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Abstract

The Rho guanine nucleotide triphosphatases (GTPases) Racl and RhoA are important regulators
of axon growth. However, the specific roles each plays are complicated by implications that each
is involved in promoting and inhibiting neurite outgrowth. Differential regulation of Rac1 and
RhoA activation in cell bodies and growth cones may be important in directing axon growth. To
test this, we separated neuroblastoma cells into growth cone and cell body fractions and assessed
Racl and RhoA activation in response to outgrowth promoters, serum withdrawal and 8-
bromoadeosine-5"3’-cyclic monophosphate (8-Br-cAMP), and outgrowth inhibitors, chondroitin
sulfate proteoglycans (CSPGs) or semaphorin 3A (Sema 3A). In whole cell lysates, serum
withdrawal decreased and CSPGs or Sema 3A increased RhoA activity, but no treatments affected
Rac1 activity. In growth cones, serum withdrawal or 8-Br-cAMP increased Racl activation and
serum withdrawal decreased RhoA activation. Conversely, outgrowth inhibitors decreased Racl
activity. Additionally, 8-Br-cAMP reversed increases in RhoA activity induced by Sema 3A in
whole cell lysates and CSPGs in growth cones. These data suggest that activation of RhoA and
Racl is differentially regulated in specific cellular regions, perhaps contributing to the complexity
of Rho GTPase-mediated axon growth.
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Axon extension is guided by environmental cues [9], many of which signal through Rho
GTPases. In non-neuronal cells, activation of RhoA, Racl and Cdc42 results in the
formation of stress fibers, lamellipodia and filopodia, respectively [11]. In neurons,
functional studies of Rho GTPase function assess the effects of guidance cues on their
activity and the effects of manipulating their activation on neurite outgrowth. Generally,
outgrowth promoters activate Racl and Cdc42, and inhibitors activate RhoA. For instance,
outgrowth promoters like laminin [38], trophic factors [22] and netrins [35] increase Racl
and/or Cdc42 activation. Outgrowth inhibitors like semaphorins [37] and chondroitin sulfate
proteoglycans (CSPGs) [5] increase RhoA activation. Dominant active RhoA generally leads
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to outgrowth inhibition [34], while dominant active Racl and Cdc42 lead to increased
extension [6, 32].

However, manipulating Rho GTPase activation or signaling has yielded unexpected results
from some experiments. For example, lysophosphatidic acid induced RhoA activation
inhibits outgrowth [16]. However, inhibiting RhoA (or Rho associated kinase) demonstrated
its necessity for axon navigation [14]. Additionally, Racl activity is required for outgrowth
[19], but dominant active or dominant negative Racl decreases extension [18]. These
disparities persist in more mechanistic studies showing RhoA activity is needed for growth
cone consolidation and efficient migration [20] and Rac1 activation is linked to growth cone
retractions [15].

One potential explanation for these different results could be compartmentalization of Rho
GTPase activation. In fluorescence resonance energy transfer (FRET) studies [1, 25], RhoA
and Racl were active in the peripheral domains of growth cones, while RhoA was also
active in axon shafts and central domains. RhoA activation in axon shafts resulted in
retraction and activation in the peripheral domain was necessary for growth cone spreading
[25]. These studies implicate compartmentalization as a potential regulatory mechanism, but
FRET results depend on the nature of the probe and can be difficult to interpret.

Here, we investigated the subcellular compartmentalization of Rho GTPase activity in a
physiological context. We separated growth cones and cell bodies of B35 rat neuroblastoma
cells (ATCC, Manassas, VA) using differential centrifugation, confirming efficient
separation with the growth cone marker 2G13p [2, 36] and the nuclear marker lamin B. We
treated cells with the outgrowth promoters serum withdrawal and 8-Br-cAMP (10 puM,
Sigma, St. Louis, MO) [28, 33], or the outgrowth inhibitors CSPGs (5 pg/ml, Chemicon,
Temecula, CA) and Sema 3A (50 ng/ml, R&D Systems, Minneapolis, MN) [12, 29] and
assessed activation of Racl or RhoA in growth cone-enriched fractions and whole cell
lysates, using pull-down assays and enzyme linked immunosorbance, respectively.

