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Intermediate filament proteins are a heterogeneous group of proteing that form
10-nm-diameter filaments. a highly stable cytoskeletal component cccurring in
various cell types. The up-regulation of one of these intermediate filamant
proteins, glial fibrillary acidic protein (GEAPY, historically has been an indicator of
“stress™ in central nervous system (CNS) astrocytes. The retina also responds
similarly to "stress” but the up-regulation of intermediate filaments occurs
primarily in the Mller cells, the radial glia of the retina. This is a remarkably
ubiquitous response in that a similar up-regulation can be observed in numerous
forms of retinal degeneration. As a consequence of retinal detachment, a
"mechanical” injury to the retina, GFAP. and another intermediate filament
protein, vimentin, dramatically increase in Mdller cells. Concomitant with this
up-regulation is the hypertrophy of these cells bolh within the retina and onto the
photoreceptor and vitreal surfaces of the retina. The function of this distinctive
intermediate filament up-regulation in glial cells is unknown, but in the retina their
expression is differentialty reguiated in a polarized manner as the Milller cells
hypertrophy, suggesting that they play some role in this process. Moreover the
response of intermediate filaments and the Miller cells differs depending on
whether the retina has been detached or reattached to the retinal pigment
epithelium. The differential expression of these proleing may give insight into their
role in the formation of glial scars in the retina and elsewhere in the CNS.
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I. Introduction

The hallmark response to injury or stress in the central nervous system (CNS)
is an up-regulation in astrocytes of intermediate filament protemns, hughly
stible structural components of the cellular cytoskeleton, The eytoskeleton
of animal cells is composed of T-nm-diameter actin ilaments, 25-nm micro-
tubules, and [0-nm intermediate filaments, Unlike actin filaments and tubu-
lin, ubiquitous cytoskeletal elements found in all cells and with specific
known functions, intermediate filaments are found in a limited number of
cell types and their expression vanes greatly during development and under
pathological conditions. Although this implies specialized roles for inter-
meduite filaments, in fact, very little is known of their exact functions,

A Intermediate Filament Types and Structure

Based largely on ammo acid sequence homologies, intermediate filaments
can be classified into six types: Type Land Type I {acidic and basic keratins).
Type 1T [desmin, glial fibrillary acidic protein (GFAP), vimentim, periph-
erin], Type 1V (neurofilaments, g-internexin), Type ¥ {lamin), and Type V1
(nestin), These classes of intermediate filaments are associated with specific
cell types meluding epithelial cells (keratins ), muscle cells {desmin, synemin),
neurons {neurofilaments, internexins, periphering, CNS and muscle precur-
sor cells inestin), and astroghal cells (GFAP, vimentin). The basic structure
of an miermediate Alament molecule consists of a central 2-helical rod
domain flanked on either side by 4 nonhehical ammo-terminal and a
carbosyl-terminal domam (Parry and Steinert, 1992; Coulombe er af.
2000y, Two molecules aggregate in parallel to form an intermediate filament
dimer that takes on a coiled-coil conformation. Two dimers unite W form a
tetramer of antiparallel protofilaments and multiple tetramers then assemble
to form the typical 10-nm intermediate filament bundles. Whereas the central
region consists of approximately 310 anuno acids and is common to all
intermediate filaments, the head and tail domains are vanahle in size, volume,
and amine acid composition, providing immunogenic and Nunctional specifi-
city to the individual intermediate filament proteins. The filaments themselves
van be composed of different intermediate flament proteins copolymerzed o
form heteropolymers. This depends on the cell type, developmental stage of
the cell, and the most likely role of the cell in the tissue. In epithelial cells, for
example. two types of keratins can copolvmenze to form intermediate fila-
ments. In astrocytes, three types of intermediate filament proteins can be
found but their expression vanes wilth age and apparent function. Although
nestin and vimentin are the main intermediate filament proteins in immature
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astrocytes, adult cells usually express vimentin and GFATP with the latter two
up-regulated following stress or injury. Indeed. many ghal cells in brain such
as astrocytes. tanyeytes, and Bergmann gha coexpress GFAP and vimetin in
the adult animal {de Vitry er af, 19810 Lazarides, 1982),

B. Glial Fibrillary Acidic Protein

GEFAP 15 perhaps the most studied of the intermediate filament proteins in
glial cells. Although it was first iselated from patients with multiple sclerosis
(bng er af . 1971), it is now well established that it is the main intermediate
filamenil proten i mature “normal” astrocyles in the UNS. A gradual
increase i the expression of GFAP in astrocyles has been shown (o occur
throughout the life span of & number of species (Nichols e of . 1993; Eng and
Lec, 1998). However, a rapnd increase in the expression of the protein and its
mRNA. and a concomitant increase in intermediate filaments, occurs within
hours when astrocyles become reactive as a result of trauma, ischemis,
disease, or chemical insult {Eng and Ghirnikar, [9494).

The gene for this 54-kDa protein has been isolated and characterized in a
number of species including human, mouse, and ral (Lewis er o, 1984,
Balcarek and Cowan, 1985 Reeves er of, 989 Brenner er af, 1990
Feinstemn e af, 1992), Several siudies examining astrocyles have shown
that transcription of the gene is highly complex and that it s regulated by
a combimation of apparent ubiquitous positive, and tissue-specific negative
elements (Miura eq af . T9HE Sarkar and Cowan, 1991 ; Kaneko and Sucoka,
1993; Besnard ef af.. 1991 Masood ef /., 1993 Nakatani er wf., 19907, Much
less s known of GFAP gene regulation in other cell types that contaim GFADP
including Schwann cells. radial ghal, Bergmann gha. and Miiller cells i the
reting although the induction of GFAP in Miiller cells in mice with retinal
dystrophy has been shown o he regulated at the level of transcription
(Sarthy and Fu, 1989}, Interestingly. it appears thal the regulatory elements
that stimulate GFAP transcription in Miller cells differ from those in
astrocytes { Brenner, 1994: Verderber ef ef., 1995 lohnson, et af . 1995}

