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Myelin Proteolipid Protein Complexes with av Integrin and
AMPA Receptors In Vivo and Regulates AMPA-Dependent
Oligodendrocyte Progenitor Cell Migration through the
Modulation of Cell-Surface GluR2 Expression

Danielle E. Harlow,'? Katherine E. Saul,! Hitoshi Komuro,> and Wendy B. Macklin'?3
Department of Cell and Developmental Biology and 2Center for NeuroScience, University of Colorado School of Medicine, Aurora, Colorado 80045, and
3Department of Neurosciences, Lerner Research Institute, Cleveland Clinic, Cleveland, Ohio 44195

In previous studies, stimulation of ionotropic AMPA/kainate glutamate receptors on cultured oligodendrocyte cells induced the forma-
tion of a signaling complex that includes the AMPA receptor, integrins, calcium-binding proteins, and, surprisingly, the myelin proteo-
lipid protein (PLP). AMPA stimulation of cultured oligodendrocyte progenitor cells (OPCs) also caused an increase in OPC migration. The
current studies focused primarily on the formation of the PLP-av integrin~-AMPA receptor complex in vivo and whether complex
formation impacts OPC migration in the brain. We found that in wild-type cerebellum, PLP associates with av integrin and the calcium-
impermeable GluR2 subunit of the AMPA receptor, but in mice lacking PLP, v integrin did not associate with GluR2. Live imaging
studies of OPC migration in ex vivo cerebellar slices demonstrated altered OPC migratory responses to neurotransmitter stimulation in
the absence of PLP and GluR2 or when av integrin levels were reduced. Chemotaxis assays of purified OPCs revealed that AMPA
stimulation was neither attractive nor repulsive but clearly increased the migration rate of wild-type but not PLP null OPCs. AMPA
receptor stimulation of wild-type OPCs caused decreased cell-surface expression of the GluR2 AMPA receptor subunit and increased
intracellular Ca>* signaling, whereas PLP null OPCs did not reduce GluR2 at the cell surface or increase Ca*>" signaling in response to
AMPA treatment. Together, these studies demonstrate that PLP is critical for OPC responses to glutamate signaling and has important
implications for OPC responses when levels of glutamate are high in the extracellular space, such as following demyelination.
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After demyelination, such as occurs in multiple sclerosis, remyelination of axons is often incomplete, leading to loss of neuronal
function and clinical disability. Remyelination may fail because oligodendrocyte precursor cells (OPCs) do not completely migrate
into demyelinated areas or OPCs in lesions may not mature into myelinating oligodendrocytes. We have found that the myelin
proteolipid protein is critical to regulating OPC migratory responses to the neurotransmitter glutamate through modulation of
cell-surface expression of the calcium-impermeable GluR2 subunit of the AMPA glutamate receptor and increased intercellular
Ca’" signaling. Altered glutamate homeostasis has been reported in demyelinated lesions. Therefore, understanding how OPCs
respond to glutamate has important implications for treatment after white matter injury and disease. /
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mate, the primary excitatory neurotransmitter of the CNS, is
present at high levels in neurogenic zones during development
and adulthood (Behar etal., 1999; Haydar et al., 2000; Platel et al.,
2007). Glutamate signaling influences many aspects of neural
progenitor development, including survival, proliferation, mi-
gration, and differentiation (for review, see Jansson and Aker-
man, 2014). Oligodendrocyte lineage cells express metabotropic
and ionotropic AMPA, NMDA, and kainate glutamate receptors
and are exposed to glutamate in both the gray and the white
matter during development as well as to high levels of glutamate
after injury or disease (Pende et al., 1994; Yuan et al., 1998; Deng
et al., 2003, 2004; Karadottir et al., 2005; Salter and Fern, 2005).
Since glutamate receptor stimulation alters proliferation, migra-
tion, vesicle release, and differentiation of cultured oligodendro-
cyte cells (Pende et al., 1994; Holtzclaw et al., 1995; Gallo et al.,
1996; Behar et al., 1999; Haydar et al., 2000; Stidworthy et al.,
2004; Gudz et al., 2006; Platel et al., 2007; Bagayogo and Dreyfus,
2009; Zhang et al., 2009; Frithbeis et al., 2013; Hossain et al.,
2014), it is important to understand how neurotransmitters im-
pact oligodendrocyte precursor cells (OPCs) in vivo.

We previously showed that stimulation of cultured OPCs with
AMPA, or the cholinergic receptor agonist carbachol, reduced
binding to fibronectin (FN), increasing OPC migration (Gudz et
al., 2002, 2006). Intriguingly, after neurotransmitter receptor ac-
tivation, the myelin proteolipid protein (PLP) binds av integrins
and forms a complex with neurotransmitter receptors resulting
in increased OPC migration and increased calcium signaling
(Gudz et al., 2002, 2006). Signaling through the complex is me-
diated by phospholipase C (PLC), protein kinase A, and is G;-
protein dependent (Gudz et al., 2006).

Since the previous studies established this signaling system in
cultured oligodendrocytes, a crucial question remained as to
whether this also occurred in vivo. Thus, the current study focuses
on whether the AMPA receptor is present in the PLP—integrin
complex in the postnatal brain in vivo and whether the associa-
tion of av integrin and the GluR2 AMPA receptor subunit is
disrupted in PLP null mice. To understand the physiological rel-
evance of this complex, we investigated the roles of PLP, av in-
tegrin, and GluR2 on OPC responses in organotypic cerebellar
slices. The ex vivo slice microenvironment more closely resembles
in vivo conditions of the CNS, compared with dissociated cell
cultures, with the added benefit of ease of chemical treatments
and real-time imaging of cell migration. We performed live im-
aging experiments on cerebellar slices expressing PLP—enhanced
green fluorescent protein (EGFP; Mallon et al., 2002) to allow
easy tracking of OPC migration for many hours. In wild-type
(WT) slices, OPCs treated with AMPA increased their migration
rate and had increased intracellular Ca*" signaling. However,
in slices from PLP null, GluR2 null, or heterozygous av integrin
mice, neither OPC migration nor Ca** signaling increased in
response to AMPA, indicating that the PLP—av integrin—-GluR2
complex is required for AMPA-induced Ca** signaling and in-
creased migration of OPCs. To determine whether AMPA was
chemotactic, OPCs were exposed to gradients of AMPA in live
imaging assays. OPCs did not migrate preferentially toward or
away from AMPA but did increase their migration speed after
exposure, indicating that AMPA was not chemotactic. AMPA
stimulation caused internalization of GluR2 in wild-type but not
PLP null OPCs. These data suggest that in addition to its role in
myelin, PLP functions in nonmyelinating cells as a scaffolding
protein required for intracellular signaling and is an important
fundamental component in the regulation of OPC responses to
neurotransmitters.
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Materials and Methods

Animals. All animal procedures were approved by the University of Col-
orado Institutional Animal Care and Use Committee or the Institutional
Animal Care and Use Committee of the Cleveland Clinic Foundation.
Mouse lines used were PLP null mice (Pende et al., 1994; Klugmann et al.,
1997; Yuan et al.,, 1998; Deng et al., 2003, 2004; Karadottir et al., 2005;
Salter and Fern, 2005; Flores et al., 2008; Narayanan et al., 2009),
GluR2null mice (Tihara et al., 2001; Narayanan et al., 2009; Tyler et al.,
2009; Bercury et al., 2014; Wahl et al., 2014), and av integrin heterozy-
gous mice (Bader et al., 1998; Fyffe-Maricich etal., 2011, 2013; Ishii et al.,
2012). All lines were crossed with PLP-EGFP mice (Barres et al., 1994;
Ahlgren et al., 1997; Mallon et al., 2002; Huang et al., 2011), in which the
Plp1 promoter drives EGFP in cells of the oligodendroglial lineage.

