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Correct wiring of the nervous system during development requires axons to respond appropriately to
gradients of attractive and repulsive guidance cues. However, the steepness and concentration of these
gradients vary in vivo, for instance, with distance from the target. Understanding how these changing
conditions affect the navigation strategies used by developing axons is important for understanding how they
are guided over long distances. Previous work has shown that cyclic nucleotide levels determine whether
axons are attracted or repelled by steep gradients of the same guidance cue, but it is unknown whether this is
also true for shallow gradients. We therefore investigated the guidance responses of rat superior cervical
ganglion (SCG) axons in both steep and shallow gradients of nerve growth factor (NGF). In steep gradients we
found that cyclic nucleotide-dependent switching occurred, consistent with previous reports. Surprisingly
however, we found that in shallow NGF gradients, cyclic nucleotide-dependent switching did not occur. These
results suggest that there may be substantial differences in the way axons respond to gradient-based guidance
cues depending on where they are within the gradient.
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Introduction

In the developing or regenerating nervous system, neurons extend
axons that must navigate through complex environments to find their
final targets (Tessier-Lavigne and Goodman, 1996; Mueller, 1999;
Plachez and Richards, 2005). Some of the most important cues used to
steer axons appropriately are molecular gradients (Yu and Bargmann,
2001; Dickson, 2002; Chilton, 2006; Flanagan, 2006). Such gradients
induce differences in receptor binding across the growth cone, which
are then converted into an appropriate behavioral response (Mortimer
et al, 2008; O'Donnell et al., 2009). Although quite specific gradient
conditions are required for effective guidance of axons (Mortimer et al.,
2009), variations in both steepness and concentration are likely to exist
in vivo depending on the distance of the axon from the target (Goodhill,
1997; Kennedy et al., 2006).

Differences in gradient steepness can influence pathfinding
decisions in vivo (Isbister et al., 2003), and more recent work suggests
that there may be fundamental differences in the response to
gradients for steep versus shallow gradients. In particular, it was
recently proposed that growth cone turning dominates the guidance
response for steep gradients, while growth rate modulation without
biased turning dominates for shallow gradients (Mortimer et al.,
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2010). Here, axons grown from dorsal root ganglion explants in the
presence of a shallow NGF gradient were found on average not to
exhibit biased turning. Rather, axons growing up the gradient were
found to be longer than those growing down the gradient, even when
those growing down the gradient were at a higher NGF concentration.
These experiments showed that the crucial factor controlling neurite
length is the direction of growth relative to the gradient direction, not
the absolute concentration of NGF, confirming that growth rate
modulation is a chemotropic guidance effect rather than a purely
trophic effect. The mechanisms leading to growth rate modulation
however remain unknown, and may involve different signaling
pathways than those responsible for the guidance of axons in steep
gradients.

Many effector molecules have been implicated in axon guidance to
molecular gradients (Song and Poo 1999, 2001; Huber et al., 2003;
Guan and Rao, 2003; Gomez and Zheng, 2006; Zheng and Poo, 2007;
O'Donnell et al., 2009; Hong and Nishiyama, 2010). In particular,
cyclic nucleotide levels can influence the sign of the chemotactic
response (Ming et al., 1997; Song et al., 1997, 1998; Wen et al., 2004;
Mai et al.,, 2009; Murray et al., 2009; Tojima et al., 2009). It has been
shown that high levels of cAMP relative to cGMP lead to growth cone
attraction, while the opposite leads to repulsion (Nishiyama et al.,
2003). High relative cAMP was thought to produce attraction through
its downstream effector protein kinase A (PKA), although recent
evidence suggests that Epac (exchange protein activated by cAMP)
may be the primary transducer of this response (Murray et al., 2009).
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In either case, this cyclic nucleotide-dependent switching effect has
become a classic result in the field of axon guidance, with potential
consequences for regenerating axons after injury (Neumann et al.,
2002; Qiu et al., 2002; Lu et al., 2004).

However, studies of cyclic nucleotide-induced switching have
generally utilized only the very steep gradients of the “pipette” or
“growth cone turning” assay. When Moore and Kennedy (2006)
investigated the role of PKA in an explant co-culture-type assay, they
were notably unable to induce switching from chemoattraction to
chemorepulsion. Instead, they found a PKA-dependent effect on the
sensitivity of the attractive response. This raised the question as to
exactly what role cyclic nucleotides and their effectors play in
mediating guidance decisions, and what role gradient and environ-
mental conditions might play in this process. Here we compare cyclic
nucleotide-dependent switching of the same type of growth cone in
steep gradients using the growth cone turning assay with both 2- and
3-dimensional substrates, and in shallow gradients with a 3-
dimensional collagen matrix. We show that guidance switching
occurs in steep but not shallow gradients and thus that the
intracellular mechanisms leading to guidance also depend funda-
mentally on the properties of the gradient itself. These results
demonstrate that important aspects of the behavior of axons in vivo
may depend sensitively on the specific gradient conditions present,
and thus may vary depending on the position of the axon within the
gradient and hence proximity to its target.

