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Organelles in developing neurons:
essential regulators of neuronal morphogenesis and function
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ABSTRACT Eukaryotic cells contain multiple intracellular organelles which are structurally and
functionally distinct membrane-delimited compartments. Organelles play vital roles in many
cellular events in essentially all eukaryotic cells. Although the canonical roles of organelles are
well described by classical in vitro studies, little is known about the specific physiological roles of
organelles in neurons, which possess extremely polarized cellular structures and have a massive
cellular volume compared with most eukaryotic cells. Studies that make use of recently developed
genetic and microscopic techniques are currently elucidating the unexpectedly specialized roles
of intracellular, membrane-delimited organelles in neuronal morphogenesis and function, and in
human disease. Here we review recent advances in understanding the roles of organelles (the ER-
Golgi secretory pathway, endosomes and mitochondria) in developing neurons.
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Introduction

Eukaryotic cells contain multiple intracellular compartments:
organelles that are structurally and functionally distinct and have a
delimiting membrane. Because organelles play vital roles in nu-
merous cellular events, including cell proliferation, differentiation,
maintenance, and death, it is essential to understand their specific
roles in different cell types. Classically, the structures and functions
of organelles have been studied intensively in non-neuronal cells,
such as cultured epithelial cell lines, but little is known about
organelles’ functions in developing and mature neurons, which
possess extremely polarized cellular structures (i.e., cell body,
axon, and dendrites), whose cellular volume can exceed that of
most eukaryotic cells by as much as 10,000-fold, and most of
whose cellular volume (axoplasm) resides at a great distance from
their nucleus.

It is currently unclear if the various organelles play the same
roles in neurons as in non-neuronal cells, although evidence for
specific functions is beginning to accumulate. Newly developed
genetic and microscopic techniques (Venken and Bellen, 2005,
Miyawaki, 2005) have permitted investigations into physiological
and specialized functions of organelles in neurons that are ordi-
narily masked by their pleiotropic functions. For instance, by using
the genetic mosaic method in Drosophiia, one can manipulate the
genes regulating organelles’ functions in individual neurons of the
intact brain, which permits investigation of the physiological roles

of organelles in neurons /n vivo (Lee and Luo, 1999). Other
methodologies than genetic mosaicism are technically much harder
to use for this purpose, because disruptions in the /7 vivo physi-
ological functions of organelles (i.e., by genetic manipulation) are
typically lethal to the organism. Recent studies using these new
genetic and microscopic techniques have revealed unexpected
and specific roles of organelles in neuronal morphogenesis and
function, and in human disease.

Here, we review recent advances in understanding the func-
tions of organelles in developing and mature neurons. Note that, in
addition to the membrane-delimited organelles (endoplasmic reticu-
lum (ER)-Golgi secretory pathway, endosomes, and mitochondria)
reviewed here, the centrosome is known to have specific roles in
neurons. For a comprehensive review of centrosome function in
neuronal development, see Higginbotham and Gleeson (2007).

Secretory pathway

The ER and the Golgi apparatus are the essential organelles for
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Fig. 1. Secretory pathways in neurons. (A) A schematic drawing
representing the localization of somatic Golgi and dendritic Golgi out-
posts in a neuron. (B) Dual modes of secretory pathways in neurons.
Both modes of ER-Golgi transport occur in parallel in the dendrites. The
left half of the dendrite shows a schematic drawing of the “Satellite”
secretory pathway. The cargo buds from the ER exit sites and traffics to
adjacent Golgi outposts. The right half of the dendrite shows the “Long-
range ” secretory pathway. The pre-Golgi carriers bud from the dendritic
ER exit sites and traffic in the retrograde direction toward the somatic
Golgi apparatus.

the synthesis and processing of proteins and lipids. Proteins
destined for secretion and membrane localization are synthe-
sized and posttranslationally modified, including glycosylation
and disulfide-bond formation, in the ER. The modified cargo is
transported to the Golgi apparatus for further modifications and
finally to the appropriate target via the frans-Golgi network (TGN).
This serial pathway, referred to as the secretory pathway, is not
only biogenic but also plays other important roles in the cells of
multicellular organisms. For instance, epithelial cells that exhibit
polarized secretion have a polarized secretory pathway, and their
Golgi apparatus is directed toward the secretory surface. In
neurons, recent studies have revealed the secretory pathways to
be uniquely specialized for functions related to neuronal morpho-
genesis and polarization (Horton and Ehlers, 2003a, Horton e/a/,
2005, Ye et al,, 2007).

