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Purpose: The focus of this study was to determine whether bone morphogenetic proteins (BMPs) trigger reactive gliosis
in retinal astrocytes and/or Miiller glial cells.

Methods: Retinal astrocytes and the Miiller glial cell line MIO-M1 were treated with vehicle, BMP7, or BMP4. Samples
from the treated cells were analyzed for changes in gliosis markers using reverse transcriptase — quantitative PCR (RT-
gPCR) and western blotting. To determine potential similarities and differences in gliosis states, control and BMP-treated
cells were compared to cells treated with sodium peroxynitrite (a strong oxidizing agent that will bring about some
aspects of gliosis). Last, mature mice were microinjected intravitreally with BMP7 and analyzed for changes in gliosis
markers using RT-qPCR, western blotting, and immunohistochemistry.

Results: Treatment of retinal astrocyte cells and Miiller glial cells with BMP7 regulated various reactive gliosis markers.
When compared to the response of cells treated with sodium peroxynitrite, the profiles of gliosis markers regulated due to
exposure to BMP7 were similar. However, as expected, the profiles including the oxidative agent and growth factor were
not identical. Treatment of cells with BMP4, however, showed an attenuated response in comparison to peroxynitrite and
BMP7 treatment. Injection of BMP7 into the mouse retina also triggered a reactive gliosis response 7 days after injection.
Conclusions: BMP7 induced changes in levels of mRNA and protein markers typically associated with reactive gliosis
in retinal astrocytes and Miiller glial cells, including glial fibrillary acidic protein (GFAP), glutamine synthetase (GS), a

subset of chondroitin sulfate proteoglycans (CSPGs), matrix metalloproteinases (MMPs), and other molecules.

The mature mammalian retina contains several types
of macroglial cells, including Miiller glia, retinal astrocytes,
and in some cases oligodendrocytes and nonastrocytic
retinal glial cells (NIRG) [1-4]. The Miiller glia arise from
neural retinal progenitor cells late in retinal development.
The Miiller cells span nearly the entire width of the retina
from the outer limiting membrane, where Miiller processes
form connections with photoreceptors, to the inner limiting
membrane, where Miiller and retinal astrocyte processes form
the boundary between the retina and the vitreous [5]. The
retinal astrocytes migrate into the retina from the developing
optic nerve; their cell bodies populate the nerve fiber layer
(NFL) and send processes into the ganglion cell layer (GCL)
[6]. While the origins of NIRG cells are unknown, they have
been hypothesized to migrate from the developing optic
nerve [2]. Both the Miiller glia and retinal astrocytes have

Correspondence to: Teri L Belecky Adams, Department of Biology,
SL306, Center for Regenerative Biology and Medicine, Indiana
University-Purdue University Indianapolis. 723 W Michigan St.,
Indianapolis, IN-46202; Phone: (317) 278-5715; FAX: (317) 274-
2846 email: tbadams@jiupui.edu

been shown to play very important roles in supporting and
protecting the retinal neurons. For instance, both are critical
to the formation of the blood-retinal barrier, neurotransmitter
recycling, removal of toxins, and growth factor supplementa-
tion of ganglion cells [7-10].

An important property of glial cells is their response to
any damage/injury to nearby neurons; this response is known
as reactive gliosis. The Miiller glia and retinal and optic nerve
astrocytes become reactive in various disease states such as
glaucoma, retinal ischemia, and diabetes [11,12]. One particu-
larly interesting aspect of gliosis is the molecular diversity
in the reaction of the astrocytes to various disease states and
injuries [13-15]. For instance, insult-dependent increases or
decreases in the expression of glial fibrillary acidic protein
(GFAP), vimentin, glutamine synthetase (GS), and extracel-
lular matrix (ECM) molecules have been noted in Miiller
glial cells and astrocytes [11,16-18]. This variance has been
hypothesized to be the result of the release of various factors
that drive different aspects of reactive gliosis [14,19,20].
Further diversity in the response is introduced by virtue of
the fact that reactive astrocytes fall on a continuum from mild
to severe, in which cells display one or more of the following:
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hypertrophy, dedifferentiation, loss of function, proliferation,
inflammation, and remodeling of the tissue and vasculature
[21,22]. Furthermore, some of the cellular responses are dual
in nature. An example of this is the hypertrophy of Miiller
glia and astrocytes that results from an increase in the inter-
mediate filaments GFAP and vimentin. On one hand, the
hypertrophied cellular processes may form a barrier around
the injured region, inhibiting the spread of inflammatory
molecules into healthy tissue; on the other, these processes
can also block the regeneration of axons and synapses [22].

Severe reactive gliosis is also accompanied by tissue
remodeling that includes excessive hypertrophy of the glial
cell bodies and processes, as well as the turnover of the ECM
to a regeneration-inhibitory matrix, together referred to as a
glial scar. One of the major components of the ECM is chon-
droitin sulfate proteoglycans (CSPGs), a family of molecules
that includes neurocan (Ncan), phosphacan (Pcan), versican,
aggrecan, brevican, nerve/glial antigen 2 (NG2), and CD44
[23]. Although the mechanisms and triggers have not been
completely characterized, a variety of growth factor signaling
mechanisms have been found to be important in reactive
gliosis, such as those of epidermal growth factor (EGF), fibro-
blast growth factor (FGF), tumor necrosis factor-o. (TNF-0),
ciliary neurotrophic factor (CNTF), insulin, and WNTs
[20,22,24]. Data from several laboratories have indicated that
each pathway may regulate specific characteristics associated
with reactive gliosis. For instance, CNTF appears to be asso-
ciated with the upregulation of GFAP, while EGF and FGF are
associated with proliferation [17,25]. Studies using different
central nervous system (CNS) injury models have shown that
the bone morphogenetic protein (BMP) pathway is upregu-
lated at the site of injury in the CNS and can trigger reactive
gliosis [26-28]. Furthermore, BMP receptor 1A (BMPR1A)
has been linked to hypertrophy, whereas BMPR1A has been
associated with glial scars [29]. While the BMPs have been
associated with penetrating wounds in the spinal cord, no
information is available regarding the role of BMPs within
the retina and in disease states of the CNS.

BMPs interact with two different types of receptors,
namely type I and type II, both of which are serine-threonine
kinases. Type II receptors phosphorylate and activate the
type I receptors, and the type I receptors can then activate
several intracellular pathways. The intracellular pathways
are subdivided into different pathways, specifically the
canonical pathway and several noncanonical pathways [30].
The canonical pathway consists of the activation of receptor
SMADs (R-SMAD:s) 1, 5, and 8 by the type I BMP receptors.
Once activated, the R-SMADs form heterodimers with the
co-SMAD, SMAD4, whereupon they localize to the nucleus
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to interact with other transcription factors and regulate gene
expression. BMPRIA and IB have also been shown to acti-
vate X-chromosome-linked apoptosis protein (XIAP). XIAP
connects the BMP1A and IB to the kinase transforming
growth factor-f (TGF-p) activated kinase 1 (TAKI), which
activates downstream pathway members such as p38, nuclear
factor kB (NFkB), and c-Jun N-terminal kinases (JNK) [31].
Another noncanonical pathway that has been identified is the
FKBP12/rapamycin associated protein - signal transducer and
activator of transcription (FRAP-STAT) pathway. Activa-
tion of this pathway occurs via phosphorylation of FK506
rapamycin binding protein (FKBP12) by BMPRIA or IB,
eventually leading to the activation of STAT proteins, leading
to changes in transcription [32].

