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Different aspects of gliosis in retinal Muller glia can be induced by
CNTF, insulin, and FGF2 in the absence of damage

Andy J. Fischer! Ghezal Omar! Jim Eubanks? Christopher Roger McGuire,? Blair Dorian Dierks, 2 Thomas A.
Rel?

Department of Neuroscience, Ohio State University, Columbus?@partment of Biological Structure, University of Washing-
ton, Seattle, WA

Purpose:In response to acute damage, Mdller glia in the retina have been shown to dramatically alter their expression of
filamentous proteins. Since damaged retinal cells are known to produce growth factors such as insulin-like growth factor
(IGF), ciliary neurotrophic factor (CNTF) and fibroblast growth factor (FGF), the altered expression of filaments in
Muiller glia in response to retinal damage may be induced by some of these factors. The purpose of this study was to assay
whether growth factors influence the expression of filamentous proteins in Muller glia in the intact retinas of postnatal
chickens.

Methods: We assayed for changes in expression levels of IGF-I, IGF-Il, CNTF, FGF1, and FGF2 in N-methyl-D-
aspartate(NMDA) damaged retinas by using quantitative PCR. In undamaged retinas, we assayed whether intraocular
injections of insulin, CNTF, or FGF2 influenced glial expression of glial fibrillary acidic protein (GFAP), neurofilament,
RA4, vimentin ang3 tubulin by using immunocytochemistry on frozen sections.

Results: We demonstrated that levels of mRNA for IGF-Il, FGF1, FGF2, and CNTF were increased in the postnatal
chicken retina in response to neurotoxic damage. This was coincident with increased glial expression of GFAP and fila-
mentous neuronal proteins. The combination of insulin and FGF2 caused postmitotic Muller glia to transiently increase
their expression of vimentin and putative neuron specific filamentous proteins such as neurofiatobntin and RA4.

By comparison, insulin or FGF2 alone had minor effects on glial expression of cytoskeletal proteins. Although neurofilament
expression was not induced by CNTF, this growth factor stimulated Mdller glia to express GFAP.

Conclusions:We conclude that the phenotype of postmitotic Muller glia is plastic and can be regulated by retinal damage,
and these damage induced changes in phenotype can be induced by exogenous growth factors in the absence of damage.

In response to damage, growth factors, including ciliaryin Mller glia of the rodent retina [13]. Taken together, these
neurotrophic factor (CNTF) and fibroblast growth factorsfindings indicate that Miller glia change expression levels of
(FGF's), are produced by retinal neurons and Miller glia [1different proteins in response to retinal damage, and that these
6]. The functions of these damage induced growth factorshanges may be mediated by secreted factors.
within the retina remain unknown. It is possible that these fac- We have reported that in response to excitotoxic retinal
tors act to promote neuronal survival and attenuate neurondamage, Muller glia in the postnatal chicken retina de-differ-
death in response to retinal damage. Consitent with this hentiate, proliferate, express transcription factors normally ex-
pothesis, CNTF and FGFs have been shown to support tipgessed by retinal progenitors, and transiently express
survival of retinal neurons in a variety of damage paradigmeeurofilament [14,15]. The response of Miller glia to retinal
[7]. Alternatively, CNTF or FGFs may stimulate Muller glia damage can also be induced by intraocular injections of growth
to become reactive and proliferate as a result of retinal danfactors [16]. Although neurotoxic damage causes proliferat-
age. Damage is known to cause Miuller glia to become reag Miiller glia to transiently express neurofilament, it remains
tive [3,8-11]. Symptoms of reactive glia include increasedinknown whether injections of insulin and FGF2 stimulate
expression levels of filamentous proteins such as glial fibrilthe expression of neurofilament in mature, postmitotic Muller
lary acidic protein (GFAP) and vimentin. It is likely that se-glia. Accordingly, the purpose of this study was to examine
creted factors mediate glial responses to damage. Consistén¢ effects of intraocular injections of growth factors on the
with the hypothesis, intraocular injections of growth factorsexpression of filamentous proteins by Mdller glia in the chicken
have been shown to cause Muller glia to alter their expressioptina.
of cytoskeletal proteins. For example, FGF2 stimulates the We report here that Muller glia in toxin damaged retinas
expression of GFAP and vimentin in Mller glia of rabbit andare capable of transiently expressing a variety of flamentous
cat retinas [12] and CNTF stimulates the expression of GFABroteins in response to exogenous factors. By using quantita-
tive PCR we found that NMDA induced retinal damage leads
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FGF2 caused Muiller glia to transiently express neurofilamenneurofilament at 1:1000 (recognizes the non-phosphorylated
B3 tubulin, and RA4, with no expression of GFAP. Inrespons&45 kDa isoform (NF-L) of neurofilament; Chemicon,
to injections of CNTF, neurofilament expression appeared urifemecula, CA), mouse anti-neurofilament at 1:2000 (recog-
affected, whereas GFAP was upregulated in Muller glia. Ounizes the non-phosphorylated 160 kDa isoform (NF-M) of
data suggest that the expression of filamentous proteins Imgurofilament; RMO270; Zymed, South San Francisco, CA),
Muller glia in response to damage can be mimicked by differmouse anti-neurofilament at 1:80 (recognizes the phosphory-