Spatial organization of the ER and Golgi
The ER is a continuous endomembrane that extends through-
outthe cell, functioning as both the site of synthesis formembrane

proteins and as an intracellular compartment for calcium signal-
ing. As in non-neuronal cells, the neuronal ER is present through-
out the soma, axons, and dendrites, with sporadic “ER exit sites”
where the ER cargo is concentrated into vesicles that are trans-
ported to the Golgi apparatus (Fig. 1) (Terasaki ef a/, 1994,
Horton and Ehlers, 2003a).

The Golgi apparatus consists of organized stacks of disc-like
compartments that receive proteins and lipids from the ER and
dispatch them to a variety of destinations. In addition to the Golgi
apparatus, which inhabits the perinuclear regions of the soma,
neurons have small Golgi-like compartments termed “Golgi out-
posts” in their dendrites (Fig. 1) (Horton and Ehlers, 2003a, Torre
and Steward, 1996). In cultured rat hippocampal neurons, the
Golgi outposts are most common in the proximal dendrites, but
they are also present more distally in secondary and tertiary
dendrites, and have not been found in axons (Horton and Ehlers,
2003a, Horton ef a/, 2005). Similarly, the Golgi outposts are
reported to reside predominantly in the dendrites of Drosgphila
dendritic arborization (DA) neurons, suggesting that the subcel-
lular localization of Golgi outposts is evolutionary conserved, and
thus that the Golgi outposts in dendrites play biologically signifi-
cant roles (Ye et al,, 2007). However, it is still unclear how Golgi
outposts are produced, selectively transported to dendrites, and
largely excluded from axons.

Dual modes of neuronal secretory pathways

One possible implication of the special arrangement in den-
drites is that the ER exit site and Golgi outposts actually comprise
local secretory pathways. Horton and Ehlers addressed this
question in cultured rat hippocampal neurons by utilizing live-cell
imaging of GFP-tagged cargo proteins (Horton and Ehlers, 2003a).
They demonstrated that newly synthesized membrane proteins
concentrate at the ER exit sites throughout the dendrites, from
which they bud into highly mobile carriers. These carriers then
traffic either long distances to fuse with the somatic Golgi appa-
ratus or locally to fuse with the dendritic Golgi outposts, which
produce both integral membrane proteins and the neuronal growth
factor BDNF. From these observations, Horton and Ehlers pro-
posed the existence of dual modes of secretory pathway in
neurons (Fig. 1). In their model, one mode, the “long-range”
mode, involves cargo from dendritic ER exit sites traveling in
retrograde toward the somatic Golgi apparatus. In the other, the
“satellite (local)” mode, the action is restricted to the dendrites, in
which cargo travel from dendritic ER exit sites to dendritic Golgi
outposts. The presence of a satellite secretory pathway supports
the possibility that local protein translation and modification occur
at the dendrites, which is also implied by the existence of mMRNAs
in the dendrites (Steward and Schuman, 2003). For what are
Golgi outposts required? It might be possible that Golgi outposts
are required for the rapid response to the environmental changes
in the peripheral dendrites as it was hypothesized as a require-
ment of local protein translation (Steward and Schuman, 2003). It
is interesting to see the effect of disrupting Golgi outposts as
demonstrated by Ye e/ a/. (2007) on local protein translation.

Interestingly, however, some neurons have no Golgi outposts
and depend on the somatic Golgi apparatus entirely, and even in
neurons possessing dendritic Golgi outposts, the bulk of the ER-
Golgi traffic is in the long-range pathway (Horton and Ehlers,
2003a). What is the difference between neurons with and without



Golgi outposts? Are Golgi outposts required in neurons with long
and/or highly elaborated dendrites as those dendritic terminals
should be distant from somatic ER-Golgi secretory pathway? It
will be important for future studies to investigate the neuronal
morphologies with or without Golgi outposts, and the functional
differences between the “long-range” and “satellite” secretory
pathways, and to determine the types of cargo targeted to the
satellite pathway rather than to the long-range pathway in neu-
rons.

