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We have previously demonstrated that g&al fibrillary 
acidic protein (GFAP) containing intermediate filaments 
in retinal Miiller cells undergo both quantitative induc- 
tion and subcellular reorganization as a response to long- 
term retinal detachment (an induced CNS degeneration 
wherein the Mtiller cells form a multicellular scar). This 
study demonstrates by RNA blotting analysis that normal 
retina expresses a low basal level of GFAP mRNA, which 
is induced approximately 500% within 3 days of retinal 
detachment. At the cellular level, electron microscopic in 
situ hybridization analysis readily detects GFAP mRNA 
in Miiller cells of detached retinas, but not in normal 
retinas. On the other hand, GFAP mRNA was readily 
detected in retinal astrocytes (which appear to express 
GFAP mRNA at high, constitutive levels). In both cell 
types, the ultrastructural localization of GFAP mRNA 
was the same. In the nuclei, the GFAP mRNA was asso- 
ciated with amorphous, electron-dense regions within the 
euchromatin. In the cytoplasm, the GFAP mRNA was 
associated with intermediate filaments near the nuclear 
pores, along the filaments when no other structures were 
apparent, and when the filaments appeared to be associ- 
ated with ribosomes and polysomes. The ultrastructural 
location of the GFAP mRNA (especially along the inter- 
mediate filaments) may be unique to this mRNA or may 
represent a more generalized mRNA phenomenon. 0 1992 
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INTRODUCTION 
Cytoplasmic intermediate filaments are a major 

constituent of the cytoskeleton and have been iden- 
tified in almost all eucaryotic cells (for reviews, see 
Lazarides, 1982; Traub, 1985; Steiner-t and Roop, 
1988; Goldman et al., 1990). Although they have sig- 
nificant similarities, there is sufficient variation 
(e.g., intron and exon arrangement, primary amino 
acid sequence) among the different kinds of interme- 
diate filaments to categorize them into subtypes: (I) 
acidic keratins; (II) neutral and basic keratins; (III) 
glial fibrillary acidic protein (GFAP), vimentin, 
desmin, and peripherin; and (IV) neurofilaments. In 
addition, intermediate filaments in the nucleus con- 

stitute a fifth subtype: the nuclear lamins. A poten- 
tial sixth subtype, nestin, that is expressed in neu- 
roepithelial stem cells has recently been identified 
(Lendahl et al., 1990). 

Cytoplasmic intermediate filaments are believed 
to be anchored to the nuclear envelope, surround the 
nuclear pores, extend outward throughout the cell 
where they interact with numerous organelles, and 
eventually terminate at the plasma membrane 
(Goldman et al., 1985; Traub, 1985; Tokuyasu et al., 
1985; Georgatos and Blobel, 1987a,b; Georgatos et 
al., 1987; Goldman et al., 1990; Zorn et al., 1990; 
Djabali et al., 1991; Jiao et al., 1991). Although the 
precise function(s) of the intermediate filaments is 
not known, structural evidence has led to the pro- 
posal that they may act as a scaffold to maintain the 
position of the nucleus and other organelles. Be- 
cause of their strategic location surrounding the nu- 
clear pore, it has also been proposed that interme- 
diate filaments may act as guides or “tracks” for the 
transit of molecules through the pores (Goldman et 
al., 1985). 

In normal retinal Muller cells, GFAP intermedi- 
ate filaments do not extend throughout the entire 
cell (Bignami and Dahl, 1979; O’Dowd and Eng, 
1979; Dixon and Eng, 1981; Ohira et al., 1984; Bjork- 
lund et al., 1985; Kivela et al., 1986; Erickson et al., 
198713; Vaughan et al., 1990) but have a restricted 
distribution between the nucleus and the vitreous 
cavity. However, during retinal degenerations (Big- 
nami and Dahl, 1979; Miller and Oberdorfer, 1981; 
Shaw and Weber, 1983; Eisenfeld et al., 1984; Okada 
et al., 1988; Sarthy and Fu, 1989a; Sarthy et al., 
1989b) or after retinal detachment (a separation of 
the retina from the adjacent retinal pigmented epi- 
thelium), GFAP intermediate filaments form an ex- 
tensive network throughout the Muller cell cyto- 
plasm (Erickson et al., 1983,1987b). This response of 
the Muller cells thus seems to be characteristic of 
inherited and acquired retinal degenerations. While 
the function of these intermediate filaments is not 
known, they do form the major cytoskeletal compo- 
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nent of the subsequent Miiller cell scar (Erickson et 
al., 1983, 1987; Lewis et al., 1989). This scar is anal- 
ogous to other CNS astrocytic scars (Kerns and 
Hinsman, 1973; Kao and Chang, 1977; Kao, 1980). 
The Miiller cell scar can block the reapposition of a 
detached retina to the retinal pigment epithelium 
following retinal reattachment surgery (Anderson et 
al., 1986). As elsewhere in the CNS, the neurons (in 
this case the photoreceptors) impinging on the scar 
are compromised structurally and presumably func- 
tionally. 

