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Abstract

Neuropathy Target Esterase (NTE) or patatin-like phospholipase domain containing 6 (PNPLAG)
was first linked with a neuropathy occurring after organophosphate poisoning and was later also
found to cause complex syndromes when mutated, which can include mental retardation, spastic
paraplegia, ataxia, and blindness. NTE/PNPLAG is widely expressed in neurons but experiments
with its Drosophila orthologue Swiss-cheese (SWS) suggested that it may also have glial
functions. Investigating whether NTE/PNPLAG is expressed in glia, we found that NTE/PNPLA6
is expressed by Schwann cells in the sciatic nerve of adult mice with the most prominent
expression in non-myelinating Schwann cells. Within Schwann cells, NTE/PNPLAG is enriched at
the Schmidt-Lanterman incisures and around the nucleus. When analysing postnatal expression
patterns, we did not detect NTE/PNPLAG in promyelinating Schwann cells, while weak
expression was detectable at post-natal day 5 in Schwann cells and increased with their
maturation. Interestingly, NTE/PNPLAG levels were upregulated after nerve crush and localized to
ovoids forming along the nerve fibers. Using a GFAP-based knock-out of NTE/PNPLAG, we
detected an incomplete ensheathment of Remak fibers whereas myelination did not appear to be
affected. These results suggest that NTE/PNPLAG is involved in the maturation of non-
myelinating Schwann cells during development and de-/remyelination after neuronal injury. Since
Schwann cells play an important role in maintaining axonal viability and function, it is therefore
likely that changes in Schwann cells contribute to the locomotory deficits and neuropathy
observed in patients carrying mutations in NTE.
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Introduction

Neuropathy Target Esterase (NTE), also called patatin-like phospholipase domain containing
6 (PNPLAG®) belongs to a family of phospholipases that are conserved from flies to humans
(Lush et al., 1998). Mutations in NTE have been shown to cause a spectrum of diseases that
include NTE-related motor neuron disorder or Spastic Paraplegia type 39, a condition that
starts in childhood and is characterized by progressive weakness of the upper and lower
limbs (Rainier et al. 2008). More recently isolated mutations have been associated with
Boucher-Neuhauser and Gordon-Holmes syndrome, complex disorders that can include
hypogonadism, cerebellar atrophy, ataxia, and cognitive impairment (Deik et al. 2014;
Synofzik et al. 2014a; Synofzik et al. 2014b; Topaloglu et al. 2014). Furthermore, NTE
mutations can lead to Oliver-McFarlane and Laurence-Moon syndrome, which are
characterized by retinal degeneration with choroidal atrophy, and in the case of Laurence-
Moon syndrome also include progressive spinocerebellar ataxia and spastic paraplegia
(Hufnagel et al. 2015; Kmoch et al. 2015). Locomotion problems and ataxia are also
observed by environmentally induced changes in NTE activity caused by its interaction with
organophosphates that are found in pesticides and nerve gases (Emerick et al. 2012; Glynn
2007; Pope et al. 1993). This phenomenon was first observed in the 1930s, when thousands
of people were paralyzed after consuming a beverage (Jamaica Ginger) that contained the
organophosphorus compound, tri-ortho-cresyl phosphate (TOCP) (Parascandola 1995).
TOCP and other organophosphates bind to and interfere with the phospholipase activity of
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NTE, over time leading to a neuropathy that was consequently named Organophosphate-
Induced Delayed Neuropathy (OPIDN) (Johnson 1969).

Defects in motor coordination and neuronal degeneration are also detectable after the loss of
NTE in the mouse brain (Akassoglou et al. 2004). A complete knock-out of NTE in mice is
lethal around day 9 postcoitum with the embryos showing impaired vasculogenesis and
placental defects (Moser et al. 2004). The earliest expression of NTE was found in the
mesonephric duct followed by expression in the cranial and dorsal root ganglia (Moser et al.
2000). Around day 13 postcoitum, NTE mRNA is also detectable in the spinal ganglia, as
well as the epithelium of the respiratory system and the gut. Postnatally, NTE is widely
expressed in the brain but becomes more restricted with age, with prominent expression in
large neurons in the cortex, olfactory bulb, thalamus, hypothalamus, pons, and medulla
oblongata (Glynn et al. 1998; Moser et al. 2000). Similarly, the Drosophila ortholog of NTE,
Swiss-cheese (SWS), is expressed in most or all neurons in younger animals but becomes
more restricted during aging (Muhlig-Versen et al. 2005). SWS shares the highly conserved
phospholipase domain with NTE that also contains the organophosphate binding site (Glynn
2013; Muhlig-Versen et al. 2005; Quistad et al. 2003). As in vertebrates, organophosphate
treatment of Drosophilainduces neuronal degeneration and locomotion deficits and similar
phenotypes occur in flies carrying mutations in SWS (Kretzschmar et al. 1997; Wentzell et
al. 2014). In addition, the functional conservation of NTE and SWS was confirmed by the
finding that expression of mouse NTE in swsmutant flies can completely restore the wild
type phenotype (Muhlig-Versen et al. 2005).