ent combinations of exogenous growth factors. lated 200 kDa isoform (NF-H) of neurofilament; RT97;
DSHB), mouse ant3 tubulin at 1:1000 (TUJ-1; Covance,
METHODS Princeton, NJ); mouse anti-RA4 at 1:200 (Dr. S. McLoon,;

Animals: The use of animals in these experiments was in adJniversity of Minnesota, Minneapolis, MN), rabbit anti-GFAP
cordance with the guidelines established by the National Irat 1:1000 (glial fibriliary acidic protein; Dako, Carpinteria,
stitutes of Health, the University of Washington, and The Ohi&CA), rat anti-BrdU at 1:80 (Accurate Chemicals, Westbury,
State University. Newly hatched leghorn chickens (GalluNY), and mouse anti-BrdU at 1:80 (G3B4; DSHB). Second-
gallus domesticus) were obtained from H and N Highline Inary antibodies included goat-anti-rabbit-Alexa568, goat-anti-
ternational (Seattle, WA) or the Department of Animal Sci-mouse-Alexa568, goat-anti-mouse-Alexa488 and goat-anti-
ences at The Ohio State University. Animals were kept on &at-Alexa488 (Molecular Probes Inc., Eugene, OR) diluted to
cycle of 12 h light, 12 h dark (lights on at 7:00 am). Chicksl:500 in phosphate buffered saline (PBS; 0.05 M phosphate
were housed in a stainless steel brooder at abot€ 2;hd  buffer, 145 mM NaCl, pH 7.4) plus 0.3% Triton X-100.
received water and Purina™ chick starter ad libitum. In situ hybridization:Tissues were dissected and immedi-
Injections: Chicks were anesthetized and injected as deately embedded and frozen in O.C.T. medium (Tissue-Tek).
scribed elsewhere [17]. Unless specified otherwise, all injed-ourteenum thick sections were cut in the naso-temporal
tion paradigms began at postnatal day 8 (P8). The left ey@ane, thaw mounted onto Super-Frost™ Plus slides (Fischer
(control) was injected with 2@ of vehicle (sterile saline plus Scientific), and stored dessicated at *@0until use. Upon
0.1 mg/ml bovine serum albumin) and the right eye (treatedhawing, slides were immediately fixed for 10 min in 4%
was injected with an excitotoxin or growth factors. We used aaraformaldehyde in DEPC treated PBS, followed by two 15
single toxic dose of N-methyl-D-aspartate (NMDA) atridol ~ min washes in 0.1% active DEPC in PBS, and a 15 min wash
to induce retinal damage. Growth factors used included: purin DEPC treated 5X SSC (standard sodium citrate). Sections
fied bovine insulin (2ug per injection); purified bovine fibro- were prehybridized for 2 h at 6C in 50% formamide, 5X
blast growth factor 2 (FGF2; 100 ng per injection); recombi-SSC, 5X Denharts, 250Q/ml yeast RNA, and 500g/ml her-
nant human epidermal growth factor (EGF; 100 ng per injecding sperm DNA. This solution was replaced with fresh hy-
tion); recombinant rat ciliary neurotrophic factor (CNTF; 100bridization buffer that was added withuty/ml DIG labeled
ng per dose); and purified bovine FGF1 (100 ng per injec-
tion)' A” grOWth faCtorS were Obtained from R & D SyStemS TaBLE 1. RRIMER SEQUENCESTHAT WERE USED FOR QUANTITATIVE