Secretory pathways in neuronal morphogenesis and polar-
ization

The neuronal secretory pathway seems to have active roles in
neuronal morphogenesis. In rat hippocampal pyramidal neurons,
the somatic Golgi apparatus tends to be polarized toward longer
dendrites, but not toward the shorter ones (Fig. 1) (Horton et a/,
2005). This asymmetric distribution of the somatic Golgi appara-
tus precedes the appearance of dendritic asymmetry, suggesting
the potential involvement of the somatic Golgi in dendritic growth.
In addition, dendrites harboring Golgi outposts have longer and
more complex morphologies than those without. The importance
of secretory pathways in dendritic morphology was experimen-
tally proven by disassembling the Golgi apparatus with brefeldin
A and by blocking late secretory trafficking with a kinase-dead
(KD) mutant of protein kinase D1 (PKD-KD) (Horton and Ehlers,
2003a). Cultured rat neurons treated with brefeldin A and mouse
neurons expressing PKD-KD showed significantly reduced den-
dritic outgrowth and maintenance, suggesting that the secretory
pathway in neurons plays an essential role in the development
and maintenance of the dendritic morphology.

A study of Drosophila dendritic arborization (DA) neurons
provided /n vivo evidence for the impor-
tance of the neuronal secretory pathway
duringdevelopment. From a genetic screen A
to identify mutants affecting the dendritic
morphology of DA neurons, Ye efa/. found
several mutants that shared a common Y
phenotype of reduced dendritic arbors but i
normal axon growth (Ye etal., 2007). Strik-
ingly, three of these mutations were in
genes for critical regulators of the secre-
tory pathway (Drosophila homologs of ®
Sec23, Sart, and Rab7). Mosaic analyses
revealed that these genes function cell-
autonomously to regulate dendritic, but not
axonal, growth /7 vivo.

Specific evidence for the significance of
the dendritic Golgi outposts was obtained
by damaging them with an intense pulse of
laser (Ye et al, 2007). The damage af-
fected the dynamics of dendritic develop-
ment, in which the dendritic branches nei-
therextended nor retracted normally. Thus,
Golgi outposts may serve as mobile sta-
tions for membrane traffic to dendrites but
not to axons, and contribute to the regula-
tion of morphological changes in dendritic
arbors. Such regulation might involve both
genetic programs for specifying intrinsic
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differences in the dendritic patterning of different neurons and
activity-dependant modifications of dendritic arbors.

Involvement of TGN in axon guidance

After the appropriate posttranslational modifications are car-
ried out in the ER and the Golgi apparatus, cargo is transported
to appropriate targets, such as the plasma membrane or lyso-
some (Rodriguez-Boulan efa/.,, 2005). This cargo-sorting system
is called the #rans-Golgi network (TGN). Studies on
Commissureless (Comm), a Drosophila late endosomal protein,
revealed an unexpectedly specific role of the TGN in axon
guidance (Keleman efal., 2002, Keleman e/ a/., 2005). During the
development of the Drosophila embryonic nerve cord, many
commissural neurons extend their axons across the midline to
form the commissure and to reach their final targets on the
opposite (contralateral) side. The ipsilateral neurons extend axons
along the same side as the cell body and never cross the midline.
This decision, to cross or not to cross the midline, is temporally
regulated by the expression of Comm in the commissural neu-
rons.

Comm acts as a sorting receptor for Roundabout (Robo), a
receptor that responds to a repulsive ligand, Slit, which is ex-
pressed in the midline glial cells (Dickson, 2002). In ipsilateral
neurons, Robo is expressed and properly integrated into the
plasma membrane, which directs the axonal path not to cross the
midline by recognizing the hypothetical gradient of Slit ligand (Fig.
2A). In contrast, in the commissural neurons, Comm is expressed
and forms a complex with the Robo receptor, which redirects
Robo from its site of synthetic (the ER-Golgi) to the lysosomal
degradation pathway. Eventually, this results in little or no Robo
expression on the plasma membrane of the commissural neu-
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Fig. 2. Model for the regulation of axon midline crossing by Commissureless (Comm). (A)
Both ipsilateral and contralateral neurons initially express the Robo protein, which is inserted into
the plasma membrane of the growth cones. This allows axons to sense Slit and avoid the midline.
(B) Comm is specifically expressed by the contralateral neurons, while their axons are crossing
the midline. Comm diverts Robo in the trans-Golgi network to the endosome/lysosomal
degradation pathway, and both Robo and Comm are degraded in the lysosome. Comm expres-
sion therefore results in the loss of Robo from the plasma membrane. (C) After the midline
crossing is completed, Comm expression is turned off, which restores Robo trafficking to the
plasma membrane. Robo at the growth cones can recognize and be repelled by Slit at the midline,
which prevents the axon from recrossing the midline.
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rons, which cannot sense Slit without it, and therefore cross the
midline (Fig. 2B). Interestingly, once the commissural axons
cross the midline, Comm expression is turned off, “trapping” the
growing tip of the axon on the side of the embryo contralateral to
the neuronal cell body (Fig. 2C). The spatiotemporal change of
Comm expression is an example of a novel regulatory mechanism
for axon guidance receptors, which are indeed utilized to create
the neural network of Drosophiia. To understand more about how
axon guidance is determined, it will be important to elucidate the
molecular mechanisms underlying the spatiotemporal degrada-
tion of other neuronal proteins involved in morphogenesis or axon
pathfinding via the TGN-lysosome pathway. Whether or not the
regulatory morphogenic mechanisms that are used in Drosoptiila
are shared with mammalian neuronal development is an exciting
question for the near future.