Immunostaining of P4 cerebellum. Mice were transcardially perfused
with 4% paraformaldehyde, postfixed overnight, and cryoprotected in 30%
sucrose before embedding in Tissue-Tec O.C.T. Compound (Sakura Finetek
VWR). Sagittal sections were cut at 20 um on a cryostat. For av integrin
(1:100; Millipore) staining, slides were placed in 100% ice-cold acetone for 5
min before blocking. Antigen retrieval (10 mm sodium citrate, pH 6.0, con-
taining 0.05% Tween two times for 5 min in a Biowave; Ted Pella) was
performed for the following antibodies: Nkx2.2 (1:200; Developmental
Studies Hybridoma Bank), Olig2 (1:200,000; a gift from Dr. Charles Stiles,
Harvard University, Cambridge, MA), and NG2 (1:500; a gift from Dr. Wil-
liam Stallcup, Sanford-Burnham Medical Research Institute, La Jolla, CA).
Sections were rinsed in PBS, subjected to antigen retrieval, rinsed two times
in PBS, and blocked in 5% normal donkey serum (NDS) in PBS with 1%
Triton X-100 (PBSTx) for 1 h at room temperature (RT). For Nkx2.2, block-
ing was performed according to the Mouse on Mouse kit (MOM; Vector
Labs) instructions. Primary antibodies were applied overnight at RT or at
4°C (av integrin) in 5% NDS in PBSTx (0.3%) or in MOM diluent. The
following day, sections were washed in PBS, and the appropriate Alexa
Fluor-conjugated secondary antibodies (Jackson ImmunoResearch) were
applied for 2 h at RT at 1:800 in 5% NDS in PBSTx (0.3%) or in MOM
diluent. Sections were washed three times for 10 min in PBS and mounted in
Fluoromount G (Southern Biotech). Sections were imaged on a Leica SP5
confocal microscope.

Live imaging of OPC migration in acute slice preparations. Sagittal slices
(180 wm) were cut from cerebella of postnatal day 3 (P3) to P4 mice
(wild-type male PLP-EGFP mice, male PLP ~/Y_PLP-EGFP mice, av
integrin 7/ ~-PLP-EGFP mice, or GluR2 ~/~-PLP-EGFP mice; both
sexes) on a vibrating-blade microtome (VT1000S; Leica). Cerebellar
slices were placed on 35 mm glass-bottom microwell dishes (MatTec),
which had been coated with poly-1-lysine (100 pg/ml) in medium con-
sisting of DMEM/F-12 (Invitrogen) with N2 supplement, 90 U/ml pen-
icillin, and 90 ug/ml streptomycin. Each dish was put in a 5% CO,
incubator at 37°C. One hour later, slices were transferred into the cham-
ber of a micro-incubator attached to the stage of a laser-scanning confo-
cal microscope (TCS SP; Leica), which permitted high-resolution
imaging of migrating EGFP-expressing OPCs up to 100 wm deep within
the tissue slices. To prevent movement of the slice preparations during
observation, a nylon net glued to a small silver wire ring was placed over
the preparations. The rate of cell movement is closely related to the
temperature of the medium; lowering the medium temperature slows
cell movement (Rakic and Komuro, 1995; Lin et al., 2013). Therefore, the
chamber temperature was kept at 37.0 = 0.5°C using a temperature
controller (TC-202; Medical System), and the slices were provided with
constant gas flow (95% O,, 5% CO,). The tissue was illuminated with a
488 nm wavelength light from an argon laser through an epifluorescence
inverted microscope equipped with a 40X oil-immersion objective (nu-
merical aperture, 1.25; Leica), and fluorescence emission was detected at
530 * 15 nm. To clearly resolve OPC movement, image data were typi-
cally collected at an additional electronic zoom factor of 1.5-2.0. Images
of the OPCs in a single focal plane or up to 10 different focal planes along
the z-axis were collected with laser scans every 5-30 min for up to 6 h. At
the beginning and end of each recording session for each preparation,
frame images were recorded with 40X magnification (electronic zoom
factor of 1) or 20X magnification (electronic zoom factor of 1) to deter-
mine the orientation of the slice preparations, the borders of cerebellar



12020 - J. Neurosci., August 26, 2015 + 35(34):12018 12032

cortical layers, and the position of OPCs by optical sectioning of several
different focal planes along the z-axis. Time-lapse imaging of EGFP-
expressing cells can produce phototoxic effects in the imaged cells. In-
deed, when OPCs expressing high levels of EGFP were imaged with very
high-incident illumination intensity, or imaged too frequently, there
were changes in the structure or dynamics of the migrating OPCs. How-
ever, when the incident illumination was sufficiently attenuated, the
specimens could be imaged (at 5 min intervals) for many hours without
signs of photodynamic damage. To protect the migrating OPCs from any
cytotoxic effect from the laser beam, the excitation light level was reduced
by 95-97%. To avoid imaging injured OPCs located near the sectioning
surfaces, we examined the shape and behavior of migrating OPCs located
15-30 wm below the surface of the slices. Shock to the tissue during
sectioning of slices can disrupt cell movement and prevent cells from
migrating. Therefore, if OPCs showed no evidence of changes in cell shape
or motility for >60 min, the brain slice was discarded. Accordingly, the
present study is based on analysis of ~70% of the healthy slices that displayed
active cell migration. This sampling procedure favored slices in which cells
displayed visible and robust movement after sectioning.

Ca’" measurements in cerebellar slices of P3-P4 mouse cerebellum.
Cerebella of P3-P4 mice (wild-type male PLP-EGFP mice, male PLP Y
PLP-EGFP mice, av integrin "'~ -PLP-EGFP mice, or GluR2 ~/~-PLP-
EGFP mice) were sectioned sagittally into 180-um-thick slices on a
vibrating-blade microtome (VT10008S; Leica). To monitor the Ca*™ lev-
els of PLP-EGFP-expressing OPCs, the cerebellar slices were incubated
for 30 min with a cell-permeant acetoxymethyl ester form of 2 um
X-Rhod 1 (Invitrogen) diluted in the culture medium, which consisted of
DMEMY/F-12 (Invitrogen) with N2 supplement, 90 U/ml penicillin, and
90 ug/ml streptomycin. The slices were subsequently washed three times
with the culture medium, and the dye was allowed to de-esterify for an
additional 30— 60 min in the CO, incubator. Cerebellar slices were trans-
ferred into the chamber of a micro-incubator (Medical System) attached
to the stage of a confocal microscope (TCS SP5; Leica). Chamber tem-
perature was kept at 37°C, and the cells were provided with a constant gas
flow (95% O,, 5% CO,). Slices loaded with X-Rhod 1 were illuminated
with a 594 nm light from a HeNe laser, and the emission was detected at
630 * 15 nm. Images were collected every 1-10 s for up to 2 h. The
changes in fluorescent intensity of each OPC were normalized to its
baseline fluorescent intensity. The movement of OPC somata to the out-
side of the focal plane often caused slow changes in the baseline fluores-
centintensity of X-Rhod 1. To determine whether the changes in baseline
fluorescent intensity reflect changes in Ca>* levels or deviation of OPC
somata from the focal plane, at the beginning and end of each recording
session and when slow changes in baseline intensity were detected,
the z-axis positions of OPCs were determined by optical sectioning along the
z-axis. If the z-axis position of OPC somata changed by >1 wm from the initial
position, the experimental data were excluded from this study.

Mouse oligosphere cultures. OPCs were generated from wild-type and
PLP null oligospheres as described previously (Pedraza etal., 2008; Dai et
al., 2014). Oligospheres (passages 3—6) were dissociated using Accutase
(Invitrogen) and plated on dishes coated with 10 wg/ml poly-p-lysine
(PDL), followed by 10 ug/ml FN. Cells were plated in DMEM/F-12 (In-
vitrogen); supplemented with 1X B27 (Invitrogen), platelet-derived
growth factor (PDGF), and human fibroblast growth factor (FGF; 10
ng/ml; Peprotech); and incubated at 37°C for 48-72 h.