For 2G13 immunocytochemistry, B35 cells (5,000 cells/cm?) were plated on glass coverslips
for 24 hours in Dulbecco’s Modified Eagle’s Medium (Invitrogen, Carlsbad, CA) containing
10% fetal bovine serum (Sigma, St. Louis, MO), hereafter referred to as serum-containing
medium (SCM). Cultures were serum-starved for 24 hours, fixed in 4.0% paraformaldehyde,
and washed with phosphate buffered saline (PBS). Samples were blocked in PBS containing
1.5% normal goat serum (Jackson Laboratories, West Grove, PA), 0.1% bovine serum
albumin (Fisher, Pittsburgh, PA) and 0.1% Triton X-100 (Sigma, St. Louis, MO). Samples
were incubated overnight at 4.0 °C with mouse 2G13 antibodies (1:500; AbCam,
Cambridge, MA), washed with PBS, and incubated with goat anti-mouse AlexaFluor 488-
conjugated secondary antibodies (1:200; Invitrogen, Carlsbad, CA) for 1 hour at room
temperature. Coverslips were washed in PBS and mounted on slides (Vector Laboratories,
Burlingame, CA). Phase contrast and fluorescence images were captured with an
AxioVision MrM camera through a 40X objective (N.A. = 0.6) using AxioVision image
analysis software (Zeiss, Thornwood, NY).
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Growth cone-enriched cell fractions were obtained using differential centrifugation [21].
B35 cells (20,000 cells/cm?) were grown to 90% confluency in 10 cm plates (BioLink
Scientific, Wimberley, TX) and serum-starved for 24 hours. Cells were homogenized in 0.5
mM EDTA, 137 mM NaCl, 10 mM NayHPQOy, 2.7 mM KCI, and 0.15 mM KH,PO4 (Sigma,
St. Louis, MO) and fractionated on 20% sucrose cushions at 500 x g for 4 minutes. The
putative growth cone and cell body fractions were collected from the sucrose cushion/buffer
interface and pellet, respectively. Sucrose was removed by centrifugation (14,000 x g, 20
minutes). Each fraction was lysed on ice in 1.0% IGEPAL CA-630, 1.5 mM EDTA, 25 mM
Tris-HCI (pH = 7.4), and 150 mM NacCl (Sigma, St. Louis, MO). Each fraction (40 pg total
protein; BCA, Pierce, Rockford, IL) was electrophoresed through 15% sodium dodecyl
sulfate polyacrylamide gels (SDS/PAGE) and transferred to nitrocellulose (BioRad,
Temecula, CA). After blocking in 5% non-fat milk (Fisher, Pittsburgh, PA) in Tris buffered
saline containing 0.1% Tween-20 (TBST), membranes were incubated overnight at 4.0°C
with 2G13 (1:1000), anti-lamin B (1:500, Calbiochem, La Jolla, CA), anti-actin (1:500,
Cytoskeleton, Denver, CO) or anti-a-tubulin (1:500, Invitrogen, Carlsbad, CA). Membranes
were washed with TBST and incubated in goat anti-mouse or goat anti-rabbit horseradish
peroxidase (HRP)-conjugated secondary antibodies (1:5000; Invitrogen, Carlsbad, CA) for 2
hours at room temperature. Membranes were washed extensively and immunoreactive bands
were visualized by enhanced chemiluminescence (ChemiGlow; Alpha Innotech, San
Leandro, CA). Coomassie blue-stained sister gels were used to assess protein loading in both
fractions.

