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Purpose: To isolate and characterize primary retinal astrocytes in culture (RAC) from wild-type and transgenic mice to
aid the study of their properties in vitro.

Methods: Astrocytes were isolated from wild-type and transgenic Immortomice by collagenase digestion of the retina.
Affinity purification using magnetic beads coated with anti-platelet endothelial cell adhesion molecule-1 (PECAM-1)
was used to remove retinal endothelial cells. The remaining cells were cultured and expanded. The majority of these cells
were identified as astrocytes. These cells were characterized for expression of astrocytic markers using fluorescence-
activated cell sorting (FACS) and immunostaining analysis. The expression of various integrins and other cell adhesion
molecules on the surface of retinal astrocytes, their adhesion to various matrix proteins, their migration, and their ability
to organize on Matrigel were determined.

Results: Here we describe a method for the isolation of RAC from wild-type and thrombospondin-1 deficient)(TSP1
mice. Our results indicated that nearly 100% of cells isolated expressed the astrocytic markers GFAP, NG2, Pax2, and
vimentin. These cells were successfully passaged and maintained in culture for several months without a significant loss
in expression of astrocytic markers. The RAC expreas@ integrin and other cell adhesion molecules on their surface.

The TSP1 RAC adhered more strongly to fibronectin and vitronectin compared to the wild-type cells, while neither cell
types adhered to collagen and laminin. Wild-type and TS®AC exhibited similar migratory characteristics despite
alterations in their adhesive properties and production of various matrix proteins. Also, these cells, like endothelial cells,
similarly organized into a network in Matrigel.

Conclusions: The RAC can be readily obtained from wild-type and transgenic mice. This facilitates the comparison and
identification of specific gene functions in RAC compared to astrocytes prepared from other sites of central nervous
system.

Astrocytes are glial cells that provide support, nutrientssels [17] followed by vascularization of the peripheral and
and insulation for neurons in the central nervous system andner retina, and thought to occur through both vasculogenesis
are important for maintaining normal extracellular glutamateand angiogenesis in humans [18]. Studies of retinal vascular-
levels [1,2]. They promote synapthogenesis in neurons [3] aridation have sought to study the relationships among vascular
may provide a source of neural stem cells in adult central nerveslls including endothelial cells, pericytes, and astrocytes, and
system [4,5]. Astrocytes play a role in endothelial cell differ-determine the production and effect of positive and negative
entiation and blood-brain and blood-retina barrier functionsegulatory factors [19]. RAC play an important role in main-
[6-9]. Retinal astrocytes in culture (RAC) are derived fromtaining the integrity of the retinal vascular function and their
astrocyte precursor cells in the embryonic optic nerve thalterations under pathological conditions, such as diabetes and
migrate from the optic nerve into the retina [10-13]. RAC aréschemia, contributes to vascular malfunctions and
critical to the formation of primary vasculature of the retinaneovascularization [6,20]. Unfortunately, there is little known
and are believed to migrate ahead of the developing vasculabout how RAC accomplish these functions and the identity
network laying down the scaffolding that is followed by en-of the key players involved.
dothelial cells [12,14,15]. In the murine retina, the superficial ~ Understanding retinal vascular development is crucial in
vascular network forms along an existing template of astradiscovering mechanisms whose alterations contribute to vari-
cytes, using endothelial cell filapodial extensions and Reus eye diseases, such as retinopathy of prematurity, prolif-
cadherin cell adhesion molecules for direction [16]. Once veserative diabetic retinopathy, and age-related macular degen-
sel maturation begins, the retinal astrocytes become assoeration. The developing mouse retinal vasculature provides a
ated exclusively with endothelial cells. unique opportunity to study all aspects of vascular develop-

