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Motoneuron expression profiling identifies an association
between an axonal splice variant of HDGF-related protein 3
and peripheral myelination
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Disorders that disrupt myelin formation during development
or in adulthood, such as multiple sclerosis and peripheral neu-
ropathies, lead to severe pathologies, illustrating myelin’s cru-
cial role in normal neural functioning. However, although our
understanding of glial biology is increasing, the signals that
emanate from axons and regulate myelination remain largely
unknown. To identify the core components of the myelination
process, here we adopted a microarray analysis approach com-
bined with laser-capture microdissection of spinal motoneurons
during the myelinogenic phase of development. We identified
neuronal genes whose expression was enriched during myelina-
tion and further investigated hepatoma-derived growth factor-
related protein 3 (HRP3 or HDGFRP3). HRP3 was strongly
expressed in the white matter fiber tracts of the peripheral
(PNS) and central (CNS) nervous systems during myelination
and remyelination in a cuprizone-induced demyelination
model. The dynamic localization of HPR3 between axons and
nuclei during myelination was consistent with its axonal local-
ization during neuritogenesis. To study this phenomenon, we
identified two splice variants encoded by the HRP3 gene: the
canonical isoform HRP3-I and a newly recognized isoform,
HRP3-II. HRP3-I remained solely in the nucleus, whereas
HRP3-II displayed distinct axonal localization both before
and during myelination. Interestingly, HRP3-II remained in
the nuclei of unmyelinated neurons and glial cells, suggesting
the existence of a molecular machinery that transfers it to and
retains it in the axons of neurons fated for myelination. Over-
expression of HRP3-II, but not of HRP3-I, increased Schwann
cell numbers and myelination in PNS neuron-glia co-cul-
tures. However, HRP3-II overexpression in CNS co-cultures
did not alter myelination.

The myelin sheath is a lipid-rich insulating substance that
enables fast propagation of an action potential over the axon
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while maintaining the continuity of the motor, sensory and
cognitive functions of the nervous system in vertebrates (1, 2).
Myelination is a sequential, multistep process in which a myeli-
nating glia (an oligodendrocyte in the CNS and a Schwann cell
in the PNS) adheres to an axon, ensheathes it, and wraps it mul-
tiple times.

The timing, specificity, rate, and amount of myelination are
controlled by signals from neurons, astrocytes, and endocrine
cells (3—7). For example, neuronal electrical activity modulates
myelination by oligodendrocytes and Schwann cells (8-12).
Increased neuronal cAMP induces glia to increase myelination
(13-15). Additionally, synaptic vesicle release regulates myeli-
nation (15). Neuregulin-1 (NRG1) on the axon membranes
plays a critical role in the development, differentiation and sur-
vival of the glia (16, 17). In NRG1 up-regulated transgenic ani-
mals, myelination via Schwann cells increases (18). NRG1/ErbB
signaling modulates axon selection and myelin thickness in the
PNS (19). In the CNS, the NRG1/ErbB pathway regulates oligo-
dendrocytes’ response to neuronal activity, hence also modulat-
ing myelination (20). Many factors such as NT-3 (neurotrophin
3), nerve growth factor, brain-derived neurotrophic factor
(BDNF), platelet-derived growth factor, and IGF-1 (insulin-like
growth factor 1) modulate myelination by regulating glia (12,
21-23). Even with all of this information, we are still far from a
comprehensive understanding of the molecular mechanisms
underlying the complex cellular interactions that culminate in
the formation of myelin.

Furthermore, there are no therapies for many myelination
diseases such as multiple sclerosis, Pelizaeus—Merzbacher dis-
ease, and Charcot—Marie-Tooth disease (24, 25). Promotion of
remyelination by existing glial progenitor cells or myelination-ca-
pable cell transplantation is the best strategy to reverse the neural
damage. However, developing both of these strategies requires a
comprehensive knowledge of the myelination process, including
the neuronal factors that regulate myelination (25-27).

To identify novel neuronal molecules that play roles in
myelination, we analyzed gene expression profiles of spinal
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motoneurons (MNs) during and after the completion of
myelination. A great majority of the MNs are in a promyelin
form between the first and third day postnatum (P1-P3) in
the rat spinal cord; they are fully myelinated by P21 (28, 29).
Due to their large body size, we were able to isolate rat spinal
MNs at P1 and P21 using laser-capture microdissection to
compare their gene expression profiles. We compiled a
comprehensive list of genes enriched in MNs that were
being myelinated.

Hepatoma-derived growth factor—related protein 3 (HRP3)
is one of the genes that are enriched during myelination. Previ-
ously, HRP3 was implicated in neurite outgrowth, survival of
neurons, and angiogenesis in the retina (30-32). We showed
that peak HRP3 expression and axonal localization coincided
with the period of myelination in the white matter fiber tracts
during developmental myelination and during remyelination
after injury. Intriguingly, HRP3 localizes to axons during neu-
rite growth, where it regulates microtubules and is restricted to
nuclei afterward (30). To explain the dynamic subcellular local-
ization of HRP3, we identified that alternative splicing of HRP3
created two isoforms: HRP3-I, the canonical isoform, and
HRP3-II, which contains a functional nuclear export signal
(NES) motif that is required for axonal targeting. Finally, in
myelinating co-cultures of dorsal root ganglion (DRG) neurons,
increased HRP3-II but not HRP3-I resulted in increased
Schwann cell numbers and myelination. HRP3-1I overexpres-
sion in CNS or DRG neurons did not increase myelination by
oligodendrocytes.

Results
Gene expression profiling during myelination of spinal MNs

To uncover novel factors critical to myelination, we analyzed
genes whose expression changed significantly in MNs during
the early phase of myelination and after the completion of mye-
lination. Laser-capture microdissection (LCM) was used to iso-
late single MNs from the lumbar spinal cord of P1 and P21 Wis-
tar albino rats. We focused on the lumbar level because it is the
most MN-dense region of the spinal cord. A rostro-caudal gra-
dient of myelination exists in the developing postnatal spinal
cord. In the lumbar region, 60-70% of rat spinal MN fibers are
either in a promyelin or early myelinated form between the first
and third day postnatum (28, 29). All spinal MNs are fully my-
elinated by P21.