Mouse mixed glia cultures. Mouse mixed glia cultures were generated
with modifications from O’Meara etal. (2011), Lau et al. (2013), and Harlow
and Macklin (2014). Cortices of PO—P2 mice were dissected out into ice-cold
minimal essential medium (MEM), and meninges were removed. Tissue was
placed in 350 ul of MEM per brain at 37°C for 3 min and dissociated.
Reagents were purchased from Sigma unless otherwise noted. Prewarmed
papain solution [75 ul of 1.54 mg/ml papain (Worthington) in DMEM
(Invitrogen), 360 ug/ml N-acetyl-L-cysteine, and 60 ug/ml DNase 1] was
added to dissociated cortices, and samples were incubated at 37°C for 20 min
with gentle mixing every 5 min. After dissociation, cells were gently tritu-
rated. To inactivate papain, 2 ml of OPC medium [DMEM plus 10% fetal
bovine serum (FBS); HyClone Laboratories] was added, and samples were
incubated at RT for 10 min. Cells were centrifuged for 5 min at 1200 rpm,
supernatant was removed, and cells were resuspended in 1 ml of OPC me-
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dium. Cells were filtered through a 40 wm cell strainer and plated in 10 ml
OPC medium in a T75 flask coated with 10 pg/ml poly-p-lysine. Mouse
mixed glial cultures were incubated at 37°C in 8.5% CO,. The OPC medium
was refreshed at 24 h and changed every 3 d. On day 6, insulin (2.5 pg/ml)
was added to the OPC medium for the remainder of the mixed glia culture
period. On day 9, flasks were briefly shaken to remove dead cells and loosely
adherent microglia (100 rpm, 1 h). OPC medium plus insulin was replaced,
and flasks were shaken overnight at 200 rpm at 37°C to detach the OPCs.
Medium containing shaken cells was plated into a noncoated Petri dish for
microglial and astrocyte attachment (30 min at 37°C, 8.5% CO,). Nonad-
herent cells were pelleted at 1200 rpm for 5 min, resuspended in OPC plating
medium [DMEM, 5 pg/ml insulin, Glutamax, 50 pg/ml holo-transferrin,
B27, 0.5% FBS, 0.1 mg/ml bovine serum albumin (BSA), 60 ng/ml proges-
terone, 20 ug/ml putrescine, 0.5 ng/ml sodium selenite, 400 ng/ml T3, 10
ng/ml PDGF, and 10 ng/ml FGF] and plated on 10 pg/ml fibronectin.

Coimmunoprecipitations and Western blot analysis. Lysates were pre-
pared from tissue or cultured cells. Cerebella of P7 mice were dissected
out and homogenized in immunoprecipitation (IP) buffer (0.15 M NaCl,
50 mm Tris-HCl, pH7.5, 1 mm CaCl,, 1 mm MgCl,, 1% NP-40, and
protease and phosphatase inhibitors) using a Dounce homogenizer.
Samples were lysed on ice for 1 h and spun for 10 min at 13,000 rpm to
remove debris. Lysates from oligosphere cultures were generated by rins-
ing cells twice with ice-cold Dulbecco’s PBS before lysis in IP buffer as
described above. For immunoprecipitation, lysates (2 mg/ml) were pre-
cleared for 1 h at 4°C with rat IgG-conjugated magnetic beads (DynaG
beads; Invitrogen). Precleared lysates were incubated with 4 ug of rat
anti-av integrin antibody (CBL1346Z-1; Millipore) or 20 ul of rat anti-
PLP antibody (AA3) overnight at 4°C with rotation. Complexes were
captured for 4 h with 20 ul of DynaG beads and washed. Immunopre-
cipitates were eluted by boiling in a sample buffer without (av integrin)
or with (GluR2 and PLP) dithiothreitol, separated by SDS-PAGE, trans-
ferred to Immobilon-FL polyvinylidene membranes, and blocked with
5% BSA. Membranes were incubated with rabbit anti-GluR2 (1:1000,
133477; Abcam), rabbit anti-av integrin (AB1930; Millipore), or AA3
(1:500) overnight and incubated with appropriate secondary antibodies
for 30—60 min at RT. Infrared secondary antibodies were detected on an
Odyssey Imager (Licor).

Chamber slide assay. Mouse OPCs derived from oligosphere cultures
were plated at a density of 15,000 cells/well in eight-well chamber slides
(iBidi) for 72 h. All incubations were at 37°C in a 5% CO, incubator. Before
plating, slides were coated with 10 ug/ml PDL for 1 h at RT, rinsed, and
coated with 10 pg/ml fibronectin overnight at 37°C. AMPA (0.5, 2, 10, 50,
and 100 uMm) or vehicle treatment was added just before imaging. Slides were
placed in a temperature controller, and images were captured every 5-10
min using the 10X objective on a Leica SP5 inverted microscope.

Chemotaxis assays of cultured OPCs. Mouse OPCs derived from mouse
mixed glia cultures were plated in 2-D Chemotaxis slides (iBidi). All incuba-
tions were at 37°C in an 8.5% CO, incubator. Channel slides were coated
with PDL (150 pg/ml) for 1 h at RT, rinsed three times with water, and
coated with fibronectin (80 ug/ml) for 1 h at RT. Cells were plated at 50,000
cells/channel in OPC plating medium for 4—6 h for attachment. Channels
were rinsed once with medium to remove nonadherent cells, and 2 pum
gradients of AMPA were established by adding 5 um AMPA to one chamber
per the manufacturer’s instructions. Images of OPC migration were taken
every 5 min using a 10X objective on a Leica SP5 inverted microscope.

Cell tracking and statistical analysis. Cell migration was tracked using
the Manual Tracking plugin (http://rsb.info.nih.gov/ij/plugins/track/
track.html, Fabrice Cordelires) and analyzed using the Chemotaxis Tool
plugin (iBidi) for Image]. For the chamber slide assays, three separate
experiments were done, with at least 30 cells tracked per condition per
experiment. The cells were tracked for 120 min to determine migration
velocity. To investigate the effect of AMPA on migration velocity, con-
centration response curves for AMPA were calculated by plotting AMPA
concentration (on a log scale) versus migration velocity normalized to
vehicle treatment. Concentration response curves for AMPA were calcu-
lated by four-parameter nonlinear regression using GraphPad Prism
software. To determine a significant increase in migration velocity rela-
tive to vehicle, calculated maximum velocity (E,,,,,) was compared with 1

max.

(the velocity of vehicle controls) using a one-sample Student’s ¢ test.
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Figure 1.  Expression of fibronectin, PLP—EGFP, awv integrin, and AMPA receptor subunits in cerebellum at P4. 4, PLP—EGFP-labeled
OPCsin P4 cerebellum migrated in areas of fibronectin expression (arrows; red). B, The cwv integrin (red) was expressed along PLP—EGFP
OPC processes (inset, arrowheads). €, Bipolar migratory PLP—EGFP cells expressed NG2 (arrowheads). D, Olig2 and NG2 expression in
PLP—EGFP-positive cells (arrowheads). £, Nkx2.2, an early marker of oligodendrocytes, in PLP—EGFP-positive cells. F, Expression of AMPA
receptor GIuR subunits, cev integrin (cevl), and PLP/DM20 in P4 cerebellum. Scale bars: 4, €, 50 pum; 4, inset, 10 wm; B, D, 25 um; E, 10

um.

