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Abstract

Reactive oxygen species are well known for their damaging
effects due to oxidation of lipids, proteins and DNA that ulti-
mately result in cell death, Accumulating evidence indicates
that reactive oxygen species also have important signaling
functions in cell proliferation, differentiation, cell motility and
apoplosis. Here, we iesled the hypothesis whether reaclive
oxygen species play a physiclogical role in regulating F-actin
structure and dynamics in neurcnal growth cones. Lowering
cytoplasmic levels of reactive oxygen species with a free
radical scavenger, N-tert-butyl-o-phenylnitrone, or by inhibit-
ing specific sources of reactive oxygen species, such as
NADPH oxidases or lipoxygenases, reduced the F-actin
content in the peripheral domain of growth cones. Fluorescent

Reactive oxygen species (ROS), such as superoxide Oy,
hydrogen peroxide H,O, and the hydroxyl radical OH", are
by-products of the electron transport chain in mitochondria
but are also specifically produced by a number of
membrane-bound and  cytosolic oxidases, including
NADPH oxidase, lipoxygenase and xanthine oxidase
(Thannickal and Fanburg 2000; Bedard and Krause 2007).
At very high concentrations ROS can negatively impact cell
structure and function by oxidation of lipids, proteins and
DNA, which occurs in cancer, atherosclerosis, diabetes and
neurodegenerative disorders. In the nervous systern, toxic
effects of ROS have been reported for spinal cord injury
(Luo et al 2002; Xu er al. 2005), glutamate excitotoxicity
(Reynolds and Hastings 1995; Duan ef al. 2007), and
Alzheimer’s and Parkinson’s disease (Tabner ef al. 2001).
Since neurons have a very high rate of oxygen consumption
and oxidative phosphorylation, they are particularly sus-
ceptible to ROS-induced damage. However, the high
oxygen consumption could also indicate that newrons use
ROS in intracellnlar signaling during apoptosis, differenti-
ation and cell migration (Maher and Schubert 2000;
Thannickal and Fanburg 2000).
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speckle microscopy revealed that these treatments caused
actin assembly inhibition, reduced retrograde actin flow and
increased contractility of actin structures in the transition zone
referred to as arcs, possibly by activating the Rho pathway.
Reduced fevels of reactive oxygen species ultimately resulted
In disassembiy of the actin cytoskeleton. When neurons were
cultured overnight in conditions of reduced free radicals,

. growth cone formation and neurite outgrowth were severely

impaired. Thersfore, we conclude that physiclogical fevels of
reactive oxygen species are critical for maintaining a dynamic
F-actin cytoskeleton and controlling neurite outgrowth.
Keywaords: actin dynamics, growth cone, neurite outgrowth,
reactive oxygen species, Rho, signaling.
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Recent studies have shed light on a physiological role of
ROS in regulating cell motility and adhesion, particularly of
vascular endothelial cells and fibroblasts (Moldovan ef al.
2006; Chiarugi and Fiaschi 2007). For example, wound
healing assays have shown that motile endothelial cells
exhibit higher ROS levels than stationary cells and that actin
polymerization and cell migration comelate with RGOS
production (Moldovan et @l 2000). Furthermore, ROS
mediate integrin-dependent cell adhesion, spreading and
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related actin reorganization in NIH-3T3 fibroblasts (Chiarugi
et al. 2003; Fiaschi ef al. 2006). However, the detailed
mechanisms of how ROS affect structure and dynamics of
the actin cytoskeleton in these non-neuronal cells are
unknown. The small GTPases of the Rho family (Ettenne-
Manneville and Hall 2002) are key suspects in mediating
ROS-dependent actin reorganization. Racl not only regulates
actin assembly but also increases intracelluiar ROS levels by
activating either certain NADPH oxidase complexes (Abo
et al. 1991) or the cytosolic phospholipase Aj/arachidonic
acid/lipoxygenase-cascade (Woo ef al. 2000). A pathway
involving redox-dependent down-regulation of Rho activity
by Rac involving low-molecular-weight protein tyrosine
phosphatases and p190 Rho GTPase activating protein has
been established for integrin-mediated cell spreading of
Hela cells (Nimnual ef al. 2003). Additional stndies in
endothelial cells and fibroblasts implicated Rac]l and RhoA
in ROS-mediated actin reorganization (Wojciak-Stothard
et al. 2005; Alexandrova ef al. 2006).

Rho GTPases also regulate actin structure and dynamics in
growth cone motility and guidance (Giniger 2002; Gallo and
Letourneau 2004). While Cde42 and Racl mediate filopodial
growth and lamellipodial protrusion, respectively, RhoA
indnces growth cone collapse and axon retraction, for
example by regulating actomyosin-contractility of actin arcs
in the transition (T) zone (Zhang et @l 2003; Gallo and
Letournean 2004; Gallo 2006). Actin arcs arc oriented
perpendicular to the filopodial actin bundles and emerge in
the T zone from the retrogradely-moving lamellipodial actin
networks (Schaefer ef al. 2002; Zhang ef al. 2003). The
possibility that physiological ROS levels are vital for
regulating F-actin structure and dynamics in growth cones,
potentially via Rho GTPases, and thereby conirol growth
cone motility and neurite outgrowth is a provocative and
novel idea. Here, we tested this hypothesis by reducing
growth cone ROS levels in two major ways: (i) by generally
decreasing free radicals with the scavenger N-tert-butyl-
a-phenylaitrone (PBN), and (ii) by inhibiting specific celiular
sources of free radicals: NADPH oxidases nsing phenyl arsine
oxide (PAO) and apocynin, lipoxygenases by nordihydro-
guairetic acid (NDGA) treatment, and complex 1 of the
mitochondrial electron transport chain by rotenone. Both
general and NADPH oxidase- and lipoxygenase-specific ROS
depletions resulted in significantly reduced F-actin content in
Aplysia growth cones. Using fluorescent speckle microscopy
(FSM) of F-actin dynamics, we observed reduced actin
agsembly and refroprade flow as well as increased arc
contractility and disassembly of the F-actin cytoskeleton in
the peripheral (P} domain. ROS depletion resulted in Rho
activation, reduced growth cone formation and neurite
ountgrowth. Therefore, ROS may have a two-faced role in
the nervous system: while at high concentrations ROS are
harmful to neurons, at physiological levels they are critical for
normal F-actin dynamics and neurite outgrowth.

© 2008 The Authors
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Materials and methods

ROS reagents

Apocynin (4'-hydroxy-3-methoxyacetophenong), 2',7-dichloroflu-
orcscin diacetate (DCFH-DA), oleoyl-r-o-lysophosphatidic acid
(LPA} sodium salt, NDGA, N-tert-butyl hydroxylamine acetate,
PAOQ, PBN, tert-butyl hydrogen peroxide (tBHP) and rotenone were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Mn (III)
tetrakis (4-benzoic acid) porphyrin chloride (MnTBAP) was from
Alexis Biochemicals (San Diego, CA, USA). DCFH-DA was
prepared as 15.5 mM stock in dimethylsulfoxide (DMSO). PAC
(20 mM), apocynin {2 M), and NDGA (0.5 M) were prepared as
stocks in DMSO, and appropriate controls were included in all
experiments {e.g., 0.005% DMSO for 1 pM PAO). PBN and tBHP
solutions were prepared in artificial seawater (ASW: 400 mM NaCl,
10 mM KCl, 10 mM CaCl,, and 55 mM MgCl,, 15 mM HEPES at
pH 7.8} or L15-ASW, while LPA (20 mM) and MaTBAP (0.1 M)
were dissolved as stocks in IO. Rotenone was prepared as 8 M
stock in EtOH. For livecell imaging, ROS reagents were applied in
ASW, unless otherwise noted.

Aplysia bag ceil neuronal culture

Aplysia bag cell neurons were plated on coverslips coated with
20 pg/mL poly-L-lysine (70-150 kDa) as previously described
(Suter et al. 1998; Lee et al. 2008). Cells were kept in 115 medinm
(Tnvitrogen, Carlsbad, CA, USA) supplemented with ASW (L15-
ASW: 115 plus 400 mM NaCl, 10 mM CaCl, 27 mM MgS0,,
28 mM MgCly, 4 mM L-glutamine, 50 pg/mL gentamicin, 5 mM
HEPES, pH 7.9} ovemight in a 14°C incubator. AH procedures were
performed in accordance with institutional puidelines. Neurons were
typically used for experiments 24 h after plating.

