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ticipate in local axon assembly. The fact that c-Jun regu-
lates its expression reinforces the notion that c-Jun has
an important role in “turning on” the regeneration pro-
gram after injury.

c-Jun also has a role in regulating neuronal apoptosis.
Initial in vitro studies found that c-Jun was activated
after NGF withdrawal correlating with neuronal apopto-
sis. Furthermore, c-Jun overexpression induced neu-
ronal death, whereas c-Jun suppression or dominant-
negative c-Jun expression resulted in the blockade of
neuronal death (see references in Herdegen et al., 1997).
In line with these observations, Raivich et al. show de-
creased developmental cell death in the facial motor
neuron pools of the c-jun®" mice.

Interestingly, neuronal death is also sometimes in-
duced by axotomy. Raivich and colleagues showed that
c-Jun also plays a role in mediating axotomy-induced
cell death. Neuronal loss was substantially reduced in
c-jun®" mice following nerve transection compared to
the control mice. One tempting explanation for this
seemingly counterintuitive effect is that the genetic pro-
gram induced by c-Jun to promote axon growth over-
laps with the genetic program mediated by c-Jun in
nonneuronal cells that promotes cell proliferation (Eferl
and Wagner, 2003). Attempts to reenter the cell cycle
in postmitotic neurons usually lead to apoptosis (Becker
and Bonni, 2004). The idea that the axon growth and
cell cycle programs overlap is in line with recent findings
that suppressing cell cycle repressors in neurons en-
hances axon growth (Konishi et al., 2004).

Although Raivich et al. provide compelling evidence
for a vital role of c-Jun in the adult animal during regener-
ation, their study does not provide the definitive answer
about the specific role of c-Jun in neurons. Previous
work has shown that c-Jun is also upregulated in non-
neuronal cells after axotomy (see references in Herde-
gen and Leah, 1998). Nestin-Cre-mediated recombina-
tion also mutates the c-jun gene in glial cells, which may
well contribute to the regeneration phenotype seen in
c-jun®" mice. Furthermore, the data from Raivich et al.
do not rule out the possibility that the lack of c-Jun
during development may also contribute to the regener-
ation defect in the adult animals even though no appar-
ent developmental abnormality is observed in the mutant
mouse nervous system. Therefore, a definitive answer for
the role of neuronal c-Jun in regeneration can only be
obtained with a neuron-specific c-Jun knockout in adult
animals. This can readily be achieved via crossing the
c-jun™ mice with a neuron-specific and inducible Cre
line or by local introduction of a neuron-specific Cre-
expressing vector.

Finally, in c-jun®" mice, facial nerve regeneration still
occurs to some degree, suggesting that multiple redun-
dant pathways exist to promote regeneration. Indeed,
another related transcription factor, ATF3, is also upreg-
ulated in response to axotomy with a similar expression
pattern to that of c-Jun. Dimers of ATF3 and c-Jun or
other transcription factors can recognize the cAMP re-
sponse element (CRE) binding motif (see Hai and Hart-
man, 2001, for review). Coordination of CRE- and AP-1-
regulated genes may be required to control robust axon
regeneration. It would be interesting to see whether mu-
tating both of these transcription factors causes an even

more profound failure of axon regeneration than was
observed in the current study.
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Myosin lll llluminates
the Mechanism of
Arrestin Translocation

Recent studies have revealed that light adaptation of
both vertebrate and invertebrate photoreceptors is ac-
companied by massive translocations of major signal-
ing proteins in and out of the cellular compartments
where visual signal transduction takes place. In this
issue of Neuron, Lee and Montell report a break-
through in understanding the mechanism of arrestin
translocation in Drosophila. They show that arrestin
is carried into the light-sensitive microvilli by phospho-
inositide-enriched vesicles driven by a myosin motor.

An exciting and active area in photoreceptor biology is
the translocation of signaling proteins in and out of the
cellular compartment where visual signal transduction
takes place. This phenomenon, documented in a broad
range of animal species from flies to mammals, is thought
to be a major mechanism of light adaptation. Transloca-
tion allows the cell to rapidly adjust the protein composi-
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Figure 1. Light-Dependent Arrestin Translo-
cation into the Microvilli of Drosophila Photo-
receptors

(A) Schematic drawing of the rhabdomeric
photoreceptor illustrating arrestin distribu-
tion in the dark and light. (B) Putative mecha-
nism of arrestin translocation by myosin lIl.
See text for details.
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tion of the signaling compartments in order to optimize
the sensitivity and duration of light-evoked responses
as the ambient lighting conditions change dramatically
during the normal diurnal cycle (see Arshavsky, 2003,
and Hardie, 2003, for recent updates).

The two key proteins undergoing massive transloca-
tion in photoreceptors of both vertebrates and inverte-
brates are the G proteins, transducin and G,, respec-
tively, and arrestin. G proteins mediate signals from
rhodopsins to their downstream targets. Upon illumina-
tion, large fractions of transducin and G, exit the light-
sensitive compartments, resulting in a lower sensitivity
of the photoresponses, which is required for the preven-
tion of “blinding” the cell with bright light (see Sokolov
et al., 2002, Kosloff et al., 2003, and references within).
Arrestin is responsible for terminating the light signal
by binding to photoexcited rhodopsin. In light, arrestin
translocates in the direction opposite to G protein as
more and more rhodopsin becomes photoexcited and
more and more arrestin is needed to quench it (see Peet
et al., 2004, Peterson et al., 2003, Lee et al., 2003, and
references within). While the functional role of protein
translocation is beginning to be revealed, the cellular
mechanisms governing this phenomenon remain far
from understood.

