
Cellular/Molecular

Glutamate Controls Growth Rate and Branching of
Dopaminergic Axons

Yvonne Schmitz,1 James Luccarelli,1 Minji Kim,1 Mi Wang,1 and David Sulzer1,2,3

Departments of 1Neurology and 2Psychiatry, Columbia University School of Medicine, and 3Division of Molecular Therapeutics, New York State Psychiatric
Institute, New York, New York 10032

Dopamine-releasing neurons of the substantia nigra pars compacta produce an extraordinarily dense and expansive plexus of innerva-
tion in the striatum converging with glutamatergic corticostriatal and thalamostriatal axon terminals at dendritic spines of medium
spiny neurons. Here, we investigated whether glutamatergic signaling promotes arborization and growth of dopaminergic axons. In
postnatal ventral midbrain cultures, dopaminergic axons rapidly responded to glutamate stimulation with accelerated growth and
growth cone splitting when NMDA and AMPA/kainate receptors were activated. In contrast, when AMPA/kainate receptors were selec-
tively activated, axon growth rate was decreased. To address whether this switch in axonal growth response was mediated by distinct
calcium signals, we used calcium imaging. Combined NMDA and AMPA/kainate receptor activation elicited calcium signals in axonal
growth cones that were mediated by calcium influx through L-type voltage-gated calcium channels and ryanodine receptor-induced
calcium release from intracellular stores. AMPA/kainate receptor activation alone elicited calcium signals that were solely attributable to
calcium influx through L-type calcium channels. We found that inhibitors of calcium/calmodulin-dependent protein kinases prevented
the NMDA receptor-dependent axonal growth acceleration, whereas AMPA/kainate-induced axonal growth decrease was blocked by
inhibitors of calcineurin and by increased cAMP levels. Our data suggest that the balance between NMDA and AMPA/kainate receptor
activation regulates the axonal arborization pattern of dopamine axons through the activation of competing calcium-dependent signal-
ing pathways. Understanding the mechanisms of dopaminergic axonal arborization is essential to the development of treatments that
aim to restore dopaminergic innervation in Parkinson’s disease.

Introduction
A relatively small number of nigrostriatal neurons provides a
dense and fairly uniform dopaminergic innervation of the stria-
tum (Smith et al., 1994; Gauthier et al., 1999; Moss and Bolam,
2008). Individual nigrostriatal neurons possess extraordinarily
dense and widespread axonal arbors, covering �3% of the striatal
volume, thereby reaching �75,000 striatal cells (Matsuda et al.,
2009). Dopaminergic axon terminals converge with corticostria-
tal and thalamostriatal terminals onto spines of medium spiny
neurons and are often in direct apposition to glutamatergic ax-
ons, so that �80% of glutamatergic terminals are within 1 �m of
a dopaminergic axon and thus exposed to local dopamine release
(Bouyer et al., 1984; Moss and Bolam, 2008). Reciprocally, dopa-
minergic axons express glutamate receptors both during devel-
opment and in the adult brain (Tallaksen-Greene et al., 1992;

Gracy and Pickel, 1996; Zhang and Sulzer, 2003), indicating that
they potentially respond to glutamate input.

Although effects of neurotransmitters on neuronal morphol-
ogy have been thought to occur mostly postsynaptically at den-
dritic spines, there is increasing evidence for a role of local
neurotransmission in shaping axonal structures as well (De Paola
et al., 2003; Muller and Nikonenko, 2003; Gogolla et al., 2007).
Direct effects of glutamate on axonal growth have been mostly
investigated in cultured neurons. Studies on hippocampal neu-
rons reported that high levels of glutamate, quisqualate, and kai-
nate inhibited axonal growth (Mattson et al., 1988; Brewer and
Cotman, 1989; McKinney et al., 1999). In contrast, in dissociated
embryonic Xenopus spinal neurons, newly formed neurites
turned toward a local gradient of glutamate in a concentration-
dependent manner (Zheng et al., 1996). Recent studies in
hippocampal cell cultures and brain slices also reported concen-
tration-dependent effects of local presynaptic AMPA/kainate re-
ceptor stimulation on the motility of axon terminals and growth
cone filopodia (Chang and De Camilli, 2001; De Paola et al.,
2003; Tashiro et al., 2003; Ibarretxe et al., 2007). Thus, the axonal
growth response to glutamate may depend on the cell type, the
age of the cell, the concentration of glutamate, and the glutamate
receptor type.

We report here that postnatal dopaminergic neurons that
were allowed to form axonal arbors for 5–9 d in culture re-
sponded rapidly to a short, global activation of NMDA and
AMPA/kainate receptors with acceleration of axonal growth and
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growth cone splitting, and to AMPA/kainate receptor activation
alone with a decrease of axonal growth rate, and that these differ-
ent responses were mediated by different calcium-dependent sec-
ond messenger systems.