Differential interference contrast and immunofluorescence
microscopy

Differential interference contrast (DIC) imaging was performed
with a 60X 1.4 numerical aperture (NA) off objective (plus 1.5x
magnification} on an Eclipse TE2000 microscope (Nikon, Melville,
NY, USA), using either a Cascade II or a CoolSNAP HQ CCD
camera (Photometrics, Tucson, AZ, USA) controlled by Meta-
Morph 7 sofiware (Molecular Devices, Downingtown, PA, TFSA).
DIC images were acquired with 25-100 ms exposure times at 10 s
intervals through an OG 590 long-pass red filter (Chroma,
Rockinghiam, VT, USA). Growth cones were imaged under control
condition in ASW for 10 min, then in the presence of ROS
reagents for 10-20 min. F-actin and microtubule labeling was
carried out as described (Suter er al. 2004). Alexa 488-phalloidin
(Invitrogen) was used at 1 : 100 for F-actin. Mouse anti-u-tubulin
(Sigma) was incubated at 0.7 pg/mL in 5% bovine serum albumin/
phosphate-buffered saline/0.1% Triton X-100 for 1h at RT,
followed by 4 pg/mL Alexa 568-goat-anti-mouse secondary anti-
body (Invitrogen) in the same blocking solution for 30 min at RT.
Phosphotyrosine (PY) staining was performed with the monoclonal
antibody 4G10 (Millipore, Billerica, MA, USA) at 2 pg/mlL in
the blocking solution above for 1 h at RT, followed by the same
secondary antibody as for the tubulin staining. Images were
acquired in 20 mM n-propyl-gallate in phosphate-buffered safine/
80% glycerol pH 8.5 on a Nikon TE2000 Eclipse microscope
equipped with a 60x 1.4 NA oil and 100x 1.49 NA oil objectives,
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an X-cite 120 metal halide lamp (EXFQ, Mississauga, Ontario,
Canada), appropriate fluorescence filter sets (Chroma), Cascade I
cooled CCD camera {200-500 ms exposure times) and MetaMorph
7 software.

ROS imaging

Neurons were incubated with 5 pM DCFH-DA in ASW with or
without drug for 15 min at RT and then washed with ASW.
Dichlorofluorescin (DCF)-images were acquired through a FITC
filter set using the Cascade II camera (500 ms exposure iime). For
ratiometric ROS imaging, the velume indicator Texas Red-dexiran
(3 kDa, Inviirogen) was microinjected into cell bodies at a
concentration of 2 mg/mE, in RNAse-free water. Dextran images
were taken with a TexasRed filter set. DCF intensity values in the P
domains of the growth cones were background subtracted and
normatized against dextran signals, Data were collected from 11 to
40 growth cones.

Quantitative actin fluorescent speckle microscopy

For quantitative FSM of actin dynamics, nevronal cell bodies were
microinjected with 20 pM Alexa 568 phalloidin (Invitrogen), in
injection buffer (100 mM PIPES pH 7.0, 1 mM MgCl;, 1 mM
EGTA) as rccently described (Schaefer ef gl 2002). In some
expetiments, we used Alexa 568-labeled G-actin (Invitrogen) fo
monitor actin dynamics. While actin arcs and bundles are more
easily discerned with phalfoidin, we did not measure any differences
in the dynamic properties of the actin cytoskeleton between the two
probes. Reagents were injected, using an NP-2 micromanipulator
and Femtojet microinjection system (Eppendorf, New York, NY,
USA). After injection, cells were altowed to recover for 1 h before
time-lapse imaging in ASW (500 ms exposure times at 10 s
intervals wsing the Cascade II). For LPA wreatment, 20 pM LPA
was dissolved in a low-ionic strength ASW solution (LIS-ASW;
15 mM HEPES, pH 7.9, 60 g/L glycine, 100 mM NaCl, 10 mM
KCl, 5 mM MgCh, 5 mM EGTA).

image processing and analysis

MetaMorph 7.0 was used for image processing, quantitative analysis
of actin dynamics and making of movies and montages. To enhance
actin speckles, images were processed with an unsharp mask, then
with a low-pass filler. The MetaMorph kymograph function was
used to measwre retrograde actin flow rates along 5-10 F-actin
bundies to determine the average flow rate per growth cone. To
measure actin arc movements in the T zone, 4-7 actin speckles per
growth cone were tracked at 10 s intervals. The average angle
between the direction of arc movements and the axis of growth was
determined for each growth cone and treatment. In order to measure
arc density in the T zone, lines scans were drawn across arcs on the
sides of the growth cone, and profiles were compared between
control and PBN conditions. For statistical analysis of arc density,
2-3 line scan measurements were made per growth cone, and
integrated fluorescence intensity values per pm in drug condition
were nomitalized agamst integrated values in control condition and
averaged. One-tailed paired t-tests were performed to identify
significant differences. Photoshop C83 extended (Adobe, San Jose,
CA, USA) was used for additional image processing and making of
supplemental videos, and Canvas 8 (ACD Systems of Ametica Inc.,
Miami, FL, USA) for final figure assembly.

© 2008 The Authors

Quantification of growth cone formation and neurite autgrowth
Aplysia bag cell neurons wers plated in L15-ASW mediam on day
0. After 2-3 h of incubation at RT, the medinm was replaced with
L15-ASW with or without ROS reagents, On day 1, 10x phase
images were taken of each eell, followed by a thorough washout
with L15-ASW. On day 2, 10 phase images were taken of each cell
again after drug was washed out 1 day before. To assess growth
cone formation, the petcentage of cells containing growth cones was
determined for each condition on day 1 and day 2 in two
independent experiments (70-255 cells per condition). In the
neurite outgrowth assay, total neurite length was determined on
day 1 and day 2. A population distribution of the percentage of
neurons with a total neurite length preater than a specific length was
plotted against total neurite length (Chang er al. 1987).

Rho activity assay

To assess Rho activity in Aplysia CNS tissue, we adapted a
previously described protocol (Zhang et al. 2003). Rho activity
assay kit was purchased from Cytoskeleton Inc. (Denver, CO,
USA). In brief, Aplysia CNS tissue was incubated for 6 h with
6 mg/mL dispase II (Roche, Indianapalis, IN, USA) in L15-ASW to
assist penetration of drug. CNS tissue was washed three times with
ice-cold ASW and then incubated with LIS-ASW with 26 uM LPA,
75 mM PBN or without drug for { h st RT. Each tissue sample was
lysed for 10 min on ice, using the lysis buffer supplied by the kit.
After homogenization with a handheld homogenizer (Omni Inter-
national, Marietta, GA, USA), lysates were cleared by centrifugation
at 12 000 g for 5 min at 4°C. Extracts were incubated with agarose
beads coupled with glutathione S-transferase-tagged Rho binding
domain of rhotekin for 1 h at 4°C. Beads were washed with the
provided wash buffer, boiled in sample buffer for 5 min at 95°C and
analyzed by 15% sodium dodecyl sulfatc-polyacrylamide gel
electrophoresis. The amounts of total Rko and active Rho were
quantified by western blotting with the mouse moroclonal antibody
plD9 (1:10 dilution of supernatant; Developmental Studies
Hybridoma Bank, University of Iowa, Iowa City, IA, USA). We
used the secondary antibody Alexa 680-goat-anti-mouse (Invitro-
gen) at 0.4 pg/mL, followed by detection with the Odyssey system
(LI-COR Biosciences, Lincoln, NE, USA). Band intensities were
quantified with the Odyssey software.

