ke Molecular Vision 2006; 12:467-77 <http://www.molvis.org/molvis/v12/a54/> ©2006 Molecular Vision
e Received 24 January 2005 | Accepted 10 April 2006 | Published 10 May 2006

Microglia and macrophagesareincreased in responseto ischemia-
induced retinopathy in the mouseretina

Michael H. Davies, Joshua P. Eubanks, Michael R. Powers
Department of Pediatrics, Casey Eye Institute, Oregon Health and Science University, Portland, OR

Purpose: The ability of microgilal cells (MG) and macrophages (MAC) to release cytokines, induce apoptosis, as well as
perform phagocytic functions suggests a possible role in wound healing following oxygen-induced injury. This study was
performed to determine the temporal and spatial expression of F4/80*{FH#d8Qive microglia/macrophages (MG/

MAC) in areas of retinal damage in the mouse model of oxygen-induced retinopathy.

Methods: C57BL/6 postnatal day 7 (P7) mice were exposed to 758rG days (P12) then allowed to recover in room

air. Hyperoxia-exposed (Pmice (Q refers to hyperoxia exposure from P7 to P12 only) were sacrificed on P12, P14, P17,
and P21 and their eyes were examined. Localization of F4é88 in FITC-dextran-perfused retinas allowed coordinate
visualization of retinal vessels and MG/MAC via fluorescence microscopy. BrdU, a cellular proliferation marker, was
injected intraperitoneally 1 h prior to sacrifice. Immunostaining was performed for a microglia and macrophage-specific
antigen (F4/80) and BrdU. CCL2 (monocyte chemoattractant protein-1; MCP-1) expression was examined by quantita-
tive real time reverse transcriptase polymerase chain reaction (RT-PCR).

Results: There was a marked increase (>500%) in MG/MAC in hyperoxia-exposed retinas opaRd®21Qcom-

pared to control retinas. At PLZMG/MAC were localized in areas of neovascularization (NV), revealing an intimate
relationship between MG/MAC and neovascular tufts. However, P&ti@as demonstrated MG/MAC associated with
avascular regions in the outer layers of the retina. Immunostaining for F4/80 and BrdU revealed rare co-localization in
hyperoxia-exposed retinas. Real time RT-PCR results demonstrated increased expression of CCL2andPRi00

exposed retinas.

Conclusions: Our results suggest that resident retinal microglia proliferation occurs at a low frequency in response to
injury in this model. The substantial increase in total F4¢&ds in hyperoxia-exposed retinas in conjunction with the
upregulation of CCL2 is consistent with recruitment of hematogenous macrophages into the retina. The temporal and
spatial localization of MG/MAC adjacent to neovascular tufts suggests these cells are modulating the retinal response to
ischemia-induced retinopathy.

