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Summary

Developmental axon competition plays a key role in
sculpting neural circuitry. Here, we have asked how
activity and neurotrophins could interact to select
one axon over another. Using compartmented cultures
of sympathetic neurons, we show that, in the pres-
ence of NGF, local depolarization confers a competi-
tive growth advantage on the depolarized axon collat-
erals and at the same time disadvantages the growth
of unstimulated axons from the same and competing
neurons. Depolarization mediates the competitive ad-
vantage by activating a CaMKII-MEK pathway, which
converges to enhance local NGF-mediated down-
stream growth signals. Patterned electrical stimula-
tion also acts via this pathway to enhance NGF-pro-
moted axonal growth. In contrast, the competitive
disadvantage is due to BDNF secreted from and act-
ing on the unstimulated, competing axons through
p75NTR. Thus, activity regulates both positive and
negative neurotrophin-derived signaling cascades to
confer a competitive growth advantage on one axon
versus another, thereby providing a cellular mecha-
nism for developmental axon selection.

Introduction

One strategy used by the developing mammalian ner-
vous system to establish neural circuitry is the overpro-
duction of both neurons and axons, and the subse-
quent selection of only those neurons and axons that
are appropriately connected. This selection occurs in
many, if not all, populations of CNS and PNS neurons
and is thought to be a key mechanism for environmen-
tal/extrinsic input in the development of neural connec-
tivity (Kantor and Kolodkin, 2003). The mechanisms un-
derlying neuronal selection during the developmental
cell death period are becoming increasingly well-under-
stood (Kaplan and Miller, 2000), but much less is known
about the process of axonal competition.

Axon competition has been extensively studied in the
visual system (Sengpiel and Kind, 2002), at the neuro-
muscular junction (Sanes and Lichtman, 1999) and in
the peripheral nervous system (Purves, 1988). For pe-
ripheral neurons, it is clear that target-derived neuro-
*Correspondence: fredam@sickkids.ca
trophins such as NGF play a key role in regulating com-
petition between axons of both the same and different
populations of neurons (reviewed in Purves, 1988). For
developing sympathetic neurons, activity is also essen-
tial both for appropriate target innervation (Black and
Mytilineou, 1976; Lawrence et al., 1979) and for devel-
opmental axon competition. For example, developing
sympathetic eye-projecting neurons initially extend axon
collaterals to two different eye compartments; these
are largely maintained throughout the sympathetic neu-
ron death period, but then axon elimination occurs so
that any individual sympathetic neuron only ultimately
projects to one eye compartment. If either circuit activ-
ity or target-derived NGF are perturbed during this time
period, then this axon selection does not occur (Vidovic
et al., 1987; Vidovic and Hill, 1988; Hill and Vidovic,
1989).

How could activity and neurotrophins select one axon
collateral over another? Two mechanisms are commonly
thought to underly axon competition. In the first, activ-
ity enhances trophic factor-mediated axonal growth,
thereby providing active axons with a competitive ad-
vantage (Goldberg et al., 2002). In the second, inactive
axons are actively pruned or retracted in response to
negative signals such as, for example, the semaphorins
(Bagri et al., 2003). Here, we have modeled axon com-
petition using compartmented cultures of sympathetic
neurons and have defined a third potential mechanism.
Specifically, we show that local activity enhances local
axonal growth, but that at the same time it actively dis-
advantages the growth of inactive axon collaterals de-
riving from the same and neighboring neurons. This dis-
tal growth inhibition is at least partially mediated via
secretion of the neurotrophin BDNF acting through the
growth-inhibitory p75 neurotrophin receptor. These find-
ings therefore provide a mechanism for the selection of
one axon collateral over another and raise the possi-
bility that activity-dependent neurotrophin secretion
may allow active axons to inhibit incoming, competing
axons from growing into the same target territory.