In this study, we hypothesized that BMP7 plays a role in
initiating reactive gliosis in glial cells of the retina. As a first
step, we characterized the BMP receptors and intracellular
signaling molecules present in the Miiller glial cells of normal
adult uninjured retinas. Using in vitro systems, we observed
differential regulation of molecules typically associated with
reactive gliosis in retinal astrocytes and human Miiller glial
cells following treatment with BMP7. Both retinal astrocytes
and MIO-M1 Miiller cells showed modest increased Gfap and
paired-homeobox 2 (Pax2) levels following treatment with
BMP7, but only retinal astrocytes appeared to show changes
in matrix metalloproteinases (MMPs) and CSPGs. In contrast,
the addition of BMP4 in vitro did not appear to lead to reac-
tive gliosis in either retinal astrocytes or MIO-M1 Miiller
glial cells. Injection of BMP7 into the mature mouse eye led
to more robust increases in molecules associated with reac-
tive gliosis, such as Gfap, Pax2, Mmps, and CSPGs Ncan and
Pcan. These results are consistent with the hypothesis that
BMP7 acts as a trigger for reactive gliosis in disease states
in the eye.

METHODS

Tissue processing and fluorescent immunohistochemistry:
Eyes from C57BL/6] mice (Jackson Laboratories, Bar Harbor,
ME) were dissected from the heads of euthanized animals,
washed in PBS (40 mM K HPO,, 123.2 mM NaCl, 8.4 mM
NaH,PO,; Fisher Scientific, Pittsburgh, PA), and fixed in 4%
paraformaldehyde for immunohistochemistry. The eyes were
then incubated in an ascending series of sucrose (5%, 10%,
15%, and 20%) made in 0.1M phosphate buffer, pH 7.4 over-
night. The tissues were frozen in a 3:1 20% sucrose-in phos-
phate buffer and optimum cutting temperature (OCT) solu-
tion. Thick sections (10 pm) were cut using a Leica CM3050
S cryostat and placed on a Superfrost Plus slide (Fisher
Scientific) treated with Vectabond (Vector Labs, Burlingame,
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CA), and were stored at —80 °C until used for immunohisto-
chemistry. Antibodies used for immunohistochemistry are
listed in Table 1. For immunohistochemistry, sections were
fixed with 4% paraformaldehyde for 30 min. Sections were
then washed in 1X PBS, permeabilized in methanol, and
subjected to antigen retrieval by placing the sections in 1%
sodium dodecyl sulfate (SDS, Fisher Scientific) in 0.01M PBS
for 5 min. To aid in autofluorescence reduction, sections were
treated with 1% sodium borohydride in PBS (Fisher Scien-
tific) for 2 min at room temperature, then rinsed with PBS.
Tissue was blocked by incubating with 10% serum in 1X PBS
containing 0.25% Triton X-100 (Bio-Rad, Hercules, CA) at
room temperature for 1 h and incubated with the primary anti-
body, diluted in 0.025% TritonX-100 PBS with 2% blocking
serum, overnight at 4 °C. The following day, the slides were
incubated in Dylight conjugated secondary antibody (Jackson
Immunoresearch, West Grove, PA) at 1:800 diluted with 1X
PBS, for 1 h at room temperature, then washed twice with
1X PBS for 5 min each rinse, and mounted with ProLong
Gold with 4°,6-diamidino-2-phenylindole (DAPI, Invitrogen,
Grand Island, NY) or counterstained with Hoechst solution
(diluted 1:500 in 1X PBS; Sigma-Aldrich, St. Louis, MO)
and mounted with Aqua Poly/Mount (Vector Labs). For
labeling of mouse tissue slides with GS, blocking and over-
night incubation with primary antibody was performed as
specified by the Vector mouse-on-mouse immunodetection
kit (Vector Labs). For immunolabeling with NCAN, SMAD,
BMPRI1A, BMPR1B, and TAK1, biotin streptavidin amplifi-
cation was performed. Following overnight incubation with
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the primary antibody, the sections were first incubated with
biotinylated antibody (1:1,000, Vector Labs) for 1 h and then
streptavidin-conjugated Dylight (1:33, Vector Labs) for 1 h
at room temperature. For colabels of phospho-SMADI1/5/8
and phospho-TAK1 with sex determining region Y box 2
(SOX2), sections were subjected to heat antigen retrieval
following methanol incubation. Briefly, the sections were
incubated in sodium citrate buffer (10 mM sodium citrate,
0.05% Tween-20, pH 6.0) at 65 °C for 1 h, allowed to cool for
20 min, rinsed 3x in water and 1X in PBS, and blocked with
10% horse serum in 1X PBS containing 0.25% Triton X-100
for 1 h at room temperature. Following overnight incuba-
tion with the primary antibodies, the slides were incubated
with biotinylated horse anti-rabbit (1:300, Vector Labs) for
1 h and then Alexa Fluor anti-goat (1:500, Invitrogen) and
horseradish peroxidase (HRP, 1:500, Biolegend) for 1 h. The
slides were then washed 2x in 0.1M Tris-HCI, 0.15M NacCl,
0.05% Tween-20 (TNT) buffer and incubated with fluores-
cein plus amplification reagent diluted 1:300 in 1X tyramide
signal amplification (TSA) amplification diluent (Perkin
Elmer, Waltham, MA) for 5 min. The slides were washed
2x in TNT buffer, 2X in PBS, counterstained with Hoechst
solution, and mounted with Aqua polymount (Vector Labs).
Slides were viewed under an Olympus Fluoview FV 1000
confocal microscope.

Isolated retinas were processed and used for reverse
transcriptase quantitative PCR (RT-qPCR) and western blot
analysis. Briefly, animals were euthanized by CO, exposure.

TABLE 1. ANTIBODIES.

Antigen Antibody Cat No. Supplier IF concentration WB concentration
ALK2 GTX88867 Genetex 1:250
b-tubulin T1098 Sigma 1:1000
BMPR TA AP2004D Abgent 1:50
BMPRIB SC25455 Santa Cruz Biotech 1:100
FKBP12 PA1-026A Thermo scientific 1:100
GFAP 70334 DAKO 1:250 1:600
Glutamine synthetase MAB302 Millipore 1:300 1:1000
Neurocan AF5800 R&D 1:100
Pax2 P100859 Aviva 1:500
S100B AB52642 Abcam 1:250 1:1000
SMADI1 AB63356 Abcam 1:100
pSMAD 1/5/8 95118 Cell Signaling 1:50
Sox2 SC17320 Santa Cruz Biotech 1:250
TAK-1 AB79354 Abcam 1:250
pTAK-1 45318 Cell Signaling 1:100
TXNIP SC-271238 Santa Cruz Biotech 1:250 1:250
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Eyes were then dissected using sterile forceps and the retina
isolated. The retinas were homogenized and processed for
RNA using the RNeasy Mini Kit as per the manufacturer’s
protocol (Qiagen, CA). Briefly, isolated retinal tissues or cells
were homogenized in buffer RLT. Seventy percent ethanol
was added and the solution centrifuged in an RNeasy spin
column. The flow through was discarded, and 700 pl of
buffer RW1 was added and centrifuged. Following this step,
500 pl of buffer RPE was added to the spin column and
centrifuged. This step was repeated once, following which
the RNA was eluted with 40 pl of RNase free water. RNA
was quantified using Nanodrop 2000c (Thermoscientific,
Rockford, IL). For protein isolation, retinas isolated were
homogenized and incubated with radioimmunoprecipitation
assay (RIPA) lysis buffer (0.1% SDS, 50 mM Tris-HC1 pH 7.5,
1% Triton-X100) supplemented with 0.01 mM phenyl methyl
sulfonyl fluoride (PMSF; Roche Diagnostics, Indianapolis,
IN) and 1:25 protease inhibitor cocktail (RPI Corp., Mount
Prospect, IL) for 2 h at 4 °C. The tube was then centrifuged
at 13,680 x g for 20 min at 4 °C and the supernatant aspirated
into a new tube.