Retinopathy of prematurity (ROP) was first described inalso shown that retinal cell apoptosis via the Fas/Fas-ligand
1942 and continues to be a major clinical issue for the oplpathway can play a counterbalance role to the pro-angiogenic
thalmologist [1]. Advances in neonatal care have increasegffects of these growth factors, leading to vascular tuft regres-
the survival of small infants under 26 weeks of gestation, bugion and thereby modulating pathologic NV [9,10].
these same infants are at highest risk for developing ROP [2]. Microglia and macrophages are two cell populations that
Significant retinal neovascularization (NV) and retinal detachhave the potential to contribute to both retinal NV and vascu-
ment characterize the severe form of ROP, although less der tuft regression. Microglia precursors enter the developing
vere manifestations of the disease exist, which can also spartina and are involved in phagocytosis of dying neurons dur-
taneously regress [1]. Animal models of oxygen-induced reting retinal development [11,12]. Microglia become quiescent
inopathy have permitted the study of this pathological diseasa the postnatal period but become activated in response to
process, with a major focus on the retinal cytokine responsajury or inflammation [11]. In contrast, hematogenous mac-
to ischemia-induced injury [3,4]. It has become apparent thabphages are recruited to retina by inflammatory chemokines
pathologic angiogenesis is a complex process involving seva response to injury [13]. Chemokines are a family of pep-
eral angiogenic growth factors, proteases, and adhesion maédes that activate and attract leukocytes to sites of inflamma-
ecules [5]. Although (VEGF) is a key player in retinal NV, tion and infection [14]. Chemokines have also been shown to
various other angiogenic growth factors contribute to this probe capable of directly mediating angiogenesis and hemato-
cess, including but not limited to, insulin-like growth factor poiesis [15]. In addition, several in vivo studies have revealed
(IGF-1), angiopoietin 1, and angiopoietin 2 (Ang-1, Ang-2),that despite redundancy with other chemokines in vitro, CCL2
and placental growth factor (PIGF) [6-8]. Recent reports havgMCP-1; monocyte cheomattractant protein-1) is the major
chemokine responsible for macrophage influx in several in-
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macrophages have also been linked to retinal injury in modeRat antimouse F4/80 antigen antibody (Serotec, Raleigh, NC)
of diabetic and ischemic-induced retinopathies [23,24]. Dewas diluted in 2% rabbit serum to a concentration of 0.11 mg/
pending on the microenvironment, these cells are also capabitd. This antibody has been well characterized in its specific-
of mediating endothelial cell (EC) death via initiation of theity for mouse microglia and macrophages [33]. Retinas were
caspase cascade of apoptosis [25-28]. These cells can also plagubated in antibody solution for 36-48 h &4 Following
a phagocytic role and are activated and recruited to regions extensive washing in TBS, retinas were then incubated with a
retinal and brain injury [29-31]. biotinylated rabbit antirat mouse-absorbed IgG (Vector Labo-
To further characterize the role microglia and macroph+atories, Burlingame, CA). ABC-AP kit (Vector) was then
ages play in retinal NV and vascular tuft regression, we usedagpplied to retinas and visualized via Fast Red (BioGenex Labo-
mouse model of oxygen-induced retinopathy. This model reratories, San Ramon, CA). Substrate development was
producibly develops preretinal NV anterior to the inner limit-quenched with di© and stained retinas were fixed for 24 hin
ing membrane. Additionally, this disease model is characte#% PFA at £C. Retinas were then dissected free of vitreous
ized by the predictable regression of neovascular tufts vito remove any associated hyalocytes and flat-mounted on
apoptosis [3,10]. These studies describe the temporal and sg@perFrost® Plus coated slides (Fisher Scientific, Pittsburgh,
tial distribution of microglia and macrophages in retinas withPA) under a coverslip with SlowFade® (Molecular Probes,
ischemic retinopathy, supporting an important role for thes&€ugene, OR) as the mounting media. Quantification of mi-
cells in both the phase of NV and vascular tuft regression. croglia and macrophages (MG/MAC) was carried out via light
microscopy in a masked fashion. A micrometer disc with a
METHODS grid of 20x20 on a 1 cm square was put into a 10x eyepiece
Animals: Untimed pregnant C57BL/6 (B6) mice were ob- and placed onto a binocular microscope with a 10x objective.
tained on post-conception day 15 from Jackson Laboratories Lovins Micro-Slide Field Finder (Gurley Precision Instru-
(Bar Harbor, ME). Mice were housed in the Oregon Healthments, Troy, NY) was positioned on the microscope stage,
and Science University animal care facilities and treated iatop of which was placed a slide containing a flat-mounted
accordance with National Institute of Health (NIH) guidelinesretina immunohistochemically stained for F4/80 antigen. The