C. Functions of Intermediate Filaments in Glial Cells

Astroglia i the CNS perform a wide variety of functions including the
formation of the blood-bram barner, mamtaiming the wonc balance of the
extracellular medium, uptake and metabolism of neurotransmitters, provid-
ing neurotrophic support to neurons. and playing a major role in the reaction
to ingury. Little is known of the exact function of intermediate filaments and
any role they may play in these processes. However, recent studies using
approaches such as antisense oligonucleotides W suppress GF AP expression
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in cultured astrocytes implicates GFAP in the formation of stable astrocytic
processes and m growth regulation ( Weinstein ef af, 1991; Rutka and Smith.
1993 Toda er ol 1994 Gene kneckout studies have shown thar mice
lacking either GFAP or vimentin appear to develop normally {(Gomi ef af|
1995: Pekny o aof ) 1993 Colucci-Guyon ef ol 1994), however, subtle
changes have been observed in other svstems as a result of disrupung inter-
mediate filament expression. GFAP Enockout nuce have shown signs of
aliered newronal Tunction including changes in motor control {Shibuki
er al, 1996; MceCall e af ) 19963 as well as late-onset ONS demyelination
{a Tunction of oligodendrocytes) and locally impaired blood brain barrier
function (Liedtke ¢f af., 1996), Astrocyvtes cultured from GFAP knockout
mice cun sl elaborute processes, but demonstrale an inereased level of
proliferation {(Pekny er of., 1998} Finally, astrocytes lacking both GFAP
and vimentin have 4 reduced ability to maintain their valume in response to
osmotic changes in the cullure medium, whereas astroeytes lacking only one
of the intermediate ilament proteins can still respond (Ding ef of ., 1998},
One of the most studied aspects of intermediate filament expression in glial
cells s therr response o CNS injury or disease. Observations in many syslems
over the past 2 decades suggest that they play a major structural role in the
hypertrophy of astrocytes, the first step in the formation of gliotic scars (Eng
and Ghirnikar, 1994}, As these cells expand in the CNS, often filling i space
where neurons have died, they dramatically pack their eytoplasm with inter-
mediate filaments. Interestingly, gene knockout studies have shown that the
ability of astrocytes Lo form intermediate filaments appears to depend on
whether the cell s in the reactive or nonreactive state. In addition, it was also
shown that in general, copolymerization of different intermediate filament
proteins in astrocyles appears necessiary for the formation of “functional™
intermediate filaments. In “normal” unimjured GFAP knockout mice, the
astrocytes completely lick both GFAP and vimentin, indicating that in the
nonreactive state, vimentin cannot sell-polymenze, needing GEAP (o poly-
merize into intermediate filaments (Pekny ef wl., 1995 Eliasson e af., 19959,
Following bram injury, which induces the astrocyles to become reactive,
nestin becomes expressed and copolvmerizes with vimentin o form mter-
mediate filaments in the absence of GFAP, This allows glial scars to form in
these animals, In vimentin knockout mice, resctive astrocyles are able o
assemble some mtermediate filiments made only of GFAP, but the filaments
were 1 abnormal compact bundles rather than the characteristic loose
bundles (Galou ef af. 1996; Eliasson ef ol . 1999). Finally, 11 was demon-
strated that ghal scar formation was impaired in astrocytes deficient in hoth
GFEAP and vimentin, but not in muce that were missing one or the other. These
dita were interpreted to indicate that nestin, although present, cannot form
intermediate filaments on its own (Pekny et af |, 1999) These studies sugpest
that although there is some degree of functional overlap between these two
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proteins, there is also a certain degree of interdependency necessary for their
mformation, Moreover, they directly impleate mtermediate filaments in
maintaming cell shape and support the hypothesis that they have a functional
role in astrocyte hypertrophy.

Il. Intermediate Filaments in the Retina

In the mammalian retina. neurefilaments, based on current immunocyto-
chemical data, are limited to expression in horizental and ganglion cells.
Surprisingly, the expression of neurofilaments m these neurons shows an
almost “glial-ike™ response following injury to the retina, dramatically
filling the cells and newly sprouted neurites as they grow wildly throughout
the retina {Coblentz, er af. 2003; Fisher and Lewis. 2003). GFAP and
vimentin are found in the two glial cell types. astrocytes and Miiller cells,
the radial ghia of the retina. As discussed previously, up-regulation of inter-
mediate filaments in the brain and spinal cord in response o injury and
disease occurs in astroglia; in the retina of most species, however, it is the
Miiller cells rather than the astrocytes that show the dramatic increase in
intermediate filaments, Indeed, the astrocyte response to retinal injury
remains relatively undefined by comparison to that of the Miller cell.

A. Muller Cells and Astrocytes

The two retinal glial types have very different morphologies and locations in
the retina. Retinal astrocytes, with their typical stellate appearance, have
their cell bodies located primarily in the ganglion cell laver where their
processes form rows along the vitreal surface as they follow ganglion cell
axons toward the optic nerve (Figs. 1D and 2E, green). The Miiller cells are
radial glia that span the entire width of the retina (Fig. | A from Dreher e af
1992). They are large cells with a complex morphology, even by comparison
to other radial gha in the CNS. Here we will focus on the Miiller cells of the
domestic cat retina. Although Miller cells in all vertebrates share general
morphological characteristics. there are many specializations peculiar to a
species or broader group of vertebrates (Dreher er af, 1992; Sarthy and
Ripps, 2001). For example. in the feline retina, the inner most region of the
cell possesses a club-shuped “end foot” that lics adjacent to the vitreous
cavity, essentially forming the cellular border between the retina and vitre-
ous. In many species, however, this end foot is highly branched. The central
region of the cell contains fine lateral processes. A cell body with its nucleus
resides in the inner nuclear layer, and a honeycomb of branches weaves
between photoreceptor cell bodies in the outer nuclear laver. Numerous
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FIG 1 Tonigees showing the polanzed morphelegy of the Miller cell, a5 weéll as the pialarized
distribution of protcing within the el (A A drawing of 4 Miller cell (from Decher et wf., 1992)
from the feling reuna showing the club-shaped end foot in the GOL, numerpus lateral processes
that branch Irom the mamn trunk 0 the IPL. 8 honeycomb of processes that weave around
photoreceptor cell bodies in the ONL, and apical micravilli that interdigitite with
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microvilli with a typical actin filament core extend from the apical-most
portion of the cell between the inner segments ol the photoreceptors, Thus,
the Miller cells define two bounderies of the retina. On the photoreceptor
border they form the so-called “outer limiting membrine,” which is,
reality, 4 plane of adherens junctions between Miller cells and between
Miiller cells and photoreceptors at the base of the apical microvilll, The
end leet of Miller cells essentially “tile”™ the vitreal surface of the retina.
They lic adjacent to each other but they are not linked systematically by
intracellular junctions as the apical ends of the cells are. The “inner limiting
membrane” is in fact a2 basement membrane that lics between this laver of
end feet and the vitreous.

B. Distribution of GFAP and Vimentin in 'Normal’ Retina

The highly polarized morphology of the Miiller cell is reflected in the distri-
bution of several specific proteins., For example, the transmembrane glyco-
protein, CD44, is restricted to the apical microwvilli, whereas the intermediate