Cell isolation, cytospinning, and immunocytochemistry:
Retinal cells were isolated as previously described [33].
Briefly, mouse retinas were prepared in sterile 0.9% saline.
Approximately 200 mg of retinal tissue was incubated with
saline containing 0.4 mg/ml papain for 30 min at 37 °C.
The tissues were triturated with a siliconized pipette and
dissociated single cells were centrifuged at 500 x g for 10
min. The cells were fixed in 4% paraformaldehyde for 10
min, centrifuged, and washed with saline. The cells were
then placed onto a Superfrost Plus slide (Fisher Scientific)
treated with Vectabond (Vector Labs) using a Cytospin4
(Thermoscientific) and stored at —80 °C until used for immu-
nocytochemistry. For immunocytochemistry, the cells were
permeabilized in methanol, incubated with 1% SDS in 0.01M
PBS, and washed in 1X PBS. The slides were then incubated
with 1% sodium borohydride, blocked using the mouse on
mouse kit (Vector Labs), and colabeled with GS and the BMP
receptor antibodies (BMPR1A, BMPRIB, and activin-like
kinase receptor 2 [ALK2]). Following overnight incubation
with the primary antibodies, the slides were incubated with
the appropriate secondary antibodies with biotin streptavidin
amplification used for the receptor antibodies. The slides
were then washed, counterstained with Hoechst solution, and
mounted with Aqua polymount.

Cell culture: The mouse retinal astrocytes were isolated as
previously stated [34,35]. Cells were cultured in DMEM
(Catalogue # D1152, Sigma-Aldrich, St. Louis, MO)
containing EC growth supplement (Sigma-Aldrich), 1%
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penicillin/streptomycin (Sigma-Aldrich), | mM sodium pyru-
vate (Life Technologies, Grand Island, NY), 20 mM HEPES
(Sigma-Aldrich), 2 mM Glutamine (Life Technologies), 1X
nonessential amino acids (Sigma-Aldrich), heparin (Sigma-
Aldrich), 10% fetal bovine serum, and 44 U/ml of murine
recombinant interferon y (R&D Systems, Minneapolis, MN).
The cells were grown on Cellbind™ dishes (Fisher Scien-
tific) in an incubator with 5% CO, at 33 °C and passaged
every 3—4 days using trypsin-EDTA (Sigma-Aldrich). The
human MIO-M1 Miiller glial cell line was obtained from
Dr. G.A. Limb at the Institute of Ophthalmology, University
College London [36]. MIO-MI cells were grown in DMEM
containing 10% fetal bovine serum and 200 mM glutamine
(Life Technologies). The cells were grown in sterilized tissue
culture dishes (BD Falcon, Corning, NJ) in an incubator
at 5% CO, and 37 °C and passaged every 67 days using
trypsin-EDTA and the medium was changed every 3—4 days.

Treatment of retinal astrocytes and MIO-M1 cultures in
vitro with sodium peroxynitrite (Cayman Chemicals, Ann
Arbor, MI) was performed as previously stated [37]. Briefly,
confluent astrocyte cell cultures were washed 3x with PBS
supplemented with 0.8 mM MgCl,, 1 mM CaCl,, and 5 mM
glucose. They were then incubated in 1 ml of 1X PBS (50 mM
Na,HPO,, 90 mM NaCl, 5 mM KCl, 0.8 mM MgCl,, 1 mM
CaCl,, and 5 mM glucose, pH 7.4), followed by three addi-
tions of sodium peroxynitrite at a concentration of 0.15 mM.
The first bolus of sodium peroxynitrite was added to one edge
of the dish and the buffer was swirled to allow mixing of
the peroxynitrite throughout the dish. This step was repeated
twice while changing the edge at which the addition was made
and then incubating for 5 min. The buffer was then removed,
replaced with the respective growth medium, and placed in
the appropriate incubator. The cells were then processed after
32 h for protein or RNA. Some cultures were treated with
recombinant BMP7 and BMP 4 (R&D Systems) reconstituted
in 0.4% HCI-PBS. Dishes were treated with either vehicle or
100 ng/ml of BMP7 or BMP4 for 24 or 36 h. Cells were then
processed for either RNA or protein for analysis via RT-qPCR
or western blotting, respectively.

Bone morphogenetic protein 7 injections in vivo: The mice
were injected intravitreally with BMP7 (1 ul of 20 ng/ul).
Intravitreal injections were performed with a pump micro-
injection apparatus (Harvard Apparatus) and pulled glass
micropipettes. Each micropipette was calibrated to deliver
1 pl of vehicle or vehicle containing BMP7. The mice were
anesthetized under a dissecting microscope; the sharpened
tip of the micropipette was passed through the sclera, just
behind the limbus, into the vitreous cavity. Once the micro-
pipette was in place, the vehicle or BMP7 was injected using
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a PL-1000 picospritzer (Harvard Apparatus, Holliston, MA).
D3 or D7 post-injection, the animals were sacrificed and
retinas were dissected for RNA and protein preparations.
Each experiment was performed in triplicate.

Western blot analysis: Antibodies used for western blot
analyses are listed in Table 1. The total protein was quanti-
fied using a Pierce BCA Protein Assay Kit (Thermoscien-
tific) following the manufacturer’s protocol. Briefly, 5 pl of
sample was mixed with 495 pl of working reagent (prepared
by mixing Pierce BCA Reagent A and B in 50: 1 ratio) and
500 pl of water. This solution was incubated at 65 °C for
30 min, followed by colorimetric analysis using a NanoDrop
2000c spectrophotometer (Thermoscientific). Fifty ug of
total protein mixed with the loading dye at a 3:1 ratio was
then loaded and run on a 4%-20% SDS polyacrylamide gel
(Expedeon, San Diego, CA) at 125 V for 1 h. Proteins were
transferred to a polyvinylidene fluoride (PVDF) membrane
(Bio-Rad) via a wet transfer and subjected to immunoblot-
ting. Prior to incubation with the antibody, the membrane
was blocked using a 5% milk solution in Tris-buffered saline—
Tween (TBST; composition — 20 mM Tris base, 137 mM
sodium chloride, 1 M HCl, 0.1% Tween-20, at pH 7.6) for 1
h. The blots were then incubated with the primary antibody
diluted in TBST at 4 °C overnight. The blots were washed
twice with TBST and then incubated with a peroxidase-
conjugated secondary antibody (Thermoscientific) diluted
to 1:5,000 in TBST for | h in the dark at room temperature.
The blots were incubated with either Pierce ECL Western
Blotting Substrate (Thermoscientific) or SuperSignal West
Femto Chemiluminescent Substrate (Thermoscientific),
and the bands visualized on X-ray films (Thermoscientific).
B-TUBULIN was used as a loading control and densitometry
of the blots was performed using Image J software.

Real-time quantitative PCR: Prior to cDNA synthesis, RNA
samples were run on a 1% agarose gel to confirm the overall
quality of the total RNA. The cDNA was synthesized from
1 pg of total RNA with an iScript cDNA Synthesis Kit (Bio-
Rad) according to the manufacturer’s protocol and diluted
to 1:20 before adding to qPCR wells. Real-time quantitative
PCR (RT-qPCR) was performed using the 7300 RT detection
system (Applied Biosystems, Carlsbad, CA) with the Power
SYBR green PCR master mix (Invitrogen). The primer pairs
used have been listed in Table 2 (mouse) and Table 3 (human).
The total volume for each reaction was 20 pl using the diluted
cDNA, corresponding to 5 ng of initial total RNA and
0.4 mM of each primer. The cycler conditions used were as
follows: initial denaturation at 95 °C for 10 min, 45 cycles of
denaturation at 95 °C for 10 s, annealing at 60 °C for 20 s and
extension at 72 °C for 20 s, followed by a final extension at
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72 °C for 5 min. Efficiency of the primer sets was determined
by the standard curve method, where efficiency E=((10(-1/
Ct2 — Ctl)) — 1) x 100. A no template control and an internal
control using primers specific for -2 microglobulin (B2M)
were used for each run. The amplified samples were run on
a 2% agarose gel to confirm that the amplification was of the
right size. The change in the gene expression levels was done
using the 2 42 method, where “Ct” is the crossing threshold
value.