In addition to neurons, SWS was found to be expressed in glia (Muhlig-Versen et al. 2005)
and sws mutant flies showed defects in glial wrapping of neurons and glial cell death
(Kretzschmar et al. 1997). A glial-specific knockdown approach revealed that SWS is
required in ensheathing glia in flies (Dutta et al. 2016), a glial subtype that belongs to the
neuropil glia which enwraps axons and that has therefore been described to be similar to
oligodendrocytes in vertebrates (Freeman and Doherty 2006). In addition, glial-specific
SWS knockdown flies showed severe locomotion deficits and changes in synaptic
transmission (Dutta et al. 2016), revealing that the loss of SWS in glia impairs neuronal
function and contributes to the behavioural phenotypes of the sws mutant. Although glial
expression of NTE has not previously been described in vertebrates, NTE-activity has been
detected in both mammalian neurons and glial cells (Glynn 2006; Glynn 2007).
Furthermore, the glial phenotype in sws mutants and knockdown flies can also be rescued by
the expression of mouse NTE (Dutta et al. 2015; Muhlig-Versen et al. 2005), further
indicating that this protein family may serve evolutionarily conserved functions in glial cells.
Here we demonstrate that NTE is expressed in Schwann cells within the sciatic nerves of
mice, particularly in non-myelinating Schwann cells, and that its loss induces defects in the
glial wrapping of Remak fibers.

Materials and Methods

Animals

Mice were maintained and handled according to the guidelines established by the National
Institutes of Health and approved by the Oregon Health and Science University's
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Institutional Animal Care and Use Committee. All mice were housed in PIV caging on a
12/12-hour light/dark cycle, and provided with food and water ad libidum. C57BL/6J mice
were used as wild type mice. NTEflox/flox mice were previously described by (Akassoglou
et al. 2004) and kindly provided by M. Chao, Skirball Institute, New York University School
of Medicine. Mice carrying Tamoxifen (TAM)-inducible GFAP-cre carrying mice were
kindly provided by our colleague G. Mandel (Mollum Institute, OHSU) and are described in
(Lioy et al. 2011). Both lines were backcrossed five generations to C57BL/6J before
crossing them to obtain heterozygous Tam-GFAP-cre; NTEflox mice, which were then
crossed with each other. The genotypes of the progeny were identified by PCR analyses of
tail-tip DNA, using the following sense (-S) and antisense (-AS) primers: GFAP-cre-S. 5'-
CCTGGAAAATGCTTCTGTCCG -3'; -AS. 5'-CAGGGTGTTATAAGCAATCCC -3’.
NTE-S. 5 -GCTTAAGGGCACCTGCCAGC -3’; -AS: 5'-GGTCTTGTAGCCTGCAGTCC
-3’. PCR was performed with an annealing temperature of 50°C with 35 cycle. Axonal
injury was induced by repeated crushes of one sciatic nerve with foreceps using anesthetized
4-6 week-old mice as described in (Patton et al. 1999) while the unijured nerve was used as
a matched control.

Schwann cell cultures

Histology

Primary Schwann cell cultures were established from the sciatic nerves of neonatal
C57BL/6J mice as described in (Sherman et al. 2000). Cells were initially grown on poly-I-
lysine—coated tissue culture plastic (Sigma-Aldrich) in DMEM supplemented with 10%
FBS, 5 ng/ml recombinant human (rh)-GGF2, and 2 uM forskolin (Calbiochem-
Novabiochem), and then switched to a serum-free defined medium (N2) for an additional 24
h.

For resin sections, animals were sacrificed and perfused with 3% (wt/vol) paraformaldehyde
(PFA), 1% (vol/vol) glutaraldehyde, in PBS. Disected nerves were then incubated overnight
at 4°C in 4% PFA, 4% glutaraldehyde in 0.1 M cacodylate and 1-mm pieces were post-fixed
1 hin 1% OsQy, dehydrated through ethanol, and embedded in Epon. Semithin sections (1
pum) were stained with toluidine blue (1% in alcohol) and imaged by digital color
photomicroscopy. Ultrathin sections (50 nm) were stained with uranyl acetate and analyzed
using an FEI Tecnai G2 transmission electron microscope.

