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Ca’" Influx through Mechanosensitive Channels Inhibits
Neurite Outgrowth in Opposition to Other Influx Pathways
and Release from Intracellular Stores
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Ca”" signals are known to be important regulators of neurite outgrowth and steering. Here we show that inhibiting Ca*" influx through
stretch-activated channels using various compounds, including a highly specific peptide isolated from Grammostola spatulata spider
venom (GsMTx4), strongly accelerates the rate of neurite extension on diverse substrata and within the intact spinal cord. Consistent with
the presence of stretch-activated channels, we show that Ca*" influx is triggered by hypotonic solutions, which can be partially blocked
by GsMTx4. Finally, chelatinglocal, but not global, Ca** signals prevents the acceleration that is normally produced by GsMTx4. Blocking
Ca”" influx through other channel types has little or opposite effects, but release from intracellular stores is required for maximal
acceleration. Together, our data suggest that Ca®™ functions at distinct microdomains in growth cones, with influx through mechano-
sensitive channels acting to inhibit outgrowth in opposition to influx through other plasma membrane channels and release from stores.
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Introduction

Many axon guidance cues regulate growth cone motility by trig-
gering changes in intracellular Ca** concentration ([Ca**];) (for
review, see Gomez and Zheng, 2006). Although studies of Ca*™
signaling have described multiple outcomes attributable to the
amplitude, frequency, or localization of Ca*™ signals, the impor-
tance of the source of Ca®" entry in the regulation of outgrowth
is less clear. Coupling the site of Ca** entry with particular Ca**
sensors is believed to provide some specificity for the diverse
effects of Ca®" on neuronal functions (Augustine et al., 2003).
Ca** nanodomains (single channel) and microdomains (cluster
of channels) are sites of Ca™ entry that selectively activate Ca*™
effectors associated with the channel(s). However, the restricted
spatial spread and short duration of some local Ca®" signals
makes them difficult to detect by standard fluorescence imaging
techniques. Therefore, indirect approaches, such as the differen-
tial sensitivity to Ca*>* chelators BAPTA and EGTA, have been
successfully used to infer local Ca®" functions in synapses (Adler
etal, 1991) and growth cones (Archer et al., 1999).

Ca’" influx into growth cones occurs through voltage-
operated and ligand-gated Ca*>* channels, as well as through
several nontraditional Ca>* channel types (Calabrese et al., 1999;
Li et al., 2005; Shim et al., 2005; Wang and Poo, 2005). One
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particular channel type that is poorly understood in neurons is
plasma membrane stretch-activated channels (SACs) (Sukharev
and Anishkin, 2004; Kung, 2005). A role for SACs in the regula-
tion of cell motility has been suggested in fish keratinocytes (Lee
et al., 1999; Doyle et al., 2004; Doyle and Lee, 2005) and fibro-
blasts (Munevar et al., 2004). Although less well studied, Ca**
influx through SACs has been suggested to negatively regulate
axon outgrowth of leech neurons (Calabrese et al., 1999). How-
ever, the lack of specific blockers has made the study of SACs
difficult. An important advance in the study of SACs came with
the discovery and purification of a peptide from the tarantula
Grammostola spatulata (GsMTx4), which appears to block SACs
selectively (Suchyna et al., 2000, 2004).

Although Ca*" influx through plasma membrane channels
has diverse effects on growth cone motility (Mattson and Kater,
1987; Zheng et al., 1994), Ca”™ release from intracellular stores
appears to promote outgrowth. For example, globally blocking
Ca*™ release from IP, receptors reduces the rate of neurite elon-
gation (Takei etal., 1998), whereas locally inhibiting (Hong et al.,
2000; Xiang et al., 2002) or activating (Li et al., 2005) release
promotes repulsive or attractive turning, respectively. Addition-
ally, Ca*" release through type 3 ryanodine receptors appears to
support positive growth cone turning responses (Ooashi et al.,
2005). Although growth-promoting effects have been attributed
specifically to Ca*™ release from channels on intracellular stores,
distinct effects of Ca®" influx through different plasma mem-
brane channels on neurite outgrowth have not been described.

In this study, we show that Ca*" influx and release differen-
tially regulate neurite outgrowth. We find that blockers of SACs
dramatically accelerate axon extension both in vitro and in vivo,
suggesting that influx through SACs normally suppresses out-
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growth. Maximal acceleration of neurite outgrowth by SAC
blockers requires Ca** influx through other plasma membrane
channels and release from intracellular stores, suggesting that
these Ca*" signaling pathways support outgrowth. Moreover,
the ability of GsMTx4 to stimulate neurite extension is prevented
by fast, but not slow, Ca*>* chelators. Together, these results sug-
gest that multiple functional Ca** signals, including influx
through SACs and release from intracellular stores, operate
within distinct nanodomains or microdomains to inhibit or pro-
mote neurite outgrowth.

Materials and Methods

Xenopus spinal cord explant cultures. Spinal cords were dissected from
stage 22-25 Xenopus embryos, and explants were plated on acid-washed
glass coverslips coated with 10 pg/ml fibronectin (FN) (Sigma, St. Louis,
MO) or laminin (LN) (Sigma) or 100 ug/ml poly-p-lysine (PDL)
(Sigma) as described previously (Gomez et al., 2003). Cultures were im-
aged 16-24 h after plating. Mounting explant cultures in perfusion
chambers as described previously (Gomez et al., 2003) allowed for rapid
exchange of solutions.