Understanding the structural and molecular 
events preceeding scar formation may reveal key 
mechanisms influencing their establishment. This 
study focuses upon the early increase in GFAP fila- 
ment accumulation in the Miiller cells, and ad- 
dresses whether there is an increase in GFAP 
mRNA in detached retinas, and if so, whether this 
increase is in the astrocytes or Miiller cells (or both). 
In addition, the ultrastructural location of GFAP 
mRNA is addressed to reveal any potential changes 
within the astrocytes and Miiller cells. Preliminary 
reports of this study have been presented in abstract 
form (Erickson et al., 1989b, 1990b). 

MATERIALS AND METHODS 

Animals. Cats (n = 9) were maintained on a 12:12 (Light: 
Dark) cycle for at least 2 weeks prior to euthanasia 4 hr into the 
light cycle. Three cat retinas were experimentally detached from 
the retinal pigmented epithelium (RPE) 3 days prior to euthana- 
sia in order to stimulate GFAP expression in the retinal Miiller 
cells (Erickson et al., 1987bl. Detailed methods have been pub- 
lished previously (Anderson et al., 1986). Briefly, the lens and 
vitreous were removed and a 0.25% aqueous solution of Healon 
(sodium hyaluronate; Pharmacia) was slowly injected (using a 
micropipet) into the extracellular space between the photorecep- 
tors and RPE. The resulting retinal detachment radiated outward 
from the retinal hole produced by the micropipet. 

Tissue fixation and processing. Tissue for conventional elec- 
tron microscopy was processed according to our previously pub- 
lished protocols (Anderson et al., 1983; Erickson et al., 1983). 
Briefly, the tissue was fixed overnight in 1% formaldehyde (from 
paraformaldehyde) plus 1% glutaraldehyde in phosphate buffer, 
postfixed in 2% osmium tetroxide, dehydrated in a graded ethanol 
and Ha0 series, and embedded in Araldite (6005). Thin tissue 
sections were placed on copper grids, stained with uranyl acetate 
and lead citrate, carbon coated, and viewed in a Philips CM10 
,iectron microscope. 

Tissue for postembedding immunogold electron microscopy was 
processed according to previously published protocols (Erickson ez 
al., 1987a). Briefly, the tissue was fixed for 1.0 hr with 1%’ form- 
aldehyde (from paraformaldehyde) plus 1% glutaraldehyde in 
0.086 M sodium phosphate (NaPO,) buffer, pH 7.2. It was then 
rinsed in 0.137 M NaPO, buffer and dehydrated through a graded 
methanol (or NJ-dimethylformamide, DMF) series. Secondary 
fixation (for 1.0 hr) was with 2.0% uranyl acetate (UAc) in the 
70% methanol (or 70% DMF) step. After completing the dehydra- 
tion, the tissue was embedded in LR White resin (or Lowicryl 
K4M resin for the DMF dehydrated tissue). Alternatively, after 
the primary fixation, tissue from one animal was washed in 0.05 
M Na-H-Maleate-NaOH buffer (pH 5.2) followed by a secondary 
fixation in 2% UAc in Maleate buffer (pH 4.751 for 2.0 hours. Two 
percent UAc fixation continued during the methanol dehydration 

(15,30,50, and 70% steps, 10 min each) followed by simple meth- 
anol dehydration at 85,95, and 100% levels. All processing steps 
in methanol in this series were performed at 4.o”C. Tissue was 
then embedded in LR White resin following the protocol listed 
above. 

Tissue for in situ hybridization was fixed for 1.0 hr in either 2 
or 4% formaldehyde (from paraformaldehyde) in 0.086 M NaPO, 
buffer, pH 7.2. Dehydration with increasing concentrations of 
DMF preceded embedding in Lowicryl K4M resin. In addition, in 
situ hybridization was attempted on the LR White-embedded tis- 
sue that was used for immunogold electron microscopy. 

lmmunogold electron microscopy. For the immunogold elec- 
tron microscopy, we followed our previously published protocol 
(Erickson et al., 1987al. Briefly, thin sections were placed on 
formvar-coated nickel grids and floated on diluted normal goat 
serum. After this blocking step, the grids were incubated on drops 
of polyclonal anti-GFAP (rabbit anti-bovine GFAP, IgG fraction, 
1:400 dilution, DAK0 Laboratories, Santa Barbara, CA). The sec- 
tions were incubated overnight with the anti-GFAP or, for control 
experiments, with diluted nonimmune rabbit serum or buffer 
alone. After rinsing with buffer the sections were incubated on 
drops of secondary antibody-gold complexes (goat anti-rabbit 
IgG-5, -15 or -20 nm gold, 1:40 dilution, Janssen Pharmaceutics, 
Beerse, Belgium) for 1.0 hr. After rinsing with buffer and then 
ddH,O the grids were air dried. The tissue was then stained in 
UAc and lead citrate followed by carbon coating and viewing in a 
Philips CM10 electron microscope. 

