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Gas6 Deficiency Increases Oligodendrocyte Loss and
Microglial Activation in Response to Cuprizone-Induced
Demyelination
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The TAM family of receptor protein tyrosine kinases comprises three known members, namely Tyro3, Axl, and Mer. These receptors are
widely expressed in the nervous system, including by oligodendrocytes, the cell type responsible for myelinating the CNS. We examined
the potential role of the TAM family and of their principle cognate ligand, Gas6 (growth arrest gene 6), in modulating the phenotype of the
cuprizone model of demyelination. We found that the expression profiles of Axl, Mer, and Gas6é mRNA were increased in the corpus
callosum in a temporal profile correlating with the increased migration and proliferation of microglia/macrophages in this model. In
contrast, expression of Tyro3 decreased, correlating with the loss of oligodendrocytes. Gas6 both promoted in vitro survival of oligoden-
drocytes (39.3 = 3.1 vs 11.8 = 2.4%) and modulated markers of activation in purified cultures of microglia (tumor necrosis factor o
mRNA expression was reduced ~48%). In Gas6 ~'~ mice subjected to cuprizone-challenge, demyelination was greater than in control
mice, within the rostral region of the corpus callosum, as assessed by luxol fast blue staining (myelination reduced by 36%) and by
ultrastructural analysis. An increased loss of Gst- (glutathione S-transferase-r)-positive oligodendrocytes was also identified through-
out the corpus callosum of Gas6 '~ mice. Microglial marker expression (ionized calcium-binding adapter molecule 1) was increased in
Gas6 '~ mice but was restricted to the rostral corpus callosum. Therefore, TAM receptor activation and regulation can independently

influence both oligodendrocyte survival and the microglial response after CNS damage.
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Introduction
Oligodendrocyte damage and death are common elements of
CNS demyelination (Barnett and Prineas, 2004). One potential
strategy for preventing or ameliorating demyelination is to in-
hibit the death of damaged oligodendrocytes. Previous work in
our laboratory has focused on using microarray strategies to
identify factors important in oligodendrocyte survival during de-
myelination. Using this strategy, we identified the TAM receptor
family as potentially important.

The TAM family of receptor protein tyrosine kinases com-
prises three known members, Tyro3, Axl, and Mer, first identified
by Lai and Lemke (1991), and shown to be widely expressed in the
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nervous system, including oligodendrocytes (Prieto et al., 2000,
2007). Recent work using various knock-outs of these receptors
has demonstrated that they play an essential role in the reproduc-
tive, nervous, and immune systems (Lu et al., 1999; Lu and
Lemke, 2001). Two ligands are known for the TAM receptors,
Gas6 (growth arrest gene 6) and the structurally related protein S
(Stitt et al., 1995; Nagata et al., 1996; Prasad et al., 2006). To date,
the function of Gas6 as a ligand for the TAM receptors has been
better studied than protein S. In particular, Gas6 has been shown
to have both mitogenic and survival activities for a variety of cell
types, including neurons, Schwann cells, and human and mouse
oligodendrocytes (Li et al., 1996; Yagami et al., 2002; Shankar et
al., 2003, 2006).

In addition to oligodendrocyte loss, demyelinating diseases
such as multiple sclerosis often have an inflammatory compo-
nent that may exacerbate or, in some circumstances, ameliorate
the symptoms of disease (for review, see Raivich and Banati,
2004). Brain-resident microglia, along with peripheral macro-
phages, are activated in various CNS disorders, including infec-
tion, neurodegeneration, stroke, and autoimmune disorders
such as multiple sclerosis. Activated microglia secrete a variety of
proteins, including cytokines and reactive oxygen species, which
can ultimately damage oligodendrocytes. Additionally, microglia
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can secrete trophic factors, which could support damaged cells
and induce repair.

In the cuprizone model of demyelination, there is a large re-
cruitment of microglia/macrophages both before and during de-
myelination (Hiremath etal., 1998; McMahon etal., 2002). There
is activation and proliferation of microglia and some infiltration
of peripheral macrophages (McMahon et al., 2002). Although the
exact role of microglia/macrophages in cuprizone-induced de-
myelination is uncertain, it seems clear they play dichotomous
roles, influencing both demyelination and remyelination.

Given the known role that TAM receptors and Gas6 play in
regulating both cell survival and immune function, we examined
the role of these molecules in oligodendrocyte survival in vitro
and in cuprizone-induced demyelination. We demonstrate that
Gas6 is a potent survival factor for oligodendrocytes in vitro.
Additionally, we demonstrate that the TAM receptors are regu-
lated in purified activated microglia and that administration of
exogenous Gas6 can modulate microglial activation. Using Gas6
knock-out mice, we further show that in the absence of Gas6,
demyelination is exacerbated and microglial activation is in-
creased. These results provide evidence that Gas6 and its recep-
tors play an important role in supporting oligodendrocyte sur-
vival and modulating immune activity during a demyelinating
insult.

Materials and Methods

Animals and reagents. Sprague Dawley rats and C57BL/6 mice were ob-
tained from the Animal Resource Centre (Canning Vale, Western Aus-
tralia, Australia). Gas6 '~ mice were backcrossed onto the C57BL/6
background. All animal experiments were conducted according to Na-
tional Health and Medical Research Council guidelines.

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) un-
less otherwise indicated. Recombinant human Gas6 (rhGas6) was a kind
gift from Dr. Patrick Jones (Berlex Biosciences, Richmond, CA). All cell
culture plasticware was purchased from Nalge Nunc International
(Rochester, NY). All cell culture media and reagents were purchased
from Invitrogen (Carlsbad, CA) unless otherwise noted. All secondary
antibodies were purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA) unless otherwise noted.

Purification and culture of rat oligodendrocyte precursor cells. Oligoden-
drocyte precursor cells (OPCs) were purified from the optic nerve of
postnatal day 7 (P7) rats as described previously (Barres et al., 1992).
Purified cells were cultured in 25 cm? tissue culture flasks coated with
poly-p-lysine (PDL) in modified Bottenstein-SATO medium (Botten-
stein and Sato, 1979) containing N-acetyl-cysteine (60 ug/ml), forskolin
(5 M), penicillin and streptomycin, NT-3 (5 ng/ml; Peprotech, Rocky
Hill, NJ), and PDGF-A chain homodimer (10 ng/ml; Peprotech). For
RNA preparation, cells were cultured in 10 cm PDL-coated dishes to a
density of ~1 X 10° cells per dish. In some experiments, TH (3,5,3-
triiodo-L-thyronine; 40 ng/ml) was added to the culture medium, ac-
cording to the experimental paradigm.