Immunohistochemistry

Immunohistochemistry was performed as described in (Miner et al. 1997), using 8-10-um
cryostat sections cut from OCT-embedded unfixed tissue that had been snap frozen in 2-
methylbutane at —150°C. Sections were fixed for 20 min in 2% PFA, incubated with 100
mM glycine in PBS for 10 min and blocked in PBS with 5% BSA and 0.5% Triton X-100.
Primary antibodies were diluted in PBS containing 5% (wt/vol) BSA and applied overnight.
Anti-peripherin (8G2) was obtained from Sigma and was used at 1:1000, anti-GFAP
(AB5541) from EMD Millipore and was used at 1:500, anti-L1 from the Developmental
Studies Hybridoma Bank (created by the NICHD of the NIH and maintained at The
University of lowa, Department of Biology, lowa City) and was used at 1:200, anti-MAG
from Santa Cruz Biotechnology (A11) and was used at 1:200, and anti-CD44 (5GA) was
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kindly provided by L. Sherman (OHSU) and used at 1:200 (Sleeman et al. 1996) and anti-
MBP (EMD Millipore) was provided by F. Robinson (OHSU), and was used at 1:200.
Rhodamine-Phalloidin was obtained from Thermo Fisher Scientific. A rabbit antiserum
against NTE (Chang et al. 2005) was kindly provided by Y.J. Wu (Chinese Academy of
Science, Bejing, China) and used at 1:500, while anti-NTE from Abcam (ab110391) was
used at 1:200. Bound antibodies were then detected with the following species-specific
fluorescent-labeled secondary antibodies (1 h incubation, used at 1:1000): FITC-conjugated
anti-mouse (Boehringer Mannheim), FITC-conjugated anti-rat (EMD Millipore), and Cy3-
conjugated anti-rabbit (Molecular Probes, Thermoscientific). DAPI (Sigma) was used to
visualize nuclei.

Analyzing myelination and glial wrapping of Remak fibers

Results

The g-ratio was determined on photographs of semithin sections stained with tolouidin blue
as a means of measuring myelin thickness. Quantification of the ensheathment of Remak
fibers was performed on electron microscopic sections by determining the percentage of
fibers that were not completely wrapped by glial sheaths in each Remak bundle. Statistics
were conducted using GraphPad Prism and Student’s t-tests.

NTE is expressed in Schwann cells

Mutations in NTE cause a variety of symptoms, whereby locomotion deficits are the most
common phenotype. Similarly, the delayed neuropathy caused by the inhibition of NTE by
organophosphates is also characterized by movement problems, especially affecting the
lower limbs. We therefore investigated whether NTE might play a role in the peripheral
nervous system, particularly in Schwann cells, focusing on the sciatic nerve. Using an anti-
NTE antisera kindly provided by Y-J. Wu (Chinese Academy of Science), we could readily
detect NTE in immunolabeled frozen sections of sciatic nerves prepared from adult mice at
post-natal day (PND) 42 (Fig. 1A, arrowheads). Notably, some of the immunostaining was
detectable in close proximity to DAPI-positive nuclei (Fig. 1B), suggesting its expression in
glial cell bodies. A similar pattern was also seen when using a commercially available anti-
NTE (data not shown). To verify this observation, we co-immunolabeled the sections with
anti-GFAP, which is highly expressed by astrocytes in the CNS but is also expressed by non-
myelinating and immature Schwann cells within the peripheral nervous system (Jessen and
Mirsky 2005; Jessen et al. 1990). Although some cells were only positive for NTE (arrow in
Fig. 1B), many of the NTE staining co-localized with this glial marker (arrowheads, Fig.
1A’, B”). Since these sections were derived from adult animals, this pattern of
immunoreactivity suggests that NTE is abundantly expressed by non-myelinating Schwann
cells.