Statistical analysis: Statistical analysis of RT-qPCR data
was performed by unpaired ¢ test between the control and
treated groups. Statistical analysis of densitometry results
was performed using the Student 7 test. All analyses were
performed using SPSS software (IBM) and Excel 2010
(Microsoft).

RESULTS

Miiller glia express bone morphogenetic protein type 1A,
IB, and activin like kinase receptor 2 receptors: BMPs bind
preferentially to three type I receptors; receptor IA, IB, or
ALK?2. Double-label immunofluorescence was used to deter-
mine whether any of the type I BMP receptors was expressed
by Miiller cells or retinal astrocytes. Sections through adult
murine retina were colabeled with antibodies specific for GS,
which labels Miiller glial cells and retinal astrocytes, and
BMPRI1A, BMPRI1B, or ALK?2 (Figure 1). All three receptors
showed similar labeling patterns in the retina with Miiller
glial cell processes labeled in the outer nuclear layer (ONL),
outer plexiform layer (OPL), and GCL (Figure 1A-C). Photo-
receptor outer segments (OS) and ganglion cell bodies were
also clearly labeled for all three receptors. To confirm the
label of Miiller glial cells and their processes by antibodies
to type I receptors, enzymatically dissociated cells were
colabeled with antibodies to GS and BMPRIA, BMPRI1B, or
ALK?2 (Figure 1D). Immunolabeled Miiller glia were readily
apparent in dissociated samples, as they had retained their
shape throughout the processing. All three receptors appeared
to colabel GS (+) cells, indicating that the cells are responsive
to BMPs in vivo.

Bone morphogenetic protein 7 signaling components in the
retinal glia: The BMP signaling pathway members present
in the Miiller glial and retinal astrocytes were also inves-
tigated to determine which pathways might be activated in
the presence of BMPs. To investigate the canonical BMP
pathway, sections were colabeled with antibodies against
Sox2, which labels Miiller glial cells, retinal astrocytes, and
cholinergic amacrine cells in the mature murine retina, and
SMADI. SMADI was localized throughout cells of the inner
nuclear and GCLs, and was colocalized with SOX2 (+) cells
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Figure 1. Bone morphogenetic
protein (BMP) type I receptors
in the mature mouse retina. A:
Retinal sections of 4 week-old
retina double-labeled using anti-
bodies that recognize Miiller
glial and retinal astrocyte marker
glutamine synthetase (GS) and
BMP receptor 1A (BMPRI1A).
Thin plane confocal microscopy

(B - v @ o DRSNS 2

with y,z (strips to right of panels),
and x,z planes (strips at bottom of
panels) are shown in the last panels
in the row. BMPR1A was localized
to the Miiller glial processes in the
outer nuclear layer (ONL) and in
Miiller glial cell or retinal astrocyte
processes in the ganglion cell layer
(GCL, arrows A-C). BMPRIA was
also detectable in the photoreceptor
outer segments, the inner plexiform
layer (IPL), cell bodies within the
ganglion cell layer, and the nerve
fiber layer (NFL). B: Retinal
sections of 4 week-old retina
double-labeled using antibodies
that recognize GS and BMPR1B.
BMPR1B appeared to be localized
to the outer segments (OS), outer
plexiform layer (OPL) and IPL and,
Miiller glial cell processes as well
as Miiller glial/retinal astrocyte
processes in the GCL and NFL
(arrows). C: Retinal sections of
4 week-old retina double-labeled
using antibodies that recognize GS
and activin receptor like kinase 2
(ALK?2). The distribution of ALK2
receptors was similar to that of

BMPRI1A, with the majority of signal being localized to the end feet within the GCL and NFL. D: Miiller glia isolated from P30 retinas were
co-labeled for GS and BMPR1A, 1B and ALK?2. The isolated cells showed the distribution of receptors to be primarily in the processes and
the end feet of the Miiller glia, as seen in the P30 tissues. n=3 different eyes for each label. Scale bar A=50 um applies to A, B, C.

(Figure 2A). To determine whether the BMP-kinase pathway
could be activated in response to BMPs, sections through
the adult retina were colabeled with antibodies to GS and
TAKI1 (Figure 2B). While TAK1 was prominently expressed
in the retina, most notably in a subpopulation of inner nuclear
layer (INL) cells and the GCL, little to no co-expression
could be detected in GS (+) cells (Figure 2B). Last, potential
involvement of the FRAP-STAT pathway in Miiller glial
BMP signaling was investigated by colabeling sections with

GS and FKBPI12 (Figure 2C). FKBP12 label was noted in
the inner nuclear, ganglion cell, and inner plexiform layers
(IPLs). No apparent colabel was detected of FKBP12 and GS
(Figure 2C).

Bone morphogenetic protein 7 can trigger changes in retinal
astrocytes and MIO-M1 Miiller cells resembling mild reactive
gliosis: The role of BMP7 in reactive gliosis was first tested by
the addition of the factor to an in vitro system using isolated
retinal astrocytes or a Miiller glial cell line, MIO-M1 [34-36].
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Figure 2. Bone morphogenetic
protein (BMP) signaling compo-
nents in the Miiller glia of adult
mouse retina. A: Sections of 4
week-old retina were subjected
to double-label immunofluores-
cence with antibodies specific for
sex determining region Y box 2
(SOX?2), which labels Miiller glia,
retinal astrocytes, and cholinergic
amacrine cells, and intracellular
members of the BMP pathway
SMADI . SMADI (+) cells were
localized to the inner nuclear layer
(INL) and ganglion cell layer (GCL)
of P30 retina. A subpopulation of
SOX2 (+) Miiller glia (arrows) and
retinal astrocyte cells (arrowheads)
were also positive for SMADI. B:
Sections of 4 week-old retina were
subjected to double-label immu-
nofluorescence with antibodies for
SOX2, and TGF-p activated kinase
1 (TAK1). Cells positive for the
protein TAK1 were found to be
localized in the INL and GCL. C:
Sections of 4 week-old retina were
subjected to double-label immu-
nofluorescence with antibodies for

SOX2, and FK506 rapamycin binding protein (FKBP12). FKBP12, also part of the non-canonical BMP pathway, was found to be localized
in the INL along with sparse localization in the GCL. Very little to no co-label was seen with glutamine synthetase (GS; +) and TAK1 or
FKBP12 (+) cells (B, C). n=3 different eyes for each label. Scale Bar A=50 um applies to all panels.