Purification and culture of rat microglia. Mixed glial cell cultures were
prepared from the cortices of P2 rat brains using differential adhesion to
plastic as described previously (McCarthy and de Vellis, 1980; Li et al.,
2003) with modifications. Briefly, rats were decapitated and brains re-
moved to HBSS containing 1 mm sodium pyruvate, 3.9 mum glucose, and
10 mm HEPES. The meninges were removed, and cortices were isolated,
minced, and then digested in 0.015% trypsin (w/v) (Roche Applied Sci-
ence, Indianapolis, IN). Trypsin reaction was stopped with 0.05% trypsin
inhibitor (w/v) (Roche Applied Science), and cells were briefly centri-
fuged and then resuspended in DMEM/5% fetal calf serum (FCS) and
triturated to a single-cell suspension. Cells were plated in PDL-coated 75
cm? tissue culture flasks and cultured at 37°C/5% CO,. Media was
changed on days 1 and 4 of culture. Microglia were collected on day 7 by
vigorously tapping flasks and collecting supernatant. Cells were briefly
centrifuged and resuspended in culture media. The glial conditioned
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media (GCM) from the mixed culture was collected and used for initial
culture of microglia. Microglia were cultured on 10 cm? tissue culture
dishes for 24 h in 50% GCM/50% modified Bottenstein-SATO to allow
cells to quiesce and ramify before use in experiments. After 24 h, media
were replaced with modified Bottenstein-SATO/0.5% FCS, and cells
were cultured at 37°C/8% CO,. For assessment of microglial prolifera-
tion, cells were cultured in slide flasks in the presence or absence of Gas6,
according the experimental paradigm.

Bromodeoxyuridine incorporation. To label cells in S-phase, bromode-
oxyuridine (BrdU) (10 um) was added to the culture medium for 17 h
(OPCs) or 24 h (microglia). Cells were then fixed in 4% paraformalde-
hyde for 5 min. After washing, the DNA was denatured in 2 M HCl for 15
min, followed by neutralization in 0.1 M sodium borate for 15 min. Cells
were then washed and permeabilized with 20% normal goat serum/0.4%
Triton X-100 for 30 min. The cells were incubated with a monoclonal
anti-BrdU antibody (1:40; GE Healthcare, Little Chalfont, Buckingham-
shire, UK) for 1 h, followed by a goat anti-mouse IgG conjugated with
FITC (1:500) for 30 min. The final antibody incubation included Hoe-
scht 33342 (1:2000; Invitrogen) to visualize the nucleus of all cells. For all
assays, six wells were counted and assays were performed at least three
times with independent cell isolations. All results are expressed as per-
centage of BrdU+ cells = SEM. Statistical significance was determined
using one-way ANOVAs with Bonferroni’s post hoc multiple comparison
tests.

Determination of cell death. OPCs were differentiated for 48 h in the
absence of mitogens. Oligodendrocytes were then plated onto PDL-
coated coverslips at a density of ~150 cells per well in 24-well plates. Cells
were cultured in modified Bottenstein-SATO medium (in the absence of
insulin) with appropriate factors according to the experimental para-
digm for 48 h. Ethidium homodimer-1 (4 mm; Invitrogen) and calcein
AM (4 my; Invitrogen) were added to each well. Cells were then visual-
ized on an inverted fluorescent microscope (Carl Zeiss, Thornwood, NY)
and live (calcein AM positive) and dead (ethidium homodimer-1 posi-
tive) cells counted. For all assays, six wells were counted, and assays were
repeated at least two times with independent cell isolations. All results are
expressed as percentage of live cells = SEM. Statistical significance was
determined using one-way ANOVAs with Bonferroni’s post hoc multiple
comparison tests.

Quantitative PCR. All quantitative PCR (qPCR) was performed on an
ABI7700 sequence detection system (Applied Biosystems, Foster City,
CA) using the comparative Ct method (Livak and Schmittgen, 2001). All
primers were designed using Primer Express 1.5 (Applied Biosystems).
Sequences of primers were as follows: mouse and rat 18S, forward 5'CG-
GCTACCACATCCAAGGAA3’, reverse 5 GCTGGAATTACCGCG-
GCT3'; rat Axl forward 5'TATGCCCTGATGTCCCGGT3', reverse
5'TCCCGGAGCTCTGCAAAAC3'; mouse Axl forward 5’ TCTAATGT-
TGGCCTGATCTTCGT3’, reverse 5 GCCTCTTGTGACTTAGAT-
GCTGAG3’; rat Gas6 forward 5'ACCACTCCACAAAGAAGCT-
CAAG3/, reverse 5'GGGCCAGGGCAACATTC3'; mouse Gas6 forward
5'GCTGCAGCTTCGGTACAATGS3', reverse 5'ACATGCCGTGGTT-
GATGGTT3'; rat interleukin 183 (IL1B) forward 5’ AGGCTTCCTTGT-
GCAAGTG3', reverse 5'TCGAAAGCTGCTATTTCACAGTTG3'; rat
inducible nitric oxide synthase (iNOS) forward 5'CCCCCTTC-
CGAAGTTTCTG3', reverse 5'GCCTCCTTTGAGCCCTCTGT3'; rat
Mer forward 5"TCTCCACAGGGATTTAGCTGC3', reverse 5'AGGC-
CAAAGTCTGCCACG3'; mouse Mer forward 5 TTGCGGGATGA-
CATGACTGT3’, reverse 5'CGGTAATAATCACCACTGTAAATCTT-
TCT3'; rat Tyro3 forward 5" TTCCCGACCAGCCATTATTC3', reverse
5'TCGTTGTTACTGTGATGTTGAAAGG3'; mouse Tyro3 forward
5'TGGCTGAGCTGCTCCTACTTTA3', reverse 5'TGGGCAGTGCT-
GAGTTCCA3'; rat tumor necrosis factor a (TNFa) forward 5'ACAAG-
GCTGCCCCGACTAC3’, reverse 5'TCCTGGTATGAAATGGCAA-
ACC3'; rat CDI11b forward 5'AAGGTCATACAGCATCAGTAC-
CAGTT3', reverse 5’ TCCAGAAGACCACGCTGACA3’; mouse Macl/
CDI11b forward 5'AAGTGGAGCCATATGAAGTTCACA3', reverse
5'GCACCAGGCCCCCAAT3'; mouse CD68 forward 5'GGACTACAT-
GGCGGTGGAATA3', reverse 5 GATGAATTCTGCGCCATGAA3';
mouse myelin basic protein (MBP) forward 5'CCCGTGGAGCCGT-
GATC3', reverse 5’ TCTTCAAACGAAAAGGGACGAA3'.
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Figure1. rhGas6increases oligodendrocyte viability but not proliferation in vitro. a, Purified
mature oligodendrocytes were plated at a density of 150 cells/well in SATO in the presence or
absence of either rhGas6 or LIF. Cells were cultured for 48 h and then assessed for viability using
calcein AM/ethidium homodimer-1. Six wells were counted per condition. Viability is expressed
as a percentage of total cell number. Both LIF and Gasé6 significantly increased the viability of
cultured oligodendrocytes (**p << 0.001). b, Purified OPCs were plated at a density of 150 cells
per well in SATO in the presence or absence of growth factors as specified and cultured for 48 h.
BrdU was added for the final 17 h of culture. Cells were fixed and stained for BrdU, and the
number of positive cells was counted. Results are expressed as a percentage of BrdU-positive
cells per total cells counted (*p << 0.01, **p << 0.001, compared with no factors).

cDNA was prepared from 0.5 ug of RNA using the Tagman Reverse
Transcription reagents (Applied Biosystems), according to manufac-
turer instructions, and used at a dilution of 1:20. SYBR green (Applied
Biosystems) was used to determine relative Ct values according to man-
ufacturer instructions. All reactions were run as single-plex reactions and
the 2 22T value expressed relative to 18S (Livak and Schmittgen, 2001).
All changes are shown as relative expression values. In the absence of
ribosomal RNA, relative expression from amplified RNA samples was
determined using the 2 ~4“"" method (Livak and Schmittgen, 2001). All
relative expression values are expressed as = SD. To determine statistical
significance, confidence intervals were constructed where appropriate
for single-variate analysis. For multivariate comparisons, either one-way
or two-way ANOVAs with Bonferroni’s post hoc multiple comparison
tests were performed.