In vitro imaging and analysis. The rate of axon outgrowth was analyzed
from phase-contrast time-lapse images collected with a Zeiss (Thorn-
wood, NY) Axiovert microscope and a 20X objective. Images were cap-
tured with a Coolsnap HQ digital camera (Roper Scientific, Trenton, NJ)
at 1 min intervals for at least 15 min in control solution and an additional
30 min after experimental manipulations. MetaMorph software (Univer-
sal Imaging Corporation, Sunnyvale, CA) was used for acquisition and
analysis. Ca®" influx and release pathways were inhibited using genta-
micin (Sigma), gadolinium (Gd>") (Sigma), ruthenium red (Tocris Bio-
science, Ellisville, MO), 2-aminoethoxy-diphenylborate (2APB) (Cal-
biochem, La Jolla, CA), thapsigargin (Biomol, Plymouth Meeting, PA),
ryanodine (Calbiochem), and GsMTx4. The linear peptide GsMTx4 was
chemically synthesized (SynPep, Dublin, CA). Folding was achieved as
described previously (Ostrow et al., 2003). Purity was assessed by analyt-
ical reverse-phase HPLC and mass spectrometry and was generally
>98%. To chelate intracellular Ca>*, BAPTA-AM and EGTA-AM (Cal-
biochem) were loaded for 1 h before imaging. Statistical significance was
determined with either Student’s or Mann—Whitney ¢ tests by InStat
software (GraphPad Software, San Diego, CA), with variance reported as
*SEM.

In vivo imaging. For fluorescence imaging of neurons in vivo, 0.85 ng
of in vitro transcribed, capped green fluorescent protein (GFP) mRNA
(mMessage Machine; Ambion, Austin, TX) was injected into one blas-
tomere of eight-cell stage embryos. Stage 22-24 embryos were pinned
laterally onto a Sylgard dish and dissected in ~1 mg/ml collagenase B in
modified Ringer’s (MR) solution. The skin and somites were removed
from one side of the embryo to expose the spinal cord. Dissected embryos
were rinsed extensively with MR solution before imaging. To reduce
solution volume, a glass ring was sealed with vacuum grease around the
pinned embryo. GFP fluorescence images were collected at 15 s intervals
with a 20X water objective on an Olympus (Tokyo, Japan) Fluoview 500
laser-scanning confocal system. After a 15 min control period, GsMTx4
was applied to a final concentration of 5 um. MetaMorph software was
used for analysis.

Isotonic and hypotonic solutions. Normal MR solution containing (in
mwm) 100 NaCl, 2 KCl, 2 CaCl,, 1 MgCl,, and 5 HEPES was modified to
create isotonic and hypotonic solutions. For isotonic MR solution, NaCl
was reduced to 50 mm and 100 mMm p-mannitol was added, whereas
hypotonic MR solution was identical to the isotonic solution except
D-mannitol was omitted. Osmolality of the solutions was determined
with an Advanced Osmometer (model 3D3; Advanced Instruments,
Norwood, MA) using the freezing-point method. The osmolality of iso-
tonic solution was 219.7 * 0.6 mOsm/kg and hypotonic solution was
119.0 = 0 mOsm/kg (averages of three readings), creating a 46% hypo-
tonic solution. The pH of all solutions was adjusted to 7.6.

Ca®" imaging and analysis. To examine intracellular Ca*" concentra-
tion during osmotic changes, neurons were loaded with cell-permeant
fura-2 AM (2.5 um; Invitrogen, Carlsbad, CA) for 15-30 min. Fluores-
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cent images excited at 340 and 380 nm were captured at 30 s intervals with
a 40X Fluorite objective (numerical aperture, 1.4) on a Zeiss Axiovert
microscope. MetaFluor software was used for image acquisition and
analysis. Ratio measurements were made from background-subtracted
images using cell-free regions as background. Measurements of baseline
Ca’"* changes were made with fura-2 AM loaded as above or FFP-18
(fura-piperazine-C,,H,5) AM (2.5 um; TEF Labs, Austin, TX) loaded for
2 h. To measure Ca®" release from intracellular stores, neurons were
loaded with cell-permeant Fluo-4 AM (2.0 um; Invitrogen) in 0.01%
pluronic acid for 45 min. Images were collected at 5 s intervals with a 60X
PlanApo objective (numerical aperture, 1.45) on an Olympus Optical
Fluoview 500 laser-scanning confocal mounted on an AX-70 upright
microscope.  m-3M3FBS  [2,4,6-trimethyl-N-(m-3-trifluoromethyl-
phenyl)benzenesulfonamide] (Calbiochem) was added to activate phos-
pholipase C (PLC). Ca*" elevations were regarded as significant if the
average Fluo-4 intensity increased =10% over baseline (2 SDs above
noise) after addition of PLC activator. Fluoview software was used for
image acquisition and analysis. The average rate increase over pretreat-
ment rate was used to calculate the half-maximally effective dose of
GsMTx4 using Prism 4 software (GraphPad Software). Statistical signif-
icance was determined with either Student’s or Mann—Whitney # tests
using InStat software (GraphPad Software) with variance reported as
+SEM.

