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Fig. 4. Prediction for other sensory
systems (olfaction). Color map, sche-
matic odor trail; gray line, path of an
organism that followed the trail's peak
concentration. This strategy is typically
assumed for odor-trail following (3).
Black line, path of the same organism
when using a strategy similar to that of
our bats, that is, following the maxi-
mum slope of the odorant concentra-
tion (17). The movement jitter in this
case is smaller, making the tracking
smoother and therefore faster.

olfactory-tracking task indicated that Drosophila
larvae seem to follow a trajectory between the
peak and the maximum slope (26). Similarly, in
the case of vision, we predict that when track-
ing large moving objects, humans would place
their fovea on the object’s intensity slope to
optimize tracking. Finally, several recent studies
have reported sensory neurons that best encode
stimulus location via the maximum slope of their
tuning curve (22, 27-29), not via the peak firing
rate of the tuning curve. Such coding maximizes
the discriminability of the on-slope stimulus, par-
alleling our behavioral results, which show an
optimal-localization strategy at the sensor’s
behavioral level.
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Axon Extension Occurs
Independently of Centrosomal
Microtubule Nucleation

Michael Stiess,* Nicola Maghelli,2 Lukas C. Kapitein,3 Susana Gomis-Riith,*
Michaela Wilsch-Briuninger,? Casper C. Hoogenraad,® Iva M. Tolié-Nerrelykke,? Frank Bradke™

Microtubules are polymeric protein structures and components of the cytoskeleton. Their dynamic
polymerization is important for diverse cellular functions. The centrosome is the classical site of
microtubule nucleation and is thought to be essential for axon growth and neuronal differentiation—
processes that require microtubule assembly. We found that the centrosome loses its function as a
microtubule organizing center during development of rodent hippocampal neurons. Axons still extended
and regenerated through acentrosomal microtubule nucleation, and axons continued to grow after laser
ablation of the centrosome in early neuronal development. Thus, decentralized microtubule assembly
enables axon extension and regeneration, and, after axon initiation, acentrosomal microtubule nucleation
arranges the cytoskeleton, which is the source of the sophisticated morphology of neurons.

he centrosome is regarded as the primary
source of microtubules in axonal and
dendritic growth (/, 2). It is thought that
microtubules assemble at the centrosome, then are
released and move along the axon through motor

proteins (/, 3, 4). Furthermore, in vitro the
centrosome directs axon formation in vertebrate
and invertebrate neurons (9, 6), but this has not
been confirmed in vivo (7). Microtubules, how-
ever, can also assemble locally from subunits or

small oligomers within the axon (§—70). Indeed,
flies that lose centrosomes during development
seem to develop a largely normal nervous system,
where the direction of axon outgrowth appears
not to be affected (/7). Thus, the role of the cen-
trosome and centrosomal microtubule nucleation
in axon growth is controversial (/2—15).

To define the role of the centrosome in mi-
crotubule nucleation during neuronal development,
we first determined where microtubules are nucle-
ated during the development of rodent hippocam-
pal neurons. Microtubules were depolymerized
with nocodazole, and the microtubule nucleation
sites were examined after washout of the drug
(Fig. 1A). In young neurons that had just initiated
an axon [2 days in vitro (DIV)], microtubules

Lindependent Junior Research Group Axonal Growth and
Regeneration, Max Planck Institute of Neurobiology, Am
Klopferspitz 18, 82152 Martinsried, Germany. “Max Planck
Institute of Molecular Cell Biology and Genetics, Pfotenhauer-
strasse 108, 01307 Dresden, Germany. 3Department of Neuro-
science, Erasmus Medical Center, Dr. Molewaterplein 50, 3015 GE
Rotterdam, Netherlands.

*To whom correspondence should be addressed. E-mail:
fbradke@neuro.mpg.de

5 FEBRUARY 2010 VOL 327 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on March 3, 2010


http://www.sciencemag.org

REPORTS

Before washout

After washout

D
Fig. 1. The centrosome loses its function as a microtubule organizing center 100% ® 20V 100%1 M E18
during neuronal development. (A) After washout of nocodazole, microtubules @ @ sov ® 0 Pé
(a-tubulin shown in red) regrow from the centrosome in young rat hippocampal E] 50%1 K] 80%1
neurons (2 DIV), but not in mature neurons (11 DIV). GFP-centrin2 (green) 5 60%1 S §0%-
marks the centrosome (arrowheads). Scale bar, 10 um; inset, 2.5 um. (B) & &
Maximum projection of time-lapse recordings of EB3-GFP after nocodazole £ 40%- £ 40%
washout (time: 1 min 26 s). Comets predominantly grow radially from a central 8 8
point in young neurons (2 DIV), but not in mature neurons (14 DIV). EB3-GFP $ 20% ! S 20%
tracks are indicated by yellow arrows. The arrowhead marks the centrosome in " . =)