Induction of demyelination. Cuprizone-mediated demyelination was
induced by feeding 8-week-old mice powdered feed (Barastoc, Paken-
ham, Victoria, Australia) containing 0.2% cuprizone (w/w, bis-
cyclohexanone-oxaldihydrazone) for up to 6 weeks, according to the
experimental paradigm. Feed was refreshed each day. Wild-type litter-
mates were used as controls for induction of demyelination in Gas6 ~/~
cohorts. In one cohort (cohort 1), the wild-type control animals were
supplemented with separately bred C57BL/6 mice to increase available
numbers. In total, an equal mix of male and female wild-type and
Gas6 ~/~ mice were subjected to cuprizone challenge with no gender
effect identified. Cohort 1 was embedded, cut, and analyzed in the coro-
nal orientation, and cohort 2 was embedded, cut, and analyzed in sagittal
orientation.

Laser capture microdissection. Tissue from the corpus callosum of
cuprizone-challenged mice was microdissected using the PALM mi-
crobeam/microlaser system (Carl Zeiss) as described previously (Emery
et al., 2006).

Histology. Mice were anesthetized and perfused intracardially with
PBS followed by 4% paraformaldehyde, and the brains were embedded in
paraffin or, for cryosectioning, were equilibrated successively in 12, 16,
and 18% sucrose in PBS for cryoprotection and then frozen in dry ice.
Cryostat sections (15 um) were collected onto chrom-alum-coated
slides. For coronal analysis, paraffin sections were selected from appro-
priate regions of the brain: rostral sections were as close to Bregma 0.38 as
the series of sections would allow; middle from Bregma —0.70; and cau-
dal from Bregma —0.94 (Paxinos and Franklin, 2001). Sagittal paraffin
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sections (10 wm) were selected as close to lateral 0.12 mm as the series of
sections would allow (Paxinos and Franklin, 2001), with adjacent sec-
tions proceeding further laterally as required. Myelination in cuprizone-
challenged animals was assessed using luxol fast blue (LFB)-periodic acid
Schiff reagent using paraffin-embedded sections. Quantification of LFB
staining was as described below.

For electron microscopic evaluation of myelin, mice were perfused as
above and processed for resin embedding. Semithin sections (0.5 wm)
were cut to evaluate quality and orientation. Representative samples were
then chosen, and ultrathin sections (90 nm) were cut and images cap-
tured using a Siemens Stereoskop Transmission Electron Microscope
(Siemens, Munich, Germany) at 3000 X magnification. Quantification of
myelinated axons was determined using methylene blue staining of semi-
thin sections (0.5 wm) of the rostral portion of the corpus callosum
corresponding to approximately Bregma 0.38. Images were captured us-
ing a Carl Zeiss Axioplan microscope and overlaid with a grid. Two grids
of equal size corresponding to 249 wm? were counted for each animal
and averaged. Counts are expressed as the number of myelinated axons/
mm? = SEM. Statistical significance was determined using Student’s
test with unequal variances.

Immunohistochemistry and immunofluorescence. Paraffin sections were
prepared as described above. For DAB immunohistochemistry, detec-
tion of Axl and Mer antigens was based on the method of Wang et al.
(2005) using goat anti-Axl (1:400; Santa Cruz Biochemicals, Santa Cruz,
CA) and goat anti-Mer (1:400; Santa Cruz Biochemicals). Primary anti-
body was detected using a the VectaStain Elite ABC kit (Vector Labora-
tories, Burlingame, CA) with DAB as a substrate (Vector Laboratories)
and counterstained with hemotoxylin (Vector Laboratories). Detection
of ionized calcium-binding adapter molecule 1 (IBA1) was as for Axl and
Mer, with the exception that antigen was retrieved using 0.05 m Tris, pH
7.6/1.5% NaCl for 7 min at 100°C. Anti-IBA1 (Wako Pure Chemicals,
Tokyo, Japan) was used at 1:1000. Sections for image analysis (see below)
were not counterstained with hemotoxylin. Double immunohistochem-
istry for Axl or Mer with IBA1 was performed as for single Axl and Mer
staining but extended as follows. After primary antibody binding was
detected using DAB substrate, the sections were washed in PBS and in-
cubated overnight in 1:1000 anti-IBA1. Detection of primary antibody
binding was performed using a VectaStain ABC-AP kit (Vector Labora-
tories) with alkaline phosphatase (VectaBlue) as a substrate (Vector
Laboratories).

Immunofluorescence staining was used to detect the glutathione
S-transferase (GST) 7 isoform (Gst-Pi) in paraffin-embedded sections.
Sections were rehydrated as for DAB immunohistochemistry, and anti-
gen was retrieved by incubation at 95°C for 40 min in 10 mM citric acid
buffer (pH 6.0)/0.05% Tween 20. Blocking [1 h at room temperature
(RT)] and subsequent antibody incubations were performed in 10%
normal goat serum/0.1% BSA/0.3% Triton X-100. Sections were incu-
bated with rabbit anti-GST3 (1:300; Abcam, Cambridge, MA) overnight
at RT followed by goat anti-rabbit IgG-conjugated with biotin (Vector
Laboratories). Antibody was detected by incubation with Fluorescein
Avidin D (1:200; Vector Laboratories). The final antibody incubation
included Hoescht 33342 (1:2000; Invitrogen) to visualize the nucleus of
all cells.

To detect the expression of Tyro3, cryosections were prepared as de-
scribed above and blocked for 1 h with blocking buffer consisting of 5%
goat serum (Colorado Serum, Denver, CO), 5% FCS (Omega Scientific,
Tarzana, CA), PBS, and 0.1% Triton X-100. Before staining, the fixed
sections were washed three times with PBS for 10 min each. The #2792
serum against Tyro3 (1:200) (Prieto et al., 2000) or 2', 3"-cyclic nucleo-
tide 3'-phosphodiesterase (CNPase) antibody (Covance Research Prod-
ucts, Berkeley, CA) or the preabsorbed serum was diluted in blocking
buffer, applied to the tissue sections, and incubated overnight at 4°C. The
sections were then washed five times for 5 min each in 1% goat serum and
PBS and blocked as above for 30 min. The tissue sections were incubated
for 60 min with Alexa 488-labeled goat anti-rabbit antibodies (for the
anti-Tyro3 antibodies) and Alexa 594-labeled goat anti-mouse antibod-
ies (1:200 dilution) for the CNPase antibodies. The sections were washed
five times for 5 min washes in PBS/1% goat serum and were mounted
using Vectashield (Vector Laboratories).
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shown as raw mean intensities = SEM. The area
of the corpus callosum was determined using the
NTH Image software 1.63 and converting areas to
squared millimeters. The level of IBA1 reactivity
was measured using mean intensity of DAB
staining. Images corresponding to the rostral,
middle, and caudal regions of the corpus callo-
sum were obtained. The yellow channel of each
image was extracted, and the images were con-
verted to grayscale. The mean density of staining
in each region was determined using NIH Image
1.63, and the mean density of a cortical area im-
mediately dorsal to the corpus callosum was also
measured. Final mean densities are expressed as
(corpus callosum mean density — cortex mean
density) = SEM. Statistical significance was de-
termined using two-way ANOVA with Bonfer-
roni’s post hoc tests for multiple comparisons.