Results

Reducing Ca** influx through SACs accelerates

neurite outgrowth

To assess how Ca** influx pathways regulate neurite outgrowth,
we blocked Ca** influx by several specific and nonspecific means
and observed the acute effects on growth cone motility using
time-lapse microscopy. Consistent with previous reports (Holli-
day et al,, 1991; Gu and Spitzer, 1995), blocking or reducing all
Ca’” influx through plasma membrane channels by eliminating
or significantly lowering extracellular Ca*" concentration led to
an immediate twofold acceleration in the rate of neurite out-
growth (199.6 = 17.4 and 187.0 = 26.2% of control growth rate
for elimination or reduction of extracellular Ca**; n = 67 and 29,
respectively) (Fig. 1a). Similarly, blocking influx with Gd’™, a
general Ca?™" channel blocker, causes a comparable increase in
neurite extension rate (184.8 = 25.0% of control growth rate; n =
49) (Fig. 1a). Because Gd>* potently blocks SACs (Hamill and
McBride, 1996), we tested gentamicin, another blocker of mech-
anosensitive channels. Gentamicin is typically present in our cul-
ture media at a concentration of 100 M as an antibiotic. There-
fore, to test whether gentamicin influenced the rate of neurite
extension, we doubled the normal concentration of gentamicin
to 200 uMm. We found that addition of two times gentamicin
increased neurite growth rates similar to 0 Ca** and Gd>*
(190.2 = 33.2% of control growth rate; n = 31) (Fig. 1a). Con-
sistent with gentamicin acting as a Ca*™ influx blocker, we found
that removing all aminoglycoside antibiotics (gentamicin and
streptomycin) from cultured neurons led to an immediate in-
crease in spontaneous Ca>" transient activity in growth cones
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Because gentamicin may also have nonselective
effects on Ca*" influx (Hamill and McBride, 1996), we obtained
a highly selective peptide blocker of SACs isolated from Gram-
mostola spatulata spider venom (GsMTx4) (Suchyna et al., 2000,
2004). Interestingly, addition of GsMTx4 to cultured neurons
resulted in significantly greater acceleration of neurite extension
compared with all other influx blockers tested (Fig. 1a) (supple-
mental video 1, available at www.jneurosci.org as supplemental
material). Although less selective manipulations of Ca** influx
caused an approximate doubling in average extension rate, neu-
rites exposed to GsMTx4 grew on average 3.5 times faster than
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their pretreatment growth rates (349.1 =
19.3% of control growth rate; n = 101)
(Fig. la). After a brief delay, accelerated
outgrowth was partially reversed on pep-
tide washout (Fig. 1¢). Together, these re-
sults suggest that the GsMTx4 peptide se-
lectively blocks an open channel that slows
axon outgrowth when active. Moreover,
because less selective treatments are signif-
icantly less effective in stimulating neurite
extension than GsMTx4, itappears that in-
flux through some plasma membrane
channels may normally support out-
growth. These results also indicate that
these different channel types are normally
highly active on growth cones extending
on FN in culture.

In addition to testing blockers of SACs,
we also tested blockers of transient recep-
tor potential (TRP) channels because
some of these channels are known to be
mechanosensitive (Lin and Corey, 2005).
Ruthenium red, which blocks TRPV (TRP
vanilloid receptor) channels (Watanabe et
al., 2002; Patapoutian et al., 2003), stimu-
lated neurite extension similarly to less se-
lective treatments and significantly less
than GsMTx4 (246.0 * 20.6% of control
growth rate; n = 44) (Fig. 1a). Although
ruthenium red is known to block ryano-
dine receptors, it is not cell permeant, so
the effects of bath application should be
limited to plasma membrane channels
(Tani and Ametani, 1971; Korte and
Rosenbluth, 1982). Conversely, SKF-
96365 [1-2-(4-methoxyphenyl)-2-[3-(4-
methoxyphenyl)propoxy]ethyl-1 H-imi-
dazole] significantly slowed neurite
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Figure 1. Reducing Ca®" influx through SACs increases neurite growth rates. a, Change in the average rate of neurite out-
growth during the 15 min period after various Ca® " influx manipulations. Ca%* influx was eliminated or reduced with 0 or low
extracellular Ca™ or blocked using Gd** (100 m), gentamicin (200 wm), GsMTx4 (5 wum), ruthenium red (1 m), a mixture of
blockers for voltage-operated Ca* channels (1 wm w-conotoxin, 100 nw nifedipine, 50 wum NiCl, and 60 nm ew-agatoxin), (d**
(50 jum), and SKF-96365 (3 um). Each condition was normalized to the 15 min period preceding exposure to Ca®* changes or
blockers. Unless specified, each condition was presented in 1>X MR solution (with 2 mm Ca®™ and 100 wm gentamicin). b,
Representative images of an individual Xenopus spinal neuron axon at 15 min intervals before and after application of GsMTx4.
Scale bar, 10 wm. ¢, The length of axons over a 60 min observation period before treatment (white shading), in the presence of 5
M GsMTx4 (light shading), and after peptide washout (dark shading). For this graph, analysis was limited to responsive neurons
(increased growth rate by at least 200%; n = 10 neurites). The average rates of outgrowth (micrometer per minute) during each
period are shown above the corresponding graph. Similar results were found for all neurites tested (before treatment, 0.25 == 0.04
em/min; GsMTx4, 0.73 == 0.05 pem/min; washout, 0.42 = 0.05 wm/min; n = 67). d, Average rates of outgrowth 15 min before
and after addition of GsMTx4 to neurons growing on different substrata. Blocking SACs with GsMTx4 significantly accelerates
outgrowth on FN, LN, and glass but not on PDL. All averages are reported ==SEM. *p << 0.05; **p << 0.001. n = 22 for all
conditions.

outgrowth on FN (26.5 = 21.6% of con-
trol growth rate; n = 36) (Fig. 1a). Al-
though SKF-96365 has nonspecific effects on other channel types
(Merritt et al., 1990; Schwarz et al., 1994), it has been used exten-
sively in the study of TRPC (classical TRP) channels (Li et al.,
1999, 2005; Kim et al., 2003; Shim et al., 2005; Wang and Poo,
2005). These results suggest that growth cones express multiple
TRP channels that may have opposing effects on neurite exten-
sion. Finally, whereas a mixture of voltage-operated Ca®" chan-
nel (VOCC) blockers had no significant effect on neurite growth
rate (126.6 = 18.3% of control growth rate; n = 58) (Fig. la),
Cd?", a general channel blocker, inhibited neurite outgrowth
(41.3 = 14.9% of control growth rate; n = 22) (Fig. 1a). Together,
these results suggest that different Ca*>* influx pathways have
opposing effects on neurite extension. Acceleration of outgrowth
in response to Gd>*, gentamicin, and GsMTx4 implicates SACs
in the inhibition of outgrowth, whereas channels blocked by SKE-
96365 and Cd*" appear to promote outgrowth.