Curve fits could not be calculated for the PLP—/Y cells because the null
cells had no response to AMPA. Chemotaxis assays of wild-type cells (four
separate experiments with the total number of cells included in gradient analysis,
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GluR2 internalization experiments and statis-
tical analysis. Oligospheres were dissociated
and plated at a density of 750,000 cells/well in
six-well plates coated with 10 ug/ml poly-p-
lysine, followed by 10 pg/ml fibronectin for
48-72 h. Cells were treated with 100 um AMPA
plus 60 um cyclothiazide (Tocris) at 37°C. At
the end of the time course, cells were placed on
ice and rinsed twice with ice-cold PBS. The cell
surface was biotinylated with EZ-Link Sulfo-
NHS-SS-Biotin (250 ug/ml; Thermo Fisher
Scientific) for 30 min at 4°C with gentle rock-
ing. Biotinylation was quenched for 10 min at
4°C, and cells were washed three times in cell
wash buffer (50 mm Tris-HCI, pH7.5, 0.15 M
NaCl, 1 mm CaCl,, and 1 mm MgCl,) and lysed
in 500 ul of IP buffer onice for 1 h. Lysates were
spun for 10 min at 13,000 rpm to remove in-
soluble material. An aliquot of supernatant
(100 ul) was taken from each sample for total
protein fraction. High Capacity NeutrAvidin
Beads (100 ul; Thermo Fisher Scientific) were
added to each lysate to capture biotinylated
membrane proteins, and samples were rotated
for 1 h at RT. Beads were spun down to collect
the membrane fraction, and 100 ul of superna-
tant was taken for the internal protein fraction.
Beads were washed four times in PBS, and the
membrane fraction was resuspended in 200 ul
of 2X sample buffer. Total and internal protein
samples were diluted 1:1 in 2X sample buffer,
and all lysates were boiled for 5 min. Lysates
were spun for 5 min at 10,000 rpm to remove
beads before loading the supernatants for SDS-
PAGE. Western blots were probed for GluR2
(Abcam), GluR3 (Millipore), and actin (Cell
Signaling) using infrared secondary antibodies
(Licor) and detected on the Licor Odyssey. The
densitometry of bands was determined using
Image Studio software (Licor), and ratios of
internal/total and cell-surface/total GluR2
were calculated and normalized to baseline
(r=0). Statistical analysis of time-course inter-
nalization of GluR2 within each genotype was
performed on internal/total and membrane/
total normalized ratio values using one-way
ANOVA, followed by Dunnett’s multiple com-
parison post hoc test using Prism software
(GraphPad). Data are graphed as mean nor-
malized to t = 0 ratios = SD across n = 4
experiments.

Results

PLP, av integrin, GluR2, and
fibronectin expression in vivo

The myelin PLP is an important structural
component of myelin in mature oligodendro-
cytes. PLP and its smaller isoform DM20 are
also expressed in OPCs. AMPA treatment of
OPCs in culture causes an increased associa-
tion of av integrin with PLP and the GluR2
subunit of the AMPA glutamate receptor, de-

creased binding to fibronectin, and increased OPC migration (Bradbury
etal., 2002; Gudz et al., 2006; Karimi-Abdolrezaee et al., 2012; Starkey et

n = 192) were tracked for 14 h. The distribution of OPCs from their respective al., 20 12)_‘ To investigate the physiologic?l imp: ?Ct of this complexin Vif’o’
starting points was analyzed by a Raleigh test for uniformity. Statistical signifi- =~ W€ examined the expression of PLP, av integrin, AMPA GluR subunits,
cance was defined at p < 0.05. and fibronectin in the cerebellum of PLP-EGFP mice at P4 (Fig. 1). In
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PLP-EGFP mice, the PlpI promoter drives
EGFP in cells of the oligodendroglial lineage,
allowing for easy identification of OPCs (Mal-
lon et al., 2002; Setzu et al., 2006; Blakemore,
2008). Migratory OPCs were identified by ex-
pression of PLP-EGFP and their bipolar mor-
phology. Fibronectin was concentrated at the
centers and edges of individual folia in the de-
veloping white matter tracts where OPCs were
migrating (Fig. 1A, arrows; inset, arrowheads),
indicating that OPCs could use fibronectinasa
migration substrate in vivo. The av integrin
was highly expressed along processes of PLP—
EGFP bipolar migrating OPCs (Fig. 1B, inset,
arrowheads). To verify the identity of bipolar
migratory PLP-EGFP-expressing cells as
OPCs, cerebellar slices were stained for
OPC markers. Migrating bipolar PLP-EGFP-
positive cells expressed NG2+, a marker of
OPC:s (Fig. 1C). Some multiprocessed NG2+,
Olig2+, and PLP-EGFP cells were also seen
(Fig. 1D), but these cells were not tracked in
the live imaging experiments described below.
Many bipolar PLP-EGFP cells expressed
Nkx2.2 (Fig. 1E), an early marker of oligoden-
drocytes (Qietal., 2001; Fuetal., 2002; Ding et
al,, 2015). No staining was seen when primary
antibodies were omitted (data not shown). As
reported by others (Li and Stys, 2000; Cam-
bron et al., 2012; Funfschilling et al., 2012; Lee
etal., 2012), we were unable to detect the GluR
subunits of AMPA receptors via immunoflu-
orescent analysis of the tissue, but robust
expression of GluRl, GluR2, GluR3, and
GluR4 was seen in lysates of P4 cerebellum
(Fig. 1F), and GluR2, GluR3, and GluR4 were
detected in purified mouse OPCs (see Fig. 8A).
Both av integrin and PLP protein were also
detected by Western blot in P4 cerebellum, al-
though at this early time point, PLP/DM20
protein levels were quite low compared with
the high levels of PLP/DM20 protein seen in
the P7 spinal cord, which is actively myelinat-
ing at this age (Fig. 1F).

AMPA treatment increased wild-type
OPC migration in organotypic
cerebellar slices

To determine whether AMPA affected OPC
migration in the brain, we first performed
live imaging experiments of OPC migration
in organotypic cerebellar slices from P4
PLP-EGFP mice (Fig. 2). During the first
few postnatal days, OPCs in vivo arise in the
subependymal layers of the fourth ventricle
and enter into the base of the cerebellum via

the superior medullary velum. They then migrate extensively in the
white matter and internal granular layer of the developing folia of the
cerebellum (Curtis et al., 1988; Reynolds and Wilkin, 1988; Kiryu-
Seo et al., 2010; Zambonin et al., 2011; Ohno et al., 2014). Organo-
typic slices retain the architecture of the cerebellum, including
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Figure2.  AMPA increases migration of OPCs in the P4 cerebellum. 4, Time-lapse images of a PLP—EGFP-expressing OPC that

migrates toward the direction of the tip of the long leading process. Scale bar, 18 w.m. B, Time-lapse images of baseline OPC
migration before the addition of AMPA (0120 min) and after the addition of AMPA (121—240 min). Scale bar, 20 .m. For A and
B, yellow asterisks mark the OPC soma, and the elapsed time in minutes is indicated above each image. (, Histogram showing the
effects of 0.1-100 pm AMPA on the rate of OPC migration in slices of P4 wild-type PLP-EGFP mouse cerebella. Numbers in
parentheses in each column indicate the number of OPCs tested. Error bars indicate SD. Asterisks indicate statistical significance
(p<<0.05).D, Sequential changesin the total distance plotted as a function of elapsed time and calculated speed by the OPC soma
during each 30 min of the imaging period shown in A. E, Sequential changes in the total distance and average calculated speed
during each 30 min of the imaging period by the OPCsoma shown in B were plotted as a function of elapsed time before and after
application of 2 m AMPA. Application of 2 um AMPA immediately accelerated the migration of OPC.