Results

Local Depolarization Confers a Competitive
Growth Advantage on Axon Collaterals
and Disadvantages Unstimulated Axons
To model activity and neurotrophin-dependent axon se-
lection, we first asked whether depolarization regulated
local sympathetic axon growth in compartmented cul-
tures (Figure 1A), a system where neurons are plated in
the center of a divider and axons grow into sealed side
compartments, thereby allowing independent manipu-
lation of distal axons. Neonatal sympathetic neurons
were established in these cultures in 10 ng/ml NGF for
6–7 days, axons in side compartments were removed
and regenerated back, and a 4 day growth measure-
ment was obtained by measuring axons on days 1 and
5. Double retrograde labeling with DiI and Fluorogold
demonstrated that 40%–50% of neurons extended
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Figure 1. Local Depolarization Confers a
Competitive Growth Advantage to Stim-
ulated versus Unstimulated Axons

(A) Schematic diagram of compartmented
Campenot chambers. Neurons are plated in
the center compartment, and the axons grow
into sealed side compartments. (B) Four day
axon growth measurements for compart-
ments containing either 10 ng/ml NGF or 10
ng/ml NGF plus 50 mM KCl in all compart-
ments. Results are pooled from five experi-
ments and are shown as a distribution histo-
gram of the number of tracks containing axons
of a given length. Numbers under the sche-
matic diagrams are mean axonal length ±
standard error of the mean (SEM). **p <
0.005. The right panel shows a Western blot
for α-tubulin in side compartments grown as
in the schematics. n = 2. (C) Four day axon
growth measurements in competition cul-
tures (schematic on top). Results from five
experiments were pooled and expressed as
in (B). **p < 0.005. (D) The top two panels are
phase micrographs of uninfected axons, and
the middle two panels are fluorescence
micrographs of GFP-expressing axons. The
graphs represent quantitation of three sim-
ilar experiments and show the percentage of
area covered by axons. **p < 0.005. Scale
bar, 125 �m (upper panels), 50 �m (middle
panels). (E) α-tubulin immunoblots of total
axonal material from side compartments of
competition cultures. The graph represents
scanning densitometry of five experiments.
**p < 0.005. (F) The top panel shows a single
GFP-labeled neuron and its axonal arbor in
a competition culture with “B” indicating the
boundary between center and side compart-
ments. The middle panel shows competing,
unstimulated (10N) and stimulated axons
(10N+50K) of a second neuron. The graphs
show total axonal length and number of
branches added in side compartments over
two days. n = 3 experiments. *p < 0.05,
**p < 0.005. Scale bar, 250 �m. In (D)–(F), er-
ror bars = SEM.
axon collaterals into both sides (data not shown). To
tdepolarize axons locally, we utilized 50 mM KCl, which

causes sustained membrane depolarization and in- p
acreased intracellular calcium in sympathetic neurons

(Franklin et al., 1995). a
1As previously reported (Campenot, 1984), when 10

ng/ml NGF was present in the center, axons grew into h
iside compartments containing NGF, but not into those

containing 0 NGF, 50 mM KCl, or 10 ng/ml NGF plus 50 a
amM KCl (data not shown). In contrast, when all com-

partments contained 10 ng/ml NGF plus 50 mM KCl, 1
athe 4 day axonal growth was increased relative to NGF

alone (Figure 1B). This increase was confirmed by (
iWestern blots for total α-tubulin (microtubules are the

major protein component of axons), levels of which s
vwere higher in side compartments of cultures contain-

ing NGF plus KCl versus NGF alone (Figure 1B). Thus, p
(depolarization enhances NGF-mediated axonal growth,

results similar to those previously obtained in retinal
fganglion cells (Goldberg et al., 2002).
To ask whether depolarization provided an advan-
age for one axon versus another, we developed a com-
etition paradigm. Cultures were established in NGF,
xons were removed, and then we put NGF in one side
nd NGF plus KCl into the center and other side (Figure
C). Three different measurements demonstrated en-
anced growth of depolarized, competing axons grow-

ng into NGF plus KCl versus unstimulated, competing
xons growing only into NGF. First, the mean 4 day
xon growth length was significantly increased (Figure
C). Second, image analysis of neurons infected with
recombinant adenovirus expressing GFP (Figure 1D)

Atwal et al., 2003) revealed that axonal density was
ncreased 3- to 5-fold for depolarized versus un-
timulated axons (Figure 1D). Finally, Western blots re-
ealed that α-tubulin levels were 10-fold higher in de-
olarized versus unstimulated side compartments

Figure 1E).
Since these are population measurements, we con-

irmed our results with single identified neurons that
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were infected with GFP adenovirus for 1 day and plated
in low numbers with unlabeled neurons. One day after
plating, we identified cultures with single GFP-express-
ing neurons that extended axon collaterals into both
sides (Figure 1F), switched them into competition con-
ditions, and quantitated growth of GFP-positive axons
after 2 days (Figure 1F). This analysis confirmed that
the total length of depolarized versus unstimulated
axon collaterals was increased 3- to 4-fold and that
depolarized collaterals added on average two new
branches, while most unstimulated collaterals added
none. Thus, depolarization locally enhances growth of
one axon collateral over another.