photoreceptor 150 (B Laser scanming confocal image of o normal feline retina double-dabeled
with ante-GFAT (greend and ant-C144 gred) illustrating the comparimentalization of profems
within the Miller cells. Light unu-GFAP labeling can be seen in Miller cell end feet bua it is
nearly obscured by the mtense labeling in the GOL that occurs in the astrocyles. Fine lateral
processes in the 1PL are ightly labeled. Horieontal cell processes on the border of the INL are
also Jightly labeled. Anti-CDdd labeling occurs o the apical mictosvilll of Miller cells as well as
in the apical processes of the RPE. (C) Normal feline retina labeled with anti-vimentin (green)
showing @ similar, but much mare intense labeling o that observed with ani-GFAP,
Antrvimentin labeling extends deeper mto the retina, reaching the [NL: no vimentin labeling is
present i the astroctves, The section is also labeled with anti-CUDE4 {red ). (D9 Normal feline
reting double-Tabeled with anti-GFAP (ereend and ami-vimentin (red ) showing colecabization of
the fwo protems in the end fool regaon. Aait-vimentin labeling predominates w the Muller cell
end feet while anti-GFAP labehng completely dominates in the astroctves. The labeling appears
vellow where there is overlap between the twao celors. {E, T Single label images of ann-GFAP
and anti-vimentin tuken Tom the merged image i (D) showing the diferences in relative
intensives of the two proteins in the end feet as well as the lack of vimentin labeling in astroctye
prvcesses. (0] Blectron noerograph of o Miller cell {MO) end foot labeted with ant-GFATF and
Toflowed with a secondary antibody conjugated to gold particles. Most of the labeling occurs aver
the closiers of intermediate laments, althougl some labeling can be seen away from the
filuments, mest likely representing the presence of GFAP moromers, (H, [ Electron mocrograph
[H 1 and Lser scunning confocal micrograph {  dooble-labeled with ant-GFAP and antivimentin
showing colocalimation of the two proteins 1o simelar flaments Vimentin i represented by the
larger gold particles in {HYand by the red color in {10, The ratios of the two proteins differ in the
Miiller cells as Mlustzated by the different color combinations in (T GCL., ganglion cell layer;
IPL. imner plexifiorm liver: INL, inner nuclear layer: OMN L, outer nuclear laver; 15, photoreceplor
inner segments; OS5, photorecptor culer segments, BPE, retinal pigment epithelium
Bars = 20 pm (B C). 10 pm (13, ECF 1L and 1 pm (G HYL Fig, 1A reprinted [rom Dreher
ef . (19920, with permassion from Wiley-Liss, Ine, o subsidiary of Jobn Wiley & Sons, loc.
Fig. 1 reprinted from Erickson er wf {1992), with permission from Elsevier. Fig. |H reprimied
from Ersckson e af. (1993, with permission from Elsevier (See also color insert.)
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filament proteins GFAP and vimentin are restricted almost exclusively to the
end foot domain with only occasional filaments exiending deeper than the
border between the ganghon cell layver and the inner plexiform layer (Fig. 1B
and C). Tt is not known what limits these filaments to this particular cyoto-
plasmic compartment [Fig. 1B). In contrast, GFAP appears uniformly dis-
tributed throughout the cytoplasm of astrocytes. In addition, in tissue
seclions, the relative intensity of immunolabeling for GEFAP is much greater
in astrocytes than in Miller cells. Feline astroctves, unlike Miiller cells, do
not express detectable amounts of vimentin, Indeed in Miiller cells from a
“mormal” feline retina, vimentin 15 much more abundant than GFAP. but, as
noted above, its expression is limited to the end foot (Fig, 1C). The relative
abundance of the two intermediate filament proteins becomes apparent in
double-label expeniments with antibodies to both (Fig. D). Anti-GFAP,
tagged with a green-fluorescing secondary antibody, is obvious in the astro-
cytes where there 15 no signal from the antibody to vimenting tagged with a
red-fluorescing secondary antibody. In a “normal™ retina the Miller cell
labeling appears generally skewed toward the red end of the spectrum al-
though some “wvellow™ Auorescence can be seen where the “green”™ anti-
GFAF labeling overlaps with the “red” from the anti-vimentin, When the
double-label image is separated into 115 two individual channels, it becomes
clear that the Miller cells contain both GFAP and vimentin, whereas the
astrocytes cantain almost exclusively GFAP (Fig. 1E and F). Al the electron
microscopic level, the antibodies to both of these proteins localize most
heavily to clusters of 10-nm filaments in the end foot region of the Miiller
cells (Fig. 1G). Labeling also occurs away from the filaments, presumably
indicating the presence of GFAP monomers that have not polymerized into
filaments. In the Miiller cells. the relative abundance of the intermediate
filament proteins varies from cell 1o cell and even regionally within a cell
(Fig. |D and 1), In some cases there appears to be an almost imdependent
expression of GFAP and vimentin whereas in other cases they appear to
ovetlap completely, It is their apparent colocalization to the same filament
by immunoeleciron microscopy that provides evidence for therr ability 1o
copolymerize within cells {Fig. 1H).

C. Glial Cell Intermediate Filaments: Responses to Retinal Stress

As is the case with astroglia, GFAP expression in retinal Miller cells can
change dramatically in response o a variety of retinal degenerative condi-
tions or injuries, including inherited diseases (retinitis pigmentosa, macular
dystrophies), mechanical injuries (penetrating wounds. retinal detachment),
or stress (ischemia) (Table 1), Interestingly, the basal level of GEAP in Mdller
cells varies among species. There can be little to none in the cell, as in the
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TABLE 1
Conditions That Lead to Increased GFAP Expression in Retinal Miller Cells

Conditions References

Inherited degenerations

Retinin: pagmentoss

Retinal degeneration
£7rd"” ) monse

Retinal degeneration slow
(7 rda™ ) mouse

Witlhgo mouse

Raoyal college of surgeons (RCS) rat

Albryssinian cal

Rod/cone dysplasm ( Rdyjcal

Fisher 344 ral

Congenital hereditary
retinoschisis |humai)

Traumainsult

Retinal detachment

Revmnal translocation

Subretmal implantation of
micraphatodiode array

Oplic nerve crush
Ischemia
Light damuage

l_aser damage

Lens removalvitrectomy
Endotoxin-induced uvetis
Urethine retimopat by
Trauma

Mitrile exposure

Dhiscase

Age-related macular
degencration (AMD)

Roadrigues v of (1986, |987];
Milam erad (1H1); Lieraf (1995)

Fkstrom erad (19885 Sartby and Fuo (1959
Fhstram er ol (1988 Sarthy and Fu ( F98Y)

Smith es af [ 1997)

Eisenfeld e ol (19841 Rogue and Caldwell (1599
Li erad, (1993) Dlarug er ol (P95}

Mofatrom and Nilsson | 1986):
Ekstrom er o, { 1988)

Chong e af, (1999}
[mLoreto er ol [1995)
Koarsh er af. [ 196}

Erickson o af. ( 98Ty Okada er af. { 1#4010;
Cierin ef el {1990 ); Lewis er al. (1995);
Creller erad (19951 Fisher and Lewis | 2003)

Hayashi er of [2000)
Pardue ot wof, (2001 )

Chen and Weher (20002 )
Fitegerald er af (| ¥00; Osborme ef ef 41991

Eisenfeld er ol {19842; Sarthy and Fu | [959)
Aurns and Bobles 1000k de Raad o af (1996)
Grosche ef el (1997); Wen er af, {1998)

Tshigooka er af, (1989 Tassignon o af (191,
Humplirey et ol (1993, 1997)

Dl e aof, 4 1990%, Yoshida vy al (1093
Takeda vl (2002)

Twler and Burns 1991)

Verderber o of, (19958 Caoet ol (20010 )
Beoane o1 af (1999}

Madigan er gl (1994 Guidry er af. [2002)
Dumzief e af. {22}

[ et |
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TABLE | [continued)