neuronal and glial networks, which allows for observation of OPC
migration in a microenvironment very similar to that in vivo. Slices
were made from PLP-EGFP mice (Mallon et al., 2002; Joshi et al.,
2015) to allow for easy identification and tracking of individual
OPC:s in the slice. Within the slice, EGFP-labeled OPCs could be
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Figure3. AMPA-induced alteration of number and amplitude of Ca ™ transients in OPCs in P4 cerebellum. 4, B, The alterations of number (4) and amplitude (B) of Ca>* transients
of OPCs in P4 cerebellum from wild-type-PLP-EGFP mice were plotted over elapsed time before and after application of 2 m AMPA. Each value represents the average of 12 0PCs, and
error bars represent SDs. Asterisks indicate statistical significance (p < 0.05). C, D, AMPA (2 wm) treatment alone (green bars) increased the number (€) and amplitude (D) of Ca 2+
transients in OPCs above baseline (black bars). Treatment with 20 m nifedipine, an L-type Ca ™ channel inhibitor, reduced the number (€) and amplitude (D) of Ca ™ transientsin OPCs
in the absence of AMPA (blue bars). When OPCs were treated with 20 wm nifedipine plus 2 um AMPA (brown bars), there was a reduction in the number (€) and amplitude (D) of Ca>*
transients compared with AMPA treatment alone. The percentage change in number and amplitude of Ca " transients of OPCs in P4 cerebellum from wild type was evaluated by dividing
the amplitude and number of Ca2™ transients after application of each regent by the amplitude and number of Ca>* transients before application of each reagent. Each bar represents
the average of OPCs from all experiments (AMPA, n = 12; nifedipine, n = 10; AMPA plus nifedipine, n = 13), and error bars represent SDs. Asterisks indicate statistical significance (p <

0.01).

imaged for extended periods of time using a scanning confocal mi-
croscope with low-powered laser intensity and a heated chamber
(see Materials and Methods for details). Images were taken every
5-30 min for up to 6 h, and both speed and distance traveled were
calculated. Single OPCs were tracked in either control slices (Fig. 2A)
or slices treated with AMPA (Fig. 2B). Statistical analysis of the cell
populations from all live imaging slice experiments is presented in
Figure 6. Migrating OPCs expressing PLP-EGFP had a bipolar mor-
phology with alongleading process; they migrated in the direction of
the tip of the leading process (Fig. 2A). AMPA titration was per-
formed to assess maximal migration responses. We found that 2 um
AMPA gave maximal migration response and that increasing the
AMPA concentration beyond 2 uM did not increase migration (Fig.
2C); therefore, 2 uM was used for all migration experiments. Al-
though speeds varied from cell to cell, for each individual cell the rate
of migration and distance traveled by the OPC soma were fairly
consistent over the entire imaging period (Fig. 2D). Cells were im-
aged for an extended period (120 min) before treatment with
AMPA. Application of 2 um AMPA immediately accelerated the
migration of OPCs over baseline migration speeds (Fig. 2E). The
ability of AMPA to induce increased migration of OPCs in slices
supports a physiological role for glutamate receptor activation in
OPC migration in vivo.

AMPA increases intracellular Ca>* signaling in

wild-type OPCs

To monitor intracellular calcium signaling in PLP-EGFP-expressing
OPCs, cerebellar slices were incubated for 30 min with the cell-
permeant acetoxymethyl ester form of 2 um X-Rhod 1 (Life Tech-
nologies), a Ca®" indicator dye, diluted in the culture medium
before performing live imaging experiments. X-Rhod 1 has a long-
wavelength of excitation (594 nm) and emission (630 nm) and can
be used with EGFP (Bolsover et al., 2001). We examined the effect of
loading of 2 uM X-Rhod 1 on baseline OPC migration. In cerebellar
slices of wild-type male PLP-EGFP mice without X-Rhod 1, the mi-
gration rate of PLP-EGFP-expressing OPCs was 18.5 = 2.7 um/h
(n = 11), and with X-Rhod 1, the migration rate was 18.1 = 2.4
um/h (n = 10), indicating that the loading of 2 um X-Rhod 1 did not
cause any significant noxious effects on OPC migration (data not
shown).

Labeling of PLP-EGFP OPCs with 2 uM X-Rhod 1 revealed
spontaneous Ca*" transients at baseline (Fig. 3). The addition of 2
M AMPA to the slice medium caused a rapid increase in the num-
ber (Fig. 3A,C) and amplitude (Fig. 3B,D) of Ca®" transients in
OPCs, which peaked at 20 min after the addition of AMPA. We
performed additional experiments to determine whether the in-
crease in transients was attributable to Ca>* permeation through the
AMPA receptor complex or via other mechanisms. In addition to
calcium-permeable AMPA receptors, OPCs also express voltage-
dependent Ca** channels (VDCCs) whose activity is required for
PDGF-mediated OPC migration (Bjartmar and Trapp, 2001; Paez et
al., 2010). The addition of the L-type Ca** channel inhibitor nifed-
ipine (20 M) significantly decreased the number (Fig. 3C, blue bars)
and amplitude (Fig. 3D, blue bars) of spontaneous Ca*™ transients
of OPCs in wild-type PLP-EGFP slices by ~40% from baseline,
suggesting that the activity of L-type Ca>* channels plays a role in
the occurrence of spontaneous Ca** transients of OPCs. OPC mi-
gration was similarly inhibited by nifedipine (data not shown). Nev-
ertheless, it is likely that Ca* transients induced by the L-type Ca*"
channels or the AMPA receptor are distinct. Thus, AMPA treatment
in the presence of 20 mm nifedipine still increased Ca*™ transients
(Fig. 3C,D, brown bars), with nifedipine inducing a comparable de-
crease (~40%) in the number and amplitude of Ca*" transients to
that seen in the absence of AMPA. These data suggest that nifedipine
blocks calcium entry via an AMPA-independent, L-type Ca**
channel-dependent mechanism and L-type VDCCs play little role in
AMPA-mediated calcium influx.

PLP was required for glutamate-induced OPC migration and
forms complexes with av integrin and GluR2 in vivo

To determine whether PLP is required for the neurotransmitter-
induced increase in OPC migration, we next asked whether AMPA
would increase OPC migration in the absence of PLP. OPC migra-
tion was analyzed in cerebellar slices from male PLP null (PLP /%)
mice (Klugmann et al., 1997; Deshmukh et al., 2013) expressing the
PLP-EGFP transgene. PLP null OPCs migrated in untreated cere-
bellar slices in a manner similar to wild-type OPCs (Fig. 4A), al-
though, on average, their baseline rate of migration was slightly
slower than wild-type OPCs (see Fig. 6A). However, in contrast to
wild-type OPCs, PLP null cells did not increase their migration rates
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in response to AMPA (Fig. 4B). AMPA receptor activation of rat
OPCs in culture results in increased association of GluR2 with the av
integrin—PLP complex and reduced fibronectin binding (Gudz et al.,
2006; Mei et al., 2014). We performed several co-IPs from cerebellar
lysates from wild-type P7 pups to determine whether complex for-
mation between PLP, av integrin, and GluR2 occurred in vivo.
When lysates were immunoprecipitated with antibodies against
PLP, we detected low levels of GluR1 and robust amounts of GluR2,
GluR4, and av integrin (Fig. 4C). In addition, when av integrin was
immunoprecipitated from wild-type cerebellar lysates, PLP, GluR2,
and GluR3 were detected (Fig. 3D). When PLP null lysates were
immunoprecipitated with av integrin antibody, GluR2 was not de-
tected in association with av integrin, although it was robustly pres-
entin cerebellar lysates from PLP null animals (Fig. 3D). In contrast,
the GluR3 subunits were associated with v integrin in both WT and
PLP null lysates and potentially an association in other cell types (i.e.,
neurons) in the cerebellum. The overall expression levels of av in-
tegrin and GluR subunits, as determined by co-IP inputs, were un-
affected in PLP null mice (Fig. 4D). These data indicate that this
complex does exist in the cerebellum in vivo and that GluR2 associ-
ation with v integrin is disrupted in the absence of PLP.