(Minneapolis, MN) and were dissolved in saline plus 0.1 mg/ PCR
ml BSA. 100ug/ml 5-Bromo-2-deoxyuridine (BrdU; Sigma,
St Louis, MO) was added to the growth factor diluent for ex- Pri mer , Anplification
periments that involved assaying for proliferation (i.e., in all "3™  Primer sequence (5°-3')  product (bp)
doses for 3 consecutive daily injections of insulin and FGF2)entr F: CAGCCAGGTGATGCTCTG 102
At least 4 animals were used for each injection paradigm. R ATTCCTAAGCCGCCTTTCAG
Fixation and sectioning:Dissection, fixation and sec- F: COCACTGCACTOOCTGTAA 104
tioning where performed as described elsewhere [17-19]. In R GCAGTTTGAAGGACATTGITG
short, tissues were fixed for 30 min at room temperature in
4% paraformaldehyde plus 3% sucrose in 0.1 M phosphat&? D e 135
buffer pH 7.4. Tissues were washed in 0.05 M phosphate buff-
ered saline (0.9% NaCl; PBS), cryoprotected in 30% sucroges1 F: TACTGTGCCAAGTCAA 118
in PBS, embedded and frozen in O.C.T. Compound (TissueTek, R CATGCACTGXCTGIGAGTTC
Sakura Finetek, Torrance, CA). Cryostat sections were cut ag» F: TGCAGCTTCAAGCAGAAGAA 173
12 um in thickness, thaw mounted on to Super-Frost™ Plus R CTTCCGTGACCGGTAAGTGT

sI|d.es (Fisher Scientific, Hampton, NH), and stored af€0 AP CCAACGAGAAGGT GGAGATG 151
until use. . . _ R TGGTACACATCACCCAGACG