Materials and Methods
TH-GFP mice and cell culture. Ventral midbrain cultures (including sub-
stantia nigra and ventral tegmental area) were prepared from mice ex-
pressing enhanced green fluorescent protein (eGFP) under the promoter
for tyrosine hydroxylase [TH-GFP mice, kindly provided by Kazuto
Kobayashi, Fukushima Medical University, Fukushima, Japan
(Sawamoto et al., 2001)]. The handling, anesthesia, and killing of mice
were approved by the Institutional Animal Care and Use Committee and
were in accordance with the National Institutes of Health Guide to the
Care and Use of Laboratory Animals guidelines. Cultures were prepared
from 0 to 3 d old litters of TH-GFP �/�/wild-type mice crossings. Ven-
tral midbrain neurons were dissociated and plated at a density of 80,000/
cm 2 onto a layer of rat cortical glial cells grown on round glass coverslips
and maintained in culture medium without added GDNF (glial cell line-
derived neurotrophic factor) in a 5% CO2 incubator at 37°C for 5–9 d
(Mena et al., 1997).

Experimental reagents. Stock solutions were prepared by dissolving
drugs in water or dimethyl sulfoxide (DMSO) (1‰ maximal, final con-
centration) according to the recommendations of the manufacturer.
Stock solutions were then diluted in Tyrode’s saline (in mM: 119 NaCl,
2.5 KCl, 25 HEPES sodium salt, 2 MgCl2, 2 CaCl2, 30 glucose, pH 7.5;
osmolarity, 330 mOsm) immediately before the experiment. Stimulus
medium contained 20 �M bicuculline to block GABAA currents. The
following drugs were used: L-glutamate (200 �M) (Zheng et al., 1996),
(�)-bicuculline methobromide (20 �M), AMPA (50 �M) (Paternain et
al., 1995), (2 R)-amino-5-phosphonopentanoate (AP-5) (50 �M) (Zheng
et al., 1996), and cyclosporine A (cspA) (10 nM) and sp-cAMP (250 �M)
(Wen et al., 2004) (Sigma-Aldrich); ( S)-3,5-dihydroxyphenyl-glycine
(DHPG) (100 �M) (Zhang and Sulzer, 2003), (RS)-(tetrazol-5-yl)glycine
(50 �M) (Schoepp et al., 1991), 1,1�-diheptyl-4,4�-bipyridinium dibro-
mide (DHBP) (100 �M) (Paternain et al., 1995), nitrendipine (10 �M)
(Mercuri et al., 1994) (Tocris); and KN-92 and KN-93 (5 �M) (Wen et al.,
2004) (Calbiochem).

Imaging axonal growth. For axonal growth imaging experiments, cul-
tures grown on glass coverslips were mounted in a closed imaging cham-
ber (volume, 260 �l; RC-21BRFS; Warner Instruments) and superfused
with Tyrode’s solution at a flow rate of 0.5–1 ml/min at 28°C. Solutions
were switched with a perfusion valve control system (Warner Instru-
ments). Cultures were imaged with an Olympus IX81 inverted fluores-
cence microscope (Olympus) equipped with a digitized stage (ProScan;
Prior Scientific). Images were acquired at a rate of one per 10 min with a
40� objective, a fluorescence filter set for GFP (41001; Chroma), and a
2.0 neutral density filter using a Cool Snap HQ camera (Roper Scientific/
Photometrics) and MetaMorph software (Molecular Devices). The low
acquisition rate and the use of 2.0 neutral density filters served to mini-
mize phototoxicity. All axons that were actively growing and appeared
healthy were assessed: axons were only excluded from analysis if the
growth cone collapsed (�20%), if the axon showed membrane blebs
(�5%), or if their growth rate before treatment was �5 �m/h
(�30%). Several axons were typically monitored simultaneously in
one culture dish: the number of axons and the number of culture
dishes is indicated in the figure legends. Typically, four to five cultures
derived from a single dissection were used. The growth rate was de-
termined by measuring the axonal extension over 1 h using Meta-
Morph software. Measurements taken by two observers (one blind to
the conditions) differed by no more than �8%. Differences in the
cumulative frequency distribution of growth rates were tested for
significance with the nonparametric Kolmogorov–Smirnov (KS) test
(http://www.physics.csbsju.edu/stats/KS-test.html).

