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Multiple sclerosis is a disease that is characterized by
inflammation, demyelination, and axonal damage; it
ultimately forms gliotic scars and lesions that se-
verely compromise the function of the central ner-
vous system. Evidence has shown previously that al-
tered growth factor receptor signaling contributes to
lesion formation, impedes recovery, and plays a role
in disease progression. Growth arrest-specific protein
6 (Gas6), the ligand for the TAM receptor tyrosine
kinase family, consisting of Tyro3, Axl, and Mer, is
important for cell growth, survival, and clearance of
debris. In this study, we show that levels of mem-
brane-bound Mer (205 kd), soluble Mer (~150 kd),
and soluble Ax1 (80 kd) were all significantly elevated
in homogenates from established multiple sclerosis
lesions comprised of both chronic active and chronic
silent lesions. Whereas in normal tissue Gas6 posi-
tively correlated with soluble Axl and Mer, there was
a negative correlation between Gas6 and soluble Ax1
and Mer in established multiple sclerosis lesions. In
addition, increased levels of soluble Axl and Mer were
associated with increased levels of mature ADAM17,
mature ADAM10, and Furin, proteins that are associated
with Axl and Mer solubilization. Soluble Axl and Mer
are both known to act as decoy receptors and block
Gas6 binding to membrane-bound receptors. These data
suggest that in multiple sclerosis lesions, dysregulation
of protective Gas6 receptor signaling may prolong
lesion activity. (Am J Patbol 2009, 175:283-293; DOI:
10.2353/ajpath.2009.080807)

Multiple sclerosis (MS) is a debilitating white matter dis-
ease of the central nervous system (CNS). Although

much of the evidence from animal models and MS sug-
gests it to be an autoimmune disorder mediated by TH-1
type T cells,” other possible causes include genetic and
environmental factors, antibody-dependent cytotoxicity,
and bacterial and viral infections that may mediate al-
tered protein expression resulting in inflammation, axonal
and oligodendrocyte damage, demyelination and CNS
scarring.? Growth and survival factors that protect
against axonal and oligodendrocyte damage or loss, and
dampen the inflammatory response are actively being
pursued for MS therapy.?~® One growth factor associated
with oligodendrocyte maturation, survival and dampen-
ing the immune response is growth-arrest specific protein
6 (Gas6). Gasb is a secreted protein that is widely ex-
pressed in the central and peripheral nervous systems by
endothelial cells and neurons, and is involved in numer-
ous physiological and pathological functions including
cell growth, survival and apoptosis.”~'? Gas6é binds and
activates the TAM family of receptor tyrosine kinases
consisting of Tyro3 (Rse/Dtk/Sky), Axl (Ufo), and Mer
(Eyk).B 11131415 Many cell types express all three recep-
tors and receptor activation can result from homophilic
and heterophilic interactions.'®'” AxI contains the major
and minor Gas6 binding groove. Only the minor groove is
conserved in Tyro3 and Mer and as a result, response to
Gas6 is mediated in a concentration-dependent manner;
Gas6 binding affinity is AxI>Tyro3>Mer."®
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We previously reported mRNA expression of Axl, Tyro3,
and Mer receptors on human fetal oligodendrocytes and
the ability of Gas6 to promote oligodendrocyte survival in vitro
by activating Axl, resulting in Axl directly and indirectly recruit-
ing phosphatidylinositol 3 kinase and activating the Akt path-
way. %2° Moreover, we have shown that Gas6/Ax! signaling
through the Akt pathway can protect oligodendrocytes from
tumor necrosis factor a (TNFa)-induced apoptosis.?’ Down-
regulation or deletion of AxI, even in the presence of Gase,
results in loss of protection against TNFa.??

During the relapse phase of relapsing-remitting MS,
serum TNFa levels and TNFa mRNA are elevated.?®2*
TNFa is one of the major cytokines expressed in MS
lesions.?® TNFa is cleaved to its mature, soluble, secret-
able form by the matrix metalloproteinase (MMP) TNF«
converting enzyme, also known as ADAM17.25728 MMPs,
including ADAM17 and ADAM10 are involved in normal
processes such as wound repair and tissue remodeling
and are associated with disease states, including
MS.29736 Expression of ADAM17 is observed in acute
and chronic active MS lesions, primarily in perivascular
cuffs and cells morphologically resembling lympho-
cytes.®” ADAM17 up-regulation in cerebrospinal fluid of
MS patients is associated with inflammation and in-
creased soluble TNFa.®”*® ADAM10 is constitutively ex-
pressed on astrocytes in normal appearing white matter
and on astrocytes and perivascular macrophages in MS
lesions.®8~*T ADAM10 cleaves Axl, and ADAM17 cleaves
Axl and Mer. Cleaved forms of receptors can result in
internalization of the receptor and transport off the mem-
brane for recycling. Cleavage can also result in short-
ened, soluble forms that act as a decoy to regulate the
level of a growth factor at the membrane.*"42