Results

We used three different assays to determine how the guidance
response of mammalian axons is affected by modulation of cyclic
nucleotide levels. We first used the standard growth cone turning
assay for axons growing in a steep gradient on a 2-D substrate, and
compared these results with a collagen gel printing assay for axons
growing in a shallow gradient in 3-D. Finally, we investigated
switching in a modified growth cone turning assay for axons growing
in a steep gradient in a 3-D matrix. For our experiments we used the
superior cervical ganglion (SCG) of PO-3 rat. This is a sympathetic
population of neurons, 97% of which have been reported to express
mRNA for the high-affinity nerve growth factor (NGF) receptor, TrkA
(Wetmore and Olson, 1995), and are robustly responsive to NGF
(Ohta et al.,, 1990; Yu et al., 2010).

Modulation of PKA and PKG activity switches SCG responses to steep NGF
gradients

We began our investigation into the role of gradient steepness on
axon guidance by first establishing whether SCG neurons are capable of
cyclic nucleotide-induced switching in vitro. To do this we utilized the
well-established growth cone turning assay on dissociated SCG cells.
This assay produces gradients with steepness of roughly a 10-15%
change in concentration across 10 um, and is commonly used to assess
growth cone turning over about one hour of growth (Lohof et al., 1992;
Pujic et al., 2008). When we used a concentration of 10 pM NGF in the
pipette, growth cones from dissociated SCG neurons showed significant
attraction up the gradient (mean turning angle = 14.6 + 4.7°) compared
to the control condition (mean turning angle =0.02 +2.7°; p=0.02,
Kolmogorov-Smirnov (KS) test, Fig. 1A, B).

The growth cone turning assay has revealed a cyclic nucleotide-
dependent switch between attractive and repulsive responses to the
same guidance cues for Xenopus spinal neurons (Ming et al., 1997;
Song et al., 1997, 1998). Specifically, PKA inhibitors and PKG activators
have both been shown to switch a normally attractive response to
repulsion using this assay (Nishiyama et al., 2003). Consistent with
these results, we found that bath application of the PKA inhibitor
KT5720 to dissociated rat SCG neurons at 80 nM for 30 min prior to
the assay with 10 uM NGF switched growth cone responses from

attraction to repulsion (mean turning angle = —21.9+5.7°, Fig. 1A, B).
Bath application of the second PKA inhibitor, Rp-8-CPT-cAMPs (5 pM),
or a PKG activator, 8-Br-cGMP (20 M), prior to exposure to an NGF
gradient, also switched growth cone responses from attraction to
repulsion (mean turning angles=—13.45+4.1° and —14.24+3.8°
respectively, Fig. 1A, B). Growth rates in all of the experimental
conditions above were not significantly changed from the control
condition (p>0.05, KS test, Fig. 1C). Thus, mammalian SCG growth cone
turning is strongly influenced by internal protein kinase signaling when
responding to steep gradients of NGF.

Modulation of PKA activity does not switch SCG responses in shallow
NGF gradients

The above results confirm that cyclic nucleotide-modulated
switching of guidance responses occurs for mammalian axons in the
steep gradients of the pipette assay. However, questions have been
raised about the ability of axons to utilize this switching mechanism
when guided by shallower gradients in a 3D environment (Moore and
Kennedy, 2006). To address this, SCG explants were embedded in a
collagen gel matrix and grown for 48 h in a shallow NGF gradient,
with an approximately 0.3% change in concentration over 10 um, as
per the printing method described in Rosoff et al. (2004, 2005) and
Mortimer et al. (2009) (Fig. 2A). Outgrowth was measured as a ratio of
neurite pixels to explant pixels, and the guidance ratio (GR) was
measured by the number of neurite pixels on the high side of the
gradient relative to the center of the explant, minus the number on
the low side, divided by the total number of neurite pixels (see
Experimental methods).

We found that a shallow NGF gradient produced significant
attraction of neurites grown from SCG explants (GR=0.14+0.01,
Fig. 2B, C). However, when the PKA inhibitors were added to the
collagen prior to gelling, in similar concentrations to those used in the
growth cone turning assays above, we saw only a reduction in
attractive guidance (positive guidance ratio values) rather than a
switch to repulsion (negative guidance ratios) (Fig. 2C). While we
found no change in outgrowth with the PKA inhibitors, we did
observe a small decrease in outgrowth with 20 uM 8-Br-cGMP
(Fig. 2D), but no change in the guidance ratio.

To examine whether the effects of these drugs were concentra-
tion-dependent, we increased the concentrations used ten-fold. We
observed a significant decrease in the attractive guidance with both
1uM KT5720 and 200 uM 8-Br-cGMP compared to the no drug
gradient condition, however 50 UM Rp-8-CPT-cAMPs did not result in
a significantly different guidance ratio (Fig. 2B, C). Remarkably,
though some significant effects on the magnitude of guidance in
shallow gradients were evident, none of the compounds resulted in a
switch from attraction to repulsion. At the higher drug concentrations
we also found significant inhibition of growth for both KT5720 and 8-
Br-cGMP, but not Rp-8-CPT-cAMPs (Fig. 2B, D). Similar to previous
observations of DRG neurite growth in the same assay (Mortimer
et al, 2009), the guided SCG explants were found to show no
observable neurite turning in the direction of the gradient (Fig. 2E).