Immunocytochemistry:Standard immunocytochemical
techniques were applied as described elsewhere [17-19]. Worg:PDH F:  CATCCAAGGAGTGAGCCAAG 188
. . Lo L . (control) R TGGAGGAAGAAATTGGAGGA
ing dilutions and sources of antibodies used in this study in-
cluded; mouse anti-vimentin at 1:50 (H5; Developmental Studsequences for the forward (F) and reverse (R) primers were designed
ies Hybridoma Bank [DSHB], University of lowa, lowa City, to chicken CNTF, IGF1, IGF2, FGF2, FGF2 and GAPDH using
IA), rabbit anti-glutamine synthetase (GS) at 1:2000 (Dr. PPrimer3. The PCR product sizes are given in the column on the right
Linser, University of Florida, Gainesville, FL), rabbit anti- Side of the table.
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riboprobe and sections were incubated over night &E60a  polar cells [18]. To characterize changes in glial expression of
humidified chamber. Sections were rinsed with 2X SSC at 68lamentous proteins, we immunolabeled retinal sections from
°C and washed for 1 hin 0.2X SSC at°T2 Sections were eyes treated with saline or NMDA. In retinas from saline in-
processed for DIG immunolabeling as described elsewheijected eyes, levels of GFAP immunoreactivity was minimal
[20]. Riboprobes to neurofilament were made from base pai@nd neurofilament immunoreactivity was confined to the so-
207 to 1760 by using an in vitro transcription kit (New En-mata and axons of ganglion cells, neurites in the inner plexi-
gland Biolabs, Inc.; Beverly, MA). form layer (IPL), and the axons of efferent target cells at the
Quantitative PCRRetinas from eyes treated with CNTF distal border of the IPL Figure 1A[19,21-23]. The antibody to
or NMDA and their contralateral saline injected controls weréSFAP cross-reacted with an unidentified antigen present in
dissected as described above. Control and treated retinas fréine axons of efferent target cells (Figure 1A). The GFAP-anti-
3 animals were each pooled and placed in 1 ml Trizol Reagehbdy did not cross-react with neurofilament, RA4$8rtu-
(Invitrogen, Carlsbad, CA) for storage at -&0. Total RNA  bulin because immunolabeling for GFAP was not observed in
was isolated according to the Trizol protocol and resuspendeédiiller glia under conditions where the expression of
in 50 ul RNAse free water. RNA cleanup and on-columnneurofilament, RA4, an@3 tubulin were induced (see be-
DNAse treatment (Qiagen RNeasy kit, Valencia, CA) wadow). At 3 days after NMDA treatment, we found that numer-
performed on 1@l of each total RNA sample. Cleaned andous Miller glia across all regions of the retina increased their
DNAse treated RNA was eluted from the RNeasy column irexpression of GFAP (Figure 1D,G). Levels of GFAP immu-
30ul water. Part of this sample (1) was then used for cDONA noreactivity were elevated between 1 and 7 days after toxin
synthesis using SuperScript |l reverse transcriptasgeatment and were reduced by 15 days after toxin treatment
(Invitrogen) and oligo dT primers according to the(results not shown). Although GFAP immunoreactivity was
manufacturer’s protocol. Parallel reactions were performedlevated in Miiller glia in central regions of toxin damaged
using all components with the exception of the reverse trametinas, levels of neurofilament immunoreactivity in glial cells
scriptase as negative controls. Both cDNA syntheses and negeere not increased in this region (Figure 1D-F). In peripheral
tive controls were diluted 1:50 for subsequent real-time PCIRegions of the retina, by comparison, we found that Muller
reactions. PCR primers were designed using the web basglia were transiently immunoreactive for neurofilament (Fig-
program Primer3 from the Whitehead Institute for Biomedi-ure 1G-1). Neurofilament immunolabeling was apparent at 2
cal Research, Cambridge, MA. Primer sequences are in Taldays (data not shown) and 3 days after toxin treatment (Fig-
1. Real-time PCR reactions were performed using an Mdre 1G-l) and subsided by 5 days after treatment (results not
Opticon thermal cycler (MJ Research Inc., South San Frarshown), consistent with our previous report [14]. Based on
cisco, CA). Each reaction (20volume) contained 1 pM each observations made from confocal micrographs, we found that
of forward and reverse primer,ul of diluted cDNA from  all neurofilament-expressing Mller glia were co-labeled for
CNTF treated or control retina, and @0of 2X SYBRgreen  GFAP immunoreactivity (145 cells counted), whereas some
Master Mix (BioRad, Hercules, CA). The reactions were rurMuller glia were immunoreactive for GFAP alone (Figure 1G-
using the following protocol: 10 min at 9€, followed by 42 ).
cycles of 9£C for 30 s, 60C for 1 min, and 72C for 1 min. To test whether filamentous proteins in addition to
SYBRgreen fluorescence was measured at each cycle duringurofilament were expressed by damage-reactive Milller glia,
the 72°C annealing step. Determination of v@lues for am-  we immunolabeled retinal sections fi8 tubulin or RA4$3
plified products was automated using the MJ Opticon analyubulin and RA4 are neuron specific filamentous markers
sis software. Cvalues were normalized against GAPDH for known to be expressed shortly after retinal ganglion cells be-
each experimental condition. PCR products were run on agin to differentiate [24,25]. In saline treated retinas, Muller
agarose gel to verify the predicted product sizes. glia were not immunoreactive f@8 tubulin or RA4 (Figure
Measurements, cell counts, and statistical analy$gs: 1B,C). Three days after NMDA treatment, we found that many
rors were calculated as the standard deviation of each samplgiller glia became immunoreactive fg8 tubulin (Figure
that was comprised of at least 5 individuals per group. To condJ-L) or RA4 (Figure 1M-0O). Miller glia immunoreactive for
pare data from treated and control eyes statistical significanc&FAP andp3 tubulin/RA4 were concentrated in peripheral
was assessed by using a two tailed Student’s t test or ANOM&gions of the retinas, whereas glia in central regions were
and post hoc Student’s t test. All measurements were mademunoreactive for GFAP alone (data not shown). However,
from digital micrographs, whereas all cell counts were madeot all GFAP positive Muller glia were immunoreactive for
under the microscope on at least 4 different sections per indi3 tubulin or RA4.
vidual. Retinal levels of CNTF, FGF, and IGF are affected in
NMDA damaged retinas?revious reports in the rodent retina
RESULTS have demonstrated that levels of FGFs and CNTF are elevated
Muiller glia co-express GFAP and neuronal proteins in NMDAIn response to damage [1-6]. To test whether expression lev-
damaged retinasTo cause Miller glia to become reactive we els of secreted factors are altered in damaged chicken retinas,
induced acute retinal damage by injecting NMDA into the eyesve used quantitative RT-PCR to assay mRNA levels in NMDA
of postnatal chickens. A single toxic dose of NMDA to thetreated retinas. We found that retinal levels CNTF mRNAwere
postnatal chicken retina destroys primarily amacrine and bincreased about three fold at 3 days after NMDA treatment
975



Molecular Vision 2004; 10:973-86<http://www.molvis.org/molvis/v10/al16> ©2004 Molecular Vision

GFAP + 533 lbulin GFAP + RA4

OPL

MMMDA-tr central retina

peripheral retina

/B3 tubulin,

11

peripherial retina

peripherial retina

Figure 1. Retinal damage induces glial expression of filamentous proteins. NMDA induced retinal damage causes Mullecatii to b
immunoreactive for GFAP, neurofilamefiB tubulin, and RA4. Retinal sections were obtained from eyes 3 days after treatment with saline
(A-C) or NMDA (D-0O). Sections were labeled with antibodies to GFAP and neurofilament (MEBAL), GFAP ang33 tubulin B8,J-L), or