Results

ROS levels in neuronal growth cones

To investigate whether physiological ROS levels regulate
F-actin structure and dynamics in neurenal growth cones, we
selected two different approaches to decrease intracellular
ROS. (i} We treated cultured Aplysia bag cell neurons with
the spin-trapping reagent PBN, a general fiee radical
scavenger that has been used to detect ROS in the brain as
well as to reduce radical-mediated neuronal damage (Zini
et al 1992; Thomas et al. 1997). (ii) We also inhibited
specific intracellular ROS sources, such as NADPH oxidases
with PAO (Le Cabec and Maridonneau-Parini 1995) and
apocynin (Stolk ef al. 1994), lipoxygenases with NDGA
(Salari et al. 1984), and the mitochondrial electron transpott
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chain complex 1 by rotenone (Barrientos and Moraes 1999).
In order to verify that our experimental treatments indeed
decreased ROS, we measured the relative cytoplasmic ROS
levels in growth cones with DCFH-DA (Fig. 1).

Figure 1(a) shows a DIC image of a control growth cone,
revealing the three major growth cone regions: cenfral (C)
domain, T zone and P domain. DCF imaging showed that
ROS are present in all three domains in a volume-dependent
manner when comparing the DCF signal to the distribution
of Texas Red dextran serving as a volume control (Fig. ib
and c¢). ROS levels are the highest in the C domain,
particularly in punctate and elongated structures likely to be
mitochondria (arrows in Fig. 1b and d). Weaker signals were
observed in network-like structures in the C domain and T
zone, which are most likely endoplasmic reticulum (Fig. 1b).
The lowest ROS levels were detected in the P domain
(Fig. 1b). Incubation of Aplysia bag cell neurons with
500 nM DCFH-DA for as short as 5 min resulted in
measurable signals, suggesting that they are highly oxidative
cells, Treatment of growth cones with 50 mM PBN, 1 pM
PAO, 4 mM apocynin or 50 pM NDGA for 15 min signif-
icantly reduced cytoplasmic ROS levels in the P domain
(Fig. 1d—g), while 20 uM rotenone had no effects on
cytoplasmic DCF signals (Fig. 1h).

‘We quantified ROS levels in the relatively thin P domain
(Grzywa et al. 2006) by normalizing DCF intensity values
to Texas Red dextran signals to comect for potential
volume changes induced by the drugs (Fig. ij). PBN, PAO,
apocynin, and NDGA treatment significantly reduced
cytoplasmic ROS levels in the P domain when compared
to conirol treatments: 67% by 50 mM PBN, 74% by t pM
PAO, 54% by 4 mM apocynin, and 50% by 50 pM
NDGA. Growth cones treated with 20 pM rotenone had a
small and insignificant increase of cytoplasmic DCF signals
of 13%, while mitochondrial DCF levels in the P domain
were clearly reduced by 63% when compared to controls
(data not shown). In addition, we observed a dose-
dependent reduction of cytoplasmic ROS levels when
treating the cells with 25, 50 and 75 mM PBN. Previous
studies reported non-toxic, radical-scavenging eoffects of
10 mM PBN i cultured macrophages, lymphoma cells and
neurons, respectively (Kotake et al. 1998; Sturgess ef al.
2000; Cui ef al. 2006). The higher concentrations of PBN
needed to reduce ROS levels in Aplvsia neurons compared
to vertebrate cells are consistent with our experience using
other pharmacological reagents in this system. As a
positive control, we treated the neurons with 5 mM tBHP,
a membrane permeable H,(O, variant, and we found
significantly increased DCF signals in all growth conec
domains (Fig. 1i and j; 3.7-fold increase in the P domain
when compared with control). In summary, DCF imaging
revealed that both NADPH oxidases and lipoxygenases, but
not mitochondria, are major sources of ROS in the P
domain of the growth cone.

© 2008 The Authors
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ROS depletion reduces F-actin content in neuronal growth
cones

We next studied the effects of ROS depletion on growth cone
morphology and the distribution of F-actin and microtubule
cytoskeleton (Figs 2 and 3). In the P domain, F-actin is
present in filopodial bundles (arrow in Fig. 2a-ii; schematic
in upper left} as well as in a lamellipodial network between
the filopodia (Forscher and Smith 1988; Lewis and Bridgman
1992). The T zone contains dynamic ruffling structures called
‘intrapodia’ (Rochlin ef af. 1999) (asterisk in Fig. 2a-ii),
as well as transverse actin arcs surrounding the C domain
(arrow in Fig. 2b-iii) that derive from the peripheral actin
network and undergo Rbo-dependent actomyosin contractil-
ity (Schaefer et al. 2002; Zhang et al. 2003). The majority of
the microtubules are present in the C domain, while highly
dynamic microtubules explore the P domain by using actin
bundles as polymerization guides (Fig. 2a-ii) (Schacfer ef al.
2002).

When growth cones were treated with 25 mM PBN for
20 min, we observed an initial burst of filopodial growth,
flattening of the P domain, loss of mermbrane ruffling in the T
zone, and forward movement of the C domain boundary
towards the leading edge (Fig. 2b-ii; Video S1). All these
effects were completely reversible following PBN washout
(data not shown), Phalloidin-labeling following fixation
revealed that the F-actin cytoskeleton was strongly affected
by PBN treatment: we observed fewer filopodial bundles and
intrapodia as well as less actin meshwork when compared to
control conditions (Fig. 2b-iii). Microtubules, on the other
hand, extended into the P domain with reduced F-actin
content, similarly to growth cones treated with the actin
depolymerizing dmg cyiochalasin B (Forscher and Smith
1988).

There is recent evidence for ROS-mediated down-regula-
tion of Rho activity in HeLa cells (Nimnual et af. 2003). If a
similar signal transduction pathway would occur in growth
cones, we would expect an increase in arc contractility in the
T zone upon lowering ROS levels. Although arcs were clearly
visible after treatment with 25 mM PBN (arrow in Fig. 2b-
iii), extension of the C domain did not suggest a strong
contractile effect at these ROS levels. Thus, Rho-activation
might need a more significant reduction of ROS levels. When
growth cones were incubated with 75 mM PBN for 5 min, we
also noticed reduced T zone muffling; however, no initial
filopodial extension occurred, and the C domain boundary did
not extend and sometimes retracted (Fig, 2c-ii; Video S2).
Overall, growth cone and organelle dynamics was severely
affected in 75 mM PBN. F-actin content was strongly
reduced in the P domain, which was invaded by microtubules
as observed with 25 mM PBN (Fig. 2c-iii). Similar effects on
growth cone morphology and F-actin structures were
observed with other ROS scavengers such as 30 mM N-tert
butyl hydroxylamine acetate and 0.2 mM MaTBAP (data not
shown), a superoxide dismutase mimetic (Patel 1998).
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Fig. 1 ROS imaging in Aplysia bag cell growth cones. (a} DIC image
of a control (CTL) growth cone. P and C domain plus T zone are
indicated. (b) DCF imags of growth cone in {a) shows ROS levels in
the cytoplasm as well as intracellular compartments, such as potential
mitochondria (arrow). (¢} Corresponding dextran fluorescence image
reveals highest volume in the C domain. {d-i) DCF fluorescence

© 2008 The Authors

images of growth cones treated for 15 min with 50 mM PBN (d}), 1 p
PAQ {e), 4 mM apocynin (ape) {f), 50 pM NDGA (g), 20 uM rotenone
(rot) (h), or 5 mM IBHP (i), respeclively. Leading edges of growth
cones shown in {d-g) are marked with dashed line. (i) Quantification of
volume-corrected ROS levels in the growth cone P domain. T-test:
*p < 0.05 {n = growth cones). Scale bars: 10 um.
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Fig. 2 ROS depletion decreases F-actin content in growth cones.
Upper left inset shows schematic of cytoplasmic domains, micro-
tubules (green) and F-actin (red) subpopulalions in the growth cone.
{a-i) DIC image of a iive control growth cone under control condition in
ASW. (a-ii) Overlay image of F-actin (red) and microtubule (green)
double labeling after fixation of growth cone in {a-i) shows filopodial
F-actin bundles (white arrow) and an F-actin msshwork between
filopodia in the P domain. Intrapodia in the T zone is marked with an
asterisk. The C domain is rich in organelles and microtubules. {b:i-ii)