Neurites in shallow gradients are guided by growth rate modulation

Given the above results, we tested whether these SCG neurites
were being guided by growth rate modulation. To do this, we
performed zigzag collagen printing assays as described by Mortimer
etal. (2010). Briefly, explants were cultured in a collagen matrix in the
presence of a 0.3% NGF gradient as before, however the explants were
positioned so that half would extend neurites from roughly a 0.2 nM
concentration toward a roughly 0.3 nM concentration, and half would
extend neurites from roughly a 0.4 nM concentration to the roughly
0.3 nM concentration (shown schematically in Fig. 3A). We found that
SCG neurites growing up the NGF gradient extended more than those
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Fig. 1. Modulation of PKA and PKG activity switches SCG guidance responses to steep NGF gradients. A, Schematic of the standard growth cone turning assay in which dissociated
cells are grown on a 2D substrate and a steep gradient of a chemotropic factor (red) is produced from a glass micropipette. B, Example images and traces of growth cone trajectories
in an NGF gradient with PKA and PKG modulation (KT5720 was bath applied at 80 nM; Rp-8-CPT-cAMPs was bath applied at 5 pM; 8-Br-cGMP was bath applied at 20 pM). Left =
prior to gradient application; middle = one hour following gradient exposure; right = smoothed traces of each growth cone path. Scale bar =40 um; p: pipette tip, arrow indicates
direction of gradient from the pipette, x- and y-axes on traces are distance (pm). C-D, Summary of the mean turning angles (C) and growth rates (D) of SCG axons in the growth cone
turning assay under different gradient and bath conditions. Error bars = SEM, numbers in brackets = number of assays per condition. *p<0.05, **p<0.01, Kolmogorov-Smirnov test

compared to control.

growing down the gradient, despite originating from a region of lower
NGF concentration (Fig. 3B, C). Taken together, these data suggest that
the lack of cyclic nucleotide-induced switching in shallow gradients
may be a result of SCG axons being guided by growth rate modulation
rather than turning under these conditions.

Dissociation of explants to individual cells does not prevent guidance
switching

The growth cone turning assay and collagen printing assay
systems used above differ in more than simply gradient steepness.
We therefore investigated whether these other differences could
account for the change in switching behavior between the two
systems. First, while the collagen assay measures the response of
neurites originating from explants, our pipette assays described so far
have only used dissociated cells. Dissociation has been reported to
change levels of Trk expression (Genc et al., 2005) and responsiveness
to PKA and PKG (Zheng et al., 2007). We therefore examined whether
switching was also achievable in axons from intact SCG explants

presented under normal pipette assay conditions. We found that
axons originating from explants were switched from attraction in a
steep 10 uM NGF gradient to repulsion by application of KT5720
(Fig. 4). Thus we show there is no difference in ability to undergo
switching between explants and dissociated cells.

Chronic PKA inhibition does not prevent guidance switching

The second difference between the standard growth cone turning
assay and our collagen printing assay is the duration of drug
application. We investigated whether the response changed between
the PKA inhibitor KT5720 being applied acutely, as in the pipette
assays, or chronically, as in the collagen assay. Following the
incubation of explants overnight in the presence of 80 nM KT5720,
growth cones were exposed to steep NGF gradients as for the pipette
assays above. We found no difference between the mean turning
angles of growth cones exposed to acute or chronic KT5720 (p = 0.56,
KS test, Fig. 4), eliminating this as a source of the difference in
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Fig. 2. Modulation of PKA and PKG activity does not switch SCG guidance responses to shallow NGF gradients. A, Schematic of a 35 mm dish in which SCG explants are cultured for
48 hin collagen gel in the presence of a shallow NGF gradient (red). B, Representative SCG explants in a 0.3% gradient of NGF (direction indicated on the left in red) in the presence of
vehicle (DMSO) or 1 pM KT5720. Explants were stained for 3-3 tubulin and imaged from above. Scale bar = 500 pm. C, KT5720 tended to reduce attractive guidance in this assay, but
did not switch attraction to repulsion. Guidance ratio was measured by the number of neurite pixels on the high side of the gradient relative to the center of the explant, minus the
number on the low side, divided by the total number of neurite pixels. Attraction is indicated by positive guidance ratios whereas repulsion is indicated by negative guidance ratios
(n>24 explants per condition). D, High, but not low concentrations of KT5720 significantly reduced neurite outgrowth from SCG explants. Neurite outgrowth was measured by the
ratio of the number of neurite pixels to the number of explant pixels. *p<0.05, **p<0.01, Kolmogorov-Smirnov test compared to vehicle. E, ApoTome (Zeiss) image of a 50 um section
of neurite outgrowth from the side of an SCG explant in the presence of a 0.3% NGF gradient. No visible neurite turning in the direction of the gradient is apparent (gradient direction
indicated on the right in red), consistent with the behavior of DRG explants in shallow gradients (Mortimer et al., 2010). Scale bar = 100 um; dotted line indicates side of explant.
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Fig. 3. SCG neurites in shallow gradients are guided by growth rate modulation. A, Top-view schematic of the zigzag collagen printing assay. SCG explants were cultured in a 3-D
collagen gel in the presence of a 0.3% NGF gradient (red). They were positioned so that half would extend axons down the gradient from a concentration of roughly 0.4 nM NGF
toward a concentration of roughly 0.3 nM NGF (blue), and half would extend axons up a gradient from a concentration of roughly 0.2 nM NGF toward a concentration of roughly
0.3 nM NGF (green). B, Representative SCG explants cultured in a 3-D collagen gel in the presence of a 0.3% NGF gradient stained for 3-3 tubulin. Gradient direction indicated on the
left in red. Dashed yellow line = region of approximately 0.3 nM NGF. Scale bar =500 um. C, Measured outgrowth for the two groups of neurites labeled in (A). Group 2 has
significantly higher outgrowth than group 1 despite being at a slightly lower NGF concentration. This eliminates a trophic effect explanation for the guidance of these explants and
suggests that the neurites may be responding to the gradient by growth rate modulation. n=97-98 per group, averaged over three separate experiments. Error bars = SEM.
*p<0.05, Kolmogorov-Smirnov test.
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Fig. 4. Acute and chronic PKA inhibition switches the turning response of growth cones from SCG explants in steep gradients. A, The standard growth cone turning assay was
modified to culture explants of SCG tissue in liquid media. Individual axons originating from the explant were assayed as per standard growth cone turning assays for dissociated
cells. B, Example images and traces of growth cone trajectories from SCG explants in an NGF gradient with and without PKA modulation. KT5720 was bath applied at 80 nM for either
30 min (acute) or overnight (chronic). Scale bar =40 pm; p: pipette tip, arrow indicates direction of gradient from the pipette, x- and y-axes on traces are distance (um). C, Summary
of the mean turning angles of neurites from SCG explants in the growth cone turning assay in the presence of acute (A) or chronic (C) application of KT5720. Error bars are SEM and

