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Abstract

The molecular mechanisms by which extracellular guidance cues regulate axonal morphology are
not fully understood. Recent findings suggest that increased activity of the protein kinase Akt
promotes dendritic branching and elongation in hippocampal neurons. We tested whether
expression of constitutively active Akt (CA-AKkt) in primary sensory neurons would promote
axonal branching and whether targeting CA-Akt to lipid rafts, common sites of Akt function,
would differentially regulate axonal morphology. Biolistic transduction of sensory neurons
induced a rapid expression of CA-Akt, resulting in increased axonal branching, cell hypertrophy,
and growth cone expansion. Additionally, we found that targeting of CA-Akt to lipid rafts
significantly potentiated growth cone expansion compared with expression of CA-Akt throughout
the neuron. Because lipid rafts are concentrated within the growth cone, this finding suggests that
signaling of expansion is likely regulated locally. We found that CA-Akt-mediated growth cone
expansion, but not axonal branching, was attenuated by coexpression of dominant-negative Rac1.
In contrast, blockade of mammalian target of rapamycin (nTOR) prevented axonal branching and
hypertrophy in response to CA-Akt, but not growth cone expansion. These data indicate that Akt
activity can regulate growth cone expansion via localized Racl signaling and regulate axonal
branching and soma size via activation of mTOR.
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In response to multiple guidance molecules, intracellular signaling cascades are activated to
mediate axonal branching and growth. One such intracellular signaling molecule that is
required for localized regulation of axonal branching (Gallo and Letourneau, 1998) and
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growth cone guidance (Zhou et al., 2004) is phosphatidylinositol 3-kinase (PI-3K). The
contribution of Akt, a protein kinase downstream of PI-3K, in neurite branching has been
recently noted (Jaworski et al., 2005; Kumar et al., 2005). Traditionally studied in
antiapoptotic signaling, Akt can also phosphorylate many proteins that may regulate
neuronal morphology (Chan et al., 1999). There are two reports demonstrating that
expression of constitutively active Akt (CA-Akt) increases dendritic branching in cultured
hippocampal neurons (Jaworski et al., 2005; Kumar et al., 2005) and one report that CA-Akt
increases axonal branching in cultured sensory neurons (Markus et al., 2002). We used
dorsal root ganglion (DRG) neurons that have only axons (Kato et al., 2000) to elucidate the
mechanisms regulating axonal morphology in response to increased Akt activity. We
measured the soma area, axonal branching, and growth cone area of neurons expressing CA-
Akt and concurrently blocked the activity of specific downstream targets of Akt to identify
the molecular mechanisms regulating neuronal morphology.

We focused on two downstream targets of Akt that are most likely to play a role in
mediating changes in morphology; the Rho-family GTPases and the mammalian target of
rapamycin (mMTOR). Rho GTPases (including Racl, Cdc4?2) are key regulators of the actin
cytoskeleton and play critical roles in regulation of axonal branching and growth cone
dynamics (Gov and Gopinathan, 2006). Because all members of the Rho GTPases contain a
consensus phosphorylation sequence for Akt, RxRxx(S/T) (Kwon et al., 2000), we predicted
that they may regulate the actin cytoskeleton as a downstream effector of Akt. Through
translational regulation, mTOR activity can modulate dendritic arborization (Jaworski et al.,
2005; Kumar et al., 2005) and regeneration of growth cones following axotomy (Verma et
al., 2005). Therefore, we propose that mTOR is also a candidate for Akt-mediated regulation
of axonal morphology.

Spatial asymmetry of intracellular signaling molecules is required for a neuron to respond to
guidance molecules (Song and Poo, 2001). When an axon is presented with a
chemoattractant gradient, PI-3K, and likely Akt, is preferentially recruited to the plasma
membrane on the side of higher concentration (Ming et al., 1999). In our experiments,
addition of a myristoyl group on an Akt fusion protein recruits it to the plasma membrane,
rendering it constitutively active. We used the myristoyl group from src (Ms) to direct
distribution of Akt throughout the plasma membrane (Mukherjee et al., 2003) and the
myristoyl group from fyn (M) to target Akt accumulation electively into lipid rafts (Park et
al., 2006). Because lipid rafts are common sites of Akt function (Bauer et al., 2003), we
tested whether concentrating CA-Akt in the lipid rafts (MgAAKkt) of sensory neurons would
differentially regulate axonal branching and growth cone morphology compared with
neurons uniformly expressing CA-Akt (MsAAKt).