To verify our isolation procedure, we evaluated the expres-
sion of well-established cell type—specific markers, including
those of neurons, astrocytes, and oligodendrocytes, by real-
time PCR analysis. A significant enrichment of neuronal
markers was observed in the MN LCM samples, as compared
with whole spinal cord tissue, which exhibited minimal astro-
cytic and oligodendroglial contaminants (Fig. S1).

To identify the genes that were differentially expressed
between MNs of P1 and P21 animals, we extracted total RNA
from these two populations and carried out cDNA microarray
using the Rat Genome 230 2.0 array (Affymetrix). Animals
from four separate litters were divided into P1 and P21 experi-
mental groups, resulting in four biological replicates for each
age that were processed independently for microarray analysis

12234 J Biol. Chem. (2020) 295(34) 12233-12246

using Affymetric RAE230A/B rat genome arrays (between
1,000 and 2,000 cells per chip array; GEO number GSE133744).
A total of 211 genes were up-regulated at the onset of myelina-
tion (i.e. in P1 samples relative to P21 samples (Table S1)), and
223 genes were up-regulated after the completion of myelina-
tion (i.e. in P21 samples relative to P1 samples (Table S2)) at
95% confidence or higher.

Genes involved in neural development, axon morphogenesis,
and regulation of secretion and Ca>* were enriched among the
transcripts up-regulated during myelination (Fig. 14). For
example, neurotrophin-3, which is up-regulated over 1,000
times, plays a critical role in MN survival during the early peri-
natal period (33). Myosin heavy chain Myr 8 is an actin-based
motor protein that may be involved in the process of neuronal
cell migration (34). Finally, the severalfold up-regulation of
doublecortin, a marker primarily expressed in migrating and
differentiating neurons, indicates the yet immature stage of
MN:ss by the time of birth (35). Not surprisingly, genes involved
in myelination were highly enriched among the genes up-regu-
lated after myelination was complete (Fig. 1B) because myelin
was absent at P1 and any minor contaminants would inevitably
be highly enriched.

We then asked whether any of the genes that were up-regu-
lated during myelination (Table S1) were expressed in the white
matter tracts of the nervous system, which would make them
attractive candidates for regulating the onset and progression of
myelination. Several genes were selected based on literature,
expression data, and resource availability. A series of immunohis-
tochemical analyses on spinal cord, sciatic nerve, and various
brain areas of WT animals at different stages of development and
on cultured spinal MNs were performed for the selected genes.
HRP3, Reg2, cannabinoid receptor, PACAP-38, DKK3, Npnl,
PTPRO, agrin, FGF13, VEGF, and Nprl were found to be
expressed within the white matter tracts or in the processes of
cultured spinal MNs (data not shown). We continued our analy-
sis with HRP3, as it was found to be correlated with development
of myelination in all the areas of peripheral nerves, spinal cord,
and brain that we analyzed in vivo (Figs. 2 and 3; see below).

HRP3 levels and localization are temporally controlled during
myelination

First, we examined the spinal cord from embryogenesis to
adulthood to confirm that HRP3 expression parallels microar-
ray data. Western blotting analysis revealed that HRP3 expres-
sion was low in the embryo; its expression increased 1 or 2 days
before myelination and stayed high during early myelination,
then decreased during late myelination, as marked by increased
myelin basic protein (MBP) expression, and finally was lower in
the adult animals (Fig. 24). At an early stage of spinal cord de-
velopment (E18), lack of Rip expression was an indication that
myelination had not yet started and, at this stage, HRP3 expres-
sion was restricted to the nuclei of MNs marked by Isl1/2 (Fig.
2, B and C). During the most active period of spinal cord myeli-
nation (P1-P7), HRP3 expression was high both in the cell
nuclei and in the developing white matter tracts (Fig. 2, D and
E). HRP3 was present in the axons, wrapped by Rip-positive
myelin membrane in the ventral funiculus of the spinal cord at P7
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Figure 1. GO analysis of differentially expressed genes for enriched biological processes. A, at the onset of myelination, genes involved in neural devel-
opment, axon morphogenesis, and regulation of secretion and Ca>" were enriched. B, at P21, among other biological processes, myelination dominated
because myelin was absent at P1, and any minor contaminants were inevitably highly enriched.

(Fig. 2F). Similar to previous observations with cortical neurons
(30), in cultures of spinal MNs, HRP3 was detected in the axons
but not in the dendrites (Fig. 2H). Finally, after the completion of
myelination, HRP3 localized to the nuclei again (Fig. 2G).

We then examined HRP3’s localization in rat spinal cord
using subcellular fractionation. A hypotonic detergent-free
lysis method resulted in three distinct fractions: nuclear, cyto-
solic, and membranous. Immunoblots revealed that HRP3 was
clearly present in the membrane fraction along with the mem-
brane-bound ATPase (Fig. S2).

Next, we examined HRP3 expression in the sciatic nerve.
The level and localization of HRP3 within the axons were de-
pendent upon the developmental stage. At P5, which is within
the myelination period for mice, HRP3 staining was brighter
(Fig. 3, A and C) than in the adult sciatic nerve (Fig. 3, B and D)
when imaged under the same conditions. Moreover, HRP3 was
present throughout the entire axon diameter during myelina-
tion (Fig. 3, A and C). HRP3 was concentrated in patches after
myelination was complete (Fig. 3, B and D). A similar trend was
observed in the rat sciatic nerve fibers (data not shown). Next,
we asked whether HRP3 expression was different in MN axons
compared with other nerve fibers within the sciatic nerve. No
differences between choline acetyltransferase (ChAT)-positive
MN axons and other axons were observed during or after mye-
lination (Fig. 3, C and D). Coincidingly, HRP3 was observed in
the cytoplasm and fibers of developing DRG neurons (36).
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These observations suggest that HRP3 may play a role in myeli-
nation of sensory neurons as well as the MNs.

Taken together, these data demonstrate that HRP3 levels
and localization were temporally controlled in neurons, with
HRP3 levels increasing during myelination in an axon-specific
manner.