and the guidelines of the ARVO statement for the Use of Animicroscope was focused through the retina onto the Field
mals in Ophthalmic and Vision Research. Using the mousEinder slide (Gurley), and the grid of the micrometer disc was
model of oxygen-induced retinopathy established by Smith etligned with the numbered grid on the slide. The microscope
al. [3], postnatal day 7 (P7) mice, along with nursing femalesyas then focused up to the superficial (vitreal) retina, and MG/
were exposed to 7582% oxygen for 5 days and then allowed MAC located within the confines of the micrometer disc were
to recover in room air on P12. Room air control mice wereounted. We then focused on deeper areas of the retina and
raised under identical light and temperature conditions. Micagain counted MG/MAC that were within the confines of the
were sacrificed on P12, P14, P17, P21, and P24 he@®a-  micrometer disc. Finally, the amount of the micrometer disc
nasia or cervical dislocation. Eyes were enucleated and prgrid that was occupied with retinal tissue was counted to de-
cessed for histological studies or RNA isolation and analysidgermine total area of retinal tissue examined. This procedure
Subsets of eyes were used in retinal flat-mount studies, invas followed until the entire retina was examined. Retinas
cluding fluorescein angiography as described in the next sefrom room air control and hyperoxia-exposed mice were quan-
tion below. tified for F4/80 cells as previously described from P12, P14,
Fluorescein angiography: Fluorescein angiography was P17, and P21 (n=3 per time for control retinas, n=4 per time
performed on P17 and P21 for qualitative assessment of tiier hyperoxia-exposed retinas).
retinal vasculature and for coordinate visualization with F4/  For coordinate visualization of MG/MAC and the retinal
80-immunolabeled cells [32]. Briefly, mice were deeply anesvasculature, FITC-dextran perfused retinas were
thetized via a subcutaneous injection of a cocktail containingnmunolabeled with rat antimouse F4/80 antibody as previ-
ketamine, xylazine, and acepromazingl/g of body weight.  ously described. Retinas were flat-mounted on Superfrost®
Mice were then perfused through the left ventricle with 1 mPlus-coated slides under a coverslip with SlowFade® as the
of a PBS solution containing 50 mg high molecular weighimounting media. The retinas were analyzed via fluorescent
(2x1C) FITC conjugated dextran (Sigma, St. Louis, MO). microscopy and photographed on Ektachrome 160T slide film
Assessment of retinal microglia and macrophages: For  (Eastman Kodak, Rochester, NY).
retinal flat-mount studies, a small incision at the limbus of the  Immunohistochemistry: Eyes obtained for immunohis-
enucleated eye was made to cut away the cornea and iris. Theohemistry studies were placed in 10% neutral-buffered for-
fine tip forceps were used to peel away the sclera, leaving tlealin (NBF) overnight and routinely processed for paraffin
retina around the lens. After an initial fixation in 4% paraform-embedding. The eyes were sectioned atrbintervals and
aldehyde (PFA) for 3 h at°£ the lens was removed in such aplaced on SuperFrost® Plus coated slides. Sections were
way that the retina maintains the globe shape. It was then fixekparaffinized with xylene followed by rehydration in washes
for an additional 21 h at€. Following fixation, retinas were  of diminishing ethanol concentrations ending with@HAN-
washed with dED and treated with 0.001% trypsin for 5 min tigen retrieval was performed by proteolytic digestion with
at room temperature (RT). Followingtris-buffered saline (TBS)Y.1% trypsin (Sigma) for 5 min then washed in TBS. Subse-
washes, retinas were incubated in 2% rabbit serum for 3 uently, sections were incubated in a 2% rabbit block for 1 h
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at RT in a humidifying chamber. Sections were incubated oveguences: CCL2, 5'-GGC TGG AGA GCT ACA AGA GGA
night at 4°C with F4/80 antibody, diluted to a protein concen-TCA-3' and 5'-GGC ATC ACA GTC CGA GTC ACA CTA-
tration of 0.55 mg/mL in blocking solution. Following TBS 3', GM-CSF, 5-TGG AAG CAT GTA GAG GCC ATC AA-3'
washes, sections were incubated with a biotinylated rabbit antind 5'-GGC TCA TTA CGC AGG CAC AA-3', M-CSF, 5'-
rat mouse absorbed antibody (Vector) for 1 h at RT. ABC-ARCCATTG GCC AGA CAC AGAATT A-3'and 5'-GCT CCT
(Vector) system was used to localize antigen. Fast Re@CA CTT CCA CTT GTA GAA C-3'. A primer pair for the
(Biogenex) was used as the substrate and reaction wasnstitutively expressefil-actin gene was included in each
quenched by d}O. assay as an internal loading control (Sense: 5'-ATG CCAACA
In order to determine if F4/80 positive cells were under-CAG TGC TGT CT-3'; Antisense: 5-AAG CAC TTG CGG
going proliferation, a subset of mice were injected with BrdUTGC ACG AT-3'; IDT). PCR products were separated via gel
for double-labeling of proliferating cell nuclei and F4/86lls.  electrophoresis and photographed under ultraviolet illumina-
Briefly, 25 mg/mL BrdU and 5 mg/ml FrdU were dissolved intion.