MATERIALS AND METHODS

Unless otherwise noted, chemical reagents were obtained from Sigma-Aldrich (St. Louis,
MO), and culture media and supplements were obtained from Gibco-Invitrogen (Carlsbad,
CA). Antibodies were obtained from Cell Signaling Technologies (Boston, MA), and
fluorochromes were obtained from Molecular Probes-Invitrogen (Carlsbad, CA).
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Preparation of Plasmids

A plasmid containing cDNA encoding the gene for cytosolic EGFP-N1, under the control of
the human cytomegalovirus (CMV) promoter, was used as a control plasmid. Two distinct
plasmids were constructed, also under control of the CMV promoter, to express n-
myristoylated murine Akt/EGFP fusion proteins with a hemagglutinin (HA) marker. One
plasmid, p.MgEGFP-Akt-HA (p.MsAAKt), contained cDNA (5/-
tcgaggctgeggegeegcetggetggeateettgggcettgetcettgttg ctacccatggtggccgc-s') encoding the
myristoyl group of src. The other plasmid, p.M#nEGFP-Akt-HA (p.MgAAKkt), incorporated
cDNA (5 -ggccaccatgggctgtgtgcaatgtaaggataaagaagcaa caaaactgacggaggage-3”) encoding
the myristoyl group from fyn (Li et al., 2002). Src and fyn are nonreceptor tyrosine kinases
that are differentially located within the plasma membrane (Geahlen et al., 2004). In each of
the Akt plasmids, the region of cDNA encoding the Aktl gene was altered so that the
recombinant Akt transgene was lacking the regulatory pleckstrin homology (PH) domain
(residues 1-102), allowing for PI-3K-independent Akt activity (Li et al., 2002; Park et al.,
2006). The same two distinct myristoylation sequences were used to create p.Mg.EGFP and
p-Mp.EGFP, two distinct constructs encoding membrane-targeted EGFP. These plasmids
were used as controls for the expression of nonbiologically active myristoylated proteins. N-
terminally GFP-tagged rac1N17 and cdc42N17 (dominant-negative forms of Racl and Cdc42,
respectively) were constructed under the control of the CMV promoter (plasmids for these
fusion proteins were provided by Dr. Michael Way, Lincoln’s Inn Fields Laboratories,
London, United Kingdom).

Neuronal Cell Culture and Transduction

Embryonic chick dorsal root ganglion (DRG) neurons were isolated as previously described
(Grider et al., 2005). Briefly, chick embryos (E9-E10) were removed from the egg, and the
ganglia were dissected and transferred to ice-cold Hanks balanced salt solution
supplemented with 0.01% (w/v) glucose. The ganglia were then incubated in 0.125% trypsin
at 37°C for 25 min, at which time trypsin activity was blocked by addition of DMEM + 10%
fetal bovine serum (growth media). The ganglia were dissociated by passage through a
sterile 200-pl plastic pipette tip 10 times, passed through a 40-pum nylon cell strainer, and
plated on plastic culture dishes in growth media supplemented with 20 ng/ml nerve growth
factor (NGF; Sigma). After 1 hr at 37°C, the nonadherent cells, which consisted primarily of
neurons, were resuspended in growth media supplemented with 1 ng/ml NGF and
transferred to poly-lysine/laminin-coated glass coverslips (18 mm) at a density of 7,500—
10,000 neurons/well. Six hours later, a Helios gene gun (Bio-Rad, Hercules, CA) attached to
150 psi ultrahigh-purity helium gas (Air Liquide) was used to accelerate plasmid-coated
gold particles (2 mg plasmid/ng gold, 1.6-um-diameter gold) into the neurons
(Klimaschewski et al., 2002). A 40-um nylon mesh (BD Bioscience, San Jose, CA) was
placed between the gene gun and the target cells (approximately 3—4 cm) to minimize
damage to the neurons (Klimaschewski et al., 2002). Where applicable, rapamycin (100 nM;
Cell Signaling Technologies) was added to the culture media 6 hr after the neurons were
plated. Cultures were maintained at 37°C in 5% CO», for the remainder of the experiment.
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Western Blot Detection

Neuronal cultures were transduced with p.EGFP-N1, p.MsAAKkt, or p.MgAAKkt by calcium
phosphate-mediated transduction. After 48 hr, cells were lysed in a buffer containing 10 mM
Tris-HCI, 137 mM NaCl, 10% glycerol, 1% NP-40, 1 mM PMSF, 1 mM EDTA, 1 mM
NaszP207, 2 mM NazVOy, 10 mM NaF, 1 ug/ml aprotinin, and 1 pg/ml leupeptin. The
protein concentrations of the lysates were determined by using a BCA assay, and equal
amounts of protein from each treatment group were loaded into each well of a denaturing
SDS gel, separated by gel electrophoresis, and transferred to a PVDF membrane (Millipore,
Billerica, MA). Membranes were rinsed in phosphate-buffered saline (PBS) and blocked
against nonspecific binding for at least 1 hr with 5% dehydrated nonfat milk in PBS with
0.1% Tween-20 (PBST). The membranes were incubated overnight at 4°C in primary
polyclonal antibodies (1:1,000 in PBST) against phospho-Aktsa73 or the HA epitope. After a
2-hr incubation with anti-rabbit peroxidase-conjugated secondary antibodies (1:20,000 in
PBST) and a 5-min incubation with a chemiluminescent detection reagent (Amersham,
Buckinghamshire, United Kingdom), the membrane was exposed to X-ray film. The time of
exposure was varied to ensure that the linear range of the film was used.