In the retina, vascular development is characterized bgnent and angiogenesis, and the mouse provides the ability to
the initial formation of a superficial primordial layer of ves- assess genetically modified and engineered effects on retinal
vascularization. The pattern of retina vascularization is simi-
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RAC will provide further insight into the relationships between Preparation of antibody coated magnetic beads. Sheep
these cells and the developing retinal vasculature, and theinti-Rat Dynabeads (20; Dynal Biotech, Lake Success, NY)
role in other processes such as injury response or eye diseagese rinsed in serum-free Dulbecco’s Modified Eagle’'s Me-
[24]. dium (DMEM) and incubated at 4 overnight with the rat
Astrocytes are often identified by their morphology andanti-mouse PECAM-1 (3.g; Mec13.3; BD Biosciences).
the presence of glial fibrillary acid protein (GFAP), NG2, Pax2 Antibody coated magnetic beads were then rinsed three times
nestin, and vimentin [9,13]. GFAP, vimentin, and nestin arén DMEM containing 10% fetal bovine serum (FBS).
the main intermediate filament proteins in astrocytes and are Tissue preparation, isolation, and culture of retinal as-
differentially regulated [25]. Expression of vimentin and nestirtrocytes: RAC were isolated from mouse retina by collecting
is characteristic of intermediate filament of the immature asretinas from one litter of 4 week old (6 to 7) mice using a
trocytes, whereas vimentin and GFAP are expressed in tliissecting microscope. Retinas (12 to 14) were rinsed with
mature astrocytes. GFAP expression is generally upregulatsgérum-free DMEM, pooled in a 60 mm dish, minced and di-
in activated astrocytes. Pax2 is a member of Pax family gjested for 45 min with collagenase Type | (1 mg/ml;
transcription factors with important roles in tissue morpho\Worthington, Lakewood, NJ) in serum-free DMEM at°&.
genesis and pattern formation. Pax2 expression is essent@lls were rinsed in DMEM containing 10% FBS and centri-
for appropriate development of many organs including eyéuged for 5 min at 400x g. Digested cells were rinsed again in
and kidney, and the central nervous system. DMEM containing 10% FBS, and filtered through a double
Here we describe a method for routine isolation and propdayer of sterile 4@um nylon mesh (Sefar America Inc., Fisher
gation of mouse RAC from wild-type and Thrombospondin-1Scientific, Hanover Park, IL). Cells were centrifuged for 5
deficient (TSP1) mice. We demonstrate that mouse RAC camin at 400x g and medium was aspirated. Cells were washed
be readily isolated, expanded, and retain their astrocytic markwice with DMEM containing 10% FBS, resuspended in 1 ml
ers in culture. To our knowledge this is the first report of culof DMEM containing 10% FBS in a 1.5 ml microfuge tube
turing of murine RAC. with Mec13.3 coated sheep anti-rat magnetic beads, and were
gently rocked for 1 h at 4C. Using a Dynal magnetic tube
METHODS holder, cells not bound to magnetic beads were collected and
Experimental animals: The mice used for these studies werewashed in DMEM containing 10% FBS. Cells were plated in
maintained and treated in accordance with the Association fgrowth medium in a single well of a 24 well plate coated with
Research in Vision and Ophthalmology resolution for the uskuman fibronectin (2ig/ml in serum-free DMEM; BD Bio-
of animals in research. Immortomice expressing a temperaeiences, Bedford, MA), and incubated atG3vith 5% CQ.
ture sensitive SV40 large T antigen were obtained from Charléghe cells bound to magnetic beads are generally used for cul-
River Laboratories (Wilmington, MA). TSP1mice in the turing retinal endothelial cells as we described recently [27].
C57BL/6 background were generated as previously describd®AC were grown in DMEM containing 10% FBS, 2 mM L-
[22,26]. TSP mice were crossed with an Immortomouse,glutamine, 2 mM sodium pyruvate, 20 mM HEPES, 1% non-
and the TSPt Immortomice were crossed to obtain TSP1 essential amino acids, 106/ml streptomycin, 100 U/ml peni-
Immortomice. These mice were identified by PCR analysis ofillin, freshly added heparin at 55 U/ml (Sigma, St. Louis,
DNA isolated from tail biopsies. The PCR primer sequencedO), endothelial growth supplement 10¢/ml (Sigma), and

were as follows in Table 1. the murine recombinant interfergi{R&D, Minneapolis, MN)
at 44 U/ml. Cells were maintained at 33 with 5% CQ.
TABLE 1. SCREENING PRIMERS Cells were progressively passed to larger plates, maintained,
and propagated in 1% gelatin-coated 60 mm dishes.
Narre Pri mer FACScan analysis. RAC from 60 mm culture plates were

rinsed with phosphate buffered saline (PBS) containing 0.04%
I morto E g : %gﬁﬂ%ﬁggﬁ;? EDTA and incubated with 2 ml of cell dissociation solution
' i (Catalog number C5914, Sigma). Cells were removed from

