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Review of Mogha et al.

Unlike their counterparts in the CNS,
neurons in the peripheral nervous system
(PNS) display a remarkable regenerative
capacity following injury largely due to
Schwann cell (SC) activity, which provides
critical support for growth and repair (Fig.
1). After injury (e.g., when the axon is cut or
crushed), the distal stump of the injured
axon quickly degenerates, leaving myelin
ovoids behind (Jung et al., 2011). Myelinat-
ing SCs first transition from their mature
state to one promoting repair (Jessen and
Mirsky, 2016). Next, SCs proliferate and re-
cruit macrophages to the injury site to aid in
the clearance of debris (Martini et al., 2008;
Chen et al., 2015). Third, repair SCs align
along the basal lamina to form Biingner
bands, which create a favorable environ-
ment for axonal regrowth, and guide the
growing axon toward its target. Finally, in-
trinsic growth factors encourage regrowth
of the proximal stump such that the newly
regenerating axon makes contact with SCs,
which redifferentiate and begin to remyeli-
nate the axon (Chen et al., 2007). In just 3—4
weeks, the structure and function of a dam-
aged neuron are restored in their entirety;
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yet disruption of any of these myelin func-
tions could critically impair regeneration
(Jessen and Mirsky, 2016).

The molecular mechanisms by which
SCs transition between phenotypes to exert
these diverse functions are not fully under-
stood, but they are likely to involve mole-
cules implicated in the maturation of SCs
during development. One such class of
molecules is the adhesion G-protein cou-
pled receptor (aGPCR) protein family
(Bjarnadottir et al., 2007). aGPCRs contain
extracellular N termini with multiple adhe-
sion domains. These large adhesion do-
mains suggest that this family of GPCRs is
involved in cell-cell communication and
cell adhesion, much like cadherins or integ-
rins (Patra et al., 2014). Although aGPCRs
are expressed throughout the developing
and adult mammalian body, they have been
particularly well studied in the context of
CNS and PNS myelination (Langenhan et
al., 2016). For example, Gpr126 is an evolu-
tionarily conserved regulator of myelina-
tion. During development, Gprl26 is
thought to regulate cAMP concentration in
SCs via interactions with G-proteins, and
elevating cAMP in SCs upregulates the
expression of myelin-related molecules
(Monk etal., 2009, 2011; Mogha et al. 2013;
Petersen et al., 2015). These studies estab-
lished Gpr126 as an essential myelin regula-
tor during development. However, Gpr126
continues to be expressed in SCs postna-
tally, and its function in mature SCs remains
to be determined. Mogha et al. (2016) inves-

tigated the role of Gpr126 in the adult PNS
in a study recently published in The Journal
of Neuroscience.

Because Gpr126 is indispensable for my-
elin formation during development, Mogha
etal. (2016) used an SC-specific, tamoxifen-
inducible system to knock out Gprl26
(Gpr126-icKO) in mature SCs. Using this
system, Mogha et al. (2016) demonstrated
that Gpr126 is not necessary for normal my-
elin maintenance; knocking out Gprl26
without injuring nerves produced no
change in myelination for up to 4 months.
Additionally, Gpr126-deficient and control
mice showed similar levels of demyelination
after injury. The authors subsequently in-
vestigated each stage of peripheral nerve de-
generation and regeneration to elucidate a
function for Gpr126 in the mature PNS.

First, Mogha et al. (2016) asked whether
Gprl26 is involved in the transformation of
SCs from their mature state to one promot-
ing repair (Fig. 1B). c-Jun, a transcription
factor upregulated in SCs after injury, is
thought to mediate this transdifferentiation.
c-Jun suppresses the expression of myelina-
tion-related genes and upregulates neu-
rotrophic factors that contribute to a
favorable environment for axon regenera-
tion (Arthur-Farraj et al., 2012). To investi-
gate whether it is Gpr126 that elevates c-Jun
expression after injury, Mogha et al. (2016)
visualized c-Jun-positive nuclei with immu-
nohistochemistry in control and Gpr126-
icKO mice 3 days post injury (dpi). The
number of c-Jun nuclei did not differ be-
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Figure 1. Schematic timeline of axon injury and regener-