Lipid Raft Isolation and Spectrophotometry of Sucrose Gradient Fraction

Lipid rafts were isolated as detergent-resistant membranes using mild detergent, followed by
high-speed sucrose gradient fractionation (Mukherjee et al., 2003). To test for the presence
of lipid rafts in each fraction, DRG neurons were collected and rinsed in ice-cold PBS,
incubated in peroxidaseconjugated cholera toxin B (CTB) for 1 hr on ice, then rinsed three
times in PBS. The neurons were resuspended in MES-buffered saline (MBS; 25 mM MES,
pH 6.5, 150 mM NaCl, 1 mM EDTA) containing 10 pg/ml each of the protease inhibitors
aprotinin and leupeptin and were lysed for 1 hr with 1% Triton X-100/MBS, either on ice or
at 37°C. Incubation in 1% Triton X-100 on ice minimally affects lipid raft concentration (5%
soluble), whereas incubation at 37°C solubilizes 99% of lipid rafts (Brown and Rose, 1992).
The cell lysates were then combined with an equal volume of 80% sucrose/MBS, placed in
the bottom of ultracentrifuge tubes, layered with a discontinuous 5-30% sucrose/MBS
gradient, and subjected to high-speed centrifugation (gmax = 198,000g) for 22 hr at 4°C to
separate the buoyant lipid raft complexes. Ten 1-ml fractions were collected, and the level of
peroxidase-conjugated CTB was analyzed by measuring the absorbance of oxidized 2,2
azinobis 3-ethylbenzthiazoline-6-sulfonic acid (ABTS) at 420 nm (Blank et al., 2002).

To test for the presence of Akt/EGFP fusion proteins in the lipid rafts, DRG were transduced
with p.MsAAkt, p.MgAAkt, or mock transduction. Forty-eight hours after transduction, the
neurons were harvested and resuspended in MES-buffered saline containing protease
inhibitors and 1% Triton X-100 for 1 hr, on ice or at 37°C. The cell extracts were subjected
to fractionation as described above. The intensity of EGFP/Akt-fusion fluorescent emissions
(counts per second) from sucrose gradient fractions was measured with a Fluorolog-3
spectrophotometer (Jobin Yvon Inc., Edison, NJ). The samples were excited at 488 nm, and
the peak emission wavelength, determined empirically, was measure at 508 nm.
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Immunocytochemistry

Neuronal cultures were incubated for 1-2 hr in 4% paraformaldehyde/PBS (PFA) 48 hr after
biolistic transduction with p.EGFP-N1, p.MsAAKkt, or p.MgAAKkt. Primary antibodies were
directed against phospho-Akts,73 or HA epitope to confirm that EGFP-positive neurons
were expressing HA and elevated Akt activity. Neuronal cultures were blocked against
nonspecific binding by incubation in 10% heat-inactivated horse serum (HIHS)/PBST, then
incubated with primary antibodies (1:1,000 in PBST) plus 2% HIHS for 1-2 hr at room
temperature (RT). Neurons were rinsed twice in PBS and then incubated with fluorochrome-
conjugated anti-rabbit secondary antibody (1:1,000 in PBST) for an additional 1 hr. Cultures
were rinsed twice in PBS, once in water, and then mounted on glass microscope slides for
subsequent analysis.

Microscopy and Image Analysis

Forty-eight hours after biolistic transduction, glass coverslips with attached neuronal
cultures were incubated for 1-2 hr in 4% PFA, rinsed once in PBS and once in water, and
then mounted onto microscope slides with aqueous mounting media (Biomeda, Foster City,
CA). Confocal micrographs of EGFP-positive or AKt/EGFP-positive neurons were captured
with a Zeiss LSM510 microscope, and the morphology of each transduced neuron was
measured in the included software (LSM Image Browser; Carl Zeiss). Growth cone and
soma areas were measured by manually tracing the perimeter of the structures, including all
filopodia and lamellipodia for determining growth cone area. Axonal branching was
quantified by counting all branch points on a given cell. To confirm that the fluorescent
signal accurately represented the neurons’ morphology, a subset of transduced neurons was
independently measured from micrographs captured with both fluores-cent and phase optics.
Data were analyzed by one-way ANOVA, followed by Dunnett’s t-tests. Data are displayed
as the mean of at least four separate experiments (n = 5-54 neurons per group in each
experiment).

RESULTS

Transduction of DRG Neurons With p.MgAAkt, p.MsAAkt, or p.EGFP-N1 Induces Rapid
Expression of MpAAkt, MsAAkt, or EGFP-N1, Respectively