Rac1 activation in growth cones and whole cell lysates was assessed using pull-down assays.
Cells (90% confluent) were maintained in SCM or placed in serum-free medium (SFM) for
24 hours and subsequently treated with outgrowth promoters and inhibitors for 15 minutes.
Cells were fractionated and lysed in 1.0% IGEPAL CA-630, 1.5 mM EDTA, 25 mM Tris-
HCL (pH = 7.4), and 150 mM NaCl. Growth cone or whole cell lysates (200-400 g total
protein) were incubated with 20 pg p21-activated kinase protein binding domain conjugated
agarose beads (Cytoskeleton, Denver, CO) for 45 minutes at 4.0 °C. Beads were washed
three times in 25 mM Tris (pH = 7.5), 30 mM MgCls, and 40 mM NaCl (all from Sigma, St.
Louis, MO) and boiled in Laemmli buffer (Sigma, St. Louis, MO). Samples (20-40 ug
lysates; entire pull-down) were immunoblotted with mouse (1:500; BD Biosciences, San
Jose, CA) or rabbit (1:500; Cell Signaling Technology, Danvers, MA) anti-Rac1.
Immunoreactive bands, visualized by enhanced chemiluminescence, were analyzed using a
FluorChem HD?2 gel analyzer (Alpha Innotech, San Leandro, CA). Band density readings
were used to generate a ratio of active to total Racl. Ratios were subjected to Kruskal-Wallis
analysis of variance (ANOVA) and Mann-Whitney U post hoc analyses at a = 0.05 (SPSS,
Chicago, IL).

RhoA activation in growth cones and whole cell lysates was measured using the Rho G-
LISA assay (Cytoskeleton, Denver, CO). Following treatment, cells were fractionated and
lysed. Samples (30-50 ug total protein) were loaded onto a rhotekin coated microtiter plate.
Plates were incubated with anti-RhoA primary and HRP-conjugated secondary antibodies
(supplied with kit). An HRP detection reagent was added and the absorbance of each well
was read at 490 nm. Absorbance readings were blank corrected and normalized by input
protein concentration. Positive controls (RhoA-Q63L) were included in each assay. Maximal
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(Asgo = 1.19) and minimal (Asgg = 0.26) absorbance readings for RhoA activation were
obtained from GTP and GDP loaded RhoA protein, respectively. Data were analyzed using
Kruskal-Wallis ANOVA and Mann-Whitney U post hoc analyses with a significance level of
a =0.05.

The antibody 2G13 labeled both growth cone regions and the putative growth cone fraction
in B35 cells. Growth cone regions, identified from phase contrast images (Fig. 1A), were
highly 2G13 immunoreactive (Fig. 1B). Primary omitted control samples confirmed labeling
specificity (data not shown). In immunoblots from fractionated cells, the 37 kDa 2G13p was
present primarily in the putative growth cone fraction (Fig. 1C) [2]. Sister Coomassie blue-
stained gels showed abundant protein in both fractions (Fig. 1D). Because total protein
appeared to be less in the pellet, we estimated the immunoreactivity in the putative growth
cone fraction by normalizing densities for immunoreactive bands in each fraction to the sum
of Coomassie blue-stained band densities in each fraction (excluding major histones, bottom
of the pellet lane). These calculations revealed a more than 11 fold increase in band density
for 2G13p in the growth cone fraction compared with the cell body fraction. Additionally,
immunoreactivity for the nuclear marker lamin B was evident only in the pellet fraction (Fig.
1E). Western blotting for actin confirmed its abundance in growth cone fractions (Fig. 1F),
while a-tubulin was largely restricted from this fraction (Fig. 1G). These results indicate our
fractionation protocol yielded samples enriched for growth cones.

We determined Rac1l activation ratios in whole cell lysates (Fig. 2A) and growth cone
fractions (Fig. 2B). In whole cell lysates, no treatments significantly affected Racl activation
(Fig. 2C, black bars). In particular, serum withdrawal or treatment with 8-Br-cAMP, both
reported to promote outgrowth from B35 cells [28, 33], did not increase Racl activity.
Likewise, CSPGs or Sema 3A did not affect Racl activation. In growth cones, SFM
increased and CSPGs decreased Rac1l activation (Fig. 2C, white bars). Here, serum
withdrawal or 8-Br-cAMP increased Racl activation compared SCM. However, treatment
with 8-Br-cAMP did not increase Racl activation levels above SFM. Treatment with CSPGs
or Sema 3A returned Racl activation levels to SCM levels. Co-treatment with CSPGs or
Sema 3A and 8-Br-cAMP did not alter the inhibition of Racl activation by these outgrowth
inhibitors. Thus, outgrowth promoters increased and outgrowth inhibitors decreased Racl
activation in growth cones, but not in whole cells, indicating regulation of Racl in growth
cones may be masked when assessed using whole cell lysates.