Soluble forms of Axl and Mer can reduce the number of
viable receptors for Gas6 binding and act as a decoy by
sequestering Gas6 extracellularly; potentially a normal
mechanism of receptor activation regulation.*®#" During
inflammation, soluble Mer has been reported to inhibit
macrophage clearance of apoptotic cells.*"*3 Also, sol-
uble Axl blocked the protective effect of membrane-
bound Axl by inhibiting Gas6 induced tyrosine phosphor-

ylation of Axl.** The binding of Gas6 to TAM receptors
acts as an inhibitor of inflammation by inhibiting Toll-like
receptor and cytokine receptor cascades.** Up-regula-
tion of Axl and its subsequent interaction with interferon a
and B receptors results in the expression of cytokine and
Toll-like receptor inhibitors.**4° Thus, loss of Gas6 sig-
naling, along with dysregulation of the balance between
Gas6, Axl and Mer by increased extracellular levels of
soluble Axl and Mer, might detrimentally impact the ner-
vous system, especially in established (chronic active and
chronic silent) lesions associated with MS. Chronic active
MS lesions are characterized by ongoing demyelination,
astrogliosis, macrophage and lymphocyte infiltration, astro-
glial hypertrophy, and oligodendrocyte hyperplasia.*®
Chronic silent MS lesions are characterized by the absence
of actively infiltrating and inflammatory cells, oligodendro-
cyte loss and no evidence of ongoing demyelination, 64748

In this study, we investigated in chronic active and
chronic silent MS lesions whether increased expression
of soluble Axl and Mer was associated with increased
expression of the MMPs ADAM17 and ADAM10, similar
to previous studies that showed an association between
increased ADAM17 and ADAM10 with TNF« in the CNS
of MS patients.®”*® We also investigated whether in le-
sions increased soluble Axl and Mer was associated with
decreased Gasb, resulting in loss of the beneficial effects
from activating membrane-bound Axl and Mer receptors.

Materials and Methods

Human Tissue Samples

Cryostat sections and protein homogenates were prepared
from nine MS cases; two primary progressive and seven
secondary progressive, in total containing six chronic active
and eight chronic silent lesions. Tissue sections and ho-
mogenates from cerebral white matter of three cases of
other neurological disease (OND) included olivopontocer-
ebellar degeneration, amyotrophic lateral sclerosis, and
stroke. Tissue from three non-neurological subjects, and

Table 1. Summary of Cases Utilized for Immunohistochemistry and Immunoblotting
Case no. Diagnosis Disease duration (yr) Sex/age (yr) Cause of death

1 PPMS 8 F/31 Respiratory failure

2 PPMS 20 F/39 Respiratory failure

3 SPMS 11 F/38 Bronchopneumonia

4 SPMS 20 F/45 Bronchopneumonia

5 SPMS 20 F/47 Cardiac arrest

6 SPMS 21 F/56 Cardiac arrest

7 SPMS 15 M/46 Cardiac arrest

8 SPMS 23 M/67 Cardiac arrest

9 SPMS 16 M/61 Cardiac arrest
10 OPCD 4 M/31 Bronchopneumonia
11 ALS 5 F/49 Bronchopneumonia
12 Stroke 12 hours F/80 Stroke
13 Non-neurological n/a M/19 Cardiac arrest/obesity
14 Non-neurological n/a M/40 Adult respiratory distress
15 Non-neurological n/a F/80 Metastatic cancer

PPMS, primary progressive multiple sclerosis; SPMS, secondary progressive multiple sclerosis; OPCD, olivopontocerebellar degeneration; ALS,

amyotrophic lateral sclerosis; n/a, not applicable.



five normal appearing white matter sections from MS brains
were classified as normal (Table 1). There were no histo-
logical differences between tissue from non-neurological
subjects and normal appearing white matter; therefore, ma-
terial from these subjects were grouped.