Neo E: 5 - TGCTCTCCATCTGCACGAGACTAG 3" the plates with 5 ml of DMEM containing 10% FBS, washed
R 5 GAGTTGCTTGTGGTGAACGCTCAG 3' once with 5 ml of TBS (20 mM Tris, pH 7.6, 150 mM NacCl),
resuspended in 0.5 ml of blocking solution (TBS with 1% goat
TSP1 F: 5" - AGGCCTATCTGGAATTAATATCGG: 3' serum), and kept on ice for 20 min. Cells were then incubated
R 5" - GAGTTTCCTTGTGGTGAACGCTCAG 3' with 0.5 ml of rabbit anti-GFAP (Dako, Carpinteria, CA), rab-

These primers were used for mouse genotyping by PCR. The Pc.tlﬂt anFI-NGZ, mpusg aHUyﬁS Integrln, rabbit ant2 ora3
conditions were as follows: 9€ 3 min, and 35 cycle of 3£ 20 s, Integrin, rat antix6 integrin (Chemicon, Temecula, CA), rat

59°C 10's, and 72C 45 s. The PCR products were analyzed on a 20fNti-mouse VCAM-1 or ICAM-1 (BD Pharmingen), rat anti-

agarose gel. The TSP1 reverse primer was used with the Neo féRouse CD47 (a gift from Dr. W. A. Frazier, Washington Uni-

ward primer for the mutant allele or TSP1 forward primer for theversity, St. Louis, MO), mouse anti-SHPS-1 (BD Transduc-

wild-type allele. The wild-type and mutant alleles yield PCR prod-tion, San Jose, CA) antibodies prepared in TBS with 1% BSA

ucts of 700 and 400 bp, respectively. The Neo and immorto primeit 2ug/ml, and kept on ice for 30 min. Cells were then washed