To verify this observation, we also co-immunolabeled sciatic nerve sections with anti-CD44
and antiperipherin. Whereas anti-peripherin is a marker for unmyelinated axons (Lariviere et
al. 2002; Yuan et al. 2012), anti-CD44 labels non-myelinating Schwann cells in the adult
sciatic nerve (Gorlewicz et al. 2009; Sherman et al. 2000). As shown in figure 2 NTE was
detected in close proximity to peripherin (arrowheads, 2A-A") and co-localized with CD44
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(Fig. 2B-B”). The co-localization of NTE with CD44 was even more apparent at higher
magnification (Fig. 2E, E’ shows the cell indicated by the arrow in 2B). By analyzing
sections from the tibial nerve, we again detected prominent expression of NTE in non-
myelinating Schwann cells (white arrows, Fig. 2C) and weaker expression in the cytoplasm
of myelinating Schwann cells, detectable as discontinuous rings (red arrowheads, Fig. 2C).
Consistent with previous reports of NTE expression in neurons, we also found weak
expression in axons (red arrows, Fig. 2C). Lastly, we confirmed the expression of NTE in
Schwann cells by performing immunohistochemistry with anti-NTE antibodies on cultured
primary Schwann cells (Fig. 2D).

NTE is enriched at Schmidt-Lanterman incisures

Schwann cells form distinct compartments along the axon, including the nodes of Ranvier,
Cajal bands, and Schmidt-Lanterman incisures (Ghabriel and Allt 1979; Ghabriel and Allt
1980; Salzer 2003; Salzer et al. 2008; Ushiki and Ide 1987). To determine whether NTE is
localized to any of these compartments, we prepared teased fibers from adult (PND42)
sciatic nerves. Cajal bands and Schmidt-Lanterman incisures (SLIs) are cytoplasmic
channels that are actin-rich (Gupta et al. 2012; Jung et al. 2011; Salzer 2003) and can
therefore be stained with Phalloidin. As shown in figure 3, NTE co-localized with Phalloidin
in SLIs (arrowheads, Fig. 3A, A’, B, B’) and it could be found in close proximity to nuclei
(arrows, Fig. 3B, B”), consistent with findings in neurons that NTE localizes to the
endoplasmic reticulum (Li et al. 2003). At higher magnification, weaker NTE staining could
also be detected in Cajal bands (figure 3C, arrows). As described below (see Fig. 7A), we
subsequently confirmed the enrichment of NTE in SLIs by co-labelling with another marker
for this compartment, myelin-associated glycoprotein (MAG) (Trapp 1990).

NTE is not expressed in immature or promyelinating Schwann cells

Schwann cell precursors are produced from the neural crest and develop into immature
Schwann cells during embryonic development, surrounding bundles of closely associated
axons (Jessen and Mirsky 1997; Jessen and Mirsky 2005; Monk et al. 2015; Woodhoo and
Sommer 2008). Radial sorting of axons occurs around birth, whereby large diameter axons
are separated by Schwann cells that differentiate and form myelin. The remaining small
caliber axons are ensheathed in small groups by the differentiating non-myelinating
Schwann cells, thereby forming the Remak bundles, a process that is completed around
PND10. To investigate whether the expression of NTE is developmentally regulated and
correlates with the differentiation of Schwann cells, we immunohistochemically stained
sciatic nerve sections derived from different postnatal stages with anti-NTE. Sections were
also co-stained with anti-L 1, a cell adhesion molecule expressed in Schwann cell precursors,
immature Schwann cells, and mature non-myelinating Schwann cells (Mirsky and Jessen
2009; Stewart et al. 1995). As shown in figure 4A, NTE was absent from early postnatal
nerves (PNDOQ), whereas weak immunopositive staining was detectable at PND5 (Fig. 4B,
B’). At PND10, NTE was readily detectable in L1-positive cells (Fig. 4C, C’), correlating
with the presence of mature non-myelinating Schwann cells. However, its levels were still
lower than observed in the adult sciatic nerve. A similar result was obtained when co-
staining sciatic nerves from PNDO, PND5 and PND8 with peripherin (Supp. Fig. 1).
Although the onset of NTE staining around PND5 suggested that it is not expressed in
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immature or promyelinating Schwann cells, we addressed this further by using antibodies
against MAG and myelin basic protein (MBP), whose expression starts in the
promyelination stage (Martini and Schachner 1986; Martini and Schachner 1997; Schachner
and Bartsch 2000). As expected, both MAG and MBP were detectable at PND3, but we did
not observe any NTE staining at this age (Fig. 5A, Supp. Fig. 2A). Confirming our earlier
studies, weak NTE expression was detectable at PND5 (Fig. 5B) and increased levels were
detected at PND14, at which stage much of the NTE staining co-localized with MAG and
MBP (Fig. 5C, Supp. Fig. 2B, C). These results confirms that NTE is not expressed in
promyelinating Schwann cells but that it is expressed later during the maturation of
myelinating and non-myelinating Schwann cells.

