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Lysophospholipids in retinal axon
guidance: roles and cell signaling

Nerve regeneration in the central nervous system (CNS) has
become a holy grail of biomedical research. To understand
nerve growth that would be required for efficient regeneration,
many scientists have turned to developing systems where nerve
growth is abundant and normal neural connections are estab-
lished. One aspect of this neural development, which would
also be important in nerve regeneration, is axon guidance — the
process by which a growing axon, through its growth cone, is
guided to the correct target for synaptic connections.

There has been considerable work done on axon guidance in
a variety of systems, but one system that has presented many
opportunities is the visual system. In the visual system, there is
one cell type that provides the output nerve from the eye, the
optic nerve. These cells are the retinal ganglion cells (RGCs).
They grow from one distinct location, the eye, along a stereo-
typical and well-defined pathway to specific targets in the brain.
Axon guidance is crucial as these axons navigate this pathway,
both at intermediate choice points (e.g., optic chiasm) as well as
forming the specific innervations at the target, the lateral genic-
ulate nucleus (LGN) and superior colliculus in mammals or the
tectum in lower vertebrates.

There has been significant work done investigating mole-
cules that act as axon guidance cues at various points in the
visual system. This work has yielded a number of proteins now
established as axon guidance cues, including Ephs and eph-
rins, netrins, semaphorins, wnts, etc. (for review, see Erskine
and Herrera, 2007). However, there is a novel set of molecules,
the signaling lysophospholipids, that are being investigated as
potential axon guidance cues. The two best studied signaling
lysophospholipids are lysophosphatidic acid (LPA) and sphin-
gosine-1-phosphate (S1P). Observations a number of years
ago demonstrated that LPA would cause growth cone collapse
and neurite retraction in PC12 cells (Jalink et al., 1993). Fur-
ther work has reproduced these results in PC12 cells as well as
in some other neural types, including growth cone collapse of
primary embryonic retinal axons in vitro from mouse, chick,
and Xenopus (Strochlic et al., 2008; Birgbauer and Chun, 2010;
Fincher et al., 2014). The ability to induce growth cone col-
lapse is a hallmark of several well-established inhibitory axon
guidance cues, such as semaphorins and ephrins. Although not
actual evidence of axon guidance, growth cone collapse by LPA
suggests the hypothesis that LPA may be an axon guidance cue
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for RGCs. S1P may also serve a role as an axon guidance cue
for RGC axons as it also causes growth cone collapse of retinal
axons in vitro in both chickens and Xenopus (Strochlic et al.,
2008; Fincher et al., 2014); interestingly, S1P does not cause
growth cone collapse of mouse retinal axons in vitro (Birgbauer
and Chun, 2010). Furthermore, in what may be the strongest
evidence that lysophospholipids are involved in axon guidance,
Strochlic et al. (2008) have shown a role of S1P for entry of
RGC axons into the tectum in Xenopus; this guidance into the
tectum was found to be perturbed by exogenous S1P or S1P re-
ceptor agonists and antagonists (Strochlic et al., 2008).

LPA and S1P act by binding to and activating specific recep-
tors and have been shown to be involved in many biological
processes, including cell proliferation, vascular development,
neurogenesis, and morphological changes, including in the ner-
vous system (for a recent review, see Yung et al., 2015). The LPA
and S1P receptors are part of the family of G-protein coupled
receptors (GPCRs) and activate the classic G-protein cell signal-
ing pathways G;, G,, G, and G,,;,;, depending on the receptor
and cell type assayed. There are currently six characterized LPA
receptors and five known S1P receptors (Chun et al., 2010).
Investigating the role of these GPCRs in retinal growth cone
collapse, Fincher et al. (2014) recently characterized the intra-
cellular G-protein pathways that lead to retinal growth cone
collapse by LPA and S1P (see Figure 1). Not surprisingly, based
on a well-established role for rho in cytoskeletal rearrange-
ments, including growth cone collapse, blocking the G,,;;-rho-
ROCK pathway with a ROCK inhibitor prevented both LPA
and S1P induced growth cone collapse of chick retinal axons
(Fincher et al., 2014). However, inhibition downstream of G,
either by a phospholipase C inhibitor or calcium chelation, did
not prevent retinal growth cone collapse by LPA and S1P. The
most interesting finding was inhibition of G; by pertussis toxin,
which partially blocked LPA and S1P induced retinal growth
cone collapse; there was still significant LPA induced growth
cone collapse in the presence of pertussis toxin, but significantly
less than with LPA or S1P alone (in the absence of pertussis tox-
in). Since the growth cone collapse assay scores growth cones in
a binary fashion as either collapsed or spread, these results sug-
gest that the responsiveness of embryonic chick retinal growth
cones to LPA (and S1P) through the G, pathway was variable —
some growth cones responded when G; was blocked by pertussis
toxin while others did not. What these different growth cone
states were was not determined, but a significant body of work
has shown that cyclic nucleotide levels in a growth cone influ-
ence the responsiveness of those growth cones to axon guidance
cues, even reversing responses to specific cues. In addition, it is
possible that other factors, either extracellular or intracellular,
modulate growth cone responses to guidance cues. For example,

Figure 1 Signaling pathways leading to retinal growth cone collapse by
lysophosphatidic acid (LPA).