SDS-PAGE and immunobloting. For the analysis of whole 
retina homogenates by SDS-PAGE and immunoblotting, we fol- 
lowed our previously published protocol (Lewis et al., 1989). 
Briefly, cat retina was homogenized in PBS containing phenyl- 
methylsulfonyl fluoride, EDTA, Triton X-100, and SDS to inhibit 
protein degradation. Protein concentrations were determined by 
BCA Protein Assay (Pierce Chemical Co.). Samples containing 50 
pg protein were analyzed by SDS-PAGE on a 7.5-20% gradient 
gel. Proteins of known molecular weights (Bio-Rad) were run as 
standards. After separation, the proteins were stained with 
Coomassie blue or transferred by electroblotting to nitrocellulose 
membrane. After blocking with BSA (0.5%) in Tris-buffered sa- 
line (TBS, 0.02 M Trizma base, 0.50 M NaCl, pH 7.5, with con- 
centrated HCl) the nitrocellulose membrane was incubated over- 
night with rabbit anti-bovine GFAP (DAK01 diluted 1:lOO in 
TBS. After rinsing, the blot was incubated with HRP-labeled goat 
anti-rabbit IgG (Bio-Rad; 1:2000 in TBS) for 1.0 hr. The blot was 
rinsed and incubated with HRP color development reagent (Bio- 
Rad) for 15 min, rinsed with ddHz0, and air-dried. 

Preparation of biotinylated cDNA-encoding GFAF. A cDNA- 
encoding GFAP (clone Gl) was generously provided by S. Lewis 
and N. Cowan (Lewis et al., 1984). A l.l-kb Hind111 fragment was 
isolated by agarose gel electrophoresis. A biotinylated probe was 
prepared using the random primer method of Feinberg and Vo- 
gelstein (1983, 1984) using a Random Primed DNA Labeling Kit 
(Boehringer-Mannheim). This method yields probes of an average 
length of 80-120 base pairs representing sequences along the 
entire length of the starting cDNA. The subsequent biotinylated 
GFAP cDNA probe (bio-GFAP-cDNA) was purified using a 0.5-ml 
Sephadex G-50 column. The DNA concentration of the probe was 
assayed using the ethidium bromide/plastic wrap method (Mani- 
atis et al., 1982). The level of biotinylation of the bio-GFAP-cDNA 
was assayed using a nonradioactive nucleic acid detection system 
(BluGENE. Bethesda Research Laboratories). Two nicoerams of 

.  Y 

the bio-GFAP-cDNA were detected with this dot blot assay. 
RNA gels and Northern blots. RNA was isolated according to 

the method of Chirgwin and colleagues (1979). Briefly, normal 
and 3-day detached cat retinas were frozen, homogenized in 
guanidinium isothiocyanate, and ultracentrifuged through ce- 
sium chloride. The RNA pellet was then resuspended and quan- 
tified by spectrophotometry. Thirty micrograms of total RNA 
from each sample was then fractionated using formaldehyde- 
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FIG. 1. Coomassie blue-stained SDS-PAGE gel of molecular 
weight standards (lane A) and proteins of cat retina homogenate 
(lane Bl. Lane C is an immunoblot of cat retina homogenate that 
was probed with the polyclonal anti-GFAP. The single band at 51 
kDa (the appropriate size for GFAP) shows the specificity of the 
antibodies used for the immunoelectron microscopy. 

agarose gel electrophoresis (Maniatis et al., 19821, transferred to 
nitrocellulose, and probed with a GFAP-cDNA (Lewis et al., 1984) 
that was 32P-labeled by the random primer method (Feinberg and 
Vogelstein, 1983, 1984). As controls for the specificity of the 
GFAP probe, total RNA from mouse brain (positive control) and 
PC 12 cells (negative control) were included on the blot. As a 
control for loading levels, the blots were stripped and reprobed 
with a 8 tubulin-cDNA (Cleveland et al., 19801. 

Electron microscopic in situ hybridization. For the electron 
microscopic in situ hybridization, we combined two previously 
published protocols (Binder et al., 1986; Wolber and Beals, 1989). 
Thin sections of the Lowicryl K4M- or LR White-embedded tissue 
were placed on nickel grids. The grids were submerged in hybrid- 
ization buffer (50% formamide; 5x Denhardt’s = 0.10% Ficoll, 
0.10% polyvinylpyrrolidone, and 0.10% BSA; 5x SSPE = 0.75 M 
NaCl, 50 mM NaHzPO,, and 5 mM EDTA; 0.1% SDS; 100 pgiml 
salmon sperm DNA), in the absence or presence of bio-GFAP- 
cDNA (0.16 ng/pll that had been heated to 95°C for 10 min. The 
incubation continued overnight in a humidified chamber main- 