a carbonate buffer composed of 0.01 M,Gl@,, 0.01 M
NaHCQ, 0.1 M NaCl, (pH 9.5). BrdU incorporation is im- RESULTS
proved by blocking native thymidine synthesis with FrdU [34].Increased microglia and macrophages in ischemic retinas:
Five ul/g animal body weight of BrdU solution was injected Fluorescein angiography of retinal whole mounts of P17 room
intraperitoneally one hour prior to sacrifice by (#thana-  air control B6 mice (Figure 1A) demonstrates normal vascu-
sia. Eyes were then routinely harvested and fixed overnight iiature compared to P17 hyperoxia-exposed (@ refers to
10% NBF. Sections of the BrdU injected eyes were theihyperoxia exposure from P7 to P12 only) retinas (Figure 1B),
immunolabeled for F4/80 as previously described. After stainwhich revealed avascular regions and neovascular tufts.
ing for F4/80 was completed, slides were placed into a glas&’hole-mount immunohistochemical staining for F4/80 anti-
container and immersed in 0.01 M citrate buffer (pH=6.0)gen on P17 control retinas (Figure 1C) showed positive cells
Slides were then boiled 10 min in the microwave for DNAlocated diffusely throughout the retina. In contrast, B1&®
denaturation to allow recovery of BrdU antigen. Anti-BrdU nas revealed a substantial increase in MG/MAC numbers as a
(Dako, Carpinteria, CA) antibody was used to label proliferresult of ischemic injury (Figure 1D). This increase was ob-
ating cell nuclei using a standard two step immunohistochemsgerved throughout the retina but primarily at the transition
cal staining protocol and visualized with DAB (Sigma). Slidesbetween vascular and avascular retina. Higher magnification
were counterstained with hematoxylin and mounted with Crysef P17 room air control (Figure 1E) and P1{Bigure 1F)
tal Mount™ (Biomeda, Foster City, CA). retinas revealed not only increased density of MG/MAC in
Reverse transcriptase polymerase chain reaction analy-  the hyperoxia-injured retinas, but also a more reactive mor-
sis of cytokines and chemokines: Rethas were dissected on phology. In addition, there appeared to be increased numbers
P12, P14, P17, P21, and P24 from room air- and hyperoxiaf amoeboid microglia as well as infiltrating monocytes and
exposed mice and pooled (n=4) for RNA analysis. RNA wasnacrophages.
extracted using a one-step guanidine-isothiocyanate protocol To quantify this apparent increase in microglia/macroph-
[35]. Total RNA was further purified by DNase treatment toages, we counted total F47/&@&lls as well as total retinal area
remove potential genomic DNA contamination, and then reto determine the number of MG/MAC per millimeter square
isolated by the guanidinium single step method. cDNA wasf retinal tissue (F4/80mn¥). We found that control retinas
then synthesized using oligo(dT)-primed M-MLV reverse tranfrom all times had a relatively constant amount of resident
scriptase (Promega, Madison, WI) for 2 h at°@7 Tradi- microglial cells, a mean of 28.98.44 F4/8&/mm?. When
tional RT-PCR was used to analyze the expression of mabyperoxia-exposed retinas were examined, we found that MG/
rophage colony-stimulating factor (MCSF), granulocyte-macMAC numbers were not significantly altered on P120d
rophage colony-stimulating factor (GM-CSF), and CCL2.P14Q. However, there was a significant increase in retinal
Relative mRNA expression of CCL2 normalizedptactin -~ MG/MAC on P17Q, 155.517.12 F4/8@mn¥ (p<0.001), and
was further quantified in triplicate by real time PCR using theon P21Q, 237.2%43.21 F4/80mn¥ (p<0.001; Figure 2).
Chromo4 thermocycler (MJ Research) and iQ™ SYBR®  Retinal microglia and macrophage localization during
Green supermix (Bio-Rad). RT reaction mixtures were appliedeovascularization: Immunohistochemical localization of F4/
to the Chromo4 and amplified with a precycling hold at@5 80 in retinal cross-sections and fluorescein-perfused retinas
10 min, followed by 40 cycles of denaturation af@5or 30  allowed us to determine MG/MAC locations within the nor-
s, annealing at 64C for 30 s, and extension at 72 for 45s.  mal and hyperoxia-injured retinas. P12 room air control reti-
At the end of each cycle, there was a 1 s hold &C3®l-  nas revealed F4/8@ells localized along the inner plexiform
lowed by a plate read for analysis using the Chromo4 Opticalayer (IPL) and outer plexiform layer (OPL; arrowhead, Fig-
Monitor 2 software. Annealing temperatures and read temire 3A) as previously published [36]. Note the F4/8€ll
peratures were pre-determined using control mMRNA. Meltingurrounding a pyknotic nuclei in the inner nuclear layer (INL;
curves were run after product formation, and samples weigigure 3A, arrow and insert). P12@tinas had a similar stain-
run on a 2.5% agarose gel to confirm product size. The mouggg pattern as the room air control retinas (Figure 3B; OPL,
specific primer sets were synthesized by Integrated DNA Tectarrowhead), although there appeared to be more Fdédi8
nologies, Inc. (IDT, Coralville, 1A) with the following se- along the nerve fiber layer (Figure 3B, asterisk). Again, note
469