pairs yield PCR products of 650 and 350 bp, respectively. twice with TBS containing 1% BSA, incubated with 0.5 ml of
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an appropriate secondary antibody conjugated with FITC prer a rabbit anti-Pax2 (Santa Cruz) antibody for 30 min at 37
pared in TBS with 1% BSA, and kept on ice for 30 min. Fol-°C, rinsed twice with TBS, and incubated with an appropriate
lowing incubation, cells were washed twice with TBS con-CY3-conjugated secondary antibody for 30 min at@7Af-
taining 1% BSA, resuspended in 0.5 ml TBS with 1% BSAter washing three times with TBS, the coverslips containing
and analyzed with a FACScan caliber flow cytometer (Bectoneells were mounted onto glass slides and photographed using
Dickinson, Franklin Lakes, NJ). a Zeiss fluorescence microscope (Axiophot, Zeiss, Germany)
Immunoblot analysis: For TSP1 analysis, cells were in a digital format. Negative controls in which the primary
plated at 1x10cells per 60 mm dishes and allowed to reachantibodies were omitted were analyzed under similar condi-
approximately 95% confluence. Cells were then rinsed oncigons.
with serum-free medium and incubated with serum-free  Cell adhesion assays: The RAC adhesion to various ex-
DMEM for two days. Conditioned medium was collected andracellular matrix proteins was determined as recently de-
clarified by centrifugation. Samples (1@0=ach) were mixed scribed [28]. Briefly, 96 well plates (Maxisorb, Nunc) were
with 6X SDS sample buffer and analyzed by 4-20% SDSeoated with various concentrations of fibronectin, human type
PAGE (Invitrogen, Carlsbad, CA). Proteins were transferred collagen, vitronectin, and laminin (BD Biosciences) prepared
to nitrocellulose membrane, and the blot was incubated witim TBS with 2 mM C& and 2 mM Mg* (Ca/Mg) overnight at
anti-TSP1 (A6.1, Neo Markers, Fremont, CA) antibody. Thet °C. The next day plates were rinsed four times with TBS
blot was washed, incubated with an appropriate secondary atentaining Ca/Mg, blocked for 1 h with 2Q01% BSA pre-
tibody, and developed using enhanced chemiluminescence gered in TBS with Ca/Mg for at least 1 h at room temperature.
tection system (ECL; Amersham, Piscataway, NJ). The bld€ells were removed using 3 ml of dissociation solution
was stripped and probed with rat anti-tenascin-C (ChemiconjSigma), washed once with TBS, and resuspended in HEPES
rabbit anti-rat fibronectin (Invitrogen, Carlsbad, CA) and anti-buffered saline (25 mM HEPES pH 7.6; 150 mM NacCl) con-
mouse TSP2 (BD Pharmingen, San Diego, CA). The cells wettaining 4 mg/ml of BSA at 6x®@ells/ml. Next, blocking so-
also lysed in 20 mM Tris pH 7.4, 2 mM EDTA solution, soni-lution was removed, 50l of TBS with Ca/Mg was added to
cated briefly, and similarly analyzed along with the conditioneaach well, and 50l of cell suspension was added to each of
medium. triplicate wells. Cells were then allowed to adhere for 90 min
Indirect immunofluorescence assays. RAC were plated and non-adherent cells were removed by gently washing the
on fibronectin coated glass coverslipsfIml in serum-free  wells with 200ul of TBS with Ca/Mg until no cells were left
medium) and allowed to reach 70% confluence. Cells wer BSA-coated wells. The number of adherent cells was quan-
then rinsed twice with PBS, fixed with 4% paraformaldehydeified by measuring the intracellular phosphatase activity [28].
(PFA) for 10 min on ice, and washed three times with PBS.  Scratch wound assays: The migratory characteristics of
Cells were then incubated with a rabbit anti-vimentin (SigmaRAC were determined by scratch wound assays. Confluent

Figure 1. Morphology of
mouse retinal astrocytes in
culture. Retinal astrocytes in
culture (RAC) from wild-
type A,C) and TSP (B,D)
mice were cultured on gela-
tin coated plates. Cells were
photographed using a Nikon
phase microscope in a digi-
tal format (top 2 panels, 40x;
bottom 2 panels, 100x). RAC
from wild-type and TSP4
mice share a similar mor-
phology. The scale bar rep-
resents 40minA,B and 100
um inC,D.
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monolayers of cells plated on 60 mm dishes were woundetbnpermissive temperature (3Z) results in loss of large T
using a micropipette tip, rinsed with PBS to remove detacheantigen and its potential unwanted effects on cellular behav-
cells, and wound closure was monitored using still photograer [27]. These cells were prepared by digestion of retinal tis-
phy at indicated time points [28]. sue with collagenase type | and removal of retinal endothelial
Three dimensional culture of retinal astrocytes. To de-  cells using PECAM-1 bound magnetic beads. The remaining
termine the ability of cells to form three dimensional struc-cells were then plated in a single well of a 24-multiwell plate
tures, approximately 2x1@ells were plated in 2 ml of serum- coated with fibronectin and allowed to reach confluence for
free growth medium on a 35 mm dish coated with 0.5 ml of 1@-3 weeks. Cells were then passed to a single 60 mm tissue
mg/ml Matrigel (BD Biosciences). Cells were incubated at 3%ulture dish. This resulted in the isolation of a pure population
°C for 24 h and photographed in a digital format [27,28].  of retinal astrocytes whose identity was confirmed as outlined
below. Figure 1 shows the morphology of retinal astrocytes
RESULTS prepared from wild-type and TSPHnice. These cells exhibit
Isolation of murine RAC: The majority of primary astrocyte a similar morphology when plated on gelatin-coated (Figure
cultures are prepared from brain and/or optic nerve heal) or uncoated plates (data not shown). Primary astrocytes
[13,29,30]. To our knowledge, the isolation and culture of RAGrom brain and/or optic nerve typically exhibit a flattened,
from wild-type and transgenic mice has not been previouslpolygonal morphology with numerous contractile
reported. Using wild-type and TSPImmortomice, we have actinomyosin stress fibers [13,29,30].
successfully isolated and characterized RAC. The To confirm that the isolated retinal cells are astrocytes,
immortomouse ubiquitously expresses a temperature sensie examined the expression of astrocytic markers including
tive large T antigen. Therefore, crossing of wild-type orGFAP, NG2, vimentin, and Pax2. GFAP is member of the in-
transgenic mice with immorto mice allows isolation of de-termediate filament family that provides support and strength
sired cells from these mice which express the large T antigen cells and is expressed in astrocytes and neural stem cells.
at the permissive temperature (&3. This allows the cellsto NGZ2 is a cell membrane-associated chondroitin sulfate
readily proliferate. However, the growth of cells at theproteoglycan expressed by several types of immature progeni-
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Figure 2. Expression of astrocytic markers in retinal astrocytes in culture. Mouse RAC prepared from wid@yp&) and TSP1