numbers in brackets are number of assays per condition.

switching between the growth cone turning assay and the shallow
gradient collagen assay.

A 3-dimensional matrix does not prevent the ability to undergo guidance
switching

The growth cone turning assay examines the response of axons
growing on a 2D substrate, while the collagen assay examines the
response in a 3D matrix. We therefore employed a hybrid of the two
assays by using a pipette to create a steep gradient in a 3D agarose/
collagen environment, which allowed better visualization of live
neurite growth than a purely collagen environment (see Experimental
methods) (Fig. 5A). Under these conditions, timelapse imaging
demonstrated that KT5720 induced a switch from attraction to
repulsion, comparable to that in the 2D substrate condition (Fig. 5B,
C). Since this hybrid assay is largely similar to the 3D collagen assay
except for gradient steepness, this leaves gradient steepness as the
determining factor controlling whether or not attraction will be
converted to repulsion by varying cyclic nucleotide levels.

Discussion

Axon guidance by gradients is important both for correct develop-
ment of the nervous system, and potentially for aiding repair after
nervous system disease or injury (Yaron and Zheng, 2007). Examination
of growth cone turning mechanisms under acute, steep gradient
conditions in vitro has revealed that cyclic nucleotide levels within the
cell control a switch in guidance responses between attraction and

repulsion (Ming et al., 1997; Song et al.,, 1997, 1998). It is also known
that a developmentally regulated decline in basal cCAMP levels between
embryonic and postnatal CNS tissue is accompanied by a fall in
regenerative capacity (Cai et al, 2001). Thus, several experiments
have manipulated cyclic nucleotide signaling in regenerating axons to
change the way they respond to inhibitory guidance cues to overcome
injury (Neumann et al., 2002; Qiu et al,, 2002; Lu et al., 2004). However,
environmental and gradient conditions can vary considerably depend-
ing on the type, location and extent of neuronal damage. Thus, we
investigated the interaction of gradient parameters with cyclic
nucleotide levels in determining axonal response to gradients.

First, we found that the turning response of SCG growth cones in a
steep NGF gradient was switched from attraction to repulsion by
application of either the PKA inhibitors KT5720 and Rp-8-CPT-cAMPs,
or the PKG activator 8-Br-cGMP. This result is consistent with the
previous understanding of the guidance switching mechanism, which
relied upon Xenopus spinal neurons as a model (Nishiyama et al.,
2003). However, more recently Murray et al. (2009) used high
specificity CAMP analogs in rat DRG axons to show that the attractive
guidance response previously attributed to the actions of PKA may
actually be due to the guanine nucleotide exchange factor Epac
(exchange protein activated by cAMP). The authors also suggested
that the switch to repulsion previously generated by KT5720
application might be due to non-specific inhibition of proteins other
than PKA. While the precise downstream effectors of guidance
switching remain unclear, both paradigms still propose that high
relative cAMP activity leads to attraction and the opposite leads to
repulsion, which is in agreement with our current data.
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Fig. 5. A 3-dimensional environment does not prevent the ability of SCG axons to switch guidance response in steep gradients. A, The standard growth cone turning assay was
modified to culture dissociated SCG cells in a thin layer of agarose/collagen gel overlaid with liquid media. The pipette was positioned with the tip on the surface of the gel and only
axons to a depth of 50 pm from the surface were assayed. This arrangement was optimal for reproducibly generating gradients similar to the standard 2D assay as visualized by
fluorescently labeled dextran. B, Example images and traces of growth cone trajectories from SCG axons growing through a 3-D agarose/collagen matrix in an NGF gradient with and
without PKA modulation (KT5720 was bath applied to the liquid overlay at 80 nM). Scale bar =40 um; p: pipette tip, arrow indicates direction of gradient from the pipette, x- and y-
axes on traces are distance (um). C, Summary of the mean turning angles of neurites from SCG explants in the 3-D growth cone turning assay in the absence or presence of KT5720.
Error bars are SEM and numbers in brackets are number of assays per condition. *p<0.05, **p<0.01, Kolmogorov-Smirnov test compared to control.