A novel alternatively spliced variant of HRP3 is targeted to
the axon

To investigate the potential importance of HRP3 in myelina-
tion, we aimed to overexpress HRP3 in rat DRG neurons and
MN:s in vitro. Surprisingly, we found that overexpressed HRP3
(fused to GFP or Myc to distinguish the overexpressed form
from the endogenous protein) failed to localize to the axons of
DRG neurons and MNs in vitro or in vivo (Fig. 4A and Fig.
S3A), unlike endogenous HRP3. We therefore sought to iden-
tify the mechanism of HRP3'’s localization to different cellular
compartments. Eukaryotic proteins are usually transported in
and out of the nucleus either through passive transport (effi-
cient for small-size proteins) or by means of active transport,
utilizing the cellular nucleo-cytoplasmic shuttling machinery.
Proteins carrying a nuclear localization signal (NLS) are actively
transported into the nucleus, whereas proteins with a NES
sequence are transported out of the nucleus. Because HRP3
contains an NLS but no NES, we reasoned that HRP3 could
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Figure 2. HRP3 was up-regulated at the onset of myelination, with signifi-
cant neuronal body and axonal expression in the developing MNs and
white matter tract of spinal cord. A, Western blotting showing peak expres-
sion of HRP3 at the onset of and during myelination (P1-P7). Positions of the
relevant molecular weight markers are indicated. B and G, immunohistochemis-
try with antibodies to HRP3 (red) in the rat spinal cord at E18 (premyelination),
P3-P7 (active myelination), and adult (myelination completed). Myelin is identi-
fied by Rip (an early marker of myelination; green) and MBP (a later marker of
myelination; green). B and C, during embryogenesis, at the premyelination
stage identified by Rip (green), HRP3 (red) (B) was detected in the nuclei of
developing MNs, marked with IsI1/2 (green) (C). The boxed region is shown at
higher magnification in the top right corner of the image. Scale bars (B and C), 25
um. D and E, during active myelination, HRP3 (red) localized to neuronal cell
nuclei (D) and white matter tracts identified by Rip (green; arrows) (E). The boxed
region shown in D and E highlights the appearance of HRP3 in the presumptive
white matter tract before the actual formation of myelin. Scale bars, 100 um (D)
and 40 um (E). F, the cross-sections of the ventral funiculus of spinal cord con-
firm the specific expression of HRP3 in axons. Scale bar, 5 um. G, after comple-
tion of myelination, as identified by MBP (green), HRP3 remained in the nucleus.
Scale bar, 100 um. H, in spinal MN cultures HRP3 localized to the axons (NF,
green), but not to the dendrites (MAP2ab, green). Scale bar, 40 um.

12236 J Biol. Chem. (2020) 295(34) 12233-12246

TUJ1 HRP3/MBPITUJ1

[]
2
(0]
c
9
=
o
3]
(2}

Figure 3. HRP3 expression in PNS nerve fibers is transiently up-regu-
lated during the myelination period. A and B, immunofluorescence analy-
sis of HRP3 (red) expression was high and diffused in mouse sciatic nerve
fibers (TUJT; blue) during the period of myelination (MBP, green) compared
with the adult nerve fibers. Images were acquired and visualized using the
same parameters. Representative images are shown for comparison. Scale
bars (A and B), 10 um. E and F, HRP3 (red) levels were not different between
motor neuron fibers (ChAT, green) and other fibers running in the sciatic
nerve. HRP3 was acquired and visualized using the same parameters. Repre-
sentative images are shown for comparison. Scale bars (Cand D), 20 um.

be alternatively spliced into a new variant containing a NES. The
NCBI database of expressed sequence tags was searched for
sequences related to HRP3. A cDNA clone (accession no.
Q9IM@G7) was identified that was predicted to encode a polypep-
tide very similar to HRP3, but with a distinct C-terminal end. A
motif search through the NetNES 1.1 prediction server, a web
interface for an algorithm designed to predict the presence of
NESs (37), predicted a leucine-rich NES. We named this novel
gene product HRP3-II (Fig. 4D and Fig. S3C); the canonical vari-
ant, HRP3-I, contains an NLS without NES (Fig. 4C and Fig.
S3C). Henceforth, HRP3 will refer to both isoforms. Although
there is a relatively high diversity of leucine-rich NES, HRP3-II
NES conformed to the consensus, in which the presence of regu-
larly spaced, hydrophobic amino acids such as leucine, isoleucine,
valine, phenylalanine, and methionine seemed to be the most im-
portant feature of the signal (Fig. S3D) (38).

Using cDNAs prepared from P7 spinal cord, we confirmed
by RT-PCR that HRP3-1I was expressed at the mRNA level, and
its sequence was verified by DNA sequencing (Fig. S3E). The
stop codon identified in HRP3-1I was followed by a 3'-UTR and
a consensus polyadenylation sequence (AATAAA) located 690
nucleotides upstream of the poly(A) tail, thereby indicating
that the 3’ coding sequence was complete (not shown). Putative
orthologs in rat, human, and horse were aligned to demonstrate
the high level of conservation of the C-terminal end of HRP3-1I
and HRP3-I (Fig. S3F). Note that we identified a third and
shorter HRP3 splice variant, but its C-terminal end was not
evolutionarily conserved (Fig. S3F).
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Figure 4. Identification of the axonal variant of HRP3 (HRP3-Il) and
distinct subcellular localization of HRP3-Il in neurons to be myelin-
ated. A, the canonical isoform of HRP3, HRP3-I, localized to the neuronal
nuclei (NeuN, red) in vivo as demonstrated by injection of its GFP fusion
construct, HRP3-1-GFP (green), into adult rat brains. Scale bar, 100 um. B,
GFP construct of the new isoform HRP3-II-GFP (green) localized to the
axons identified by neurofilament (red). Scale bar, 100 um. C and D, sche-
matic representations of the genomic organization of the rat HRP3-I (C)
and HRP3-II (D). Note that HRP3-Il is generated by an alternative 5’ splice
site choice and contained at the C-terminal domain a unique region of 4
amino acids. E and F, HRP3-Il GFP (green) was not found in dendrites
(MAP2ab, red) (E) or outside nuclei of astrocytes (GFAP, red) (F). Scale bars,
35 wm (E) and 20 um (F). G, a pan-HRP3 antibody (red) recognizing both
isoforms revealed nuclear (DAPI, blue) and cytoplasmic (ChAT, green)
localization of endogenous HRP3-1 and HRP3-Il in spinal MNs at the onset
of myelination. Scale bar, 20 um. H, our HRP3-llI-specific antibody (red)
showed that the endogenous HRP3-II localized to the cytoplasm in the
MNs (ChAT, green). Scale bar, 20 um. I, HRP3-Il (red) localized to the nuclei
of the dorsal neurons (NeuN, green). Scale bar, 20 pm.
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To test the functionality of HRP3-II NES, N-terminal GFP
fusions of HRP3-I and HRP3-II were cloned into lentiviral
vectors. After injection into the striatum of adult mice, HRP3-II—-
GFP, as predicted, was localized in cell nuclei and axonal pro-
cesses of some neurons (Fig. 4B and Fig. S3B) in contrast to
HRP3-I-GFP, which remained solely in the cell nuclei (Fig. 44
and Fig. S3A). Interestingly, HRP3-II-GFP was found neither in
dendrites (Fig. 4E) nor outside the nuclei of astrocytes (Fig. 4F).
Hence, we uncovered the presence of a NES that was functionally
restricted to neuronal cells in the alternatively spliced intron 5 of
HRP3. The novel isoform, HRP3-1I, was exported out of the nu-
cleus and targeted to the axons in a cell type—specific manner.