tained at 37°C. After rinsing in 2x SSC (0.30 M NaCl and 0.030 
M sodium citrate) at room temperature, grids were submerged in 
streptavidin-gold (15 nm diameter) conjugate (SA-AU, Janssen 
Pharmaceutical at a 1:lO dilution in 2x SSC + 1% BSA (alter- 
natively diluted in 20 mM TBS + 1% BSA). Grids remained in 
the SA-AU solution for 1 hr at room temperature and were sub- 
sequently rinsed in 2x SSC and fixed with 1% glutaraldehyde in 
2x SSC for 30 min. After a final rinse in 2x SSC, grids were 
rinsed briefly in ddH,O and allowed to air dry. The sections on the 
grids were subsequently stained with UAc, lead citrate, and car- 
bon coated prior to viewing in a Philips CM10 electron micro- 
scope. 

This combination of techniques yields low labeling levels due to 
the following: (1) the signal is not amplified using SA-AU (versus 
indirect immunogold detection of the bio-cDNA); (2) only mRNA 
on the surface of the tissue section is accessible to the bio-cDNA; 
and (3) the GFAP mRNA is regionally located (Sarthy et al., 
1989bl. However, this combination of techniques yields ex- 
tremely high resolution localization of the mRNA because the 
SA-AU is not separated from the site of hybridization as much as 
with indirect immunogold detection of mRNA. 

RESULTS 

GFAP filament localization in retinal cells. The 
specificity of the polyclonal antisera directed against 
GFAP was initially established by immunoblotting 
analysis. As seen in Fig. 1, immunoblots of whole 
retina homogenates show a single band of the ap- 
propriate molecular weight (51 kDa) for GFAP after 
probing with the polyclonal anti-GFAP. 

Next, we analyzed the pattern of GFAP expres- 
sion in the retina by immunogold electron micros- 
copy. All of the immunocytochemistry fixation pro- 
tocols yielded similar results. The anti-GFAP label- 
ing was detected in retinal astrocytes (Fig. 2) where 
it specifically labeled intermediate filaments (Fig. 
3). Processes from these astrocytes were found in the 
nerve fiber layer of the retina adjacent to the basal 
lamina surrounding capillary endothelial cells (Fig. 
21, adjacent to ganglion cell axons, and in the optic 
nerve region. Ganglion cell axons and capillary en- 
dothelial cells contain numerous lo-nm-diameter 

FIG. 2. Cells within the retina and optic nerve head that contained GFAP were identified by postembedding, immunogold electron 
microscopy. This is an example of a retinal astrocyte labeled with anti-GFAP. The astrocyte cytoplasm (AC) contains numerous inter- 
mediate filaments, labeled with anti-GFAP, between the nucleus (AN) and the plasma membrane adjacent to a retinal blood vessel (BV). 
Bar = 1.0 pm. 
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FK. 3. At higher magnification, the anti-GFAP labeling (15nm gold spheres) within the astrocyte cytoplasm (AC) is detected over 
the lo-rim-diameter intermediate filaments. Astrocyte nucleus, AN; bar = 1.0 cLm. 

FIG. 4. The only other cells to immunolabel with the anti- 
GFAP were the retinal Mdller cells. This is an example of label- 
ing over the intermediate filaments of a Miiller cell (MC) near the 
vitreous cavity WC) from a normal retina. The anti-GFAP label- 
ing within these cells was restricted to this inner retinal region 
near the vitreous cavity. Bar = 1.0 pm. 

filaments but were not labeled. The only other cell 
type that labeled with anti-GFAP was the retinal 
Miiller cell. The labeling in Miiller cells in normal 
retinas occurred only near the vitreous cavity (the 
“end foot” region; Fig. 4). Although the gold spheres 
were predominantly over the lo-nm-diameter inter- 
mediate filaments, a low level of labeling was also 
detected over the cytoplasm in regions free of fila- 
ments. Only the cells that had labeled lo-nm- 
diameter filaments showed diffuse cytoplasmic la- 
beling. All other cell types were negative for anti- 
GFAP labeling. 

In retinas detached for 3 days, the number of lo- 
nm-diameter filaments within the Muller cells was 
elevated relative to the normal Mtiller cells. In ad- 
dition, the cytoplasmic location and immunolabel- 
ing of the filaments extended from the end foot re- 
gion of the cells, through numerous layers of the 
retina, into the outer nuclear layer (Fig. 5). On the 
other hand, there was no apparent change in the 
quantity or location of GFAP intermediate filaments 
in the retina or optic nerve astrocytes. The immu- 
nocytochemistry control tissue was unlabeled 
(Fig. 6). 