In addition to the decision “degrade, or not to degrade” by
Comm protein described above, the destination of neuronal
proteins (and membrane) seems to be further finely tuned in order
to make axonal growth cones properly turn. Tojima e a/. recently
reported that the attractive, but not repulsive axon guidance
needs directional exocytosis to the side of axonal turning, which
is regulated by asymmetric elevation of the Ca?* concentration
accompanied by Ca?*-induced Ca?* release (CICR) in the growth
cone (Tojima et a/, 2007). Interestingly, the Ca?* signals without
CICR had no effect on exocytosis. Therefore, itis of great interest
to examine why and how Ca?* signals with CICR specifically
induces exocytosis in the attractive axon.

Endosomes

The intracellular membranous structures called endosomes
are key compartments of endocytosis-related vesicular trafficking
(Kennedy and Ehlers, 2006, Rodriguez-Boulan ef a/., 2005).
Endosomes are roughly classified into four types: the early
endosome, late endosome, recycling endosome, and lysosome.
From numerous studies in non-neuronal cells, the essential roles
of endosomal trafficking in protein sorting, recycling, and degra-
dation have been well described. Endocytosed vesicles first fuse
with early endosomes, which receive plasma membrane and
membrane proteins directly. These early endosomes act as
sorting stations that direct cargos to the late endosome/lysosomal
pathway for degradation or to recycling endosomes, which return
membrane phospholipids and/or membrane proteins to the plasma
membrane. In addition, trafficking through early endosomes is
essentially linked with the sending, receiving, and transduction of
intracellular signaling during development. Despite these well-
described essential functions of the endosomal system, its spe-
cific roles in neuronal morphogenesis are just beginning to be
learned.

Localization of endosomes in neurons

To understand the roles of endosomes in neurons, an obvious
first question is where and how the endosomes are distributed in
them. Internal membranous structures resembling endosomes
have been described in dendrites, and even in dendritic spines
(Prekeris etal, 1999, Cooney et al, 2002, Park efal., 2004, Park
et al., 2006). These dendritic endosomes seem to be involved in
recycling neurotransmitter receptors (Brown efa/,, 2007, Maxfield
and McGraw, 2004, Park ef a/, 2004) and in dendritic spine

morphogenesis (Horton and Ehlers, 2003b, Park ef a/., 2006).

In axons, although endosomes are not as abundant as in the
somato-dendritic domain, they indeed exist. By taking advantage
of the feature that endosomes possess low pH, Overly and
Hollenbeck used a ratiometric pH indicator to examine the spatial
and dynamic organization of the endosomal system in the axons
of cultured sympathetic neurons. They reported that not only do
axonal endosomes exist, but that their distribution is surprisingly
unequal along the axon (Overly and Hollenbeck, 1996). For
instance, about half of the endosomes in the growth cone exhibit
a pH value characteristic of early (pH 5.9-6.2) and recycling (pH
6.4-6.5) endosomes, whereas only 4% of the axonal shaft
endosomes have pH values in this range. This unique distribution
of endosomes in the axon may imply that early/recycling
endosomes in the growth cone have essential roles in growth
cone functions, such as neurite extension.