Comditions Relerences
AlDS Haofman and Hinton ¢ 19925
Cilaugwma teaproumental Tamhara ef o, (19970 Wang of af, (20001
andd inherited) L. Wang ef ol (20023, Lam ef af [ 2003]
Probiferative silrearetimopathy Obardan et erl, {19871, Nork eraf ([990)
Driabertw retinopathy Oibvirz soned de Juan (19900 Mazutani of of. [1995);
inherited and experimental) Ligth ef ol (19985 Rungger- Brandle o o ¢ 2000)
Intrancular growth Facior mpection
Hasic firoblast growth factor Lewis ot gf (19925
Ciligry neurotrophic factor Sarthy &f of 19975 Y Wang eval (2000

mouse, ral, or ground squirrel retina, or there can be a moderate amount, as
in the cat or human. In most species studied, however, “stress™ nduces
progressive increase in hoth GFAP and vimentin in the cell over time unail
the entire cell labels with antibodies to the proteins and s filled with inter-
medite filunents, The ground squirrel s a dramatic exception. Its Miller
vells appear remarkably unreactive with respect to change in intermediate
filament protein expression { Linberg es of., 2002: Sakaner af., 2003} Virtnally
all other species studied respond very similarly to “stress” by up-regulating
intermediate filament expression. Indeed, the number of conditions in which
GFAT is up-regulated in Miller cells is extensive {Table ) and in all cases the
response 1% remarkably uniform. When the increase s caused by tranma,
there is a rapid accumulation of intermediate ilaments that occurs within a
Few day of the insult (Eisenfeld e af . 1984 Guerin e of,, 1990a; Lewis ef e/,
1994 Wen er ol 1998; Cao er af . 2001: Chen and Weber, 20021, In the case
of inherited degenerations, the build-up can occur gradually over months or
vears {as 1s also the case during normal aging) (Madigan et ol 1994) In
addition, the GFAP response Lo injury appedrs 1o increase in magnitude with
age. showing mininwal up-regulation at carly postnatal ages (Cao et af,, 2001 ),
Although often asscciatled with conditions that cause photoreceplor cell
death, the accumulation of GEFAP in Miiller cells is probably not a local
direct effect of cell death: it can either precede photoreceptor cell death, as in
the case ol the Abyssinian cat or “rds” mouse, o1 follow, as observed in the
“rd” mouse (Ekstrom ef o, 1988). Although the mRNA for GFAP rapidly
increases 0 Miiller cells after injury to the retina and returns to basal levels a
few days later (Sarthy and Egal, 1995; Humphrey ef af,, 1997), the intermedi-
ate filaments, once formed. can remain at elevated levels for months (Lewis
et al, 1989; Humphrey ef af,, 1997; Seoane ef af., 1999),
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I. Retinal Detachment; a Specific Form of Retinal Stress

Dring development ol the eye, the neural retina and retinal pigment epithe-
lium (R PE) become closely apposed and remain so throughout the life span of
the animal, As the animal matures, the photoreceptor ouler segments of the
rods and cones grow into the extracellular space and interdigitate with the
apical microvillous processes of the RPE. Although cellular mechanisms
connecting the photoreceptors to the RPE are poorly understood. they are
normally suilicient to keep the retina “attached™ to the back of the eve. These
retinal layers can be separated, however, resulting in a “retinal detachment™
and blindness to that retinal region. The causes of retinal detachment may
aceur i many different circumstances, as a result of trawma, disease, or high
myopia, but recently it has become part of a surgical procedure for treating
macular degeneration hy macular translocation {de Juan ef of | 1998; Eckardt
etal 1999} Inaddition, it occurs as partof proposed therapies for the injection
of substances into the subretinal space to prevent photoreceptor degeneration
(Lewmn er af, 1998) or in RPE or retinal transplantation in eves with retinal
degeneration ( Bok, 1993; Del Cerro eral, 1997), Regardless of the initiating
event, mtermediate filaments dramantically inerease in the Miller cells.

We create retinal detachments experimentally by inserting a glass micro-
pipette between the neural reting and the underlying RPE und inlusing 4
salution of sodium hyauluronate (Healon: 0.25%) in a balanced salt solution
to elevate the retina and prevent it from reattaching to the RPE {Lewis et al.,
1999:4 ). Although this produces a relatively small hole through the retina, the
detachment produces the same result as a human rhegmatogenous detach-
ment where there 15 a large tear in the retina {Sethi e al, 2000 ). As a result of
the detachment, a cascade of events involving Miller cells can be abserved.
As soon as 13 min after detachment various transeription factors become
activated (Creller ¢ af, 2001). Within a day the cells begin to change their
morphology, especially in the end foot region where lateral branches appear
to sproul. Some also proliferate and in these cells the noclews migrates oul of
its normal position in the inner nuclear layer toward the outer retina, These
“activated™ Miiller cells will hypertrophy extensively, growing thicker and
more heavily branched within the reting and often extending out onto the
retinal surfaces (see below) The proliferation of Miiller cells peiks between 3
and 4 days abler a detachment 15 created (Fisher er ef . 1991 Geller ¢t af .
1995). but the growth of their processes, especially their extensions into the
newly created space between the neural reting and the RPE or “subretinal
space.” continues for as long as the retina is detached (Lewis er af, 1989),

a. Up-regulation of Tntermediate Fifamenr Proteiny Because the changes in
Miiller cell architecture closely mirror the dramatic changes in intermediate
filament expression in the feline reuna and because the Miller cells of the
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ground squirrels do not change either, it is attractive 1o assume a functional
relationship between the two. The view has often been expressed that chunges
in Miiller cell architecture are either induced or stabilized by the increase in
intermediale filament expression. Limited experimental evidence for either of
these possibilinies exists, Circumstantial evidence from our model suggests a
poiential link between the expression of GEFAP and vimentin and specific
directiomal growth of Miller cells. and thus possibly different functional roles
tor each. In general. GFAP and vimentin mirror each other in their responses
to detachment. There are. however, some subtle differences in their pattern of
expression thal became apparent only with double-label experiments. ¥Vimen-
tin is the predominant intermediate filament in normal Miller cells (shown in
red in Fig, 17 Fig. 2A) By | day after detachment, both intermediate filament
proteins have increased in amount and now extend aboul midway ucross the
retina with a shift in the balance toward GFAP expression {green, Fig. 2B).
This trend becomes even more apparent by 7 days with anti-GFAP labeling
predominating (green, Fig, 2C). Occasionally, an isolated Miller cell will
appear predominantly immunolabeled for vimentin {red, Fig, 20, arrow), It
is these cells that we believe grow beyond the outer limiting membrane and
form glial scars on the pholoreceptor surface, at least in the feline retina (Fig.
2F and insel. arrow),

b Ehvigin of Imermediate Filament Up-regulation  [U ought be expected
that intermediate ilaments would grow outwardly from the cell body and
mnto the opposite poles of the Miller cells. This is not the result observed,
however. Instead, the increase in both GFAP and vimentin originates
from the end fool, the site of accumulated intermediate flaments in the
normal retina. Because the antibodies recogmize free subunits as well us
polvmerized filaments, this observation suggests the priveins are being
synthesized locally in the end foot and not in the cell body. ln support of
this is the evidence Lhat mRNA for GFAP can be localized 1o the end foot by
i sir hybridization (Sarthy and Fu, 1989 Erickson ef wf, 1992}, Taken
together this suggests that the mRNA for mtermediate filament proteins is
exported from the nueleus to the end foot where protein synthesis occurs and
then the filaments expand from an mibial “growth region™ that exsis there,
This sorting of mRNA w distal parts of the cell may not be unigue to the
retind because GEFAP mBNA also has been observed in the processes of
reactive astrocytes and radial glial in human spinal cord and brain (Landry
eral, 1994),