Previously characterized retinal astrocytes have been shown
to express paired box 2 (PAX2), NG2, and GFAP [34,35].
To use these cells, their ability to exhibit changes associated
with reactive gliosis first had to be determined. The cells
were briefly treated with vehicle or sodium peroxynitrite,
a strong oxidizing agent that is released by injured neurons
and has been shown to trigger reactive gliosis [38]. Following
treatment, levels of mRNAs known to be regulated during
reactive gliosis were examined 16 (not shown) and 32 h after
treatment using RT-qPCR (Figure 3). In the analysis of the
RT-gPCR levels throughout this study, two thresholds had to
be met in order for the change to be considered convincing: 1)
The comparative change with controls had to be statistically
significant, and 2) an average increase in levels had to reach
1.5-fold or above that of controls, or similarly, a decrease had
to reach 0.5-fold or below. No statistically significant changes
in expression were noted between vehicle and peroxynitrite
16 h following treatment (not shown). In contrast, there were

statistically significant increases that reached the 1.5-fold
threshold in the level of many mRNAs within the reactive
gliosis panel in peroxynitrite-treated cells in comparison
to vehicle-treated ones, including Pax2, lipocalin 2 (Lcn2),
Mmp9, Pcan, S100p, toll-like receptor 4 (T1r4), tissue inhibitor
of matrix metalloproteinase 2 (Timp2), and Gfap (Figure
3A). There was also a statistically significant decrease in the
glutamate aspartate transporter (Glasf), which also reached
the level of 0.5 and below threshold. Levels of protein were
investigated by western blotting for three proteins, namely
GFAP, thioredoxin-interacting protein (TXNIP), and PAX2
(Figure 3B). While there was a modest increase in GFAP and
PAX2 protein in comparison to control vehicle-treated cells,
there was no increase in levels of TXNIP 36 h following treat-
ment (Figure 3B).

To test whether BMP7 treatment could also trigger signs
of reactive gliosis in vitro, retinal astrocytes were treated with
either vehicle or BMP7 for 24 or 36 h. Following 24 h of
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Figure 3. Bone morphogenetic
protein 7 (BMP7) treatment of
retinal astrocyte cells increases
markers of glial scar formation. A:
Expression patterns for a panel of
markers associated with reactive
gliosis were compared in murine
retinal astrocytes treated with
sodium peroxynitrite or BMP7 for
24 or 36 h. For each experimental
treatment, cells were treated with
vehicle, sodium peroxynitrite, or
BMP7 and real-time quantitative
PCR (RT-qPCR) was undertaken.
Levels of mRNA were normalized
to internal control g 2 Micro-
globulin, and values were plotted
relative to control levels. Each
sample was run in triplicate and
experiment repeated 3 times for
each gene. Values represented are
means +SEM. Unpaired ¢ test was
performed between the control and
treated groups with * denoting a
p value<0.05 and ** denoting a p
value<0.005. Any change above or
below 1.0 indicates a change rela-
tive to control values. Peroxyni-
trite-treated cells showed statisti-
cally significant increases above
1.5-fold in mRNA levels of paired-
homeobox 2 (Pax2), lipocalin2
(Lcn2), matrix metalloproteinase 9
(Mmp9), phosphacan (Pcan), S1008,
toll like receptor 4 (Tir4), tissue
inhibitor of matix metalloprotein-
ases 2 (Timp2), and glial fibrillary
acidic protein (Gfap). Decreases
in mRNA levels below 0.5-fold
were noted for glutamate-aspartate

transporter (Glas?) in peroxynitrite-treated cells. In comparison, 24 h of BMP treatment led to a modest increase above the 1.5-fold level

in neurocan (Ncan), Pcan, acid sensing ion channel 1 (4sicl), Glast, thioredoxin-interacting protein (Txnip), Pax2, and Gfap mRNA levels.
By 36 h post BMP7-addition, Gfap levels had returned to baseline and Asicl, potassium inwardly rectifying channel 2.1 (Kir2.1), and Pax2
mRNA levels were reduced in comparison to vehicle-treated cells. Levels of Mmpl1, Timp2, and Ncan were still increased in comparison
to vehicle-treated cells. B: western blot analysis was performed for GFAP, TXNIP, and PAX2, with B-TUBULIN used as a loading control.
Densitometric data shown are means+/—SEM of 3 trials. Unpaired ¢ test was performed between the control and treated groups with *

denoting a p value<0.05 and ** denoting a p value<0.005. Densitometric analysis of the blots showed a statistically significant increase in
protein levels of GFAP in the peroxynitrite and 24 h BMP7 treatments. Significant increases in levels of PAX2 and TXNIP was observed
in the peroxynitrite and 24 h BMP7 treatments, respectively. No statistically significant change was observed in the 36 h BMP7 treatment.
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vehicle or BMP7 treatment, retinal astrocytes treated with
BMP7 showed a statistically significant increase in transcript
levels above the 1.5-fold threshold for Ncan, Pcan, acid-
sensing ion channel 1 (4scil), Glast, Txnip, Pax2, and Gfap
(Figure 3A). There was also a decrease in levels of MmpI4 in
BMP-treated versus vehicle-treated retinal astrocytes that met
the 0.5 threshold and was a statistically significant change
in comparison to vehicle-treated cells (Figure 3A). Western
blotting was used to assess the levels of a subset of proteins
in vehicle- and BMP-treated cells. A statistically significant
increase in protein levels of GFAP and TXNIP protein was
noted for BMP7-treated cells compared to vehicle-treated
cells at 24 h after treatment (Figure 3B). However, there was
no detectable differences in the levels of TXNIP or PAX?2 at
24 h (Figure 3B). Cells treated with BMP7 for 36 h showed
changes in levels of a slightly different cohort of mRNAs;
Mmpll, Timp2, Ncan, and Mmp9 were modestly increased,
while Asicl, inwardly rectifying potassium channel 2.1
(Kir2.1), and Pax2 were decreased slightly (Figure 3A). By
western blotting, small but statistically insignificant increases
were observed in GFAP, TXNIP, and PAX2 (Figure 3B).

Similar to the retinal astrocyte cultures, treatment of the
Miiller glial cell line MIO-M1 with peroxynitrite also led
to increases in some of the markers in the reactive gliosis
panel (Figure 4A). Western blots showed a modest increase
in protein levels of GFAP and S100B; however, no change was
noted in PAX2 expression (Figure 4B). Treatment of MIO-M1
cells with BMP7 yielded similar, but slightly different changes
in mRNA levels following treatment for 24 or 36 h. At 24 h,
Gfap and Pax2 mRNA levels were increased in comparison
to control vehicle-treated cells above the 1.5-fold threshold,
while there was a decrease in Txnip, Gal3, Lcn2, and Mmp9
levels below the 0.5-fold threshold (Figure 4A). Western
blotting showed statistically significant changes in GFAP,
S100B, and TXNIP protein levels in comparison to controls;
however, increases in PAX2 were not statistically significant
(Figure 4B). Treatment of cells with BMP7 for 36 h yielded
increases in Gfap and Tlr4 mRNA levels in comparison to
control cultures and a decrease in secreted phosphoprotein
1 (Spp!; Figure 4A). By western blot, densitometric analysis
showed a statistically significant decrease in PAX2 levels and
no significant changes in GFAP, S100p, or TXNIP levels in
comparison to vehicle-treated cells (Figure 4B).

To determine whether treatment of cells with another
BMP family member, BMP4, led to similar changes in reac-
tive gliosis markers, retinal astrocytes and MIO-M1 cells
were treated with BMP4 for 24 or 36 h, and changes in mRNA
levels were assessed by RT-qPCR. Overall, there were fewer
statistically significant changes in BMP4-treated cells at or

© 2014 Molecular Vision

over the level of a 1.5-fold increase or a 0.5-fold decrease in
comparison to vehicle-treated cells in both retinal astrocytes
and MIO-M1 cells (Figure 5). In retinal astrocytes, Txnip and
GS were increased more than 1.5-fold over control and the
difference was statistically significant. Only Mmp9 showed a
decrease in comparison to control at 24 h following treatment.
In comparison, at the 36 h time point, only the decrease in
Mmp9 was statistically significant and reached the 0.5-fold
level. In the MIO-M1 cells, only Asicl and Sppl were upregu-
lated at least 1.5-fold over levels of control mRNA at 24 h
following addition. Further, at the 36 h time point, a statisti-
cally significant increase at the 1.5-fold level in endothelin
receptor type B (Ednrb) and Asicl were the only increases
noted at 36 h following addition of BMP4 (Figure 5).