We next determined whether RhoA activation was altered in B35 cell fractions in response
to outgrowth promoters or inhibitors. In whole cell lysates, RhoA was activated by Sema 3A
and inhibited by serum withdrawal, compared to cells in SCM (Fig. 3, black bars).
Compared to SFM, 8-Br-cAMP or outgrowth inhibitors (CSPGs or Sema 3A) increased
RhoA activation. Interestingly, co-treatment with Sema 3A and 8-Br-cAMP decreased the
RhoA activation observed with either treatment alone. In growth cones, RhoA activation was
inhibited by serum withdrawal and increased by 8-Br-cAMP, compared to cells maintained
in SCM (Fig. 3, white bars). Compared to serum-starved cells, 8-Br-cAMP increased RhoA
activation, while CSPGs or Sema 3A did not. The RhoA activation elicited by 8-Br-cAMP
was reversed when cells were co-treated with CSPGs. These data may indicate differential
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regulation of RhoA activity in growth cones compared to whole cell lysates or that cCAMP
and outgrowth inhibitor pathways interactions differently in distinct cell regions.

These results suggest there is significant compartmentalization of Rho GTPase activity in
neuron-like cells. Racl activity was only affected in growth cones, while RhoA activity was
altered both in growth cones and whole cell lysates. We were only able to assess Rho
GTPase activity in these fractions. However, our data reinforce those obtained using FRET,
where activation of specific Rho GTPases differed in distinct growth cone regions. Exactly
how differential regulation of Rho GTPase activity occurs is unclear, but may result from
neuronal cyto-architecture or localization of Rho GTPase activators, guanine nucleotide
exchange factors (GEFs). In neurons, long axons create a separation between growth cones
and cell bodies. Thus, even though receptors for outgrowth promoters (e.g. neurotrophins,
netrins) or inhibitors (e.g. the Sema 3A receptor neuropilin-1) are uniformly distributed
throughout the cell [17, 27, 30], tissue-specific guidance cue distribution may affect only
growth cones. Studies using compartmented cultures, where distal axons and cell bodies are
subjected to local cues, support this idea. For example, local application of nerve growth
factor to distal axons, but not the cell bodies, is sufficient to maintain axon growth [7].
Directly assessing Rho GTPase function, antagonizing RhoA at cell bodies or distal axons
was sufficient to promote outgrowth on inhibitory substrata [4]. However, we show here that
compartmentalized regulation of Rho GTPase activity occurs even when the entire cell is
exposed to guidance cues. Selective distribution or activation of GEFs might explain
regional GTPase activity. In non-neuronal C. elegans cells, polarization cues lead to uneven
distribution of GET-2, a RHO-1 GEF, and redistribution of RHO-1 and CDC42 [23].
Similarly, RhoA is redistributed in polarized neutrophils by activation of PDZRhoGEF [39].
However, in our cultures, Rho GTPase immunostaining is uniform under a variety of
conditions (data not shown), suggesting GEF redistribution may be important. The RhoGEF,
Lfc, is non-uniformly distributed in cortical neurons [24]. Experiments in neurons assessing
GEF distribution and the effects of manipulating Rho GTPase activity in compartmented
cultures may help define axon growth mechanisms.

There may also be spatially-regulated interactions in signaling networks, exemplified here
by the regional specificity of cCAMP signaling. We found 8-Br-cAMP activation of RhoA in
growth cones and whole cell lysates, but it only activated Racl in growth cones.
Interestingly, 8-Br-cAMP and CSPG co-treatment reversed increases in RhoA activity in
growth cones, but 8-Br-cAMP/Sema 3A co-treatment decreased the 8-Br-cAMP-induced
increase in RhoA activation in cell bodies. In whole cells, cCAMP interactions with Rho
GTPases and outgrowth inhibitors are well documented. Increased cCAMP activates Racl and
inhibits RhoA [3]. Out results differ from these since 8-Br-cAMP increased RhoA activity,
but agree with other studies [8] showing antagonism between cAMP and Sema 3A. Thus,
our results might reflect differences in treatment conditions or crosstalk between different
Rho GTPases.