Molecular Vision 2006; 12:467-77 <http://www.molvis.org/molvis/v12/a54/> ©2006 Molecular Vision

the pyknotic nuclei in the INL (Figure 3B, arrow and insert).

On P14 and P14Qretinas continued to have F4/&ells lo- 300- *
cated in the IPL (arrow) and OPL (arrowhead) of the retini n
(Figure 3C,D). However, P14@etinas continued to exhibit
F4/80 cells along the nerve fiber layer (Figure 3D, asterisk) .
On P17, F4/80cells could still be found in both the plexiform
layers of the room air control retinas but appeared to be le:
reactive and more ramified than earlier times (Figure 3E, a -
row, IPL, arrowhead, OPL). In contrast, in P17&inas the '
F4/80 cells appeared to have migrated from the plexiform <
layers into the region of the preretinal neovascular tufts (Fi¢ % 100-
ure 3F, arrows). Fluorescein angiography further demonstrate
that on P17Q F4/80 cells were primarily associated with the 504
regions of NV as observed by the intimate relationship be
tween MG/MAC and neovascular tufts (Figure 3G, arrows) 0.
Fluorescein angiography in room air control retinas on P1.
exhibited F4/80cells in a diffuse pattern (data not shown).

Inthe P21Qretina, the vascular pattern remained similarFigure 2. Quantification of retinal microglia and macrophages in
to that which was seen at PL17@cluding avascular regions 0xygen-induced retinopathy. FA/&@ll numbers increased on P170
(Figure 4A, asterisk). F4/8@ells continue to be localized and P21Qcompared to age-matched room air controlsré@rs to -
along the vascular and avascular transition areas. Whif@’petmx;a texﬁostl#e ftfom P7 ;0 Pli_?nly). Cell 'nurgbirst re_nlla_mg_d
neovascular tufts were less prevalent on P2ti@se that re- constant at alt oher imes ana concitions examined. Astensk ind-
mained still demonstrated a close relationsﬁip with F480s f:stf S p<0.001 by one-way ANOVA followed by the Tukey's post
(Figure 4A,B, arrows). In addition to those F4/86lIs found
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in the superficial vascular network on P21®igure 4C,E), the hyperoxia-injured retinas was secondary to proliferation,
we also found groups of MG/MAC associated with avasculaimmunohistochemistry was used to co-localize F4(20is
regions at or below the level of the deep retinal vasculature inith BrdU in retinal cross-sections. We found that on P14 the
the hyperoxia-injured retinas (Figure 4D,F, arrows). room air control retinas showed few positive BrdU cells (data
Retinal cell proliferation in oxygen-induced retinopathy: not shown), while the hyperoxia-exposed retinas demonstrated
To determine if the increased number of retinal MG/MAC inproliferating cells along the inner regions of the retina on P140

Ll
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:.:‘b”-. ¥ &:il_: ﬂ-" [ ‘_.

Figure 3. Localization of microglia and macrophages in oxygen-induced retinogathymunostaining for F4/80 in P12 room air retinas
revealed F4/80cells (red) along the inner plexiform layer (IPL; arrow) and outer plexiform layer (OPL; arrowhead}.deli8cated in
the IPL (arrow) are seen around pyknotic nuclei (insBrtP12Q retinas showed a similar staining pattern with cells along both the IPL
(arrow) and OPL (arrowhead), with additional cells along the nerve fiber layer (NFL, asterisk). As with P12 room airetioaspF4/80
staining is localized to pyknotic cells (insert) located in the IPL (arr6w}l14 control retinas have comparable staining to P12 room air-
retinas (IPL, arrow; OPL, arrowhead). Following oxygen-induced injury, P14@tinas demonstrated increased F4&s along the NFL
(asterisk) in addition to those cells found in the IPL (arrow) and OPL (arrowled®)7 room air controls have slightly less activated F4/80
cells still localized to the IPL (arrow) and OPL (arrowhe&d)n contrast, staining of P17@etinas revealed almost no staining along either
plexiform layer of the retina, and numerous F4£8ls located within the neovascular tufts (arrow&)Fluorescein angiography combined
with F4/80 immunostaining demonstrates the intimate relationship between microglia and macrophages (red) and vesselshggreen) in
neovascular tufts (arrows). Magnification 400x.
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(Figure 5A). Cells staining positive for BrdU were mainly lo- trol retinas showed normal microglia staining and almost no
calized to blood vessels (Figure 5A, arrows). Although an ocpositive BrdU-staining cells (data not shown).

casional F4/80cell appeared to be co-localized with BrdU, P21Q retinas exhibited fewer mitotically active cells as
many MG/MAC remained localized in the IPL and OPL (Fig-compared to P14Cand P17Q (Figure 5D). Positive BrdU

ure 5A, arrowheads). The P17i@tinas demonstrated intense cells appeared to be adjacent to disrupted regions along the
BrdU uptake by cells along the superficial retina andNL and the ONL interface (Figure 5D, arrows). Positive BrdU
neovascular tufts (Figure 5B,C, arrows). The MG/MAC in thecells were distinctly not F4/80However, the regions of reti-
same sections were localized to the IPL and neovascular tuftgal disruption were commonly associated with MG/MAC in
(Figure 5B,C, arrowheads). Most of the F4/80d BrdU cells  the outer layers of the retina (Figure 5D, arrowheads), corre-
did not overlap; however, a small subset of BrdU-positive celltating with the findings of MG/MAC in the deep layers of the
appeared to be surrounded by F4/80 cells. Therefore, prolifetinal whole mounts (Figure 4D,F).

eration of a small subset of F4/8tlls could not be totally Retinal expression of CCL2 mRNA: In order to deter-
excluded because of the close proximity of the twamine if there is a specific cytokine or chemokine that is re-
immunolabeled cells (Figure 5B, asterisk). P17 room air consponsible for recruitment of MG/MAC into the retina, we ex-

v ¢ y _\- - - i - ha L e
.l.,"-.-u-.._. uoa W & L l.,l._’ - { L] i ;
f i S - . . R . :