Endosomes in neurite extension

Neurite extension is initiated and promoted by the activation of
the nerve growth factor (NGF) signaling pathway in PC12 cells, a
rat pheochromocytoma cell line. NGF binds to its TrkA receptor at
the plasma membrane, leading to “transient” activation of the
Ras-ERK signaling pathway and phosphoinositide 3 (PI3) -ki-
nase, which promotes cell survival (Fig. 3) (Moises ef a/, 2007,
Liu efa/,2007). Next, the NGF-TrkA complex is endocytosed and
localized to early endosomes. The early endosomes that contain
the NGF-TrkA complex are called “signaling endosomes” and are
thought to be the site of activation for the small GTPase Rap1.
TrkA is then transferred to late endosomes, from which it main-
tains the sustained activation of the Rap1-ERK signaling pathway
(Hisata et a/, 2007). Because these “transient” and “sustained”
activations of the NGF signal occur in endosomes, the coordi-
nated intracellular dynamics between early endosomes (includ-
ing signaling endosomes) and late endosomes containing the
NGF-TrkA complex are crucial for regulating the intracellular
signals required for neurite extension.

During neurite extension, membrane is added efficiently at the
growth cone (Craig ef a/, 1995), and the inhibition of membrane
recycling by recycling endosomes prevents neurite extension
(Schmidt and Haucke, 2007). Striking evidence for this contribu-
tion of recycling endosomes was obtained with the identification
of Protrudin, an evolutionarily conserved Rab11-binding protein
(Shirane and Nakayama, 2006). In PC12 cells, both neurite
extension and the phosphorylation of Protrudin are induced by
NGF stimulation, which causes Protrudin to bind to Rab11, a
small GTPase that regulates membrane recycling to the plasma
membrane (Fig. 3). The overexpression of Protrudin induces
neurite-like structures through its binding to Rab11, even in non-
neuronal cells, such as HelLa cells, whereas the knockdown of
Protrudin in PC12 cells inhibits NGF-induced neurite formation
and induces membrane spreading in all directions. These results
indicate that the Protrudin-Rab11 system has essential and
instructive roles in the directional membrane recycling required
for neurite extension. It will be interesting to learn how the
Protrudin-Rab11 system recognizes the direction in which neurite
extension should be promoted.

Endosomes in dendrite development and plasticity
The degradation pathway via the late endosomes and lysos-



omes also seems to be involved in neuronal morphogenesis. A
recent genetic study using Drosophila DA sensory neurons pro-
vided /n vivo evidence that the endosomal pathway to lysosomal
degradation is critical for dendrite development (Sweeney ef a/.,
2006). Shrub is a Drosophila homolog of yeast Snf7, a key
component of ESCRT-IIl (endosomal sorting complex required
for transport) and is involved in the trafficking of membrane
proteins to the lysosomes via multivesicular bodies (MVBs).
Mutant DA neurons for sAirub gene generated in the Drosophila
larva exhibited increased number of dendritic branching cell-
autonomously. This observation suggests that protein degrada-
tion in the lysosomal pathway must be properly regulated for
appropriate dendritic branching to occur. The next question to be
addressed is what component must be degraded in the lysos-
omes for the appropriate regulation of dendritic branching. In
addition, to understand the regulatory roles of the late endosome/
lysosomal pathway in dendrite development, it will be important to
resolve whether the lysosomal degradation system is activated
for all endocytosed proteins, or whether particular sets of mem-
brane proteins regulating dendritic branching are specifically
sorted into the lysosomal pathway.

The endosomal system is also involved in neuronal plasticity,
the dynamic modification of synaptic strength. Long-term poten-
tiation (LTP) of synaptic strength promotes the growth of dendritic
spines, the tiny protrusions along dendrites. Dendritic spines are
thought to be the dominant cellular structures for learning and
memory, and their sizes are finely regulated by stimuli that induce
LTP in hippocampal neurons. Using time-lapse imaging and
electron microscopy, Park efa/,, showed that recyclingendosomes
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Fig. 3. Endosomes in NGF-TrkA-induced neurite extension. /n PC12 cells, NGF binds to its TrkA
receptor at the plasma membrane, leading to first transient and then sustained activation of the ERK
signal in the early endosomes (signaling endosomes) and late endosomes, respectively, and these
signals are required for neurite growth. Phosphorylation of Protrudin, induced by the NGF-TrkA signaling,
enhances Protrudin binding to Rab11, which regulates the direction of membrane recycling for neurite
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are located within or at the base of dendritic spines in rat
hippocampal slices (Park e#al., 2006). Interestingly, LTP induced
by the activation of synaptic NMDA receptors causes the rapid
entrance of recycling endosomes into the spines, concurrent with
the formation of new spines and the growth of existing spines. The
expression of a dominant-negative form of Rab11, Rab11525N,
blocks the LTP-induced growth of spines, suggesting a mecha-
nistic link between the Rab11-mediated trafficking of recycling
endosomes and the morphological plasticity of dendritic spines.
In addition, recycling endosomes are reported to be essential for
supplying postsynaptic AMPA-type glutamate receptors during
LTP (Brown efal, 2007, Park efal, 2004). These studies suggest
that the trafficking of recycling endosomes regulates the plasticity
of dendritic spines both morphologically and functionally.