GsMTx4 stimulates neurite outgrowth over diverse substrata
in vitro and in the intact spinal cord

Blocking SACs immediately accelerates axon extension by neu-
rons on the extracellular matrix protein FN, suggesting that SACs
are constitutively active on growth cones on this substratum. To
test whether SACs modulate outgrowth on other substrata, we

tested the effects of GsMTx4 on the rate of neurite outgrowth by
neurons extending on different substrata. On laminin, another
potent growth-promoting extracellular matrix protein, GsMTx4
enhances neurite extension but to a lesser degree than FN because
of higher baseline rate of outgrowth on LN (216.3 = 21.4% of
control growth rate; n = 29) (Fig. 1d). To determine whether this
is an integrin-dependent process, we tested the effects of GsMTx4
on neurons cultured on PDL and glass. Whereas GsMTx4 does
not increase the rate of outgrowth on PDL, blocking SACs does
accelerate neurite extension on glass. These results suggest that
active SACs limit neurite extension on several unrelated substrata
and that channel activity does not depend on integrin engage-
ment (although the degree of SAC activity could be modulated by
the substrata). It is not clear whether SACs are inactive on neu-
rites extending on PDL or whether blocking these channels can-
not be converted into increased growth rates. Because the
growth-promoting effect of GsMTx4 is most significant on FN,
we chose to focus on this substratum for the remaining in vitro
experiments.

To determine whether SACs also limit axon extension in vivo,
we imaged GFP-labeled neurons in the developing Xenopus
spinal cord (Fig. 2) (supplemental video 2, available at www.
jneurosci.org as supplemental material). Time-lapse confocal
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Reducing Ca 2" influx through SACs with GsMTx4 increases neurite growth rates in
vivo. a, Bright-field image of an embryo with skin and somites removed for in vivo confocal
imaging. Dorsal is up, and anterior is to the left. S, Skin; SC, spinal cord; N, notochord. b,
Fluorescence image of this embryo with GFP-labeled cells in the skin and dorsal spinal cord.
Arrows indicate the cell body and growth cone of an extending axon. ¢, Time-lapse images of
the labeled neuron in b at 15 min intervals before and after bath application of 5 v GsMTx4.
Scale bars, 20 um.

Figure2.

images of spinal axons extending within an exposed cord prepa-
ration (Gomez and Spitzer, 1999) were examined before and after
addition of GsMTx4. As observed in vitro, the average rate of
neurite extension increased after the addition of GsMTx4 (0.57 =
0.09 wm/min before GsMTx4 addition; 0.96 = 0.13 wm/min
after GsMTx4 addition; p < 0.05), suggesting that influx through
amechanosensitive channel inhibits outgrowth of spinal neurites
in vivo. Although the majority of axons examined were oriented
longitudinally in the spinal cord (16 of 23), increased outgrowth
in response to GsMTx4 was observed in both longitudinal axons
(primarily Rohon-Beard and motoneurons) and commissural
interneurons, suggesting a general mechanism for regulation of
neurite outgrowth in vivo.

Xenopus spinal neurites express SACs that are blocked

by GsMTx4

Based on the stimulatory effects that several pharmacological
SAC blockers have on motility, growth cones appear to express a
mechanosensitive channel. However, because the effects on mo-
tility are an indirect readout of a complex process, we sought a
more direct measure of SAC activity on growth cones. For this, we
stimulated membrane stretch with hypotonic solution while im-
aging [Ca®"]; with fura-2 to test whether GsMTx4-sensitive
Ca’” influx is activated in growth cones during cell swelling.
Because fura-2 is a two-excitation wavelength Ca?" indicator,
ratio images (340 and 380 nm) control for potential artifacts
attributable to cell swelling. Stimulation of neurons with a 46%
hypotonic solution caused a brief transient Ca** elevation fol-
lowed by tonically elevated [Ca*"]; (>10% ratio change over
baseline) in a majority of growth cones tested (89%; n = 128)
(Fig. 3). This is similar to Ca*" signaling patterns observed pre-
viously in neurons (Viana et al., 2001). To test whether hypoton-
ically induced Ca*™ signals were sensitive to blockers that accel-
erate outgrowth, GsMTx4 or gentamicin were added during the
tonic phase of osmotic stretch. We find that [Ca**]; was imme-
diately reduced by both GsMTx4 and gentamicin, suggesting that
SACs were partially blocked (Fig. 3a,c). The inability of GsMTx4
and gentamicin to completely block stretch-activated influx is
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likely attributable to the overwhelming nature of stretch pro-
duced by hypotonic stimulation, which would maximally acti-
vate all SACs. To determine whether other channels contributed
to tonic phase Ca®" influx in hypotonic solution, we tested a
mixture of VOCC blockers. Ca*>* influx through VOCCs has
been shown to contribute to the response to hypotonic solution
in cultured mouse primary sensory neurons (Viana et al., 2001).
However, we found that VOCC blockers had little effect on
[Ca**]; during cell swelling, suggesting that influx through
VOCCs does not contribute to the Ca*" response in hypotonic
solution. These data suggest that Xenopus spinal neurons express
Ca’*"-permeable SACs that can be blocked by gentamicin and
GsMTx4.

