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Abstract

Schwann cells (SCs) are specialized glial cells that myelinate and protect axons in the peripheral
nervous system (PNS). Although myelinating SCs are more commonly studied, the PNS also
contains a variety of non-myelinating SCs, including but not limited to Remak SCs (RSCs),
terminal SCs, enteric glia. While the field currently lacks many robust tools for interrogating the
functions of non-myelinating SCs, recent evidence suggests that, like their myelinating
counterparts, non-myelinating SCs are critical for proper PNS function. In this review, we focus
specifically on RSCs and highlight recent advances in understanding regulators of RSC
development, function, and participation in PNS regeneration.

INTRODUCTION

Schwann cells (SCs) have long been recognized for their essential function of myelinating
the peripheral nervous system (PNS). During development, promyelinating SCs associate
1:1 with large caliber axons [1], and following key signaling events [2], spirally wrap and
compact their membranes around axons to generate the mature myelin sheath (Figure 1).
Peripheral nerves also contain non-myelinating SCs, which have been traditionally
understudied relative to myelinating SCs. This is in part due to a relative lack of genetic and
imaging tools for studying non-myelinating SCs compared to tools available for myelinating
SCs. Here, we focus specifically on Remak SCs (RSCs), which ensheath multiple small-
caliber axons in “Remak bundles” (Figure 1) [1]. Although RSCs do not generate myelin,
these cells are essential for proper PNS development and function. Furthermore, RSCs play
key roles in regeneration following peripheral nerve injury. In this review, we discuss recent
advances in RSC biology, and highlight areas for future discovery.
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RSC FATE DETERMINATION

During radial sorting, immature SCs extend cytoplasmic projections into bundles of axons
[3]. Immature SCs then differentiate into either myelinating SCs or RSCs (Figure 1, black
arrows). Unlike myelinating SCs, RSCs associate with small caliber axons (<1 um diameter)
to form Remak bundles. How the myelinating versus RSC fate is determined is not entirely
understood, and it is clear that SC fate is quite plastic. Seminal studies demonstrated that
when nerve segments containing mostly myelinating SCs are grafted into a largely
unmyelinated nerve, these SCs do not myelinate. Conversely, RSCs are capable of
generating myelin when sections of predominately unmyelinated nerve are grafted into a
primarily myelinated nerve [4,5]. In addition to showing that SC fate determination is
reversible (Figure 1, gray arrows), these studies also suggest that signals dictating SC fate
derive at least in part from axons.

One of the fundamental signaling pathways in SC-axon interactions is the Neuregulin 1 type
I11 (Nrg1-111)/ErbB2/3 receptor cascade. Nrg1-111 is produced by neurons and either
anchored to axonal membranes or released from axons by proteases such as BACEL. Nrgl-
I11 interacts with ErbB2/ErbB3 receptor tyrosine kinase heterodimers on the SC membrane,
which then activate a variety of downstream pathways such as Ras/MAPK and PI3K/Akt.
Nrgl1-111/ErbB2/3 signals are required at nearly every stage of SC development in both
myelinating SCs and RSCs (reviewed in [6,7]). During myelinating SC development, Nrg1-
I11 levels on the surface of an axon are thought to directly correlate with axonal diameter,
and this promotes the differentiation of SCs associated with large axons into myelinating
SCs and thus the generation of myelin [8,9] (reviewed in [10]). Nrg1-111 signaling is also
critical for RSC development as loss of Nrgl specifically in sensory axons results in Remak
bundles with many more axons, and dramatically reduced RSC ensheathment of axons [11].
Interestingly, however, Nrgl does not appear to have the same effect on SC fate during
remyelination after injury. Using an inducible Nrgl mouse mutant in which Nrg1 is deleted
ubiquitously using CAG-Cre™ in adult animals, Fricker and colleagues demonstrated that
loss of Nrgl delays, but does not prevent remyelination or proper RSC ensheathment after
sciatic nerve injury [12]. This suggests that Nrg1 regulates the rate of remyelination but is
not absolutely critical in SC fate choice in the context of nerve regeneration. Thus, either the
requirements of Nrgl are quite different between early SC development and during
remyelination, or perhaps Nrgl does not actually strictly control SC fate choice, but rather is
important more for controlling the efficiency of myelination even during development. The
authors go on to test this somewhat by using a conditional Nrgl mutant in which Nrgl is
deleted in a subset of small caliber axons using Nav1.8-Cre. The authors had previously
shown that in young (10 weeks) Nav1.8€"¢/Nrg1f/fl mutant nerves, Remak bundles were
severely disrupted and on some axons there was very thin or no myelin [11]. Importantly, in
the more recent study, the authors aged these Nav1.8°"¢/Nrg1f/fl mutant animals to 1 year,
and saw that there is no compensation for the developmental loss of Nrgl over time as the
Remak bundles still contained many large diameter axons and thinner myelin [12]. Thus, the
authors conclude that Nrgl controls SC development and remyelination by distinct
mechanisms. It is important to note however, that the inducible Nrgl mutants result in loss
of all Nrg1 isoforms in all cell types, which makes it difficult to directly compare to cell-
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type specific loss of specifically Nrg1-111 during development. Further, this data does not
firmly rule out the possibility that Nrgl does not actually dictate SC fate choice but simply
makes developmental myelination and RSC ensheathment more efficient. Future work
should continue to focus on parsing out the mechanism by which Nrgl controls (or not) SC
fate, but regardless, it is clear that axonal-derived Nrg1 is an important signal in the
development of peripheral nerves.