Since membrane-actin interactions are important for
growth cone motility, we suspected that plasma mem-
brane-bound NADPH oxidase (Bedard and Krause 2007;
Lambeth 2007) could be an important ROS source for actin
regulation in growth cones. Treatmenis with two different
NADPH oxidase inhibitors, 1 pM PAO and 4 mM apocy-
nin, for 10 min or longer resulted in flattening of the P
domain and decreased membrane niffling (Fig. 3a-iii and
b-i,ii; Videos 83 and S4). Treatments with 25 mM PBN,
1 uM PAQO and 4 mM apocynin had overall similar effects,

© 2008 The Authors
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25 mM PBN

v

25 mM PBN treatment (20 min) decreased membrane nuffling and
caused initial filopodial lengthening and extension of the G domain
boundary (dashed fine in b-ii; Video §1). The F-actin content was
strongly reduced while microtubule extended into the P domain (b-iii).
Arrow points towards actin are. {c:i-iii) 75 mM PBN treatment {5 min}
also reduced ruffing (c-i; Video S2) and strongly depleted F-actin
styctures (c-iii, leading edge marked with solid ling). Scale bars:
10 pm.

although we did not observe an initial burst of filopodial
growth with PAO. Furthermore, the C domain boundary
rather retracted with PAO treatment. F-actin bundles and
meshwork in the P domain were significanily reduced by
both PAOQ and apocynin, while microtubules remained
intact and invaded the P domain (Fig. 3a-iii and b-iii). We
also inhibited ROS production by cytosolic lipoxygenases
with 50 uM NDGA. Consistent with PBN, PAO and
apocynin ireatments, NDGA also caused flattening of the P
domain and T zone, accompanied by a loss of F-actin
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Fig. 3 Inhibition of NADPH oxidases and lipoxygenases decreases
F-actin content. (a:i-iii)y NADPH oxidase inhibition by 1 pM PAO
(10 min) caused flattening of the P domain and T zene and a slight C
domain retraction (a-ii). Growth cone dynamics including actin retro-
grade flow was strongly reduced (Video 83). (a-ili) F-actin bundles and
meshwork in the periphery were reduced and microtubules extended
more towards the leading edge {marked with solid line). (b:i-iii} 4 mM
apocynin treatment {10 min) resulted in flattening of P domain and the
T zone as welt as extension of the C domain (b-ii; Video S4). {b-iii} The

© 2008 The Authors

Rotenone

actin bundles and meshwork in the P domain were decreased and
microtubules extended into the actin-free periphery. (c:i=iiiy 50 pht
NDGA treatment (10 min) had similar effects on growth cones. The
extension of the C domain was modest. There was significant filopodia
elongation (c-ii, Video S5). {c-ii) NDGA treatment decreased F-actin
content in the P domain, but elongated filopodia containing F-aclin,
(dk:i-4ii) 20 aM Rotenone treatment {10 min) did not result in significant
changes in growth cone morphology. F-actin and microtubule cylo-
skeleton structure and content {Video S6). Scale bars: 10 pm.

Journal Compilation © 2008 International Society for Neurochemistry, J. Nenrochem. (2000) 108, 644-661



bundles in the P domain (Fig. 3c; Video 85). We also
noticed a significant elongation of F-actin-containing filo-
podia in the presence of NDGA (Fig. 3c; Video S5). In
contrast, when complex I of the mitochondrial electron
transport chain was inhibited with 20 puM rotenone, the
only morphological change observed was a slight splaying
of the C domain (Fig. 3d-ii; Video S6), while both F-actin
and microtubule cytoskeleton remained unaffected (Fig. 3d-
iii), In summary, our results suggest that physiological
levels of ROS that are largely derived from NADPH
oxidases and lipoxygenases, are crucial for maintaining an
intact F-actin cyloskeleton in the P domain of neuronal
growth cones.

ROS depletion affects F-actin dynamics and contractility
In order to assess which specific aspects of F-actin dynatnics
are affected by ROS depletion, we used actin FSM (Figs 4
and 5; Videos S7-512) (Waterman-Storer ef al. 1998;
Schaefer et al. 2002). In control conditions, filopodial actin
bundles and intervening lamellipodial networks are con-
stantly turning over by coordinated assembly at filopodia tips
and the leading edge, retrograde flow at the rate of
4.6 + 0.4 pm/min (z = 11 growth cones) and recycling in
the T zone (Fig. 4a; Video 87). When growth cones were
treated with 25 mM PBN, we observed an initial burst of
filopodiat growth, a progressive disassembly of actin
filaments in bundles and networks, as well as the forward
movement of the actin recycling zone that resulted m a
narrower P domain (arrowhead in Fig. 4b; Video S7).
Kymograph analysis revealed a refraction of the leading
edge and a 52% decrease in retrograde actin flow after
20 min treatment with 25 mM PBN compared to controls
(Fig. 4b, ¢ and i). These results snggest an inhibition of actin
assembly at the leading edge when lowering ROS levels.
Ultimately, all F-actin structures including arcs progressively
disappeared in 25 mM PBN (Video $7). Thus, the C domain
extension induced by 25 mM PBN could be because of fewer
actin arcs in the T zone that keep the C domain boundary
compact under control condition.

Upon treatment with 75 mM PBN, strong actin assembly
inhibition and increased contractility were observed before
significant flow reduction and network disassembly occurred
(Fig. 4j; Video 811). Such treatment resulted in a fast
retraction of the peripheral F-actin cytoskeleton into the C
domain at a rate of 5.4 pm/min, which is comparable to
conirol actin flow rates. The clearance of P domain F-actin
with 75 mM PBN is reminiscent of the effect of the actin
depolymerizing drug cytochalasin B on Aplsia growth
comes (Forscher and Smith 1988). Such strong reduction of
ROS levels also resnlted in pulling apart of actin networks
(Video 811) and in aggregation of actin arcs, both of which
are signs of increased contractility (Fig. 4j). Arc aggregation
was also observed upon treatment with 0.2 mM MaTBAP

(Fig. 4k).
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When NADPH oxidases were inhibited with either 1 pM
PAO or 4 mM apocynin, actin dynamics was affected
similarly as with 25 mM PBN. After about 15 min of
freatment, PAQ and apocynin decreased actin flow rates by
73% and 65%, respectively, and this was accompanied by a
brief period of leading edge protrusion and lengthening of
filopodial actin bundles (Fig. 4e—g and i; Videos S8 and 89).
Uttimately, filopodial actin assembly was also inhibited, the
actin recycling zone moved forward, and the highly struc-
tured filopodia and lamellipodia were replaced with a
disorganized meshwork (Videos 88 and 89). NDGA treat-
ment reduced actin flow rates by 33% when compared to
controls (Fig. 4i); however, filopodia elongated and persisted
in length in NDGA (Figs 3c-iii and 4h; Video 510).
Furthesmore, NDGA caused aggregation and increased
contractility of actin arcs, similar to 75 mM PBN treatmment
(Fig. 4h and j, Videos S10 and S1l1). In summary, all
treatments that reduced ROS levels resulted in decreased
actin flow, inhibition of actin assembly along the leading
edge, and progressive disassembly of the actin meshwork in
the P domain, In addition, lipoxygenase-inhibition increased
actomyosin-based contractility.

ROS depletion affects actin are movement and aggregation
The increased actomyosin coniractility induced by either
75 mM PBN or 50 uM NDGA was indicated by C domain
contraction, pulling apart of actin networks and increased arc
density (Fig. 4h and j; Videos S10 and S11). We quantified
these changes in arc dynamics and structure in more detail
(Fig. 5). In control conditions, arcs moved towards the C
domain retrogradely relative to the direction of growth
(Fig. 5a and b; Videos 811 and S12). New arcs are
constantly formed from actin networks in the P domain, as
previously reported (Schaefer eral. 2002; Zhang et al.
2003). Immediately after PBN addition, arcs started to
agpregate and were tugged towards the direction of growth
(Fig. 5¢ and d; Videos S11 and S12). By tracking actin
speckies on arcs, we found that in control condition arcs were
always moving retrogradely at angles greater than 90° with
respect to the axis of growth (average angle 140° + 9; 1 = 6),
while after PBN treatment angles were below 90° (average
angle 46° = 8; n = 7; Fig, 5e and f).

