
Introduction

During a lifetime, neurons must face and
adapt to the many changing demands placed
on them. Although many of these changes go
hand-in-hand with the developmental mecha-
nisms that underpin circuit formation, growth,
and synaptic plasticity, others can arise from
unforeseen events, such as disease or injury.

Despite these ever-changing demands, neu-
rons show a remarkable capacity for compen-
sation (reviewed in ref. 1). Four recent studies
(2–5), each capitalizing on the molecular
strengths offered by Drosophila, highlight the
role of translational repression—mediated at
least partly by Pumilio (Pum)—to orchestrate
the mechanisms through which this compensa-
tion may be achieved.

Pumilio was first identified from a screen of
Drosophila embryonic polarity mutants. Deter-
mination of anterior structures requires the
activity of Hunchback (Hb) that is sufficient to

Molecular Neurobiology 113 Volume 32, 2005

Molecular Neurobiology
Copyright © 2005 Humana Press Inc.
All rights of any nature whatsoever reserved.
ISSN0893-7648/05/32(2): 113–121/$30.00

Neuronal Homeostasis Through Translational Control

Richard A. Baines*

Neuroscience Group, Department of Biological Sciences, University of Warwick, 
Coventry, CV4 7AL, United Kingdom

Abstract

Translational repression is a key component of the mechanism that establishes segment polar-
ity during early embryonic development in the fruitfly Drosophila melanogaster. Two proteins,
Pumilio (Pum) and Nanos, block the translation of hunchback messenger RNA in only the poste-
rior segments, thereby promoting an abdominal fate. More recent studies focusing on postembry-
onic neuronal function have shown that Pum is also integral to numerous mechanisms that allow
neurons to adapt to the changing requirements placed on them in a dynamic nervous system.
These mechanisms include those contributing to dendritic structure, synaptic growth, neuronal
excitability, and formation of long-term memory. This article describes these new studies and
highlights the role of translational repression in regulation of neuronal processes that compensate
for change.

Index Entries: Excitability; glutamate; neural activity; neuromuscular junction; Nanos; paralytic;
pumilio; translational repression.

Received December 6, 2004; Accepted February 28, 2005.
*Author to whom correspondence and reprint requests

should be addressed. E-mail: rbaines@bio.warwick.ac.uk



repress genes required for specification of the
abdominal fate (6–8). However, to allow proper
development of the posterior, the activity of Hb
must be suppressed in the abdomen. Repres-
sion is achieved through the inhibition of trans-
lation of hb messenger RNA (mRNA) mediated
by a complex of proteins, including Pum (9–13).

The first step of repression begins with the
binding of Pum to specific sequence motifs,
termed Nanos response elements (NREs),
located in the 3′-untranslated region (UTR) of
hb mRNA. The hb NRE contains two subele-
ments, each including a defining UGU base
sequence that is essential for binding of Pum
(9). Once bound, Pum is able to recruit two
essential cofactors, Nanos (Nos) and Brain
tumor (Brat), to form a quaternary complex
with hb mRNA. This complex is sufficient to
prevent translation. The mechanism of binding
as well as translational repression has been
reviewed in detail elsewhere (14–16). The pur-
pose of this article is to describe more recent
studies that collectively show that Pum is also
required for the correct development and func-
tioning of the nervous system in flies.

Pumilio Shapes the Development 
of Dendritic Structure

The establishment of appropriate dendritic
morphology is not only an essential prerequi-
site for circuit formation but also underlies
changes in synaptic connectivity that arise
from growth of an organism and changes that
support learning. Although signaling between
dendrites is an established concept (17), the
responsible mechanisms remain poorly under-
stood. A characteristic of dendritic fields of
mammalian neurons—for example, in both
the cerebral cortex and retina—is that they
occupy neighboring but nonoverlapping terri-
tories (18–21). This resultant tiling of dendritic
fields represents an economical coverage of
two-dimensional receptive domains that is
presumably maintained by persistent repul-
sive interactions. Clearly, proteins involved in
this repulsion could be synthesized in the cell

soma and transported to distal sites in the
dendritic field. Alternatively, local RNA trans-
lation within dendrites might allow neurons
to better maintain continual structural (and
functional) plasticity only at required loca-
tions. Although the presence of mRNAs in
dendrites is well-documented (22,23), our
understanding of the regulatory mechanisms
controlling protein synthesis in these neuronal
compartments is lacking.