Immunohistochemistry

Ten-micrometer frozen sections fixed in acetone were
quenched for endogenous peroxidase activity and blocked
for 1 hour with 10% normal goat serum. Sections were then
incubated with primary antibodies against Gas6 (catalog
AF885), Axl (MAB154), Mer (MAB8911), and Tyro3
(MAB859; R&D Systems; Minneapolis, MN) or Gas6 poly-
clonal antibody (generated in the laboratory of Dr. Anne
Prieto, Indiana University), diluted in 2% normal goat serum
in 1X Tris-buffered saline (TBS) overnight at 4°C. Immuno-
reacted sections were developed by incubating with biotin-
ylated secondary antibodies, followed by Vectastain avidin-
biotin complex solution (Vector Laboratories; Burlingame,
CA), and 3,3'-diaminobenzidine (DAB) solution (KPL, Gaith-
ersburg, MD). As negative controls, sections were incu-
bated with isotype-matched irrelevant antibodies (BD Bio-
science; San Diego, CA), at the same concentration as the
primary antibody, or with carrier buffer alone.
Double-label immunohistochemistry was performed to
confirm the identity of the cells expressing Axl. Sections
were stained with the Axl primary antibody and devel-
oped with DAB as described above. Sections were then
washed twice with 1X TBS, permeabilized in 0.25% Triton
X-100 in 1X TBS for 30 minutes at 22°C, washed an
additional two times with 1X TBS, and incubated with the
astrocyte specific marker, glial fibrillary acidic protein
(1:300; Biogenex; San Ramon, CA) polyclonal antibody
(pAb) or the microglia specific marker, lba-1 (1:400,
Wako; Richmond, VA) pAb in 1X TBS plus 5% bovine
serum albumin, overnight at 4°C. Alternatively, after de-
velopment with DAB and subsequent washes, sections
were incubated with 10 ug/ml Proteinase K (Sigma, Saint
Louis, MO) in 20 mmol/L Tris pH 7.5 for 15 minutes at
37°C; washed in 0.1% Triton X-100 in 1X TBS for 30
minutes at 22°C; and blocked in 5% goat serum/0.1%
Triton X-100/5% milk in 1X TBS for 1 hour at 22°C. These
alternatively treated sections were incubated with the
oligodendrocyte-specific marker, platelet-derived growth
factor receptor a (PDGFRa, 1:100) overnight at 4°C. The
PDGFRa pAb was generated in the laboratory of Dr.
William Stallcup at the Burnham Institute for Medical Re-
search (La Jolla, CA). Following incubation with primary
antibodies, the sections were washed three times in 1X
TBS and incubated with alkaline phosphatase (AP)-con-
jugated goat anti-rabbit secondary antibody (1:300;
Southern Biotechnology; Birmingham, AL), for 1 hour at
22°C. One Sigma Fast 5-bromo-4-chloro-3-indolyl phos-
phate/nitro blue tetrazolium AP (BCIP/NB-AP) substrate
tablet (Sigma) was dissolved in 10 ml of ddH.0 (plus 1
wmol/liter levimasole (Sigma)). Sections were incubated
with BCIP/NB-AP for 30 minutes at 22°C, washed three
times with 1X TBS, dehydrated in 80%/95%/100% ethanol
for 5 minutes each, followed by xylene for 10 minutes, and
mounted under Permount (Fisher Scientific; Fair Lawn, NJ).
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Western Blot Analysis

Total protein was extracted from fresh frozen brain au-
topsy tissue from chronic active MS, chronic silent MS,
OND, and normal cases as previously described. Except
where noted in the figure legends, 80 ng of protein were
loaded in 1X final concentration loading buffer containing
2% sodium dodecy! sulfate, 0.017% bromophenol blue
dye, and 0.28 mol/L B-mercaptoethanol (load dye) and
separated in a 10% sodium dodecyl! sulfate-polyacrylam-
ide gel by electrophoresis.“®%%%" Following electro-
phoresis, proteins were transferred to nitrocellulose. Blots
were incubated with 5% nonfat dry milk and 5% goat
serum in 1X TBS for 1 hour at room temperature. After
blocking, membranes were incubated with respective pri-
mary antibodies followed by horseradish peroxidase-conju-
gated secondary antibodies. Primary monoclonal antibod-
ies (MAb) and pAb’s included: Axl mAb (IgG1, 1:250),
Tyro3 mAb (IgG1, 1:500), Mer mAb (IgG2b, 1:500), R&D
Gas6 pAb (1:100), Prieto Gasé pAb (1:8000), Furin pAb
(1:250, made in the laboratory of Dr. Dennis Shields, Albert
Einstein College of Medicine), ADAM10 pAb (1:1000, eBio-
science; San Diego, CA), ADAM17 pAb (1:1000, eBio-
science), and B-actin mAb (IgG2A, 1:5000; Sigma, St.
Louis, MO). Secondary antibodies (Jackson ImmunoRe-
search Laboratories; West Grove, PA) included: goat a-rab-
bit 1gG (1:10,000), and goat a-mouse IgG1 (1:10,000),
IgG2A (1:10,000), and IgG2b (1:10,000). Visualization of all
secondary antibodies was by enhanced chemilumines-
cence (GE HealthCare; Piscataway, NJ).