To confirm the ability of biolistic transduction to direct a rapid expression of recombinant
proteins in sensory neurons, we transduced DRG neurons with plasmids containing cDNA
encoding EGFP-N1, Mg EGFP-Akt-HA (MsAAKt), or MgynEGFP-Akt-HA (MEAAKY).
Using fluorescent microscopy, we identified transduced neurons as positive for EGFP or
AKUEGFP fusion protein fluorescence and immunoreactive-positive for the HA-epitope tag
(only MsAAKkt and MAAKt treatment groups). At time points as early as 6 hr
posttransduction, neurons transduced with MgAAKt or MeAAKt were identified as positive
for the HA tag and for fluorescence derived from the EGFP control protein or AKt/EGFP
fusion proteins. Fluorescence was bright and easily detected, demonstrating successful
transduction and gene expression. Morphology of neurons transduced with EGFP-N1 did
not differ from that of nontransduced neurons, and all transduced cells appeared healthy.
Transduced neurons were robust at 96 hr, the longest time point at which we followed the
cultures.
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To measure the level of expression of myristoylated Akt in cultured neurons, we used
Western blot analysis of lysates from neurons transduced with p.EGFP-N1, p.MsAAKkt, or
p-MpAAKkt. We used calcium-phosphate-mediated transduction of DRG neurons instead of
biolistic transduction to increase the transduction efficiency. Twenty-four hours after
transduction, lysates from neuronal cultures were separated by gel electrophoresis.
Subsequent immunodetection of the HA epitope and Akt phosphorylated at serine residue
473 (p-Aktgy73) revealed the presence of MsAAkt and MgAAKt in transduced neuronal
cultures (Fig. 1A). The recombinant myristoylated Akt was distinguished from endogenous
Akt by the slightly different molecular weight of the truncated Akt transgene, which lacks
the regulatory PH domain but has EGFP and HA markers (Park et al, 2006).

Expression of MpAAKkt Targets Akt to Lipid Rafts

The myristoyl group from fyn (Mg) was used to target accumulation of Akt to lipid rafts
within the membrane, whereas the myristoyl group from src (Ms) was used to target a more
general distribution of Akt throughout the plasma membrane (Park et al., 2006). With Akt
constructs similar to those that we employed here, previous findings have demonstrated
appropriate subcellular targeting of CA-Akt in cultured mammalian cells (Park et al., 2006).
We initially attempted to use microscopy to colocalize CA-Akt with a marker of lipid rafts,
cholera toxin B (CTB). However, we observed a uniform distribution of CBT throughout the
plasma membrane. This difficulty in localizing lipid raft micro-domains has been previously
reported (Brown and London, 1998; Jacobson and Dietrich, 1999) and may be due to the
small size of rafts (Brown and London, 2000). We then used a biochemical assay to validate
the differential subcellular localization of the CA-Akt constructs using sucrose gradient
fractionation to isolate the lipid rafts. Lipid rafts were purified as detergent-resistant
membranes by incubating cell homogenates with ice-cold nonionic detergent (1% Triton
X-100), followed by fractionation with sucrose gradient centrifugation (Mukherjee et al.,
2003). First, we detected lipid raft-containing fractions with CBT. Neurons were pre-
incubated in peroxidase-conjugated CTB before fractionation, and the individual fractions
were tested for peroxidase activity by measuring the chromagenic product of ABTS
oxidation (Blank et al., 2002). In neurons lysed on ice, CTB-peroxidase was significantly
higher in fraction 4, whereas, in neurons incubated at 37°C, peroxidase activity peaked in
the heavier fractions (Fig. 1B). Incubation of neuronal cultures in 1% Triton X-100 on ice
solubilizes only 5% of lipid rafts, whereas incubation at 37°C solubilizes 99% of lipid rafts
(Brown and Rose, 1992). Therefore, fraction 4 contained lipid rafts in neurons lysed on ice,
but not at 37°C. Fraction 10 (not shown) contained high variability for all treatment groups.
This has been previously reported and is thought to be due to residual, nonbound CTB-HRP
after rinses and nonspecific binding of CTB-HRP to cytoskeleton components (Blank et al.,
2002).

Next, we used fluorescent spectrophotometry to detect Akt/EGFP fusion protein within the
individual fractions. We found that the lipid raft fraction (fraction4) from cultures that
expressed MgAAkt had a greater amount of EGFP fluorescence compared with cultures that
expressed MgAAkt (Fig. 1C). When the neuronal homogenates were incubated at 37°C in
1% Triton X-100 before fractionation, EGFP fluorescence in fractions from neuronal
cultures that expressed MgAAKkt were distributed similarly to controls (Fig. 1C). Hence,
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these data demonstrate that the myristoyl group from fyn directed accumulation of MgAAKkt
fusion protein to lipid rafts. The intensity of EGFP emissions from each treatment group
before sucrose gradient fractionation, a measurement of total transgene expression level, was
not significantly different between cultures expressing MsAAkt or MEAAKt (not shown).
These data indicate that Akt incorporating the myristoylation target sequence from fyn
(MgAAKkt) targets Akt to the lipid rafts of DRG neurons, consistent with findings in other
cellular model systems (Park et al., 2006).

Expression of CA-Akt Increases Axonal Branching

To determine the effects of Akt on axon branching, we tested whether expression of CA-Akt
would promote axonal branching in cultured DRG neurons. Additionally, we tested whether
targeting CA-Akt to the lipid rafts would differentially influence axonal branching compared
with targeting CA-Akt throughout the plasma membrane. Forty-eight hours after biolistic
transduction with p.EGFP-N1, p.MsAAKkt, or p.MgAAkt (Fig. 2C), the number of axonal
branch points was measured from all transduced neurons. Transduced neurons were
identified by using morphological criteria and by the fluores cence of EGFP protein
(control) or the Akt/EGFP fusion protein (MsAAkt or MEAAKt). Neurons that expressed
either MsAAkt or MEAAKt had a significantly greater number of axonal branch points
compared with neurons that expressed the control protein EGFP-N1 (£ < 0.0001 each).
However, the number of axonal branch points was not significantly different between the
two CA-Akt constructs (P=0.17; Fig. 2A). This observation suggests that subcellular
location of Akt activity does not influence the degree of axonal branching in sensory
neurons.