Peripheral neurons located in the body wall
of Drosophila larvae offer an experimentally
accessible model for the analysis of dendritic
development. Through expression of a green
fluorescent protein-reporter, it is possible to
visualize the dendritic fields of so-called den-
dritic arborization (da) neurons directly
through the external cuticle. Similar to mam-
malian neurons, these neurons tile their den-
dritic fields. Removal of a single da neuron by
targeted cell ablation results in a compensatory
expansion of neighboring tiles to occupy the
vacated territory. This observation clearly
demonstrates that boundary disputes continu-
ally exist between adjacent dendritic fields (24).

Ye and colleagues (2) used immunolocaliza-
tion to demonstrate that both Pum and Nos are
present in da neurons and, moreover, that Nos
staining can be localized to punctate structures
in the dendrites. The characteristics of these
structures closely resemble those of RNA gran-
ules previously observed in mammalian cortical
neurons (25). Upregulation of either Pum or
Nos (through expression of pum or nos trans-
genes, respectively) in a subset of these neurons
(termed classes III and IV) is sufficient to reduce
higher order branching of the dendritic field,
whilst the morphology of the major branches
remains unaffected.

Aberrations of dendritic patterning are also
observed in loss-of-function alleles of both
pum and nos, which, in a significant minority
of neurons, results in an incomplete tiling
between adjacent dendritic fields (2). The find-
ings that overexpression of nos is without sig-
nificant effect in the absence of pum and that
double loss-of-function mutants of both nos
and pum exhibit no more severe phenotype
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than either mutant alone indicate that both
pum and nos are simultaneously required for
normal dendritic patterning (2). Therefore,
although the mRNAs influenced have yet to be
identified, the logical conclusion from this
work is that translational repression, mediated
by Pum and Nos, is an important part of the
regulatory machinery that ensures appropriate
dendritic development and remodeling in da
neurons.

Pumilio Regulates Synaptic
Development at the
Neuromuscular Junction

During the course of development, complex
organisms increase in size. Such growth is par-
ticularly challenging for the nervous system
because changes in cell size demand compen-
satory changes in synaptic efficacy if excitation
is to remain constant. Compensatory changes
fall into one of three broad categories: (a)
changes in presynaptic release that may or
may not involve expansion of presynaptic ter-
minals; (b) changes in postsynaptic receptor
sensitivity; and (c) changes in voltage-gated
conductances (see refs. 1 and 26). Two recent
studies showed that Pum is a common focus of
all three mechanisms (3,4).

The glutamatergic neuromuscular junction
(nmj) of Drosophila has provided great insight
into the molecular mechanisms underpinning
both developmental and activity-dependent
changes in synaptic efficacy that maintain
synaptic depolarization within predetermined
physiological limits (reviewed in ref. 26). Of the
approx 30 muscles comprising each hemi-seg-
ment of the Drosophila larva, Menon and
coworkers (3) focused on muscle 12. This mus-
cle is innervated by more than one motoneuron,
the terminals of which can be distinguished
based on size. Innervation by the RP5 motoneu-
ron gives rise to larger boutons (termed Ib),
whereas smaller boutons (termed Is) arise from
additional motoneurons yet to be conclusively
identified (27).

In loss-of-function alleles of pum, the span of
the nmj (the distance between the two furthest
Ib boutons) is significantly reduced. The num-
ber of Ib boutons is also decreased, although
the size of the remaining Ib boutons is larger
(3). This phenotype is indicative of a failure of
the Ib boutons to separate during normal
growth. Conversely, Is boutons are unaffected
morphologically but are increased in number.
That Pum seems essential for normal growth
of the nmj parallels, its requirement for correct
aborization of sensory neurons (2), is indica-
tive perhaps of a common pathway to control
growth.