Ca’" influx through different plasma membrane channels
has opposing functional effects on neurite outgrowth
To further test the specificity of GsMTx4 as a Ca** channel
blocker and to begin to distinguish the functional effects of dif-
ferent channel activities, we examined the response of neurites to
GsMTx4 in various extracellular Ca** conditions. If GsMTx4
acts by blocking a Ca**-permeable channel, then it should re-
quire more blocker to accelerate neurite outgrowth when the
driving force for Ca*" influx is increased by higher extracellular
Ca** concentration. We examined the dose-response effects of
GsMTx4 in 2 and 10 mM extracellular Ca®". First, in normal
Ca’" MR solution (2 mm), the effects of GsMTx4 were dose
dependent and saturable with a half-maximal dose of ~2.6 um
(see Materials and Methods). However, when extracellular Ca*"
concentration was elevated to 10 mm, GsMTx4 could not stimu-
late outgrowth as effectively (Fig. 4a). This is consistent with an
incomplete block of Ca** influx through SACs at 5 um GsMTx4.
Blocking Ca*" influx through SACs with GsMTx4 accelerates
neurite outgrowth significantly more than less specific treat-
ments, such as Ca>*-free media, which eliminates all influx. This
result suggests that influx through some channels promotes out-
growth in opposition to influx through GsMTx4-sensitive SACs,
which inhibits outgrowth. To test whether maximal acceleration
in response to GsMTx4 depends on continued Ca®" influx
through other plasma membrane channels, we applied GsMTx4
in 0 extracellular Ca®". GsMTx4 does not potentiate neurite out-
growth in 0 Ca" above the acceleration seen with 0 Ca>* solu-
tion alone (Fig. 4b). This result is consistent with the notion that
GsMTx4 stimulates neurite outgrowth by decreasing Ca** influx
through selective channel(s) but that maintained Ca*" influx
through other channels is necessary for maximal outgrowth. Be-
cause blocking Ca®" influx with Cd** and SKF-96365 slows
rather than stimulates outgrowth (Fig. 1a), it is likely that these
inhibitors more selectively block channels that support neurite
extension rather than growth-inhibiting SACs. If true, then si-
multaneous addition of GsMTx4 with SKF-96365 should lead to
intermediate outgrowth rates. Indeed, we find that GsMTx4 to-
gether with SKF-96365 stimulates neurite extension similar to 0
Ca** MR alone (Fig. 4b). Together, these data suggest that Ca*™"
influx through specific plasma membrane channels can either
promote outgrowth (TRPC channels) or inhibit growth rates
(SACs).

GsMTx4 inhibits local Ca** signaling

Although our data suggest that reduced Ca*" influx is responsi-
ble for the growth-promoting effects of GsMTx4, we cannot de-
tect changes in baseline [Ca**]; within growth cones in response
to GsMTx4 using either cytosolic or near-membrane fura-2 Ca**
indicators (supplemental Fig. 2, available at www.jneurosci.org
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as supplemental material). Whereas
GsMTx4 does not decrease the average
[Ca**], highly localized Ca** changes
may be responsible for the robust and im-
mediate behavioral effects of blocking
SACs. This result would be consistent with
the literature showing local Ca’* mi-
crodomains that couple open channels
with downstream Ca’" effectors (Archer
et al., 1999; Augustine et al., 2003).

To investigate the possibility that
GsMTx4 inhibits local Ca*™" signals, we
compared the effects of the Ca*" buffers

hypo hypo+GsMTx4
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loading neurons with BAPTA-AM
blocked the growth-promoting effects of
GsMTx4 (Fig. 5). Conversely, neurite ex-
tension by neurons loaded with a high
concentration of EGTA-AM accelerated
significantly in response to GsMTx4.
These data suggest that Ca*" influx
through a mechanosensitive channel acts
within a Ca** microdomain that is buff-
ered by BAPTA but not EGTA. GsMTx4
cannot stimulate neurite outgrowth in the
presence of BAPTA because all Ca*" sig-
nals, including Ca** near channel pores, have been buffered so
blocking Ca*" influx has no additional effect. Surprisingly,
BAPTA alone does not stimulate neurite extension as occurs with
elimination of extracellular Ca**. This could be attributable to
the effective buffering of all influx signals, those inhibiting and
supporting growth, as well as buffering at sites of Ca*" release
from intracellular stores, which have been shown to support neu-
rite extension (Takei et al., 1998; Brailoiu et al., 2005; Ooashi et
al., 2005) (Fig. 6).

Ca’" release from intracellular stores supports neurite
outgrowth and is required for maximum growth after
blocking mechanosensitive influx

Inhibiting Ca*" influx with treatments of varying channel spec-
ificity results in differences in both the rate and persistence of
increased outgrowth. When extracellular Ca®" is removed (the
least specific treatment), the increased rate of neurite outgrowth
is temporary, lasting 13 min before a return to normal growth
rate (Fig. 6a). Conversely, gentamicin and GsMTx4 stimulate
neurite outgrowth that persists for longer than 30 min (Fig. 6a).
One possible explanation for the difference in the duration of the
effect is that intracellular Ca*>* stores are depleted after pro-
longed exposure to 0 Ca®" MR, whereas stores remain intact in
gentamicin and GsMTx4. To test this hypothesis, we imaged

inhibited with SACblockers. a, Pseudocolored fluorescence ratio images of fura-2-loaded growth cones exposed to osmotic stretch
with hypotonic solution. Growth cones were shifted from isotonic (iso) to hypotonic (hypo) solution at 0's. In bottom row, after
120 s in hypotonic solution, SACs were blocked with 5 um GsMTx4. Scale bar, 10 wm. b, Average fura-2 fluorescence ratio over
time measured within growth cones exposed to a 46% hypotonic solution. Ca™ transients followed by tonic Ca** elevations
were typically observed. ¢, Average fura-2 fluorescence ratio over time measured within growth cones exposed to a 46% hypo-
tonic solution followed by Ca2™ channel blockers [5 tum GsMTx4, 200 um gentamycin, or a mixture of VOCC blockers (1 um
w-conotoxin, 100 nw nifedipine, 50 wm NiCl, and 60 nm w-agatoxin)] during the tonic phase. Data in b and ¢ were normalized to
the fluorescence ratio in isotonic solution immediately before addition of hypotonic solution. d, The average reduction in fura-2
fluorescence ratio (percentage of pretreatment) caused by each blocking condition measured at the point of maximum inhibition
5-25 s after application of each blocker. Only growth cones that exhibited a significant increase in Ca™ (=10% over baseline)
after addition of hypotonic solution were included in this analysis. n = 21 for all conditions. Gent, Gentamicin.

