio et al., 1999; Parsons et al.,
20006; Bekinschtein et al., 2007; Blundell et al., 2008;
Hoeffer et al., 2008).

Local Translation and Neuronal

Plasticity

Unexpectedly, mTOR has been found both in the
cell body and in the dendrites of neurons, suggesting
that protein translation also occurs in the dendrites
(Tang et al., 2002). These data challenge the view
that all proteins are synthesized in the cell body and
transported to the dendrites. Further support for the
dendritic protein translation hypothesis has been

found in the ability to detect polyribosomes, mRNAs,
translation machinery, as well as components of
the secretory pathway (endoplasmic reticulum
and golgi membranes) in dendrites (Bramham and
Wells, 2007). Moreover, numerous biochemical
assays on synaptosomes (isolated presynaptic and
postsynaptic nerve endings) and severed dendrites
have demonstrated the incorporation of radioactive
amino acids in proteins in the absence of cell bodies
(Schuman, 1997; Steward, 1997). Finally, the use of
molecular tools that we and others have developed
to visualize local protein synthesis in dendrites
have advanced our understanding as to how local
translation contributes to neuronal plasticity (Aakalu
et al., 2001; Raab-Graham et al., 2006). Thus,
local translation provides the unique advantage
over somatic translation and protein trafficking by
making available a specific source of new proteins in
response to site-specific changes in synaptic strength

(Schuman et al., 2006).

Characterization of Dendritic Kv1.1

Local Synthesis

Based on the evidence that voltage-gated ion
channels are important in dendritic signaling, Patrick
Haddick and I performed our own screen, looking for
synaptic mRNAs while I was a postdoctoral fellow
in the laboratory of Dr. Lily Jan at the University
of California, San Francisco. Using microarrays and
quantitative real-time PCR, we compared mRNA
isolated from synaptosomes with mRNA isolated
from the hippocampus. We determined that 4% of all
transcripts assayed, including 202 known genes, reside
at the synapse. These mRNAs report a synaptosome
“intensity value” greater than aCaMKII (a message
that has been previously reported to be localized to
dendrites) and a synaptosome-to-hippocampus ratio
of greater than 1.2. Interestingly, several transcripts
encoding ion channels and neurotransmitter
receptors known to be involved in synaptic plasticity
were enriched in the synaptosomal fraction.

The first transcript we characterized from our
microarray data was the dendrotoxin-sensitive,
voltage-gated potassium channel Kvl.1, which
controls the frequency of the action potential
(Tanouye and Ferrus, 1985). Although adendrotoxin-
sensitive Kv current has been described in CAl
pyramidal neurons, the molecular identity of this
current is unknown (Chen and Johnson, 2010)
and the specific role for Kv1.1 in the dendrites of
hippocampal neurons has not been established.

We verified our microarray data by detecting
endogenous Kv1l.1 mRNA in dendrites of cultured
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hippocampal neurons using in situ hybridization. The
results were surprising because the prior thinking
held that Kv1.1 was expressed exclusively in the
axon in the hippocampus (Schechter, 1997; Southan
and Owen, 1997; Geiger and Jonas, 2000; Monaghan
et al., 2001; Raab-Graham et al., 2006). Thus, Kv1.1
mRNA trafficking provides a mechanism for the
protein to escape the restrictive protein-encoded
trafficking signals that direct the protein to the
axon in order to be expressed in the dendrites in an
activity-dependent manner.

To confirm the dendritic localization of the
channel, we demonstrated that the mTOR inhibitor
rapamycin increased the total Kv1.1 protein in the
CA1 region of the hippocampus and the surface
expression in cultured neurons (Fig. 1A,B). These
results were contrary to what we expected, because
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mTOR activity was supposed to promote translation.
However, what we found was that mTOR activity
represses the translation of Kvl.1 mRNA.