NTE is upregulated after peripheral nerve injury

Many proteins expressed during the development of Schwann cells (including L1,
peripherin, and GFAP), are also induced after neuronal injury and axonal re-growth of
peripheral nerves, a process that requires the de-differentiation and proliferation of Schwann
cells (Berg et al. 2013; Jessen et al. 1990; Martini 1994; Neuberger and Cornbrooks 1989;
Triolo et al. 2006). In addition, it has been shown that the SLIs play an important role in
demyelination after injury and during Wallerian degeneration, due the fragmentation of
myelin occurring adjacent to SLIs (Berger and Gupta 2006; Ghabriel and Allt 1979; Jung et
al. 2011; Klein et al. 2014). We therefore investigated whether we could detect changes in
the levels or localization of NTE after injury. Performing immunohistochemistry on sciatic
nerves of adult mice harvested four days after unilateral crush lesions indeed revealed an
upregulation of NTE as well as GFAP (Fig. 6A), compared to their expression levels in
matched uninjured nerves (Fig. 6C). Eleven days after the injury, the levels of NTE begin to
decrease, coinciding with the decrease in GFAP levels (Fig. 6E). Similarly, we detected an
upregulation of NTE four days after injury in Western blots (Supp. Fig. 3). Our
immunohistochemical analysis also revealed a prominent ring-shaped pattern of staining
(arrowheads in Fig. 6A, B), which though weaker, could still be detected after eleven days
(Fig. 6E, F). To determine whether this pattern could be due to an upregulation of NTE in
the SLIs, we again used teased fiber preparations from nerves obtained four days after crush.
As noted above, we found that NTE was enriched in Schmidt-Lanterman incisures in
uninjured control fibers, where it colocalized with MAG (Fig. 7A). In contrast, NTE
expression was widespread along the damaged fibers, localizing to ovoids (arrowheads, Fig.
7B). Co-staining these preparations with MAG suggested that most of the NTE staining does
not co-localize with MAG (arrows, Fig. 7B). At a higher magnification, we could detect
MAG staining adjacent to both sides of weakly stained NTE-positive ovoids (Fig. 7C, green
arrows). In the case of the ovoid with higher NTE expression levels, NTE and MAG co-
localized at the margins of the ovoid (Fig. 7C, white arrows), whereas MAG is absent in the
case of the ovoid with the highest NTE expression levels (Fig. 7C, arrowhead). Together,
these results reveal that NTE changes it subcellular localization after injury and shows a
dynamic co-localization pattern with MAG.

The conditional glial knock-out of NTE results in incomplete wrapping of Remak fibers

The expression of NTE during early postnatal stages and its induction after nerve injury
suggest that NTE may play a role in the maturation of Schwann cells. As mentioned above, a
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complete knock-out of NTE is lethal during embryonic development (Moser et al. 2004),
while a nestin-cre mediated conditional knock-out of NTE has been shown to result in
neuronal degeneration in the CNS (Akassoglou et al. 2004). To specifically assess the glial
function of NTE, we crossed Tamoxifen (TAM)-inducible GFAP-cre carrying mice (Lioy et
al. 2011) with NTE-flox mice (Akassoglou et al. 2004). Due to GFAP being expressed in
non-myelinating and immature Schwann cells (Jessen and Mirsky 2005; Jessen et al. 1990)
and our evidence that NTE co-localizes with GFAP in Schwann cells (Fig. 1), this strategy
should specifically delete NTE in peripheral glia. GFAP-cre was induced by daily neonatal
administration of TAM through maternal lactation starting at PNDO for three weeks.
Performing sciatic nerve sections at PND14 from the conditional knock-out animals revealed
a strong downregulation of NTE levels in the NTE(fl/fl);Cre+ mice (Fig. 8B, D) when
compared to their TAM-treated NTE(+/+);Cre+ siblings (Fig. 8A, C). As expected, the
levels of GFAP (Fig. 8A, B) and CD44 (Fig. 8C, D) were not altered in the conditional NTE
knock-out.