HRP3-Il is exported from the nuclei of developing neurons
and mature neurons to be myelinated

To examine HRP3-II independent of HRP3-I, we developed
a polyclonal antibody against the C-terminal end of HRP3-II.
The antibody recognized HRP3-II but not HRP3-I expressed by
transfected HEK293T cells (Fig. S44) and a band at a similar
molecular weight from the crude spinal cord extracts (Fig. S4B)
via Western blotting analysis. Similarly, HRP3-II but not
HRP3-I was visualized by immunofluorescence on transfected
HEK293T cells (Fig. S4C).

We next examined HRP3-1II expression at different develop-
mental stages. HRP3-II remained entirely localized outside the
nuclei of MNs from E18 to adult stage, confirming the func-
tionality of its NES (Fig. S4, D and E). The decreased presence
of HRP3-II in the cytoplasm of adult MNs parallels low levels of
axonal HRP3 observed in the adult sciatic nerve (Fig. S4E and
Fig. 3 (B and D)). During myelination, a pan-HRP3 antibody
identified HRP3 in both nuclei and cytoplasm of neurons (Fig.
4G). Surprisingly, HRP3-II localized to the nuclei of the neu-
rons in the dorsal spinal cord, unlike MNs marked by ChAT, a
cholinergic neuron-specific marker (Fig. 4, H and I). Because
cholinergic neurons are myelinated, these data suggested that
only neurons that were fated for myelination might be capable
of translocating HRP3-II outside the nucleus (Fig. 4, H and I).
The isoform-specific antibody failed to detect HRP3-II directly
in the axon, suggesting that the C-terminal epitope recognized
by the peptide antibody might be masked by posttranslational
modifications. Thus, our results confirmed the identification of a
novel HRP3 splice variant at the protein level and further indi-
cated that alternative splicing of HRP3 induced profound changes
in the subcellular localization and possibly the neuronal function
of the protein. The temporal pattern of HRP3-II presence in the
neuronal cytoplasm matched the temporal pattern detected by
pan-HRP3 antibodies, with a peak of expression during the myeli-
nogenic phase of MNs in the developing spinal cord. Interest-
ingly, HRP3-II export out of the nucleus was specifically observed
in neuron subtypes undergoing myelination.

HRP3-Il overexpression increased myelination in DRG
neuron-Schwann cell co-cultures

Myelination may be sensitive to alterations in the levels of
axonal proteins. For example, the amount of membrane-bound
neuregulin-1 type III isoform expressed on axons has dra-
matic effects on glial cell differentiation, with a threshold

J. Biol. Chem. (2020) 295(34) 12233-12246 12237


https://www.jbc.org/cgi/content/full/RA120.014329/DC1
https://www.jbc.org/cgi/content/full/RA120.014329/DC1
https://www.jbc.org/cgi/content/full/RA120.014329/DC1
https://www.jbc.org/cgi/content/full/RA120.014329/DC1
https://www.jbc.org/cgi/content/full/RA120.014329/DC1
https://www.jbc.org/cgi/content/full/RA120.014329/DC1
https://www.jbc.org/cgi/content/full/RA120.014329/DC1

Axonal HDGF-related protein 3 correlates with myelination

4
=

LV_HRP3-l w

m
=
vy}
a)

*

11...

LV_GFP >»

LV_HRP3-l 0

O

Myelinated fibers
per field
& &
Myelinated fibers
per field
w ~
o wn o
Schwann cells
per field
o 8

0

g > X >
SR 3

L

v

DAPI

200

N ~ S
& S
£ & §
7 \%/ é/

Figure 5. HRP3-II, but not HRP3-I, promoted myelination in DRG neuron-Schwann cell co-cultures. A and C, lentivirus-mediated overexpression of GFP
(A), HRP3-I (B), or HRP3-II (C) in DRG neurons (NF, green) co-cultured with primary Schwann cells (100,000 cells/coverslip) counterstained with DAPI (blue). D
and E, quantification of myelination in the co-cultures. D, suboptimal Schwann cell seeding density did not trigger myelination in the GFP control and HRP3-I-
expressing co-cultures, but myelination was triggered by HRP3-ll-overexpressing neurons. E, similar increase in myelination was observed with higher
Schwann cell seeding density. F, HRP3-Il overexpression in the DRG neurons increased the number of Schwann cells, as judged by an increase in the number
of DAPI-positive cells at suboptimal seeding density. Error bars, S.D. *, p < 0.001, unpaired Student’s t test. Scale bars, 40 um.

level triggering Schwann cell myelination (39). In contrast,
the threshold level of type III NRG1 is not sufficient to initi-
ate oligodendrocyte myelination (39). Therefore, we investi-
gated the possible effects of overexpression and knockdown
of the HRP3 splice variants on myelination in an in vitro
model of PNS myelination.