[Ca**]; in growth cones loaded with Fluo-4 while stimulating
store release with m-3M3FBS, a PLC activator. Activation of PLC
stimulates TP, production, which triggers Ca®" release through
IP, receptors on intracellular stores. We used the amplitude of
Ca’" transients resulting from IP;-mediated Ca’™ release as a
readout of the Ca®" content within intracellular stores.
m-3M3FBS was administered in 0 Ca>* MR to ensure that the
Ca** transient was solely attributed to store release and not in-
flux resulting from PLC activation. We compared the peak am-
plitude of Ca*™ transients from growth cones in normal media
(with 2 mm Ca®") to growth cones pretreated with 0 Ca*>* MR,
gentamicin, or GsMTx4 for 5 or 15 min (Fig. 6b). When Ca*" is
released from IP;-sensitive stores immediately on shifting to 0
extracellular Ca*", alarge Ca*" transient is observed in a major-
ity of growth cones (Fig. 6b, inset), indicating that stores are
typically well loaded with Ca®". In contrast, when extracellular
Ca** is eliminated for 15 min before PLC activation, most
growth cones have no response, and, of those responding, there
was only a low-amplitude Ca** transient, suggesting that the
stores were depleted. Conversely, growth cones pretreated with
the SAC blockers gentamicin or GsMTx4 for 15 min still exhibit
high-amplitude Ca*" transients during PLC activation, indicat-
ing that the stores remain well loaded. The correlation between
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Figure4. Ca’* influxthrough different plasma membrane channels has opposite effects on

neurite outgrowth. a, Dose—response curve for GsMTx4 effect on rate of outgrowth in 2 and 10
mu Ca®™ MR solution. GsMTx4 is less effective at higher extracellular Ca** but still has a
dose-dependent effect on outgrowth. *p << 0.05, **p < 0.001 compared with pretreatment
control; "p << 0.05 compared with GsMTx4 treated in 2 and 10 mm extracellular Ca**; ¥p <
0.05 compared between 5 and 10 um GsMTx4 in 10 mu extracellular Ca®*. n = 19 for all
conditions. b, Change in the average rate of neurite outgrowth during the 15 min period after
various individual and combined Ca® ™" influx manipulations. Growth rates for GsMTx4 (5 um),
0 extracellular Ca**, and SKF-96365 (3 um) from Figure 1 are shown for comparison. When
applied in combination, the maximal growth-stimulating effects of GsMTx4 are prevented in 0
extracellular Ca2™ or by simultaneous addition of SKF-96365. **p << 0.001.

Ca** availability in stores and accelerated outgrowth suggests
that store release may support neurite extension.

However, to examine directly whether Ca?" release from in-
tracellular stores is required for neurite outgrowth, we tested the
combined effects of inhibitors of store release and Ca** influx.
We used 2APB to block IP; receptors, high-concentration ryan-
odine to inhibit ryanodine receptors, and thapsigargin to deplete
stores by inhibiting the endoplasmic reticulum Ca®"-ATPase
that refills intracellular stores. We found that inhibiting Ca**
release from either IP; or ryanodine receptors limits the increased
outgrowth normally associated with blocking Ca*" influx with
either general or specific inhibitors (Fig. 6¢). The inhibitory ef-
fects of 2APB were particularly potent, which may be attributable
to the nonspecific inhibition of TRPC channels (Lievremont et
al., 2005) and activation of TRPV channels (Hu et al., 2004) in
addition to blocking IP; receptors. These data suggest that Ca*™
release from intracellular stores supports neurite outgrowth and
is required for maximum growth rates observed when inhibitory
influx through SACs is blocked.

Although basal levels of Ca** release from intracellular stores
is likely sufficient to promote neurite outgrowth when influx
through SAC is blocked, it is possible that enhanced release from
stores is sufficient to accelerate outgrowth under normal influx
conditions. To test this, we stimulated neurons with low doses of
the PLC activator m-3M3FBS. Previous studies showed that
growth cones exhibit positive chemotropic turning toward a lo-
calized source of m-3M3FBS (Li et al., 2005). However, we found
that globally activating store release with a low concentration
PLC activator (1, 2.5, or 5 uMm) did not significantly alter growth
rates (data not shown). These results suggest that, for neurons
growing on FN, the basal level of Ca** release from stores may be
optimal for outgrowth, but this could depend on the culture
substrata. The notion that basal Ca** release from stores sup-
ports neurite outgrowth has also been demonstrated with specific
blockers of IP; receptors (Takei et al., 1998).

Discussion
Previous studies have shown the importance of the spatial and
temporal properties of intracellular Ca** signals in the regula-
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tion of neurite outgrowth but have not examined the role of the
mode of Ca*>* entry. Here we show that the rate of axon out-
growth is determined by the collective effects of Ca** influx and
release through distinct channels on growth cones. Using various
selective and nonselective methods to block Ca*" influx and re-
lease, we find that the specific channel type that mediates Ca*™
entry into the cytosol determines the outcome on motility (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material). Specifically, we find that Ca®" influx through SACs
inhibits neurite outgrowth, whereas Ca*" influx through other
pathways, such as TRPC channels, supports neurite outgrowth.
In addition, Ca*" release through IP; and ryanodine receptors on
intracellular stores also appears to promote neurite extension.
Importantly, Ca*" influx through SACs appears to slow neurite
outgrowth on diverse substrata in vitro and axon extension in the
spinal cord. The existence of stretch-activated Ca*" influx path-
ways on growth cones was confirmed by imaging Ca** during
stimulation with hypotonic solution. We propose that Ca** is
acting on distinct effectors within local microdomains, because
the effects of blocking SACs are dampened by fast, but not slow,
Ca** chelators. Our results help explain how Ca** signals can
have such diverse effects on growth cone motility by linking spe-
cific channel types to distinct mechanisms that positively or neg-
atively regulate motility.