Calcium imaging. Fura-2 AM stock solution (5 �l; 1 �g/ml DMSO;
Invitrogen) was mixed with 1 �l of pluronic-F-127 solution (20% in
DMSO; Invitrogen) and added to the culture dish containing 2 ml of
medium. Cultures were incubated for 30 min and transferred to the

imaging chamber. Calcium imaging started after a 30 min washout in
Tyrode’s saline. Growth cone calcium levels were imaged using a filter
wheel (Prior Scientific), switching between 387 and 340 nm excitation
filters (emission, 510 nm; Semrock fura-2B filter set, plus a 1.3 neutral
density filter). Images were acquired at 200 –500 ms exposure time at a
frequency of either 0.5 or 0.25 Hz. Relative calcium levels were deter-
mined by ratiometric measurement: the average pixel intensity in the
central domain of the growth cone at 340 nm was divided by the pixel
intensity at 387 nm (F340/F387). Background fluorescence was measured
either in a cell-free region of the viewing field or in underlying glial cells
depending on the location of the growth cone, and was subtracted from
the growth cone fluorescence for each frame. The relative magnitude of
the peak of spontaneous calcium transients and evoked calcium signals
was determined by subtracting the baseline F340/F387 value before the
calcium transient from the peak value. Calcium waves with a F340/F387

ratio �0.2 were not included in the analysis. Only one axonal growth
cone per culture dish was monitored; thus, n equals the number of
growth cones and the number of culture dishes. ANOVA with nonpara-
metric post hoc Dunn’s test was used for statistical analysis (Prism;
GraphPad Software).

Immunostaining. Cultures were fixed with 4% paraformaldehyde for
30 min at room temperature (RT) and double-labeled with primary an-
tibodies against either NR1 (BD Biosciences Pharmingen; mouse mono-
clonal; 1:600), or GluR1 (BD Biosciences; mouse monoclonal; 1:200), or
GluR2 subunit (BD Biosciences; mouse monoclonal; 1:200), and anti-
bodies against either TH (Calbiochem; rabbit polyclonal; 1:1000), or
dopamine transporter (DAT) (Millipore; rat monoclonal; 1:1000) at 4°C
overnight. After three wash steps, cultures were incubated with second-
ary antibodies conjugated to Alexa Fluor 488 and Alexa Fluor 594 (In-
vitrogen), respectively, at 1:200 for 1 h at RT.

Results
Glutamate receptor-dependent axonal growth changes
Dopaminergic midbrain neurons express ionotropic glutamate
receptors in cell bodies, dendrites, and axons in the adult brain.
We performed immunohistochemistry on midbrain cultures de-
rived from postnatal day 1–3 mice, fixed after 5–7 d in cultures, to
establish whether AMPA and NMDA glutamate receptors were
expressed at this age under culture conditions. We used antibod-
ies against the NR1 subunit, which is contained in all NMDA
receptors, and antibodies against the AMPA receptor subunits
GluR1 and GluR2. Cell bodies and dendrites of TH-positive neu-
rons were labeled with all three antibodies (Fig. 1a). Interestingly,
there was clear label for the NR1 subunit in TH-positive axonal
growth cones (in �80% of the growth cones), but no label was
detected with antibodies against either GluR1 or GluR2 subunits
(Fig. 1b), suggesting that effects of AMPA receptor activation on
axonal growth may be mediated by somatodendritic receptors.

Dissociated ventral midbrain cultures derived from mice ex-
pressing green fluorescent protein (eGFP) under the promoter
for tyrosine hydroxylase (TH-GFP mice) were examined 5–9 d
after plating for assessment of GFP expression. Immunostaining
for TH revealed that, at this age, 60% of TH-positive neurons
expressed detectable eGFP levels, whereas ectopic expression
(i.e., detectable eGFP expression in TH-immunonegative neu-
rons) was �3% (n 	 3 cultures). A fluorescence image of a living
culture of GFP-expressing neurons at 7 d in vitro is shown in
Figure 1c, and an incandescence image of the same culture after
fixation and immunostaining for TH is shown in Figure 1d.

To assess axonal growth rates in GFP-expressing neurons, ax-
ons were monitored for 1 h in control medium before and after a
3 min superfusion with stimulus medium. The median growth
rate in control medium was 19.8 �m/h (excluding axons growing
�5 �m/h), and the maximal growth rate was 53 �m/h.

A 3 min stimulus of glutamate in Mg 2�-free Tyrode’s me-
dium (glutamate/0 Mg 2�) to relieve the Mg 2� block of NMDA
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receptors rapidly accelerated axonal growth as shown in a time
series of a growing axon in the hour before and after the gluta-
mate/0 Mg 2� stimulus (Fig. 2a). The median growth rate after
glutamate/0 Mg 2� was 22.5 �m/h with a maximal rate of 80.5
�m/h. The cumulative distribution of growth rate changes after
the glutamate/0 Mg 2� stimulus (as percentage of growth rate
before the stimulus) is plotted compared with growth rate
changes from 1 h to the next in nonstimulated axons (Fig. 2b). In
control conditions (n 	 23 axons, 6 cultures), axonal growth
rates varied over the 2 h period, but 52% of axons remained
within 80 –120% of the first hour growth rate (fractions are read
from the cumulative distribution graph). The glutamate/0 Mg 2�

stimulus caused a clear shift toward faster growth rates with 48%
of the axons increasing growth rates by �20% (n 	 31 axons, 12
cultures; KS test, p � 0.01). Similarly, superfusion with the potent
NMDA receptor agonist, D,L-(tetrazol-5-yl)glycine (tetrazol-
glycine), shifted the distribution toward faster growth rates with
61% of the axons increasing growth rates by �20% (n 	 23
axons, 13 cultures; KS test, p � 0.01). Interestingly, a splitting of
the growth cone into two or three branches occurred in 18% of
glutamate/0 Mg 2�-stimulated axons within the first 20 min after

the stimulus (Fig. 2c, example) (� 2 test, p � 0.001), and in 7% for
tetrazol-glycine ( p � 0.05), whereas under control conditions
the incidence for spontaneous growth cone splitting during the
same time interval was only 1.7%.