Glycosylation Assay

A peptide-N-glycosidase F (PNGaseF) kit (QAbio; Palm
Desert, CA) was used to assess glycosylation of
ADAM17. The volume of 40 pg of protein homogenate
from normal samples was adjusted to 35 ul, and 10 wl of
5 X 250 mmol/L sodium phosphate, pH 7.5 (reaction
buffer), and 2.5 ul of 2% sodium dodecyl sulfate, 1 mol/L
B-mercaptoethanol (denaturation solution) were added.
Samples were heated at 100°C for 5 minutes, cooled on
ice, and 2.5 pul of 0.1% Triton X-100 and 2 ul of PNGaseF
(5 U/ml in 20 mmol/L Tris-HCI, pH 7.5) were added.
Samples were incubated for 3 hours at 37°C. For control
purposes, a protein homogenate was used that was
treated and incubated as described above except no
PNGaseF was added. All samples were separated in a
10% sodium dodecyl sulfate gel by polyacrylamide gel
electrophoresis, transferred to nitrocellulose, and West-
ern blot analysis for ADAM17 was performed as previ-
ously described.

Densitometry and Statistical Analysis

Autoradiographs were scanned in an Epson perfection
1200U flatbed scanner at 600 dpi. Densitometry was
performed on scanned images in Imaged (image pro-
cessing program developed at the NIH), by measuring
the mean gray value and the area for each band. A
background measurement was also taken. Mean gray
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Figure 1. Full-length and soluble Axl, Mer, and Tyro3 expression in brain
tissue homogenates. Western blot analysis was performed using Axl, Mer,
and Tyro3 mAbs on 80 ug of chronic active, OND, normal, and chronic silent
brain tissue homogenates. The Axl and Mer mAb’s bind full-length and
soluble forms of Axl and Mer, respectively. Six to eight samples were tested
for each group except OND, where 7 = 3 for all antibodies tested except
Tyro3 (n = 2). B-Actin was used as a loading control.

values were subtracted from background and multiplied
by band area. Band values were normalized to actin (also
measured as described above), to obtain the relative
densitometric intensity. Student’s t-tests were performed
on normal versus chronic active, and normal versus
chronic silent relative densitometric intensity for each
antibody tested. Correlation coefficients were calculated
in Microsoft Excel. Correlation coefficient ratings were
based on a modification of the Cohen scale for interpret-
ing correlation coefficients.®?

Results

Soluble Axl and Mer Are Elevated in Established
MS Lesions

Protein homogenates isolated from chronic active and
chronic silent MS lesions, ONDs, and non-neurologically
diseased CNS tissue were examined by Western blot
analysis. There was no statistically significant difference
between full-length Axl or Tyro3 from normal tissue (n =
8), chronic active lesions (n = 6), and chronic silent
lesions (n = 8). Although full-length Axl was not signifi-
cantly different in established lesions, soluble Axl was
significantly higher in chronic silent lesions than normal
tissue (4.2-fold; P < 0.01). Despite a 2.6-fold increase
relative to normal homogenates, soluble Axl was not sig-
nificantly different in chronic active lesion homogenates,
due to variability of soluble Axl among chronic active
lesion samples (Figures 1 and 2,A and D). Expression of
soluble Axl in normal brain homogenates was low in all
samples except one. Further, soluble Mer was detected
at very low levels in normal tissue and was significantly
elevated in chronic active (3.1-fold; P < 0.05) but not
chronic silent lesions, despite a 2.3-fold increase (Fig-
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Figure 2. Relative to normal homogenates, soluble Axl is significantly in-
creased in chronic silent tissue homogenates, soluble Mer is significantly
increased in chronic active, and full-length Mer is significantly increased in
chronic silent tissue homogenates. A—E: The relative densitometric intensity
was determined for each band and normalized to B-actin. Average values for
full-length Axl (A), Mer (B), and Tyro3 (C), and average values for soluble
Axl (D) and Mer (E) in chronic active, OND, normal, and chronic silent brain
tissue homogenates are shown. Significance was tested by Student’s ttest
between chronic active or chronic silent, and normal tissue homogenates;
*P < 0.05, *P < 0.01.

ures 1, 2, B and E, and 3). Soluble Tyro3 was not de-
tected in any brain homogenates (Figure 2C). There was
no increase of any of the full-length or soluble receptors
in OND tissue relative to normal.