First, we examined the effects of HRP3 overexpression in DRG
neuron—Schwann cell co-cultures by immunofluorescence analy-
sis (Fig. 5). We used lentiviruses to overexpress HRP3-1, HRP3-1J,
or GFP in rat DRG neurons. We found that HRP3-1II overexpres-
sion in DRG neurons resulted in a significant increase in myelina-
tion, as compared with GFP— and HRP3-I-overexpressing neu-
rons in co-cultures with suboptimal Schwann cell density (Fig.
5D). In addition, HRP3-II overexpression in DRG neurons
increased myelination under optimal Schwann cell density (Fig.
5E). The increase in myelination may be the result of increased
Schwann cell numbers in HRP3-II-overexpressing co-cultures
compared with GFP and HRP3-I-overexpressing co-cultures
(Fig. 5F). To check whether any residual HRP3-II lentivirus might
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have infected Schwann cells indirectly and mediated this effect,
we examined proliferation of immunopurified cultured Schwann
cells after HRP3-II overexpression and found no significant
increase in Schwann cell numbers (data not shown).

Next, we asked whether knocking down HRP3 in DRG neu-
ron-Schwann cell co-cultures would impair myelination. We
used lentiviruses to express HRP3 or scrambled siRNAs in rat
DRG neurons. Interestingly, reduced HRP3 levels did not alter
myelination (Fig. S5).

In conclusion, these findings suggest that the axonal HRP3-1I
variant can regulate myelin formation by Schwann cells, possi-
bly indirectly via modulating glial cell metabolism, such as by
increasing Schwann cell numbers.

HRP3 is expressed in the CNS white matter fiber tracts during
myelination and remyelination

Encouraged by the correlation between HRP3 localization in
the MNs and the sciatic nerve and myelination, we examined
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Figure 6. HRP3 expression in defined CNS white matter tracts consistently peaks with the period of myelination and during remyelination. A, HRP3
(red) transiently localized to the white matter tracts in the developing corpus callosum during myelination (P20) (MBP, green). Scale bar, 45 um. B, similar to spi-
nal MNs, HRP3 remained in the neuronal nuclei of adult brain. Scale bar, 30 um. C and F, HRP3 was transiently up-regulated in white matter tracts during
remyelination. C, a timeline of the experimental demyelination and remyelination. D and E, HRP3 (red) localized to the white matter tracts (Rip, green) in the
remyelinating corpus callosum of the animals treated with cuprizone (E), whereas it remained in the nuclei in untreated control animals (D). Scale bars (D and
E), 100 wm. F, quantification of staining intensity confirmed increased HRP3 protein expression in the corpus callosum of cuprizone-treated mice during

remyelination (unpaired t test; *, p < 0.005). Error bars, S.D.

HRP3 expression in the corpus callosum of the brain during
myelination and remyelination. P10—P30 is the most active pe-
riod for myelination in the corpus callosum. At P20, HRP3
expression was high at the myelinating axons and the sur-
rounding nuclei (Fig. 6A). After myelination was complete, it
was localized almost completely to the nuclei (Fig. 6B). Interest-
ingly, HRP3’s localization followed a similar pattern during
remyelination (Fig. 6, D and E). In the cuprizone experimental
model, demyelination can be reproducibly induced in large
areas of mouse brain, and an almost complete remyelination
takes place in a matter of weeks (Fig. 6C). This process follows a
characteristic pattern of cellular events, including phagocytosis
of myelin debris, oligodendrocyte precursor cell proliferation,
and oligodendrocyte differentiation (40). We examined HRP3
expression in the corpus callosum after cuprizone-induced de-
myelination. HRP3 levels increased during remyelination com-
pared with controls and declined after the completion of
remyelination (Fig. 6F).

HRP3-positive nuclei were observed in the corpus callosum
(Fig. 6, B and D) as well as in the white matter of the spinal cord
(Fig. 2G), where very few neuronal nuclei are present. Previ-
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ously, it was shown that HRP3 was expressed in the oligoden-
drocytes of adult animals (41). Similarly, we also observed
HRP3 colocalized with an oligodendrocyte marker, GST-Pi
(Fig. S6A), only in the adult. At earlier stages, neither the cyto-
plasmic nor the nuclear HRP3 colocalized with another oligo-
dendrocyte marker, GalC (Fig. S6B). In addition, previous
reports on HRP3 expression during embryogenesis did not
describe expression in the early oligodendrocytes (36, 42).

HRP3-Il overexpression did not increase myelination by
oligodendrocytes

Next, to determine the possible role of HRP3 in CNS myeli-
nation, we used an in vitro CNS myelination model in which
both neurons and oligodendrocytes were generated from
mouse embryonic stem cells (mESCs) (43). HRP3-II GFP was
overexpressed in mESC-derived CNS neurons and localized to
neurites, some of which were myelinated (Fig. S7). However,
HRP3-1I variant overexpression in CNS neurons (Fig. 7, A and
B) did not significantly increase myelination or numbers of
MBP-positive (MBP") mature oligodendrocytes compared
with the GFP-expressing controls (Fig. 7, C and D). Finally, we
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asked whether overexpression of HRP3-II in DRG neurons
could regulate myelination by oligodendrocytes. mESC-derived
oligodendrocytes were co-cultured with mouse DRG neurons
overexpressing HRP3-1I or GFP (Fig. 7, E and F). HRP3-II over-
expression did not increase myelination by oligodendrocytes
(Fig. 7G).

These findings suggest that the axonal HRP3-II variant over-
expression in neurons is inadequate to regulate myelin forma-
tion by oligodendrocytes. This difference between oligodendro-
cytes and Schwann cells may reflect an intrinsic difference
between CNS and PNS myelination processes.

Discussion

In the present study, by comparing gene expression profiles
of MNs isolated both during and after myelination, we identi-
fied novel neuronal genes whose expression correlates with the
onset and progression of myelination. Understanding the neu-
ron-derived signals that regulate myelination is crucial for
studying demyelinating diseases. Indeed, at least one of the
genes up-regulated during myelination, HRP3, is observed at
both mRNA and protein levels in multiple sclerosis plaques
(44). HRP3’s presence in these plaques may reflect its role.
Therefore, the strategy described here and the gene expression
data sets (GSE133744) are important to the researchers who
study MNs, myelin, and related diseases.