Previous attempts to investigate cyclic nucleotide-dependent switch-
ing in a biologically more realistic, 3-dimensional in vitro assay revealed
that the situation was more complicated than first thought. Moore and
Kennedy (2006) discovered that embryonic commissural spinal axons
exposed to a gradient of netrin-1 were not switched from attraction to
repulsion by application of KT5720 in their cultures. Our present results
may help to explain the differences between this observation and data
from previous growth cone turning assays (Ming et al., 1997; Song et al.,
1997, 1998). For the first time, we have directly compared the switching
response of the same axons under both steep gradients in 2D and 3D
environments, and shallow gradients in a 3D environment.

Consistent with the observations of Moore and Kennedy (2006),
we found that no switching of the guidance response of mammalian
axons occurred under shallow gradient conditions. Similarly, we also
found that cyclic nucleotide-dependent signaling altered the sensi-
tivity of the guidance response in our shallow gradient assays. While
guidance can be achieved in shallow gradients without biased growth
cone turning (Mortimer et al., 2010), guidance switching has
previously only been shown in growth cones turning in the presence
of steep gradients. Although we cannot rule out other factors in the
embryonic spinal cord cultures of Moore and Kennedy (2006)
affecting the guidance response, we suggest that the lack of observed
guidance switching was a result of these axons predominantly
responding by growth rate modulation to shallow gradients.

To control for the different timescales of our two steep gradient
assays versus our shallow gradient assay is fundamentally impractical.
The response of axons to a 0.3% gradient for only one hour would be
immeasurably small given the inherently large variability in axon
growth rates. Conversely for a long-term assay with 10% gradient
steepness, SCG axons would enter biologically unrealistic concentra-
tions within just a few hours. However, any time-dependent difference
in response with altered cyclic nucleotide levels would be revealed in
the trajectories of axons in our long-term assay, and we saw no

indication of this (Fig. 2E). We have controlled for differences in the
chronic application of drug, dissociation of the tissue, and a 2- versus 3-
dimensional environment and found that none of these issues affects
the ability of SCG growth cones to undergo guidance switching by
KT5720 application (Figs. 4, 5). We therefore conclude that the different
responses must be attributed to the differences in gradient steepness
between the growth cone turning assay and the explant printing assay.

We recently argued that axons guided by shallow gradients
respond by altering their rate of growth, while those guided by steep
gradients respond by biased growth cone turning (Mortimer et al.,
2010). While cAMP is a potent second messenger that has been shown
to be involved in the acute turning response of axons to steep
gradients, we have shown here that it does not play the same role in
the guidance of axons by growth rate modulation in shallow
gradients. Growth rate modulation is therefore not subject to
switching by cyclic nucleotide modulation. While previous work has
noted there may be different strategies used by growth cones under
different gradient conditions (Isbister et al., 2003; Mortimer et al.,
2010), this is the first time a molecular mechanism unique to guidance
in steep gradients but not shallow gradients has been demonstrated.
This suggests that axonal responses to gradients and related
modulatory cues could vary significantly as they travel through
regions of varying gradient steepness and concentration. Understand-
ing more about such potential differences is crucial for deciphering
the many complex guidance events that occur during development
and regeneration.

Experimental methods
Cell culture for steep gradient assays

SCGs were isolated by microdissection from P1 to P3 Wistar rat
pups as per Higgins et al. (1991). For the studies involving dissociated
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cells, the SCGs were then cut into thirds, incubated in 0.25% trypsin
(GIBCO, Melbourne, Australia) at 37 °C for 15 min, and then triturated
through flamed-polished Pasteur pipettes for 10 min to dissociate
individual cells. The cells were plated in Opti-MEM solution (GIBCO)
containing 10 pg/ml natural mouse laminin (Invitrogen, Melbourne,
Australia) and 0.5nM NGF (2.5S mouse NGF; GroPep, Adelaide,
Australia) and incubated overnight at 37 °C on 35 mm Petri dishes. For
the assays of growth cones of SCG explants, the whole SCGs were
transferred to Petri dishes containing Opti-MEM with 10 pug/ml
laminin and 0.5 nM NGF. The SCGs were then cut into about 6 equal
size pieces, approximately 500 um in diameter, and incubated
overnight at 37 °C.