Quantification of microglia and oligodendrocyte
number. To quantify the number of microglia,
coronal sections were stained with IBA1 as de-
scribed above. Rostral images were captured
from approximately Bregma 0.14 mm and cau-
dal images from approximately Bregma —1.06
mm. Images were captured using a Carl Zeiss
Axioplan microscope with a 40X objective, and
the same light intensity and filters were used for all images. Images from
three adjacent sections were captured for each individual animal. The
density of cells in this area was quite high; therefore, to enable quantifi-
cation, each image was overlaid with a grid, and two grids of equal size
were counted within the image. Both the number of IBAIL-
immunoreactive cells and the total cell number was determined. The area
of each grid was determined, and cell counts were expressed as the num-
ber of IBA1-positive cells/mm>. All results are expressed as mean IBA1-
positive cells = SEM. Statistical significance was determined using two-
way ANOVA with Bonferroni’s post hoc tests for multiple comparisons.

To quantify the number of oligodendrocytes, coronal sections were
stained with Gst-7r as described above. Images were captured from the
same regions as described above for IBA1 quantification using a Carl
Zeiss Axioplan microscope with a 20X objective. All cells in the corpus
callosum contained within the 20X image were counted. The area of the
corpus callosum was determined using NTH ImageJ v1.38. All results are
expressed as number of Gst-m-positive cells/mm . Statistical significance
was determined using two-way ANOVA with Bonferroni’s post hoc tests
for multiple comparisons.

Statistical analysis. All statistical tests were performed using GraphPad
Prism (GraphPad Software, San Diego, CA). Individual statistical tests
were performed as described in the relevant sections. For all quantifica-
tion of cell number or myelination status, all analyses were performed by
an investigator blind to both the treatment and genotype of the animal.

Figure 2.

Figure 3.

Results

Gas6 is a survival factor, but not a mitogen, for rat
oligodendrocytes in vitro

We initially investigated the influence of Gas6 on purified oligo-
dendrocytes isolated from the postnatal rat optic nerve. In the
presence of 100 ng/ml rhGasé6, after 48 h in culture, 39.3 = 3.1%
oligodendrocytes remained viable compared with 11.8 = 2.4% in
the basal condition ( p < 0.001) (Fig. 1a). The increased viability

control 2 weeks 4 weeks 6 weeks

control 2 weeks 4 weeks 6weeks control 2 weeks 4 weeks 6weeks

TAM receptor and Gas6 gene expression profiles are requlated during demyelination. a— ¢, The corpus callosum of
unchallenged mice or mice challenged with cuprizone for 2, 4, or 6 weeks (n = 2 for each time point) was collected, and mRNA
levels were measured using qPCR. a, Tyro3 and MBP mRNA expression profiles were significantly reduced at all time points
examined (*p << 0.05, **p << 0.01, ***p << 0.001, compared with unchallenged mice). b, Gas6, Axl, and Mer mRNA expression
profiles were significantly increased at 4 weeks of cuprizone challenge (**p << 0.01, ***p << 0.001). ¢, (D68 and (D776 mRNA
expression profiles were significantly increased at 4 weeks of cuprizone challenge (*p << 0.05, **p << 0.01).

Tyro3/CNPase

Tyro3 expression in oligodendrocytes of the corpus callosum. a, b, Coronal sections (15 wm) of 8 week mouse
brains were double stained with anti-Tyro3 serum (a, green) and anti-CNPase (b, red) to label oligodendrocytes. ¢, Tyro3 was
detected in oligodendrocytes as revealed by the yellow regions indicating overlap in the staining of Tyro3 and cell type-specific
antibodies. Scale bar, 20 wm.

seen in the presence of rhGas6 was of a similar order to that seen
in the presence of leukemia inhibitory factor (LIF) (49.1 * 2.6%)
(Fig. 1a), aknown survival factor for rat oligodendrocytes (Barres
et al., 1993). The survival effect of rhGas6 peaked at 100 ng/ml
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material), and all additional experiments used this con-
centration of rhGasé.

It has been shown previously in other cell types that Gas6 can
act as a mitogen. To assess whether this mitogenic effect also
applied to rat OPCs, we cultured OPCs with Gas6 in the presence
or absence of PDGF at 2 ng/ml, because this represented the ED5,
value for the induction of proliferation by this mitogen in these
cells (Barres et al., 1993). The proliferative index was determined
by calculating the percentage of BrdU-positive cells. As illustrated
in Figure 1b, compared with no growth factors, Gas6 alone did
not increase the number of BrdU-positive cells (1.2 = 0.5 and
1.0 = 0.4%, with or without Gas6, respectively; p > 0.05). Addi-
tionally, in the presence of 2 ng/ml PDGF, Gas6 did not further
increase the rate of BrdU incorporation (17.7 £ 3.6 and 14.0 =
2.7%; p > 0.05, with or without Gas6, respectively). These results
indicate that Gas6 does not act as a mitogen for rat oligodendro-
cytes in vitro.

Gas6 and its receptors are regulated in a mouse model

of demyelination

We next examined the serial expression of Gas6 and its receptors
in a mouse model of demyelination, the toxic cuprizone model.
Using qPCR, expression of the Tyro3 gene decreased during
cuprizone-induced demyelination. As shown in Figure 2a, Tyro3
gene expression decreased 6.5-fold ( p < 0.01) and 8.5-fold (p <
0.01) after 2 and 4 weeks of cuprizone challenge, respectively.
After 6 weeks of cuprizone challenge, Tyro3 gene expression re-
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Figure4. Microglia upregulate Axl and Mer in response to cuprizone challenge. a—f, Double-immunoperoxidase staining for Axl and Mer (brown) and IBA1 (blue) in the midline corpus callosum
of unchallenged mice or mice challenged with cuprizone for 2 or 4 weeks (n = 4 for each time point). a, b, In unchallenged animals, a small number of IBA1-positive cells, evenly distributed
throughout the corpus callosum, was observed. At this time point, cells positive for either Axl (a) or Mer (b) were rarely observed. ¢, d, After 2 weeks of cuprizone challenge, a small increase in the
number of IBAT-positive cells was observed. k, I, Some of the IBA1-positive cells were also positive for AxI (k) or Mer (I). Cells positive for Axl or Mer alone were rarely observed. e, f, After 4 weeks
of cuprizone challenge, the number of IBA1-positive cells in the corpus callosum was greatly increased, with a concomitant increase in Axl (e) and Mer (f) immunoreactivity among IBA1-positive
cells, although Mer reactivity appeared less extensive. g, h, The dissociation between AxI- and Mer-positive cells is shown in staining of adjacent sections from mice challenged with cuprizone for
4 weeks. g—j, AxI positivity (g, i) appears to extend throughout the region of IBA1 expression, whereas Mer appears restricted to a subset of IBA1-positive microglia (h, ). Scale bars: a—f, i, j, 100

um; g, h, 200 wm; k, 1, 50 pem.