The power of Drosophila genetics has been particu-
larly useful for unveiling the cellular mechanisms respon-
sible for protein translocation, most importantly in the
case of arrestin. A schematic of a Drosophila photore-
ceptorisillustrated in Figure 1. Visual transduction takes
place in the rhabdomere, a rod-shaped cellular compart-
ment composed of tightly packed microvilli located on
the side of the photoreceptor (see Hardie and Raghu,
2001, for a recent review). The light-dependent translo-
cation of the prevalent form of Drosophila visual arrestin
(Arr2) from the cell cytoplasm to the rhabdomeres was
first described by Kiselev et al. (2000). The functional
role of this process in visual transduction was recently
reported by Lee et al. (2003) who found that arrestin
translocation correlates with the onset of accelerated
photoresponse recovery. They also found that introduc-
ing specific mutations into arrestin resulted in a striking
slowdown of both arrestin translocation and the onset

; PIP-enriched 2%, Myosin Il
Arrestin 3 p
® vesicle ’Q. + (ninaC)

actin’
"~ cytoskeleton

of accelerated response recovery in the mutant flies.
Based on this evidence, the authors concluded that pho-
toresponse duration in the rhabdomeres is regulated by
the amount of arrestin present. Having a small amount
of arrestin in dim light allows rhodopsin to stay active
longer and to generate long sensitive responses that are
most useful in detecting individual photons encountered
under these conditions. On the contrary, as more light
stimulates the cell during a sunny day, the increased
arrestin content in rhabdomeres allows rapid rhodopsin
quenching. This yields less-sensitive responses and
helps the cell to avoid signal saturation under these con-
ditions.

Another interesting observation by Lee et al. (2003)
was that the mutations impairing arrestin translocation
also impaired the ability of arrestin to bind to phospho-
inositides, in particular to PIP;. Furthermore, other muta-
tions affecting the enzymes responsible for phosphoino-
sitide turnover affected arrestin translocation as well.
These data strongly suggested that translocation is de-
pendent upon phosphoinositides, but what is the mech-
anism involved? A breakthrough in addressing this
question is reported by Lee and Montell in this issue of
Neuron (Lee and Montell, 2004). They demonstrate that
arrestin translocation in Drosophila requires the pres-
ence of a type Ill myosin motor (also called NINAC in
Drosophila) enriched in the eye. They further show that
arrestin and myosin lll can be coprecipitated in the pres-
ence of phosphoinositides and that each of them inter-
acts with phosphoinositides directly, yet there is no di-
rect protein-protein interaction between the two.

These findings have led the authors to put forward
the hypothesis summarized in Figure 1. They propose
that photoreceptor illumination results in the formation
of PIP; within the lipid vesicles located in the cell body.
These vesicles can then bind multiple molecules of ar-
restin and employ a myosin Ill motor that carries them
into the rhabdomere along an actin cytoskeletal path.
As the vesicles enter the microvilli, arrestin becomes
available to terminate rhodopsin signaling. Yet, the
mechanism responsible for arrestin exchange between
the vesicles and rhodopsin remains to be elucidated.
Perhaps, the release of arrestin requires dephosphoryla-
tion of PIP,.
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Interestingly, myosin Il in Drosophila comes in two
splice isoforms, p132 and p174, detected exclusively in
the cell bodies and rhabdomeres, respectively. While the
lack of both isoforms results in complete abolishment of
arrestin translocation, the selective expression of either
p132 or p174 has different consequences. Flies con-
taining only p132 have no obvious phenotype. To the
contrary, arrestin translocation is severely slowed (al-
though not eliminated) in flies containing only p174.
Given the pattern of subcellular distribution of these
proteins, it is tempting to speculate that moving the
arrestin-containing vesicles toward the rhabdomere is
more important for translocation overall than moving
these vesicles through the microvilli.

How does arrestin return back to the cell body once
the light is turned off? No evidence for cytoskeletal
involvement was revealed by Lee and Montell (2004),
suggesting that arrestin simply diffuses from the micro-
villi in the dark. This explanation fits with the fact that
the microvilli make up only a tiny fraction of the total
photoreceptor cytoplasm. Thus, the motors would only
be needed for transporting arrestin against its concen-
tration gradient.

Another important question raised by Lee and Montell
(2004) is whether the mechanism similar to that illus-
trated in Figure 1 may take place in vertebrate photore-
ceptors. The authors point out that mammalian visual
arrestin binds to inositol phosphates (Palczewski et al.,
1991) and that two mammalian homologs of fly myosin
11l, Myo3A and Myo3B, are expressed in the retina with
the former enriched in both rods and cones (Dosé et al.,
2003). Yet, no vesicular structures have been reported in
the cilium, the structure connecting the outer segment, a
cellular compartment where visual transduction occurs
in vertebrates, to the rest of the photoreceptor cell body.
In addition, there is no conservation of the lysine resi-
dues responsible for binding PIP; by Drosophila arrestin
in the molecule of vertebrate visual arrestin. However,
little is known about the mechanisms governing arrestin
translocation in vertebrates, which leaves open the pos-
sibility of the existence of a broader analogy. For exam-
ple, one may suggest that myosin motors carry arrestin
as a direct cargo or help arrestin to reach the base
of the connecting cilium. It is also possible that the
mechanism revealed in Drosophila may function in other
vertebrate cell types where other arrestin isoforms are
active.

In summary, the studies of arrestin transport in the
fly set the stage for understanding the mechanisms that
govern the light-dependent translocation of signaling
proteins in both vertebrate and invertebrate photorecep-
tors. This area of research is particularly exciting be-
cause it has just gained momentum during the past two
years and it holds promise in revealing the most general
principles of how individual proteins become highly
compartmentalized in polarized neurons.
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