To verify this unusual finding, we decided to
visualize local dendritic protein synthesis of Kv1.1.
To do this, we developed an improved method
for visualizing local translation in dendrites. One
technical challenge in the field was separating
existing proteins from newly synthesized proteins.
We were able to solve this problem through the use
of the photoconvertible protein Kaede (Mizuno et
al., 2003) and multiphoton microscopy. Ultraviolet
(UV) light induces a specific proteolytic cleavage
of Kaede, converting its fluorescence from green
into red. This property allowed us to develop a
translational reporter by fusing Kaede to Kvl.I.
Newly synthesized Kaede-Kv1.1 is distinguished

Figure 1. Inhibition of mMTOR by rapamycin increases the local translation of Kv1.1 mRNA in central neuronal dendrites. A, Acute
hippocampal slices treated with carrier or rapamycin (200 nM) for 75 min. Slices were fixed and stained with an antibody against
Kv1.1. Note the significant increase in Kv1.1 expression in CA1 and dentate gyrus with mTOR inhibition by rapamycin. B, Surface
staining of Kv1.1 protein of treated hippocampal neurons. Map2-positive dendrites show a significant increase in Kv1.1 protein
in the dendrite greater than 50 ym from the soma. Scale bar, 20 um. Raab-Graham et al. (2006), their Fig. 1A,D, reprinted

with permission.
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by its green chromophore and spectrally separated
from the previously synthesized red protein (Raab-
Graham et al., 2006) (Fig. 2A). With tools in hand,
we went on to demonstrate that Kaede-Kv1.1 is

locally synthesized in dendrites upon inhibition of
mTOR (Fig. 2B).

These results led us to form a model proposing that
the suppression of Kvl.l mRNA translation is an
imperative positive-feedback mechanism during

NMDA/mTOR~dependent neuronal activity that
may be important for memory formation (Fig. 3). This
model suggests that, at the site of synaptic stimulation,
mTOR actively suppresses the translation of Kv1.1
mRNA, resulting in fewer channels on the surface
of the dendrite, thereby creating a functional unit
of the dendrite to be more excitable. Furthermore,
at inactive synapses, Kvl.1 mRNA is translated and
expressed on the membrane, possibly to increase the
plasticity threshold.

Figure 2. Local translation assay using photoconvertible protein Kaede. A, Schematic of local translation assay using the photo-
convertible protein Kaede. Left side shows neuron with boxed dendrites; right side shows enlargement. Green puncta indicate
local translation “hot spots.” Kaede initially appears green, but with UV exposure, is converted to red. New protein synthesis is
monitored by the appearance of new green protein over time (arrowheads). B, Live imaging of neurons expressing Kaede-Kv1.1
treated with carrier (DMSO) or rapamycin (200 nM) before, immediately after (O min), and 60 min after the first UV exposure to
photoconvert Kaede-Kv1.1 into red protein. Representative grayscale images show green fluorescence in neurons. Dendrite is
outlined in orange within the black box, with arrows pointing to a single translational “hot spot” for Kaede-Kv1.1 (Raab-Graham

et al., 2006).
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Figure 3. Model of positive feedback mechanism for the specific enhancement of dendritic excitability during NMDA/mTOR-
mediated synaptic activity. Neuron on the left has an inactive synapse (gray) and mTOR is not active, thus permitting Kv1.1
local translation (green, RNA; yellow, channel subunit). Neuron on the right shows an active synapse (purple); NMDA-R (NMDA
receptor) activity (white) turns on the mTOR signaling pathway via the PI3 kinase. mTOR suppresses the translation and insertion
of Kv1.1 channels in dendrites. Activity-dependent changes in Kv1.1 expression may affect dendritic signaling via synaptic input

and bAPs.