We also compared growth of unstimulated axons in
competition cultures versus control cultures containing
NGF alone, ensuring that cultures contained similar
neuron numbers (Figure 2A). Three measurements de-
monstrated that unstimulated, competing axons grew
less than did unstimulated, control axons, even though
both populations were growing into 10 ng/ml NGF (Fig-
ures 2A and 2B). First, the 4 day mean axon growth
Figure 2. Local Depolarization of Axon Collaterals Disadvantages Unstimulated Axons

(A) Four day growth measurements for axons growing into 10 ng/ml NGF in competition versus control cultures (schematic at the top). Results
are expressed as in Figure 1B. The bottom right panel shows mean number of neurons ± SEM in these same cultures. **p < 0.005. n = 3
experiments. (B) The left top panel is a Western blot for α-tubulin in 10 ng/ml NGF-containing side compartments from competition versus
control cultures. The graph represents quantification of three experiments. *p < 0.05. The right top panels are micrographs of axons in NGF-
containing side compartments of competition versus control cultures, with quantification of three similar experiments shown in the graph
below. **p < 0.005. Scale bar, 125 �m. (C) Measurement of axonal growth in compartments where only the center compartment was depolar-
ized. Results are expressed as in Figure 2A. p = 0.621. n = 3. The right inset shows an α-tubulin Western blot of total axonal material in side
compartments of similar cultures. (D) Measurement of axonal growth in competition cultures versus cultures with 10 ng/ml NGF plus 50 mM
KCl everywhere, with results expressed as in Figure 2A. p = 0.827. The bottom right panel shows an α-tubulin Western blot of total axonal
material in the side compartments containing 10 ng/ml NGF plus 50 mM KCl from both culture configurations. In (A)–(C), error bars = SEM.
was decreased (Figure 2A). Second, axonal density, as
assessed by phase microscopy, was decreased at least
2-fold (Figure 2B). Third, total α-tubulin levels, assessed
by immunoblots, were markedly diminished (Figure 2B).

One explanation for this finding is that axons may not
grow as well into side compartments containing NGF
when the center contains NGF plus KCl. To test this,
we generated cultures with NGF plus KCl in the center,
and NGF in both sides. For comparison, we used cul-
tures with NGF everywhere. Measurement of the 4 day
axon growth and total α-tubulin levels (Figure 2C)
showed that axons grew equally well into NGF whether
or not the center contained KCl. A second possible ex-
planation is that neurons have a finite capacity for
growth, and maximal growth into the side containing
NGF plus KCl limits growth into the other side. To test
this, we compared competition cultures with cultures
that had NGF plus KCl everywhere (Figure 2D). Mea-
surement of the 4 day axonal growth and total α-tubulin
levels revealed that axons grew equally well into NGF
plus KCl in either culture configuration. Thus, the de-
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creased growth of competing, unstimulated axons was l
anot due to a limitation in the amount of growth these

neurons could sustain. d
t
tLocal CaMKII-MEK Pathway Activation Is Necessary
cfor the Depolarization-Induced Competitive
wGrowth Advantage
fSince NGF promotes local axonal growth via a MEK-
sERK pathway (Atwal et al., 2000) and since depolariza-
ttion can enhance this activation via CaMKII (Rosen et
aal., 1994; Vaillant et al., 1999; Vaillant et al., 2002), we
Dasked whether MEK was involved in the competitive
wlocal growth advantage. We first determined whether
idepolarization enhanced NGF-mediated ERK activation
nlocally in axons as it does in mass neuronal cultures
S(Vaillant et al., 1999; Vaillant et al., 2002; data not
sshown). Compartments were established in NGF, and
ethe center and one side were acutely stimulated with
sKCl for 30 min. Alternatively, axons were regenerated
cfor 3 days into NGF plus KCl on one side and NGF only
ion the other side. Western blots with an antibody spe-

cific to activated, phosphorylated ERKs revealed that
depolarization locally increased ERK activation w2-fold P