In contrast to glutamate/0 Mg 2�, the AMPA/kainate receptor
agonist AMPA reduced axonal growth, with the median growth
rate decreasing to 10 �m/h. Figure 2d shows an example of a
growth cone that advanced at the rate of 25 �m/h before the
stimulus and slowed considerably to 5 �m/h after the 3 min
AMPA stimulus. In the analysis of the cumulative frequency of
growth rate changes in response to AMPA (Fig. 2e), a clear shift to
slower growth rates is seen, with 71% of the axons decreasing
growth rates by �20% (n 	 42 axons, 9 cultures; KS test, p �
0.01). Similarly, superfusion with glutamate/0 Mg 2� in the pres-
ence of the NMDA receptor antagonist AP-5 (5 min before and
during glutamate/0 Mg 2� superfusion) shifted the distribution
to slower growth rates, with 79% of the axons decreasing growth
rates by �20% (n 	 52 axons, 12 cultures; KS test, p � 0.01).
Growth cone splitting was never observed in response to AMPA
or to glutamate/0 Mg 2� in the presence of AP-5. We also tested
an agonist of group I metabotropic glutamate receptors, DHPG
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Figure 1. a, b, Immunostaining of postnatal ventral midbrain cultures for TH (red), NR1, GluR1, and GluR2 (green). Cell bodies and dendrites of TH-positive neurons (a, left column) were labeled
by the antibodies to all three subunits (a, middle column; right column, merge), whereas DAT-positive axonal growth cones (b, left column) were only labeled by antibodies against the NR1 subunit
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(100 �M), which had no effect on axonal
growth rates (n 	 12 axons, 4 cultures; KS
test, p 	 0.66) (data not shown).

These data demonstrate that axons of
dopamine neurons respond to glutamate
input with either growth acceleration/
growth cone splitting or growth rate de-
crease depending on whether NMDA or
AMPA/kainate receptors are activated.

Calcium signals evoked by glutamate in
dopaminergic axonal growth cones
A likely candidate to mediate the gluta-
mate receptor-dependent switch in growth
activity is calcium signaling. We used the
cell-permeable fluorescent calcium indi-
cator fura-2 to evaluate the calcium sig-
nals in dopaminergic axonal growth cones
in response to glutamate receptor activa-
tion. Fura-2 fluorescence was measured at
a rate of 0.25– 0.5 Hz in GFP-positive
growth cones for 1–2 min before superfu-
sion with stimulus medium, during (3
min), and after (2 min) the stimulus.

A time series of fura-2 fluorescence
images (excitation at 340 nm) of a growth
cone at the onset of the response to gluta-
mate/0 Mg 2� is shown in Figure 3a. Glu-
tamate/0 Mg 2� elicited calcium signals of
high amplitude that were often of shorter
duration than the 3 min stimulation (Fig.
3b, examples; e, averaged traces; g, distri-
bution of peak amplitudes). The NMDA
agonist, tetrazol-glycine, elicited long-
lasting calcium signals of intermediate
amplitude (Fig. 3c,e,g), whereas AMPA
evoked calcium signals of small amplitude
that declined slowly (Fig. 3d,e,g). Sponta-
neous calcium transients were observed in
66% of the growth cones before the stim-
ulation at an average frequency of two per
minute (Fig. 3f, examples). The distribu-
tion of their amplitudes is plotted for
comparison in Figure 3g. Calcium signals
in response to glutamate/0 Mg 2� (n 	 30
growth cones, 17 cultures) were not statis-
tically significantly larger than tetrazol-
glycine-evoked signals (n 	 19 growth
cones, 8 cultures), but were larger than
AMPA-evoked signals (n 	 21 growth
cones, 11 cultures; Dunn’s test, p �
0.001), and tetrazol-glycine-evoked sig-
nals were statistically significantly larger than AMPA-evoked sig-
nals ( p � 0.05).