ation. A, Crush or cutinjury to axon (red scissors). B, Myelinat-
ing SCs are reprogrammed to repair SCs via downregulation of
myelin genes and upregulation of repair genes that promote
axon elongation and survival. ¢, Activation of innate immune
response: SCs upregulate cytokines to recruit macrophages
(orange). Both macrophages and SCs phagocytose myelin de-
bris. D, Biingner band formation guides regrowing axon to
target tissue. Contact with axon signals SCs to revert to my-
elinating SCs. E, SCs remyelinate axon, which reinnervates
target tissue. Gray represents neurons. Blue represents myeli-
nating mature SCs. Cyan represents repair SCs.

tween groups, and total c-Jun protein levels
were elevated after injury in both condi-
tions, although protein levels were signifi-
cantly less elevated in Gprl26-icKO mice.
This finding suggests, but does not provide
conclusive evidence, that Gpr126 could be
involved in regulating c-Jun levels after in-
jury. Because the inducible knock-out in the
Gpr126-icKO model is not 100% efficient,
some SCs still express Gpr126. Thus, Mogha
et al. (2016) repeated the experiments
with an SC-specific conditional knock-out
model (cKO-gpr126) in which Gpr126 is
deleted in all SCs at embryonic day 12.5, well
before myelination occurs (Woodhoo and
Sommer, 2008). Inconsistent with the find-
ings from the Gpr126-icKO experiments, c-
Jun levels were upregulated after injury in
cKO-gpr126 mutants more so than in con-
trol animals. They also found that c-Jun was
elevated in uninjured cKO-gpr126 mice, in-
dicating that Gpr126 may be important for
maintaining low c-Jun levels in an unin-
jured context. Similar upregulation of c-Jun
occurs with the early deletion of another
protein necessary for peripheral myelina-
tion, Zeb2, which may negatively regulate
c-Jun in support of myelin maintenance
(Quintes et al., 2016). Although Gpr126 is
not required for myelin maintenance, it is
possible that it negatively regulates c-Jun in
concert with other factors, such that c-Jun is
slightly elevated in uninjured nerves
and is more significantly upregulated
after injury. In any case, it is difficult to
interpret the findings in ¢cKO-gprl26
mice because these SCs never form my-
elin. Ideally, these questions will be ad-
dressed with the advent of new methods
that more efficiently knock out Gpr126
in all SCs in mature animals.

Next, Mogha et al. (2016) investigated
the role of Gpr126 in SC recruitment of
macrophages to the injury site (Martini et
al., 2008; Chen et al., 2015) (Fig. 1C). Mac-
rophages not only phagocytose debris and
secrete factors that degrade dying cells, they
also secrete factors important for nerve re-
generation (Perry and Brown, 1992). To de-
termine whether macrophage recruitment
is altered in the absence of Gpr126, Mogha
et al. (2016) quantified macrophages at
three time points after injury in control and
Gpr126-icKO mice. At 3 and 7dpi, there
were significantly fewer macrophages in the
Gpr126-icKO mice. By 21 dpi, similar
numbers of macrophages were found in
both groups of mice, indicating that macro-
phage recruitment was delayed rather than
abolished.

Previous work has demonstrated that
SCs recruit macrophages to the damaged
nerve by secreting cytokines, such as TNF a,
IL-1beta, leukemia inhibitory factor, and
MCP-1 (Martini et al., 2008; Brosius et al.,
2014). To test whether Gpr126 is required
for cytokine signaling, Mogha et al. (2016)
compared cytokine expression in WT and
cKO-gpr126 nerve tissue at 3 dpi. Of the 84
cytokines assessed, 4 chemokines were sig-
nificantly downregulated: Ccl2, Ccl3,
Cxcl10, and TNF. In other contexts, Ccl2,
Ccl3, and Cxcl10 have been implicated in
pathways downstream of TNF (Chen et al.,
2004; Wang et al., 2012; Qi et al., 2009), and
these results suggest that the same might be
true in this system. To more definitively es-
tablish whether SCs are secreting these fac-
tors, future experiments should profile RNA
from SCsisolated from injured nerves to de-
termine cytokine expression.