Mitochondria

Mitochondria are vital organelles presentin all eukaryotic cells.
In addition to their energy-generating function, they participate in
metabolism, calcium signaling, and apoptosis (Chan, 2006, Kujoth
etal., 2005). Reflecting their diverse functions, mitochondria take
on various shapes that vary from vesicular to tubular network
structures, via fission and fusion events. Given their well-studied
functions, it might seem that one could easily predict the conse-
quences of mitochondrial dysfunction. However, because mito-
chondria play so many essential roles in cell survival, differentia-
tion, and apoptosis, the effects of mitochondrial dysfunction in
multicellular organisms can be complex and difficult to anticipate.
In addition, a number of inherited neurological diseases are owing
to mutations of mitochondria-related
genes, implying that mitochondria
are likely to have specialized func-
tions in neurons. Therefore, it is
important to elucidate the roles of
mitochondria in neuronal develop-
ment, maintenance, and disease.

plasma

Ras

“Transient”

i CEREL R Localization of mitochondria in

neurons

4 As afirst step toward understand-

ing the roles of mitochondria in neu-

Neurite grOWth rons, their subcellular localizations

" need to be established, and consid-

erable progress has been made in

“Sustalned” this area. Although the cell body is
ERK activation an obvious location for mitochon-

dria, it seems likely that they would
also be concentrated at sites where
ATP consumption is high and/or
Ca?* bufferingis needed, such asin
the growth cone. Morris and
Hollenbeck approached this funda-
mental question by labeling the mi-
tochondria of living chick sympa-
thetic neurons with vital dyes (4-di-
2-ASP or rhodamine 123), and re-
ported that mitochondria were more
abundant in the distal region of
growing axons than in that of non-




24 8. Sekine et al.

growing axons (Morris and Hollenbeck, 1993). Live observation
of mitochondrial behavior indicated that mitochondrial trans-
port within the axon was bidirectional, moving to the distal tip
(anterograde) and back to the cell body (retrograde), and that
the net mitochondrial movement was anterograde in growing
axons but retrograde in non-growing axons. These findings of
skewed mitochondrial distributions and transport make sense
in terms of growing axons having a greater energy (ATP)
requirement than non-growing axons. How mitochondria are
attracted to or accumulate in the distal region of the growing
axon is a fascinating issue that remains to be studied.

In addition to describing the variable distributions of mito-
chondria in growing vs non-growing axons, Hollenbeck and
colleagues studied the differences in mitochondrial activity
between axons and dendrites (Overly ef a/., 1996). The mito-
chondrial energy status correlates with the mitochondrial mem-
brane potential, which can be monitored with a vital mitochon-
drial dye, JC-1. When the JC-1 concentration in mitochondria is
low, it emits a green fluorescence (527 nm). When the mito-
chondrial membrane potential increases, more JC-1 dye accu-
mulates in the mitochondria and forms “J-aggregates” that emit
red fluorescence (590 nm). In cultured embryonic rat hippoc-
ampal neurons, after the axon and dendrites have matured,
mitochondria are found in both the axon and dendrites. Interest-
ingly, in these cells, mitochondria with J-aggregates are fairly
numerous in the dendrites but are rare in the axon (except atthe
growth cone region), suggesting that the mitochondria in den-
drites are metabolically more active than those in the axon. This
observation has two interrelated and interesting implications.
Oneisthatlocal demands on the mitochondria could activate an
increase in the mitochondrial membrane potential. The other is
that dendrites may require more mitochondrial activity than
axons do, except perhaps at the growing tip of axon.