N(Figure 3A) and that this enhancement was not trans-
duced distally to unstimulated axons. C

TTo determine whether the local depolarization-
induced ERK activation required calcium influx through s

eL-type calcium channels and subsequent CaMKII acti-
vation (Vaillant et al., 1999), axons were exposed for 30 l

cmin to NGF plus KCl with or without a pharmacological
inhibitor on one side (Figure 3A). Alternatively, axons w

4were removed and then regenerated for 3 days in the
constant presence of a pharmacological inhibitor (Fig- v

Kure 3A). Western blots revealed that the long- and
short-term depolarization-induced increases in ERK acti- a

dvation required L-type calcium channels and CaMKII,
since they were blocked by nifedipine and the CaMKII w

winhibitors KN62 and mAIP (Figure 3A). Quantitation
demonstrated that these inhibitors all reduced ERK n

fphosphorylation w2-fold to levels seen in 10 ng/ml NGF.
To ask whether the depolarization-induced CaMKII- I

rERK activation was necessary for the growth advan-
tage, we performed similar experiments and measured t

o4 day growth and α-tubulin levels. These experiments
showed that inhibition of L-type calcium channels or b

nCaMKII completely abolished the competitive advan-
tage provided by local depolarization (Figure 3B). We

tthen asked whether downstream MEK activation was
involved by exposing depolarized axons to PD98059, a t

wMEK inhibitor that effectively inhibited local axonal ERK
activation (Atwal et al., 2000; data not shown). The 4 p

2day growth measurements and α-tubulin immunoblots
(Figure 3C) demonstrated that MEK inhibition actually l

Greduced growth of the depolarized axons relative to
their unstimulated counterparts. Since NGF promotes C

iaxonal growth via MEK, this result would be explained
if the growth advantage was due to convergence of t

tNGF and depolarization on MEK. We tested this by put-
ting PD98059 in both depolarized and unstimulated t

esides and showed that axon growth was now reduced
to the same low level in both sides (Figure 3C). a

bThese experiments indicate that the competitive
axon growth advantage was conferred by local depo- v
arization- and neurotrophin-dependent MEK signaling
nd that the depolarization-induced growth advantage
id not involve MEK-independent signals. To solidify
hese conclusions, we performed a few additional con-
rol experiments. First, to ask whether KCl in the center
ompartments activated MEK anterogradely, cultures
ere washed free of NGF, and NGF plus KCl was added

or 30 min to the center compartments. Immunoblotting
howed that phosphorylated ERK was only detected in
he center compartment, arguing that MEK was only
ctivated locally (see Figure S1A in the Supplemental
ata available with this article online). This conclusion
as confirmed in growth experiments where PD98059

n the center compartment of competition cultures had
o effect on axonal growth in the sides (Figure S1B).
econd, to confirm the necessity for local CaMKII-MEK
ignaling, cultures were established with NGF plus KCl
verywhere, and CaMKII or MEK were inhibited in one
ide. In these experiments, the drugs only inhibited lo-
al axon growth, with no effect on depolarization-

nduced growth in the distal compartment (Figure S1C).

atterned Electrical Stimulation Enhances
GF-Promoted Axon Growth through
aMKII-MEK Activation
o confirm the conclusions from the depolarization
tudies, we performed experiments using patterned
lectrical stimulation at 5 Hz, a more physiologically re-

evant paradigm that causes pulses of increased intra-
ellular calcium (Brosenitsch and Katz, 2001). Neurons
ere established in 10 ng/ml NGF in mass cultures for
days, were stimulated for 3 additional days, as pre-

iously described (Vaillant et al., 2002; Brosenitsch and
atz, 2001), and neuronal growth was measured by
ssessing α-tubulin levels (Figure 4A). In five indepen-
ent experiments, stimulation increased α-tubulin levels
2-fold. To visualize this effect, newly isolated neurons
ere infected with a GFP-expressing adenovirus, a small
umber were plated for 24 hr on previously-plated unin-
ected neurons, and cultures were stimulated for 3 days.
mage analysis revealed that individual stimulated neu-
ons grew much more extensive neuritic arbors (under
hese conditions, the vast majority of neurites are ax-
ns and not dendrites [Vaillant et al., 2002]) (Figure 4B);
oth total neurite length and number of branches per
euron were increased w2.5-fold.
To ask whether this growth enhancement involved