Tissue processed for immunocytochemistry and 
conventional electron microscopy was analyzed for 
possible associations between intermediate fila- 
ments and other organelles such as the nuclear en- 
velope, nuclear pores, ribosomes, and polysomes. As- 
trocytes within optic nerve, normal retina, and de- 
tached retina as well as Mtiller cells within detached 
retina revealed common intermediate filament asso- 
ciation with ribosomes and polysomes (Fig. 7). In 
appropriate planes of section, intermediate fila- 
ments also appeared to associate with the nuclear 
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FIG. 5. Immunogold electron micrograph of a Muller cell nucleus (MN) and cytoplasm (MC) within a S-day detached retina. This 
nucleus had translocated to the outer nuclear layer (they normally reside in the inner nuclear layer). The anti-GFAP labeling (15nm gold 
spheres) is over the lo-nm-diameter intermediate filaments. Nuclei and labeled intermediate filaments were never detected in this region 
of Muller cells within normal retinas. Bar = 1.0 Wm. 

envelope and presumed nuclear pores (Figs. 3 
and 8). 

GFAP mRNA levels and ultrastructural localiza- 
tion. When total RNA isolated from normal and 
3-day detached retinas was probed with the cDNA- 
GFAP (Fig. 9A), there was an approximately 500% 
increase in GFAP mRNA in the detached retina 
sample (determined by scanning densitometry). As a 
control for determining equal RNA loading levels, 

FIG. 6. Immunogold electron micrograph of a control experi- 
ment. The anti-GFAP was omitted and nonimmune rabbit serum 
was used as the primary antibody. No labeling was observed, 
even over regions of dense intermediate filaments in astrocytes or 
Mdller cells within 3-day detached retinas (this example). Bar = 
0.5 pm. 

the blots were stripped and reprobed with a 6 tubu- 
lin cDNA (Fig. 9Bl. The 6 tubulin mRNA showed an 
approximately 100% increase in the detached sam- 
ple. 

Initial electron microscopic in situ hybridization 
experiments employing LR White-embedded tissue 
were plagued with high background (gold spheres 
located over regions of pure resin). However, using 
Lowicryl K4M-embedded tissue, background label- 
ing occurred at extremely low levels (approximately 
1 gold sphere per 16 km’, as determined by counting 
gold spheres per square micron in randomly selected 
cells and over pure resin). As a result, the data pre- 
sented here is from the tissue embedded in Lowicryl 
K4M. In cell types that do not contain GFAP, gold 
spheres occurred at the same low background levels 
as over regions of the resin without tissue (Fig. 10). 

Astrocytes in optic nerve, in normal retina, and in 
retina that had been detached for 3 days were 
clearly labeled with gold spheres representing 
GFAP mRNA (Fig. 11Al. The labeling density in 
these cells occurred from a low of background levels 
in some regions up to approximately 10 times the 
background levels in other cellular regions (how- 
ever, due to the regional location of labeling and the 
low labeling levels inherent with this technique, rig- 
orous quantitation was not undertaken). In the nu- 
clei, the gold spheres were most frequently located 
over amorphous, electron-dense regions within the 
euchromatin (Figs. 11B and llC>. In the cytoplasm, 
the label was routinely associated with the lo-nm- 
diameter intermediate filaments (Fig. 12). In fortu- 
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FIG. 7. Electron micrograph of an astrocyte nucleus (AN) and 
adjacent cytoplasm from normal retina that was processed for 
conventional electron microscopy. Numerous ribosomes and poly- 
somes can be seen associating with the intermediate filaments. 
Bar = 0.1 pm. 

ltous tissue sections, that resulted in en face views of 
the presumed nuclear pores, intermediate filaments 
labeled with gold spheres sometimes appeared to be 
associating with the pores (Fig. 13 I. Figure 14 shows 
a polysomal cluster and gold spheres associating 
with intermediate filaments. Ribosomes and poly- 
somes, located along intermediate filaments, were 
routinely labeled in these cells (Fig. 15). Rarely, 
gold spheres could also be found associated with in- 
termediate filaments near segments of rough endo- 
plasmic reticulum (Fig. 16). 

Gold spheres above background levels were not 
detected in Miiller cells from normal retinas with 
this technique (data not shown), where expression of 
GFAP is very low. However, in Miiller cells from 
3-day detached retinas, labeling was observed over 
the same structures and in the same density range 

FIG. 8. Electron micrograph of an astrocyte nucleus (AN) and 
adjacent cytoplasm from normal retina that was processed for 
conventional electron microscopy. En face views of nuclear enve- 
lope and presumed nuclear pores (brackets) suggest intimate as- 
sociations between these structures and intermediate filaments. 
Two filaments are indicated by arrowheads. Bar = 0.1 pm. 

as in optic nerve and retinal astrocytes. In the nu- 
clei, gold was most frequently observed in amor- 
phous, electron-dense regions within the euchroma- 
tin (Fig. 17). Labeling over the region of the Miiller 
cells between the nucleus and the outer limiting 
membrane was infrequent compared to the region 
between the nucleus and the vitreous cavity (Fig. 
18). The labeling pattern in this “inner” region of 
the cytoplasm was identical to that found in astro- 
cytes, i.e., associated with intermediate filaments, 
ribosomes and polysomes. We did not detect any la- 
beling associated with other components of the cyto- 
skeleton, such as microtubules or microfilaments. 