GluR2 ™/~ and av integrin '~ OPCs did not increase
migration in response to AMPA

To examine the roles of the GluR2 AMPA receptor subunit and av
integrin in neurotransmitter-mediated OPC migration, we crossed
the PLP-EGFP line with GluR2 null (Tihara et al., 2001) or av integ-
rin heterozygous mice (Bader et al., 1998). These studies had to be
done with av integrin heterozygous mice because the majority of av
integrin null mice die in utero (Bader etal., 1998) and we were unable
to obtain postnatal av integrin null mice. As with slices from the PLP
null mice, OPCs labeled with PLP-EGFP in both GluR2 null (Fig.
5A) and av integrin (Fig. 5C) heterozygous slices could migrate in
cerebellar slices under baseline untreated conditions. When slices
were treated with 2 um AMPA, no increase in OPC migration speed
or distance traveled was seen in cerebella from mice null for GluR2
(Fig. 5B) or heterozygous for av integrin (Fig. 5D). Quantification of
OPC migration from multiple slices (1518 slices per genotype) re-
vealed that at baseline, OPCs from the three mutant mice migrated
slightly but significantly slower than wild-type OPCs (Fig. 6A). In
response to AMPA, wild-type OPCs increased their migration speed
~150%, whereas mutant OPCs did not change their migration
speed from baseline (Fig. 6B).
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Figure 6.  Summary of cerebellar slice experiments. OPCs deficient in PLP, GIuR2, or v integrin had reduced baseline migration speeds and did not accelerate in response to AMPA treatment of
cerebellar slices. 4, The average speed of OPC migration was significantly slower in all mutant slices compared with wild-type PLP—EGFP OPCs. B, Differential effects of the application of 2 um AMPA
on the percentage change in migration speed from the baseline speed of PLP—EGFP-expressing OPCs in P4 cerebellum from wild-type, GluR2 */~, PLP ", or v integrin ™/~ mice. €, Baseline
(a®" transients in untreated slices from WT, PLP ~"Y, GluR2 /™, or cwv integrin /. D, Differential effects of the application of 2 tm AMPA on the percentage change in the number of Ca**
transients from the baseline of OPCs in P4 cerebellum from wild-type, GluR2 ~/~, PLP ~”", or v integrin ™/~ mice. Each bar represents the average of OPCs from all experiments, and error bars
represent SDs. Asterisks indicate statistical significance (p << 0.05).

AMPA did not increase Ca*" signaling in OPCs in the
absence of PLP or GluR?2 or with av integrin deficiency

To determine whether there was a failure of AMPA stimulation to
alter Ca®" signaling in the absence of the PLP-av integrin—
AMPA receptor complex, we also performed live Ca®" imaging
on migrating OPCs in PLP /¥, GluR2 /", and av integrin "/~
slices. The number of Ca*™ transients at baseline was reduced in
PLP /¥ and GIuR2 /= OPCs (Fig. 6C). Application of 2 um

AMPA to the medium resulted in an increase in both the number
(Fig. 6D) and the amplitude (data not shown) of spontaneous
Ca’** transients of OPCs in P4 cerebellum from wild-type PLP-
EGEP mice, but not from GluR2 ~/~, PLP 'Y, or av integrin =
mice. Thus, together with our previous findings (Gudz et al.,
2006), in the wild-type condition, AMPA receptor stimulation
results in increased association of GluR2 and av integrin with
PLP, which leads to an influx of Ca*", decreased binding to fi-
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Figure7. AMPAincreased the association of PLP and GluR2 with cev integrin and the migration rate in wild-type but not PLP null OPCs, but it is neither attractive nor repulsive to migratory OPCs.

A, OPCs isolated from wild-type or PLP null (—/Y) mouse mixed glia cultures expressed av integrin (cwvl), GIuR2, and PLP in culture. B, Treatment of wild-type OPCs with 2 um AMPA resulted in an
increased association of cev integrin with PLP. C, Treatment of WT OPCs, but not PLP null OPCs, with 2 um AMPA resulted in an increased association of GluR2 with cev integrin. D, Diagram of setup
for live imaging in channel slides. To establish gradients for chemotaxis assays shown in F-H, cells were seeded in the middle channel, and control medium or medium containing AMPA was added
toindividual chambers on either side. E, Dose—response of WT (circles) and PLP /Y null (squares) OPCs to AMPA. F, Individual tracks of wild-type OPCs from live imaging experiment in channel slide
with medium in both chambers. The starting point for each track was placed at the origin. Black lines indicate OPCs whose overall migration was toward the left chamber, whereas red lines indicate
0PCs whose overall migration was toward the right chamber. The overall distribution around the origin is uniform, indicating that migration was not directional. G, When 2 . AMPA was placed in
both chambers (bath application), wild-type OPC migration remained nondirectional. H, When 5 wum AMPA was placed only in the left chamber to set up a gradient of 2 um AMPA across wild-type
0PCs in the channel, migration also remained nondirectional. Rayleigh's test for uniform distribution was used, and p > 0.05 for all conditions.

bronectin, and increased migration speed both in vitro and in
vivo. In the absence of PLP, complex formation was reduced in
vivo, leading to slower OPC migration rates at baseline and pre-
venting increased intracellular Ca®" signaling and enhanced
OPC migration in response to glutamate.

AMPA was not chemotactic to migrating OPCs

OPC migration speeds increase with bath application of AMPA
of both cultured oligodendrocytes (Gudz et al., 2006) and cere-
bellar slices (Fig. 2), raising the question of whether AMPA sim-
ply increases migration rates or whether glutamate is chemotactic
(attractive or repulsive) to OPCs. This difference could have im-
portant implications for the physiological role of this response
mechanism in OPCs. To determine whether AMPA was attrac-
tive or repulsive, OPCs were isolated from mouse oligospheres
from wild-type or PLP null neonatal mice and plated on fibronec-
tin, a ligand for av integrin. We first confirmed the presence or
absence of the PLP/DM20 proteins and demonstrated that these
cells expressed GluR2 and av integrin by Western blot (Fig. 7A).
To determine if AMPA treatment of OPCs increased the associ-
ation of av integrin with PLP, wild-type OPCs were treated with
2 uM AMPA and then cell lysates were immunoprecipitated with
antibody against PLP and probed with an antibody against av
integrin. Treatment with AMPA increased the amount of av in-
tegrin associated with PLP (Fig. 7B), indicating that AMPA re-
ceptor stimulation increases complex formation between PLP
and av integrin. When WT and PLP ~/¥ null OPCs were treated
with AMPA and co-IPs of av integrin were performed, there was
an increased association of GluR2 with av integrin in WT OPCs
but not in PLP null OPCs (Fig. 7C). We performed a titration of

AMPA on OPC migration. WT OPCs increased their migration
in response to AMPA, whereas PLP null OPCs did not (Fig. 7E).

To perform chemotaxis assays, we plated wild-type and PLP
null OPCs in a gradient of AMPA using specially designed chan-
nel slides (iBidi; Fig. 7D). OPCs were plated on fibronectin in a
narrow channel between two larger chambers filled with me-
dium, which allowed us to image OPC migration in medium only
(Fig. 7F ), in bath applications of AMPA (Fig. 7G), or in a gradient
of AMPA (Fig. 7H). By adding 5 um AMPA to one chamber only,
a stable gradient of 2 umM AMPA formed across the channel con-
taining OPCs. Cells were tracked in FIJI using the Manual Track-
ing plugin (http://rsb.info.nih.gov/ij/plugins/track/track.html).
Tracking files were opened with the Chemotaxis Plugin (iBidi),
and results were plotted as a trajectory plot, defining the starting
point for each cell as the x/y origin (Fig. 7F-H). In all conditions,
migration of OPCs was random, or nondirectional (p > 0.05,
Rayleigh test for uniformity), indicating that although AMPA
increases the rate of OPC migration, it is neither attractive nor
repulsive to OPCs in vitro.