The variable effects we observed on the rate of neurite exten-
sion in response to Ca*" channel blockers suggests that neurite
outgrowth is determined by the net effect of growth-promoting
and growth-inhibiting Ca** signals in growth cones. We found
that GsMTx4, a peptide that specifically blocks SACs (Suchyna et
al., 2000, 2004), accelerates neurite extension most effectively.
Because elimination of extracellular Ca®" blocks all influx, in-
cluding influx through the same channel(s) affected by GsMTx4,
it appears that Ca®" influx through a channel(s) that is not
blocked by GsMTx4 promotes neurite outgrowth. Eliminating
extracellular Ca®™ still results in a twofold increase in growth
rates, suggesting that the negative influence of Ca®" influx path-
ways normally exceeds the positive in these neurons. The fact that
GsMTx4 in 0 Ca®>" MR stimulates neurite extension similarly to
0 Ca*" alone supports the notion that some continued Ca**
influx is necessary for maximal outgrowth and that GsMTx4 is
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Figure6. (a’™ release from intracellular stores supports neurite outgrowth. a, Time-lapse

analysis of neurite extension reveals that 0 Ca>™* MR solution temporarily increases growth
rates. The average length of neurites over a 60 min observation period before and after inhibi-
tion of Ca%™ influx by elimination of extracellular Ca®™ or with the SAC blockers gentamicin
(200 pum) or GsMTx4 (5 m). Analysis was limited to responsive neurons (increased growth rate
by at least 200%). The average rates of outgrowth (micrometers per minute) before treatment
(white), 13 min immediately after treatment (light green), and over the remaining time after
treatment (dark green) are shown above the graph. n = 11 neurites for each condition.
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not promoting outgrowth in a nonspecific manner. Moreover,
blocking Ca*"-permeant channels with Cd*" or SKF-96365 re-
duced outgrowth, indicating that the channels blocked by these
agents support neurite extension. Because SKF-96365 is known
to block TRPC channels, Ca** influx through this family of TRP
channels may be growth promoting. Consistent with this notion,
simultaneously blocking the TRPC pathway with SKF-96365 and
SACs with GsMTx4 produces an intermediate acceleration simi-
lar to 0 Ca®" MR, reflecting a combinatorial response of blocking
growth-promoting and -inhibiting signals (Fig. 4b).

Blocking SACs with GsMTx4 stimulates neurite outgrowth on
diverse biological and nonbiological substrata in vitro, suggesting
that mechanosensitive channels may be nonspecifically or con-
stitutively activated. However, the extent of acceleration does
depend on the culture substrata, which varies from no effect on
PDL to acceleration by ~3.5-fold on FN. These differences may
be attributable in part to variable baseline channel activity on
different substrata. However, neurons do not reach the same
maximal rate of outgrowth on different substrata after blocking
SACs, indicating that many factors likely contribute to neurite
acceleration. Importantly, SACs also appear active in vivo, be-
cause GsMTx4 stimulates axon outgrowth by several classes of
neurons in the spinal cord. The growth-enhancing effects of
GsMTx4 may prove to be a useful tool to promote axonal regen-
eration after injury.

The precise gating mechanism that regulates SAC opening on
Xenopus spinal neuron growth cones is uncertain and could in-
volve both physical forces and chemical signals. Because many
channel types are mechanosensitive (Sukharev and Anishkin,
2004), it is likely that several gating mechanisms exist. For exam-
ple, SACs can be gated directly by tension generated by
actomyosin-based forces at sites of adhesion to the culture sub-
strata (Hamill and Martinac, 2001; Hu et al., 2004; Sukharev and
Anishkin, 2004). Neuronal growth cones and filopodia are
known to generate membrane tension at sites of adhesion during
forward advance (Lamoureax et al., 1989; Bridgman et al., 2001).
Moreover, in several types of non-neuronal cells, sites of genera-
tion of traction force have been associated with activation of
SACs (Lee et al., 1999; Doyle et al., 2004; Munevar et al., 2004;
Doyle and Lee, 2005). Because most growth cones accelerate im-
mediately on addition of SAC blockers (Fig. 6a), these channels
appear to be at least partially active in basal conditions. However,
we found that cell swelling with hypotonic solution was sufficient