. Changes in Morphology Pavallel Intermediate Filamenr Changes  The
architecture of the end feot s the first to change as a result of retinal
detachment. This change can readily be observed by visualizing the reorgan-
ization of the intermediate filament cytoskeleton and begins at the same time
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that there is 4 shift in the balance of vimentin and GFAP expression within
that compartment. In a section through the retina, the morphological
changes are relatively subtle with the end feet appearing more clongated
and branching (Fig. 2A-C). When viewed i a retinal flat-mount. however,
the changes are unmistakable (Fig. 2D and E}. Imitially. the double-labeled
Miiller cell end feet appear predominantly as vimentin-labeled, club-shaped
structures situatcd between the raws of astrocyle processes brightly labeled
with anti-GFAP, and unlabeled “holes™ contaiming the ganglion cell somata
{Fig. 2D). Following just 1 week of detachment, the club-shaped end feet
appear 1o have transformed into a “sea” of processes extending laterally
across the retina {Fig. 2E). In addition. there has been a dramatic shaft
toward anti-GFAP labeling. However, the remodeled end feet processes do
not extend beyond the confines of the neural retina into the vitreous cavity,
strikingly different than what occurs at the opposite pole of the cells where
they readily grow into the subretinal space. Although the inner limiting
membrane is nol visualized by this technique, conventional histology shows
that the Miiller cell end feet are indeed “confined™ by this layer of basement
membrane. Just as detachment permits the Miiller cells 1o grow into the
subretinal space, 1t 15 retinal reattachment that appears to permt the end
feet Lo extend inta the vitreous cavity and form the equivalent of ~glial scars™
on this surface of the retina. Thus, reattachment halts their growth into
the subretinal space and stimulates their growth into the vitreous.
Surprisingly, the ratio of the two types of intermediate filaments differs in
Miiller cell processes thal form these sa-called extraretinal “membranes.” In
the early stages of growth, processes extending into the subretinal space show
dominant labeling for anti-vimentin, whereas cells extending into the vitre-
ous cavily appear primarily anti-GFAP lubeled. These differences continue
tee hold true even Tor relatively complex, late-stape cellular “membranes™
found on these two retinal surfaces, although in later stages it s the edges of
the membranes that show the major differences in intermediate filament
expression (Fig. 2F and G) Thus, a sequence of changes in the expression
of intermediate filaments and architecture of Miller cells can be proposed:

I In normal retina intermediate filaments are confined to the end foot
compartment; vimentin predominates.

2. Detachment induces the up-regulation of both vimentin and GFAP
with GFAP predominating slightly.

d. During | to 3 days of detachment, up-regulation appears first in the

end foot.

L There are concurrent architectural changes in the end foot,

b. Three days and beyvond, intermediate filaments grow outward from the

end oot into cell body, lateral branches, and outer nuclear laver (ONLY:

GFAP dominates.
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1. There s hypertrophy of the main process und lateral branches.
c. Seven days and beyond, the balance shifts to vimentin expression in a
few “random” processes m the OMNL,
1. These vimentin-rich processes extend beyond the outer limiting
membrane (LM} and form subretinal scars,
3. Reattachment stops the spread of both GFAP and vimentin into the
ouler part of the Miiller cell.
i, Subretinal growth is stopped.
h. There is continued up-regulation ol intermediate filaments in the end
foot region: vimentin predominates.
c. GFAP predominates in apparent “rindom™ end feet that grow
through the inner limiting membrane to form epiretinal glial scars,

d. Retingl Astroctyes  Retinal astroctyes also undergo cellular remodeling
[ollowing retinal detachment (as shown m the flat mounts in Fig. 2D and E)
and are a component of epiretinal membranes, as are Miller cells {Guerin
ef el 1990b), presumably migrating out of the reting in response to retinal
reattachment. Elsewhere in the CNS, astrocytes up-regulate their expression
of GFAF in response to injury or disease (Eng and Ghirnikar, 1994). In the
leline retina, however, it is difhicult to sec 10 modest changes in GFAP expres-
sI0n oceur in the astrocyies because they have a high baseline level of expres-
sion. It 15 alse true that they have received hittle experimental attention
because their response tends to be overshadowed by the much more dramatic
response of Miller cells. Astroctye reactivity, however, can be illustrated in a

the Miller cells but ann-GFAP labeling begins 1o e more prominent as seen by 1he prisence of
mere yellow calor in the end feet and more green color extending inte the ITNL (O At 7 days
after detachment, anu-GF AP labeling predominates. An ovcasional Miiller cell can be abserved
more intensely labeled with anti-vimentin (red. arrowy 11 is these cells that extend throwgh the
outer limiting membrune (o fom subretmal ghal scars [see (F1 and inset in {0, arcow], (D
Mormal Mal-mouwnted tetina maged at the level of The Miiller cell end Geen (as viewed rom the
vitreal side of the retmap The club-shaped end feel are predeminandy labeled with anti-
vimentin {red) and the astrocyles are exclusively labeled with ami-GFAP (green). The circles
with po labeling represent cell bodies of the GCL. (EY Seven-day detached at-mounted retina
imuaged a1 the level of the Miller cell end feet showing the change m morphology of the end feet
and the astrocyle processes, Anl=-GFAP labelmg 1 also more prominent compared 10 normal
(I} Seven-day derached Nat-mounted retina viewed from the photoreceptor surfbee showing a
complex subretinal plial scar that 8 fabeled most intensely with anti-vimenting (G Twenty-
cight-day detached flat-mounted reting viewed fom the vitreal sude showing o complex
epiretinal “membrane’” [ghal scary Although both intermediate filament proteins are present.
anli-GEAP labelng (green) dommates the “leading edges™ of the membrane whereas anti-
vitnenitin labeling (red | cocurs prodomimantly in the central regions. GCL, ganglion coll layer;
IPL, wmmer plesdorm laver; INL, inner nuclear laver: ONL. outer nuclear laver: 5.
photoreceptor inner sepments. Bars = 20 pm. (See also color inscri, )
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mode] of detachment/reatiachment utilizing the California ground squirrel
evelLinberg e af, 2002} In this species there 15 a low level of GFAP expression
i astroctves with almost none detectable in Miller cells {Fig. 3A ) Following
retinal detachment, there is essentially no mnercase in GFAP levels in the
Miiller cells making it easy to observe changes in astrocytes (Fig, 3B), Inter-
estngly, astrocytes also do not mount a robust inerease in GEAP expression
following detachment, but instead, do so in response to retinal reairachment.
Atrocyte processes that are intensely immunolabeled for GFAP can be ob-
served extending well vut of their normal location in the ganglion cell layer and
reaching as far s the photoreceptor laver (Fig. 3C). The faet that neither
GFAP nor vimentin appears Lo increase in Miiller cells following the initial
injury in this species is highly unusual. The reason {or this is unclear but the
Miiller cells i the ground squirre] retina appear. by most of pur conventional
criterit, completely nenreactive; they neither divide nor hypertrophy. nor do
they grow onto the retinal surfaces to form glial scars. features prominent in
both feline and human retas. The structural role of the intermediate ilament
cytoskeleton may be taken over completely by vimentin in these cells since it
appears to fill the entire Miller cell even in the normal retina (Fig, 3D)
Because of this. subtle changes i vimentin expression following detachment
may be difficult to detect in this species (Fig. 3E) This raises the possibility
that their lack of reactivity results from a lack of GFAP expression. although
this seems unlikely since glial scars form in the CNS of knockout mice lacking
GFAP. but containimg vimentin and nestin (Pekny er wf. 1999). There have
been no reports, however. of nestin in Miller cells nor has the response of the
retina to mjury been examined in GFAP or vimentin knockout mice