Rho activation by lysophosphatidic acid (LPA) increases
arc contractility and density in Aplysia growth cones (Zhang
et al. 2003). ROS depletion by PBN and NDGA resulted in
arc aggregation similarly to growth cones treated with 20 pM
LPA for 15 min (Fig. 4h and j; Fig. 5a—d, g, h; Videos 510
and S11). In contrast to PBN and NDGA, LPA did not cavse
a retraction of the P domain F-actin structures into the C
domain nor a network disruption by disorganized force
application or F-actin disassembly. We quantified arc aggre-
gation induced by PBN, LPA and NDGA treatment by
intensity line-scan analysis across actin arcs on the side of
growth cones (Fig. 5i and j). In: all three conditions, we found
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Fig. 4 ROS depletion affects F-actin dynamics. (a} F-actin dynamics
of control growth cone. Neurons were injectad with 20 uM Alexa 568-
phalloidin, and time lapse movies were acquired using FSM
{Video S7). White line demarks lamellipodia region used for kymo-
graphs shown in (c). (b) Same growth cone after 20 minin 25 mM PBN.
Note the progressive decrease in F-actin content in the P domain
(Video 87). Arrowhead indicates forward movement of actin recycling
zone. {c) Kymographs of actin specklss taken in the P domain as
indicated with white fines in (a) and (b} reveal leading edge protrusion in
contro and progressive dacrease in F-actin flow from initial control rate
of 3.6 ym/min to 2.1 pm/min after PBN treatment {white lines in
kymoegraph). {d) Actin FSM image of another confrol growth cone. {g)
Same growth cone after treatment with 1 yM PAQ for 30 min, which
causes disassembly of the actin cytoskeleton and forward shift of the

© 2008 The Authors
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recycling zone (Video SB; image is shown after 25 min). A temporary
lengthening of filopodial bundies ocourred simultaneously with flow
reduction. {f) Kymographs of actin speckles taken in P domain as
indicated with white lines in (d) and (e} show a decrease in flow rates
from 4.0 pm/min in control to 1.5 um/min after PAQ treatment. (g)
4 mM apacynin treatment caused a decrease in actin flow rates,
filopodial fengthening and finally F-actin disassembly (Video §9). (h)
50 pM NDGA resulted in an aggregation of actin arcs (arrawhead)
{Video 510). () Quantification of actin retrograde flow rates. T-test:
*p < 0.005; n = number of growth cones. (f) 75 mh PBN resulted in an
aggregation of actin arcs and contraciile effects, similar to NDGA
treatment (arrowhead) (Video S11). (k) Treatment with 0.2 mM MnT-
BAP resulted in temporary filopodia lengthening, arc aggregation
(arrowhead) and overall network disassembly. Scale bars: 10 ym.
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Fig. 5 ROS depletion affects actin arc movement and aggregation. (a)
Actin FSM image of control growth cone. Filopodial actin bundles in P
domain and actin arcs in T zone (marked with white box) undergo
retrograde flow {Video S11). (b) inset shows actin arcs marked in (a).
In control conditions, arcs move retrogradely with respect to the axis of
growth (Video S12). (¢} The same growth cone treated for 3 min with
75 mM PBN (Video S11). We observed inhibition of F-actin assembly
at the leading edge and retraction of the F-actin network towards the G
domain. {d) Inset shows arc aggregation in 75 mM PBN. A brief tug-
ging of aclin arcs towards the axis of growth cccurred before retraction
of the F-actin netwerk (Video S$12). (e) Four speckles on actin arcs
were tracked over 10 s intervals in control (open triangles) and 756 mM
PBN {closed diamonds) conditions, respectively. {f) Angle plots of arc
movements with respect to axis of growth from seven growth conaes
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{dashed arrows represent average angle per growth cone). Treatment
with 75 mit PBN resulted in tugging of arcs towards the diraction of
growth at angles of less than 80°. Angles in controt were always
greater than 80°. Thin solid lines represent example shown in (a) and
(c). (@) Acltin FSM image of control growth cone. (h) 20 pM LPA
treatment for 15 min resulted in increased arc aggregation. {iy Line
scans across arcs marked by short white lines in (a), {c), (g}, and {h)
show are aggregation by increased normalized relative fluorescence
intensiiies after PBN and LPA ftrealment, respectively, relative to
controls. Schematic on the right shows orientation of line scans. (j)
Integrated fluorescence intensities along the line scan per pm were
nomalized against control conditions. {n = number of growth cones).
T-test: *p < 0.01. Scale bars: 10 um (in &, ¢, g, h); 5 pm {in b, d).
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significant increases in F-actin signals when compared to the
control condition before drug application. While IPA
increased actin arc demsity by 65%, ROS depletion by
PBN and NDGA raised actin arc signals by 115% and 96%,
respectively (Fig. 5j). Thus, our results suggest that strong
ROS depletion in growth cones results in increased actomy-
osin contractility similarly to LPA, presumably through Rho-
activation.

ROS depletion increases Rho activity and decreases PY
levels

Since ROS depletion had similar effects on F-actin dynamics
in growth cones as Rho activation, we next tested whether
ROS depletion increases Rho activity. Therefore, we per-
formed a biochemical active Rho pull-down assay from
Aplysia CNS tissue (Fig. 6). Total Aplysia CNS fissue was
incubated in the presence or absence of 75 mM PBN, using
20 uM LPA known to activate Rho as a positive control
(Jalink et a/. 1994). Both LPA and PBN increased Rho
activity in CNS tissue when compared to untreated control
tissue (Fig. 6a). Quantification of three independent exper-
iments revealed that ROS depletion by PBN caused 1.7-fold
increase in Rho activity compared to controls {(#-test,
p =0.07; Fig. 6b), while LPA activated Rho by 2.7-fold
(p < 0.05).

Since ROS are known to inhibit protein tyrosine phos-
phatases and activate protein tyrosine kinases (Meng et al.
2002; Chiarugi 2003), we tested whether the treatments with
the ROS reagents affect the total PY levels in bag cell growth
cones (Fig. 7). Under control conditions, PY immunolabel-
ing was punctate in all growth cone regions with increased

(a) CTL

LPA PBN

B A I e Active Rho

¥ Total Rho

‘__.
g

Normalized rho activity
O = N W N

LPA

PBN

Fig. 6 PBN treaiment increases Rho activity in Aplysia CNS tissue.
{a) Western blot analysis of total and active Rho, as assessed by
rhotekin-pull down assay. Total Aplysia CNS tissue was incubated in
LIS-ASW only, with 20 yM LPA or 75 mM PBN for 1 h. (b} Densito-
metric quantification of Rho activity (activeftotal Rho) in three inde-
pendent experiments. Both LPA treatment and PBN increased Rho
activity relative to control,
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signals in filopodia tips and along the leading edpe (Fig. 7a),
which is in agreement with our previous report (Suter and
Forscher 2001). Treatment with 50 mM PBN, 1 pM PAOQ,
4 mM apocynin, and 50 pM NDGA abolished the PY
enrichment at the leading edge and decreased total PY levels
in the P domain by 52-62% when compared to conirols,
while rotenone treatment had no cffect (Fig. 7b—g). Although
NDGA treatment abolished the PY enrichment at the leading
edge, it did not affect the PY signals at filopodial tips. Thus,
we observed a direct correlation between ROS and globai PY
levels in Aplysia growth cones, suggesting a potential
involvement of protein tyrosine phosphatases and/or kinases
in the ROS-controlled cytoskeletal dynamics.