Axl and Mer Are Elevated on Glial Cells in
Established MS Lesions

Immunohistochemistry was performed to identify cell
types expressing elevated Axl and Mer, and to verify
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Figure 3. Altered Ax] and Mer immunoreactivity in sections of chronic active and chronic silent MS lesions. Ten-micrometer frozen sections were stained with
Axl, Mer and Tyro3 (E) mAbs. Staining of normal brain (A), chronic active (B), chronic silent (C) MS lesions, and OND (D) samples were visualized by DAB.
Representative 10X and 40X images are shown. Magnification, 50-um bar = X40. Red arrows point to astrocytes (B and C), blue arrows to microglia (C), and
black arrows to oligodendrocytes (B and C). To verify cell morphology, double-label immunohistochemistry was performed with an Axl mAb using a
biotinylated secondary antibody with DAB and a PDGFRa pAb for oligodendrocytes (B, chronic active Axl 40X, left inset, and b1), glial fibrillary acidic protein
pADb for astrocytes (B, chronic active Axl 40X, right inset, and b2), or Iba-1 pAb for microglia (C, chronic silent Axl 40X, left inset, and c1) using an AP secondary
antibody with BCIP/NB-AP. The b1, b2, and c1 insets are enlarged to better show overlapping co-staining of DAB and AP. F: Axl and Mer were semiquantitatively
evaluated in chronic active and chronic silent lesions and were scored relative to expression of each receptor in normal brain tissue on a 1-3+ scale. Moderate
increase was rated +, high increase was rated ++, and very high increase was rated +++.

Western blot data. Sections from brains of primary pro- both Axl and Mer in normal brain tissue (Figure 3A). Axl
gressive and secondary progressive MS patients and expression was elevated on astrocytes and oligoden-
non-neurological controls were incubated with Axl, Mer, drocytes in chronic active lesions, as determined by

and Tyro3 antibodies. There was low level expression of morphology and verified by double- label immunohis-
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tochemistry with Axl (DAB) and PDGFa (AP; Figure 3B,
bottom left inset of Axl 40X, and b1), or glial fibrillary
acidic protein (AP; bottom right inset of Axl 40X, and
b2). Mer expression was elevated on astrocytes in
chronic active lesions (Figure 3B). In chronic silent
lesions, Axl was elevated on microglia, morphologi-
cally verified by double labeling with Axl (DAB) and
Iba-1 (AP; Figure 3C, bottom left inset of the Axl 40X,
and c1). Mer expression was elevated on astrocytes
and oligodendrocytes in chronic silent lesions (Figure
3C). Consistently, no difference in OND samples (Fig-
ure 3D) for AxI, Mer, or Tyro3 immunoreactivity relative
to normal tissue was detected. In addition, there was
no difference in Tyro3 immunoreactivity in chronic ac-
tive or chronic silent tissue (Figure 3E). Semiquantita-
tively evaluated expression ratings for each receptor
from chronic active and chronic silent lesions are
shown in Figure 3F.

coefficient values on scale from —1 to +1 based
on a modification of the Cohen scale for inter-
preting correlation coefficients. I: Ten-microme-
ter frozen normal white matter brain tissue sec-
tions are stained with Gas6 pAb and visualized
by DAB. Representative 10X and 40X images are
shown. Left 40X image is high magnification of
10X image and right 40X image is from another
normal brain tissue section. Magnification,
50-um bar = X40.

High Levels of Soluble Axl and Mer Correlate
with Low Levels of Gas6 in Established MS
Lesions

Itis well established that Gas6 binds to and activates Axl,
Mer, and Tyro3; however, it is not known whether Gas6
levels increase or decrease in response to elevated sol-
uble forms of Axl and Mer within MS lesions. Western blot
(Figure 4A) and densitometric analysis (Figure 4B) deter-
mined that when normalized to B-actin, there was no
statistically significant change in Gas6 (86 kd). Calcula-
tion of correlation coefficients (r) between Gas6é and sol-
uble Axl and Mer (Figure 4C) showed that in normal
tissue homogenates, Gas6 positively correlated with sol-
uble Axl (r = 0.89) and soluble Mer (r = 0.64). A summary
of the correlation coefficients and ratings is shown in
Figure 4, G and H. In chronic active lesions, Gas6 neg-
atively correlated with soluble AxI (r = 0.82) and soluble