Rho GTPase crosstalk may regulate axon growth with our data indicating the activation of
Rac1 relative to RhoA as an important determinant. Using a SCM baseline, we set the ratio
of active Racl to active RhoA to one. In growth cones, SFM or 8-Br-cAMP increased this
ratio to 5.53 and 7.44, respectively. Changes in these ratios in whole cell lysates were
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minimal (SFM = 1.11, 8-Br-cAMP = 1.77). CSPGs or Sema 3A produced more pronounced
effects in whole cell lysates, where active Racl:active RhoA was 0.50 and 0.76, respectively.
This balance of Rho GTPase activity may determine growth cones advance, but Rho GTPase
crosstalk may complicate this scenario, exemplified by inconsistent experimental results. In
fibroblasts, Cdc42 activates Racl which activates RhoA [26]. However, Racl and RhoA
antagonize each other’s activities in neurons [40] and non-neuronal [31] cells. Interestingly,
both Racl and RhoA are activated in Sema 3A-mediated growth cone collapse [10, 15].
Mathematical models of Rho GTPase crosstalk [13] may help direct studies investigating
Rho GTPase action in different cell types. In summary, we show here that Racl and RhoA
activity are compartmentally regulated in neuron-like cells, potentially explaining different
outcomes from previous work and helping define mechanisms of axon growth.
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Cell fractionation yields a growth cone-enriched fraction. Phase contrast (A) and fluorescent
(B) images of B35 cells stained for the growth cone marker, 2G13p. Arrows indicate growth
cones. Scale bar = 10 pum. C) Western blot probed with 2G13. GC represents the fraction
collected at the sucrose/buffer interface and pellet is the fraction migrating to the bottom of
the tube, corresponding to cell bodies. D) Coomassie blue stained gel of lysates from GC
and pellet. E) Western blot for lamin B shows this nuclear antigen mainly in the GC fraction.
F) Western blot for actin showing abundant actin in the GC and pellet fractions. G) Western

blot for a-tubulin showing predominance in pellets.
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Fig. 2.
Rac1 activation in whole cell lysates and growth cone fractions. A) Racl western blot for

activated (pull-down, top panel) and total (lysate, bottom panel) Racl in whole cells (SCM =
serum-containing medium, SFM = serum free medium, 8-Br-cAMP = 10 uM 8-
bromoadenosine 5”,3” cyclic monophosphate, CSPGs = 5 pg/ml chondroitin sulfate
proteoglycans, or Sema3A = 50 ng/ml semaphorin 3A). B) Racl western blot from growth
cone fractions for activated (top panel) and total (bottom panel) Racl. C) Ratios of active to
total Racl determined by scanning densitometry normalized to SCM. Data are means +
SEM of 4 (whole cell lysates) or 3 (growth cones) experiments. N = 2 for the Sema 3A
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condition in the growth cone fraction. Significant differences at p < 0.05 (Kruskal-Wallis
ANOVA and Mann-Whitney U post hoc) are indicated by * compared to SCM, # compared
to SFM, and * compared to 8-Br-cAMP.
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Fig. 3.
RhoA activation in whole cell lysates (black bars) and growth cone fractions (white bars).

RhoA activation was assessed using RhoA G-LISA in cells treated with outgrowth
promoters or inhibitors (SCM = serum-containing medium, SFM = serum free medium, 8-
Br-cAMP = 10 pM 8-bromoadenosine 5”,3” cyclic monophosphate, CSPGs = 5 pg/ml
chondroitin sulfate proteoglycans, or Sema3A = 50 ng/ml semaphorin 3A). Data are means
+ SEM of absorption at 490 nm, normalized to protein concentration, for 3 experiments.
Significant differences at p<0.05 (Kruskal-Wallis ANOVA and Mann-Whitney U post hoc)
are indicated by * compared to SCM, # compared to SFM and " compared to 8-Br-cAMP.
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