GFAP and RA4C,M-0). Images were taken from centrAlF) or peripheralG-O) regions of the retina. Confocal images were obtained by
projecting 7 optical sections that were @ in thickness. For all images, identical settings were used on the microscope and for post-
acquisition processing to maintain the relative labeling intensity. The calibration®eaemesents 5@m and applies to all panels. The outer
nuclear layer (ONL), inner nuclear layer (INL), inner plexiform layer (IPL), and ganglion cell layer (GCL) are labeled.
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(Figure 2). Similarly, levels of IGF-1l, FGF1, and FGF2 were The number of neurofilament-expressing Mller glia-like
increased in the retina three to four fold at 3 days after NMDAells was maximal at 2 days after the last of 3 consecutive
treatment (Figure 2). By contrast, levels of IGF-I were deinjections of insulin and FGF2 (Figure 3H). This effect was
creased (Figure 2). transient; few neurofilament-expressing Mller glia-like cells
Insulin and FGF2 induce the transient expression ofwere observed 4 days after the final dose of insulin and FGF2
neurofilament by Muller gliaiTo test whether growth factors (Figure 3E,H), and by 10 days after the final injection the num-
influence the expression of cytoskeletal proteins in Muller glidber of neurofilament-immunoreactive Muller glia-like cells
we made 1 to 3 consecutive daily injections starting at postna the peripheral retina was equal to that of untreated eyes
tal day 7 (P7). At different times after the final injection of (results not shown). Three different antibodies to
growth factors we harvested the eyes and processed tissuesurofilament, one raised to the 145 kDa isoform (NF-L), one
for immunocytochemical labeling. raised to the 160 kDa isoform (NF-M), and one raised to the
In retinas treated with 3 consecutive daily doses of insu200 kDa isoform (NF-H), gave similar patterns of labeling
lin (2 ug per dose), in addition to neurofilament immunolabeledresults not shown). Insulin and FGF2 stimulated the expres-
structures observed in saline treated retinas (Figure 3A), wston of neurofilament in Muller glia-like cells in younger and
observed a few neurofilament immunoreactive cells that werelder animals; this effect was observed when injections of
oriented vertically through the retina (Figure 3B,G). Thesagrowth factors began at P1 or P21 (results not shown). Levels
cells were found only in the far peripheral regions of the retinapf GFAP immunoreactivity were low in Muller glia treated
within 700um of the retinal margin. In retinas treated with 3with insulin and FGF2 (data not shown).
consecutive daily applications of FGF2 (100 ng per dose), we  Totest whether the expression of neurofilament by Miller
also found some neurofilament-immunoreactive cells wittglia resulted from achieving a concentration threshold after 3
vertical orientation in peripheral regions of the retina, withinconsecutive daily injections of insulin and FGF2, we gave one
700 um of the retinal margin (Figure 3C,G). When insulin large dose of these growth factors and made observations 24 h
and FGF2 were co-injected for 2 consecutive days, we ollater. We found that a single large dose of insulindand
served a significant (p<0.005; n=5) increase in the number ¢fGF2 (500 ng) did not induce the expression of neurofilament
neurofilament-immunoreactive Miller glia-like cells (Figure in Muller glia (data not shown).
3G). These neurofilament-immunoreactive cells were found Totest whether the expression of neurofilament in Muller
within 700 um of the retinal margin. The number of glia was caused by a successive or simultaneous activation of
neurofilament-immunoreactive cells with vertical orientationinsulin/IGF receptors and FGF receptors, we made injections
was increased further (significance; p<0.005; n=5) in retinasf insulin and FGF2 in sequence or with a short interval (6 h)
that received 3 injections of both insulin and FGF2 (Figurdetween injections. We found that insulin or FGF2 alone, ap-
3D,F,G). These cells had the morphology of Miiller glia (Fig-plied 6 h apart, did not induce neurofilament in Muller glia-
ure 3F) and were found in the peripheral retina up to 3 mriike cells (Table 2). Similarly, if we applied insulin first and
from the retinal margin. FGF2 second, or in reverse order, neurofilament was not in-
duced in Mller glia (Table 2). However, if we combined in-
sulin and FGF2 and made 2 injections 6 h apart, we found a

tions of insulin and FGF2 (Table 2). The expression of
neurofilament by Muller glia-like cells was minimal in eyes
that received 3 consecutive daily injections of EGF alone (Fig-
oo ure 3G, Table 2), CNTF alone, or the combination of CNTF
and insulin (Table 2). However, we observed numerous Muller
lia that expressed neurofilament in retinas treated with the
ombination of EGF and insulin, but to a lesser extent than
of CNTF, IGF-II, FGF1, and FGF2 were increased, whereas the level at observed in retinas treated with equal doses of FGF2 and

of IGF-I was decreased. The histogram illustrates the fold differenc'Sulin (Figure 3G, Table 2). .
of the growth factors as measured by quantitative PCR. Fold differ-  Tofurther confirm that neurofilament was being expressed
ence was calculated aswghere x equals the C(J),, youes MNUS by Muller glia-like cells, we probed for neurofilament mRNA
meenror 1HE G value is the PCR cycle number at which the reactionby using in situ hybridization. In the retinas treated with sa-
enters log phase and is inversely proportional to transcript abundandihe or insulin alone, neurofilament mMRNA was detected in
C, values were averages of samples run in triplicate. orthotopic and displaced ganglion cells (Figure 4A), consis-
977
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5 significant induction of neurofilament in Muller glia-like cells