Misregulation of mTOR Leads to
Seizure and Cognitive Decline

Patients with neurological diseases caused, at
least in part, by overstimulation of the mTOR
pathway experience seizures and cognitive defects.
Overactive mTOR has been implicated in diseases
such as epilepsy, tuberous sclerosis complex (TSC),
Fragile X syndrome, and Alzheimer’s disease (AD)
(Meikle et al., 2007, 2008; Pei and Hugon, 2008;
Zeng et al., 2009; Sharma et al., 2010), all of
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which have epileptic seizures associated with them.
Interestingly, increased seizure susceptibility directly
correlates with a decrease in kvl.] gene expression

(Smart et al., 1998; Rho et al., 1999).

Recently, Mucke and colleagues provided evidence
that the protein
transgenic mouse, a model for AD, has spontaneous,

human amyloid precursor

nonconvulsant seizure activity in hippocampal
and cortical circuits similar to what is observed
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in temporal lobe epilepsy. They suggest that the
aberrant excitatory neuronal activity may lead to
the cognitive impairment observed in AD (Palop
et al., 2007). Both the cognitive deficits and the
neuronal hyperexcitability observed in AD models
parallel the phenotype observed in other mTOR-
related diseases such as TSC. Furthermore, treating
rat and mouse models of temporal lobe epilepsy
and TSC with rapamycin eliminated the observed
spontaneous seizures (Meikle et al., 2007, 2008;
Zeng et al., 2009) and memory deficits observed in
these rats and mice (Meikle et al., 2007; Ehninger
et al., 2008). It remains to be determined whether
the hyperexcitability of these neurons results from
mTOR-repression of Kvl.l mRNA translation.
Reducing seizure activity in the brain may reduce the
cognitive deficits observed in mTOR-related diseases
such as AD and TSC. Although Kv1.1 is one of many
transcripts whose translation is regulated by mTOR
activity, its physiological role in controlling neuronal
excitability is not compensated by other voltage-
gated potassium channels (Smart et al., 1998; Rea
et al., 2002; Tavazoie et al., 2005; Gong et al., 2006;
Slipczuk et al., 2009).

These neurological diseases are perfect examples of
how positive feedback mechanisms, if unregulated,
can lead to uncontrolled neuronal excitability,
thus causing neuronal circuits to become unstable
and rendering the storage of new information
labile (Turrigiano and Nelson, 2000). Therefore,
homeostatic mechanisms need to be identified
that release translational repression of Kvl.1
mRNA translation in order to prevent instability
and neurodegeneration.

Considerations for Future Research
Our findings contradict the dogma that mTOR
signaling promotes global cap-dependent translation.
Our data suggest that cap-dependent translation of
select mRNAs is induced while the translation of
other mRNAs is actively repressed. In light of these
data, it is interesting to reconsider the implications
of earlier studies that demonstrated the reduction in
late-phase LTP by the mTOR inhibitor rapamycin.
It is clear that mTOR promotes the translation of
important transcripts that enhance synaptic plasticity
(Gong et al., 2006; Kelly et al., 2007); however,
whether the mRNAs repressed by mTOR activity
are memory suppressor proteins is a key unanswered
question. We recently addressed this question
using a mouse model for memory impairment that
overexpresses the RNA-binding protein HuD and
discovered that HuD promotes the translation of
Kv1.1 mRNA. CA-1 pyramidal neurons from these

mice have increased Kvl.1 expression, decreased
firing rates, and an increased action potential
threshold. Moreover, the most striking result of
this study is that calcium signals provoked by bAPs
in these mice are specifically reduced in oblique
dendrites when compared with wild-type littermates
(P. Huang, N. Sosanya, PY. Chang, K. Nguyen,
N.I. Perrone-Bizzozero, and K.E Raab-Graham,
unpublished observations). These data suggest that
translational regulation of Kv1.1 may result in both
local and global changes in intrinsic excitability and
may be important for memory storage.

Determining what other mRNAs are suppressed
by mTOR activity, addressing how mTOR activity
represses mRNA translation, and establishing
whether mTOR activity regulates small noncoding
regulatory RNAs, such as microRNAs, are questions
for future investigation.
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