Presynaptic expression of a full-length pum
transgene is sufficient to rescue the effects to
only the Ib boutons, but not the increase in Is
boutons, which seemingly result from a lack of
postsynaptic pum. However, the most dramatic
phenotype observed because of the loss of pum
is a large increase in accumulation of the trans-
lation initiation factor eIF-4E in the postsynap-
tic muscle. This increase is restricted to the
nmj, because levels of eIF-4E immunostaining
remain normal throughout the rest of the mus-
cle cell.

Upregulation of eIF-4E in Drosophila muscle
has previously been reported to increase both
bouton number and immunostaining for the
DGluR-IIA glutamate receptor subtype in the
postsynaptic membrane (28). Against this
backdrop, it is gratifying that increased stain-
ing for DGluR-IIA was also a consequence
observed in the loss-of-function alleles of pum
(3). Overexpression of eIF-4E is also sufficient
to reduce immunostaining for the cell adhe-
sion molecule Fasciclin II at this nmj (28),
which may also contribute to the alteration of
structure at this synapse. In the absence of
pum, spontaneous release of transmitter (that
persists in the absence of action potential fir-
ing) is significantly increased in frequency but
not amplitude, indicating that the additional
DGluR-IIA receptors formed are being tar-
geted to de novo receptor fields to serve the
expansion in Is boutons. Surprisingly, how-
ever, action-potential-evoked release of trans-
mitter shows no increase in amplitude (3).
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Comparatively, upregulation of eIF-4E in post-
synaptic muscle is sufficient to increase evoked
junctional current without change to quantal
size (28). The finding that genetic overexpres-
sion of this receptor subtype in muscle is suffi-
cient to phenocopy both consequences of
upregulation of eIF-4E supports the finding
that these changes are brought about by
increased expression of DGluR-IIA (29). Inter-
estingly, loss-of-function mutants of pum do
not fully recapitulate the effects to synaptic
physiology following upregulation of eIF-4E,
which underlines the fact that additional stud-
ies are required. Perhaps the most obvious rea-
son for this discrepancy is that Pum may
additionally regulate the translation of other
mRNAs at the nmj, which act to prevent
increase in quantal content.

Data provided by Menon et al. (3) support a
model in which Pum translationally represses
eIF-4E, which, in turn, regulates translation of
DGluR-IIA receptors at the nmj (Fig. 1A). This
control is likely to be activity-dependent,
because postsynaptic aggregates of eIF-4E
immunostaining are elevated in hyperexcitable
genetic backgrounds (28). The observation that
a 51-nucleotide portion of the 3′-UTR of eIF-4E
mRNA is capable of binding Pum supports this
finding. This sequence contains an NRE motif,
although, surprisingly, mutation of either or

both UGU-containing subelements does not
abolish binding. This finding raises an impor-
tant issue regarding the binding specificity of
differing mRNAs for Pum. Thus, in addition to
being able to bind to hb (and bicoid) mRNAs
through canonical NRE motifs (9), Menon et al.
(3) conclusively demonstrated that Pum can
also bind to the eIF-4E 3′-UTR in their absence.
Recent reports of crystal structures for the RNA-
binding domain of Drosophila Pum revealed an
extended region predicted to be capable of
binding RNA (30,31). It is tempting to speculate
that specificity of binding to mRNAs may be
dictated by the presence of cofactors, which
include, but may not be limited to, Nos and
Brat.

Pumilio Regulates Electrical Firing
Properties in Motoneurons

The third category of compensatory change
observed in nervous systems involves modifi-
cation to voltage-gated conductances. For
example, when deprived of synaptic excitation
mammalian cortical neurons exhibit altered
voltage-gated conductances, the most notable
of which is a large upregulation of voltage-
gated Na+ conductance. These changes result in
an increase in membrane excitability that
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Fig. 1. Translational repression mediated by Pum regulates synaptic function and neuronal excitability. (A) In
postsynaptic muscle cells, the presence of Pum translationally regulates the level of the translation factor eIF-4E.
This factor is required for the translation of DGluRIIA messenger RNA to produce functional glutamate receptor
subtypes that underlie synaptic transmission at the neuromuscular junction (3). (B) In central neurons, Pum is
both necessary and sufficient to regulate the magnitude of voltage-gated Na+ conductance that is mediated by
the protein product of the paralytic gene (4). The level of pum mRNA (and presumably Pum) is regulated by
synaptic depolarisation indicative that this translational cascade forms part of a regulatory mechanism that
matches membrane excitability to synaptic depolarization.