ill. Regulation of Intermediate Filament Protein Expression

Cell cell signaling mechanisms that may regulate intermediate lilament pro-
tein expression are poorly understood, although current evidence suggests
that dilTusible factors are likely involved. Indeed, putative hormone response
elements {REs) and transeription factor binding sites have been dentified in
the rat GFAP gene promoter region (Gomes ef af . 1999), These include
thyroid hormone RE, estrogen RE, glucocorticoid RE. nuclear factor |1,
activitter protein 2. transforming growth factor-f§ (TGE-f) inhibitory ele-
ment, cAMP RE, and nuclear factor kB. Factors that have been shown o
modulate GEAP expression include hasic fibroblast growth facter (bFGEL
TCGE-f, interleukin-1. interlenkin-6. leukema inhibitory factor, tumor ne-
crosis factor, interferon gamma, and ciliary neurotrophic factor (CNTFL In
the retina. the intravitreal injection of either BFGF or CNTF increases the
expression of both GFAT and vimentin o Miller cells (Lewis er af, 1992
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hatinL ; | day R,
GEAP+M/L opsin - v reattaghed
!

vimeniin

FIG. 3 Laser scanning confocal mmages shiswing the intermediate filament labeling puttens m
ihe ground sguarrel reting alter detachment { RD and reattachment (A Rarmal reting hnbeled
wilh anti-GFAP (green). Labeling occurs primarily in pstrocyies with littke to no labeling m
Miller cell end feet. Labeling with wmu-mediume and long-wavel h-sensitive cong G
antibodies (red pare shown o mdicate the location of the phororeceplons in refation to the gl|;|l
cella. (B1 Thirty five-day detached reling showing very lintle change in ant-GUAP labeling
compared to normal (1C) One-dav detached and 35-day reattached retina, illusiralmng the

dramate bypertrophy of astiocyle processes and & concomiiant increase in anti-=GFAP lebeling
ith these cells. Miller cells show very litthe change m ant-GFAF labebng compared 1o normal
(13 Mormal retra showing anti-vimento labehng (red ) throughoot the Miller cells from the
GUL throwgh the ONL. (E) Seven-day de
of ant-vimennin labeling. The retna appenrs thinoer as @ tesult of photoreceplor degencration
GTL. ganghon cell layer, 1PL. inner plexiform layer INL woner puclear laver; ONL. ouler

wehed fetinn showing very litle change i the pattemn

nuglear baver: OF, photorecepror cuter sepments. Bars = 20 pme (Sa¢ also calor jnsert.)

Sarthy ef ol 1997 Y Wang er !, 2002). Furthermore, it has been shown
that CNTF can induce GEAP expression in Miller cells through the JAKY
STAT =ignaling pathway (Y., Wang of «f , 2002). The increase in GFAP
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FIG. 4 (A=) Light microscopie images showing thait basie fibroblast growih factor (bFGEF)
can up-regulate GEAP dnd sumulate proliferation of Mialler cells (A1 Normal cat reting
showing ano-GEAP labeling (black mmunogold paricles) mothe end feet of Miller cells.
(B} Four weeks after an miravatreal impection of fFGE iote o normal eves anti-GEAP labeling

incroasas 0 the Moller cells. A glial scar depiretoal membrane, aifows) has loomed in the
yitreous and has cavsed & large retmal fold. (07 Pour dass after intravatreal ingection of hFGE

mio a normal eve, nonneuranal cells, ncloding Mioller cells and astrocvtes, are labeled with
|"H]thwmiding {scen as black silver prams in the avtorsdiogoom, " ARG, (DG A series of
Jaseer scanning confocal wnages lustrating thal dewachment initutes an merease in GEAP in
Midlter cellz and reavtachment halts (thes bwnld-ap (120 Narmal rehina labeled wath ano-GEAP
preen) and anti-rod opsin ired) Gt AP labehing 15 restncled o the end Foor and rod opsin 13
present m the pholoreceptor outer segments dshown fur reninal anentanon) (R A 3 days afte
retinal detachment (REN, ano-GFAP lubeling moreases n the Miller cells and extends mte the
ONLAFI In retnas detachesd Tor 3 alays and reattached (RR ¥ Tor 28 duvs, the increase e GEAP

5 “lrocen’ at levels observed olter ¥ days of detachment and does pol continoe 1o inorease
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mmmunolabeling can be observed in a similar tiune frame to that after injury,
cccurring within 4 days atler the injection of | pug of WFGF: by 4 weeks, the
cells become filled with this protein in the absence of any reunal injury {Fig,
4A and By, Intravitreal injection of bBFGFE into normal eves can also induce
glial scar formation in the vitreous (Fig. 4B, arrows) and the proliferation of
hoth astrocytes and Miller cells (Fig. 4C, black silver grains), two events that
consistently occur as a result of retinal detachment or reattachment. After
retinal detachment, a penetrating wound Lo the retina, laser photocoaguli-
twoen. or exposure o damaging light. there 12 a build-up of intermediate
filaments in Miller cells distant from the site of injury with the response
decreasing with distance from the site, agam suggesting that diffusible factors
are involved (G. P. Lewis and 5. K. Fisher, unpublished observations: Bignami
and [Duhl, 1979, Humphrey er of, 1993 Verderber e af |, 1993). Because the
retind has been shown o be a rich source of bBFGF (Glaser er al., 1980; Baird
af al,, 1985 Hageman ef af., 1991), it is conceivable that bFGF is released or
activated following detachment and acts as the stimulos for inereased expres-
sion of GFAP and vimentin both within, and peripheral 1o, the detachment.
Indeed, the expression of bFGE and CNTEF, as well as GFAP. increases in
response o continuous bright light exposure to the retina {(Wen vt ol 1998).
Finally, cell death does not appear to be essential to stimukating an increase in
wntermediate filament expression. In cases in which animals were raised in
elevated axygen, or in models of retinal ischemia, where no detectable neur-
onal loss occurs, GFAP levels stll hecome elevated in Miiller cells { Penn e af.,
1988 Osborne er of., 1991 Fitzgerald of af., 1990),