Differential Targeting of CA-Akt Differentially Mediates Growth Cone Expansion

Similarly, we tested whether expression of CA-Akt would modify growth cone morphology
and whether selectively targeting Akt activity to lipid rafts would differentially affect growth
cone morphology compared with Akt activity throughout the plasma membrane. Because
lipid rafts accumulate within the growth cone, we predicted that directing CA-Akt to the
lipid rafts would potentiate the effects of Akt signaling in growth cone dynamics. Forty-eight
hours after biolistic transduc tion of DRG neurons with p.MsAAkt, p.MgAAKkt, or p.EGFP-
N1, the growth cones of all transduced neurons were measured (Fig. 2C). We found that
neurons that expressed MgAAKkt had significantly larger growth cone areas than control
neurons that expressed EGFP-N1 (P = 0.007; Fig. 2B). More importantly, we also found that
targeting of Akt activity to the lipid rafts significantly potentiated growth cone expansion.
Growth cones from neurons that expressed MgAAkt were significantly larger than growth
cones from neurons that expressed either MgAAkt (P = 0.045) or EGFP-N1 (P = 0.005;
EGFP: 21.0 + 1.9 pm?, MgAAKkt: 45.4 + 2.1 um2, MAAKt: 63.1 + 10.4 um?; Fig. 2B).

To verify that the growth cone expansion we observed was not due simply to the presence of
differentially myristoylated proteins, we tested whether expression of myristoylated forms of
EGFP in DRG neurons would affect neuronal morphology. DRG neurons were transduced
with p.EGFP-N1, p.Ms.EGFP, or p.Mf.EGFP, and the morphology of transduced neurons
was measured 48 hr later, in the same manner as for the experiment described above. There
was no difference in the number of axonal branches, growth cone area, or soma area
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between neurons that expressed Ms.EGFP, Mg.EGFP, or cytosolic EGFP-N1 (Supp. Info.
Fig. 1), indicating that presence of a myristoyl group does not have a generalized effect on
neuronal morphology.

Whereas spatial restriction of Akt activity to the lipid rafts significantly potentiated growth
cone expansion, the subcellular localization of CA-Akt did not have an affect on axonal
branching. This may be due to separate, independent mechanisms of Akt-mediated
regulation of growth cone size versus axonal branching.

Increased Axonal Branching and Cell Hypertrophy in Response to CA-Akt Is mTOR
Dependent

To determine whether the morphological changes we observe in response to expression of
CA-Akt are regulated through activation of mTOR, we incubated DRG neurons expressing
MgAAkt, MgAAKkt, or EGFP in the presence or absence of rapamycin (100 nM), a
pharmacological inhibitor of mTOR (Parsons et al., 2006). After 48 hr, the number of axonal
branch points, soma area, and growth cone area were measured. In this experiment, we
transduced neurons with p.MgAAKt, but not p.MsAAKt, because transduction of DRG
neurons with p.MgAAKkt promoted an equally or more robust increase in axonal branching,
soma area, and growth cone expansion in previous experiments, compared with expression
of MgAAKkt. Incubation of neurons in rapamycin abolished cell hypertrophy in neurons that
expressed CA-Akt (P= 0.03); neurons that expressed CA-Akt in the absence of rapamycin
had cell bodies measuring 298 + 62 pm?2, whereas neurons that expressed CA-Akt in the
presence of rapamycin had soma areas that averaged 187 + 43 pm2, which is similar to soma
areas of controls, 195 + 36 um? (Fig. 3A,C). This result is consistent with other reports that
mTOR activity regulates neuronal soma size (Kwon et al., 2003; Kumar et al., 2005). More
notably, rapamycin also blocked the effects of CA-Akt on axonal branching. In the absence
of rapamycin, neurons that expressed CA-Akt had more than twice the number of axonal
branch points per neuron compared with control neurons that expressed EGFP-N1 (P =
0.048, Fig. 3B), but the number of axonal branches in neurons that expressed CA-Akt in the
presence of rapamycin was not statistically different from controls (= 0.83, Fig. 3B,C).
Because rapamycin almost completely blocked CA-Akt-mediated axonal branching, mTOR
is likely the predominant mediator of axonal branching in response to expression of CA-Akt.
The presence or absence of rapamycin had no significant effect on growth cone area (Supp.
Info. Fig. 2; EGFP: 20.3 + 4.1 ym? vs. EGFP/rap: 18. + 6 5.5 um?2, P= 0.82, CA-Akt: 49.9
+ 7.8 um? vs. CA-Akt/rap: 44.7 + 11.7 um?2, P=0.63), suggesting that regulation of growth
cone dynamics is mediated through a different mechanism, such as the Rho GTPases.