We next addressed possible sources for the calcium signals of
different magnitudes: calcium influx through voltage-gated cal-
cium channels, through NMDA receptors, and calcium release
from intracellular calcium stores. As dopaminergic neurons ex-
press L-type calcium channels, we tested the antagonist nitren-
dipine. Superfusion with nitrendipine (15 min) abolished the
occurrence of spontaneous calcium transients (0% compared
with 66% incidence in controls). Subsequent stimulation with
glutamate/0 Mg 2� in the presence of nitrendipine elicited no

detectable calcium signal (Fig. 4a,d) (n 	 16 growth cones, 6
cultures), indicating that glutamate/0 Mg 2�-induced calcium in-
flux was mediated exclusively by L-type calcium channels. We
tested next whether calcium-induced calcium release from intra-
cellular stores (CICR) contributed to the calcium signals by pre-
incubating cultures with DHBP (100 �M), an antagonist of the
ryanodine receptor that mediates CICR. Preincubation with
DHBP for 15 min did not abolish spontaneous calcium waves in
all cells, but reduced their incidence (32% of growth cones exhib-
ited spontaneous waves compared with 66% in control medium).
The calcium signal in response to glutamate/0 Mg 2� was reduced
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Figure 2. Effects of glutamate on axonal growth in cultured dopaminergic neurons. a, c, d, Time series of axonal growth cones in
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by approximately one-half in the presence of DHBP (Fig. 4a,d)
(n 	 14 growth cones, 8 cultures). Thus, calcium signals mea-
sured in dopaminergic axonal growth cones in response to gluta-
mate/0 Mg 2� involved activation of voltage-gated L-type
calcium channels and CICR from intracellular stores.

AMPA-induced calcium signals were solely attributable to
calcium influx through L-type calcium channels, as they were
completely blocked by nitrendipine (n 	 14 growth cones, 5
cultures) and DHBP had no effect (Fig. 4b,d) (n 	 14 growth

cones, 5 cultures). The amplitude of cal-
cium signals evoked by the NMDA ago-
nist tetrazol-glycine was reduced by
�50% in the presence of nitrendipine
(n 	 10 growth cones, 7 cultures). Cal-
cium signals in DHBP-pretreated cultures
tended to be reduced, but the difference
was not statistically significant (Fig. 4c,d)
(n 	 12 growth cones, 4 cultures). The
data suggest that NMDA receptor activity
alone can activate voltage-gated L-type
calcium channels, but that in the case of
tetrazol-glycine stimulation another
source of calcium, likely influx through
NMDA receptors, contributed to the re-
corded signal.

In summary, our data demonstrate
that stimuli that activate AMPA/kainate and
NMDA receptors evoke in dopamine axon
growth cones calcium signals of high ampli-
tude caused by calcium influx through
L-type calcium channels and CICR, and
accelerate axonal growth. In contrast,
activation of AMPA/kainate receptors
alone evokes lower amplitude calcium
signals solely attributable to calcium in-
flux through L-type calcium channels that
lead to decreased axonal growth.

Calcium-dependent pathways
involved in glutamate-evoked
axonal growth changes
The glutamate receptor-dependent switch
from axon growth acceleration to inhibition
is reminiscent of the calcium-dependent
switch from attraction to repulsion re-
ported in the Xenopus growth cone turn-
ing assay (Wen et al., 2004). In that study,
a local increase in calcium levels relative to
varying basal levels activated either a
calcium/calmodulin-dependent protein
kinase II (CaMKII)-dependent pathway
that led to attraction, or a calcineurin
[serine/threonine PP2B (protein phos-
phatase 2B)]-dependent pathway that led
to repulsion. We therefore tested whether
these signaling pathways were involved in
the NMDA receptor-dependent axonal
growth acceleration and AMPA/kainate
receptor-dependent growth inhibition in
dopaminergic neurons.

Preincubation with the CaMKI/II/IV
inhibitor KN93 (5 min) blocked the glu-
tamate/0 Mg 2�-induced growth accelera-

tion (Fig. 5a) (n 	 33 axons, 9 cultures; p 	 0.01) and completely
prevented growth cone splitting. With the inactive analog KN92,
growth acceleration by glutamate/0 Mg 2�was unaffected (n 	 28
axons, 9 cultures; p 	 0.9) and growth cone splitting occurred
with an incidence of 11% ( p � 0.001, compared with control).
Thus, the acceleration of axonal growth in response to gluta-
mate/0 Mg 2� appeared to be mediated by a signaling pathway
involving CaMKs. Importantly, axonal growth rates in the pres-
ence of KN93 followed the control distribution, indicating that