V. Consequences of Glial Scar Formation in the Retina

Cilial scar formation im the CNS lollowing injury may impede the regeneration
of neuronal processes, especially axons, and the reuna 15 not exempt from a
variant of this scenario. Subretinal scars on the surface of photoreceptors

(00 1o retinas left devsched Toc 28 days, GEAP levels continue 1o merease in Miller oolls as they
hypertrophy throughout the reting and form glinl scars on the surface of the photoreceptors.
(tH-J) Laser scanming conlocal images showing thal growing neurites appear Lo prefer resctive
Mitller cells, eH. 1 Reactive Miller cells up-regulate GFAP (green) and hypertirophy throughout
e retina and Form a subretinal ghal scar. Meurnes from ano-peurofitament-labeled horizonal
cefls tH, red ) and anti-growth-associated protem 43 (GAP 43 labeted ganghon cells (1, reds grow
adpacen (o the GF A P-lubeled Miiller cells. (1) Anti-neurofilament-labeled ganghon cell neurites
(red) grow inta o viteeal ghial scar {epiretinal membrane, arrows) labeled with ant-GFAP
(areen). G L, ganghion aell layer, 1ML, imoer nucher layer, OML, outer nuckear beyer; 15, phato-
receplor inner segments; OF, photoreceptor outer sepments. Bars = 20 pm, Fig 4A reprinted
from Ericksen, ef af (1993, with permission from Elsevier. Figs. 48 and A0 reprinted frem
Lewis e of, {19925 with permission (rom The Sociely for Meurascience. {See also color insert. )
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inhibit the regeneration of the photoreceptor outer segments following retinal
reattachment {Fisher and Anderson, 2000 ). Thus, inhnbition of subretinal scar
formation is of practical interest. Antisense oligonucleotides have been used
with some success to inhibit intermediate filament assembly in the CNS (Yu
et af., 19911, Both mteavitreally injected brain-derived neurotrophic factor
{BDNF) and elevated environmental oxyeen have been shown to be relatively
elfective in preventing the increase in intermediate filaments and the forma-
tion of Muller cell scars following retinal detachment {Lewis e ol 19993 b),
Whether these effects are direct or secondary 1s not known. In addition, retinal
realtachment, following & penod of detachment long enough to start the
inerease i intermediate filament expression. can essentially “freeze’” the up-
regulation in Miiller cells so that there 1s no further increase { Lewis ef af ., 2001,
2002y (Fig, 4D-G). Reattachment does nol cause a reversul ol the increase
within 28 days in the feline retina (Lewis er af., 2001) but may cause a slight
decrease in expression after 130 davs m the primate retina (Guerin ef of.,
199060 ), The highly stable intermediate ilaments, once formed. may therefore
remain for seme time. even though their mBNA has been shown (o return to
normal levels within o few days after damage to the retina by bright light
(Sarthy and Egal, 1995)

The significance of ghal scars in the retina remains s much an enigma as in
the brain and spinal cord, Do reactive ghal cells belp or hinder the regeneru-
uve process? Do they provide molecular factors that save neurons or do they
contribute i some instances to cell death” Although there may be some type
of balance between the effects. s quite clear that Miiller cells contnibute 1o
twor known causes of blindoess: subretinal fibrosis, where their growth in the
subretinal space inhibits outer segmentl repeneration. and proliterative
vitreoretinopathy, where thew growth in the vitreous prodoces mechanical
traction and redetachment. In addition, i our model of detachment and
reattachment, the glial scars provide apparent substrates for the aberrant
growth of neurites from horizontal cells and ganglion cells (Fig, 4H-J) (Lewis
et al., 1998; Coblentz et af., 2003). Although many of the glial and neuronal
changes reported m feline retina have also been identified in complex human
detachments (Sethi ¢ af.. 2000 Fisher and Lewis, 20033, (o our knowledge
there is no information on the effects of the more subtle changes on visual
cutcome. It is difficult, however, to envision the changes being “positive.”™
The greal hypertrophy of Miller cell processes withim the reting can greatly
alter the architecture of the retinal tissue but its effects on vision are com-
pletely unknown. The light-scattering effeet of filamentous protems s well
known and it seems likely that the immense increase in imtermediate filaments,
especially those at right angles to the light path. in some way alter image
formation by the photoreceptor array. The inhibition ol their expression
(or lunclionality) may prevent the formation of sub- or epiretinal membranes
in the retina, both of which put patients at risk for impaired vision or



GFAP I MAMMAL AN RETINA 283

blindness. Unfortunately there are currently few chowees for disrupting
intermediate filament integrity, making it difficult to assess the therapeutic
potential of such a strategy,