In addition, we performed a series of immunohistochemical
analyses with the top candidate genes and showed that HRP3
was highly expressed in the white matter fiber tracts precisely
during the myelination of neurons. Therefore, we further ana-
lyzed HRP3, which is a member of the hepatoma-derived
growth factor—related proteins. HRP3 is also an interesting
candidate to modulate myelination because it regulates neurite
growth in cortical neurons (30). HRP3 localizes to the growing
neurites, where it promotes tubulin polymerization and stabil-
izes and bundles microtubules. After the neuritogenesis is com-
plete, HRP3 leaves the axon and concentrates at the nucleus.
Here, we described the mechanism behind this dynamic local-
ization as the alternative splicing of HRP3. Whereas both
HRP3-1 and HRP3-1I isoforms contain NLS, only the isoform
we discovered, HRP3-II, has a NES. In parallel with the previ-
ous observations of HRP3 localizing only in the axons of grow-
ing cortical neurons (30), the NES-carrying HRP3-II was trans-
located specifically down the axons of MNs but not into their
dendrites, suggesting that sequestration by an anchoring axon-
specific protein might be working together with the NES to
direct HRP3-II to the axon.

Interestingly, HRP3-II's NES was functional only in the neu-
ron subtypes that were myelinated, whereas HRP3-II remained
in the nucleus of nonmyelinated neurons in the spinal cord and
the glial cells. Hence, we asked whether neuronal HRP3-II
could regulate myelination in vitro. When HRP3-1I was overex-

pressed specifically in the DRG neurons, their myelination by
Schwann cells but not by oligodendrocytes was increased. The
former was accompanied with increased Schwann cell num-
bers. In addition, overexpression of HRP3-II in the CNS neu-
rons did not increase the number of myelinating oligodendro-
cytes or myelination significantly. Based on these results, we
hypothesize that HRP3-II overexpression by DRG neurons is
increasing myelination by increasing the availability of the
Schwann cell pool to interact with, and myelinate, a given axon.
In the PNS, Schwann cell proliferation is critical for matching
axon and Schwann cell numbers during radial sorting, a prereq-
uisite to myelination in peripheral nerves (45). Schwann cell
proliferation has been shown to be axonally induced in in vitro
studies and depends on direct contact with neurites and neurite
fractions (46). In addition, sciatic nerve transection in newborn
rats impairs Schwann cell proliferation (47), consistent with the
idea that axons provide a mitogenic signal for developing
Schwann cells. Neuregulin 1 is likely to play a major role in this
process, as neuronal overexpression of the neuregulin type III-
B3 isoform (also known as SMDF, for sensory and moto-
neuron-derived factor) leads to Schwann cell hyperprolifera-
tion and myelination of Remak bundles (48). However, the
increased proliferation in the transgenic nerves is transient,
with no persistence after P14, although expression of the
SMDF transgene continues after P14 through adulthood.

The observed difference between PNS and CNS in vitro co-
cultures may reflect an intrinsic difference between oligoden-
drocytes and Schwann cells. Indeed, the effect of NRG signaling
on myelination by oligodendrocytes appears to be less straight-
forward (20). NRG switches oligodendrocytes from a neuronal
activity—independent myelination mode to an activity-depend-
ent myelination mode. Moreover, this switch is redundant, as
BDNF signaling can replace NRG/ErbB signaling (20). These
complexities and redundancies may explain the difference we
observed by HRP3-II overexpression in vitro. It is possible that
oligodendrocytes’ response to CNS neurons overexpressing
HRP3-II was dampened by other factors either in the co-cul-
ture medium or released by the neurons, and/or an additional
unknown factor might have been the rate-limiting step in oligo-
dendrocyte myelination that remains to be elucidated. In addi-
tion, DRG neurons might not express these factors, resulting in
no change in oligodendrocyte myelination.

Remarkably, HRP3 can be secreted by neurons (31). The
soluble HRP3 functions as a neuronal survival factor, whereas
when bound to the surface of the cell culture dish, HRP3 pro-
motes neurite growth, similar to the intracellular protein.
Abouzied et al. (31) showed that HRP3 released from neurons
to the cell culture medium protects neurons from death. To
test whether HRP3 had a similar effect on the glial cells, we
overexpressed HRP3 in either DRG neurons or mESC-derived
CNS neurons and fed Schwann cells and oligodendrocytes with
these media, respectively. No effect was observed on Schwann

Figure 7. HRP3-Il and did not increase myelination or number of mature oligodendrocytes in CNS co-cultures. A and B, mESC-derived CNS neurons
(TUJ1, green) were infected with lentiviruses expressing GFP (A) or HRP3-Il (B) and co-cultured with mESC-derived oligodendrocytes (MBP, red). Scale bars, 200
um (A and B). C and D, percentage of myelinated fibers (C) and MBP™" oligodendrocyte number (D) did not increase significantly in cortical neurons overex-
pressing HRP3-Il, compared with GFP-expressing cortical neurons. Error bar, S.E.; not significant, Mann-Whitney U test. E and F, lentivirus-mediated overexpres-
sion of GFP (E) or HRP3-Il (F) in mouse primary DRG neurons (NF, green) co-cultured with mESC-derived oligodendrocytes (MBP, red). Scale bars (C and D), 100
M. G, percentages of myelinated fibers were similar in both groups of DRG neuron-oligodendrocyte co-cultures. Error bars, S.E.
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cells or oligodendrocytes (data not shown). These findings sug-
gest that the effect of HRP3 on glial cells and myelination
occurs possibly through a bound form of HRP3 or is indirect
via its effect on the neurons. It is possible that neuronal overex-
pression of HRP3-II promotes survival, neuritogenesis, and/or
an unknown property of neurons that leads to increased
myelination.

Experimental procedures

Laser-capture microdissection, RNA purification, and gene
chip hybridization

All experimental protocols involving rats and mice were
approved by the Institutional Animal Care and Use Committee
of the Salk Institute or the Ethics Committee of the Istanbul
Medipol University.