DISCUSSION 

There is an increase in GFAP- and vimentin- 
containing intermediate filaments within Miiller 
cells in 30- and 60-day detached retinas, as deter- 
mined by protein gels, immunoblotting analysis, 
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FIG. 9. Total RNA from PC12 cells (lane 11, mouse brain (lane 
2), normal cat retina (lane 3), and 3-day detached cat retina (lane 
4) was fractionated and transferred to nitrocellulose. The RNA 
blot was probed with 32P-labeled GFAP cDNA (A), stripped, and 
reprobed with 32P-labeled p tubulin cDNA (B). Panel A required 
14 days for the film to reveal the GFAP mRNA in normal cat 
retina at sufficient levels to be read by laser scanning densitom- 
etry (which detected a 500% increase in the detached retina sam- 
ple). Mouse brain GFAP mRNA (the GFAP cDNA homologue) 
showed the specificity of the probe, whereas the PC12 cells were 
negative (they contain no GFAP mRNA). Panel B required only 1 
day for the film to reveal the p tubulin mRNA at sufficient levels 
for densitometric comparison (which detected a 100% difference 
between normal and detached retinas). PC12 cells have l3 tubulin 
mRNA but it is not revealed at this short exposure time. 

and light- and electron-microscopic immunocyto- 
chemistry (Erickson et al., 1987b; Lewis et al., 1989). 
As determined by tissue autoradiography, there is 
an increase in 13H]uridine incorporation within 

.._ . --. . -~. 
FIG. 11. Electron micrographs of EMISH-processed tissue 

showing an astrocyte within a retina detached for 3 days. At low 
magnification (A, bar = 1.0 pm), the gold spheres (indicated by 
arrowheads) can be seen over regions of the euchromatin within 
the nucleus (AN) and in the cytoplasm. At high magnification (B 
and C, bars = 0.1 pm), the gold spheres within the nucleus are 
located over amorphous, electron-dense regions within the eu- 
chromatin. 

FIG. 10. Electron micrograph of a photoreceptor nucleus (PN) 
and cytoplasm within a 3-day detached retina. This tissue was 
processed for postembedding electron microscopic in situ hybrid- 
ization (EMISH). Tissue sections were labeled with biotinylated 
GFAP cDNA followed by streptavidin-gold (15 nm diameter) con- 
jugate. This cell is void of gold spheres, but is nearby the labeled 
Miiller cell seen in Fig. 17. Photoreceptors, and each of the other 
cell types without GFAP, were labeled at background levels of 1 
gold sphere per 16 pm2 (approximately 2 gold spheres per cell). 
Bar = 0.5 pm. 

Miiller cells between 2 and 3 days after retinal de- 
tachment which suggests that an increase in RNA 
synthesis may occur at that time (Erickson and 
Fisher, 1990; Erickson et al., 1990a). The RNA blot- 
ting analysis and in situ hybridization data from 
this study suggests that GFAP mRNA is among the 
species of RNA induced (approximately fivefold) be- 
tween 2 and 3 days after detachment (we have not 
yet addressed the issue of vimentin mRNA). Studies 
by Sarthy and Fu (1989a) showed an 8- to lo-fold 
increase in GFAP mRNA from mice retinas with an 
inherited retinal degeneration and a 15 to 20-fold 
increase after 2 weeks of light damage. In each of 
these examples, this appears to be active GFAP 
mRNA in that more GFAP-containing intermediate 
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FIG. 12. High magnification view of EMISH-processed tissue 
showing the edge of the nucleus (AN1 and adjacent cytoplasm 
from an optic nerve astrocyte. The gold spheres in the nucleus are 
located over amorphous, electron-dense regions within the eu- 
chromatin. In the cytoplasm, gold spheres (15 nm diameter) are 
routinely found associated with lo-nm diameter intermediate fil- 
aments. Bar = 0.1 brn. 

filaments are present in the cells (as determined in 
the present case by immunoelectron microscopy; our 
preliminary unpublished data suggests that vimen- 
tin is also a component of these intermediate fila- 
ments). 

An increase in GFAP appears to be a general fea- 
ture in other CNS areas during reactive gliosis 
whether the primary injury is due to trauma, infec- 
tion, a metabolic defect, or an autoimmune response 
(for review see Eng, 1988). Studies aimed at reveal- 
ing potential control of GFAP levels have shown the 
importance of growth factors and hormones in stim- 
ulating an increase in GFAP accumulation in astro- 
cytes in culture (Morrison et al., 1985; Perraud et al., 
1988). One of these, basic fibroblast growth factor 
(bFGF), has been shown by recent studies to be 
present within the interphotoreceptor matrix (IPM) 
between the photoreceptors and the adjacent retinal 
pigment epithelium (Hageman et al., 1991). It is this 
area that is disrupted during retinal detachment. 
The potential release of bFGF from the disrupted 
IPM could stimulate the Miiller cells, which have 
microvilli that protrude into the IPM. 