mained significantly reduced compared with untreated control
mice ( p < 0.05) but increased compared with the 2 and 4 week
time points, although this increase did not reach significance
(p > 0.05). We also assessed the expression profile of the gene
encoding MBP, a myelin marker, and found that, like Tyro3, its
expression was significantly reduced after 2 and 4 weeks of cupri-
zone challenge ( p < 0.001) (Fig. 2a) with an increase in MBP at 6
weeks, although still below baseline levels ( p < 0.01). This pat-
tern correlates well with the previous reports of demyelination
peaking at 4—5 weeks of cuprizone challenge, with some sponta-
neous remyelination at 6 weeks (Matsushima and Morell, 2001).

In contrast to Tyro3 gene expression, expression profiles of the
genes encoding the Axl/ and Mer receptors and of Gas6 were in-
creased after 2 and 4 weeks of cuprizone challenge compared with
unchallenged controls. The increase in expression of all three
genes peaked at 4 weeks of cuprizone challenge, with Gas6 in-
creasing 12.9-fold (p < 0.001), Axl increasing 20.6-fold (p <
0.01), and Mer increasing 40.7-fold ( p < 0.01) over unchallenged
controls (Fig. 2b). At 6 weeks of cuprizone challenge, the level of
expression of transcripts for all three genes was significantly re-
duced compared with the 4 week level (Gas6, p < 0.001; Axl, p <
0.05; Mer, p < 0.01) and was no longer significantly different
from unchallenged controls ( p > 0.05). This pattern of expres-
sion coincides with the increase in microglial migration and pro-
liferation previously shown to occur during cuprizone-induced

demyelination (Matsushima and Morell, 2001). In support of
this view, we found that expression profiles of the genes encoding
the microglia/macrophage markers CD68 and CDI11b were in-
creased after 2 weeks of cuprizone challenge (3.3-fold and 24.1-
fold, respectively), peaking at 4 weeks, when expression was sig-
nificantly different from unchallenged controls (CDIIb
increased 31.5-fold, p < 0.05; CD68 increased 130.0-fold, p <
0.01). The expression of the CD68 and CD11b genes then reduced
to a lower level at 6 weeks (1.9-fold and 22.4-fold, respectively)
with transcript levels no longer significantly different from un-
challenged controls (Fig. 2c).

Next, we examined the regulation of the Tyro3, Axl, and Mer
receptors at the protein level using immunohistochemistry. Us-
ing standard immunohistochemical methods, we were unable to
detect the presence of Tyro3 in the corpus callosum of either
healthy or cuprizone-challenged mice. However, using frozen
sections, we were able to determine that the Tyro3 protein was
expressed by cells in the corpus callosum of healthy mice (Fig.
3a), some of which colocalize with CNPase, a marker for mature
oligodendrocytes (Fig. 3b,c). However, consistent with down-
regulated Tyro3 gene expression in cuprizone-challenged mice
(Fig. 2a), we could not identify Tyro3 protein expression in this
context.

Because the expression of both the Axl and Mer genes coin-
cided with an increase in microglial activation, we also undertook
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Figure5.  Theexpression profiles of TAM receptors and Gas6 mRNA are regulated in response

to microglial activation, and activation is reduced in the presence of exogenous rhGas6. a—,
Purified rat microglia were incubated with or without 1 pug/ml LPS for 48 h, and mRNA was
measured using gPCR. a, Levels of mRNA of both (D/lb and TNFcx, markers of microglial activa-
tion, increased in response to LPS treatment (**p << 0.01). b, Expression of both Ax/ and Mer
mRNA increased in response to LPS-induced activation of microglia (**p << 0.01). ¢, In contrast,
expression profiles of both Tyro3 and Gasé mRNA in LPS-activated microglia were not signifi-
cantly different from control cells ( p > 0.05). d, Purified rat microglia were cultured in the
presence or absence of rhGasé for 3 h before activation was induced with LPS (1 ng/ml). Cells
were harvested after 5 h of LPS treatment and RNA collected. Levels of TNFae mRNA, used as a
surrogate marker for microglial activation, were measured by qPCR. There was a significant
reduction in TNFo expression in rhGas6 treated microglia compared with microglia not treated
with rhGas6 (**p < 0.01, ***p < 0.001).

double-label immunohistochemistry for IBAI, a microglial
marker, and either Axl or Mer. In contrast to the Tyro3 expres-
sion pattern in unchallenged mice, very few Axl-immunoreactive
(Fig. 4a) or Mer-immunoreactive (Fig. 4b) cells were observed in
the midline corpus callosum. At this time point, few IBA1-
positive cells were observed (Fig. 4a,b). As expected, an increase
in the number of IBA1-positive microglia was detected in the
corpus callosum after cuprizone challenge, although numbers
were minimally increased after 2 weeks of challenge in the region
studied (Fig. 4c—f). We found that the vast majority of Axl-
positive (Fig. 4¢—k) and Mer-positive (Fig. 4h-I) cells also ex-
pressed IBA1, indicating that microglia are the major source of
Axl and Mer expression during cuprizone challenge. Addition-
ally, there also appeared to be a dissociation between the expres-
sion pattern of Axl and Mer. The immunoreactivity of Axl was
more widespread than that of Mer and extended throughout the
region of IBA1 reactivity. In contrast, Mer expression appeared
restricted to a subset of IBA1-positive microglia.

Activation of microglia alters TAM receptor expression

Because the expression data showed that the upregulation of Axl,
Mer, and Gas6 during cuprizone challenge coincided with the
activity of microglia, we examined the expression of all three
receptors and of Gas6 in microglia in vitro under both resting and
activated conditions. We cultured purified microglia from post-
natal rat cortex in the absence or presence of lipopolysaccharide
(LPS) to induce activity. We first confirmed activation of the
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microglia by assessing the expression of genes encoding two
markers of activated microglia, namely TNFa and CDI11b and
established that transcripts for both TNFa and CD11b were sig-
nificantly increased after LPS stimulation (4.6-fold and 11.5-fold,
respectively; p < 0.01) (Fig. 5a). Microglia activated with LPS also
demonstrated increases in both Axl and Mer gene expression
(2.8-fold and 5.2-fold, respectively; p < 0.01), compared with
unchallenged cells. In contrast, the expression profiles of the Ty-
ro3 and Gas6 genes were reduced in the presence of LPS (1.3-fold
and 1.5-fold, respectively), although the reduction in expression
did not reach significance ( p > 0.05). These expression patterns
exhibited similarities to those identified in vivo under demyeli-
nating conditions, although the downregulation of Tyro3 was not
as overt, and the expression of Gas6 was increased after cuprizone
challenge (Fig. 2).