Mitochondria in dendrite maintenance and plasticity

The biased distribution of mitochondrial activity (high in
dendrites, low in axons) suggests that mitochondrial dysfunc-
tion could cause preferential defects in dendrites. Recent stud-
ies provide experimental evidence for mitochondria being re-
quired for dendrite development, maintenance, and plasticity.
Drosophila olfactory projection neurons are a good model
system for analyzing axon and dendrite morphologies, because
individual projection neurons can be labeled and/or their geno-
type manipulated /7 v/vo (in the brain) by using the genetic
mosaic method (Jefferis ef a/,, 2001, Lee and Luo, 1999) (Fig.
4). Projection neurons homozygous for a mutation in a gene
that is essential for mitochondrial protein translation (e.g., a
mitochondrial ribosome subunit or mitochondrial tRNA syn-
thetases) show reduced dendritic elaborations but relatively
normal axonal morphologies (Chihara ef a/,, 2007) (Fig. 4C).
Furthermore, these dendritic phenotypes are more severe in
the mutant projection neurons of aged flies (> 30 days old), but
the axons remain intact, suggesting that neuronal mitochon-
drial function is required /7 vivo for normal dendrite develop-
ment and maintenance. This finding also suggests the potential
differences in the sensitivity to mitochondrial dysfunction be-
tween dendrites and axons, and is indeed consistent with the
differences of metabolic state of mitochondria between den-
drites and axons, as described above. It might be interesting to

examine the mitochondrial morphology and function in neurons
defective in the polarity establishment, and vise versa.

Dendritic mitochondria also have essential roles in dendritic
spine morphogenesis and plasticity. In cultured rat hippocam-
pal neurons, the number of dendritic spines with mitochondria
increases when the dendritic spines are actively growing (11~14
days /n vitro), or when the neurons are subjected to repeated
depolarization by KCI stimulation (Li efa/,, 2004). Furthermore,
the expression of dominant-negative forms of Drp1 or OPA1
(large GTPases that regulate mitochondrial morphology and
distribution) reduces the dendritic mitochondrial content, lead-
ing to a loss of dendritic spines. On the other hand, stimulating
mitochondrial respiration by treating neurons with creatine
increases the number and plasticity of dendritic spines. These
results indicate that mitochondria are important in dendritic
spine morphogenesis and plasticity, and imply that the dynamic
distribution of mitochondria relative to the dendritic spines
could reflect the state of neuronal plasticity and of local ATP
consumption.

Axonal transport of mitochondria

Mitochondria are distributed throughout the neuron, includ-
ing the cell body, dendrite, and axon. In particular, mitochondria
in the presynaptic region of an axon terminal are unequivocally
important for local ATP production and Ca®* buffering
(Verstreken et al., 2005). Therefore, the localization of mito-
chondria to the tip of the axon, which is the most distant point
from the cell body, is particularly crucial for proper neurotrans-
mission. A recent series of studies in Drosophila revealed the
molecular mechanisms of mitochondrial transport to presynap-
tic sites. miffon was originally isolated as a mutant showing
aberrant synaptic transmission and a loss of mitochondria from
the axon terminal (Stowers e/ a/,, 2002). Milton is an evolution-
arily conserved protein that forms a complex with kinesin heavy
chain (KHC) and Miro, an atypical mitochondrial GTPase (Glater
et al., 2006, Guo ef a/,, 2005, Verstreken ef a/., 2005). This
protein complex acts as a molecular link between mitochondria
and microtubules, andis essential for the anterograde transport
of mitochondria to the presynaptic site. Whether this protein
complex also functions in the retrograde transport of mitochon-
dria remains to be determined, as do the molecular details
involved in the dissociation of mitochondria from the complex.

Recently, investigations have been made into the effects of
activating the NGF/TrkA/PI3-kinase signaling pathway and of
the actin cytoskeletal organization on mitochondrial transportin
the axon (Chada and Hollenbeck, 2003, Chada and Hollenbeck,
2004). Chada and Hollenbeck reported that, in cultured neu-
rons from chicken dorsal route ganglia (DRG), local stimulation
of the axon shaft with NGF-coated beads causes local mito-
chondrial accumulation, and this NGF effect on mitochondrial
behavior is disrupted by treatment with inhibitors of PI3-kinase
(Chada and Hollenbeck, 2003, Chada and Hollenbeck, 2004).
Interestingly, latrunculin B (an inhibitor of actin polymerization)
does not affect the bidirectional movement of mitochondria, but
strongly inhibits their NGF-induced accumulation, suggesting
that the organization of the actin cytoskeleton is important for
the local positioning of mitochondria in the axon. Given this
finding, it will be particularly interesting to understand how the
KHC-Milton-Miro complex, NGF signaling, and actin cytoskel-



Fig. 4. Mitochondrial dysfunctionin A
Drosophilaolfactory projection neu-
rons causes progressive defects in
dendritic, but not axonal, terminals.
(A) A scheme representing the den-
dritic and axonal projections of wild-
type Drosophila olfactory projection
neuron (PN). The antennal lobe (AL)
consists of ~50 glomeruli, round shape
synaptic structures. In general, PN den-
drites target a single glomerulus, and
PN axon innervates lateral horn (LH).