Schematic representation of the cell signaling pathways demonstrated by
Fincher et al. (2014) to lead to growth cone collapse by LPA and S1P on
embryonic chicken retinal axons. Binding of LPA (or S1P, not shown) to
G-protein coupled receptors activates the G,,,; pathway (bottom) which
leads to RhoA and Rho kinase (ROCK) activation proceeding to myelin
light chain kinase (MLCK) phosphorylation which leads to growth cone
collapse, a well-established pathway. Furthermore, Fincher et al. (2014)
showed that growth cone collapse was partially inhibited by pertussis toxin,
which blocks G;. G; is known to activate a variety of cell pathways, including
Ras and Rac, as well as inhibiting adenlyyl cyclase (AC), lowering cyclic
adenosine monophosphate (cAMP) levels; cCAMP can activate protein ki-
nase A (PKA). Although the pathway of growth cone collapse via Gi is not
established, the dashed lines from Rac or cAMP and PKA indicate probable
mechanisms that Gi could effect growth cone collapse.
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chick retinal growth cone collapse by Slit-2 can be modulated
by the chemokine SDEF-1 (Chalasani et al., 2003). This modula-
tion does not abolish growth cone collapse, but rather reduces
the sensitivity to Slit-2, seen as lower growth cone collapse at
a normally effective concentration of Slit-2. Furthermore, this
modulation effect by SDF-1 was shown to be pertussis toxin
sensitive, demonstrating a role for G,. Interestingly, SDF-1 sig-
naling through G; was shown to increase cyclic adenosine mo-
nophosphate (cAMP), which suggested a noncanonical pathway
compared to the usual role of G; in lowering cAMP levels (Cha-
lasani et al., 2003). As the study by Fincher et al. (2014) as well
as others (e.g., Manns et al., 2012) have shown, there are clearly
multiple pathways that lead to growth cone collapse. Activation
of these different pathways depends on a variety of factors,
many of which are just being elucidated. For instance, the sig-
naling pathways leading to dorsal root ganglion (DRG) growth
cone collapse by semaphorin 3A are dependent not only on the
concentration of semaphorin 3A, but also the levels of growth
factor (NGF) in the media, which was seen clearly by varying
levels of partial growth cone collapse (Manns et al., 2012). Thus,
growth cone responses to axon guidance cues is complex and
can be affected by a variety of intrinsic and extrinsic factors,
and this study by Fincher et al. (2014) indicates that there is a
heterogeneity of retinal growth cone responses in vitro to sig-
naling molecules.

Fincher et al. (2014) also examined the mitogen-activated
protein kinases (MAPK) signaling requirements for LPA and
S1P induced growth cone collapse of chick retinal axons com-
pared to previous published work on Xenopus retinal axons
(Campbell and Holt, 2003). LPA-induced growth cone collapse
was inhibited by a p38 inhibitor, but not a p42/44 inhibitor, in
the chick system similar to the Xenopus system. Interestingly,
S1P-induced retinal growth cone collapse was shown to be
different in the intracellular signaling pathway compared to
LPA-induced growth cone collapse; S1P-induced retinal growth
cone collapse was neither sensitive to a p38 inhibitor nor a
p42/44 inhibitor. Although it shouldn’t be surprising, this in-
dicates that there are differences in the intracellular signaling
downstream of LPA and S1P receptors in a specific response,
growth cone collapse, that they both elicit.

Although this study focused on axon growth and guidance
during development, these lysophospholipids could have sig-
nificant roles in nerve regeneration. LPA is released during an
injury response, including being produced at high levels by
platelets. Other evidence has demonstrated that LPA receptors
play a significant role in neuropathic pain (for review, see Ueda
et al., 2013), and they could be involved in inhibition of nerve
regeneration.

Furthermore, the cell signaling pathways activated by LPA
and S1P receptors have clear demonstrated roles in inhibition
of nerve regeneration. Neural regeneration inhibitors in CNS
myelin act by activating the RhoA/Rho-associated protein ki-
nase (ROCK) pathway. Treatment with antagonists of RhoA or
ROCK have been shown to increase sprouting and nerve regen-
eration in both optic nerve and spinal cord injury models (for
review, see Fujita and Yamashita, 2014). Potential clinical appli-
cation has been demonstrated in a human phase I/IIa clinical
trial for the cell permeable Rho antagonist BA-210 (Cethrin”)
which suggested efficacy in patients with severe cervical spinal
cord injury (Fehlings et al., 2011). Furthermore, combination
therapies may be more effective, such as the report of a com-
bination of a ROCK inhibitor with Stat3 inhibition in an optic
nerve injury model which showed significant regeneration in
the combined therapy compared to either single therapy (Pernet
et al., 2013). In addition, as Fincher et al. (2014) found a role of
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G;, and thus possibly cAMP, in LPA and S1P mediated retinal
growth cone collapse, there appears to be effects of cAMP levels
in nerve regeneration as well (Qiu et al., 2002).

In conclusion, Fincher et al. (2014) adds to our understanding
that there may be a new molecular paradigm for axon guidance
as well as potentially for nerve regeneration, and that is the role
of signaling lysophospholipids such as LPA and S1P. Although
the work so far has examined axonal responses during devel-
opment, these lysophospholipids could have significant roles in
nerve regeneration. Thus, the roles for lysophospholipids in the
nervous system, especially nerve regeneration, are promising
but still need to be elucidated.
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