(B,D,F,H) knockout mice were examined for expression of GFAP and NG2 at permissi@ 8B,E,F) or nonpermissive (37C without
interferony; C,D,G,H) by FACS analysis. The shaded areas show staining in the absence of primary antibody. Note similar expression of NG2
and GFAP in these cells under permissive growth conditions. However, only NG2 expression was lost when cells were gronpeuniesive
conditions. These experiments were performed at least three times with similar results.
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Figure 3. Expression of integrins
in retinal astrocytes in cultures.
Expression ofavp3 (A,B), a2
(C,D), a3 (E,F), andab (G,H)
integrins was determined using
FACS analysis as described in
Methods. The shaded graphs show
staining in the absence of primary
antibody (control IgG). Note simi-
lar expression of these integrins in
wild-type and TSPt RAC with
the exception afi2 integrin. Each
of these experiments was per-
formed at least three times with
similar results.
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Figure 4. Expression of other cell
adhesion molecules in retinal astro-
cyte cultures. Expression of CD47
(A,B), ICAM-1 (C,D), VCAM-1
(E,F), and SHPS-1G,H) was de-
termined using FACS analysis as
described in Methods. The shaded
graphs show staining in the absence
of primary antibody (control IgG).
Note decreased expression of
CD47, ICAM-1, and VCAM-1 in
TSPY- RAC, while expression of
SHPS-1 was similar in these cells.
Each of these experiments was per-
formed at least three times with
similar results.
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Figure 5. Expression of vimentin
and Pax2 in retinal astrocyte cul-
tures. Expression of vimentin and
Pax2 in wild-typeA,C) and TSP1

" (B,D) RAC were determined by
indirect immunofluorescence
analysis. RAC were plated on
glass cover slips coated with
fibronectin and stained with anti-
bodies to vimentinA,B) or Pax2
(C,D) as described in Methods.
Note similar expression of
vimentin and Pax2 in these cells.
Vimentin was expressed through-
out the cells, while Pax2 staining
was nuclear. These experiments
were repeated three times with
similar results. The scale bar rep-
resents 4@um.
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Figure 6. Adhesion of retinal astrocytes to extracellular
matrix proteins. Adhesion of wild-type and TSARAC