4 (Table 2).
=" - Wetested whether FGF1, EGF, or CNTF alone or in com-
g s 3 L bination with insulin induced glial expression of neurofilament
9;9 2 =5 24 h after the final injection in the absence of retinal damage.
gc‘j 1 Although FGF1 alone had little effect, co-injection of FGF1
-_5’_'*_\-3 ol—F— IGF-I . . with insulin induced the expression of neurofilament in Muller
_c-,% GAPDH CNTF IGF-Il  FGF1 FGF2 glia-like cells, in numbers similar to those observed for injec-
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Figure 2. Expression levels of growth factors are affected by retinaﬁ
damage. At 3 days after NMDA treatment, retinal expression level
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Figure 3. Neurofilament expression can be induced in Muller glia by insulin and FGF2. Exogenous insulin and FGF2 indpoessiba e
of neurofilament in Mdller glia in peripheral regions of the retina. Vertical sections of the peripheral retina were |labelatbeties to
neurofilament (NF-M). Retinas were obtained from eyes that were injected with 3 doses off9alingu(in alone B), FGF2 alone(),
insulin and FGF20,E,F). Injections were made at postnatal day 7 (P7), P8, and P9. Retinas were dissected and processed for immunocy-
tochemistry 24 hA-D,F) or 4 days [E) after the last injectiork: is a high power field of view of retina that demonstrates neurofilament-
expressing Muller glia-like cells. Arrows indicate neurofilament immunoreactive cells with the morphology of Miiller glilifatéia@n bar
in E represents 5@m and applies t&-E; the bar irF represents 5@m. ONL indicates the outer nuclear layer; INL indicates the inner nuclear
layer; IPL indicates the inner plexiform layer; NFL indicates the nerve fiber [@ysma histogram demonstrating the number of Muller glia,
neurofilament-expressing cells in the peripheral retina from eyes treated with combinations of exogenous insulin aids~& pt
demonstrating that the number of neurofilament-immunoreactive cells in the retina increases between 6 and 48 h afiajeittéofinaf
insulin and FGF2, but decreases thereafter. ANOVA was done to determine significance (p<0.005) of difference amongdlaadatpsst
hoc two tailed Student’s t-test used to determine significance (asterisk is p<0.005) of difference between the mean namrbélamént
positive Miller glia in insulin treated retinas and those treated with FGF2 alone, insulin combined with FGF2, and insinkéd coithb
EGF.
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tent with the labeling observed with antibodies to  Some of the neurofilament expressing Miller glia are pro-
neurofilament. In retinas treated with insulin and FGF2, ififerating: Wehave reported elsewhere that insulin and FGF2
addition to the cells observed with insulin alone, we detectestimulate Miller glia to re-enter the cell cycle [16]. To test
neurofilament mMRNA in vertically oriented cells in the middle
of the INL (Figure 4B,C).

To confirm that the cells that express neurofilament after
growth factor treatment were Muller glia, we double labeled

TABLE 2. MULLER GLIAL EXPRESSION OF NEUROFILAMENT IS
INFLUENCED BY GROWTH FACTORS

retinal sections for neurofilament and the Miller glial marker Nunber of NF+
. . A . | | mul | li
glutamine synthetase (GS). In retinas treated with both insu- poerva ber 15,000
lin and FGF2, many neurofilament immunoreactive processes Nunber of —injections square um

. . . Gowth factor injections (h) (+SD)