Although axonal cues are certainly critical, several studies suggest some genes controlling
SC fate decision may act cell-autonomously within SCs [13-15]. For example, SCs that have
de-differentiated after injury can cell-autonomously upregulate Nrgl to spur re-
differentiation and remyelination [16]. During development, the gamma-aminobutyric acid
type B1 receptor (GABBRL1) localizes primarily, albeit not exclusively, in RSCs rather than
myelinating SCs [17]. Faroni et al. deleted Gabbr1 in embryonic SCs and observed
increased numbers of small diameter axons, although the axons were properly ensheathed,
which correlated with an increase in the number of Remak bundles relative to controls as
well as a corresponding decrease in the number of larger diameter axons [15]. Myelin
protein levels were significantly increased, and the myelin was slightly thicker in Gabbr1
mutant nerves, however these measurements did take into consideration axonal diameter.
Thus it is unclear why myelin protein levels are increased. Nrgl-I1l expression was
decreased in Gabbr1 mutants, which is probably related to the decrease in average axonal
diameter. The authors also observed enhanced ErbB2 and ErbB3 receptor mRNA and
protein levels, a likely compensatory mechanism in response to decreased Nrgl-111 levels.
One of the intracellular pathways that can be activated by ErbB2/3 signaling is the mitogen-
activated protein kinase (MAPK)/extracellular signal-regulated kinase (Erk) cascade.
Activation of the MAPK/ERK pathway in SCs has been reported to suppress the myelinating
state [13,14]; therefore, the authors assessed the levels of phosphorylated Erk2 (pErk2) in
Gabbrl mutant nerves and found enhanced levels of pErk2. Thus, the authors concluded that
GABBRL1 functions cell-autonomously in SCs and potentially non-cell-autonomously in
neurons to regulate SC differentiation. Given the observed elevation in myelin protein levels
and myelin thickness, as well as the impact on axon size, future work should further dissect
the requirement of GABBRL1 in SCs and neurons and exactly how GABBR1 functions to
control the differentiation fate of myelinating SCs versus RSCs.

RSC MATURATION

When mature, RSCs individually ensheathe axons with membrane such that each axon in a
Remak bundle is separated from the surrounding axons (Figure 2, top left). Thus a hallmark
of failed RSC maturation is “naked axons” that have not been completely ensheathed by
RSC cytoplasm and are therefore directly contact other axons (Figure 2, top middle). Note
that this is distinct from radial sorting defects in which large caliber axons (>1 um) remain
within Remak bundles (Figure 2, top right) (reviewed in [3]). Recently, McFerrin and
colleagues found that increased expression of Neuropathy target esterase (Nt€) correlates
with the timing of SC maturation, and that Nte protein levels are highest in mature non-
myelinating SCs. Further, Nfe expression is induced after nerve injury [18]. Using Gfap:cre
(Gfap is expressed in immature and Remak SCs), the authors observed incomplete
ensheathment of unmyelinated axons and degeneration of these axons, without obvious
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defects in myelinating SCs [18]. These results suggest that Nte is dispensable in myelinating
SCs, but may be involved in promoting RSC maturation.