Intravitreal injection of bone morphogenetic protein 7
induces reactive gliosis: To further explore the role of BMP7
in reactive gliosis, wild-type adult mouse eyes underwent
intravitreal injections of vehicle or BMP7. To determine
the BMP signaling cascade in BMP7-mediated gliosis, the
vehicle- and BMP7-injected retinas were colabeled with
SOX2 and phospho-SMAD 1/5/8 (Figure 6) or phospho-TAK1
(Figure 7). While the vehicle-injected retina showed little or
no phospho-SMAD and SOX2 colabeling, the BMP7-injected
retinas showed an increased colabel for phospho-SMAD 1/5/8
and the Miiller glial marker SOX2 (Figure 6). Colabeling was
also performed for SOX2 and phospho-TAKI1 to determine
the activation of the BMP-MAPK noncanonical signaling
cascade. The vehicle-injected retina showed phospho-TAK1
label primarily in the GCL (Figure 7), while the BMP7-
injected retina showed an increase in the phospho-TAK1
label in the INL and an increase in colabeling with SOX2
(Figure 7). Further, retinas at 3 and 7 days after injection
were examined using RT-qPCR, immunofluorescence, and
western blot analysis. Three days following injection, the
only statistically significant change that reached the threshold
was a decrease in Pax2 and Gal3 mRNA levels (Figure 8A).
At the 7 day time point, however, statistically significant
increases in mRNA levels above the threshold were observed
for Txnip, Glast, Mmp9, Len2, GS, Kir2.1, and Mmpl4. There
were also several decreases noted at 7 days after injection,
specifically in Tlr4, Pax2, and Egfr (Figure 8A). Immuno-
histochemistry on sections through the injected retinas at 3
days following injection revealed no readily apparent changes
in GFAP, S100B, or NEUROCAN in BMP7-injected retinas
as compared to vehicle-injected ones. In contrast, there was
a marked increase in GFAP, S100p, and NEUROCAN in
BMP7-injected retinas when compared with their control
counterparts (Figure 8B). In addition, Nomarski optics of the
injected retina showed some thickened Miiller glial processes
in the IPL, reaffirming the claim that BMP7 induces
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Figure 4. Bone morphogenetic
protein 7 (BMP7) treatment of
MIO-M1 Miiller glial cell line
increases glial fibrillary acidic
protein (GFAP) expression. A:
Expression patterns for a panel of
markers associated with reactive
gliosis were compared in human
MIO-M1 Miiller glial cells treated
with sodium peroxynitrite, or
BMP7 for 24 or 36 h. For each
experimental treatment, cells
were treated with vehicle, sodium
peroxynitrite, or BMP7 and real-
time quantitative PCR (RT-qPCR)
was undertaken. Levels of mRNA
were normalized to internal control
B2 Microglobulin, and values were
plotted relative to control levels.
Each sample was run in triplicate
and experiment repeated 3 times
for each gene. Values represented
are meanstSEM. Unpaired ¢ test
was performed between the control
and treated groups with * denoting
a p value<0.05 and ** denoting
a p value<0.005. Any change
above or below 1.0 indicates a
change relative to control values.
Peroxynitrite-treated MIO-M1 cells
showed a statistically significant
increase above the 1.5-fold level
in paired-homeobox 2 (Pax2), acid
sensing ion channel 1 (4sicl), lipo-
calin2 (Lcn2), potassium inwardly
rectifying channel 2.1 (Kir2.1),
Gfap, and phosphacan (Pcan) in
comparison to vehicle-treated cells.
Twenty-four hours following BMP7
addition, the MIO-M1 cells only
showed a statistically significant
increase above the 1.5-fold level in
Gfap and Pax2, and a decrease in

Txnip, galectin 3 (Gal3), Lcn2, and matrix metalloproteinase 9 (Mmp9). At the 36 h time point Gfap, and toll-like receptor 4 (7ir4) levels of
mRNA were increased above the 1.5-fold level in comparison to vehicle-treated cells and Spp! was decreased. B: western blot analysis was
performed for GFAP, S1008, TXNIP, and PAX2, with B-TUBULIN used as a loading control. Densitometric data shown are means+/—SEM
of 3 trials. Unpaired ¢ test was performed between the control and treated groups with * denoting a p value<0.05 and ** denoting a p
value<0.005. Densitometric analysis of the blots showed a statistically significant increase in protein levels of GFAP and TXNIP in the
peroxynitrite treatment. A significant increase in levels of GFAP, S100B, and TXNIP was observed in the 24 h BMP7 treatment, while a

significant decrease was observed in PAX2 levels in the 36 h bmp7 treatment.
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Figure 5. Retinal astrocytes and
MIO-M1 cells show an attenuated
response to bone morphogenetic
protein 4 (BMP4). Retinal astro-
cytes (RAC) and MIO-M1 cells
were treated with BMP4 and mRNA
isolates from samples treated for 24
h or 36 h were subjected to real-time
quantitative PCR (RT-qPCR) using
the reactive gliosis panel estab-
lished in previous experiments.
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(Glast) and secreted phosphoprotein 1 (Sppl), following 24 h of BMP4 treatment. At 36 h, increases above 1.5-fold in endothelin receptor

type B (Ednrb) and Asicl in comparison to controls were noted.

hypertrophy of at least a subpopulation of Miiller cells at 7
days after injection (Figure 9). By western blot, small but
significant increases were observed in S100p and TXNIP at 3
days following injection in BMP7-injected retinas, and while
there were increases in GFAP, S1008, and TXNIP at 7 days
after injection in BMP-injected retinas, none of the changes
were statistically significant (Figure 8C).

DISCUSSION

Our findings indicate that the BMP7 pathway plays a role in
triggering or maintaining reactive gliosis in the retina. The
glial cells of the retina express the BMP receptors (BMPRIA,
BMPRI1B, and ALK?2). While the downstream components
for the canonical and noncanonical signaling pathways are
present in the retina, only the SMADs appeared to be present
in the retinal glia before BMP7 injection. Following injection,
both activated SMADs and TAK1 were present, indicating

that TAK1 had been upregulated following injection. Treat-
ment of retinal astrocyte cells and Miiller glial cells in vitro
with BMP7 regulated various reactive gliosis markers. The
profiles of gliosis markers regulated due to exposure to BMP7
were similar, although not identical, to that observed after
exposure to peroxynitrite. Injection of BMP7 into the mouse
retina also triggered a reactive gliosis response. Incubation of
cells with BMP4, however, showed no significant increase or
decrease in the levels of gliosis markers.

Regulation of glutamine synthetase during reactive gliosis:
Reactive gliosis is a common and a complex response
observed following neural injury [39]. One response typical
of Miiller cells undergoing gliosis is a change in levels of
glutamine synthesis, the enzyme critical for glutamate-gluta-
mine cycling in the nervous system. Under normal circum-
stances within the retina, GS prevents the excitotoxic effects
of glutamate and is necessary for ammonium detoxification
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Figure 6. Canonical bone morpho-
genetic protein (BMP) signaling
is activated in the Miiller glia
in BMP7 injected murine eyes.
Sections of retina from adult
mouse eyes injected with vehicle
or BMP7 and harvested 3 or 7 days
after injections were double-labeled
with antibodies against phospho-
SMADL1/5/8 (green) and the nuclear
marker sex determining region Y
box 2 (SOX2; red) which labels
Miiller glia, retinal astrocytes and
cholinergic amacrine cells . While
the vehicle-injected control showed
phospho-SMAD 1/5/8 labeled cells
primarily localized in the ganglion
cell layer (GCL), with little or no
co-label with the SOX2 (+) cells,
in the D3 and D7 BMP7-injected
retinas, phospho-SMADI1/5/8 label
was also detectable in the inner
nuclear layer (arrows INL). A sub
population of the cells in the INL
which were positive for phospho-
SMADI1/5/8 were also SOX2 posi-
tive. n=3 different retinas for each
immunolabel. Scale Bar A=50 pm
applies to all panels.