_ 
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,B 
FIG. 13. The edge of a nucleus, cut en face, showing presumed 

nuclear pores (brackets) and the adjacent cytoplasm from an as- 
trocyte in the optic nerve (EMISH-processed tissue). In fortuitous 
sections (A), gold spheres (arrowheads) can be found adjacent to 
the presumed nuclear pore along intermediate filaments (arrows) 
which appear to associate with the periphery of t.he pores. In B, a 
gold sphere (single arrowhead) is located between an intermedi- 
ate filament (arrows), where it leaves the plane of this section, 
and a presumed ribosome (double arrowheads). Bars = 0.1 pm. 

Whether bFGF, hormones, or other molecules in- 
duce GFAP mRNA, the resulting GFAP filament 
network is the major cytoskeletal outcome. It has 
been suggested that intermediate filaments provide 
a cytoskeletal framework upon which organelles 
and molecules may be organized (Lazarides, 1982; 
Goldman et al., 1985, 1990). Intermediate filaments 
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FIG. 14. A polysomal cluster (bracket), associated with inter- 
mediate filaments, and nearby gold spheres (arrowheads) within 
an astrocyte (EMISH-processed tissue). Bar = 0.1 pm. 

appear to originate from the nuclear envelope, espe- 
cially around the nuclear pores, extend into the cy- 
toplasm where they associate with various or- 
ganelles (i.e., polysomes, vesicles, mitochondria), 
and terminate at the plasma membrane (Goldman et 
al., 1985; Traub, 1985; Tokuyasu et al., 1985; Geor- 
gatos and Blobel, 1987a,b; Georgatos et al., 1987; 
Goldman et al., 1990; Zorn et al., 1990; Djabali et al., 

1991; Jiao et al., 1991). Goldman and his colleagues 
(1985) suggested that in addition to serving as a 
cytoskeletal framework, intermediate filaments 
may function as tracks for the movement of mole- 
cules and macromolecular complexes into and out of 

FIG. 15. In tissue processed for EMISH, intermediate fila- 
ments (arrows) are frequently found associated with labeled poly- 
somes and ribosomes (arrowheads) within astrocytes. Bar = 
0.1 pm. 

FIG. 16. Astrocyte nucleus (AN) and cytoplasm (EMISH- 
processed tissue). Gold spheres (arrowheads) could be found along 
segments of rough endoplasmic reticulum (RER). In fortuitous 
planes of section, gold spheres could also be found associated with 
intermediate filaments (arrow) that appear to also associate with 
RER (see the arrowhead that is near the arrow, 15-nm gold 
sphere, a short segment of a lo-nm intermediate filament and 
adjacent RER). Bar = 0.1 km. 

the nucleus. Messenger RNAs and ribosomal sub- 
units, for example, enter the cytoplasm separately 
through the nuclear pores (Clawson et al., 1985; 
Agutter, 1985b; Schumm and Webb, 1985; Schroder 
et al., 1987, 1988; Dworetzky and Feldherr, 1988; 
Goldfarb and Michaud, 1991). Once they are in the 
cytoplasm the ribosomal subunits attach to the 
mRNA and translation may commence. 

There is considerable evidence suggesting an as- 
sociation between mRNA and the cytoskeleton (Hes- 
keth and Pryme, 1991). For example, both a struc- 
tural relationship between ribosomes and the cyto- 
skeleton (Lenk et al., 1977; Wolosewick and Porter, 
1979) and a functional relationship between mRNA 
translation and mRNA binding to a cytoskeletal 
framework have been observed (Cervera et al., 1981; 
van Venrooij et al., 1981). Ultrastructurally, many 
polyribosomes can be seen associated with the inter- 
mediate filament component of the cytoskeleton (see 
Figs. 2A and 2B in Lenk et al., 1977; Fig. 1 in 
Cervera et al., 1981; and this study). Additionally, 
disruption of microfilaments by cytochalasin B re- 
sults in a biochemically detectable loss of ribosomes 
from the cell (Lenk et al., 1977; Cervera et al., 19811, 
suggesting some ribosomes may also be associated 
with actin filaments. These same studies showed 
that mRNA remains attached to the cytoskeleton 
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FIG. 17. Muller nucleus that had translocated into the outer 
nuclear layer and was found near the photoreceptor cell seen in 
Fig. 10 (EMISH-processed tissue). At low magnification (A, bar = 
1.0 pm), the gold spheres (arrowheads) can be seen over regions 
within the euchromatin. At high magnification (B and C, bar = 
0.1 km), the gold spheres within the nucleus are located over 
amorphous, electron dense regions within the euchromatin. 

even when ribosomes are removed from the cyto- 
skeleton. 