We next examined the influence of Gas6 on microglial activa-
tion and proliferation. As expected, microglia cultured in the
presence of LPS showed a significant increase in the expression of
TNFa mRNA (Fig. 5d) (p < 0.001). However, when microglia
were treated with rhGas6 and then activated with LPS for 5 h,
there was a significant reduction in TNFa gene expression com-
pared with microglia treated with LPS alone (Fig. 5d) ( p < 0.01).
The expression of CD11b was likewise reduced (2.3-fold decrease;
p = 0.0003) (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material). In contrast, in the presence of LPS,
Gas6 induced a small but statistically significant increase in the
expression of the ILI1B (1.4-fold increase; p = 0.01) and iNOS
(1.4-fold increase; p = 0.02) genes. These data indicate that treat-
ment of microglia with Gas6 can influence the subsequent level of
microglial activation induced by LPS. However, the effect of Gas6
on microglia is selective for some signaling pathways, such as that
for TNFa, and does not involve a generalized reduction in mi-
croglial metabolism. In addition to the effects of Gas6 on micro-
glial activity, in LPS-activated microglia, the expression profiles
of Axl (1.5-fold increase; p = 0.06) and Mer (1.7-fold increase;
p = 0.04) were increased in response to Gas6 (supplemental Fig.
2, available at www.jneurosci.org as supplemental material), po-
tentially increasing the responsiveness of these cells to Gas6 in an
autocrine manner.

In addition to the short-term effects of Gas6 on microglial
expression, we undertook proliferation studies to determine
whether Gas6 affects the mitogenic activity of these cells. We
found that after 48 h of treatment with Gas6, there was a strong
trend toward a reduction in proliferation in the presence of Gas6
(41.4 = 4.5vs 25.5 £ 2.6% BrdU+ cells in the absence or pres-
ence of Gas6, respectively; p = 0.08). These data indicate that
Gas6 could also potentially influence the activity of microglia by
reducing the proliferation of these cells.

Demyelination is increased in Gas6 ~'~ mice

We next examined the effect of administering cuprizone to mice
lacking expression of Gas6 (Angelillo-Scherrer et al., 2001). Both
wild-type and Gas6 '~ mice were fed 0.2% cuprizone in chow
(w/w) for 3 weeks. The myelin lost among the two genotypes was
compared using LFB staining and image analysis as described in
Materials and Methods. For analysis of myelination, the corpus
callosum was divided by length into three equal segments: rostral,
middle, and caudal (outlined in Fig. 6a). In all segments and in
total, we found no significant difference in the baseline levels of
myelination between Gas6 ’~ and wild-type mice ( p > 0.05).
After 3 weeks of cuprizone challenge, however, myelination levels
were significantly reduced in all segments, regardless of genotype
(for total corpus callosum, p = 0.0006) (Fig. 6¢). Additionally, a
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Figure6. Gas6 /~ mice have decreased myelination and increased callosal area in response to cuprizone challenge. a—d,
Wild-type and Gas6 ~/~ mice were challenged with cuprizone for 3 weeks with age-matched unchallenged mice included as
controls (n = 2, 3 mice per group). Sagittal sections were assessed using LFB staining with image analysis as described in
Materials and Methods. e, A statistically significant decrease in LFB mean density was seen in the rostral segment of Gas6 ~/~
animals challenged with cuprizone compared with similarly treated wild-type mice (*p << 0.05). f, The rostral segment also
showed a statistically significant increase in areain Gas6 '~ challenged with cuprizone (*p << 0.05). Additionally, there was a
significant increase in area of the caudal segment of the corpus callosum in Gasé ~/~ mice (*p << 0.05). Scale bar, 100 wm. The

dotted line indicates the boundaries of the corpus callosum (cc). ctx, Cortex; he, hippocampus.

significant effect of genotype was observed in the rostral segment
of the corpus callosum, where challenged Gas6 '~ mice were
significantly demyelinated compared with challenged wild-type
mice ( p < 0.05) (Fig. 6e).

In addition to the decrease in myelin density, an increase in
the total area of the corpus callosum was identified. Cuprizone-
challenged animals showed an overall increase in the area of the
corpus callosum, regardless of genotype ( p = 0.0059) (Fig. 6f).
The caudal segment of the corpus callosum, where the majority of
macrophage/microglia infiltration is seen in cuprizone challenge
(Stidworthy et al., 2003), showed a significant increase in area for
both wild-type and Gas6 /"~ mice with cuprizone challenge ( p =
0.0002) (Fig. 6f). There was also an effect of genotype in the
caudal region with the challenged Gas6 '~ mice showing a sig-
nificant increase in area compared with challenged wild-type
mice ( p < 0.05) (Fig. 6f). Unexpectedly, the rostral region of the

[ Gas6+/+ [] Gas6-r-
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corpus callosum of Gas6 '~ mice also
showed an increase in area compared with
either unchallenged mice or challenged
wild-type mice (p < 0.05) (Fig. 6f). This
area is typically minimally affected by infil-
trating microglia/macrophages in the con-
text of cuprizone challenge in wild-type
mice (Stidworthy et al., 2003). An indepen-
dent cohort of mice was subjected to the
same experimental paradigm and analyzed
in the coronal plane. The same significant
changes in myelin density and callosal area
d were observed (data not shown).

To analyze in greater detail the loss of
myelin shown using LFB staining, the ultra-
structure of the rostral segment of the cor-
pus callosum of both wild-type and
Gas6 '~ mice either unchallenged or chal-
lenged with cuprizone for 3 weeks was ex-
amined using electron microscopy. Both
unchallenged wild-type and Gas6 ~/~ mice
exhibited a normal complement of healthy
axons surrounded by compacted myelin
(Fig. 7, a and b, respectively). Wild-type
mice challenged with cuprizone showed a
clear reduction in the number of myelin-
ated axons, although some myelinated ax-
ons still remained (Fig. 7¢). In comparison,
Gas6 '~ mice showed a severe reduction in
the number of myelinated axons, with very
few axons appearing to be myelinated to
any detectible extent (Fig. 7d). To quantify
this reduction, semithin sections of the ros-
tral segment of the corpus callosum were
stained with methylene blue, and the num-
ber of myelinated axons per squared milli-
meter was determined for each animal (Fig.
7e). The number of myelinated axons in the
unchallenged state was not significantly dif-
ferent between genotypes (p > 0.05). In
contrast, cuprizone-challenged Gas6 '~
mice showed a significant reduction in the
number of myelinated axons compared
with similarly challenged wild-type mice
(p=0.017).