Production of steep gradients on a 2-dimensional substrate

30 min prior to the onset of the assays, the growth medium was
exchanged for a prewarmed assay medium (50% Opti-MEM and 50%
RPMI supplemented with 0.5 mM L-glutamine (BioWhittaker Inc.,
Walkersville, MD)). KT5720 (Alexis Biochemicals, San Diego, CA), Rp-
8-CPT-cAMPs and 8-Br-cGMP (BioLog, Bremen, Germany) were added
to the prewarmed assay medium when appropriate. The growth cone
turning assays were carried out at 37 °C on a Fryer heated microscope
stage (Fryer Co., Huntley, IL). Growth cones with a straight trailing
axon of more than 20 um were selected for the assay. Steep gradients
of 10-15% change in concentration across 10 um were generated
using the pulsatile ejection method reported previously by Lohof et al.
(1992) (see also Pujic et al., 2008). 70 kDa dextran labeled with
fluorescent tetramethylrhodamine (Molecular Probes Inc., Mel-
bourne, Australia) was added to the pipette solution to monitor the
chemical gradient produced.

Production of steep gradients in a 3D substrate

SCG cells were dissociated as above and resuspended in a mixture
of Opti-MEM with agarose with (1.5% w/v), collagen (90 pg/ml),
laminin (20 pg/ml), and NGF (0.5 nM). 100 pl of this was plated onto
glass-bottom culture dishes and allowed to set into a 3-dimensional
gel at 4 °C. A liquid overlay containing Opti-MEM and 0.5 nM NGF was
then added and the cells were incubated overnight at 37 °C. Axons
growing straight for greater than 50 pm roughly parallel to the bottom
of the plate, between 15 and 50 um below the surface of the gel, were
chosen for 3D growth cone turning assays. The pipette was then
positioned with the tip resting on the surface of the gel for the
duration of the assay. Where applicable, KT5720 was bath-applied to
the liquid overlay 30 min prior to gradient application. Movies were
analyzed in 2D as described above.

Measurement of neurite extension and growth cone turning in steep
gradient assays

Images of the growing axon were taken using the 20x objective of
a Nikon Eclipse TE200 inverted microscope (Nikon Corporation,
Tokyo, Japan) at 60 s intervals for 1 h using a Q-Imaging camera and
Q-Capture Pro software (Quantitative Imaging Inc., Surrey, Canada).
The trace of each axon, its turning angle and distance of neurite
outgrowth were calculated using Matlab. The pipette location, initial
direction of growth and center of the growth cone were manually
identified in the first frame of the movie, after which the center of the
growth cone was manually located in each subsequent frame. The
turning angle was defined as the angle between the original direction
of growth and the average position of the growth cone in the last 5
frames in the trace. The cumulative distributions of turning angles for
each condition were statistically compared using a nonparametric test
of significance, the two-sample Kolmogorov-Smirnov (KS) test. All
statistical analyses were two-tailed. Only growth cones with more

than 15 pm of net growth over the period of the assay were included
in the analysis.

Production of shallow gradients in a 3D substrate

SCG explants were cut into thirds and six of these were embedded in
a 35 mm Petri dish in a gel containing Opti-MEM and 0.2% collagen [ (w/
v) (BD Bioscience, Sydney, Australia). A gradient of NGF of steepness
0.3% change in concentration per 10 um was generated with 0.3 nM NGF
at the center of the explants using the printing assay of Mortimer et al.
(2009). Briefly, a GeSim nanoplotter was used to print 12 lines of NGF
1 mm apart in decreasing concentrations perpendicular to the line of
explants. A smooth gradient is established by diffusion within 1 h and is
relatively stable for up to 48 h (Rosoff et al., 2004).

Analysis of neurite growth from explants in shallow gradients

After a 48 hour growth at 37 °C, tissue was fixed and neurites were
stained for neuronal 33-tubulin. Explants were photographed with an
AxioCam HRm (Zeiss) camera on a Zeiss Imager Z1 fluorescence
microscope. The response to the NGF gradient was assessed using the
“Guidance Ratio”, given by the number of neurite pixels on the high side
of the gradient relative to the center of the explant, minus the number on
the low side, divided by the total number of neurite pixels. Outgrowth
was measured by the ratio of the total number of neurite pixels to the
number of explant pixels (for further details see Rosoff et al., 2004;
Mortimer et al., 2009). A slight negative offset consistent over the plateau
experiments was subtracted from the measured guidance ratio in the
gradient conditions. Where appropriate, the drugs were added to the
collagen solution prior to gelling.

Acknowledgments

We thank Timothy Vaughan for developing the software for
analysis of neurite trajectories. Funding comes from the Australian
Research Council (Discovery Grant DP0666126), and the Australian
National Health and Medical Research Council (Project Grants
456003, 631532, Principal Research Fellowship to LJR).

References

Cai, D., Qiu, J., Cao, Z., McAtee, M., Bregman, B.S., Filbin, M.T., 2001. Neuronal cyclic AMP
controls the developmental loss in ability of axons to regenerate. J. Neurosci. 21,
4731-4739.