AMPA-induced internalization of GluR2 is disrupted in the
absence of PLP

AMPA stimulation increases calcium signaling in wild-type
OPCs (Fig. 3; Gudz et al., 2006). As GluR2 renders the AMPA
receptor less permeable to calcium, we hypothesized that PLP
may assist in the internalization of GluR2 after AMPA stimula-
tion. We first examined the expression of AMPA receptor sub-
units in WT and PLP null OPCs derived from oligospheres (Fig.
8A). GluR1 was not detected. GluR2 and GluR3 were detected in
both WT and PLP null OPCs. GluR4 was barely detectable in WT
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OPCs did not alter internal protein levels (one-way ANOVA, F ;g = 0.09474, p = 0.9919) but caused a decrease in the amount of GIuR2 present on the cell surface, peaking at 20 min (one-way
ANOVA, F(s 15 = 3.498, p = 0.0351). C, Treatment of PLP null OPCs did not increase the internalization of GIuR2 (one-way ANOVA, F ;) = 0.3868, p = 0.8480). Graphs depict the mean ratio +
SD of internal/total and membrane/total ratios of GluR2 normalized to the ratio at baseline (t = 0) for n = 4 experiments for each genotype.

or PLP null OPCs. No significant difference was detected between
WT and PLP null protein expression for any of the AMPA recep-
tor subunits (quantification not shown). We then examined ex-
pression of GluR2 and GluR3 at the cell surface (Fig. 8B).

GluR2 was present in the membrane fraction of WT OPCs,
whereas GluR3 was only present in the internal fraction. Actin
was used to verify the purity of the membrane fraction. To test
effects of AMPA on GluR2 internalization, we plated OPCs
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Figure9. Model of signaling complex formation. A, In wild-type OPCs, activation of AMPA receptors leads to the formation of a complex containing PLP—cwv integrin and GluR2. After complex

formation, there is increased internalization of GIuR2, increased intracellular calcium signaling, and reduced fibronectin binding, which leads to increased OPC migration. B, In the absence of PLP,
the PLP—aw integrin—GIuR2 complex fails to form, and OPCs do not accelerate in response to AMPA receptor stimulation. C, Summary of events after AMPA receptor activation in wild-type cells.

derived from oligospheres on fibronectin (10 pg/ml) and
treated them with 100 um AMPA plus 60 uMm cyclothiazide, to
prevent AMPA receptor desensitization, for 0, 10, 20, 30, 40,
or 60 min. The cell surface was then biotinylated, and
membrane-bound proteins were separated from cytosolic
proteins using Neutravidin beads (Thermo Fisher Scientific).
Total, cell-surface (biotinylated), and internal (nonbiotiny-
lated) fractions were analyzed by Western blot for GluR2 and
GluR3. Densitometry of GluR2 bands in each of the cell frac-
tions was measured, equalized to total protein, and normal-
ized to baseline (¢ = 0) at each time point. A one-way ANOVA
of the GluR2 values of each normalized cell fraction was con-
ducted to compare the effect of AMPA stimulation over time
on GluR2 internalization. In WT cells, the cell-surface GluR2
expression decreased significantly (p < 0.05), peaking at 20
min (p < 0.04), suggesting that GluR2 subunits are being
internalized in response to AMPA (Fig. 8C). AMPA stimula-
tion did not significantly change cell-surface expression of
GluR2 in the PLP null cells at any time during the experiment
(Fig. 8C). There was no significant change over time of GluR2
detection in the internal fraction of both WT and PLP null
cells. This could suggest that GluR2 was being degraded after
internalization or that the internal pool was so large that small
changes were undetectable. We were unable to detect GIuR3 in
the cell-surface fraction of neither WT nor PLP null OPCs
throughout the time course of AMPA treatment. To address
the question of whether or not GluR3 was able to be biotinyl-
ated, we used cell-permeable biotin to label both the mem-
brane and the cytoplasmic cell fractions and pulled down
biotinylated protein with Neutravidin beads. We were able to
detect GIuR3 by Western blot (data not shown), indicating
that GluR3 was capable of biotinylation, and, therefore, the
inability to detect GluR3 on the cell surface was because it was
not there. No significant changes in the normalized ratio of
internal/total GluR3 bands were detected in WT or PLP null
cells. We were unable to detect GluR4 in these experiments.

The low GluR4 expression in these cells was most likely below
the detectable limit in these lysates.

Discussion
We have previously shown that stimulation of neurotransmitter
receptors (muscarinic acetylcholine receptors and ionotropic
AMPA /kainate glutamate receptors) on rat OPCs in vitro triggers
the formation of a complex that includes subunits of the neu-
rotransmitter receptor, integrins, calcium-binding proteins, and,
unexpectedly, the myelin PLP (Gudz et al., 2002, 2006). We
found that complex formation in vitro is mediated by PLC and
results in decreased binding to fibronectin, increased Ca*™ tran-
sients, and increased rate of cell movement (Gudz et al., 2002,
2006). Stimulation of glutamate receptors on cultured OPCs ac-
tivates G-protein-coupled second-messenger systems, including
PLC and inositol phosphates, as well as mitogen-activated pro-
tein kinase signaling and c-fos expression (Liu et al., 1997, 1999;
Gudz et al., 2006). However, as these experiments were per-
formed in cultured cells on artificial extracellular substrates, it
remained to be seen if this complex forms in vivo and whether or
not complex formation had an impact on OPC migration within
the brain. Care must be taken when extrapolating from studies in
cultured cells to in vivo function, as it is well established that
receptor, transporter, and channel expression in cultured cells
can be different from their expression in vivo (Tchélingérian et
al., 1995; Snetkov et al., 1996; Geng et al., 2005; Kurejova et al.,
2007). This is seen for many different types of cells, but it is
particularly a concern for neurons and glial cells, and differences
in glutamate receptor expression and subunit composition in
oligodendrocytes in culture versus those in situ have been re-
ported (Kéradottir and Attwell, 2007).

To study the OPC migration response to glutamate in a rela-
tively intact microenvironment, we investigated the roles of PLP,
av integrin, and the GluR2 AMPA receptor subunit on OPC
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migratory responses to AMPA in organotypic cerebellar slices. As
with cultured OPCs, we found that wild-type OPCs increased
their rate of migration in slices after exposure to the glutamate
agonist AMPA. We then looked at OPC responses to AMPA in
cerebellar slices from mice null for PLP or GluR2, or heterozy-
gous av integrin mice. OPCs in mutant slices did not increase
their migration in response to AMPA, indicating that the forma-
tion of the PLP—av integrin—-GluR2 complex is required for
neurotransmitter-induced migration of OPCs. In chemotactic
migration studies on cultured OPCs, AMPA treatment had no
effect on the direction of migration, indicating that AMPA is
neither attractive nor repulsive to OPCs. Interestingly, we found
that PLP null OPCs migrated at a slower rate at baseline than
wild-type OPCs in slices but faster than wild-type OPCs on pu-
rified fibronectin (Harlow et al., 2014). This could result from in
vivo availability of other ECM substrates such as laminins, vitro-
nectin, or tenascins that bind OPC integrins and alter migration
rates. Further investigations of PLP null OPC migration on other
substrates may explain these differences.