Mer (r = —0.62). In addition, in chronic silent lesions,
Gasb6 expression negatively correlated with soluble Axl
(r = —0.56) and soluble Mer (r = —0.87). A graphical
representation of the relationship between Gas6 and sol-
uble Axl and Mer is shown in Figure 4, D-F. A positive
slope (m) indicates a positive correlation between Gas6
and either soluble Axl or Mer while a negative slope
indicates a negative correlation. In normal tissue, when
Gasb (x axis) was expressed at low levels, so were sol-
uble AxI (m = 0.96) and Mer (m = 0.88); however, when
Gas6 was expressed at high levels, soluble Axl and Mer
were also highly expressed (Figure 4D). Conversely, in
chronic active (Fig. 4E) and chronic silent (Fig. 4F) tissue,
low expression of Gas6 corresponded to high expression
of soluble Axl (chronic active m = —0.80, chronic silent
m = —0.70) and Mer (chronic active m = —0.56, chronic
silent m = —0.90). These data showed that within an MS
lesion, the balance between Gas6 and soluble Axl and
Mer was altered relative to normal tissue.

Immunohistochemical analysis determined and we re-
port here for the first time that Gas6 is expressed on
astrocyte cell bodies, processes, and end feet, as well as
on vessels within the normal CNS (Figure 4l). High mag-
nification (40X) clearly show the astrocytic processes
extending to the end feet along the vessels. Although
there appeared to be less Gas6 on astrocytes within the
MS lesion tissue, overall expression was highly variable
(data not shown), similar to the Western blot data.

Expression of Regulators of AxI and Mer
Solubilization Is Altered in Established MS
Lesions

After determining that a negative correlation between
Gas6 and soluble Axl and Mer existed in MS lesion ho-
mogenates, we evaluated levels of ADAM17 and
ADAM10, MMPs involved in regulation of Axl and Mer
solubilization. The major ADAM17 forms are reported to
migrate as an immature doublet at ~130 kd, and a ma-
ture doublet of ~100 kd. The difference observed in the
mature doublet is a result of glycosylation.®® As part of
our analysis, we evaluated whether the relative expres-
sion of mature ADAM17 differed in established lesions.
All densitometric values were normalized to B-actin.
Western blot and densitometric analysis of ADAM17 was
performed on MS, OND and neurologically-normal brain
homogenates (Figure 5). At ~100 kd, two mature
ADAM17 bands were observed (Figure 5A). To verify that
the mature ADAM17 doublet was the result of altered
glycosylation, protein homogenate from normal tissue
was incubated with PNGaseF. When the protein homog-
enate was treated with PNGaseF, the mature 100-kd
ADAM17 doublet migrated as a lower single band with a
molecular weight of approximately 80 kd (Figure 5B).
When mature 100-kd ADAM17 doublet bands were com-
bined and normalized to B-actin, there were significantly
more total mature ADAM17 in chronic active tissue rela-
tive to normal (Figure 5C).

Western blot and densitometric analysis for ADAM10
was performed on MS, OND, and normal brain homoge-
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Figure 5. Relative to normal homogenates, mature ADAM17 is increased in
chronic active tissue homogenates. A: Western blot analysis was performed
using an ADAM17 pAb on 80 g of chronic active, OND, normal, and chronic
silent brain tissue homogenates. B-Actin was used as a load control. The
ADAM17 pAb binds all forms of ADAM17. B: Before loading samples on gel,
a normal brain homogenate sample (40 ug) was untreated (left lane) or
treated with PNGaseF at 37°C for 3 hours. All other conditions were the same.
The protein homogenates were analyzed by Western blot for glycosylation
variants of mature ADAM17, using the ADAM17 pAb as in A. C: The relative
densitometric intensity was determined for each band and normalized to
B-actin. Data for the average values for mature ADAM17 (C) in chronic active,
OND, normal, and chronic silent brain tissue homogenates are shown.
Significance was tested between chronic active or chronic silent, and normal
tissue homogenates; **P < 0.01.

nates. Immature ADAM10 migrated as a single band at
~85 kd and mature ADAM10 migrated at ~60 kd (Figure
6A). Relative to normal tissue, full-length immature
ADAM10 was not significantly increased in established
lesions (Figure 6B). There were minimal to undetectable
amounts of mature ADAM10 in normal tissue homoge-
nates (Figure 6C). Mature ADAM10 was significantly el-
evated in chronic active and chronic silent lesions (P <
0.01; Figure 6C).