V. Summary

Our studies of detachment and reattachment illustrate the general properties
and apparent significance of intermediate filaments to the overall responsive-
ness of Milller cells, especially in glial scar formation. They also uncover new.
potentially significant questions about the rele of intermediate flaments in
these cells. In particular, the differential expression of intermediate filament
proteins in Miller cell processes as they form ghal scars on the opposing
retinal surfaces raises the issue of different functions for GFAP and vimentin.
[t also raises the issue of mechanisms for the differental compartmental-
ization of these two proteins as well as for maintaining the bakinee of
expression, Continued research in the control of intermediate filament ex-
pression seems imperative il we are to fully understand these processes. “The
vetina, an approachable part of the brain’™ {Dowling, 1987), provides an
excellent model system 1in which to understand the role of intermediate
filaments mn the CN5.
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LEWIS AND FISHER.FIG 1 [wages showing the polarized merphalagy of the Muller cell as well
ws the polarized disiibution of proteins within the el (A) A drawing of a Millei cell ifrom
Direher e af. 19921 fram the feline reting showing the club-shaped end foot in the GCL,
numeraus Jateral processes that branch from the mam trunk in the IPL, & hopevcomb of
processes that weave around photorecepor cell bodies mothe ONL, and apical mierovilli that
interdigitate with photorecepror 15, (B) Laser seanning confocal image of o normal feline reting
double-labeted with ant-GFAP {greent and anti-CDE (red) illustrating the compartmental-
ation of protems within the Miller cells. Light anti-GFAP labeling can be seen in Miller cell
end fewt but it is pearly obscurcd by the intense labeling i the GOL that ocours in the
astrocyies. Fine laweral provesses in the IPL aie Iightly labeled, Horizontal cell processes on
the border of the INL are also lightly labeled. Anti-CD< Bsbeling oceurs mthe apical mierovilli
of Miller cells as well as in the apical processes of the RPE. (C) Mormal feline retina labeled
with antisimentin {green) showing a similar, but much moece intense libeling to that observed
with ant-CGIFAP. Antivimentin fabeling extends deeper inte the reting, reaching the INL: no
vimentin labeling is present in the astrocives. The section is also labeled with anti-CD4d (red).
([ Mormal feline reting dowhle-labeled with ant-GEAP (green) and antivimentin (red)
showing colocalization of the twe proteins in the end foot region Antivimentin labeling
predominates in the Miller cell end feet while anl-GEAP lubeling complerely dominates in the
astroctyes, The labeling appears vellow where there s averlap between the twe colors. (E, F)
Single lable images of ano-GFAP and antivimentin taken from the merged image in (D1 showing
the differcnces m relative intensities of the 1w prodeing in (he end feel as well as the lack of
vimentin labeling i astroctye processes. (G Electron nucrograph ol a Miller cell (MO end fieo
Fabseled with anti-GFEAP aad followed with a secondary antibody conjuated to gold partcles.
Most of the labeling recuis aver the clusters of intermediate Glaments, although some labeling
can be seen away rom the Glarmwenes, maost Lkely representing the presence of GFAP monomers
{H, I} Electron mucrograph (H b and laser scanming confocal micrograph (11 double-fubeled with
anli-GF AP and antivimentn showing colecalization of the two proteins to similar Nlaments.
Virmentin is representod by the larger gold particles in i1 and by the red coloc i {11 The ratios of
the 1w proteins differ in the Mller cells as illustrated by the different color combinations in (T
GOL, ganglion cell layer; TPL, nner plexiform layer: INL, inner nuclear Javer; OML., auter
nuckear layer 15, photoreceptor nner segments: 05, photoreceptor outer segments. RPE, retinal
prgment epitheliom Bars = 20 pm (B, O 10 pm D ELF Deand | pm (. HY Fige LA ceprinted
From Dreher e wl (1992} with permission from Wiles-Liss, Ine | g subsidiary of John Wiley &
Sons. Inc. Fig, LG reprinted from Encksen erad, (1992, with permission from Elsevier, Fig. 111
reprintesd from Erickson ef of ¢ 19933, with permission lrom Elsesier
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LEWIS AND FISHER, FIG 2 Laser scanning confoval images of secoons double-labeled with
amti-GFAP (green) and antivimentin (red) showing the up-regulation of intermediate laments
i Miller wells and concomutant hypertrophy of the cells that oceurs fellowing  retinal
detachment (RN in the feline retina (A) b the normal reting these profeins are present in the
end foot portien of the Maller cell with antwimentin predaminating. The mage appears vellow
where there 15 overlap of the two protems. (By One day after detachment both intermediae
filamen protens merease within the Muller cells but anti-GEAFP labeling Begms o be mrorne
premminenl as seen by the presence of more vellow color in the end feet and more green color
extending o the INL Oy AT days alter detachment. ant-GUAP labeling predomonutes, An
ccasianal Mither vell can be observed more inensely fabeled with antivimentin fned: arrow) 11
is these cells thal exdend through the outer lmitimg membrane 1o ferm subretinad ghal scars |aee
{F1 and inset w (F1 arrow] (D0 Normal Aat-mounted retina imaged ar the level of the Miller
cell end feet (as viewed from the vitreal stde of the reonal, The club-shaped end feet are
predominantly labeled with anmvimentin ¢red) and the astrocyies are eaclusively labeled with
anti-GFAP tereent. The ciccles with no labseling cepresent cell bodies of the GOL (EFSeven-day
detached He-mounted reting imaged at the level af the Muller cell end Teet showmng the change
i morphology of the end Teet and the astrocyte processes. Anle-GEAT liheling 1= slao more
prominent compared (o normal |Fr Seven-day detached flat-mounted elma siewed Trom e
photoreceplor surface showimg & complex subretinal glial scar that 15 labeled most inlensely with
antrenmenti. 101 Twentyv-cight-day detached Mav-mounied retina viewed from the sitreal side
showing o comples epiretimal “membrane”™ fghal scarl. Abthough baoth mtermediate flament
proteins are presenl, anti-GEAFP labeling tgreen) domunites the “leading edges™ ol 1he
membrane whercas antpvimentin labeling (redd oceurs prodominantly in the central regons
GUL. ganglion cell Laver; TPL. imner plexiform laver; 1ML, mner puclear laver: ONL. ouler
wuclear laver: 5. photomecepaor inoer sepments. Bars = 240 pm
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LEWIS AND FISHER, FIG.. 4 A ' Light microscopie images showing that basic ibroblast
grosvth Factor (BPGE) can up-regulate GEFAP and sumulate proliferation of Miller cells
(A1 Normal cat reting shewing anti-GFAP labeling (black immunogoeld particlesy inthe end teet
of Miller cells, (B Four weeks afler an aiiravitreal injection of bFGF imo o mormal cve, anli-
GFAP labeling increases in the Miller cells A glial scar ieprreninal membrane, arrows) has
formed o the vitreous and has caused a barge retmal Told. (O Four days afier imtravitreal
injection of WFGF into s normal eve, nonneuronal colls, including Milller c2lls and astrocyles,
are labeled with [PH]thymiding tseen as block silver grams in the autoradiogram. “ARG"L
(D-Cp A series of laser scannimg confocal images dlustraling that detachmenr imtates an
increase m GEAP i Miller cells and reattachment halts this build-up, (I¥ Normal retina
labebed with anti-GEAP (green) amd antirodopan tred). GUAP labeling is restricted 1o the end
foot and rodopsin 35 present in the pholorecepior outer sepments (shewn for reting
orientation) (Ep AL 3 days after retingl detachment (RD9. ant-GFAP laheling increases in
the Miller cells and extends inio the ONL. (Fi In retinas detached for 5 days apd reattached
(RR) for 28 days, the increase i GFEAP s “froeen” ar levels observed after 3 days of
detachment and does not continue ty merease, (G In retnas leti detached for 28 days, GFAP
levels comlinue o mcrease in Miller cells as they hypertrophy throughout the reting and lorm
glial seaars on the surface of 1he photareceptors. {H 11 Laser scanning confocal images showing
thal growing neurites appear to prefer reactive Miler cells. (H, D Reacove Miller celis
up-regulate GFAP{green ) and hyperirophy throoghoot the setinea and Form s subrennmal ghial scar
Meurites from antinesolilament-labeled horizontal cells (H, red) and antigrowth-associsted
provein 43 (GAP 43 labeled ganglion cells i1 redr grow adgacent (o the GEFEAP-Tabeled Mller
cells, (0 Antmeurofilament -fabeled ganglion cell neurites creds grow mto oo vitceal glial scad
tepireninal membrame, arrows) labeled with ant-GEAP (preen) GOL, panghon cell layer; INL,
moer pwclesr layer: OMNL. outer ouclear laver; 15, photoreceptor inper sepments; 0%,
phatoreceptor outer scgnients. Bars = M pme Fig. 4A repnsted Grom Enckson, e of, 41993,
with: permission from Elsevier. Figs. 48 and 4C reprinted from Lewis et of (1997 with
permission renm The Sooiery for Neorosciene.