he CaMKII-MEK pathway, cultures were stimulated in
he presence or absence of CaMKII or MEK inhibitors,
hich do not affect sympathetic neuron survival in the
resence of NGF (Vaillant et al., 1999; Vaillant et al.,
002). Three days later, analysis of either α-tubulin

evels (Figure 4C) or of the morphology of individual,
FP-labeled neurons (Figure 4D) revealed that blocking
aMKII completely inhibited the stimulation-dependent

ncrease in neuritic growth. With regard to MEK inhibi-
ion, neuronal growth was even less in stimulated cul-
ures treated with PD98059 than in unstimulated cul-
ures (Figure 4C). However, as in the competition
xperiments, α-tubulin levels were similar in stimulated
nd unstimulated cultures when MEK was inhibited in
oth, confirming that neuronal activity and NGF con-
erge on MEK to enhance axonal growth.
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Figure 3. Local CaMKII-MEK Activation Me-
diates the Depolarization-Induced Competi-
tive Growth Advantage

(A) Western blots for phosphorylated ERKs
(P-ERK) in the side compartments of cul-
tures stimulated as in the schematic for 30
min (top panels) or 3 days (bottom panels).
The same blots were reprobed for total ERK
to demonstrate equal protein loading. Inhibi-
tors were used at concentrations of 1 �M
nifedipine (Nif), 10 �M KN62, or 100 �M mAIP.
(B) Four day axon growth measurements in
competition cultures where nifedipine, KN62,
or mAIP were present in the depolarized side
compartment for the entire time. Results
from three experiments were pooled and ex-
pressed as in Figure 1B. **p < 0.005. The in-
sets show α-tubulin Western blots of total
axonal material from side compartments of
similar cultures. (C) Four day growth mea-
surements in compartmented cultures grown
as in (B) except that 50 �M PD98059 was
present in one or both sides. Results from
three experiments were pooled and ex-
pressed as in Figure 1B. **p < 0.005. The in-
sets are α-tubulin Western blots of total axo-
nal material from side compartments of
similar cultures. n = 2.
We next asked whether MEK activation was sufficient
to promote axonal growth. Neurons were infected with
an adenovirus expressing constitutively activated HA-
tagged MEK, which increases downstream neuronal
ERK phosphorylation (Subramaniam et al., 2004). Trans-
duced neurons were plated at low numbers with unin-
fected neurons and were grown for 3 days in 10 ng/ml
NGF alone. Immunocytochemical analysis for the HA
tag revealed that constitutively activated MEK was
transported into axons (Figure 4E) and that it signifi-
cantly enhanced NGF-mediated axon growth and
branching relative to GFP-expressing neurons (Figure
4E). Thus, increased MEK activation is both necessary
and sufficient for the activity-dependent axon growth
enhancement.
The Growth of Unstimulated, Competing Axons Is
Inhibited by a BDNF-p75NTR-Dependent Mechanism
Our data indicate that depolarization of one set of axon
collaterals actively inhibits the growth of competing,
unstimulated axons, many of them deriving from the
same neurons. One candidate for such a distal effect is
the neurotrophin BDNF, since (1) neuronal BDNF syn-
thesis and secretion are activity dependent (Tao et al.,
1998; Shieh et al., 1998; Fawcett et al., 1997; Aloyz et
al., 1999; Balkowiec and Katz, 2002), (2) BDNF is syn-
thesized by sympathetic neurons (Causing et al., 1997;
Kohn et al., 1999), and (3) BDNF, acting through
p75NTR, is a growth inhibitory cue for sympathetic ax-
ons (Kohn et al., 1999). We therefore hypothesized that
neuronal depolarization would globally enhance BDNF
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Figure 4. Patterned Electrical Stimulation Enhances NGF-Promoted Axon Growth and Branching via a CaMKII-MEK Pathway