Next we analyzed sciatic nerve sections from four-month-old conditional knock-out mice at
the light and electron microscopic level to determine whether these mice show defects in
myelination or Remak bundle formation. A comparison of toloudine-blue-stained sections
from TAM-treated NTE(fl/fl);Cre+ mice (Fig. 9A) with treated NTE(+/+);Cre+ siblings
(Fig. 9B) did not reveal defects in myelination, nor was the g-ratio significantly different
(Fig. 9C). Furthermore, we did not detect defects in myelination in electron microscopic
images (data not shown). Together, this result suggests that the conditional knock-out of
NTE had no consequences for the differentiation of myelinating Schwann cells. In contrast,
we did observe effects on non-myelinating Schwann cells in our electron microscopic
studies. Whereas the Remak fibers in four month old control mice (TAM treated NTE(+/
+);Cre+ siblings) were almost always completely ensheathed by non-myelinating Schwann
cells (Fig. 10A, C), many of these fibers were incompletely wrapped in TAM-treated
NTE(fl/fl);Cre+ animals (arrowheads, Fig. 10B, D). In addition, some of the axons in the
conditional knock-out animals looked shrunken and more electron dense, indicating that
these fibers were undergoing degeneration (arrows, Fig. 10B, D). Quantifying this glial
wrapping phenotype by determining the percentage of incompletely wrapped axons in a
Remak bundle, we found that on average, 12% of axons showed mostly small gaps in their
glial sheaths in NTE(+/+), whereas this number increased to 55% in the conditional knock-
out animals (Fig. 10E). This result shows that the loss of NTE does affect the maturation of
non-myelinating Schwann cells and the formation of Remak bundles, corresponding to the
higher expression levels of NTE in this Schwann cell population.

DISCUSSION

NTE was previously shown to be expressed in neurons (Glynn et al. 1998; Moser et al.
2000), but experiments with cultured astrocytes suggested that its activity is also present in
glia (Glynn 2007; Glynn 2012). A role for NTE in glia was also suggested from studies in
Drosophila, which demonstrated the presence of SWS (the fly orthologue of NTE) in CNS
glia and showed that expression of mouse NTE in Drosophila glia could rescue the glial
defects seen in sws mutant flies (Muhlig-Versen et al. 2005). Focusing on the sciatic nerve,
we verified that NTE is present in axons, but we could also detect its expression in Schwann

Glia. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McFerrin et al.

Page 9

cells. The levels of NTE were highest in non-myelinated Schwann cells, although lower
levels could be detected in myelinating Schwann cells, with an enrichment at Schmidt-
Lanterman incisures and around the nucleus. The latter observation is in agreement with the
localization of NTE to the endoplasmic reticulum, as has been described in neurons (Li et al.
2003; Zaccheo et al. 2004). Furthermore, NTE expression was detectable in primary
Schwann cell cultures lacking neurons.

By analyzing the developmental profile of NTE expression, we found that it was absent
during early postnatal stages of Schwann cell differentiation. Around birth, the peripheral
nerves go through a stage of axonal sorting, in which immature Schwann cells either
associate with large axons and differentiate into mature myelinating Schwann cells or with
the small Remak fibers, which are enwrapped by Schwann cells but are not myelinated
(Feltri et al. 2015; Kaplan et al. 2009). This process requires a close interaction between
neurons and Schwann cells and is regulated by several signaling pathways, including axonal
signaling via Neuregulin 1 and ErbB receptors, as well as extracellular matrix signaling via
laminin and B1 integrin and dystroglycan receptors (Berti et al. 2011; Birchmeier and Nave
2008; Monk et al. 2015; Nave and Salzer 2006; Newbern and Birchmeier 2010; Taveggia et
al. 2005; Woodhoo and Sommer 2008). After this sorting phase, the Schwann cells
differentiate into mature cells that form myelin sheaths (around large axons) or enwrap
Remak fibers, which also requires signaling between the axons and glial populations
(Fricker et al. 2009; Raphael et al. 2011; Yu et al. 2009). NTE was not detectable at PNDO
and its levels were still quite low at PND5, suggesting that it is not expressed in immature or
promyelinating Schwann cells. This was confirmed by co-immunolabeling with anti-MAG
and anti BMP. In contrast, NTE levels increased a few days after birth (PND8), suggesting a
role late in Schwann cell maturation. When we examined GFAP-Cre mediated conditional
NTE knock-out animals, we could not detect effects on axonal sorting or myelination,
indicating that NTE is not required for the differentiation of myelinating Schwann cells.
However, we did find that non-myelinating Schwann cells failed to completely enwrap
Remak fibers, which correlated with the higher expression levels in these cells, showing that
NTE is required for the maturation of non-myelinating Schwann cells.