strives to maintain action potential firing
within physiological levels (32). More recently,
the same phenomenon was described in moto-
neurons in Drosophila. Genetic manipulations
that remove synaptic excitation during embryo-
genesis result in neurons with increased mem-
brane excitability, which, again, largely results
from increased voltage-gated Na+ conductance
(33). On the other hand, in the same neurons,
exposure to increased synaptic excitation is met
by a reduced Na+ conductance and decreased
membrane excitability (34). At least part of this
mechanism is a rapid protein-kinase-A-medi-
ated effect that is regulated by activity, which is
sufficient to modulate voltage-gated Na+ con-
ductance. The mechanism is most likely
through phosphorylation of the voltage-gated
Na+ channel (34–37). However, whereas rapid
changes in synaptic excitation may be best
compensated for by equally rapid posttransla-
tional modifications of key ionic conductances,
longer term changes in neuronal activity may
be better compensated for by changes in gene
expression and/or translation.

An indication that translational repression
may contribute to regulation of membrane
excitability was the demonstration that neu-
ronal excitability was increased at the Drosophila
nmj in loss-of-function alleles of pum (38). In the
absence of pum, repetitive stimulation of motor
axons results in the earlier onset of long-term
facilitation, an effect that can be mimicked
either by upregulation of voltage-gated Na+ or
suppression of K+ conductances (39,40). Strik-
ingly, upregulation of Pum in motoneurons
through expression of a full-length pum trans-
gene is sufficient to completely abolish the onset
of long-term facilitation (41). A recent study by
Mee et al. (4) provided a mechanistic under-
standing for these observations as well as con-
clusive evidence that Pum is able to regulate
voltage-gated conductances.

Whole-cell voltage clamp recordings from
identified Drosophila larval motoneurons demon-
strates that the persistent component of the volt-
age-gated Na+ conductance (termed INa(p)) is
significantly greater in a loss-of-function allele of
pum. Comparatively, overexpression of a full-

length pum transgene is sufficient to reduce both
INa(p) and the transient component of this same
current (INa(t)). These changes are associated with
either an increase or decrease in membrane
excitability, respectively (4). The observation that
the expression of pum is activity-dependent indi-
cates that the compensatory effect forms part of a
homeostatic mechanism. Therefore, in genetic
backgrounds in which neuronal activity is
hypoactive, the level of pum mRNA (determined
by quantitative real-time polymerase chain reac-
tion) is reduced approx threefold. In hyperactiv-
ity backgrounds, expression is elevated by the
same approximate level (4). The model sup-
ported by these data (Fig. 1B) is one in which
increased exposure to synaptic excitation is com-
pensated for by an increase in expression of pum
and vice versa. Together, these changes are con-
sistent with a Pum-dependent repression of para-
lytic mRNA that encodes the sole voltage-gated
Na+ conductance in these motoneurons. It
remains to be shown whether this repression is
translational or transcriptional.

The consequence of reducing Na+ conduc-
tance is to lower membrane excitability, thereby
preventing overexcitation resulting from the
increased exposure to synaptic excitation. In
an interesting twist, it is the 5′-UTR of para-
lytic mRNA that contains an NRE-like
sequence, but binding studies have not been
able to demonstrate a specific interaction
between this motif and Pum. However, because
these motifs are apparently not required for
binding of Pum to eIF-4E mRNA (3), lack of
binding of the 5′-UTR may not be entirely
unexpected. Binding of Pum to paralytic 3′-
UTR that does not contain NRE motifs has yet
to be tested.