Growth Cone Expansion in Response to CA-Akt Expression Is Racl Dependent

Actin dynamics within the growth cone are regulated in part by Racl and Cdc42 activity
(Kuhn et al., 2000). We tested whether coexpression of EGFP-tagged, dominant negative
(DN) forms of Racl or Cdc42 would inhibit the effects of CA-Akt expression on axonal
branching, growth cone expansion, and soma hypertrophy. DRG cultures were assigned to
one of the following treatment groups: DNracl, DNcdc42, MgAAkt, MgAAKt and DNracl,
MgAAkt and DNcdc42, or EGFP-N1 as a control. At 48 hr, we found no signifi-cant effect
of DNracl or DNcdc42 on the number of axonal branches or soma area when expressed
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alone or in conjunction with CA-Akt (Supp. Info. Figs. 3, 4). However, growth cone
expansion in neurons expressing CA-Akt was attenuated by coexpression of DNracl, but not
DNcdc42. Although the growth cone areas of neurons that expressed DNracl or DNcdc42
alone were not significantly different from controls, the growth cones of neurons that
coexpressed CA-Akt and DNracl were significantly smaller than growth cones of neurons
that expressed CA-Akt alone (P= 0.006; Fig. 4A,B). This finding suggests that decreasing
Rac1l activity reduces the ability of CA-Akt to promote growth cone expansion in sensory
neurons. There was no statistical difference in growth cone area between neurons that
expressed CA-Akt and neurons that coexpressed CAAkt and DNcdc42 (P= 0.49; Fig.
4A,B). Insofar as Racl mediates lamellipodia formation and Cdc42 mediates filopodia
formation (Causeret et al., 2004), the differential effects of DNracl and DNcdc42 in the
presence of CA-Akt are likely due to their differential regulation of lamellipodia and
filopodia, respectively.

DISCUSSION

Understanding the molecular cascades that mediate axonal branching and growth
downstream of guidance receptors is of importance to the fields of neurodevelopment and
regeneration. Therefore, we investigated the role of Akt, a signaling molecule situated at the
convergence point of multiple signaling cascades, in regulating axonal branching and growth
cone dynamics. To investigate the effects of CA-Akt specifically on axonal morphology, we
used DRG sensory neurons that extend only axons (Kato et al., 2000). We confirmed that
expression of CA-Akt promoted axonal branching and further demonstrated, for the first
time, that expression of CA-AKkt in sensory neurons promoted growth cone expansion.
Furthermore, we determined that targeted accumulation of CA-Akt to the lipid rafts
significantly potentiated growth cone expansion compared with expression of CA-Akt
throughout the plasma membrane.

To further elucidate the mechanisms by which Akt activity signals axonal branching and
growth cone expansion, we expressed CA-Akt while simultaneously down-regulating the
activity of important downstream targets of Akt, mTOR, or the Rho-family GTPases Racl
and Cdc42. We found that blockade of mTOR prevented axonal branching and cell
hypertrophy in response to increased Akt activity and that coexpression of dominant
negative Racl, but not dominant negative Cdc42, attenuated Akt-mediated growth cone
expansion.

mTOR-Mediates Axonal Branching and Cell Hypertrophy

MTOR activity is increased in response to several neurotrophic factors and is required for
local protein translation in response to BDNF (Takei et al., 2004). We observed that
blockade of mTOR activity with rapamycin decreased cell body size in neurons that
expressed the control protein EGFP and completely prevented cell hypertrophy in neurons
that expressed CA-Akt. In addition, we found that blockade of mTOR activity for 48 hr with
rapamycin prevented the ability of CA-Akt to promote axonal branching in cultured sensory
neurons. This finding is in concurrence with two recent reports that describe mTOR-
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dependent Akt-mediated increases in dendritic branching with long-term (14 day) cultures of
hippocampal neurons (Jaworski et al., 2005; Kumar et al., 2005).

Because we observed that blockade of mMTOR activity with rapamycin abolished the ability
of CA-Akt to promote axonal branching, we suggest that activation of mTOR is likely the
predominant mechanism of axonal branching induced by expression of constitutively active
Akt. Whether this is due to an increase in collateral branching or to increased bifurcations of
growth cones is unknown. It has been suggested that mTOR in complex with rictor (nTOR
complex 2; mTORC?2) regulates actin dynamics through Rho GTPases (Jacinto et al., 2004)
and PKC-alpha (Sarbassov et al., 2004). Although mTORC?2 is generally thought to be
insensitive to acute application of rapamycin, several studies suggest that long-term
exposure (24+ hr) to 100 nM rapamycin, as we used in our experiments, can affect the
phosphorylation and assembly of rictor with mTOR in vitro (Akcakanata et al., 2007;
Rosner and Hengstschldger, 2008). This issue is still under debate, because some cell lines
show rapamycin-sensitive dephosphorylation and disassembly of rictor, whereas other cell
lines do not (Sarbassov et al., 2006).