An independent route of investigation suggested a 
possible functional relationship between intermedi- 
ate filaments and active translation (Zumbe and 
Trachsel, 1980; Zumbe et al., 1982). Zumbe and 
Trachsel utilized immunofluorescence microscopy 
with antibodies specific for the 5’ cap structure of 
mRNAs (cap binding protein, CBP), and antibodies 
to intermediate filaments, microtubules, or actin fil- 
aments. They found the CBP (and by inference, 
mRNA) exhibited a cytoplasmic distribution similar 
to that of intermediate filaments, but not microtu- 
bules or actin filaments. Additional evidence was 
produced by Bachmann and colleagues (1986) when 
they showed by immunofluorescence that Ro pro- 
tein, which appears to participate in translation- 

related events (Walter and Blobel, 19821, colocalizes 
with intermediate filaments. However, due to the 
limited resolution of immunofluorescence, it could 
not be determined if CBP or Ro were associated di- 
rectly with intermediate filaments or bound to an 
independent structure linked to the intermediate fil- 
aments. 

By light microscopic in situ hybridization, 
Lawrence and Singer (1986) detected polyadenylat- 
ed RNA homogeneously distributed throughout the 
cell (embryonic chick skeletal myoblasts and fibro- 
blasts in culture), vimentin mRNA near the nu- 
cleus, tubulin mRNA in the peripheral cytoplasm, 
and actin mRNA in lamellipodia. They suggested 
that “. . . localized concentrations of specific proteins 
may result from corresponding localization of their 
respective mRNAs.” These results were extended in 
subsequent work using electron microscopic in situ 
hybridization and immunoelectron microscopy 
(Singer et al., 1989). They suggested that the region- 
ally distributed mRNAs for the cytoskeletal proteins 
were associated with actin filaments and not micro- 
tubules or intermediate filaments. How the mRNAs 
came to be regionally distributed remains to be de- 
termined. 

In more recent studies, Sarthy and his colleagues 
(1989a,b) have detected GFAP mRNA in normal and 
degenerating mouse retinas by light microscopic in 
situ hybridization. In normal retinas, they detected 
GFAP mRNA only in the astrocytes, whereas in the 
degenerating retinas they also detected GFAP 
mRNA in the Muller cell cytoplasm. Within the 
Muller cells, the mRNA was in the region where the 
highest concentration of intermediate filaments oc- 
cur (between the nucleus and vitreous cavity). Sar- 
thy and his colleagues suggested that there may be 
an intimate relationship between GFAP mRNA and 
the GFAP filaments. Trimmer and colleagues (1991) 
have also located GFAP mRNA by light microscopic 
in situ hybridization (in astrocytes in culture) and 
found the mRNA located in the cell body and cellu- 
lar processes where the intermediate filaments re- 
side. Our results corroborate the data from these 
earlier studies regarding the regional localization of 
GFAP mRNA and give evidence for an intimate re- 
lationship between GFAP mRNA and the GFAP fil- 
aments. Our data also corroborates the earlier bio- 
chemical and immunofluorescence data suggesting 
that mRNA can be associated with intermediate fil- 
aments. In addition, our data provides evidence sup- 
porting models of potential intermediate filament 
function (1) as “tracks” through the nuclear pores 
(Goldman et al., 1985) and (2) as a component of the 
“extended cytoskeleton” which physically links gene 
expression with the extracellular matrix (Bissel et 
al., 1982). Our data might also be interpreted as 
preliminary structural evidence regarding GFAP 
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FIG. 18. Mtiller cell cytoplasm near the vitreous cavity (VC!) 
in a retina detached for 3 days (EMISH-processed tissue). A is a 
low magnification view showing the overall labeling level in this 
region (gold spheres are indicated by arrowheads; the bracketed 
area is enlarged in B). The arrowheads in B indicate labeled 
intermediate filaments that are difficult to see because they come 
into, and go out of, the plane of this thin section. These labeled 
intermediate filaments are approximately 100 pm away from the 
nucleus. Bar = 0.1 pm. 

intermediate filaments as a potential site where 
GFAP mRNA (and possibly other mRNA) associates 
with the ribosomal subunits. It should be noted that 
the association of GFAP mRNA with GFAP inter- 
mediate filaments may be unique to these mole- 
cules, possibly important for the translation of 
GFAP monomers and the assembly of the GFAP in- 
termediate filament system. However, the current 
biochemical and immunofluorescent literature out- 
lined above suggests that there appear to be other 
mRNAs associated with intermediate filaments. It is 
not yet clear why this may be occurring; however, it 
is possible that intermediate filaments may be in- 
volved in establishing the regional distribution of 
some mRNAs. 
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