Cuprizone

Caudal

Total

Oligodendrocyte numbers are reduced in
Gas6 '/~ mice in response to cuprizone
Given the data indicating an overall loss of myelin and a reduc-
tion in the number of myelinated axons in Gas6 /" cuprizone-
challenged mice compared with their wild-type counterparts, we
next examined whether this correlated with a reduction in oligo-
dendrocyte numbers. Coronal sections from cohort 1 were
stained with anti-Gst-1r, and the number of positive cells in both
the rostral and caudal segments of the corpus callosum was de-
termined. No significant difference in the number of Gst-7r-
positive cells was seen in the unchallenged condition in either the
rostral or caudal segments of the corpus callosum of wild-type
and Gas6 /" mice (Fig. 8) ( p > 0.05). In contrast, Gas6 /~ mice
challenged with cuprizone for 3 weeks showed a significant re-
duction in the number of Gst-m-positive cells compared with
similarly challenged wild-type mice in both the rostral (608.4 =
96.6 vs 272.6 = 32.3 cells/mm? for wild-type and Gas6 '~ mice,
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Figure7. Gas6 /" mice have reduced numbers of myelinated axons in response to cupri-
zone challenge. Wild-type and Gas6 ~/~ mice were challenged with cuprizone for 3 weeks with
age-matched unchallenged mice included as controls (n = 2, 4 mice per group). a—d, Repre-
sentative electron micrographs of the rostral segment of the corpus callosum. Unchallenged
wild-type (@) and Gasé /™ (b) animals show a large number of healthy axons surrounded by
compacted myelin. Cuprizone-challenged wild-type (c) and Gasé "~ (d) mice show reduced
numbers of myelinated axons, with very few remainingin the Gas6 '~ mice. Arrows indicate
examples of myelinated axons, and arrowheads indicate examples of microglia with myelin
debris. Scale bar, 2 um. e, Semithin sections from within the rostral segment of the corpus
callosum were stained with methylene blue, and the number of myelinated axons within this
region was counted. No significant difference in the number of myelinated axons was seen in
unchallenged mice (p > 0.05). In contrast, compared with their wild-type counterparts,
Gas6 /™ mice showed a significant reduction in the number of myelinated axons after cupri-
zone challenge (*p < 0.05).

respectively; p < 0.01) and caudal (372.8 £ 99.2 vs 100.6 * 20.6
cells/mm? for wild-type and Gas6 '~ mice, respectively; p <
0.05) segments. Consistent with an overall greater loss of myelin
in the caudal region, the loss of Gst-7r-positive oligodendrocytes
was more profound in both genotypes in the caudal segment,
equating to a reduction of 70.5% (wild type) and 92.1%
(Gas6 ') in Gst-m-positive oligodendrocytes. Also consistent
with our myelin analysis, the difference between genotypes in the
loss of Gst-m-positive oligodendrocytes was greater in the rostral
segment (51.6% in wild-type mice vs 82.5% in Gas6 '~ mice).
These results have been corroborated in an independent cohort
in which a statistically significant reduction in oligodendrocyte
numbers has been observed within both the corpus callosum and
cortex of cuprizone-challenged Gas6 '~ mice compared with
their wild-type counterparts (data not shown).
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Microglial activity is increased in Gas6 KO mice challenged
with cuprizone

We next examined the effect that Gas6 deficiency had on the
activation/proliferation of microglia in mice subjected to cupri-
zone challenge. The number of microglia was determined by
staining for the microglial marker IBA1, which is expressed ex-
clusively by microglial/macrophage lineage cells and is increased
in response to activation (Ito et al., 1998; Sasaki et al., 2001). As
for the analysis of myelination, the corpus callosum was divided
by length into three equal segments (rostral, middle, and caudal),
and the density of IBA1 staining was assessed as described in
Materials and Methods. A significant increase in the level of IBA1
in the rostral segment of Gas6 ~/~ mice compared with wild-type
mice was identified ( p < 0.05) (Fig. 9¢). This result was further
supported by quantification of the number of IBA1-positive cells
in the rostral segment of the corpus callosum. As expected, there
was no significant difference between genotypes in the number of
IBA1-immunoreactive cells in the unchallenged state (Gas6 '~
123.5 * 47.5 cells/mm? vs wild-type 30.9 = 30.9 cells/mm?; p >
0.05) (Fig. 9f). Cuprizone-challenged animals, however, showed
a significant increase in the number of IBA1-positive cells, re-
gardless of genotype ( p = 0.0091). Additionally, Gas6 '~ mice
challenged with cuprizone showed a significantly increased num-
ber of IBAl-positive cells compared with similarly challenged
wild-type mice (4696.6 = 951.8 cells/mm? vs 1234 = 596.7 cells/
mm?, respectively; p < 0.05) (Fig. 9f). In contrast to the rostral
corpus callosum, quantification of cell number in regions other
than the rostral corpus callosum, in particular the caudal corpus
callosum, although showing a significant increase in microglial
numbers in cuprizone-challenged mice, did not show a signifi-
cant difference between wild-type and Gas6 '~ mice (data now
shown).

Discussion

In this study, we have shown that Gas6 is important for the reg-
ulation of both myelination and microglial activation in the con-
text of a demyelinating insult, induced by cuprizone. An influ-
ence on myelination was demonstrated by reduced levels of LFB
staining and a reduction in the number of myelinated axons in
Gas6 '~ mice. Numbers of oligodendrocytes were also reduced
in Gas6 /" cuprizone-challenged mice, mirroring an in vitro ol-
igodendrocyte survival effect induced by exogenous Gas6. In
contrast, the absence of Gas6 led to an increase in the accumula-
tion of microglia/macrophages in response to cuprizone chal-
lenge, mirroring the capacity of Gas6 to reduce microglial activa-
tion in vitro. Collectively, these data demonstrate that Gas6 and
the TAM receptors potentially play an important role in both
modulating oligodendrocyte survival and microglial activation
during demyelination.

Oligodendrocyte death has been shown to be an early event in
demyelinating diseases such as multiple sclerosis (Barnett and
Prineas, 2004). Previous work in our laboratory has demon-
strated that the cytokine LIF can support the survival of oligoden-
drocytes in cuprizone-mediated demyelination (Emery et al.,
2006), and that the provision of either LIF or other similarly
acting trophic factors could provide a cogent mechanism for lim-
iting damage during demyelination (Butzkueven et al., 2002,
2006; Marriott et al., 2008). Our in vitro data indicate that exog-
enous Gas6 can also support purified rat oligodendroglial lineage
cells. This influence appears restricted to survival effects, given
that Gas6 did not act as a mitogen for purified rat oligodendro-
cyte precursor cells, consistent with the findings of Shankar et al.
(2003), who focused on human cells. We have also shown that in
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Figure 8. Gas6 '~ mice have decreased Gst-r-immunoreactive oligodendrocytes in response to cuprizone challenge.
Wild-type and Gasé ~/~ mice were challenged with cuprizone for 3 weeks with age-matched unchallenged mice included as
controls (n = 3, 5 for each group). Immunofluorescence analysis was performed to detect the presence of Gst-7r reactive
oligodendrocytes. a, Representative images of Gst- staining and the same image merged with the nuclear stain Hoescht are
shown. Scale bar, 100 wm. The number of Gst-7r-positive cells per squared millimeter was determined as outlined in Materials
and Methods, and the results are shown in b, with Gas6 '~ mice showing asignificant decrease in oligodendrocytesin both the
rostral and caudal segments of the corpus callosum. *p << 0.05, **p << 0.01.
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the absence of Gas6 in vivo, the extent of demy-
elination in response to 3 weeks of cuprizone
challenge is increased, and that the number of
Gst-r-positive oligodendrocytes is reduced.
These data suggest that Gas6 could play an im-
portant role in promoting mature oligodendro-
cyte survival in vivo during a demyelinating
event. In addition, our data provide strong cir-
cumstantial evidence for a direct effect of Gas6
on oligodendrocytes. This is posited, because the
loss of Gst-mr-positive oligodendrocytes was in-
creased by Gasé6 deficiency in the absence of in-
creased microglial numbers within the caudal
corpus callosum and within the cerebral cortex
of cuprizone-challenged mice.