ROS depletion reduces growth cone formation and neurite
outgrowth
In order to assess whether the changes in actin structure and
dynamics indnced by ROS depletion play a physiological role
in growth cone formation and neurite outgrowth, we cultured
bag cell neurons overnight in the presence and absence of
various ROS reagents (Fig. 8). While 78 :+ 6% of the control
neurons displayed healthy growth cones after one day in
culture (Fig. 8a-i and ¢}, only 20 + 5% of the cells cultured in
20 mM PBN had growth cones, which were smaller and
flatter than in controls (Fig. 8b-i and c). After two days in
culture, control neurons had more and longer neurites than on
day one, and the percentage of growth cone-bearing cells
inereased to 91 + 3% (Fig. 8a-ii and c). To assess whether
growth inhibition by ROS depletion is reversible, we washed
nearons grown in 20 mM PBN after one day with conirol
medinm. After PBN washout, 66 + 8% of all cells exhibited
growth cones on day two, which is not significantly different
from control cells after one day in culiure (Fig. 8b-ii and c;
t-test: p > 0.05). Similarly, ROS depletion by overnight
treatment of bag cell neurons with 500 nM PAO, 2 mM
apocynin and 25 pM NDGA reduced the percentage of
neurons elaborating growth cones on day 1 after cell plating
(Fig. 8c). While washout of apocynin resulted in a similar
recovery as PBN washout (69 + 11%), growth inhibition by
overnight treatment with PAO and NDGA was not reversible.
We then assessed total neurite outgrowth under the same
conditions (Fig. 8d and e). Only 30% of cells cultured
ovemnight in 20 mM PBN had neurites of at least 50 pm in
total length, in contrast to 61% of control neurons. PBN
washout after one day resulted in 77% of all cells bearing
neurites on day 2, while 90% of conirol neurons have
neurites on day 2 (Fig. 8d). As with growth cone formation,
apocynin treatment reduced neurite outgrowth in a reversible
manner, while neurite ontgrowth inhibition by PAO and
NDGA was irreversible (Fig. 8¢). In summary, these findings
suggest that ROS have an important physiological role in
neurite outgrowth and regeneration and that NADPH oxid-
ases and lipoxygenases arc two impottant sources for ROS
mediating these fimctions.
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Fig. 7 Phoasphotyrosine tevels are decreased after ROS depletion. (a)
Control growth cone labeled for total phospholyrosine (PY) with
monocional antibody 4G10. PY signals are increased at filopodia tips,
leading edge and T zone ruffles (asterisk). 50 mM PBN (b}, 1 uM PAC
{c), 4 mM apocynin {d), and 50 pM NDGA (e} decreased PY signals in
general and particularly along the ieading edge. Mote: NDGA treat-
ment did not decreasae PY levels in filopodia tips. (f) 20 uM rotenone

Discussion

Besides the well-known damaging effects of ROS, specific
signaling functions have been attributed to ROS in the
nervous system, including regulation of programmed cell
death (Maher and Schuberi 2000) and long-term potentiation
(Knapp and Klann 2002). Here, we provide the first evidence
that a balance of physiological ROS levels is critical for
maintaining a highly organized and dynamic F-actin cyto-
skeleton necessary for growth conc motility and neurite

© 2008 The Authors

did not affect PY signals in P demain, leading edge or filopodia tips. (g}
Quantification of PY levels in the P domain of growth cones reveals
that 50 mM PBN, 1 uM PAQ, 4 mM apocynin, and 50 pM NDGA de-
creased ROS lavels by 52%, 58%, 62%, and 60%, respectively. Data
are from three independent experiments. T-test: *p < 0.05 (7 = num-
ber of growth cones). Scale bars: 10 pm.

outgrowth. Thus, similarly to non-neuronal cells, nenrons
have evolved to use ROS as second messengers for
development and normal physiclogy.

ROS levels control F-actin structure and dynamics in
growth cones

In the present study, we provide evidence that physiological
ROS levels are critical for regulating F-actin dynamics in the
growth cone. Lowering ROS levels with either a general
scavenger or by inhibiting NADPH oxidases and lipoxygen-
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Fig. 8 ROS depletion reduces growth cone formation and neurite
outgrowth. (a-i) Low magnification phase contrast image of a bag cell
neuron with growth cones after one day in L15-ASW centrol condition.
(a-ii) The same neuron imaged two days after plating had more, larger
growth cones and longer neurites. (b-) Neurons cultured for one day in
20 mM PBN had fewer, smaller and flaiter growth cones at the ends of
shorter neurites compared to controls. (b-ii) One day after PBN
washout, the same cells have more, robust growth cones and longer
newurites. The two cell bodies shown in (b-i) moved togsther between
day one and two. (¢) Quantification of percentage of cells that develop
growth cones after one day in control medium, 20 mM PEN, 500 nM
PAQ, 2 mM apocynin and 25 pM NDGA (white bars) and on day 2
afier washout of drugs betwaen day 1 and 2 (gray bars). Between 43
and 255 cells were analyzed per condition in four independent
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experiments. T-test: *p < 0.05. (d and ) Lowering ROS levels de-
creases neurite outgrowth. Population distribution of total neurite
length per celf in control, 20 mM PBN (d), 500 nM PAO (&), 2 mM
apocynin {g) and 25 pM NDGA () conditions on day one and on day 2
after washout. There was a significant decrease in total nevrite length
in neurons cultured in the presence of ROS drugs {open squares)
when compared to 115-ASW control {open triangles) on day 1. PBN
and apocynin effects were partially reversible, while PAO and NDGA
effects were not. Quantifications in {c), {d) and (e} were carried out
with the same cells {n = number of cells). Most neurons have pre-
existing processes at the time of plating, explaining the differences in
percentages of cells with growth cones and short neurites in soms of
the drug conditions. Scale bars: 200 pm.
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ases, affected actin structure and dynamics similarly,
although some slight differences were observed. The major
effects were: (i) Reduced ruffling activity in the T zone; (ii)
Inhibition of actin assembly at the leading edpe; (iii)
Attenuation of retrograde actin flow; (iv) Increase in Rho-
dependent arc contractility; (v) Disassembly of actin fila-
ments. Thus, ROS depletion generally reduces the protrusive
while increasing the contractile activity of the growth cone.
Accordingly, we would expect that physiological ROS levels
promote actin assembly and leading edge protrusion. The
slightly distinct actin effects induced by the various ROS
reagents are likely because of the different ROS sensitivity of
specific actin processes as well as because of the localization
of different ROS sources in the growth cone. For example,
increase in arc contractility and inhibition of actin assembly
could be observed only upon fast and strong reduction of
ROS levels with 75 mM PBN and 02 mM MnTBAP
(Fig. 4 and k). In 25 mM PBN, however, the actin
cytoskeleton gradually disassembles before significant in-
creases in arc confractility and assembly inhibition occur
This could aiso explain the C domain extension observed in
25 mM PBN but not in 75 mM PBN.

We also observed different effects on actin dynamics when
inhibiting specific ROS sources. NADPH oxidase inhibition
resulted in reduced actin flow, inhibition of actin assembly at
the leading edge and ultimately disassembly of both actin
networks and bundles (Fig. 4; Videos S8 and S9). Prolonged
treatment with NADPH oxidase inhibitors reduced actin
assembly in filopodial tips. NADPH .oxidases are expressed
in both central and peripheral neurons (Hilburger et al, 2005;
Tejada-Simon et al. 2005); however, growth cone localiza-
tion has not been demonstrated so far. Based on our resulis,
we speculate that NADPH oxidases are localized to the
plasma membrane of the lamellipodia and potentially
enriched along the leading edge of growth cones where they
control assembly of actin networks and bundles. Such
findings would be consistent with the localization of NADPH
oxidases in focal complexes of lamellipodia, in membrane
ruffles and at the leading edge of migrating endothelial cells
(Ushio-Fukai 2006).

Lipoxygenase inhibition did not inhibit actin assembly in
filopodial tips and rather promoted filopodial lengthening
(Figs 3¢ and 4h). Furthermore, NDGA freatment caused
actin arc accumulation similar to 75 mM PBN (Fig. 5),
suggesting a role of lipoxygenase-derived ROS in the
regulation of actomyosin-contractility in the T =zone.
Although Hpoxygenases have not been localized fo growth
cones so far, there is experimental evidence that they are
involved in semaphorin 3A-induced growth cone collapse of
rat dorsal root ganglion neurons (Mikule ef al. 2002) and
netrin-1-mediated repulsive growth cone turning of Xenopus
spinal cord neurons (Nishivama et . 2003). Thus, NADPH
oxidases and lipoxygenases appear to have overlapping and
distinct functions with respect to regulation of actin dynam-
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ics. Since ROS are short-lived and diffusible, the detailed
localization of NADPH oxidases and lipoxygenases in
growth cones appears to be critical and will be an interesting
avenue for future investigations. Finally, our results demon-
stratc that mitochordria-derived ROS do not appear o play a
role in the regulation of actin structare and dynamics in
growth cones. While in previous studies rotenone treatment
resulted in both increased (Barrientos and Moraes 1999} and
decreased cellular ROS levels (Thompson et al 2007),
cytoplasmic levels in the P domain of rotenone-treated
Aplysia growth cones were not siguificantly different from
controls.