Figure 4. Microglia and macrophages localization in P2é@nas. In the P21@entral retina, microglia and macrophages (red) continue to
be primarily localized to vascular and avascular transition reglonasterisk) and neovascular tufgs, @rrow). Higher magnification(,
arrow) again reveals the intimate relationship between microglia and macrophages (MG/MAC) and neovasdB|artofig.(While in the
peripheral retina, MG/MAC are also localized to the superficial vascular network of the @E)aHowever, in the deep vascular network
MG/MAC are localized in areas corresponding to the avascular rdgjBngrrows). Magnification 100x4(), 200x 8-F).
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amined mRNA extracted at various times from retinal tissuehoroidal neovascular membranes, suggesting that MAC can
by RT-PCR. Semiquantatitive RT-PCR demonstrated that théirectly contribute to choroidal NV. In addition, TNFfrom
expression of GM-CSF was not observed in the neonatal retimaacrophages can induce the release of VEGF from retinal pig-
at any time, while M-CSF was constitutively expressed at alinent epithelial cells (RPE), providing an indirect angiogenic
times (data not shown). However, quantitative real time RT-

PCR analysis revealed a significant increase in CCL2 gene

expression in hyperoxia-injured retinas as compared toroo A . .. .. S

air control times on P14 and P17 (Figure 6). Samples wel A 2 » SRR~ o~

run on a gel to confirm product size (data not shown). Thes"f.' - “?"’:*”_ o -
findings suggest that CCL2 could serve as a chemotactic fa, ? I ?

tor for macrophage influx into the retina in this disease mode : -

A primer pair for a constitutively expressed gehactin, was
run for each sample as a loading control.
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DISCUSSION s
In order to evaluate the contribution of microglia and mac: =« ¢
rophages in ischemic retinopathies, we examined the tempf: %+ = "
ral and spatial expression of MG/MAC in the mouse model o :
oxygen-induced retinopathy. The resident microglia exhibite® : . .
an activated morphology and migrated to the inner ischem g ' ~ .
retina during the early times of relative hypoxia on P140 *B-' -, .'.‘G':--:* 1: é"w
Additionally, there was a marked increase (5 fold, p<0.001 ‘ \ > o A
in the number of F4/80MG/MAC in the hyperoxia-injured : AP " \ A A
retinas on P17 and P21 as compared to control retinas, cor o "x . s
sponding to the peak days of retinal NV in this model. MG,
MAC were localized to areas of NV, revealing an intimate
relationship between MG/MAC and neovascular tufts on P1 ) -
and P21. Mouse retinal MG and infiltrating MAC share all ; <t $ o ik
available immunological surface markers, and it is not pos ; " A6
sible to distinguish between the two cell populations

[33,37,38]. Double labeling with BrdU revealed that most oiwm
the proliferating cells were not labeled with F4/80, suggestinw m
that the increased numbers of MG/MAC was related to infil- el
tration of blood-borne macrophages. In addition, the MG/MAC D
are localized to the outer nuclear layer on P2s@gesting a
possible interaction with dying and apoptotic neurons, in cor ’ XA
trast to interactions with the retinal vasculature. An increas
in CCL2 mRNA expression was observed in oxygen-injurec
retinas as compared to room air controls. This suggests tt \
CCL2 is likely serving a chemoattractant function for the in-~ = #
filtrating macrophages accounting for the increased numbe’ - .
of F4/80 cells observed in the retinas on P1&0d P21Q
[16-18]. 0TS LN
There are several studies that demonstrate an angiogew
function for MG/MAC. This suggests a potential role for the '
activated MG and infiltrating MAC observed in these studiec
could be the release of direct and indirect angiogenic cytokines.
A study examining neural allografts suggested that host mFigure 5. Retinal cell proliferation in oxygen-induced retinopathy.
croglia played an active role in promoting graft NV [39]. Dur-P14Q retinas A) showed an increase in Brdduclei (brown, ar-
ing the phase of graft development and NV, microglia wergows) following oxygen-induced injury, with F4/80ells (red, ar-
often localized in close proximity to ingrowing blood vessels,rOWheadS)_ localized to the outer plexifor_m layer, inner plexiform layer,
similar to that observed in our studies. MAC have been recoqfi-nOI ganglion cell layer (GCL). P17@tinal cross sections stained
nized for their angiogenic potential since the initial report inC. | +/c0 and BrdU shows rare co-localization (asterisk) of micro-