(A) Western blot analysis for α-tubulin in mass neuronal cultures stimulated at 5 Hz for 3 days. Quantitation of five experiments is shown in
the graph. **p < 0.005. (B) Photomicrographs of individual, isolated GFP-expressing sympathetic neurons that were grown as in (A) for 3 days
either in 10 ng/ml NGF (10N) or in 10 ng/ml NGF with patterned field stimulation (10N+FS). The graphs show quantitation of branch number
and total neuritic length per neuron. **p < 0.005, n = 4. Scale bar, 50 �m. (C) Western blots for α-tubulin in neurons grown as in (A), with or
without 10 �M KN62, 100 �M mAIP CaMKII, or 50 �M PD98059. Graphs represent quantitation of three experiments. **p < 0.005 relative to
10 ng/ml NGF, #p < 0.05 relative to 10 ng/ml NGF plus field stimulation. (D) Photomicrographs of individual, isolated GFP-expressing neurons
grown for 3 days in either 10 ng/ml NGF (10N) or 10 ng/ml NGF plus field stimulation (10N+FS) with or without 100 �M mAIP. The graphs are
as in (B). *p < 0.05, **p < 0.005 relative to NGF alone, #p < 0.5, ##p < 0.005 relative to NGF plus field stimulation, n = 3 experiments. Scale
bar, 50 �m. (E) Photomicrographs of neurons in 10 ng/ml NGF that were infected with adenoviruses expressing either GFP (top) or HA-tagged,
constitutively activated MEK (bottom) and then analyzed for GFP or immunocytochemically for the HA tag, respectively. The right panels
show quantitation of similar micrographs. **p < 0.005. Scale bar, 50 �m. In all panels, error bars = SEM.
levels throughout the entire axonal arbor, thereby ex- t
uplaining the growth disadvantage we observed for

competing, unstimulated axons. To test this hypothe- t
asis, we first localized BDNF in sympathetic neurons. Im-

munocytochemistry revealed specific, punctuate BDNF n
immunoreactivity in axons, and bright, more diffuse
immunostaining in cell bodies (Figure 5A). We then D
asked whether inhibition of BDNF or of its receptor,
p75NTR, could rescue the decreased growth of un- I

nstimulated, competing axons by adding function-block-
ing antibodies for either BDNF (Kohn et al., 1999) or O

up75NTR (REX; Weskamp and Reichardt, 1991) to the
unstimulated side of competition cultures. Measure- p

cment of the 4 day growth and of total α-tubulin revealed
that anti-BDNF and anti-p75NTR significantly rescued m

ethe growth of competing, unstimulated axons relative
o sister cultures treated with a control antibody (Fig-
res 5B and 5C). Thus, BDNF secretion from sympa-
hetic axons provides one mechanism whereby active
xons disadvantage inactive axons from the same and
eighboring neurons.

iscussion

n this study, we have investigated the cellular mecha-
isms that regulate developmental axon competition.
ur findings support five major conclusions. First,
sing compartmented cultures, we show that, in the
resence of NGF, local axonal depolarization and the
onsequent increased intracellular calcium confers a
ajor growth advantage to the stimulated axon collat-

rals, findings similar to those previously reported for
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Figure 5. The Growth of Unstimulated, Competing Axons Is Inhib-
ited by a BDNF-p75NTR Autocrine/Paracrine Mechanism

(A) Photomicrographs of neurons grown in compartments and im-
munostained with anti-BDNF (aBDNF) or with control preimmune
serum (bottom). The photomicrographs of axons were obtained using
a confocal microscope. Scale bar (cell body picture), 50 �m. Scale
bar (axon pictures), 25 �m. (B) Four day growth measurements of
competition cultures with function-blocking antibodies specific for
BDNF (aBDNF), the p75 neurotrophin receptor (ap75), or a control,
nonspecific antibody (Ctl Ab) present in the unstimulated side com-
partment. For comparison, control cultures contained 10 ng/ml
NGF everywhere and the control antibody in the quantitated side
compartment. Results from three experiments were pooled and an-
alyzed as in Figure 1B. **p < 0.005. (C) Western blot analysis for
total α-tubulin in side compartments of cultures similar to those
shown in (B). The two blots derive from independent experiments.
retinal ganglion cells (Goldberg et al., 2002). Second,
and somewhat surprisingly, our data indicate that de-
polarization of one set of axon collaterals actively inhib-
its the growth of unstimulated, competing axons. Third,
we show that the competitive growth advantage is con-
ferred by depolarization-induced CaMKII-MEK activa-
tion in the axons themselves, which converges intracel-
lularly with local NGF-mediated MEK activation to
directly promote local growth. Fourth, we show that
patterned electrical stimulation can enhance NGF-
mediated axonal growth and branching and that this
too is dependent upon a CaMKII-MEK pathway. Finally,
we provide evidence that the decreased growth of un-
stimulated, competing axon collaterals is at least par-
tially mediated by a BDNF-p75NTR autocrine/paracrine
loop. Thus, neuronal activity regulates both positive
and negative neurotrophin-derived signals to promote
the growth of one axon over another, providing a poten-
tial cellular mechanism for developmental axon se-
lection.