<«

*p < 0.05;**p < 0.001. b, Measurements of Ca* " content within IP,-sensitive Ca ™ stores of
growth cones were made by stimulating neurons with the PLC activator m-3M3FBS (25 um) in
0Ca®" MR solution. Fluo-4-loaded growth cones shifted rapidly from 2 mu Ca ™ MR solution
(control) to 0 Ca®™ MR solution with m-3M3FBS exhibit a single large Ca®™ transient that
represents (a2 release from IP, stores (see inset). The average peak amplitudes of Ca®*
transients (expressed as percentage of baseline) were measured within growth cones exposed
to0Ca>*, gentamicin (Gent; 200 wm), and GsMTx4 (5 um) for 5 or 15 min before store release.
Addition of thapsigargin (TG; 1 ) or 2APB (100 wum) in 0 Ca 2™ MR solution for 5 min leads to
arapid depletion of stores with few growth cones exhibiting small Ca2™ transients compared
with 5minin0Ca®" MR solution alone. The number of significantly responding (=10% above
baseline) and tested growth cones is indicated above each bar. Each bar represents the average
peak amplitudes of responding growth cones. *p << 0.05 compared with 1X MR solution
condition. ¢, The rate of neurite extension, normalized to each pretreatment control rate, over
the 15 min period during block of influx with and without store release. Growth rates for SAC
blockers gentamicin (Gent; 200 wm), ruthenium red (RR; 1 um), and GsMTx4 (5 wm) and 0
extracellular Ca®* from Figure 1are shown for comparison. Acceleration of outgrowth induced
by blocking Ca* influxis inhibited if stores are simultaneously depleted with 100 nm TG orif IP,
orryanodine receptors are blocked with 100 um 2APB or 100 wum ryanodine. *p << 0.05, **p <
0.001 compared with rates with no inhibitor for each condition. n = 21 for all conditions.
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to increase [Ca®*], in growth cones and that this was inhibited
with the GsMTx4 peptide. This suggests that SACs can be further
activated, although it is possible that different channel types that
are blocked by GsMTx4 function in basal and osmotic swelling
conditions. Although hypotonic solution can activate SACs di-
rectly through membrane stretch, recent evidence suggests that,
in some cases, signaling intermediaries are involved. For exam-
ple, osmotic stretch is known to activate TRPV4, yet channel
activity is not increased in direct response to pressure-induced
membrane stretch (Strotmann et al., 2000). This result suggests
that membrane stretch activates TRPV4 through other means.
Osmotic stretch has been shown to activate phospholipase A,
(PLA,), which hydrolyzes and releases arachidonic acid (AA)
from membrane phospholipids (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). Downstream me-
tabolites of AA appear to activate TRPV4 because blocking
PLA,/AA signaling or downstream metabolites prevents activa-
tion by hypotonic solutions (Vriens et al., 2004). These results
imply that SACs in growth cones may be modulated by intracel-
lular signals, which is an intriguing possibility because inhibitory
axon guidance cues are known to regulate PLA, activity (Mikule
et al., 2002). Consistent with the modulation of channel activity
by AA, we find that acute treatment with AA stimulates Ca®"
transients in growth cones (data not shown). Additionally, AA
slows neurite outgrowth (data not shown).

Many different channel types have been characterized as
mechanosensitive, including several members of the TRP family
of cation channels (Lin and Corey, 2005; Maroto et al., 2005). For
example, TRPC1 was identified recently as a stretch-activated
channel in Xenopus oocytes (Maroto et al., 2005). Interestingly,
TRPC channels were also shown to be involved in attractive
growth cone turning toward netrin (Wang and Poo, 2005) and
BDNF (Li et al., 2005), suggesting that Ca** influx through these
channels may be a positive signal for neurite outgrowth. Consis-
tent with this notion, we find that blocking TRPC channels with
SKF-96365 slows axon outgrowth on FN (Fig. 1a). Although
TRPC5 channels have been implicated as negative regulators of
neurite outgrowth in cultured rat hippocampal neurons (Greka
et al., 2003), our findings suggest that TRPV family channels act
as negative regulators of Xenopus spinal neurite outgrowth. We
find that ruthenium red, a potent blocker of TRPV channels,
accelerates outgrowth in a manner similar to several SAC block-
ers, suggesting that Ca®" influx through TRPV mediates the in-
hibitory effects we observe. Additionally, we find that the specific
TRPV4 agonist 4a-phorbol 12,13-didecanoate stimulates Ca*™
transients that are blocked by GsMTx4 and other SAC blockers in
growth cones (data not shown). Although expression of TRPV4
in X. laevis has yet to be demonstrated, highly homologous se-
quences are present in the X. tropicalis expressed sequence tag
database (HomoloGene 11003).

In agreement with previous findings (Takei et al., 1998; Hong
et al., 2000; Li et al., 2005; Ooashi et al., 2005), our data suggest
that Ca*" release through IP; and ryanodine receptors promotes
outgrowth, because Ca*" release is necessary for maximal out-
growth in response to blocking influx through SACs. This was
demonstrated experimentally by direct inhibition of release
through store receptors and by depletion of Ca** from stores
(Fig. 6¢). Moreover, the role of Ca*™ release was also evident by
the close correlation between the declining rate of neurite out-
growth and the gradual depletion of stores in 0 extracellular Ca**
conditions (Fig. 6a). However, even in prolonged 0 Ca*" condi-
tions, neurite outgrowth does persist near baseline rates after
stores have apparently been depleted (Fig. 6a,b). Interestingly,
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this baseline level of process extension is inhibited by thapsigar-
ginin 0 Ca*" (Fig. 6¢), suggesting that some undetectable level of
Ca*" release may continue after apparent store depletion.

How could Ca*™ influx through distinct channels types exert
such diverse effects on growth cone motility? Local Ca®" influx
through SACs versus other channel types may function within
distinct Ca** microdomains (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). Ca>* microdo-
mains, highly localized sites of Ca** influx or release that are
functionally linked to specific Ca*"-sensitive effectors (Augus-
tine et al., 2003), have been identified near both the plasma mem-
brane (Hardingham et al., 2001) and intracellular stores (Xiao et
al., 2000). Recently, it has been suggested that the source of Ca*™"
signals is a key determinant of growth cone turning responses
(Ooashi etal., 2005). Ooashi and colleagues found that local pho-
tolysis of caged-Ca>* triggered attractive turning when this arti-
ficial signal was amplified by Ca*" release from ryanodine recep-
tor stores but that turning became repulsive when ryanodine
receptors were blocked. The differential effects that we observe of
BAPTA and EGTA support the notion that Ca’* regulates
growth cone motility by acting within local microdomains.
Moreover, the opposing effects of certain plasma membrane
channel blockers suggest that Ca** functions within distinct mi-
crodomains at the cell surface. Together, our studies offer strong
evidence that the mode of Ca”* entry is an important determi-
nant through which Ca®" may exert specific effects on neurite
outgrowth and guidance.
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