Since elevated Furin leads to increased mature
ADAM10, we examined whether increase in mature
ADAM10 in MS tissue might coincide with an increase in
Furin. Densitometric analysis of Furin (Figure 7) in tissue
homogenates from MS, OND, and normal brains showed
Furin to be increased 4.2-fold in chronic active tissue and
1.4-fold in chronic silent tissue relative to normal tissue
(Figure 7B). Levels of Furin strongly correlated with ma-
ture ADAM10 expression in chronic active (r = 0.78)
tissue (Figure 7C).

Discussion

MS is a debilitating disease affecting the entire CNS.
Elucidation of the many mechanisms and microenviron-
ment changes that affect cell-cell interactions and signal-
ing within a lesion resulting in cell death, demyelination
and axonal damage is beneficial to understanding dis-
ease progression. Previously, we showed that the growth
factor Gas6, through activation of its receptor, Axl, facil-
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Figure 6. Mature ADAMI0 is increased in chronic active and chronic silent
tissue homogenates relative to normal. A: Western blot analysis was per-
formed using an ADAM10 pAb on 80 ug of chronic active, OND, normal, and
chronic silent brain tissue homogenates. Three samples were tested for each
group. B-Actin was used as a loading control. The ADAM10 pAb binds
immature and mature forms of ADAM10. The relative densitometric intensity
was determined for each band and normalized to B-actin. B and C: The
average values for immature ADAM10 (B) and mature ADAM10 (C) in
chronic active, OND, normal, and chronic silent brain tissue homogenates
are shown; **P < 0.01. Different enhanced chemiluminescence exposure
times are shown for immature and mature ADAM10 to best represent the
data.

itates oligodendrocyte survival. Using the cuprizone
mouse model, we determined that mice with a deletion of
Axl have a delay in recovery from cuprizone toxicity,
indicating that Axl has an important role in normal CNS
function. After 4 weeks cuprizone administration, the cor-
pora callosa of Ax/—/— mice display more apoptotic ma-
ture oligodendrocytes, and less clearance of apoptotic
oligodendrocytes and myelin debris than wild-type mice.
Wild-type mice recover by 3 weeks post-cuprizone with-
drawal, while the Ax/—/— mice have a delay in oligoden-
drocyte maturation and prolonged axonal damage.®*

Following cuprizone administration, Gas6—/— mice
have fewer mature oligodendrocytes, further underscor-
ing the importance of the Gas6/Ax! signaling pathway in
oligodendrocyte survival.®® In addition, Mer signals to
induce clearance of debris by macrophages, an impor-
tant function within an MS lesion.*244:56:57 Thys, loss or
inhibition of Gas6, or dysregulation of Axl and Mer may
contribute to the pathology observed in MS lesions.

We observed changes in Mer and Axl in protein ho-
mogenates from MS lesion tissue. Although there was no
difference in full-length Axl between MS lesion and nor-
mal tissue, soluble Axl was expressed in all chronic ac-
tive lesions and highly expressed in three of six. Soluble
Axl was significantly elevated in chronic silent lesion sam-
ples (P < 0.01). In normal tissue homogenates there was
minimal to undetectable expression in seven of eight
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Figure 7. Increased Furin is detected in two of three chronic active homog-
enates relative to normal. A: Western blot analysis of chronic active, OND,
normal, and chronic silent brain tissue homogenates was performed using a
Furin. B and C: The relative densitometric intensity was determined for each
band and normalized to B-actin. relative densitometric intensity data for the
averages of Furin are shown in B. Corresponding chronic active samples
stained with Furin, immature ADAM10 and mature ADAM10 are shown in C
(n = 3 for all groups except OND for Furin, where 17 = 2).

samples. Full-length Mer was significantly increased in
chronic silent lesion (P < 0.05) homogenates and soluble
Mer was significantly elevated in chronic active (P <
0.01) tissue. Despite the quantified increase in soluble
Axl and Mer, full-length Axl and Mer were not decreased
in established MS lesions. Further, full-length Mer was
significantly increased in chronic silent lesions and ele-
vated, albeit not significantly, in chronic active lesions,
suggesting either more full-length Axl and Mer were be-
ing synthesized or more full-length Axl and Mer were
being introduced into the lesion via infiltrating or prolifer-
ating cells. It is also possible that more full-length Axl is
converted to a mature 140-kd glycosylated form.*" This
would explain the presence of lower bands (<140 kd) in
the normal and OND samples.