Racl-Mediates Growth Cone Expansion

Activation of guidance receptors on the axonal growth cone induces changes in the actin
cytoskeleton that dictate filopodia and lamellipodia dynamics, consequences of which are
the attraction, repulsion, or branching of the axon (Gallo and Letourneau, 2004). It is
currently thought that Rac1 and Cdc42 activity promotes neurite growth and branching via
lamellipodia and filopodia formation, respectively (Causeret et al., 2004). We predicted,
based on reports that neurons from Racl knockout Drosophila models display significant
branching defects (Ng et al., 2002) and dominant negative Cdc42 attenuates lateral neurite
branching of retinal ganglion cells upon contact with posterior tectal neurons (Thies and
Davenport, 2003), that expression of dominant negative forms of Racl or Cdc42 would
attenuate axonal branching in response to expression of CA-Akt. Surprisingly, we observed
that expression of DNracl or DNcdc42 had no significant effect on axonal branching in
cultured DRG neurons whether or not they expressed CA-Akt.

Growth cone expansion is a primary growth response to chemoattractants such as netrin-1
(Dent et al., 2004), whereas growth cone collapse has been observed in response to soluble
repulsive growth factors such as collapsin-1 (Dent et al., 2004; Chadborn et al., 2006). We
found that expression of DNrac1, but not DNcdc42, attenuated growth cone expansion in
neurons that expressed CA-Akt. Racl is known to regulate lamellipodia positively, whereas
Cdc4z2 is involved in filopodia formation (Ridley et al., 1992). The considerably larger
contribution of lamellipodia to the total growth cone size, compared with filopodia, was
likely the reason we observed attenuation of growth cone expansion only in neurons that
coexpressed DNracl. Neurons that expressed DNcdc42 had a nonsignificant decrease in
filopodia number, but it was not feasible to quantify growth cone lamellipodia because the
boundary between lamellipodia and the central domain of the growth cone was frequently
ambiguous.

Although we found that expression of DNracl attenuated growth cone expansion in response
to CAAKt, we did not observe any decrease in growth cone size in neurons that expressed
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DNracl alone, compared with controls. This is in concurrence with other reports that,
although the expression of constitutively active forms of Racl or Cdc42 can promote growth
cone expansion, expression of DNracl or DNcdc42 does not decrease growth cone size
(Brown et al., 2000; Matsuura et al., 2004). It follows that Rac1 and Cdc42 activity are not
required for growth cone maintenance under normal conditions but that Racl is necessary
for the signaling of growth cone expansion. For example, in hippocampal neurons, filopodia
and lamellipodia extension in response to BDNF requires Racl activity (Fujitani et al.,
2005).

Targeting of CA-Akt Expression to the Lipid Rafts Potentiates Growth Cone Expansion

Axons are one of the most sensitive biological structures to gradients of extracellular
molecular cues. When an axon is presented with a chemoattractant gradient, spatially
asymmetric activation of guidance receptors promotes turning of the axon toward the higher
concentration. This spatial resolution is maintained in the transmission of the extracellular
signals to the intracellular space, as PI-3K and Akt are recruited to the leading edge of
growth cones in response to growth factors (Kamiguchi, 2006). Akt is recruited to lipid rafts
upon activation of positive guidance receptors (Bauer et al., 2003), and intact lipid rafts are
required for growth cone guidance in response to chemoattractants (Guirland et al., 2004).
Because Akt signaling in response to guidance molecules is highly location dependant
(Bauer et al., 2003), we tested whether subcellular localization of CA-Akt to the lipid rafts
by association with the myristoyl group from fyn (Park et al., 2006) would differentially
regulate axonal branching, growth cone expansion, and cell hypertrophy compared with
localization of Akt throughout the plasma membrane by association with the myristoyl
group from src (Park et al., 2006).

We found that targeted accumulation of CA-Akt in lipid rafts significantly potentiated
growth cone expansion compared with expression of CA-Akt throughout the plasma
membrane. We suggest two non-exclusive explanations for this observation. First, because
lipid rafts are concentrated at the leading edge of growing axons (Guirland et al., 2004),
spatially restricting CA-Akt to the lipid rafts could simply be increasing the local
concentration of CA-Akt in the growth cones and thereby increasing the intensity of Akt
signaling specifically within the growth cone. Second, because lipid rafts are thought to
function in the assembly of guidance receptors with their downstream effectors (Dykstra et
al., 2001), targeting of CA-Akt to the lipid rafts may position Akt in close proximity to its
downstream targets and thereby augment Akt-mediated activity. In concurrence with this
second hypothesis, we found that growth cone expansion in response to expression of CA-
Akt is dependent on Racl, which is recruited to lipid rafts upon activation (Fujitani et al.,
2005). Intact lipid rafts are required for BDNF/Racl-mediated growth cone spreading in
cultured hippocampal neurons (Fujitani et al., 2005).

Akt-mediated expansion of growth cones via rac-1 likely is due to regulation of the actin
cytoskeleton. However, Akt may also be increasing growth cone area by expansion of the
cell membrane or regulation of microtubules. Laurino et al. (2005) found that blockade of
Akt activity with LY 294002 prevented IGF-1-stimulated plasmalemmal expansion in
isolated growth cones from hippocampal pyramidal cells. Additionally, Akt can regulate
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microtubule dynamics during mitosis and determination of cell polarity through
phosphorylation of glycogen synthase kinase-3 (GSK-3) or the microtubule-associated
protein tau (Buttrick and Wakefield, 2008).