Figure 3. Calcium imaging in dopaminergic growth cones. a, Time series (in seconds) of fura-2 fluorescence in a dopaminergic
axonal growth cone at excitation wavelength of 340 nm, with fluorescence intensity coded in pseudocolor. The dotted line in the
first frame indicates the central area of the growth cone for which measurements were taken. The red star indicates the beginning
of the calcium signal that was elicited by superfusion with glutamate/0 Mg 2�. b– d, Examples of growth cone calcium signals in
response to a 3 min stimulus of glutamate/0 Mg 2� (b), tetrazol-glycine (c), or AMPA (d). Calibration: F340/F387 	 4. e, Averaged
calcium traces for the three different stimuli (normalized to the baseline before the stimulus-induced calcium rise). No SEs are
plotted for better clarity [also, data were not normally distributed (see g)]. Glutamate/0 Mg 2� (light green diamonds; n 	 30, 17
cultures) evoked signals of high amplitude that declined relatively fast, tetrazol-glycine (dark green triangles; n 	 19, 8 cultures)
evoked signals of medium amplitude with slower onset and no decline, and AMPA (red circles; n 	 21, 11 cultures) evoked the
smallest amplitude signals that declined slowly. f, Examples of spontaneous calcium transients are shown, which occurred before
the stimulus in 66% of the recorded growth cones (sampling frequency was 0.25 Hz; calibration: F340/F387 	 2). g, The distribution
(in quartiles; diamond symbol, average) of calcium signal peak amplitudes is plotted for glutamate/0 Mg 2� (n 	 30), tetrazol-
glycine (n 	 19), AMPA (n 	 21), and, for comparison, spontaneous calcium transients (n 	 191). Nonparametric ANOVA with
Dunn’s post hoc test: *p � 0.05, **p � 0.01.
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the calcium influx induced by glutamate/0
Mg 2� did not activate pathways that
lead to growth inhibition when CaMK-
dependent pathways were blocked.

When cultures were superfused with
the calcineurin inhibitor cspA for 20 min
before and during an AMPA (n 	 28 ax-
ons, 8 cultures) or glutamate/0 Mg 2�/
AP-5 stimulus (n 	 35, 7 cultures), axons
continued to grow (Fig. 5b) ( p � 0.6),
indicating that AMPA-induced growth
inhibition is mediated by a calcineurin-
dependent signaling pathway.

cAMP prevented AMPA-induced axon
growth inhibition
The axonal response to many growth
and guidance cues, for example, the
guidance molecule netrin, can result in
either stimulation or inhibition of growth
depending on intracellular cyclic nucleotide
levels. Furthermore cAMP may directly af-
fect calcium signals and/or interfere with
calcium-dependent pathways (Ming et al.,
1997; Nishiyama et al., 2003; Ooashi et al.,
2005). We tested whether intracellular
cAMP levels per se affected axonal growth
in dopaminergic neurons and whether
cAMP levels affected the response to
AMPA (Fig. 6).

Superfusion with the active cAMP an-
alog sp-cAMP alone (n 	 47 axons, 8 cul-
tures; p 	 0.51) shifted the growth rate
distribution slightly, but not significantly
differently from controls, whereas prein-
cubation with sp-cAMP completely pre-
vented growth inhibition in response to
AMPA (n 	 47 axons, 8 cultures; control
vs AMPA/sp-cAMP, p 	 0.14; AMPA vs
AMPA/sp-cAMP, p � 0.01).

Discussion
Glutamate and axonal growth
This investigation asked whether axonal
arborization of dopaminergic neurons is
regulated by glutamatergic input. Our
data demonstrate that dopaminergic neu-
rons respond to a combined AMPA/kai-
nate and NMDA receptor activation with
acceleration of axonal growth, and to
AMPA/kainate receptor activation alone
with growth inhibition. Such a glutamate-
evoked effect on axonal growth rates and
receptor-dependent switch between ax-
onal growth acceleration and inhibition
has not been previously reported. More-
over, we observed that the combined acti-
vation of AMPA/kainate and NMDA
receptors induced the splitting of axonal
growth cones into several branches.

Previous studies reported mostly inhibitory effects of a global
glutamate stimulus on axon growth (Mattson et al., 1988; Brewer
and Cotman, 1989; McKinney et al., 1999; Yamada et al., 2008),

whereas a gradient of glutamate evoked a positive growth cone
turning response dependent on NMDA receptor activation
(Zheng et al., 1996). AMPA and kainate glutamate receptors have
been shown to be involved in regulating growth cone filopodia

Figure 4. Effects of L-type calcium channel blocker nitrendipine and ryanodine receptor inhibitor DHBP on glutamate receptor
agonist-evoked growth cone calcium signals. a, Averaged traces of glutamate/0 Mg 2�-evoked calcium signals (white diamonds;
n 	 30, 7 cultures) compared with calcium signals evoked by glutamate/0 Mg 2� in the presence of either nitrendipine (10 �M;
white triangles; n 	 16, 6 cultures) or DHBP (100 �M; dark squares; n 	 14, 8 cultures). b, Averaged traces of AMPA-evoked
calcium signals (white diamonds; n 	 21, 11 cultures) compared with calcium signals evoked by AMPA in the presence of either
nitrendipine (white triangles; n 	 21, 5 cultures) or DHBP (black squares; n 	 13, 5 cultures). c, Averaged traces of tetrazol-
glycine-evoked calcium signals (white diamonds; n 	 19, 8 cultures) compared with calcium signals evoked by tetrazol-glycine
in the presence of either nitrendipine (white triangles; n 	 10, 7 cultures) or DHBP (black squares; n 	 12, 4 cultures).
d, Distribution of calcium signal peak amplitudes for all the conditions in a– c. Nonparametric ANOVA with Dunn’s post hoc
test: *p � 0.05, **p � 0.01, ***p � 0.001.