Cell body

Lateral horn
(LH),.-

..........................
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c Wild-type PN

N

(B) A scheme representing the shape
of Drosophila brain and relative posi-
tions of the AL, LH and optic lobe (OL).
The AL is surrounded by ~150 PN cell
bodies (green dots) in each hemisphere.
PN dendrites and axons are notshown. B
Dotted rectangle represents the region :
of brain shown in (A). (C) Axons (a-c) g33e | oot
and dendrites (d-f’) of wild-type (a,d,d’) oL
and tko33 (b,c,e,fe’f’) PN single-cell
clones generated by genetic mosaic
method, MARCM system (Lee and Luo,
1999) in 2-5 days-old (a,b,d,e,d’,e’) and
30 days-old animal (c,f,f). PN clones

LH LH

Drosophila brain

oL

2-5 days old ~30 days old

and presynaptic regions are shown in green and magenta, respectively. Dotted circles in (a-c) indicate the region of lateral horn (LH). (d’, e’, f') The
enlarged images of dotted squares in (d,e,f), respectively. Arrowheads in (d,e,f, e’) indicate PN cell bodies. tko® is the null allele of technical knockout
(tko) gene that encodes mitochondrial ribosome S12. Note that neuronal morphologies (axon and dendrites) of tko®?® PN can be analyzed in unlabeled
and largely heterozygous background (tko3*) by using MARCM system. Progressive phenotype are seen in tko3? dendrites, but not in wild type (d-
f’and data not shown). Axonal projections are stable even in 30 days old (a-c and data not shown). Note that dendritic terminal elaborations are sparser
in the glomerulus (e’,f’), and are seen outside the antennal lobe (arrow in f’). See Chihara et al. (2007) for more details.

etal organization are functionally interrelated.

Mitochondrial dysfunction and neurological diseases

As described above, mitochondrial distribution and activity are
key factors for neuronal morphogenesis, plasticity, and function. In
fact, mitochondrial dysfunction is tightly associated with certain
inherited human neurological diseases. Mutations in mitochondrial
tRNA genes (in the mitochondrial genome) and mitochondrial
tRNA synthetase genes (in the nuclear genome) are associated
with various neuropathies (Chan, 2006). In addition, OPA1 and
mitofusin, which are regulators of mitochondrial morphology, are
associated with heredity optic atrophy (Delettre ef a/., 2002) and
Charcot-Marie-Tooth neuropathy type 2A (Zuchner ef a/, 2004),
respectively. Furthermore, mitochondrial functions are directly or
indirectly impaired in Parkinson’s disease (Greene ef a/,, 2003),
Amyotrophic Lateral Sclerosis (ALS) (Liu ef a/,, 2004, Pasinelli ef
al, 2004), and Down syndrome (Chang and Min, 2005), implying
that mitochondria are very important for neurological functioning in
development and in adulthood. For comprehensive reviews of the
roles of mitochondrial dysfunction in disease, see, for example,
Chan (2006) and Kujoth ef a/. (2005).

Concluding remarks

The critical importance of intracellular organelles is evident for
all eukaryotic cells, including neurons. Recent studies using ad-
vanced genetic and microscopic techniques have begun to reveal
the essential and specialized roles of each organelle in neuronal
morphogenesis and function. Further studies should elucidate the

regulatory mechanisms of the intracellular distribution, morphol-
ogy, and activity of each organelle in each type of neuron. Ideally,
analyses carried out /77 vifroand /n vivowill lead to a description of
how each organelle contributes to neuronal morphogenesis and
function, independently and/or in concert with other organelles.

Note added in proof

Satoh et a/. (2008) and Zheng ef a/. (2008) have recently
reported the possible function of early endosome in the dendritic
branching of Drosophila neurons.
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