to vitronectin Q) or fibronectin B) was determined as
described in Methods. Briefly, cells were plated on wells
coated with different concentration of vitronectin or
fibronectin and allowed to adhere for 90 min. Non-ad-
herent cells were removed by rinsing the wells. The num-
ber of adherent cells was determined by measuring in-
tracellular phosphatase activity utilizing absorbencies at
405 nm. Note TSP1RAC adhered more strongly to
fibronectin and vitronectin compared to wild-type RAC.
These experiments were repeated four times with simi-
lar results.
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tor cells including neuronal cells that have not yet specializedant effect on GFAP expression (Figure 2C,D). Therefore,
into oligodendrocytes [31]. These cells are generally mitotie@xpression of NG2 in these cells was associated with their
and in some cases highly motile. Furthermore, the role of NGgroliferative phenotype in the presence of large T antigen.
in proliferation and migration is initiated by its PkiOmedi-  Astrocytes also express/f3 integrin [36,37], its associated
ated threonine phosphorylation [32]. Therefore, NG2 is inprotein (CD47), and CD47 receptor SHP substrate 1 (SHPS-
volved in the signaling mechanisms that control cell prolif-1) on their surface. Figure 3 and Figure 4 show that wild-type
eration and motility [33]. and TSP1 retinal astrocytes expressed similar levelswff3
Figure 2A,B,E,F show that the wild-type and TSdti-  (Figure 3A,B),a3 (Figure 3E,F)a6 (Figure 3G,H) integrins,
nal astrocytes expressed GFAP and NG2 by FACS analysiand SHPS-1 (Figure 4G,H). However, TSRElls expressed
To determine whether this expression of NG2 is associateligher levels o062 integrin (Figure 3C,D) but reduced levels
with the proliferative characteristic of cells in the permissiveof CD47 (Figure 4A,B), ICAM-1 (Figure 4C,D), and VCAM-
temperature (33C) and presence of interfergrwe exam- 1 (Figure 4E,F) compared to wild-type cells. These cells also
ined the expression of GFAP and NG2 in cells grown at thexpressed similar levels pi andp4 integrin on their surface
non-permissive temperature (32) in the absence of inter- (not shown).
feron+ for 4 days (Figure 2C,D,G,H). Growing the cells that Expression of vimentin and Pax2 in RAC: Our FACS
expressed the temperature sensitive large T antigen°& 37 analysis demonstrated that wild-type and TSftinal astro-
in the absence of interfergnfor 48 h resulted in complete cytes expressed similar levels of GFAP and NG2 (Figure 2).
loss of large T antigen expression, thus, eliminating its effecto determine whether these cells also express other astrocytic
on cell proliferation [34]. Interferop-is also shown to en- markers, namely vimentin and Pax2, we examined their ex-
hance proliferation of astrocytes [35]. Figure 2G,H show thapression by indirect immunofluorescence. Figure 5A,B showed
when cells were grown at the nonpermissive temperature witlstrong expression of vimentin in retinal astrocytes from wild-
out interferony they lost NG2 expression without a signifi- type and TSP1mice, respectively. Vimentin staining showed

A

Figure 7. Expression of extracellular
Cell Cond. matrix proteins and migration of reti-
Lysate Media nal astrocytes.A: Fibronectin, TSP1,

TSP2, and tenascin-C expression of
wild-type and TSPt RAC were exam-
ined by western blot analysis of condi-
tioned medium and cell lysates. Note
expression of TSP1 in wild-type cells.
The same blot was stripped and
reprobed with anti-fibronectin, TSP2,
E and tenascin-C. Note similar expression
v of fibronectin in these cells. The level
of secreted TSP2 was increased while
that of tenascin-C was decreased in

TSP1 % B
TSP1- RAC. The molecular weights of

L o R —— Y TSP1, TSP2, FN, and TN-C in mono-

meric form are about 180 kDa, about
FN - -| 180 kDa, 220 kDa, and 240 kDa, re-
spectively.B: Cell migration was de-
e = termined by scratch wounding of the
™ W B e

Q

&

TSP1-/- RAC
WT RAC
TSP1-/- RAC

RAC monolayers and wound closure
B was monitored by still photography at
indicated times. These cells exhibited
ﬁh 24h 48h 72h a similar rate of migration and wound
- R T L e R R closure. These experiments were re-
peated three times with similar results.
The scale bar represents 4.