Figure 5. Glutamate/0 Mg 2�-induced growth acceleration was blocked by KN93, and AMPA-induced growth inhibition by
cspA. a, Cumulative frequency distribution of growth rate change after a Glu/0 Mg 2� stimulus (n 	 31, 12 dishes; white circles),
Glu/0 Mg 2� in the presence of the CaMKI/II/IV inhibitor KN93 (5 �M; n 	 33, 9 dishes; dark circles), and its inactive analog, KN-92
(5 �M; n 	 28, 9 dishes; white diamonds), control data (no stimulus) are plotted for comparison (white triangles). b, Cumulative
frequency distribution of growth rate change after AMPA (n 	 42, 9 dishes; white circles) and Glu/0 Mg 2�/AP-5 (n 	 52, 12
dishes; white diamonds) compared with stimulation with AMPA (n 	 28, 8 dishes; black circles) or Glu/0 Mg 2�/AP-5 in the
presence of the calcineurin inhibitor cspA (10 nM, n 	 35, 7 dishes; black diamonds) and with control (no stimulus; n 	 23, 6
dishes; white triangles). **Kolmogorov–Smirnov test, different from control, p � 0.01.
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motility in a dose-dependent manner (Chang and De Camilli,
2001; Tashiro et al., 2003). We found that NMDA receptor acti-
vation was required to induce axon growth acceleration in dopa-
minergic neurons, whereas the agonist AMPA evoked axon
growth inhibition. As AMPA activates both AMPA and kainate
receptors (Paternain et al., 1995) and NMDA receptor antago-
nists switched the glutamate/0 Mg 2�-evoked response from ac-
celeration to inhibition, we can assume that the combined
activation of AMPA and kainate receptors induced growth inhi-
bition. We did not find an effect of metabotropic glutamate re-
ceptor (mGluR) agonists on axonal growth in dopaminergic
neurons. In contrast, a study that used organotypic brain slice
cocultures of cortex, striatum, and substantia nigra, reported that
group I mGluR blockade prevented the dopaminergic innerva-
tion of the striatal slice (Plenz and Kitai, 1998). It could be that the
relatively short time period in which we monitored axonal
growth rates (1 h) was too short to detect effects of mGluR acti-
vation, which were observed over a period of 5–18 d in the slice
cultures. Also, the target of the mGluR effect in the triple slice
culture system is unknown, and the effect might be mediated by
another cell type. Similarly, in our culture system indirect effects
mediated by other cell types, especially astrocytes (Allen and
Barres, 2005), which are required to successfully culture postna-
tal dopamine neurons, cannot be excluded.

An important question is when and how neurotransmission
plays a role in shaping the axonal arborization of a cell. The
general notion is that cues like axonal guidance molecules lead
the axon to its target region and neurotransmission affects the
specificity of the innervation pattern in the target. It has been
recently suggested that, in glutamatergic neurons, glutamate re-
leased by the advancing growth cone itself may provide a feed-
back signal determining whether to grow or to halt based on
developmental age and the glutamate concentration achieved
(Chang and De Camilli, 2001; Tashiro et al., 2003; Ibarretxe et al.,
2007). It is possible that such a mechanism also applies to dopa-
mine neurons as they are known to be able to store and release
glutamate in culture (Sulzer et al., 1998), during some develop-
mental period in vivo (Mendez et al., 2008), and during recovery
from toxin-induced lesions (Dal Bo et al., 2008). It is also possible
that glutamate input at the cell body or dendrites regulates dopa-
mine axon growth, as reported for cortical neurons in which
AMPA receptor activation at the cell body induced calcium waves

traveling down the axon, leading to growth cone collapse
(Yamada et al., 2008). Our immunohistochemistry data similarly
suggest that the AMPA effect we report may originate at somato-
dendritic receptors, as immunolabel for AMPA receptors was
detectable in cell bodies and dendrites but not in axonal growth
cones. In contrast, immunolabel for NMDA receptors was lo-
cated in both cell bodies and growth cones. Thus, a third possi-
bility is that locally spillover of glutamate released from nearby
corticostriatal or thalamostriatal terminals (Zhang and Sulzer,
2003; Hires et al., 2008) could directly affect dopaminergic axons,
providing a mechanism to encourage dopaminergic axonal
growth in the vicinity of active corticostriatal and thalamostriatal
terminals, with which they are in close contact in the adult brain
(Bouyer et al., 1984; Moss and Bolam, 2008).