In summary, we found that reduced ROS levels cause
decreased actin assembly, retrograde flow and increased arc
contractility in neuronal growth cones. These findings are in
agreement with results from fibroblasts, endothelial cells and
macrophages, although previous studies did not visualize
actin dynamics (Moldovan ef al. 2006; Chiarugi and Fiaschi
2007). In these non-neuronal cefls, experimental elevation of
total ROS increased F-actin content, while reducing ROS
levels by inhibition of NADPH oxidases and lipoxygenases
decreased actin assembly, celi motility and spreading but
increased stress fiber formation (Crawford et al. 1996; Zhao
and Davis 1998; Moldovan et al. 2000; Miller ef al. 2001;
Chiarugi ef al. 2003; Nimnual et al. 2003; Wojciak-Stothard
et al. 2005; Alexandrova ef al. 2006; Fiaschi et al. 2006).
Thus, ROS regulate actin dynamics in different cell types.

Potential targets of ROS in the growth cone cytoskeleton
A number of proteins are regulated by reversible oxidation
through ROS, including protein tyrosing phosphatases, both
receptor and non-receptor tyrosine kinases (e.g., epidermal
growth factor receptor and Src), as well as actin itself (Meng
ef al, 2002; Chiarugi 2005; Moldovan ef al. 2006; Chiarugi
and Fiaschi 2007). We will discuss potential target proteins
that regulate various aspects of actin dynamics in Aplysia
growth cones in light of previous findings on ROS-mediated
actin reorganization in fibroblasts and endothelial cells.
Which proteins involved in actin assembly could be targeted
by ROS? Racl is a key regulator of actin assembly processes
(Etienne-Manneville and Hall 2002), thus a likely candidate.
Indeed Racl activity is decreased in endothelial cells during
hypoxia, while increased during reoxygenation (Wojciak-
Stothard ef @l 2005). Furthermore, antioxidants reduced
Racl activity in fibroblasts (Alexandrova ef al. 2006). There
are a number of additional potential ROS target proteins
involved in regulating actin assembly including Src tyrosine
kinase and cofilin (Alexandrova et al. 2006; Moldovan ef al.
2006; Chiarugi and Fiaschi 2007).

All experimental treatments that reduced cytoplasmic ROS
levels in the growth cone also reduced PY levels in the P
domain and along the leading edge (Figs 1 and 7). Since
ROS iohibit protein tyrosine phosphatases and activate
protein tyrosine kinases (Meng ef al. 2002; Chiarugi 2005),

Journal Compilation © 2008 International Society for Neurochemistry, J. Newrochem. (2009) 148, 644-661



658 | V. Munnamalai and D. M. Suter

tyrosine phosphorylation is likely involved in ROS-mediated
regulation of actin assembly. Although PAO can also inhibit
tyrosine phosphatases at concentrations of 10 pM and higher
(Le Cabec and Maridonnean-Parini 1995), we believe that
the effects observed at concentrations of 1 pM and lower are
largely through inhibition of NADPH oxidases and not
tyrosine phosphatases. Evidence for this is given by the
decreased PY levels after treatment with 1 pM PAO, which
could be because of reduced ROS-mediated phosphatase
inhibition, Furthermore, our PAO data are consistent with
results obtained with an alternative NADPH oxidase inhib-
itor, apocynin.

When growth cones were itreated with NDGA, we
observed initial filopodia lengthening simiiarly to other
treatments that reduce ROS levels. However, in contrast to
NADPH oxidase inhibition and PBN treatment, NDGA-
treated filopodia maintained their length, contained F-actin
and PY proteins at the tips (Figs 3c-iil and 7e). These
findings saggest that lipoxygenase-derived ROS may not
control actin assembly at filopodia tips, but along the leading
edge of lamellipodia. Since activated Src is also concentrated
at filopodia tips (Suter ef al. 2004; Robles ef al. 2005), we
hypothesize that ROS-mediated Src activation could be a
major signaling pathway leading to actin assembly at the
filopodia tips and leading edge. Finally, redox regulation of
actin itself has been proposed as a potential mechanism for
dynamic actin reorganization during integrin-mediated cell
adhesion (Fiaschi ef ¢l 2006). However, more work is
needed to dissect the molecular details of actin assembly
regulation by ROS.

Retrograde actin flow rates were decreased upon ROS
depletion. Since myosin Il motor activity largely drives actin
flow in growth cones (Medeiros ef al. 2006), we believe that
reduced ROS levels may result in actomyosin interactions
that are too tight and do not allow effective force production,
since integrin-induced ROS cause actin oxidation and
actomyosin disassembly in fibroblasts (Fiaschi ef al. 2006).
Furthermore, strong reduction of ROS levels with 75 mM
PBN increased contractility of T zone arcs as evidenced by
forward tugging of arcs, increased arc density, ripping apart
of actomyosin networks and collapse of peripheral actin into
the C domain. Since arc contractility is regulated by Rho
GTPase (Zhang er al. 2003), we speculated that lowering
ROS levels could increase Rho activity. Indeed Rho activity
was increased in total CNS lysates after PBN treatment. How
could ROS levels control Rho activity? A potential pathway
from Racl-mediated superoxide production to down-regula-
tion of Rho activity has been reported for integrin-mediated
spreading of HeLa cells (Nimnmal ef al. 2003). It involves
ROS-mediated inhibition of low-molecular weight protein
tyrosine phosphatase, which leads to phosphorylation and
activation of p190 Rho GTPase activating protein, followed
by reduced Rho activity. Similarly, reduced ROS Ievels
resulted in Rho activation followed by actin stress fiber

© 2008 The Authors

formation, dispersion of adherens junctions and increased
endothelial permeability in fibroblasts and endothelial cetls
(Wojciak-Stothard et al. 2005; Alexandrova et af. 2006). In
summary, we speculate that physiological ROS levels are
necessary to promote Racl-dependent actin assembly leading
to protrusion, while reducing Rho-dependent actomyosin
contractility leading to growth cone retraction.

ROS in neurite outgrowth

Rednced ROS levels by overnight treatment with either PBN
or NADPH oxidase or lipoxygenase inhibitors significantly
inhibited growth cone formation and neurite outgrowth,
Thus, physiological ROS levels appear to have a positive
effect on neurite outgrowth of primary neurons in culfure
through regulation of the actin cytoskeleton. Our findings are
consistent with previous studies demonstrating that ROS can
act as a positive signal mediator in neuron-like cell lines; for
example, in nerve prowth factor-induced neurite outgrowth
of PC-12 cells (Suzkawa et al. 2000).

In summary, similarly fo several other physiological
systems, ROS emerge as Janus-faced signaling molecules
in the nervous systemn as well. While a large body of
evidence revealed the damaging effects of ROS in disease
states, including spinal cord injury and neurodegeneration,
ROS also have ‘positive’ signaling functions in the nervous
system, such as in synaptic function and plasticity, and
neurite outgrowth. It will be of great interest to dissect which
of the many axonal guidance receptors affect cytoskeletal
dynamics via ROS signaling pathways.
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Video S1. DIC time lapse movie of growth cone in control (CTL)
condition for 3.3 min followed by ireatment with 25 mM PBN for
20 min (Fig. 2b-i,ii). PBN treatment caused an initial burst of
filopodial growth, flattening of the T zone, disappearance of actin
bundles in the P domeain and forward movement of the C domain
boundary. Time compression: 100, Scale bar: 10 pm.
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Yideo $2. DIC time lapse movie of growth cone in control (CTL)
condition for 3.3 min treated followed by ireatment with 75 mM
PBN for 5 min (Fig. 2c-i,ii). Besides flattening of the T zone and
disappearance of actin bundles, the higher PBN dose also caused a
slight retraction of the C domain boundary and reduced growth cone
dynamics. Time compression: 100x, Scale bar: 10 pm,

Video 83. DIC time lapse movie of growth cone in control (CTL)
condition for 3.3 min followed by treatment with 1 pM PAO for
10 min (Fig. 3a-i,ii). Besides flattening of the T =zone and
disappearance of actin bundles, PAO also caused a slight retraction
of the C domain boundary. In addition, growth cone lameitipodia
dynamics were reduced. Time compression: 100x. Scale bar: 10 pm.