Cryostat sections (12 pm thick) were stained with cresyl vio-
let, rapidly dehydrated through xylenes, and stored until use in
a vacuum dessicator. An Arcturus PixCell II machine (Arctu-
rus, Mountain View, CA, USA) was used to laser-capture
between 1,500 and 2,000 MNs per gene chip at the lumbar level
of the spinal cord. Total RNA was purified using the Absolutely
RNA Nanoprep Kit (Stratagene, La Jolla, CA, USA), and yield
was assessed using RiboGreen RNA Quantitation Reagent
(Molecular Probes, Inc, Eugene, OR, USA). Around 50 ng of
RNA was obtained per pool of four rats. RNA (50 ng) was
amplified in two rounds using the MessageAmp aRNA kit
(Ambion Inc., Austin, TX, USA). This method utilizes reverse
transcription with T7-oligo(dT) primers followed by in vitro
transcription with T7 RNA polymerase. Biotinylated aRNA
(15 pg) was fragmented and hybridized to Affymetrix Rat
Genome RAE230A/B arrays according to the manufac-
turer’s protocol. GeneChips were performed in quadrupli-
cates, with each of four litters being split into a P1 and P21
sample. A total of 53-65% of the 31,000 probe sets were
identified in MNs at P1 and P21 (GEO number GSE133744).
Analysis and normalization were performed using two
methods: the dChip 1.3 (49) and Drop Method (50) software
packages. For the dChip analysis, after invariant set normal-
ization and model fitting, a -fold change threshold (>2) for
each P1/P21 litter pair was used. Genes needed to surpass
this threshold for each pair to be considered. The Drop
Method analysis was unpaired, and genes had to have a 95%
confidence value to be considered significant. Genes were
required to be significant in both methods for consideration
in this study. Values for average -fold changes that are
reported here were calculated in dChip.

Gene ontology analysis

Before gene ontology (GO) analysis, probes targeting multi-
ple genes and unknown genes were removed. The -fold changes
were averaged for genes targeted by multiple probes. Genes dif-
ferentially expressed during myelination and after myelination
were tested for enrichment against the GO biological process
using the EnrichR tool (51, 52).
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RT-PCR and Q-PCR analysis

Total RNA was extracted from spinal cord tissue from 4-10-
day-old rats using RNAzol. Four g of total RNA was reverse-
transcribed using the Superscript preamplification system
(Invitrogen). First-strand cDNA was diluted 3-fold, and 2 pl of
c¢DNA was used for PCR. Quantitative PCR analysis was per-
formed using nonamplified mRNA from laser-captured moto-
neuron samples and compared with mRNA extracted from
whole-lumbar spinal cord tissue. For each reaction, 2 pl of
cDNA was placed in a 28-pl reaction mixture containing 15 pl
of SYBR Green I PCR Master Mix (Applied Biosystems) and
a 70 nM concentration of each primer (IDT). The following
primers were used for PCR: HRP3 sense (5'-TTCAGCAACA-
GAGCTCTTCAG), HRP3-I antisense (5'-AGCATTCATTA-
CGGTAGTTAGG), HRP3-II antisense (5'-TAACATTAGG-
CCATGGACAC), NF (5'-GCCGCCTACTCAAGGCTAAG;
5'-GCTTCGCAGCTCATTCTCCAQG), transferrin (5'-AAT-
TCCACCCTCTGTGACCTGTGT; 5'-TTCCAGGACAGTC-
TGGTGCTTCA), GFAP (5'-GTGGTATCGGTCCAAGTT-
TGC; 5'-CGATAGTCATTAGCCTCGTGCTT), B-actin (5'-
TTGCTGACAGGATGCAGAAG; 5 -TAGAGCCACCAATC-
CACACA).

DRG neuron/Schwann cell myelinating co-cultures

Purified DRG neurons were isolated from E15 rat embryos
and established on Matrigel-coated glass coverslips. Neuronal
media were supplemented with 100 ng/ml nerve growth factor
(Serotec). Neurons were infected with lentiviral particles and
maintained for 2—3 weeks prior to seeding of Schwann cells.
Primary Schwann cells were isolated from 3-day-old rat pups
and maintained in Dulbecco’s modified Eagle’s medium, 10%
fetal bovine serum, 2 mm L-glutamine until used. Pure Schwann
cells were seeded directly onto DRGs (6-well plates) at low den-
sity and high density, 100,000 and 200,000 cells/coverslip,
respectively. Myelination was initiated after 1 week by the addi-
tion of ascorbic acid (50 pg/ml). Quantification was performed
after blinding the experimenter. Each condition was performed
in triplicate wells, and data from four independent experiments
were averaged.

CNS neuron/oligodendrocyte myelinating co-cultures

The myelinating co-cultures of mESC-derived neurons and
oligodendrocytes were prepared as described previously (43).
Briefly, neurons were differentiated toward a cortical pheno-
type (53). Neurons were infected with lentiviral particles and
were maintained prior to co-culture establishment. Oligoden-
drocytes were generated in parallel cultures, and myelinating
co-cultures were established by plating oligodendrocytes on
neurons (43). Co-cultures were kept in myelination medium,
which contained 20 ng/ml glial cell-derived neurotrophic fac-
tor (R&D Systems), 500 pg/ml cAMP (Sigma), 0.2 um ascorbic
acid (Sigma), and 40 ng/ml T3 (Sigma—Aldrich).

DRG/oligodendrocyte myelinating co-cultures

Oligodendrocytes were generated from mESCs as described
above. DRGs were prepared from 6—8-week-old BALB/c mice
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by following a previously published protocol that enables selec-
tive isolation of the neurons (54). DRG neurons were seeded on
1.8-mg/cm? poly-1-lysine (Sigma) and then 40 ng/mm? laminin
(Sigma)—coated 8-chamber slides (SPL). Then DRG neurons
were infected with lentiviral particles and were kept for 4 days
in Neurobasal A medium supplemented with 2% B27 supple-
ment containing 2 mm Glutamax-I, antibiotic/antimycotic
(1:100, v/v). On day 4, oligodendrocytes (100,000 cells/well) at
day 15 of the differentiation protocol were seeded onto DRG
neurons. Co-cultures were kept for 15 days in the 1:1 Dulbec-
co’s modified Eagle’s medium/F-12 and RPMI 1640 medium
mix supplemented with 2 mm Glutamax-I, antibiotic/antimy-
cotic (1:100, v/v), B27 supplement (1:50, v/v), N2 supplement
(1:100, v/v), and 20 ng/ml triiodothyronine (Sigma). Medium
was renewed every other day.

Lentiviral particle production

High-titer VSV-pseudotyped lentiviral vector stocks were
produced in 293T as described previously, ranging from 5 X
10? to 1 X 10" multiplicity of infection (55, 56). The GFP
fusion proteins were expressed under the control of the CMV
promoter.