TSP1-/-RAC_WT RAC
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uniform staining throughout the cells. Figure 5C,D showeddhered well to fibronectin and vitronectin (Figure 6A,B) but
strong Pax2 staining in the nuclei of wild-type and TSP1 poorly to laminin and collagen (data not shown). TSEti-
retinal astrocytes, as expected. The corresponding negatiael astrocytes adhered more strongly to fibronectin and
controls in which the primary antibodies were omitted lackeditronectin compared to wild-type retinal astrocytes. We next
any staining (not shown). examined expression of fibronectin, TSP1, TSP2, and tenascin-

Adhesion and migration of wild-type and TSP1” RAC: C in these cells. TSP1RAC expressed similar levels of
Astrocytes express TSP1 and TSP2 [3]. TSP1 is an extracdibronectin but reduced levels of tenascin-C compared to wild-
lular matrix protein produced by a variety of cell types in-type cells (Figure 7A). These cells also expressed increased
cluding endothelial cells, astrocytes, and pericytes. It intetevels of TSP2 but exhibited similar migratory properties as
acts with the component of the extracellular matrix througtwild-type cells (Figure 7B). Thus, the absence of TSP1 af-
multiple receptors modulating various cellular functions andected adhesive properties of retinal astrocytes and their abil-
the matrix composition [38,39]. However, the potential roleity to express different matrix proteins without a significant
of TSP1 in regulation of retinal astrocytes adhesive and meffect on their ability to migrate.
gratory properties remains largely unknown. Culture of retinal astrocytesin Matrigel: Prior to retinal

We first compared the adhesive properties of wild-typevascularization, retinal astrocytes migrate from the optic nerve
and TSP1 RAC on different matrix proteins. Both cell types to create a scaffold-like network for endothelial cells to fol-
low. Endothelial cells are known to organize into a capillary-
like network when plated in Matrigel [27,28]. To determine if
RAC could organize into a network, and whether this ability
is affected in the absence of TSP1, RAC were plated in
Matrigel. Figure 8 shows that wild-type and TSRRIAC, very
much like wild-type retinal endothelial cells [27], readily or-
ganized and formed a network in Matrigel.

DISCUSSION
Astrocytes play an important role in the development of cen-
tral nervous system and its vasculature. There is great interest
in the study of blood-brain and blood-retina barriers and how
their alterations under pathological conditions, such as is-
chemia and diabetes, contribute to vascular malfunctions with
serious side effects. Several methods have been used to inves-
tigate developing and mature astrocytes, including immuno-
histochemistry staining and in situ hybridization [18,40,41].
Although the origin of astrocytes in the brain and retina may
be the same their differentiated characteristics and functions
may well be different. Therefore, the ability to culture astro-
cytes from the retina may provide additional insight into the
unique characteristics of these cells compared to brain and/or
optic nerve astrocytes. Furthermore, the ability to culture as-
trocytes from genetically modified mice will allow us to gain
a more detailed understanding of how specific genes affect
retinal astrocyte functions in vascular development and neu-
ronal functions.

Here we present a method for routine isolation and propa-
gation of astrocytes from mouse retina. This was accomplished
by digesting retinal tissues with collagenase, removing endot-
helial cells by magnetic beads coated with anti-PECAM-1
antibody, and plating the remaining cells on fibronectin-coated
dishes under similar conditions as those described for retinal
endothelial cells [27]. We found that nearly all the cells grown
Fi_gure 8. Organization of retinal astrocytes in I\_/Iatrigel_. RAC from\nder these conditions were astrocytes. These cells expressed
wild-type (A) and TSP1 (B) cells were plated in Matrigel as de- GEAp and NG2 at the permissive temperature. However, when
scribed in Methods. The organization of cells into a network was

digitally photographed using a phase-contrast microscope after ir?—eIIS were grown at a nonpermissive temperature in the ap-

cubation at 33C for 10 h. Both cell types exhibited a similar ability sence OT interferon-they lost NG2 expresspn but continued

to organize into a network in Matrigel. These experiments were ré2XPressing GFAP. Therefore, NG2 expression by these cells

peated three times with similar results. The scale bar represents W@s consistent with their proliferative and immature charac-