Calcium and axonal growth
The cellular response to neurotransmitters involves changes in
intracellular calcium that has long been known to affect neurite
growth (Gomez and Zheng, 2006). The “set point hypothesis”
proposed that there is a narrow optimal range of calcium concen-
trations for neurite growth and if levels fall above or below that
range growth is inhibited (Kater and Mills, 1991). This was con-
firmed by studies on Xenopus spinal neurons demonstrating that
local calcium signals of small or large amplitude evoked repul-
sion, whereas calcium signals of moderate size evoked attraction
of the growth cone (Hong et al., 2000; Robles et al., 2003; Wen et
al., 2004). We also found a switch in response to differently sized
calcium signals, but in our case axons responded to relatively
large calcium signals that involved calcium influx through L-type
calcium channels and CICR with accelerated growth and in some
cases with growth cone splitting. It is possible that there is a
calcium threshold for growth cone splitting so that splitting oc-
curs only for the highest amplitude calcium transients. Indeed,
the effect of netrin-1 on axonal branch formation in cortical neu-
rons correlated with an increased frequency of calcium transients
(Tang and Kalil, 2005).

We found that the glutamate-evoked calcium signals in dopa-
minergic axonal growth cones were completely blocked by inhib-
itors of L-type calcium channels. We cannot exclude, however,
that other channels, for example voltage-gated T-type calcium
channels, were also involved, as they may be affected by the rela-
tive high dihydropyridine concentration that we used (Bean,
1989). Dopaminergic neurons prominently express L-type calcium
channels that are known to mediate oscillatory calcium waves in cell
bodies and dendrites (Nedergaard et al., 1993; Mercuri et al., 1994;
Puopolo et al., 2007) but are not involved in mediating evoked do-
pamine release from axon terminals in striatal slices (Phillips and
Stamford, 2000). Our finding that calcium-influx through L-type
calcium channels affects axonal growth is congruent with studies
on cultured cortical neurons (Tang et al., 2003) and Xenopus
spinal neurons (Nishiyama et al., 2003), which reported that
L-type calcium channels mediated calcium influx into the growth
cone.

Downstream from the AMPA/NMDA and AMPA-evoked
calcium signals, we found that growth acceleration was mediated
by CaMKI/II/IV-dependent and growth inhibition by calcineurin-
dependent pathways, respectively. (We cannot discern between
CaMKI, II, and IV, as KN93, the used inhibitor, is nonspecific.)
CaMKI/II/IV inhibitors were reported to affect the growth cone
attraction response in Xenopus spinal neurons evoked by local
high calcium signals (Wen et al., 2004), and netrin-1-evoked
branching in cortical neurons (Tang and Kalil, 2005), which,
similar to our findings, was dependent on calcium release from

Figure 6. Increased intracellular cAMP levels prevented the AMPA-induced axon growth
inhibition. Cumulative frequency distribution of growth rate change after AMPA (white circles),
sp-cAMP (250 �M for 23 min; n 	 47, 8 dishes; white squares), and AMPA plus sp-cAMP (black
squares;n	29,7dishes),comparedwithcontrol(n	23,6dishes;whitetriangles).**Kolmogorov–
Smirnov test, different from control, p � 0.01.
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intracellular stores. Studies overexpressing specific CaMKs found
evidence for a role of either CaMKI (Wayman et al., 2004) or
�CaMKII (Tang and Kalil, 2005) in axonal extension and
branching.

Similar to growth cone repulsion in Xenopus neurons (Wen et
al., 2004), we found that AMPA-induced growth inhibition was
blocked by inhibitors of the phosphatase calcineurin and was
prevented by increased cAMP levels. Calcineurin was apparently
not activated by the high calcium signals evoked by combined
AMPA/NMDA receptor activation, as axonal growth was not
inhibited while CaMKs were blocked. This is in accordance
with findings on CaMKII/calcineurin-dependent long-term
potentiation/long-term depression (LTD) induction, in which
only modest calcium signals activate calcineurin and induce LTD
(Hansel et al., 1996; Yang et al., 1999; Yasuda et al., 2003). The
cAMP effect could be mediated by a cross talk between calcium-
and cAMP-dependent pathways (Wen et al., 2004), or by a direct
effect of cAMP on calcium channels (Nishiyama et al., 2003).
Levels of cAMP are regulated by D2 autoreceptors in dopamine
neurons (Picetti et al., 1997), so that dopamine release by the
growth cone might feedback via D2 dopamine autoreceptors to
modulate the response to glutamate input.

Factors that encourage directed dopaminergic sprouting
might offset the loss of dopaminergic neurons in Parkinson’s
disease or contribute to treatments intended to replace dopamine
neurons, such as transplantation of stem cell-derived neurons.
Several factors that promote dopaminergic sprouting and regen-
eration have been identified: neurotrophic factors (Date et al.,
1993; Lin et al., 1993; Frim et al., 1994), and molecules of their
signaling pathways (Ries et al., 2006), guidance molecules (Yue et
al., 1999; Lin and Isacson, 2006; Cooper et al., 2009), and immu-
nosuppressant drugs (Costantini et al., 2001). One of the chal-
lenges of such an approach is to not only induce but also direct
neurite growth toward the appropriate target, and the effects of
NMDA receptor activation reported here may provide such func-
tional regeneration of the nigrostriatal projection.
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