One of the assumptions of our model is that different
collaterals from the same developing neuron would
have different levels of activity. Is there precedent for
this? In mature neurons, conduction failure at axonal
branches is well-documented. For example, collaterals
emanating from the same muscle spindle afferent are
differentially depolarized in vivo (Lomeli et al., 1998).
Importantly, a similar phenomenon has been docu-
mented during development; in developing insect giant
interneurons, morphological changes caused the se-
lective failure of impulse propagation in only some af-
ferents and thereby led to functional afferent elimina-
tion (Spira and Yarom, 1983; Yarom and Spira, 1983).
Since sympathetic axon growth is locally regulated by
NGF (Campenot, 1982), two different collaterals that
were exposed to different amounts of target-derived
NGF might differ in terms of their size and safety factor
for impulse propagation, and thus in their relative level
of activity.

Our studies clearly demonstrate that the competitive
growth advantage is conferred by intracellular con-
vergence on MEK, a key determinant of local sympa-
thetic axon growth (Atwal et al., 2000; Atwal et al.,
2003). Since the MEK-ERK pathway regulates proteins
associated with both microtubules and actin filaments
(Sanchez et al., 2000; Houle et al., 2003; Nebl et al.,
2004), the growth advantage is likely mediated at the
level of the local cytoskeleton. In contrast, our findings
indicate that unstimulated axons are disadvantaged as
a consequence of an active mechanism requiring stim-
ulation of other axon collaterals from the same or
neighboring neurons. We propose that BDNF-mediated
p75NTR activation provides one such active mecha-
nism for the following reasons. First, sympathetic neu-
rons synthesize and secrete BDNF (Causing et al.,
1997; Kohn et al., 1999), and we show here that BDNF
is present in sympathetic axons. Second, we previously
showed that BDNF, either exogenous or made by sym-
pathetic neurons, binds to p75NTR and inhibits NGF-
promoted axon growth (Kohn et al., 1999), and here we
show that this autocrine/paracrine BDNF-p75NTR loop
is at least partially responsible for the decreased
growth of unstimulated, competing axons. Third, both
BDNF and p75NTR are essential for development of the
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2appropriate density and pattern of sympathetic inner-
1vation in vivo (Lee et al., 1994; Kohn et al., 1999).
nThus, we propose that, in our competition experi-
i

ments, increased calcium influx in cell bodies and de- d
polarized axons causes enhanced transcription of the e

pactivity-dependent BDNF gene (Shieh et al., 1998; Tao
tet al., 1998) and increased BDNF secretion from all
cparts of the axonal network, including the unstimulated
raxons. This increased BDNF then signals growth inhibi-
(

tion via p75NTR. For the stimulated axons, this nega- p
tive growth signal would be more than compensated by o

sthe depolarization-mediated positive growth signals. In
rcontrast, the unstimulated axons would be disadvan-
vtaged in terms of their growth in response to a given
Aamount of NGF. This mechanism explains our culture
a

findings, and, as described below, provides the basis a
for a model to explain selection of one collateral over a
another. Interestingly, this mechanism also predicts that

Iactive axons could secrete BDNF to repel incoming,
Icompeting axons from growing into the same target
wterritory. In this regard, work by Gan and Lichtman
k

(1998) demonstrated that, at the neuromuscular junc- s
tion, axon branches close to successful competing ax- s
ons were removed first, suggesting the existence of c

asuch short-distance negative signals in vivo.
tIn summary, we propose a feedforward model of
csympathetic axon competition. In this model, the first
E

axons to reach an appropriate target would not only c
sequester limiting amounts of target-derived NGF, but S
because these neurons have already received synaptic