As debris is cleared, repair SCs line the
basal lamina and form the Biingner band to
guide regenerating axons back to their target
tissue (Jessen and Mirsky, 2016) (Fig. 1D).
Mogha et al. (2016) hypothesize that these
bands might be disrupted in Gpr126 knock-
outs because the extracellular matrix pro-
teins laminin-211 and collagen IV are
binding partners for Gpr126 (Paavola et al.,
2014; Petersen et al., 2015), and proteins
such as these are important for glial attach-
ment to the basal lamina (Gao et al., 2013).
Furthermore, although the basal lamina
tube is not grossly disrupted in Gpr126 mu-
tants, Mogha et al. (2016) note the presence
of abnormal loops and outfoldings of basal
lamina, visible by transmission electron mi-
croscopy. To investigate the possibility that
bands are disrupted in the absence of
Gpr126, Mogha et al. (2016) visualized re-
generating axons at 3 dpi and reinnervation
of neuromuscular junction at 12 dpi using
immunohistochemistry in Gpr126-icKO

J. Neurosci., March 22, 2017 - 37(12):3106-3108 * 3107

and control mice. Axon regeneration and
reinnervation were impaired in Gprl26-
icKO mice. This impairment is likely inde-
pendent of myelin debris interference, given
that it also occurs in cKO-gprl26 mice,
which lack myelin.

Impairments in axon regeneration and
reinnervation in Gprl26 knock-outs sug-
gest that Biingner band formation may be
disrupted. To confirm this hypothesis, one
could inhibit the ability of Gpr126 to bind
laminin-211 and collagen IV and assess
whether the loss of binding ability preve-
nts axonal regeneration. Future experi-
ments could complement rodent work by
using a model system more amenable to
in vivo imaging, such as zebrafish, to visual-
ize Gpr126-deficient SCs following injury
and observe whether they align into Biing-
ner bands (Xiao et al., 2015).

Finally, Mogha et al. (2016) asked
whether Gpr126 is required for remyelina-
tion, comparing remyelination in control
and Gpr126-icKO mice at 21 and 35 dpi.
Mutant SCs failed to remyelinate axons at
either time point, a result consistent with the
previous finding that Gpr126 is necess-
ary for myelination during development
(Mogha etal., 2013). SC remyelination after
peripheral nerve injury may mirror devel-
opmental gene-expression patterns, and
Gprl26 may play a similar role in this sys-
tem (Chen et al., 2007). However, it is diffi-
cult to interpret whether the failure of
Gpr126-icKO SCs to remyelinate is directly
due to a lack of Gpr126 or whether it stems
from problems earlier in the regeneration
process, such as the misregulation of c-Jun
levels or the disrupted formation of Biing-
ner bands. Because Gpr126 influences my-
elination during development by regulating
the concentration of cAAMP in SCs (Monk et
al.,, 2009, 2011; Mogha et al., 2013; Petersen
et al., 2015), a better understanding of
cAMP expression after injury could clarify
the role of Gprl26 in remyelination. As
Mogha et al. (2016) note, future experi-
ments that precisely measure cAMP levels
during regeneration will be critical to eluci-
date this process.

In conclusion, Mogha et al. (2016) dem-
onstrate that Gpr126 is required in SCs for
several aspects of peripheral nerve repair.
Without Gpr126, c-Jun levels are misregu-
lated and inappropriately elevated after in-
jury. Additionally, macrophage recruitment
is delayed, possibly due to the downregula-
tion of several chemokines, and this may
potentially impair clearance of axon debris.
Finally, axon regeneration and reinnerva-
tion are impaired and remyelination is ab-
sent. These results highlight the elaborately
choreographed nature of peripheral nerve
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repair, which involves simultaneous inter-
actions of many molecules and diverse cell
types. Future work will build off of these
findings to tease apart which elements are
causative. For example, does Gpr126 drive
remyelination directly, or is remyelination
impaired because axons fail to regrow? Can
Gpr126 be targeted to promote remyelina-
tion? If so, Gprl26 could be a promising
therapeutic target for peripheral neuropa-
thies, congenital muscular dystrophy, and
other myelin disorders.
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