If indeed the membrane-bound receptors were not
depleted but there was an increase in soluble forms of
Axl and Mer, it is plausible that beneficial effects of Gas6
binding membrane-bound full-length Axl and Mer were
blocked by soluble Axl and Mer acting as decoy recep-
tors, thereby sequestering Gas6. We considered whether
the high expression of soluble Axl and Mer correlated
with low levels of Gas6. The two chronic active samples
that had the most soluble Axl and soluble Mer had little to
no Gas6 expression by immunoblotting. It is not known if
low expression of Gas6 was due to extracellular Gas6
being targeted for degradation and/or removal or less
Gas6 was being secreted relative to the amount of full-
length Axl and Mer receptors. Less Gas6 being secreted
and present in the lesion may be due to a change in
cellular signaling as a result of severed or dying axons, or
as a result of a change in the balance of Gas6-secreting
cells.®® In chronic silent tissue sections, there was little



change in amount of Gas6, yet there was an increase in
expression of Axl and Mer on microglia, astrocytes, and
oligodendrocyte progenitor cells. If there was no increase
in Gas6 secretion, one would have expected an increase
in inactivated full-length Axl and Mer receptors. The con-
sequence of no concomitant Gas6 increase might be the
solubilization of Axl and Mer by ADAM17 and ADAM10 in
an attempt to eliminate the excess membrane-bound
receptors and to restore the homeostatic ligand to recep-
tor ratio. An imbalance between Gas6 and its receptors
might explain the shift from a positive correlation in nor-
mal tissue, where soluble Axl and Mer increased with
increased Gas6 expression, to a negative correlation,
seen in MS lesion tissue homogenates.

Relative to normal tissue, mature ADAM17 was signif-
icantly increased in chronic active tissue. ADAM17 is the
only known MMP to cleave Mer, and in chronic active
lesions we observed a significant increase in both mature
ADAM17 and soluble Mer. In addition to solubilizing Mer
and Axl, ADAM17 is known to cleave and activate TNF«;
both can lead to increased inflammation, loss of oligo-
dendrocyte survival, loss of debris clearance, and more
severe pathology in MS lesions.*°

Mature ADAM10 was significantly elevated in chronic
active and chronic silent tissue homogenates. In vitro,
ADAM10 most efficiently cleaves Axl and therefore, is
most likely to be the MMP responsible for cleaving Axl to
its soluble form in vivo. Although we observed elevated
ADAM17 and ADAM10 in OND, these samples did not
have increased soluble Axl. This suggests that since
ADAM17 and ADAM10 can cleave a multitude of proteins,
such as EGF, BAPP, and CXCL16, the up-regulation of
these MMPs in OND tissue is cleaving proteins -3 other
than Axl and Mer. ADAM10 is cleaved and activated by
Furin. By immunoblotting and densitometric analysis, Furin
expression in two of three chronic active samples was in-
creased over normal levels and coincided with the increase
in mature ADAM10 observed in these chronic active MS
samples. Increased maturation of ADAM10 was probably
the result of increased Furin since there was no detectable
increase in immature ADAM10. Conversely, in chronic silent
tissue homogenates, there was an increase in mature
ADAM10 in the absence of a concomitant increase in Furin.
It is possible that a different mechanism for ADAM10 cleav-
age occurred in chronic silent lesions, perhaps by cleavage
of another member of the nine-member family of converta-
ses. It is also plausible that Furin was once elevated, re-
sponsible for the observed increase in mature ADAM10,
then subsequently degraded. On the other hand, Furin ac-
tivity within the chronic silent lesion may have been suffi-
cient to cleave ADAM10 without further up-regulation.

Gas6 is known to enhance survival of oligodendro-
cytes, Schwann cells, and neurons in vitro and leads to
reduced inflammation in animal models.'9:°%:64-66 Qur
data have shown that in tissue homogenates prepared
from MS lesions, there was negative correlation coeffi-
cient between Gas6 and soluble AxlI and Mer that prob-
ably contributed to lesion pathology. Severed and de-
generating axons, common features in active lesions, can
contribute to diminished local Gas6 secretion and impact
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oligodendrocyte and axonal survival within lesions.®® Hy-
percellularity within established lesions was associated
with increased amounts of soluble Axl and Mer receptors.
These abundant soluble receptors, known to sequester
Gas6, may have limited the availability of free Gas6 to
bind and activate membrane-bound receptors in the MS
samples. Failure to properly activate membrane-bound
Axl, Mer, and Tyro3 receptors can result in an inability to
dampen the immune response, clear cell debris and
protect CNS cells from damage, each of which would be
important for remyelination to occur effectively. Future
studies to determine the therapeutic potential of Gas6 to
reduce deleterious effects of soluble Axl and Mer, may
hold promise for the MS patient.
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