Video $4. DIC time lapse movie of growth cone in control {CTL)
condition for 3.3 min followed by treatment with 4 mM apocynin
for 10 min (Fig. 3b-ii). Apocynin caused flattening of the T zone,
extension of the C domain and disappearance of actin bundles. Time
compression: 100x. Scale bar: 10 pm.

Video 85, DIC time lapse movic of growth cong in control (CTL)
condition for 3.3 min followed by treatment with 50 uM NDGA for
10 min (Fig. 3c¢-i,ii). NDGA caused flattening of the T zone,
disappearance of actin bundles and filopodia lengthening. Time
compression: 100x. Scale bar: 10 pm,

Video S6. DIC time lapse movie of growth cone in control (CTL)
condition for 3.3 min folowed by treatment with 20 pM Rotenone
for 10 min (Fig. 3d-i,i). Rotenone treatment did not result in major
morphological changes besides a slight splaying of the C domain.
Time compression: 100x. Scale bar: 10 pm.

Video 87. F-actin dynamics time lapse movie of prowth cone
labeled with Alexa 568-phalloidin in control (CTL) condition for
3.3 min followed by treatment with 25 mM PBN for 20 min
(Fig. 42 and b), PBN treatment caused initial leading edge and
filopodial protrusion, slowing of F-actin flow, disassembly of F-actin
structures and narrowing of the P domain. Time compression: 100x.
Scale bar: 10 pm.

Video $8. F-actin dynamics time lapse movie of growth cone
labeled with Alexa 568-phalloidin in control (CTL) condition for
3.3 min followed by treatment with 1 pM PAO for 30 min (Fig. 4d
and ). PAO treatment resulted in slowing of actin ftow, temporary
lengthening of filopodia, forward movement of the recycling zone
and ultimaicly disassembly of the actin cytoskeleton. Time
compression: 100x. Scale bar: 10 pm.

Video 89. F-actin dynamics time lapse movie of growth cone
Iabeled with Alexa 568-phalloidin in control (CTL) condition for
3.3 min followed by treatment with 4 mM apocynin for 25 min
{Fig. 4g). Apocynin treatment resuited in slowing of actin flow,
temporary lengthening of filopodia, forward movement of the
recycling zone and ultimately disassembly of the actin cytoskeleton.
Time compression: 100x, Scale bar: 10 pm.

Video $10. F-actin dynamics time lapse movie of growth cone
labeled with Alexa 568-phalloidin in control (CTL) condition for
3.3 min followed by treatment with 50 pM NDGA for 20 min
(Fig. 4h). NDGA treatment resulted in reduced F-actin assembly,
retraction of the aciin network and confractile effects on F-actin arcs
and networks in the T zone, similar to 75 mM PBN treatment. Time
compression: 100x. Scale barz 10 pm,

Video S11. F-actin dynamics time lapse movie of growth cone
labeled with Alexa 568-phalloidin in control (CTL) condition for
3.3 min followed by treatment with 75 mM PBN for 5 min (Fig, 5a
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and c). PBN treatment resulted in inhibition of actin assembly,
refraction of the actin network and contractile effects on actin arcs
and networks in the T zone. Time compression: 100x. Scale bar:
10 um.

Video $12. F-actin dynamics time lapse movie of arc movements
in the T zone (Fig. 5b and d) in control {CTL) conditions for 2 min
and in 75 mM PBN for 2 min, In control conditions, arcs move
retrogradely, while forward fugging and arc aggregation was
observed in PBN. Time compression: 100x, Scale bar: 5 pm.

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any querics (other than missing material) should be directed to the
corresponding author for the article.
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Review Committee :
2009 PULSe Publication of the Year Award

Recommendation Letter for Ms. Vidhya Munnamalai
Dear Members of the Review Commitiee,

It is a great pleasure to nominate an outstanding graduate student from my laboratory, Ms.
Vidhya Munnamalai, for the 2009 PULSe Publication of the Year Award. Vidhya is currently in her 5t
year in the PULSe Graduate Program and has been working in my lab for almost 4 years. Vidhya is an
excellent graduate student who is smart, extremely organized and independent, creative and critical.
Because of her many scientific talents, I decided to give Vidhya a novel and provocative project that is.
not currently funded in-my lab. Her rescarch addresses the role or Reactive Oxygen Species (ROS) in the
regulation of actin dynamics in controlling neuronal growth cone motility. I initially produced some
preliminary data showing that inhibition of NADPH oxidase affects the actin cytoskeleton in Aplysia
growth cones. Within 3 years Vidhya collected on her own a significant amount of data showing that
lowering cytoplasmic ROS levels in neuronal growth cones severely affects the actin cytoskeleton and
hence growth cone formation and neurite outgrowth. Her important novel findings have recently been
published in a beautiful two-author paper in the Journal of Neurochemistry:

Munnamalai, V., and D. M. Suter. 2009. Reactive oxygen species regulate F-actin dynamics in neuronal
growth cones and neurite outgrowth. J. Neurochem. 108(3):644-61.

I consider this publication very worthy for the publication of the year award for a number of
reasons. 1. Vidhya has completed all experiments herself with very little technical help by me. 2. Several
of the assays used in this paper were established and optimized by Vidhya. 3. The study is very
innovative and provocative since it puts out a new idea that ROS are not only “bad” for neurons. The two-
faced role of ROS has been more and less established in other cell types in recent years; however, it has
not been studied in detail in developing neurons. 4. Since Vidhya was the only person in my lab working
on this and since this work did not have specific funding, it required a lot of endurance and confidence by
Vidhya to get through the challenges of working on a novel and controversial topic pretty much alone.

I would like to briefly summarize the background and main findings of this paper. Recent
observations in non-neuronal cells indicated that ROS not only cause damage to cells, but also have
signaling roles in various biological processes, including cell motility, phagocytosis and cancer. Vidhya’s
goal was to test the hypothesis that ROS have a similar fonction in growth cones. She showed that
reducing cytoplasmic ROS levels (either by scavengers or inhibiting two of the major sources of ROS)
has very strong and reproducible effects on the F-actin cytoskeleton. She demonstrated this by time lapse
imaging of Aplysia growth cone morphology and actin dynamics as well as by immunocytochemistry.
Vidhya was able to dissect these actin effects in more details: lowering ROS levels clearly reduced the
supply of F-actin in the growth cone periphery by slowing of actin flow and inhibiting actin assembly, as
well as increasing actomyosin contractility. Biochemical studies showed that lowering ROS levels
increase Rho activity. Finally, Vidhya showed that lowering ROS levels severely impacts neurite growth.
Her results strongly support the hypothesis that physiological ROS levels are important for maintenance
of a functional actin cytoskeleton. Her achievement is particularly remarkable since she produced a
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significant set of additional data in response to the reviewers’ requesis within just two months and totally
on her own. These additional experiments clearly showed that NADPH oxidases and lipoxygenases, but
not mitochondria, are two key sources of cytoplasmic ROS in the growth cone invelved in actin
regulation. Vidhya did all experiments presented in this article herself. The amount of data she collected
is especially impressive considering that in the fast-paced field of molecular cell biology single and two
author papers have become rare. In addition to performing experiments, Vidhya was also very efficient in
analyzing data, preparing figures and manuscript drafts. Her writing is very advanced and her help with
the manuscript allowed us to get this work published in a timely manner.

I personally think that her paper is a very important contribution that hopefully brings the field of
free radical signaling together with cellular neurobiology. This study is clearly worthy the level of leading
neuroscience journals, such as Journal of Neuroscience. Thus, in summary I hope that you will give
Vidhya’s research article a serious consideration for a Publication of the Year Award.

Sincerely,

. Sub

Daniel Suter, PhD
Assistant Professor of Biological Sciences