Chilton, J.K., 2006. Molecular mechanisms of axon guidance. Dev. Biol. 292, 13-24.

Dickson, B.J., 2002. Molecular mechanisms of axon guidance. Science 298, 1959-1964.

Flanagan, J.G., 2006. Neural map specification by gradients. Curr. Opin. Neurobiol. 16,
59-66.

Geng, B., Ulupinar, E., Erzurumluy, R.S., 2005. Differential Trk expression in explant and
dissociated trigeminal ganglion cell cultures. J. Neurobiol. 64, 145-156.

Gomez, T.M., Zheng, ].Q., 2006. The molecular basis for calcium-dependent axon
pathfinding. Nat. Rev. Neurosci. 7, 115-125.

Goodhill, G.J., 1997. Diffusion in axon guidance. Eur. J. Neurosci. 9, 1414-1421.

Guan, K.L, Rao, Y., 2003. Signalling mechanisms mediating neuronal responses to
guidance cues. Nat. Rev. Neurosci. 4, 941-956.

Higgins, D., Lein, P.J., Osterhout, D.J., Johnson, M.L, 1991. Tissue culture of mammalian
autonomic neurons. In: Banker, G., Goslin, K. (Eds.), Culturing Nerve Cells. MIT
Press, Cambridge, MA, pp. 177-205.

Hong, K. Nishiyama, M., 2010. From guidance signals to movement: signaling
molecules governing growth cone turning. Neuroscientist 16, 65-78.

Huber, A.B., Kolodkin, A.L., Ginty, D.D., Cloutier, J.F., 2003. Signaling at the growth cone:
ligand-receptor complexes and the control of axon growth and guidance. Annu.
Rev. Neurosci. 26, 509-563.

Isbister, C.M., Mackenzie, PJ, To, K.C, O'Connor, T.P. 2003. Gradient steepness
influences the pathfinding decisions of neuronal growth cones in vivo. ]. Neurosci.
23, 193-202.

Kennedy, T.E., Wang, H., Marshall, W., Tessier-Lavigne, M., 2006. Axon guidance by
diffusible chemoattractants: a gradient of netrin protein in the developing spinal
cord. ]. Neurosci. 26, 8866-8874.

Lohof, A.M., Quillan, M., Dan, Y., Poo, M.M., 1992. Asymmetric modulation of cytosolic
cAMP activity induces growth cone turning. J. Neurosci. 12, 1253-1261.

Lu, P., Yang, H,, Jones, L.L,, Filbin, M.T., Tuszynski, M.H., 2004. Combinatorial therapy
with neurotrophins and cAMP promotes axonal regeneration beyond sites of spinal
cord injury. J. Neurosci. 24, 6402-6409.



52 A.W. Thompson et al. / Molecular and Cellular Neuroscience 47 (2011) 45-52

Mai, J., Fok, L., Gao, H., Zhang, X., Poo, M.M., 2009. Axon initiation and growth cone
turning on bound protein gradients. J. Neurosci. 29, 7450-7458.

Ming, G.L, Song, HJ., Berninger, B., Holt, C.E., Tessier-Lavigne, M., Poo, M.M., 1997.
cAMP-dependent growth cone guidance by netrin-1. Neuron 19, 1225-1235.
Moore, S.W., Kennedy, T.E., 2006. Protein kinase A regulates the sensitivity of spinal
commissural axon turning to netrin-1 but does not switch between chemoattrac-

tion and chemorepulsion. J. Neurosci. 26, 2419-2423.

Mortimer, D., Fothergill, T., Pujic, Z., Richards, L]J., Goodhill, GJ., 2008. Growth cone
chemotaxis. Trends Neurosci. 31, 90-98.

Mortimer, D., Feldner, J., Vaughan, T., Vetter, L, Pujic, Z., Rosoff, W.]., Burrage, K., Dayan,
P., Richards, LJ., Goodhill, G.J., 2009. A Bayesian model predicts the response of
axons to molecular gradients. Proc. Natl. Acad. Sci. U. S. A. 106, 10296-10301.

Mortimer, D., Pujic, Z., Vaughan, T., Thompson, AW., Feldner, J., Vetter, 1., Goodhill, GJ.,
2010. Axon guidance by growth-rate modulation. Proc. Natl. Acad. Sci. U. S. A. 107,
5202-5207.

Mueller, B.K., 1999. Growth cone guidance: first steps towards a deeper understanding.
Annu. Rev. Neurosci. 22, 351-388.

Murray, AJ., Tucker, SJ., Shewan, D.A., 2009. cAMP-dependent axon guidance is
distinctly regulated by Epac and protein kinase A. ]. Neurosci. 29, 15434-15444.

Neumann, S., Bradke, F., Tessier-Lavigne, M., Basbaum, A.l, 2002. Regeneration of
sensory axons within the injured spinal cord induced by intraganglionic cAMP
elevation. Neuron 34, 885-893.

Nishiyama, M., Hoshino, A., Tsai, L., Henley, J.R., Goshima, Y., Tessier-Lavigne, M., Poo, M.
M., Hong, K., 2003. Cyclic AMP/GMP-dependent modulation of Ca2+ channels sets
the polarity of nerve growth-cone turning. Nature 423, 990-995.