Intracranial virus injections

Lentiviral particles were injected intracranially for in vivo
HRP3-I and HRP3-II expressions. Injections were done into the
motor cortex (M2), and coordinates were determined accord-
ing to the Mouse Brain Atlas (57). Injection coordinates
according to the bregma were as follows: x: —1.5; y: 1.5; z: —1.4.
Two-month-old WT BALB/c mice were anesthetized with iso-
flurane and placed in the stereotaxic instrument (David Kopf
Instruments, Tujunga, CA, USA). The scalp was incised, and a
small hole was opened by drilling at the injection coordinates.
1-2 pl of lentivirus preparations was injected intracranially
with a pulled glass pipette (Drummond Scientific, Wiretrol,
Broomall, PA, USA), 50-um tip diameter, and with a 30 nl/min
injection speed set by a micromanipulator (Narishige, East
Meadow, NY, USA). A waiting time of 10 min was given for len-
tiviral particles to diffuse, and the injection pipette was slowly
withdrawn. The scalp was stitched, and animals were housed
for 20 days for transgene expression.

Experimental demyelination and remyelination

Male C57BL/6 WT mice were fed ad libitum 0.2% cuprizone
(oxalic bis(cyclohexylidenehydrazide)) (Sigma—Aldrich) mixed
into milled chow. Mice were treated for 5 consecutive weeks
with cuprizone and then were returned to a diet of normal pel-
let chow for 1 or 2 weeks (6 or 7 weeks of total treatment) to
study the remyelination process. Untreated mice were main-
tained on a diet of normal pellet chow.

Immunohistochemistry

Rats and mice were anesthetized with a ketamine/xylazine
mixture and transcardially perfused with 0.9% NaCl solution
followed by 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. Spinal cords, brains, and sciatic nerves were postfixed
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overnight in 4% paraformaldehyde, transferred into 30% su-
crose solution, and embedded in OCT. 10- or 20-pum frozen
sections were thaw-mounted onto Superfrost slides (Mettler)
and air-dried. Brains from adult animals were cut in 40-pm sec-
tions using a sliding microtome (Leica, Nussloch, Germany).
50-um brain sections were cut with a vibratome. The following
antibodies were used in various combinations: rabbit (rb) anti-
HRP3 (gift from Dr. S. Franken), 1:300; rat anti-MBP (Sero-
tech), 1:100; rb anti-MBP (Chemicon), 1:300; mouse (mo) anti-
Rip (Hybridoma Bank), 1:20; mo anti-NeuN (Chemicon), 1:100;
rb anti-neurofilament 200 kDa (Chemicon), 1:300; guinea pig
anti-ChAT (Chemicon), 1:200; goat anti-ChAT (Abcam),
1:100; chicken anti-BIII tubulin, 1:400; mo anti-galactocerebro-
side (Millipore), 1:200; mo anti-MAP2ab (Sigma), 1:250;
chicken and rb anti-GFP (Aves laboratory), 1:300; guinea pig
anti-Isl1/2 (gift from Dr. S. L. Pfaff), 1:1000; and mo anti-GST-
Pi (BD Biosciences), 1:1000. For indirect immunofluorescence,
the following secondary antibodies were used for the study: 647
goat anti-rat IgG (1:750, Biotium), chicken anti-goat IgG (H +
L) Alexa Fluor 594 (1:400), goat anti-chicken IgG (H + L) Alexa
Fluor 568 (1:400), 488 goat anti-rabbit IgG (1:750, Biotium),
633 goat anti-mouse IgG (1:250, Biotium), and donkey-raised
secondary antibodies conjugated to either cy3, FITC, or cy5
(Jackson) used at a 1:250 dilution.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde-PBS for 15 min,
blocked, and permeabilized with horse serum (10%) and Triton
X-100 (0.1%) in PBS and then incubated overnight with a com-
bination of primary antibodies (see above and 1:1,000 mouse or
rabbit anti-TUJ1 (Covance), rat anti-MBP (1:100, Bio-Rad), and
chicken anti-neurofilament heavy polypeptide (1:100,000,
Abcam). On the next day, they were washed with PBS and incu-
bated with secondary antibodies: 633 goat anti-chicken IgG
(1:750, Molecular Probes) and 555 goat anti-rat IgG (1:750,
Biotium).

Subcellular fractionation

Nuclear and cytosolic fractions of rat spinal cord were pre-
pared using a hypotonic, detergent-free buffer, essentially
according to the manufacturer’s instructions (Sigma, CellLytic
NuCLEAR Extraction kit). The cytosolic fraction was then cen-
trifuged at 100,000 X g for 1 h to give crude membrane pellet
and soluble fractions. Soluble fractions were discarded, and the
pellet was washed, centrifuged again, and resuspended into 5
mM Tris, pH 8, 0.6% IGEPAL. Equal amounts of proteins from
each fraction (10 pg/lane for nuclear and cytosolic fractions,
100 pg/lane for membrane fractions) were resolved in 4—12%
SDS gels.

Antibody production

Antibodies against pan-HRP3 and HRP3 isoform II were
raised in rabbits (Covance) against peptides (Sigma) conjugated
to KLH (Pierce) and consisting of the following sequences: pan-
HRP3, CGDAGNDTRNT; HRP3 isoform II, CAGEGVRM.
The antibodies were purified on antigen columns before use.
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Image acquisition and analysis

Fluorescent signals were acquired on Zeiss LSM confocal
or Zeiss SD confocal microscopes. Images were processed
on Zen (Zeiss), Image] (58), and Adobe Photoshop and Illustra-
tor (Adobe Systems) software. Staining intensity in the cupri-
zone experiment was determined for 5-10 sections (2—3 ani-
mals for each group) by a blinded experimenter and measured
with Image] software followed by normalization to staining in-
tensity outside the corpus callosum. The images of myelination
by oligodendrocytes were blinded and were quantified using
computer-assisted evaluation of myelin formation (43).

MN preparation

MN cultures were prepared from E15 rat spinal cords as
described previously (59), except a single step of purification
was performed using a 10% (v/v) solution of Optiprep (60%,
Nycomed Pharma) in 4.4% glucose/Tricine, 10 mm, pH 7.
Mixed MN cultures were maintained in Neurobasal Medium A
(Gibco) in the presence of 1 ng/ml BDNF (Sigma) added at the
time of cell seeding.

Data availability

The microarray data are deposited in the Gene Expression
Omnibus with accession code GSE133744. All other data are
contained in this article.
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