Centrosomal
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.
Microtubule
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mature neurons (from post hoc staining of endogenous pericentrin). Scale bar,
10 pum. (C and D) Quantification of microtubule organization at the neuronal
centrosome analyzed by electron microscopy (fig. S1) in neurons at 2 DIV and 9

DIV [n = 10 cells each, (Q)] as well as in E18 and P6é hippocampi [n = 13 cells each, (D)]. Error bars denote SEM of a binominal distribution.

regrew at the centrosome in 83% of the neurons
(n>200 cells) (16). Microtubule seeds were also
visible at acentrosomal sites. In mature neurons
(11 to 12 DIV), microtubules nucleated randomly
throughout the whole cell but did not emanate
from the centrosome (7 > 30 cells). In young neu-
rons expressing the microtubule plus-end bind-
ing protein 3 (EB3) fused to green fluorescent
protein (GFP) (/7), microtubules grew from the
centrosome, but also from acentrosomal sites
after nocodazole washout (n = 11 cells; Fig. 1B
and movie S1). In contrast, in mature neurons
(14 DIV), EB3-GFP comets emerged all over
the cell body (n = 14 cells; Fig. 1B and movie
S2). Acentrosomal microtubule growth speed
[67 £ 23 nm/s (mean + SD); n = 83 comets] was
indistinguishable from centrosomal microtubule
growth speed (64 + 24 nm/s; n = 85 comets) in
young neurons, whereas the acentrosomal mi-
crotubule growth speed in mature neurons was
slightly reduced (58 * 15 nm/s; n =435 comets).

Electron microscopy revealed structural
changes at the centrosome that correlate with
the loss in centrosomal activity during neuronal
development. In young neurons (2 DIV), micro-
tubules emanated from centrioles in all analyzed

neurons and formed an aster-like structure in
60% of the cells (n = 10 cells; Fig. 1C and fig.
S1). In contrast, in differentiated neurons (9
DIV), many microtubules were present in the
cell body, but in only 20% of the neurons were
the centrioles or the pericentriolar region linked
to microtubules (n = 10 cells; Fig. 1C and fig.
S1). We observed a similar decrease of micro-
tubules emerging out of the pericentriolar area in
vivo, comparing centrosomes in pyramidal
neurons of the hippocampus at embryonic day
18 (E18) and at postnatal day 6 (P6; n =13 cells
each; Fig. 1D and fig. S1). Thus, the centrosome
loses its function as a microtubule organizing
center (MTOC) during neuronal development.
Immunofluorescence microscopy showed that
y-tubulin, a key protein in microtubule nucleation
(18) that is essential for axon outgrowth (/9),
changed its intracellular localization during neu-
ronal development (Fig. 2, A and B). At 1 DIV,
when axons start to form, y-tubulin was localized
to the centrosome in all neurons, showing an
intensive centrosomal staining (n = 44 cells; Fig.
2, A and B). At 4 to 5 DIV, when both axons and
dendrites grow, centrosomal y-tubulin was
detected in 97% of the neurons, but the intensity

was reduced by 52% (n = 49 cells; Fig. 2, A and
B). In mature neurons (11 to 12 DIV), centrosomal
y-tubulin was detectable in only 42% of the
neurons and the intensity was reduced by 81%
(n=43 cells; Fig. 2, A and B). However, y-tubulin
was still present in differentiated neurons and in
biochemical extracts of axons (Fig. 2, C and D).
Pericentrin, another component of the pericentriolar
material (PCM), also decreased at the centrosome,
whereas the centriolar protein centrin remained
relatively constant (Fig. 2B). Thus, the micro-
tubule nucleator y-tubulin becomes delocalized
from the centrosome during neuronal differentiation.

We next analyzed the expression levels of
proteins that play a role in recruiting y-tubulin to
the centrosome. Neddl1, which is part of the y-
tubulin ring complex (YTuRC) and targets the
yTuRC to the PCM (20, 21), was reduced during
development (Fig. 2C). Moreover, the centro-
somal protein 4.1-associated protein (CPAP), a
protein required for centriole duplication (22),
strongly decreased during neuronal differentiation
(Fig. 2C). Consistently, ectopically expressed
GFP—y-tubulin was recruited to the centrosome
in young neurons (1 DIV) in 100% of the cells
(n = 258 cells; Fig. 2E and fig. S2), whereas no
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Fig. 2. y-Tubulin is depleted from the centrosome during neuronal development. (A) Rat hippocampal
neurons at 1 DIV, 4 to 5 DIV, and 11 to 12 DIV were stained for y-tubulin (red) and pericentrin (green).
Centrosomes are indicated by arrowheads. Scale bar, 20 um. (B) Bars represent the percentage of neurons
with centrosomal y-tubulin (n > 600 cells per data point). Lines indicate the intensity ratio of centrosomal
and cytoplasmic y-tubulin (red), pericentrin (green), and centrin (blue) staining normalized to their 1 DIV
signal (n = 27 to 83 cells per data point). Results are means + SEM. (C) Immunoblot of total cell lysates of rat
hippocampal neurons at different developmental stages. (D) Immunoblot of axon and soma preparation
of neurons at 8 DIV. (E) Quantification of centrosomal localization of GFP—y-tubulin in 1 DIV (n = 258
cells) and 10 DIV neurons (n = 121 cells). Results are means + SEM.