O'Donnell, M., Chance, R.K., Bashaw, G.J., 2009. Axon growth and guidance: receptor
regulation and signal transduction. Annu. Rev. Neurosci. 32, 383-412.

Ohta, H., Nishizuka, M., Arai, Y., Saito, H., 1990. Effect of nerve growth factor (NGF) on
survival of superior cervical ganglion (SCG) transplanted into the third ventricle in
rats. Jpn J. Pharmacol. 53, 11-18.

Plachez, C., Richards, LJ., 2005. Mechanisms of axon guidance in the developing
nervous system. Curr. Top. Dev. Biol. 69, 267-346.

Pujic, Z., Giacomantonio, C.E., Unni, D., Rosoff, W.J., Goodhill, G.J., 2008. Analysis of the
growth cone turning assay for studying axon guidance. ]. Neurosci. Methods 170,
220-228.

Qiu, J., Cai, D., Dai, H., McAtee, M., Hoffman, P.N., Bregman, B.S., Filbin, M.T., 2002. Spinal
axon regeneration induced by elevation of cyclic AMP. Neuron 34, 895-903.

Rosoff, WJ., Urbach, J.S., Esrick, M.A., McAllister, R.G., Richards, L.J., Goodhill, G.J., 2004.
A new chemotaxis assay shows the extreme sensitivity of axons to molecular
gradients. Nat. Neurosci. 7, 678-682.

Rosoff, W.J., McAllister, R., Esrick, M.A., Goodhill, G.J., Urbach, ].S., 2005. Generating
controlled molecular gradients in 3D gels. Biotechnol. Bioeng. 91, 754-759.

Song, HJ., Poo, M.M., 1999. Signal transduction underlying growth cone guidance by
diffusible factors. Curr. Opin. Neurobiol. 9, 355-363.

Song, H., Poo, M., 2001. The cell biology of neuronal navigation. Nat. Cell Biol. 3, E81-E88.

Song, H.J., Ming, G.L., Poo, M.M., 1997. cAMP-induced switching in turning direction of
nerve growth cones. Nature 388, 275-279.

Song, H., Ming, G., He, Z., Lehmann, M., McKerracher, L., Tessier-Lavigne, M., Poo, M.,
1998. Conversion of neuronal growth cone responses from repulsion to attraction
by cyclic nucleotides. Science 281, 1515-1518.

Tessier-Lavigne, M., Goodman, C.S., 1996. The molecular biology of axon guidance.
Science 274, 1123-1133.

Tojima, T., Itofusa, R., Kamiguchi, H., 2009. The nitric oxide-cGMP pathway controls the
directional polarity of growth cone guidance via modulating cytosolic Ca2+
signals. J. Neurosci. 29, 7886-7897.

Wen, Z., Guirland, C., Ming, G.L., Zheng, J.Q., 2004. A CaMKIl/calcineurin switch
controls the direction of Ca(2+ )-dependent growth cone guidance. Neuron 43,
835-846.

Wetmore, C., Olson, L., 1995. Neuronal and nonneuronal expression of neurotrophins
and their receptors in sensory and sympathetic ganglia suggest new intercellular
trophic interactions. J. Comp. Neurol. 353, 143-159.

Yaron, A., Zheng, B., 2007. Navigating their way to the clinic: emerging roles for axon
guidance molecules in neurological disorders and injury. Dev. Neurobiol. 67,
1216-1231.

Yu, T.W., Bargmann, C.I, 2001. Dynamic regulation of axon guidance. Nat. Neurosci. 4
(Suppl), 1169-1176.

Yu, LM., Miller, F.D., Shoichet, M.S., 2010. The use of immobilized neurotrophins to
support neuron survival and guide nerve fiber growth in compartmentalized
chambers. Biomaterials 31, 6987-6999.

Zheng, ].Q., Poo, M.M., 2007. Calcium signaling in neuronal motility. Annu. Rev. Cell Dev.
Biol. 23, 375-404.

Zheng, ].H., Walters, E.T., Song, X]., 2007. Dissociation of dorsal root ganglion neurons
induces hyperexcitability that is maintained by increased responsiveness to cAMP
and cGMP. ]. Neurophysiol. 97, 15-25.



	Cyclic nucleotide-dependent switching of mammalian axon guidance depends on gradient steepness
	Introduction
	Results
	Modulation of PKA and PKG activity switches SCG responses to steep NGF gradients
	Modulation of PKA activity does not switch SCG responses in shallow NGF gradients
	Neurites in shallow gradients are guided by growth rate modulation
	Dissociation of explants to individual cells does not prevent guidance switching
	Chronic PKA inhibition does not prevent guidance switching
	A 3-dimensional matrix does not prevent the ability to undergo guidance switching

	Discussion
	Experimental methods
	Cell culture for steep gradient assays
	Production of steep gradients on a 2-dimensional substrate
	Production of steep gradients in a 3D substrate
	Measurement of neurite extension and growth cone turning in steep gradient assays
	Production of shallow gradients in a 3D substrate
	Analysis of neurite growth from explants in shallow gradients

	Acknowledgments
	References