Which of the TAM receptors could be re-
sponsible ~ for  mediating  such  an
oligodendrocyte-specific effect? Prieto et al.
(2000, 2007) have reported that Tyro3 protein is
expressed by oligodendrocytes in the healthy
adult rodent brain. In addition, we found that
the expression of the Tyro3 gene is negatively
correlated with the damage/death of oligoden-
drocytes over the course of cuprizone-induced
demyelination. We have also shown that
CNPase-positive oligodendrocytes within the
healthy mouse corpus callosum express Tyro3
protein. It is therefore possible that Gas6 could
act through Tyro3 early after cuprizone chal-
lenge to delay oligodendrocyte injury, but that
this effect is lost with time and that with addi-
tional damage, loss of Tyro3 receptor expression
results in decreased responsiveness to Gas6. In
contrast, previous in vitro studies assessing oli-
godendrocytes isolated from wild-type and AxI
knock-out mice have also indicated a role for
this receptor in the maintenance of oligodendro-
cyte viability (Shankar et al., 2006).

Microglial proliferation and accumulation
are early responses to cuprizone and peak at
~4-5 weeks of challenge (Blakemore, 1972;
Hiremath et al., 1998). Activated microglia se-
crete a variety of proteins, including cytokines
and reactive oxygen species, which can ulti-
mately lead to oligodendrocyte damage. Micro-
glia can also secrete trophic factors, which could
support damaged cells and induce repair. In vitro
studies have demonstrated that microglia can ei-
ther be directly toxic to oligodendrocytes (Nich-
olas et al., 2003; Li et al., 2005) or can support
oligodendrocyte survival (Pang et al., 2000;
Nicholas et al., 2001, 2002), with the predomi-
nant effect being context dependant. Dichoto-
mous effects of microglia also appear to occur in
vivo with reports of either deleterious (McMa-
hon etal., 2001; Mana et al., 2006; Pasquini et al.,
2007) or protective effects in response to
cuprizone-induced demyelination, the latter
particularly predominant during the remyelina-
tion phase (Arnett et al., 2001, 2002, 2003).

Our results show a correlation between the
level of microglial activation/accumulation and
increased demyelination in response to cupri-
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zone. Furthermore, the expression of both
Axl and Mer not only increase over the
course of cuprizone challenge, in a tempo-
ral profile similar to that of the microglial
accumulation and activation, double-
immunohistochemical staining demon-
strated that the majority of both Axl and
Mer expressing cells were IBAl-positive
microglia. These data argue strongly that
this component part of Gas6 signaling via
Axl and Mer is likely to be mediated di-
rectly, at least in part, via microglia. Previ-
ous work from other laboratories has
shown that exogenous Gas6 can induce the
expression of Twistl, the expression of
which can lead to suppression of the cyto-
toxic cytokine TNFw in cultured human
macrophages (Sharif et al., 2006). Our in
vitro data, demonstrating upregulated ex-
pression of Axl and Mer transcripts and
downregulation TNF transcripts in puri-
fied microglia in response to Gas6, provide
the first direct evidence that TAM receptor
signaling can downregulate a deleterious
microglial response. Supportive of this
view, both Axl and Mer have also been
shown previously to transduce signals in C.
peripheral macrophages (Camenisch et al.,
1999; Scott et al., 2001; Sharif et al., 2006).
Mer has also been shown to be involved in
regulating the response of macrophages in
vivo to lipopolysaccharide treatment, with
Mer knock-out mice more susceptible to
death from endotoxic shock because of an
overproduction of TNFa by macrophages
(Camenisch et al., 1999).

Given the known role that the TAM re-
ceptors play in regulating the immune re-
sponse (for review, see Lemke and Lu,
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2003), it seems likely that in the absence of
Gas6, the microglia could fail to receive sig-
nals to return to a resting phenotype. In the
cuprizone model, this chronic activation of
microglia could potentially contribute to
damage to oligodendrocytes and enhanced
demyelination, although as indicated above
our data, generated from the caudal cor-
pus callosum and cortex, could be inter-

Figure9. Gas6 '~ mice have an increased number of IBA1-positive microglia/macrophages in the rostral corpus callosum
in response to cuprizone challenge. Wild-type and Gasé '~ mice were challenged with cuprizone for 3 weeks with age-
matched unchallenged mice included as controls (n = 2, 3 for each group). Inmunohistochemistry was performed to detect the
presence of IBA1 reactive microglia/macrophages. a—d, Representative images of the rostral segment of the corpus callosum
are shown for each condition. The dotted line indicates the boundaries of the corpus callosum. Scale bar, 200 pm. The corpus
callosum was divided into three separate segments, and the mean density of staining was determined as outlined in Materials
and Methods. The results are shown in e, with Gasé ~/~ mice showing an increase in IBAT staining density in the rostral
segment (*p < 0.05). f, Adjacent sections were stained with IBA1 and counterstained with hemotoxylin to enable counting of
individual cells in the rostral segment. No significant difference in the number of IBA1-positive cells was seen in unchallenged
mice. In contrast, a significantincrease in the number of IBA1-positive cells was observed in the cuprizone-challenged Gas6 ~/~
mice compared with their wild-type counterparts (*p < 0.05).

preted to argue for an independent oligo-
dendrocyte-specific effect. It should be
noted, however, that even in these regions, the millieu of cyto-
kines produced by microglia could be influenced by Gas6, inde-
pendent of an influence on their numbers. Furthermore, in some
cases of multiple sclerosis, microglial activation has been ob-
served to precede the loss of myelin, indicating that microglial
activation is not always a simple response mechanism (Barnett
and Prineas, 2004). It is also possible that the variable expression
profiles of the TAM receptors in the context of demyelination,
with Axl and Mer rather than Tyro3 being shown to be expressed
by microglia, could indicate cell lineage-specific roles for each of
the family members. The study of cuprizone-induced demyelina-
tion of TAM receptor single knock-out mice, including animals
in which the receptors are conditionally deleted by selected cell

lineages, could therefore assist in dissecting out specific influ-
ences on microglial activation and oligodendrocyte loss and in
identifying the molecular pathways responsible for mediating
these effects.

The results presented in this study indicate an important role
for TAM receptor signaling in modulating the response of both
oligodendrocytes and microglia to cuprizone-induced demyeli-
nation. In the absence of Gas6 signaling, microglial activation is
potentiated, oligodendrocyte numbers are reduced, and demyeli-
nation is increased. Additional work is required to formally re-
solve which of the effects are a direct result of loss of Gas6 signal-
ing and which, if any, are secondary. It will also be important to
determine whether Gas6 signaling is a crucial factor in promoting
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oligodendrocyte—microglial interactions. Independent of this, we
have established the importance of TAM receptors as potential
novel therapeutic targets for the treatment of demyelinating
disease.
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