In contrast to Nte, many molecules function in both myelinating SC and RSC biology. For
example, PI3BK/mTOR signaling is critical in SC development and myelination and has
recently proven to be important in non-myelinating SCs as well [19-22]. SC-specific loss of
mTOR complex | adaptor, Raptor, resulted in increased axon numbers per Remak bundle
(Figure 2, bottom left) as well as more naked axons within bundles [21]. In contrast, elevated
MTOR signaling in SCs resulted in fewer axons per Remak bundle (Figure 2, bottom
middle) and the aberrant ability of RSCs to iteratively wrap axons with multiple layers of
membrane (Figure 2, bottom right) [19,22]. Together, these studies suggest that RSCs, like
myelinating SCs, require a precise balance of mTOR signaling for proper development and
function.

Another example of a shared molecule between myelinating SCs and RSCs is the G protein-
coupled receptor Gpr126/Adgrg6, which controls radial sorting, myelination, remyelination
after injury, and long-term SC-axon interactions via several binding partners [23-29].
Gprl26 may also be required in RSCs, as Gpr126 deletion from embryonic SCs resulted in
naked small caliber axons in adults [25]. One Gpr126 binding partner, Laminin-211, has
been repeatedly implicated in both myelinating SC and RSC biology [27,30] (reviewed in
[2]). Additionally, the scaffold protein AHNAKZ1 was recently shown to bind the laminin
receptor p-dystroglycan to facilitate communication between the SC basal lamina and the
actin cytoskeleton to control SC motility and RSC ensheathment [31]. Together with studies
of the Nrg1-111/ErbB and PI3K/mTOR signaling pathways, the effects of Gpr126 signaling
clearly illustrate that, currently, most of the molecules known to impact RSCs also have
strong roles in myelinating SCs.

METABOLIC SUPPORT OF AXONS BY RSCs

Significant evidence has been mounting supporting the hypothesis that SCs metabolically
support axons to maintain axonal integrity [32]. As a result, an area of recent interest has
been SC mitochondria, as mitochondrial dysfunction has emerged as a major mechanism
behind several peripheral neuropathies [33]. To understand the roles of SC mitochondria,
Viader and colleagues deleted the mitochondrial transcription factor A ( Tfam) in embryonic
SCs [34]. Interestingly, although SCs survive, loss of 77am caused preferential degeneration
of unmyelinated axons and subsequent loss of myelinated axons. Importantly, neuronal cell
bodies had not upregulated markers of apoptosis, suggesting that axonal degeneration in
mutants was not secondary to neuronal death. Thus, the authors concluded that SC-specific
mitochondrial dysfunction likely contributes to peripheral neuropathies by disrupting
axoglial interactions critical for axonal maintenance [34].