L . glia and macrophages (MG/MAC, arrowheads) and proliferating
1977 by Polverini et al'. [40]. MA_‘C are capable of rele"’ls'mﬁuclei (arrowsB,C). P21Q retinal cross section®] showed that
VEGF and have been linked to inflammatory NV and tumoly g mAC located in deeper nuclear layers of the retina (arrowheads)
angiogenesis [19,20,41,42]. MAC expression of tumor necradid not correspond to those cells that are actively proliferating (BrdU
sis factora. (TNF-a) and VEGF has also been observed inarrows).
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stimulus [21,43]. Providing further evidence of the potential  In contrast to an angiogenic role for MG/MAC, there are
role that macrophages can play in NV, laser-induced chorolikely alternative functions for these cells in their response to
dal NV was reduced in mice that had selective depletion dschemic retinopathy, depending on the temporal phase of the
MAC with liposomal clodronate [44,45]. Furthermore, thisinjury. A recent study has suggested that MAC recruited early
reduction in the choroidal NV correlated with decreased VEGFo injury sites tend to exacerbate the process, while late arriv-
protein levels as well as a decreased number of infiltratinjng MAC promoted recovery through apoptosis [49]. In the
macrophages [45]. model of laser-induced choroidal NV infiltration of ocular
In addition to its role as a MAC chemoattractant, CCL2MAC peaks prior to the onset of NV consistent with a pro-
can also act as a direct angiogenic factor. The pro-angiogerangiogenic role [22]. In contrast, the large influx of F4/80
effects of CCL2 are not limited to the recruitment of mac-cells continue to migrate into the retina during the phase of
rophages but also are a result of direct activation of CCR2ascular tuft regression (P18621Q) in the model of oxy-
(CCL2 receptor) that are localized to EC [46]. A recent studgen-induced retinopathy. Previous studies using Fas-ligand
has shown a direct pro-angiogenic effect of CCL2 in a modedeficient mice revealed that EC apoptosis plays a major role
of corneal angiogenesis [47]. Retinal glial cells in vitro haven the vascular tuft regression observed in this model [9,10].
been shown to be a source of CCL2, hence the local retinklG/MAC have the potential to contribute to this vascular tuft
production of CCL2 from glial cells could be a direct factor inregression through their phagocytic and pro-apoptotic func-
the angiogenic response in the mouse model of oxygen-itions. Similar to our studies in the retina, MG are activated
duced retinopathy [48]. Consistent with this possibility, stud{ocally and hematogenous MAC are recruited to the areas of
ies by Yoshida et al. [24] revealed that CCL2 is localized tanjury in other models of central nervous system (CNS) injury
the retinal ganglion cell layer and INL in the ischemic retina[29,30,50]. The functions of MG/MAC delineated in these
regions of the retina that exhibit profound angiogenesis bestudies of the brain and eye include phagocytosis of dead cells,
tween P14Qand P17Qin this model [24]. However, secretion of cytokines, antigen presentation, and induction of
intravitreal injection of a neutralizing antibody to CCL2 failed apoptosis [51,52]. Microglia are capable of releasing nerve
to reduce preretinal NV in the mouse model of oxygen-ingrowth factor and TNFe, which can induce apoptosis in ad-
duced retinopathy unless combined with a neutralizing antjacent cells [25,53]. Activated macrophages can induce
body to monocyte infiltrating protein &{MIP-1a). Hence, apoptosis in target cells through cell surface Fas-ligand and
the potential angiogenic effect of CCL2 in this model appear§NF-a [26,27,54]. As previously described, Fas-Fas-ligand
to be complex, possibly relating to: (1) the recruitment of prointeractions are involved with tuft regression in this model. In
angiogenic macrophages, (2) a direct angiogenic effect, or (addition, TNFe. is also capable of mediating retinal EC cell
an interaction with other cytokines. death during inflammatory states, limiting NV during tissue
ischemia [55-57]. MG/MAC have also been shown to exhibit
increased expression of TNEin oxygen-exposed retinas as
compared to room air control retinas. In addition, TNF-recep-
tor-deficient mice also exhibit a prolonged neovascular re-
% sponse in the model of oxygen-induced retinopathy, with an
associated decrease in EC apoptosis in the neovascular tufts,
further supporting a role for TN&-n vascular tuft regression
[58]. Finally, the seminal work by Lang and colleagues dem-
onstrated that MAC are required for EC death during the re-
gression of the ocular capillaries in normal eye development
[28,59,60], providing further evidence supporting the notion
% that MG/MAC are capable of pro-apoptotic functions in addi-
tion to their well characterized pro-angiogenic properties. We
also have preliminary data that demonstrates decreased
L apoptosis within the NV tufts in CCt-2knockout mice at

[a— [a— (] [\
=] n —] n
& [ & ]

n
L

Relative CCL2 Expression

w v Y Y Y YT Y T T P17Q. This was associated with a decrease in the number of
5 B E R oo bENRENEN infiltrating F4/80 cells into the injured retina [61]. Hence, it
o @) ®) o o appears that MG/MAC has the potential to limit retinal NV by
(3% o8 ] (o8] e ] (3]

inducing apoptosis in adjacent EC, and our studies reveal an
intimate relationship between the MG/MAC and EC local-
Figure 6. CCL2 mRNA expression in oxygen-induced retinopathyized in the neovascular tuft.
Quantification of real-time readings of reverse transcriptase poly- |n addition to the co-localization of MG/MAC with reti-
merase chain reaction products for relative CCL2 expression nof5| vessels in the oxygen-injured retinas on PEMA P21Q)
. : 2

g]a<|)|ﬁzdvxtgi-zﬁltgi/ie%ljllcgjvzrdebex%izs?sdn?jltrimiseﬁc'grss;?silﬁze:st we observed regions of severe disruption in the ONL that were