[40]. In the retina, GS is widely expressed in the astrocytes
and Miiller glial cells [41]. Levels of GS are exquisitely
regulated by injury in an injury- or disease-state manner. For
instance, expression of GS is downregulated in disease states
in which photoreceptors (the major source of glutamate in the
retina) degenerate [42,43]. However, in disease states where
the presence of GS is necessary to detoxify the retina when
high levels of ammonia, glutamate, or glutamate agonists are
present (such as hepatic retinopathy or following kainic acid
injection), expression levels of the enzyme increase [44,45].
Finally, levels of GS can remain stable in some injury and
disease states, including diabetic retinopathy and following
nerve crush [46,47]. In the studies presented here, GS levels
increased following addition of BMP7 in vitro and in vivo,
suggesting that the BMP7 addition mimics situations where
there is an increase in glutamate or NH4+ concentrations in

the retina. Further studies will be necessary to determine
whether differential regulation of BMP7 occurs in a disease-
dependent manner.

Bone morphogenetic protein 7 triggers reactive gliosis via
the SMAD and the transforming growth factor-f activated
kinase pathway: Reactive gliosis encompasses a wide range
of responses, ranging from hypertrophy to regulation of
transporter channels and enzymes, as well as cell migration,
proliferation, and dedifferentiation [20]. The triggers for
these different molecular and functional responses vary with
the injury or disease state. Many growth factors have been
implicated in regulating one or more of the changes associ-
ated with gliosis. For instance, epidermal growth factor has
been associated with Miiller glial proliferation, FGF2 with
the scarring response, and CNTF with GFAP upregulation
[17,23]. Further, inflammation is also a commonly observed
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pTAK1/

Figure 7. Non-canonical bone
morphogenetic protein (BMP)
signaling mediated via Trans-
forming Growth Factor-f activated
kinase (TAK) is upregulated in
the Miiller glia in BMP7 injected
murine eyes. Retinal sections from
mouse eyes processed 3 and 7 days
following injection with either
vehicle or BMP7 were co-labeled
with antibodies against phospho-
TAK1 (green) and Miiller glial
marker sex determining region Y
box 2 (SOX2; red) . The vehicle
injected control retinas for 3 and
7 days (D3 and D7 respectively)
showed phospho-TAK1 label
primarily cells in the ganglion
cell layer (GCL), with no phospho-
TAKI labeling in the iner nuclear
layer (INL) or outer nuclear layer
(ONL). SOX2 (+) reinal astro-
cytes were observed in the GCL,
however very little co-expression
was observed with phospho-TAK1
in the vehicle injected retinas. The
BMP7-injected retinas did show
an increase in phospho-TAK1
expression in the INL, showing a
comparatively higher expression in
the BMP7-injected retina at 3 days
than at 7 days. A subpopulation of
the SOX2 (+) in the GCL and INL

were co-labeled with phospho-TAK1 in the BMP7 injected retinas (arrows). n=3 different retinas for each immunolabel. Scale Bar A=50

um applies to all panels.

response during gliosis. Factors such as TNF-a and CNTF
have been known to play a role in inflammatory response of
reactive gliosis, while TNF-a and some of the interleukins
are also known to induce proliferative reactive gliosis [48-50].

BMPs have also been associated with various changes
that occur during reactive gliosis; however, many of the
studies to date have focused on the role of the BMPs
following injury to the spinal cord [28,29,51]. Initial studies
indicated that BMP signaling increased at the site of spinal
cord lesions, and treatment of astrocytes in vitro with BMPs 4
or 7 increased expression of CSPGs typically associated with
glial scars [52]. Further, inhibition of BMPs following spinal
cord injury leads to a decrease in CSPGs and an increase in

the ability of axons to regenerate over time [28,51]. Similarly,
knockout studies for two of the type 1 BMP receptors have
shown that BMPRIA is critical in the hypertrophy response
that occurs early in reactive gliosis and BMPRI1B is critical
for some aspects of the scarring response. Little is known
about the role of BMPs in injury or disease within the retina
or optic nerve. Detailed descriptions of the expression
patterns of the BMPs, BMP receptors, and several BMP-
binding proteins have been described in the developing and
adult optic nerve, the optic nerve head, and the trabecular
meshwork [26,53,54]. An increase in BMP signaling within
the trabecular meshwork has been implicated in blocking
TGF-B-driven changes in gene expression [55-57]. Finally,
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Figure 8. Intravitreal injection
of bone morphogenetic protein 7

(BMP7) into murine eyes leads
to reactive gliosis. A: RNA from
adult eyes injected with vehicle or
BMP7 was isolated 3 and 7 days
following injections and real time
quantitative PCR (RT-qPCR) was
performed using the reactive gliosis

—

-

o e panel described in previous figures.

Graphs have been normalized to
B2 Microglobulin and all values

o Rlela/tive mRNA levels ' Relative mRNA Iévéls o are relative to vehicle-treated eyes

B GFAP S100p Nsurocsr C from the same post-injection day.
Vv B Each sample was run in triplicate

cear N and experiment repeated 3 times

D3 for each gene. Values represented
vehicle- &8 TXNIP 7= are means +SEM. Unpaired ¢ test
Injected S100p = - was performed between the control
ptub and treated groups with * denoting

w a p value<0.05 and ** denoting a p

$1 value<0.005. Any value above 1.0

D3 ; q”‘ . . ; represents an increase in mRNA
evr7- B mu I i i levels, while a level below 1.0
Injected . represents a decrease. At 3 days
= following injection, there was a

significant decrease in paired-

v B homeobox 2 (Pax2) and galectin

3 (Gal3). In contrast, by 7 days

D7 CFAP I— following injection there were
vehicle- Bl TXNIP - significant increases in thioredoxin-
Injected S100p interacting protein (Txnip), gluta-
ptub [ mate-aspartate transporter (Glas?),

glutamine synthetase (GS), matrix

;: metalloproteinase 9 (Mmp9), lipo-

gu . : calin 2 (Lcn2), potassium inwardly

D7 " B rectifying channel 2.1 (Kir2.1),
IEJ.Z';Z& Ea: - ! ! and matrix metalloproteinase 14

Pt (Mmpl14) and decreases in toll-
like receptor 4 (Tlr4), Pax2, and
epidermal growth factor receptor