Inhibition of NTE by organophosphates induces a neuropathy that shows the characteristic
signs of Wallerian degeneration (Abou-Donia 2003; Dyer et al. 1992; Emerick et al. 2012).
We therefore also investigated whether we could detect changes in NTE after neuronal
injury caused by nerve crush. Indeed, we found not only an increase in NTE levels following
injury but also a strong accumulation of NTE in ovoids distributed along the fibers.
Surprisingly, it appeared that NTE was excluded from the SLIs after injury, although it was
enriched in SLIs in uninjured fibers and SLIs have been shown to play an important role in
demyelination responses after injury or disease (Jung et al. 2011; Klein et al. 2014). During
Wallerian degeneration, the myelin sheath becomes fragmented and forms ovoids similar to
the ones we observed with NTE immunolabeling, a process that occurs near the SLIs
(Ghabriel and Allt 1979; Jung et al. 2011). The similarity of the NTE-positive ovoids with
the ovoids observed during myelin fragmentation indicates that NTE may play a role in
demyelination responses after injury. NTE is a phospholipase that hydrolyzes
phosphatidylcholine and lysophosphatidylcholine (LPC) by degrading it to
glycerophosphocholine (Quistad et al. 2003; van Tienhoven et al. 2002). Of note is that LPC
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synthesis is also upregulated after injury and is a well-known demyelinating agent
(Ghasemlou et al. 2007; Velasco et al. 2016). It is therefore possible that NTE plays a role in
the changes that occur in Schwann cell membranes during demyelination and/or
remyelination.

Problems with motor coordination and paralysis are prominent symptoms of NTE-related
diseases. Likewise a nestin-Cre induced NTE knock-out resulted in hindlimb dysfunction
and behavioral deficits in Rotarod tests (Akassoglou et al. 2004; Read et al. 2009). However,
due to Nestin being expressed in the early development of the peripheral and central nervous
system (Michalczyk and Ziman 2005), these experiments did not distinguish the roles of
NTE in the CNS versus the PNS, nor did they discriminate between its potential functions in
glia versus neurons. Although the loss of neuronal NTE most likely contributes to disease
progression, the maintenance of axonal viability is strongly dependent on their associated
glial cell partners, and defects in Schwann cells have been shown to cause peripheral
neuropathies like Charcot-Marie-Tooth (Berger et al. 2006). In addition, our previous studies
in Drosophila showed that a glial-specific knockdown not only caused incomplete glial
wrapping of axons but also induced severe locomotion defects and changes in neuronal
function (Dutta et al. 2015), suggesting that glial loss of NTE contributes to the pathogenesis
of NTE-related diseases. Lastly, given the role of disrupted Remak bundles in neuropathic
pain (Koltzenburg and Scadding 2001), the defects in Remak bundle formation that we
detected in the conditional knock-out mice indicates that NTE could also play a role in the
neuropathic pain responses that can accompany peripheral neuropathies.
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Main points

NTE/PNPLAG is expressed in Schwann cells in the sciatic nerve after the
pro-myelin stage, and highly expressed in non-myelinating Schwann cells

NTE/PNPLAG expression is upregulated after axonal injury

Loss of NTE/PNPLAG causes incomplete glial ensheathment of Remak fibers
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Figurel.
NTE is detectable in glia in the adult (PNDA42) sciatic nerve. (A) Using anti-NTE,

immunopositive staining is found in the sciatic nerve (arrowheads) and co-localizes with
GFAP (A’). (B-B”) NTE is detectable in the cell cytoplasm of GFAP-positive cells
(arrowheads) and in some non-GFAP positive cells (arrows). NTE is shown in red, GFAP in
green, and DAPI in blue. Scale bar in A=30 pm, in B=10 pum.
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Figure2.
NTE is highly expressed in non-myelinating Schwann cells. (A-A”) NTE is found in close

proximity to peripherin (arrowheads), a marker for unmyelinated axons. (B-B”) NTE also
co-localizes with CD44, which is expressed in adult non-myelinating Schwann cells. (C) In
tibial nerve sections, strong staining is found in non-myelinating Schwann cells (white
arrows) while weaker staining can be detected in axons (red arrows) and in the cytoplasm of
myelinating Schwann cells (red arrowheads). (D) NTE is expressed in cultured Schwann
cells. (E, E”) Higher magnification view showing co-localization of NTE and CD44 in the
neuron labeled with an arrow in B. NTE is shown in red, peripherin and CD44 in green and
DAPI in blue. Sections were derived from mice at PND42. Scale bar in A, B=50 um, in C,
D=10 pm.
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Figure 3.
NTE is enriched in Schmidt-Lanterman incisures and around the nucleus. (A-A”) NTE co-