Winput from their preganglionic afferents (Rubin, 1985),
Nthey would also become the first axons to participate in
ban active circuit. The increased calcium influx in these
1

active, firing axons would converge with the local NGF- n
mediated activation of TrkA to enhance their sprouting w
into the target, leading to sequestration of additional e

csynaptic territory and additional NGF, and thereby rein-
mforce their position as the “winning” axons in the com-
αpetition. In contrast, a collateral that was unsuccessful
S

in competing for target-derived NGF would also be
actively inhibited from growing into the target by the
local secretion of BDNF from active successful axons. S

TSuch an axon would likely be smaller and would there-
afore display a higher impulse conduction failure, as dis-

cussed above. Moreover, since sympathetic axons de-
generate in the absence of NGF, then this inability to

A
compete for target territory would over time lead to ax-
onal degeneration, thereby effectively pruning that col- W
lateral. Thus, the biasing seen here to make the strong K

bstronger and the weak weaker would ultimately ensure
hthe selection of only those axon collaterals that were
gappropriately connected. From a broader perspective,
e

since interactions between growth factors and neural 8
activity are important for the selection and reinforce-
ment of many active neural circuits, we propose that R
the cellular mechanisms we have defined here for sym- R
pathetic neurons may well be relevant for other de- A

Pveloping neural systems.

RExperimental Procedures

ANeuronal Cultures and Axon Growth Measurements
Sympathetic neurons were dissected from the superior cervical (

iganglion (SCG) of P1 Sprague-Dawley rats. Mass (Vaillant et al.,
002) and compartmented cultures (Atwal et al., 2003; Campenot,
992) were prepared as described. In all cases, NGF refers to 10
g/ml NGF and KCl to 50 mM KCl. For axon growth rates, neurites

n side compartments were axotomized (Campenot, 1992), and
e novo growth was assessed by measuring the longest axon in
ach track at days 1 and 5 (20 tracks per side) using the Neurotrack
rogram (Northern Eclipse) on a Zeiss inverted microscope. Inhibi-

ors were nifedipine (Biomol), PD98059 (Biomol), KN62 (Calbio-
hem) and myristolated AIP (mAIP; Calbiochem). Antibodies were
eplaced every 24 hr and included function-blocking anti-BDNF
Kohn et al., 1999) (1:500, Promega), function-blocking anti-
75NTR (REX; Weskamp and Reichardt, 1991) (1:200, the kind gift
f L. Reichardt), and control, nonspecific IgG (1:250, Promega). In
ome experiments, neurons were infected overnight with adenovi-
us expressing either GFP or constitutively activated MEK, as pre-
iously described (Vaillant et al., 1999; Subramaniam et al., 2004;
twal et al., 2003). Field stimulation experiments were performed
s described with 1.5 ganglia/well (Vaillant et al., 2002; Brosenitsch
nd Katz, 2001); neurons were stimulated with 0.2 ms pulses of
lternating polarity delivered at 5 Hz.

mmunocytochemistry and Image Analysis
mmunocytochemistry was performed as previously described (At-
al et al., 2003) using anti-HA (1:400, Covance), anti-BDNF (the
ind gift of David Kaplan) (Friedman et al., 1998), or preimmune
erum. Fluorescent images were captured using Northern Eclipse
oftware on an inverted Zeiss microscrope or with a Zeiss Pascal
onfocal microscope. Quantification of branch number and total
xon length was performed using Northern Eclipse software. Quan-
ification of phase and GFP axon densities were performed by
hosing random fields, thresholding the images using Northern
clipse software, and then determining the percentage of total area
overed by thresholded axons. Statistics were performed using
tudent’s t test.

estern Blot Analysis
eurons were lysed and Western blots performed and quantitated
y scanning densitometry as previously described (Vaillant et al.,
999; Vaillant et al., 2002). For all α-tubulin Westerns, the total axo-
al material from two side compartments of equivalent cultures
ere analyzed. In long-term experiments, inhibitors were changed
very 24 hr. Antibodies included anti-phospho-ERK (1:5000 mass
ulture, 1:2000 compartment culture, Promega), anti-ERK (1:5000
ass culture, 1:2500 compartment culture, Santa Cruz), and anti-
-tubulin (1:100000 mass culture, 1:5000 compartment culture,
igma).

upplemental Data
he Supplemental Data that accompanies this article can be found
t http://www.neuron.org/cgi/content/full/45/6/837/DC1/.
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