In summary, we show that expression of constitutively active Akt in cultured sensory
neurons promoted axonal branching, cell hypertrophy, and growth cone expansion. Growth
cone expansion was significantly potentiated in neurons expressing CA-Akt within the lipid
rafts compared with neurons expressing CA-Akt throughout the plasma membrane.
Additionally, we report that axonal branching and cell hypertrophy in response to increased
Akt activity were regulated through activation of mTOR, whereas growth cone expansion in
response to increased Akt activity was regulated, in part, via Racl. To our knowledge, this is
the first report to observe Racl-dependent growth cone expansion in response to increased
Akt activity or Akt location-dependent changes in growth cone morphology. These findings
are important for understanding the signaling mechanisms controlling neuronal morphology
and can be applied to the study of neurodevelopment, regeneration, and chemotaxis.
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Fig. 1.

DRG neurons transduced by p.MsAAKkt and p.MgAAKkt display different subcellular targeting
of the AKt/EGFP fusion protein. A: Western blot detection of HA-epitope tag or phospho-
Aktsa73 (p-Akt) of neuronal cultures transduced with MgAAKt or MeAAKt revealed efficient
and similar levels of expression of the myristoylated transgene (AAkt). Addition of NGF
(positive control) increased the levels of p-Akt, whereas cultures transduced with p.EGFP
had levels of p-Akt similar levels in to control cultures. B: Peroxidase activity from CTB-
HRP was detected by measuring the level of oxidized ABTS, which absorbs light at 420 nm.
Neuronal cultures lysed at 0°C had high levels of peroxidase activity in fraction 4, indicating
the presence of buoyant lipid rafts. Incubation of neuronal cultures in Triton X-100 at 37°C,
known to disrupt lipid rafts, abolishes the peak in peroxidase activity in fraction 4. C:
Detection of EGFP (Emsgg) from sucrose gradient fractions indicated lipid raft accumulation
of MgAAKkt. In cultures incubated on ice, which maintains the integrity of the lipid rafts,
greater amounts of EGFP in the lipid raft fraction (fraction 4) of neuronal cultures that
expressed the MpAAKkt fusion protein were detected compared with cultures that expressed
the MsAAKt fusion protein. Disruption of lipid rafts with Triton X-100 at 37°C before
fractionation decreased the amount of AKt/EGFP fusion protein in fraction 4 of neurons that
expressed MgAAKkt fusion protein to control levels.
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Fig. 2.
Expression of myristoylated Akt promoted axonal branching and growth cone expansion. A:

DRG neurons that expressed MgAAKt (n = 14) or MgAAKt (n = 20) had significantly more
axonal branch points than neurons that expressed the control protein, EGFP (n = 32; P<
0.0001 for each), but there was no significant difference in axonal branching between the
two Akt constructs (P=0.17). B: Neurons that expressed CA-Akt throughout the plasma
membrane (MsAAKt; n = 54) had significantly larger growth cone areas than control neurons
that expressed EGFP (n = 97; P=0.007). Neurons that expressed lipid raft-targeted CA-Akt
(MeAAKt; n = 92) had significantly larger growth cones than neurons that expressed either
MgAAkt or EGFP (P=0.045 and P=0.005, respectively). C: Representative
photomicrographs growth cones from transduced DRG neurons.

*P<0.05, **P<0.01 compared with EGFP, TP < 0.05 between MgAAkt and MpAAKt.
Scale bar = 10 pm.
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Inhibition of mTOR with rapamycin prevents CA-Akt-mediated increases in soma area and
axonal branching. A: Neurons that expressed CA-Akt (n = 18) have significantly larger
soma areas than control neurons that expressed EGFP (n = 14; P=0.035). However, in the
presence of rapamycin (+Rap), the soma areas of neurons that expressed CA-Akt (n = 12)
were significantly smaller than in the absence of rapamycin (P = 0.03) and were similar to
control soma size (n = 11; £=0.82). B: Neurons that expressed CA-Akt in the absence of
rapamyecin (n = 18) had significantly more axonal branch points than control neurons that
expressed EGFP (n = 14; P=0.048); however, in the presence of rapamycin, neurons that
expressed CA-Akt (n = 12) were no different from controls (n = 11; A= 0.83). C:
Representative photomicrographs of transduced DRG neurons.

*P<0.05, **P<0.01 compared with EGFP, tP< 0.05 between CA-Akt and CA-Akt 1

rapamycin. Scale bar = 20 um.
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Growth cone expansion in response to CA-Akt was attenuated in by coexpression of
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expressed CA-Akt (n = 38) had significantly larger growth cones than control neurons that
expressed EGFP (n = 80; £<0.001). The growth cones from neurons that coexpressed CA-

Akt and DNracl (n = 18) were significantly smaller than growth cones of neurons that

expressed CA-Akt alone (P=0.006; n =55 for DNcdc42 alone; n = 14 for DNracl alone).

B: Representative photomicrographs of growth cones from transduced DRG neurons.

*P < 0.05 compared with EGFP, T£< 0.01 between CA-Akt and DNracl and CA-Akt alone.
Scale bar 55 pum.
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