Fig. 3. Axon extension occurs in differentiated
neurons in the absence of centrosomal y-tubulin.
(A) Growth of longest axon branch of single GFP-
labeled mouse hippocampal neurons over time
(black line, n = 18 to 52 cells per data point) and
intensity ratio of centrosomal and cytoplasmic
v-tubulin staining (dashed line; from Fig. 2B).
Results are means + SEM. (B) Mouse hippocampal
neuron 24 hours after axotomy at 14 DIV and
uninjured control neuron. Arrowheads indicate cen-
trosomes. Scale bar, 20 um. (C) Quantification of
intensity ratio of centrosomal and cytoplasmic
y-tubulin staining in axotomized (n = 20 cells),
non-axotomized (n = 244 cells), and young neurons
(1 DIV, n = 60 cells). Results are means + SEM.
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Ablated cell

Control cell

Fig. 4. Laser ablation of the centrosome in young
neurons does not affect axon extension. (A) Ablated
neuron from fig. S5 shows no centrosomal y-tubulin
and pericentrin staining. Arrowheads mark centro-
somal staining in a control neuron. Scale bar, 10 um.
(B) Axons grow similarly 8 hours and 24 hours after
ablation compared to axons of control cells (» = 12
to 52 cells). Results are means = SEM.

specific recruitment of GFP—y-tubulin to the cen-
trosome was observed in differentiated neurons
(10 DIV) (Fig. 2E and fig. S2). Thus, mature
neurons cannot recruit y-tubulin to centrosomes.

Because axon growth depends on microtubule
polymerization (23), we investigated whether
axon extension is affected when the centrosome
is depleted of y-tubulin and has lost its function as
aMTOC. Axons continued to grow throughout all
developmental stages (Fig. 3A and fig. S3). On
average, axons grew 131 um/day (2 to 4 DIV)
when y-tubulin was present at the centrosome, and
178 um/day (9 to 13 DIV) when the centrosome
was inactive (Fig. 3A). Because the axon was also
branching, the total axon growth rate increased
with time. Thus, the loss of centrosomal micro-
tubule nucleation does not restrain axon growth in
mature neurons. Moreover, after axon injury by a
microneedle, when a large amount of micro-
tubules was removed, axon regeneration occurred
without y-tubulin recruitment to the centrosome.
‘When an axon grew after axotomy in neurons at 8
to 17 DIV, either from an existing dendrite or from
the cut axonal stump (n = 20 cells; fig. S4) (24),
centrosomal y-tubulin remained at low levels
similar to those seen in unlesioned cells (n = 244
cells; Fig. 3, B and C). Thus, axons extend and
regenerate independently of centrosomal micro-
tubule nucleation in mature neurons.

We next asked whether axon extension re-
quires centrosomal microtubule nucleation in ear-
lier stages of development, when the centrosome
still functions as a MTOC. With the use of a two-

Pericentrin

y-tubulin
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c 1404 ©Ablated cells
5 120{ ®Control cells ]
£
< 100
5 801
(@]
c 604
b 4041 —I

204

8 hours 24 hours

photon laser ablation setup (25), we destroyed the
centrosome, visualized by GFP-centrin2, in neu-
rons that had just started to form an axon (2 DIV;
fig. S5). Centrosomal staining of y-tubulin, peri-
centrin, and centrin was not found in centrosome-
ablated neurons, either after ablation or at the end
of the experiment (Fig. 4A and fig. S6). Electron
microscopy confirmed the expected physical de-
struction of the centrosome in ablated neurons
(26) (fig. S7). In centrosome-ablated neurons,
only acentrosomal microtubule regrowth occurred
after nocodazole washout (n = 19; fig. S8). Live
imaging of EB3-GFP showed no centrosomal but
only acentrosomal microtubule assembly in ab-
lated cells (fig. S8 and movies S3 and S4). After
ablation, axon growth was followed during the
subsequent 24 hours in the surviving neurons
(Fig. 4B and fig. S5). The axon of centrosome-
ablated neurons grew 115 um on average (n =
12 cells), similar to control neurons (121 pm,;
n =26 cells) (P = 0.81, two-tailed 7 test). Thus,
young neurons also extend their axon without a
centrosome.

Although the centrosome is necessary for cell
cycle progression and neurogenesis (27, 28), here
we have found that the centrosome becomes dis-
pensable for axon extension and regeneration.
Neuronal differentiation requires sophisticated ar-
chitectural changes that may be incompatible with
a large microtubule network emanating from a fo-
cal point. Thus, acentrosomal microtubule nucle-
ation may be a key feature during differentiation
of both neuronal and non-neuronal cells (29, 30).

REPORTS

Dismantling the centrosome and decentralizing
microtubule nucleation may be essential to en-
able axon branching, dendrite formation, and spine
generation (/7).
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