localizes with Phalloidin (Pha) in Schmidt-Lanterman incisures (arrowheads). (B-B”) Higher
levels of NTE can also be found adjacent to nuclei labeled by DAPI (arrows). (C-C”) Higher
magnification view showing co-localization of NTE and Phalloidin in Cajal bands (arrows).
NTE in red, Phalloidin in green and DAPI in blue. Teased fibers were obtained at PND42.
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Figure 4.
Developmental expression pattern of NTE. (A, A”) At PNDO, NTE is not detectable in the

sciatic nerve. (B, B’) NTE is first apparent at PND5 and its level increase with further aging
(C, C’, PNDB8), whereas L1 is detectable at all ages. L1 in green, NTE in red. Scale bar=100
um.
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A

Figure5.
NTE is not expressed in immature or promyelinating Schwann cells. (A-A”) At PNDO, some

cells are MAG-positive in the sciatic nerve whereas NTE is not detectable. NTE is
detectable at PND5 (B-B”) and PND14 (C-C”), together with MAG. MAG in green, NTE in
red. Scale bar=100,um.
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Figure®6.
NTE is upregulated after axotomy. (A, A’) 4d after nerve crush, NTE levels are increased in

the nerve with strong staining detectable in some ring-shaped structures (arrowheads). (B)
Magnified view of the boxed region in A’. (C, C’) NTE staining in the uninjured sciatic
nerve 4d after nerve crush. (D) Magnified view of the boxed region in C’. (E, E’) 11d after
nerve injury, an increase in NTE levels is still detectable, including in the ring shaped
structures (arrowheads) but the NTE levels have decreased compared to 4d post-injury. (F)
Magnified view of the boxed region in E’.NTE in red, GFAP in green. The nerve crush was
performed at PND28. Scale bar=50 um.
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Figure7.
NTE staining is found in ovoids along the nerve after injury. (A-A”) NTE is enriched in

Schmidt-Lanterman incisures (arrowheads), co-localizing with MAG in the uninjured nerve.
(B-B”). On the crushed side, strong NTE staining is detectable in ovoids along the nerve
(arrowheads). NTE staining only co-localize with MAG (arrows) at the margins of ovoids.
(C-C”) Magnification showing that MAG-positive incisures are adjacent to weakly stained
NTE-positive ovoids (green arrows). Another ovoid that contains higher levels of NTE
shows MAG-positive staining at the distal and proximal end of the ovoid (white arrows). The
ovoid with the highest levels of NTE does not co-stain for MAG, nor is it delimited by MAG
staining (arrowhead). The crush was performed at PND42. NTE in red, MAG in green.
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Figure8.

Tr?e conditional knock-out reduces NTE levels. NTE levels are reduced in sciatic nerves of
NTE(fl/fl);Cre+ mice (B, D) compared to their NTE(+/+);Cre+ siblings (A, C). The levels of
the Schwann cell markers GFAP (A, B) and CD44 (C, D) are not affected by the conditional
NTE knock-out. Sections were obtained at PND14. All animals were treated with TAM.
NTE in red, GFAP and CD44 in green. Scale bar=30um.
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Figure.
Glial loss of NTE does not affect myelination. Toluidine-blue stained sciatic nerve sections

g-ratio did not reveal a significant difference between the conditional knock-out animals and
controls. Two mice were used per genotype. 200 axons from each genotype were analysed in

from TAM treated NTE(+/+);Cre+ (A) and NTE(fl/fl);Cre+ mice (B). (C) Determining the
C. Histogram represents means + SEM. Scale bar=5pm.
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©] Figure 10.

=z The conditional NTE knock-out results in incomplete glial wrapping of Remak fibers. (A, C)

g Electron microscopic image from a Remak bundle in a TAM treated NTE(+/+);Cre+ mouse.

o (B, D) Remak bundle in a TAM-treated NTE(fl/fl);Cre+ mouse. The arrowheads point to

2, areas where the glial sheath is missing, arrows point to electron dense, shrunken axons. (D)

= Quantification showing the percentage of axons in a Remak bundle that are not completely
wrapped by glia. The horizontal line represents the medians, boxes denote the 25% and 75%
quartiles, and whiskers express 10% and 90% quantiles. Twenty Remak bundles were
analyzed per genotype, with two mice used for each experiment. Scale bar=500 nm. ***p <
0.0001 (Student’s t-test).
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