were also immunoreactive for GS (Figure 5A-C). Thesedouble . -~ """~ "~ 7 0 . T .
labeled cells were found up to 3 mm central to the retineﬂfz' L"ien g gj 1‘2&22
margin. Some neurofilament positive Miller glia-like cellsrar1 3 24 3.6:1.8
were not immunoreactive for GS. To further confirm that™®2 3 24 T
neurofilament is expressed by Muller glia, we double labelednsulin + Far2 2 24 10. 5+2. 8
H H H H H : igsulin + FGF2 3 24 34.6x4.3
reilnal sections with gntlqules to neyrofllament apd asecon{sy i n 1 rom 3 o4 29 746, 2
Muller glial marker vimentin. In insulin treated retinas, thereeer 3 24 1.820.9
. . . .insulin + EGF 3 24 15.2+3.7
were no cells that co-express vimentin and neurofilament (Figsre 3 24 0 1s0. 1
ure 5D-F). One day after the last of 3 consecutive daily injec-1sulin + CNTF 3 24 2.1:1.2
. . . . insulin 2 6 2.1+1. 4
tions of insulin and FGF2, we found that all neurofilamentg 2 6 2,341, 2
i i i - i i 2 1st-insulin 2nd 2 6 2.3x1. 4
expressing Muller gl|_a co-expressed V|.me_nt|n.(142 of. 142 gellléiul T e : . o
from 4 individuals; Figure 5G-I). The distribution of vimentin i nsul i n+Far2 2 6 12.8+1.2

ImmunoreacEIVIty a_ppeareq to be |ncrea§ed_|n th.e vitread en(Iihe expression of neurofilament in Muller glia is preferentially in-
fe_et of the Mdller glia in retinas t.rea.ted.W|th Ins_ulln a_nd_FG':Zduced by repeated doses of the combination of insulin and FGF1/
(Figure 5H) Compamd to th_e d'St”F’Ut'O” of vimentin in Un-gGE2. Intraocular injections of EGF, CNTF, insulin, or FGF2 alone
treated or insulin treated retinas (Figure 5E). have little effect on glial expression of neurofilament.

Figure 4. In situ hybridization for neurofilament in retinas treated with insulin and FGF2. Intraocular injections oais&@F2 induce
the expression of neurofilament mRNA in vertically oriented cells within the retina. Retinas were obtained from eyes/#th8rensesecu-
tive daily injections of insulinA) or insulin and FGF2§,C). In situ hybridization was used to detect neurofilament transcripts. Arrows
indicate vertically oriented cells that express neurofilament mRNA and the arrowlesndlicates a displaced ganglion cell. The calibration
bar inC represents 5@m and applies to all panels. The outer nuclear layer (ONL), inner nuclear layer (INL), inner plexiform layer (IPL), and
ganglion cell layer (GCL) are labeled.
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Figure 5. Neurofilament expression co-localizes with glutamine synthetase and vimentin in growth factor treated retotasar limjec-
tions of insulin and FGF2 induce the expression of neurofilament in Mdller glia that express glutamine synthetase andreftimastinere
treated with 3 consecutive daily doses of insulin and F@FZ @nd G-I) or insulin alone @-F). Retinas were fixed and processed for
immunocytochemistry 24 h after the final dose of growth facfofS: Vertical section of the peripheral retina that was labeled with antibodies
to neurofilament (NF-M; in green) and glutamine synthetase (inDett)\Vertical sections of the retina that were labeled for neurofilament
(NF-L; in red) and vimentin (in green). ArrowsArC andG-I indicate double labeled structures and the arro+mindicates a displaced
ganglion cell that is immunoreactive for neurofilament. The inner nuclear layer (INL), inner plexiform layer (IPL), anchgasblayer
(GCL), and nerve fiber layer (NFL) are labeled. The calibration blarépresents 5@m and applies to all panels.
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whether neurofilament expressing Miller glia were prolifer-pression of33 tubulin and RA4. The TUJ-1 antibody recog-
ating, we double labeled sections for neurofilament and BrdUhizesp3 tubulin, which is expressed by ganglion cells in the
In peripheral regions of the retina (within 2 mm of the retinalchick retina [25]. Similarly, the monoclonal antibody RA4
margin), nearly half of the BrdU labeled cells were immu-abels an unknown protein in ganglion cells in the chick retina
noreactive for neurofilament (43:22.1%; measstandard de- [26]. In saline and insulin treated reting8, tubulin immu-
viation; 124 BrdU/neurofilament positive cells per 286 totalnoreactivity was observed in displaced ganglion cells in the
BrdU positive cells in the INL of ONL counted from 4 indi- INL, processes within the IPL, orthotopic ganglion cells, and
viduals). By comparison, about one fifth of the neurofilamenthe nerve fiber layer (NFL; Figure 7A). In retinas treated with
positive Muller glia were labeled for BrdU (1&25%; insulin and FGF2, immunoreactivity f88 tubulin appeared
mean:standard deviation; 61 BrdU/neurofilament positivein numerous vertically oriented cells (Figure 7B). In retinas
cells per 341 total neurofilament positive Miller glia countedreated with saline or insulin alone, RA4 immunoreactivity
from 4 individuals). In more central regions of the retina (bewas detected in processes in the outer plexiform layer (OPL),
tween 2 and 3 mm away from the retinal margin), none of thdisplaced ganglion cells in the INL, processes within the IPL,
neurofilament positive glial cells were labeled for BrdU. BrdU/orthotopic ganglion cells, and the NFL (Figure 7C). Injections
neurofilament immunoreactive cells were usually found withof insulin and FGF2 induced immunoreactivity for RA4 in
their somata in the INL (Figure 6A-C), and occasionally wevertically oriented cells that were abundant in peripheral (Fig-
found BrdU/neurofilament labeled cells in the ONL (Figureure 7D) and far peripheral regions of the retina (Figure 7E).
6D-F). Many of these RA4 immunoreactive cells co-localized GS
Muller glia become immunoreactive f8 tubulin and  immunoreactivity (Figure 7F-H), indicating that these cells
RA4 following treatment with insulin and FGF2he expres-  were Muller glia.
sion of neurofilament in Miller glia led us to test whether ~ CNTF induces the expression of GFAP in Muller glia:
Muller glia express neuronal markers other than neurofilamem/e tested whether CNTF caused Miiller glia to express in-
after injections of insulin and FGF2. We assayed for the exereased levels of filamentous proteins in the absence of reti-