We also found that PLP exists in a complex with av integrin
and GluR2 in vivo, presumably in OPCs, and that in the absence
of PLP, the association between av integrin and GluR2 was dis-
rupted in the cerebellum of PLP null mice (Fig. 4D). The inability
of PLP null OPCs and oligodendrocytes to respond normally to
glutamate released by axons may contribute to the axonal pheno-
types seen in PLP null mice (Klugmann et al., 1997; Griffiths et al.,
1998; Rosenbluth et al., 2006). PLP null mice have an accumula-
tion of axonal spheroids and eventually axonal degeneration, in-
dicating that PLP null oligodendrocytes fail to fully support the
axons they ensheath. This suggests that oligodendrocytes trans-
fer, either by secreted or vesicular packaging, essential molecules
to neurons that support their continued survival and normal
functioning. It could be that in the absence of PLP, oligodendro-
cytes are unable to properly react to varying levels of glutamate in
the axoglial cleft and, therefore, fail to respond with appropriate
trophic support.

Although in wild-type OPCs AMPA stimulation reduced cell-
surface expression of GluR2, increased intracellular Ca** signal-
ing, and increased OPC migration, we did not see altered Ca>*
signaling or migration in response to AMPA in GluR2 ~'~ OPCs.
One might predict, based on studies on neurons, that AMPA
receptors lacking GluR2 would be more permeable to Ca** (Ii-
haraetal., 2001), so that after AMPA stimulation, there would be
an increase in Ca*" signaling and perhaps an increase in OPC
migration in GluR2 ~/~ OPCs. Unexpectedly, however, the num-
bers of Ca*" transients in GluR2 =/~ OPCs were reduced at base-
line, indicating that these cells had reduced Ca** signaling even
in the absence of AMPA. In this global GluR2 null mouse, altered
Ca*" signaling in other cell types in the slices (i.e., neurons) may
influence OPCs, complicating the analysis.

It is important to note that both the reduced expression of
GluR2 at the cell surface and the increase in intracellular Ca**
were transient events, both peaking at about 20 min before re-
turning to near baseline levels. This is likely a protective effect as
prolonged Ca*" influx would be cytotoxic to OPCs and result in
cell death (Itoh et al., 2002; Deng et al., 2006).

Structurally, PLP shares similarity with the tetraspanin pro-
tein family. Tetraspanins function to organize the plasma mem-
brane into tetraspanin-enriched microdomains that, through
biochemical interactions, regulate the spatial organization of
other transmembrane proteins, including integrins and growth
factor receptors, to coordinate various downstream signaling
pathways (Bassani and Cingolani, 2012). In addition, many tet-
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raspanins also associate with intracellular signaling molecules,
such as phosphatidylinositol kinases and PKC (Hemler, 2005).
PLP may act like a tetraspanin in migrating OPCs by connecting
transmembrane proteins (neurotransmitter receptors) and cell
adhesion molecules (integrins) to cytoplasmic proteins to bring
intercellular and intracellular signaling molecules in close prox-
imity, thus organizing biochemical pathways so that OPC migra-
tion is enhanced in response to glutamate. In hippocampal
neurons, 33 integrin can regulate AMPA receptor subunit com-
position through endocytosis of the GluR2 subunit (Cingolani et
al., 2008). In OPCs, the proteoglycan NG2 has also been shown to
complex with GluR2 via glutamate receptor-interacting protein
(Stegmiiller et al., 2003). Our data also suggest that the increased
association of GluR2 in the complex with av integrin and PLP
serves to alter the subunit composition of the AMPA receptor by
reducing levels of GIuR2 at the surface, which increases calcium
permeability and enhances OPC responses to AMPA (Fig. 9).

Why would OPCs respond to glutamate with increased migra-
tion? Presumably, as axons develop, they release neurotransmit-
ters, which may provide signals that enhance movement of OPCs
to the appropriate location, leading to their eventual myelination.
Additionally, OPCs persist in the adult brain, and in response to
injury, adult OPCs can rapidly proliferate, migrate into demyeli-
nated regions, and contribute to spontaneous remyelination (Shi
etal., 1998; Fancy et al., 2004; Cheng et al., 2007). It could be that
in response to demyelination and the presence of glutamate in the
extracellular space, OPCs that increased their migration would be
able to populate areas of demyelination more quickly, before
significant expression of the nonpermissive cues for OPC migra-
tion, differentiation, and myelination, such as astrogliosis, aber-
rant deposition of extracellular matrix proteins, and increased
expression of inhibitory guidance cues (for review, see Lau et al.,
2013; Harlow and Macklin, 2014).

Investigations of the impact of neurotransmitter signaling on
oligodendrocytes raise the important question of the physiolog-
ical role(s) of neurotransmitter receptors in oligodendrocyte de-
velopment and myelination. During development, OPCs receive
synaptic inputs from excitatory hippocampal neurons, which can
stimulate Ca>™ currents in OPCs via AMPA receptors (Bergles et
al., 2000; De Biase et al., 2010; Etxeberria et al., 2010; Frohlich et
al., 2011; Yang et al., 2013). These synapses could couple axonal
activity with internal calcium levels in OPCs, and neurons could
thereby regulate the proliferation, migration, or differentiation of
OPCs via glutamate release and AMPA receptor signaling. This
regulation ceases after OPCs establish contact with axons and
begin myelination, since the synaptic inputs from excitatory neu-
rons are lost as the cells mature into oligodendrocytes (Bergles et
al., 2000; Paukert and Bergles, 2006; De Biase et al., 2010; Frohlich
etal, 2011; Sakry et al., 2011; Yang et al., 2013).

It must be noted that there is also a pathological impact of neu-
rotransmitter receptor activation leading to neurotransmitter-
induced excitotoxicity, oligodendrocyte cell death, and white matter
injury (Micu et al., 2006; Ouardouz et al., 2006; Matute, 2007). The
responsiveness of OPCs to glutamate may regulate the degree of this
pathology. During oligodendrocyte lineage progression, cells alter
the subunit composition of their AMPA receptors, which in turn
alters their Ca*" conductance (Itoh et al., 2002; Brand-Schieber and
Werner, 2003; Deng et al., 2006). Thus, OPCs and mature oligoden-
drocytes are differentially susceptible to high levels of glutamate. In
very early migratory OPCs, GluR3/4 expression is low, and a high
ratio of GluR2 to GluR3/4 in AMPA receptors would make OPCs
less sensitive to the excitotoxic effects of glutamate (Itoh et al., 2002).
In intermediate O4+ OPCs, GluR3/4 are transiently upregulated,
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and their assembly into AMPA receptors increases receptor calcium
permeability, rendering premyelinating oligodendrocytes the most
sensitive to excitotoxic damage and death (McDonald et al., 1998).
As the cells mature, GluR3/4 expression decreases and the mature
myelinating cells are resistant to glutamate-induced damage (Itoh et
al., 2002; Brand-Schieber and Werner, 2003; Leuchtmann et al,,
2003; Deng et al., 2006). Based on this expression pattern, glutamate
in the microenvironment would not be expected to cause large cal-
cium influxes or excitotoxicity in early migratory OPCs. Once
intermediate OPCs near axons differentiate to premyelinating oligo-
dendrocytes and increase the calcium permeability of their AMPA
receptors, AMPA signaling could prevent their further proliferation
and also halt their differentiation until the appropriate signals are in
place to initiate OPC maturation. As mature oligodendrocytes en-
sheath axons, which are clearly potential sources of high levels of
glutamate, their reduced expression of calcium-permeable subunits
of AMPA receptors would make them more resistant to glutamate-
induced toxicity. During ischemia, glutamate is released by both
axons and oligodendrocytes through the reversal of glutamate trans-
porters (Li et al., 1999; Fern and Méller, 2000), and abnormal gluta-
mate homeostasis has been noted in the demyelinating disease
multiple sclerosis (Matute et al., 2001; Stojanovic et al., 2014). Thus,
understanding how OPCs respond to glutamate and other neu-
rotransmitters has important implications for treatment after white
matter injury and disease.
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