Pumilio Is Required 
for Long-Term Memory

An ability to influence neuronal excitability,
dendritic arborisation, and synaptic develop-
ment suggests that Pum is a key player in the
formation of memory. This involvement is
demonstrated by the fourth study. Dubnau

Neuronal Homeostasis Through Translational Control 117

Molecular Neurobiology Volume 32, 2005



and colleagues (5) employed a creative combi-
nation of forward- and reverse-genetics to iso-
late genes exhibiting altered regulation during
learning. A micro-array comparison was per-
formed to identify transcriptional changes
between flies trained to avoid an olfactory cue
by pairing with a noxious footshock either in
spaced bouts (known to result in stronger
memory formation) or in flies trained to avoid
an olfactory cue by massed training. To iden-
tify genes that might not show transcriptional
change but that are key to memory formation,
a large-scale behavioral screen of single-gene
mutants was also performed. Both approaches
implicated pum as a requirement for normal
long-term memory. Array analysis reported a
significant increase in pum transcript following
spaced training, whereas loss of pum resulted
in poor memory scores on behavioral tests.
Particularly notable, however, is that this study
also identified additional genes predicted to
have roles in local control of RNA translation,
indicating that such mechanisms may be wide-
spread in the nervous system. The additional
genes identified included staufen, oskar, CPEB,
eIF-2G, and eIF-5C.

How General Is Pumilio-Dependent
Repression of Translation 
in Nervous Systems?

There are many reasons to suggest that Pum
and Nos might play similar roles in the ner-
vous systems of higher organisms. Perhaps
the most compelling of these reasons is that
numerous studies have shown that the same
genes, the same cellular processes, and the
same mechanisms are used to build a nervous
system in the fly, the worm, and mammals.
Pum was the first member of the Puf protein
family, named after the founding members,
Pum and Caenorhabditis elegans fem-3 binding
factor. Additional family members have been
identified in plants, fungi, and vertebrates.
The Puf domain consists of eight tandem
repeats of approx 36 amino acids constituting
the minimal RNA binding domain (42–44).

Two Pum homologs are present in both mouse
and human, which share 75% identity with
Drosophila Pum; the Puf domain is 91% identi-
cal (45,46). Consistent with a role in regulation
of neuronal function, human Pum proteins are
expressed in central nervous system and,
moreover, are capable of binding NRE-con-
taining hb mRNA with an affinity exceeding
that of Drosophila Pum (9,47).

In addition to Pum, two nos genes have been
identified in humans (48), and three have been
identified in mice (49,50). Expression of nos is
observed in murine brain and, particularly, in
the hippocampus, which is a critical locus for
the formation of long-term memory. However,
knockout of nos1 in mice did not lead to obvi-
ous gross anatomical or behavioral defects
(49). In this instance, lack of a phenotype might
have been caused by functional redundancy
between the multiple nos genes present in this
animal. In the light of the present studies in
Drosophila, it may be worthwhile to revisit this
knockout and to conduct more detailed analy-
sis on dendritic morphology, neuronal func-
tion, and learning.

Does Pumilio Regulate Translation 
of Trafficked mRNAs in Neurons?

Compartment-specific translation of mRNAs
underlies at least two important roles in neu-
ronal signaling. First, it allows for rapid changes
to synaptic function, avoiding the need for rela-
tively slow retrograde communication toward,
and subsequent alteration of gene expression in,
the distant cell body. Second, it has the potential
to allow synapse-specific changes to occur (for
reviews, see refs. 51 and 52). The list of identified
mRNAs found in dendrites (in a variety of neu-
rons and species) continues to grow in number
and includes those for the key signaling mole-
cules calmodulin, CamKII, and glutamate
receptors (both N-methyl-D-aspartate [NMDA]
and non-NMDA). For local translation to occur,
it is implicit that specific mRNAs be “tagged”
for transport to dendritic regions, transported
by RNA-binding proteins, and retained after
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reaching their final destination. Targeting motifs
are clearly contained within the 3′-UTR of α-
CamKII mRNA, because replacement of this
UTR results in a failure of mRNA to leave the
cell body (53). Well-characterized RNA binding
proteins include Drosophila Staufen and Oskar
and vertebrate cytoplasmic polyadenylation
element-binding protein (for review, see ref. 54).
Throughout this journey, it is essential that
transported and localized mRNAs be prevented
from being translated until such time that their
protein products are required. The four studies
reported here provide convincing evidence to
indicate that Pum may serve an important role
in this regard.
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