(Egfr). B: Immunolabel of retinas from 3 day and 7 day vehicle and BMP7 injected eyes for a subset of the gliosis markers. To confirm some

of the changes seen at the mRNA level, eyes injected with vehicle or BMP7 were fixed 3 or 7 days after injection and immunolabeled for
GFAP, S1008, or NEUROCAN (NCAN). At 3 days following injection, GFAP, S100p and NCAN immunolabel looks similar in vehicle- and
BMP7-injected eyes. In contrast, by 7 days, sections immunolabeled for GFAP, S100p, and NCAN showed an increase in labeling in BMP7-
injected eyes in comparison to vehicle-injected. n=3 different retinas for each label. Scale bar A=50 um applies to all panels. C: western
blot analysis was performed for GFAP, TXNIP, S100B, and PAX2, with B-TUBULIN used as a loading control. Densitometric data shown
are meanstSEM of 3 trials. Unpaired ¢ test was performed between the control and treated groups with * denoting a p value<0.05 and **
denoting a p value<0.005. Densitometric analysis of the blots showed a statistical increase in protein levels of S100p at the 3 day stage. While
there did appear to be an increase in GFAP, S1008, and TXNIP at 7 days following injection in the BMP7-treated retinas as compared to
vehicle-injected, none of the changes in protein levels was statistically significant.
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Figure 9. Nomarski images of 3 day
and 7 day vehicle and bone morpho-
genetic protein 7 (BMP7) injected
retinal sections. Retinal sections
of vehicle and BMP7 injected
eyes were imaged by Nomarski
microscopy on day 3 and day 7.
The vehicle injected retinal sections
showed no thickened Miiller glial
trunks at the 3 day and 7 day stage.
The BMP7 injected retinas for the
3 day and 7 day stage showed very
few thickened Miiller glial trunks
arrows), suggesting that BMP7 trig-
gers mild gliosis in the retina. n=3
for each day and condition. Scale
bar A=50 um applies to all panels.

BMP stimulation downstream of EGF signaling has recently
been implicated in Miiller glial cell proliferation [58].

In the studies detailed here, we showed that the Miiller
glial cells express BMPR1A, BMPRIB, and ALK?2 receptors.
While it is probable that astrocytes are also expressing the
receptors, due to the intensity of the label in the ganglion cell
and inner limiting membrane area, we were unable to deter-
mine this for certain. BMP7 preferentially binds the ALK?2
receptor and transduces the signal via SMAD 1/5/8 [59]. To
examine BMP signaling in the retinas, we first analyzed the
expression and glial localization of the canonical and nonca-
nonical BMP signaling components, namely SMAD, TAK
and FRAP. While colabeling showed that SMAD and TAK
were localized with Miiller glia, with SMAD to a greater
extent than TAK, FRAP showed no localization (Figure 2).
Analysis of the activated forms of SMAD (phospho-SMAD)

and TAK (phospho-TAK) revealed that there is activation
of both in BMP7-injected retinas (Figure 6 and Figure 7).
Apart from the glial cells, several other cells also showed
positive labels for both phospho-SMAD and phospho-TAK.
This upregulated BMP signaling in both macroglial and other
cells of the retina suggests that BMP7 can regulate gliosis
either by directly acting on the retinal glia or indirectly by
regulating other retinal cells.

In comparison to BMP7, treatments with BMP4 did not
appear to induce gliosis in retinal astrocytes or Miiller cells
in vitro. While BMP4 has been shown to have a neuroprotec-
tive effect when injected before a toxic insult, BMP7 was not
shown to have the same protective effect [60]. The differential
response of retinal neurons and macroglia to BMP4 and 7 is
indicative of the involvement of different signaling pathways,
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but further study is necessary to elucidate the mechanism of
this differential response.

Differences in response patterns: Apart from growth factors,
various molecular factors such as adenosine tri-phosphate
(ATP), nitric oxide (NO), and so on can also trigger reac-
tive gliosis [20]. Although roles of specific factors have
been implicated in certain aspects of gliosis such as GFAP,
vimentin, and neurofilament expression [14,60], there does
not seem to be a clear correlation between the various gliosis
markers and its regulators. GFAP is used as the standard indi-
cator of gliosis. However, it and other markers such as GS,
MMPs, and others have been shown to be regulated differ-
entially depending on the stress to which they are subjected
[42,47,61,62]. In this study, RT-qPCR analysis of RNA from
BMP7-injected retinal tissue compared to the RNA prepared
from treated retinal astrocytes and Miiller glial cells showed
a greater deviation from their respective control treatments
(Figure 3, Figure 4, and Figure 8). This could be attributed to
the fact that the cells in vitro represented a pure population
of cells, while the retinal tissue represented a mixed popula-
tion of macroglia, microglia, neurons, and components of
the vasculature. We also observed differences in the profile
of regulated genes between the sodium peroxynitrite and
BMP7-treated cells. This observation is consistent with the
idea that various factors are responsible for driving specific
aspects of the gliosis response [13,14,21].

In addition to differential expression between peroxyni-
trite and BMP7 treatments in vitro, as well as in vivo versus
in vitro responses, we also noted that there were substantial
differences between the regulation of various markers at the
mRNA and protein level. This asymmetry has also been
noted by other investigators who have compared mRNA and
protein levels, indicating that there may be multiple levels
of regulation involved in gliosis [63-67]. Although mRNA
levels showed increased regulation both in vivo and in vitro,
a similar change was not detected at the protein level. mRNA
translation and protein levels are regulated in the cell by
several systems, namely regulation of mRNA localization and
translational repression mediated by RNA binding proteins,
regulation via miRNAs, the ubiquitin proteasome system, and
changes in protein stability [68,69]. Here, we did not observe
a linear correlation between the mRNA and protein levels
in the gliosis models analyzed. We thus hypothesize that
protein is regulated at the mRNA translation level, mediated
either by RNA binding proteins or by miRNAs. Furthermore,
protein stability may also be regulated in BMP7-mediated
gliosis, leading to differences in mRNA and protein levels.
mRNA binding protein such as cytoplasmic polyadenylation
element binding protein (CPEB) has been previously shown

© 2014 Molecular Vision

to upregulated in gliosis [70]. One of the downstream targets
of the TAK-mediated BMP cascade is p38-MAPK [59,71].
p38-MAPK can regulate the phosphorylation, and thereby, the
activation of CPEB [70]. miRNAs are small, 22-25 nucleotide
long, noncoding RNAs that play an important role in cell fate
and development. miRNAs have been found that are specific
to the nervous system, as well as to the retina, and BMPs have
also been shown to regulate miRNA levels [72-75]. Further,
regulation of miRNAs has also been observed in astrocytes
following injury to the spinal cord [76]. The miRNAs bind
to their target RNA and can either direct it to degradation or
repress translation. ceRNA interaction mediated by miRNA,
which can target more than mRNA, has been previously
reported in diabetic retinopathy in RPE cells [77]. Similar
interactions may also be prevalent in the glial cells leading
to translational regulation.

In this study, we observed a more severe response in
gliosis in vivo as compared to in vitro. Immunohistochem-
istry for BMP receptors in the mouse retina showed a large
population of neuronal cells other than Miiller glia and retinal
astrocytes to express them. Thus, binding of BMP7 to recep-
tors in these cells and to Miiller glia could amplify the gliosis
signal, leading to a comparatively severe response in the
mouse retina.

Extracellular matrix and reactive gliosis: One of the
responses seen during reactive gliosis is ECM modifications.
These changes in the matrix are primarily due to the regula-
tion of MMPs, which remove ECM molecules, and the regen-
eration-inhibiting chondroitin sulfate, ultimately leading to
the formation of a glial scar [20,78]. The formation of the scar
serves to protect the injured site while also preventing axonal
regrowth [25].We observe here an increase in RNA levels of
ECM molecules such as Ncan, Pcan, and Mmps, both in vivo
and in vitro (Figure 3, Figure 4, and Figure 8). Furthermore,
immunohistochemistry of the BMP7-injected mouse retina
also showed an increase in localization of Ncan in the INLs
of the retina (Figure 8). Other members of the TGF- family
have been previously shown to increase proteoglycan produc-
tion in reactive glial cells [16]. Here, we observed an increase
in Ncan at the 7 day stage when compared to the earlier 3 day
time point, a result similar to a previous study [16]. Further
study is necessary to determine whether the effects of BMPs
on ECM production are direct or indirect.
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