Similarly, multiple groups have independently shown that the serine/threonine kinase LKB1
regulates SC maintenance of axons through its roles in SC polarity [35] and mitochondrial
metabolism [36,37]. When Lkb1 is deleted in embryonic SCs, myelination initiation is
delayed, nerves are hypomyelinated, RSC ensheathment is impaired, and animals display
behavioral symptoms of neuropathy. Like other differentiating cells, SCs undergo a shift
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from glycolytic to mitochondrial oxidative metabolism myelination, and that LKB1
regulates this shift by elevating citrate synthase activity [36]. The fact that oxidative
metabolism generates more ATP than glycolysis and LAbZ mutants display reduced lipid
synthesis implies that the metabolic switch during SC differentiation is required for the
increased energy production necessary to generate myelin lipids. Finally, in addition to the
developmental defects already described, Beirowski et al. found that SC-specific Lkb1
mutants display progressive axon degeneration [37]. To determine if this was due to the
developmental deficits, the authors deleted LAb1 specifically in adult SCs. These animals
also showed severe axon degeneration leading to peripheral neuropathy, suggesting that
LKBL1 function in SCs is critical for long-term axon maintenance. This finding agrees with
observations by Pooya et al., that while SCs can survive via primarily glycolysis, loss of
mitochondrial function impairs SC ability to redifferentiate after injury [36]. Interestingly,
axon degeneration caused by Lkb1 loss preferentially affected unmyelinated sensory axons
[38] reminiscent of what was described in 77am mutants [34]. In their LAbZ mutant model,
Beirowski and colleagues found similar SC mitochondrial dysfunction as described by
Pooya et al. in addition to other metabolic changes including energy depletion and increased
lactate levels. Although axon degeneration in LkbI mutants appeared largely independent of
AMPK and mTOR, the authors observed elevated AMPK signaling in LkbZ mutant nerves
and concluded that AMPK-related kinases also associated with LKB1 metabolic functions
are likely contributing to SC metabolic support of axons [37].

Collectively, the studies of Tfam and LKB1 in SC mitochondrial function suggest that SC
metabolism is critical for axonal integrity. Since both studies observed preferential loss of
unmyelinated axons upon disrupted SC metabolism, this leads to the interesting speculation
that perhaps unmyelinated axons are particularly dependent on glial support. Not mutually
exclusive with this hypothesis is the possibility that RSCs are particularly sensitive to
metabolic changes relative to myelinating SCs, and that this sensitivity leads to faster
axoglial disruptions upon loss of metabolic regulation.

RSCs IN NERVE INJURY AND NOCICEPTION

Many of the axons in Remak bundles are sensory c-fibers, which transmit pain information
to the brain. Accordingly, recent work suggests that RSC disruption results in neuropathic
pain. As mentioned above, SC-specific loss of GabbrI resulted in increased numbers of
unmyelinated c-fibers. This increase in Remak bundle density resulted in hypersensitivity to
mechanical and thermal stimuli as well as altered locomotor coordination even in the
absence of injury, although it is still somewhat unclear if this may be simply due to the
changes in axon size distribution [15]. Additionally, loss of the LDL receptor related protein
(LRP1), which is a potent regulator of SC migration and survival /in vitro [38,39], resulted in
slight hypomyelination and impaired RSC ensheathment /in7 vivo, which then lead to
mechanical allodynia in the absence of injury [40]. Further, after partial nerve ligation, Orita
and colleagues observed dramatically accelerated axon degeneration and increased SC
apoptosis, which severely impaired regeneration in L7pZ mutant nerves. Thus, Lo mutants
displayed severe and sustained motor dysfunction and mechanical allodynia after injury,
which the authors show is likely due to elevated phosphorylation of p38-MAPK in microglia
in the dorsal spinal cord resulting in their activation [40]. Importantly, these data agree with
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previous work showing that a shed form of LRP1 injected into mouse sciatic nerves prior to
injury prevented p38-MAPK activation and attenuated neuropathic pain in those animals
[41]. Together, these data suggest that RSCs are critical in the development of neuropathic
pain both with and without nerve injury.

CONCLUSIONS

Although less is known about non-myelinating SCs relative to myelinating SCs, recent
evidence demonstrates that RSCs play critically important roles in peripheral nerve
development, maintenance of normal PNS function, and regeneration after injury. Thus,
future efforts should continue to parse out the molecular mechanisms regulating the
development of RSCs and their potential utility in understanding PNS diseases and injury
conditions.