y y ' y y P P P §lso associated with an influx of MG/MAC on P21®he

test; a single asterisk indicates p<0.05 and a double asterisk in d: . . ith . | |
cates p<0.001. |srupted regions were associated with residual avascular ar-
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eas and are likely the most hypoxic regions of the retina. Pré&- Carmeliet P. Angiogenesis in health and disease. Nat Med 2003;
vious studies suggested that MG/MAC target areas of focal 9:653-60.
ischemia in the retina and brain and can serve multiple role$; Barrlelroflé, S?Zhaol'_“{ Rt’thmd‘?” J, Katp'ar(‘j ';”' lt:ergutsofn_ T'?;- The
incl in ro- i h i nd n r r ion role ot Fas-rasL In the development and treatment or Ischemic
cluding pro ap.optot' ¢, phagocytic, and eu. Op Ot.ECt.O retinopathy. Invest Ophthalmol Vis Sci 2003; 44:1282-6.
[31,51,62,63]. Microglia are also capable of eliminating in- . )
ured hus facilitati he death of h 10. Davies MH, Eubanks JP, Powers MR. Increased retinal
Jure_ neuron;,t us facilitating the death o n?uronSt atare neovascularization in Fas ligand-deficient mice. Invest
destined to die [64,65]. However, we have previously reported  gphthalmol Vis Sci 2003; 44:3202-10.
that the peak rate of apoptosis in the neural retina occurs &t. Chen L, Yang P, Kijlstra A. Distribution, markers, and functions
P17Q in the model of oxygen-induced retinopathy [10]. This of retinal microglia. Ocul Immunol Inflamm 2002; 10:27-39.
suggests that photoreceptor apoptosis on Plik€y leads  12. Egensperger R, Maslim J, Bisti S, Hollander H, Stone J. Fate of
to the disruption that we observed in P21&inas, having DNA from retinal cells dying during development: uptake by
preceded the influx of MG/MAC to the disrupted regions. microglia and macroglia (Muller cells). Brain Res Dev Brain
; : Res 1996; 97:1-8.
Therefore, in contrast to the proposed pro-apoptotic role for ' N _ _
: prop . b bop . 13. Yang P, de Vos AF, Kijlstra A. Macrophages in the retina of nor-
MG/MAC in vascular tuft EC death, in the neural retina the . . ; o ;
/ | likelv the initi f Il death mal Lewis rats and their dynamics after injection of lipopolysac-
MG/MAC are ess i ey_t € initiators of neuron ce eath, charide. Invest Ophthalmol Vis Sci 1996; 37:77-85.
but rather are likely serving a phagocytic role. MG havg beefs Rossi D, Zlotnik A. The biology of chemokines and their recep-
shown to express several scavenger receptors that are involved tors. Annu Rev Immunol 2000: 18:217-42.
with phagocytosis of apoptotic cells and removal of cellulans. Lira SA. Genetic approaches to study chemokine function. J
debris (membranes, myelin, and outer rod segments) [66]. An Leukoc Biol 1996; 59:45-52.
additional role for MG/MAC recruited to the ischemic retinal6. Lu B, Rutledge BJ, Gu L, Fiorillo J, Lukacs NW, Kunkel SL,
could be to modify the extent of tissue damage by promoting North R, Gerard C, Rollins BJ. Abnormalities in monocyte re-
neuron repair through the release of neuotrophic factors [51]. cruitment and cytoklne expression in monocyte chemoattractant
o protein 1-deficient mice. J Exp Med 1998; 187:601-8.
In summary, we have shown the temporal and spatial dlsl- . : : ;
ibuti f | in thi del of ischemi . h 7.Chae P, Im M, Gibson F, Jiang Y, Graves DT. Mice lacking mono-
i Ut'o_n 0 MG_ MAC in this mo _e orisc em.'cl re“”OPat y‘_ cyte chemoattractant protein 1 have enhanced susceptibility to
Potential functions of these cells include providing angiogenic  an interstitial polymicrobial infection due to impaired mono-
signals to potentiate neovascular tuft formation, apoptotic in-  cyte recruitment. Infect Immun 2002; 70:3164-9.
duction to decrease retinal NV, modulation of the neuronal8. Tesch GH, Schwarting A, Kinoshita K, Lan HY, Rollins BJ, Kelley

response. Studies using CCLiaice in conjunction with MAC VR. Monocyte chemoattractant protein-1 promotes macroph-
depletion studies will help clarify the contribution of MG/MAC age-mediated tubular injury, but not glomerular injury, in neph-
to ischemic retinopathies. rotoxic serum nephritis. J Clin Invest 1999; 103:73-80.

19. Barbera-Guillem E, Nyhus JK, Wolford CC, Friece CR, Sampsel
JW. Vascular endothelial growth factor secretion by tumor-in-
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