wm. teristics at the permissive temperature in the presence of in-
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terferony. Degradation of NG2 by metalloproteinases is esshow that the lack of TSP1 in retinal astrocytes impacted their
sential for the maturation and differentiation of oligodendro-adhesion to various matrix proteins without significantly af-
cytes, which are required for myelination [37]. In addition,fecting their migration. We recently demonstrated that retinal
RAC were positive for vimentin and Pax2 expression. Thereendothelial cells prepared from TSRtice express increased
fore, these cells exhibited markers that are similar to “immalevels of fibronectin compared to wild-type retinal endothe-
ture perinatal astrocytes” present in human retina as describkal cells [27]. These cells were more motile and organized
by Chang-Ling and coworkers [18] and have the potential tpoorly when plated in Matrigel. In contrast, TSFRAC ex-
develop into mature astrocytes by losing Pax2 and vimentipressed similar levels of fibronectin compared to wild-type
expression. RAC and similarly organized into a network in Matrigel. There-
In most mammalian retinas, the primary vascular bedore, lack of TSP1 differentially affected expression of
forms by vasculogenesis [7,40,42-44] and is directly influfibronectin, and perhaps tenascin-C, in the retinal endothelial
enced by retinal astrocytes [7,42,43]. The production of VEGIEell compared to RAC.
by astrocytes at the vascular front is associated with the spread Brain astrocytes express/3 integrin on their surface
of the retinal vasculature [40,44]. However, it is thought thaf36,37]. Our results showed that RAC expressgtB integrin
the contact of endothelial precursor cells with astrocytes imn the cell surface and its expression level was not affected by
hibits endothelial cell growth and stimulates their elongationthe absence of TSP1. However, TSkdtinal astrocytes ad-
alignment, and morphogenic differentiation [45]. The iden-hered more strongly to vitronectin (the main ligandve$3).
tity of the factor(s) produced by astrocytes that promote enfherefore, lack of TSP1 may enhance the affinity and/or avidity
dothelial cell morphogenesis is unknown. However, these fa®f this integrin for its ligand. Astrocytoma cells us33 and
tors share many characteristics of TSP1 action on endotheli@aBp1 integrins for adhesion to TSP1 [47]. We observed simi-
cells. Indeed, astrocytes in culture expressed TSP1 and, its levels o3 (Figure 3E,F) anfll (data not shown) integrin
closely related family member, TSP2 (Figure 7). We observedxpression in wild-type and TSPRAC. However, the ex-
increased production of TSP2 in RAC from TSRice, per-  pression of CD47 was decreased in TSRAC compared to
haps compensating for the lack of TSP1 in these cells. TSRiild-type cells (Figure 4A,B), but the levels of SHPS-1 was
and TSP2, produced by astrocytes, were recently shown tmt affected (Figure 4G,H). Interactions of CD47 with TSP1
promote central nervous system synaptogenesis [3]. Interaand with SHPS-1 affect cell adhesive and migratory proper-
tions of retinal astrocytes with endothelial cells may also proties in the central nervous system [48]. The significance of
mote the differentiation of endothelial cells and the inductiorthese interactions and their impactoorg3 integrin adhesive
and maintenance of blood-retinal/brain barrier characteristigsroperties in retinal astrocytes remains to be determined.
[45,46]. We recently showed TSPiice exhibit an increased The ability to culture retinal astrocytes from wild-type
retinal vascular density [22]. This was mainly attributed to amnd TSP1 mice will allow us to investigate the role of TSP1
increased number of endothelial cells. The retinal endotheliah retinal vascular development and study its contribution to
cells prepared from TSP ice also maintain a proangiogenic interactions with endothelial cells and pericytes during vas-
phenotype in culture [27]. Therefore, TSP1 expression by asular development in both in vivo and in vitro co-culture ex-
trocytes and endothelial cells may play an important role iperiments. These studies will advance our understanding of
promoting the differentiated, quiescent state of the endothéhe role retinal astrocytes play in retinal vascular development
lium and in maintaining the blood-retinal barrier. TSP1 ex-and neurogenesis. Furthermore, it will provide further insight
pression by astrocytes is known to be important for migratiomto the role of cell-cell interactions and/or production of spe-
of oligodendrocytes and appropriate myelination ancific factor(s) by retinal endothelial cells and astrocytes that
synaptogenesis of central nervous system [3,37]. Understanare essential for appropriate vascular development and func-
ing how these astrocytic activities contribute to the develoption.
ment of retinal vasculature and central nervous system will be
beneficial. Furthermore, whether productions of specific fac- ACKNOWLEDGEMENTS
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