However, a major hindrance to progress in understanding RSCs is the difficulty in imaging
these cells without using electron microscopy in an animal model amenable to forward
genetic screens. Genetic screens in zebrafish have led to the discovery and characterization
of multiple regulators of myelinating SC development, including gor126[42]. Although a
robust method to screen for defects in RSCs in zebrafish has not been described, this
possibility should be explored further. Another solution that has been proposed recently
would be to look more closely at wrapping glia in Drosophila melanogaster. In peripheral
nerves, Drosophila wrapping glia ensheath and separate single or small bundles of axons
with their membranes within the nerve, similar to the segregation of individual axons by
RSCs [43,44]. Recent work suggests that several genes implicated in RSC development,
including NRGL1 [45] and Laminin [30,46], appear to perform analogous functions, and act
through similar molecular mechanisms in Drosophila wrapping glia. Thus, one possible
avenue for further exploration into basic RSC biology might be comparative analyses with
wrapping glia in Drosophila.

Another significant impediment to studying RSCs is the inability to perform cell type
specific knockouts and molecular studies due to the lack of highly specific markers that do
not overlap with immature SCs. Without RSC-specific markers, the field cannot delete genes
specifically in RSCs while leaving myelinating SCs intact. Similarly, an RSC-specific
marker would allow individual separation of these cells from other SCs for deep molecular
characterization. Importantly, this lack of tools is true not only for RSCs, but also for other
types of non-myelinating PNS glia including terminal SCs, enteric glia, etc.

These tools would help the field address many outstanding questions such as: why does axon
degeneration after metabolic challenge preferentially affect unmyelinated sensory fibers?
Are RSCs more susceptible to metabolic changes and thus less capable of maintaining their
axons after insult? Further, it remains unclear if RSCs and myelinating SCs are equivalent
after injury. Although early nerve graft studies suggest these two fates are interchangeable, it
is unknown whether RSC vs. myelinating SC repair responses are equivalent. Finally, a
particularly fascinating question is why do RSCs never make myelin, and myelinating SCs
never interact with more than one axon? Even in Pfenand Akt mutants, where the RSCs
aberrantly generate multiple membrane wraps around their axons, RSCs never proceed to
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myelinate axons. The importance of RSCs is highlighted by their essential role in proper
regeneration after injury, and loss of axonal support by RSCs is sufficient to drive
neuropathic pain even in the absence of injury. Therefore, efforts to discover therapeutic
options for human neuropathy patients are dependent upon further advances in RSC biology.
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HIGHLIGHTS
. Remak Schwann cells ensheath multiple small caliber axons
. Remak Schwann cells are critical for peripheral nerve development,

maintenance, and regeneration

. Genetic regulators of myelinating Schwann cells can also control Remak
Schwann cell ensheathment

. Both Remak Schwann cells and myelinating Schwann cells metabolically
support axons

. Remak Schwann cell disruptions result in neuropathic pain even in the
absence of nerve injury
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Wild-type RSC RSC ensheathment defect |F2iled radial sorting, normal RSC

Moreaxons/bundle ‘Aberrant RSC axon wrapping

ensheathment

Figure 1. SC fate determination during development and after injury

During development (black arrows), immature SCs sort axons by diameter in a process
called radial sorting. SCs associated with large diameter axons (>1 pm, pink) differentiate
into myelinating SCs, while small axons (purple) will be ensheathed by RSCs. After injury
(gray arrows) both RSCs and myelinating SCs can dedifferentiate back to an immature state
and then re-differentiate to aid in nerve regeneration. SCs at all stages secrete a basal lamina,

which becomes denser as SCs mature.
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Figure 2. Morphological phenotypes observed when RSCs are disrupted
Normally, a fully mature RSC will completely ensheathe every axon with cytoplasm to

insulate it from other axons (top left). However, when RSCs are disrupted in different
mutants, one of the most commonly observed defects is incomplete ensheathment of axons
such that some axons remain in direct contact with other axons (top middle). This is distinct
from radial sorting deficits in immature SCs where large diameter axons (pink) remain
within bundles (top right), although the two phenotypes are often observed together. Another
phenotype often observed with failed RSC ensheathment, is an increase in the number of
axons per Remak bundle (bottom left). In contrast, some mutants display smaller Remak
bundles (bottom middle). Finally, a few mutants have described phenotypes in which RSCs
wrap multiple layers of membrane around axons (bottom right). Interestingly, the mutants
displaying RSC wrapping have also displayed smaller Remak bundles.
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