|
|
|

IPL | neurofilament merge

IPL | neurofilament merge

Figure 6. Some of the neurofilament-expressing Mdller glia are proliferating. Insulin and FGF2 induce the proliferatian ajfteem
neurofilament expressing Miiller glia in peripheral regions of the retina, within 2 mm of the retinal margin. Sectionsmd tvenelabeled
with antibodies to BrdU (in green) and neurofilament (NF-M; in red). Eyes received 3 consecutive daily injections of sh§iRzand
retinas were obtained at B{C) or 24 h D-F) after the final injection. Arrows indicate cells labeled for BrdU and neurofilament. The outer
nuclear layer (ONL), inner nuclear layer (INL), and inner plexiform layer (IPL) are labeled. The calibratior-lvapiasents 5am and
applies to all panels.
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Figure 743 tubulin- and RA4-immunoreactivity can be induced in Miller glia by insulin and FGF2. Insulin and FGFZB¢lutzelin and
RA4 immunoreactivity in presumptive Muller glia in peripheral regions of the retina. Vertical sections of retina were &btaiegés that
received with 3 consecutive daily injections of insulin alohegC] or insulin and FGF28,D-H). Retinas were processed for immunocy-
tochemistry 24 h after the final injection and labeled with antibodig3 tabulin A,B), RA4 (C-F), or glutamine synthetas&H). Arrows

in B indicate Muller glia that are immunoreactive fi& tubulin and arrows iR-H indicate structures double labeled for RA4 and glutamine
synthetase immunoreactivity. The outer nuclear layer (ONL), inner nuclear layer (INL), inner plexiform layer (IPL), gatigigerce
(GCL), and nerve fiber layer (NFL) are labeled. The calibration b&r riepresents 5am and applies té\, B, D, andE. The bar inH

represents 5am and applies t€ andF-H.
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nal damage. CNTF did not cause Muller glia to expressvas increased in Miller glia across all regions of the retina
neurofilament (Figure 8A)p3 tubulin or RA4 (data not (Figure 8D).

shown). Since CNTF is known to promote the expression of  Since the antibody to GFAP appeared to cross-react with
GFAP in developing astrocytes [27,28], we probed for GFARilamentous proteins within retinal neurons, we wanted to con-
in retinal sections obtained from eyes that received injectionfirm that the expression of GFAP was increased by CNTF treat-
of saline, insulin or CNTF. In saline treated retinas, Mullerment with an antibody independent method. Accordingly, we

glia had low levels of GFAP immunoreactivity (Figure 8B). designed PCR primers specific to chicken GFAP that produced
In retinas that were treated with insulin alone, GFAP expresa single PCR product. We used these primers with real-time
sion was increased in Muller glia (Figure 8C). The level ofPCR to measure GFAP mRNA in samples obtained from sa-
GFAP expression increased in Miller glia that were in periphline or CNTF treated retinas. We found that CNTF treated

eral regions of the retina, within 20Qén of the retinal mar- retinas had 32 fold more GFAP mRNA than that of saline

gin. In retinas that were treated with CNTF, GFAP expressiotreated retinas (Figure 8E). This finding confirms that injec-

saline

OMNL
INL

e

IPL

NFLIOC K iJ-h RO L}

insulin| GFAP CNTF

Figure 8. Ciliary neurotrophic factor and insulin induce the expresE
sion of glial fibrillary acidic protein in Miller glia.. Ciliary neu-
rotrophic factor (CNTF) and insulin induce the expression of glial GAPDH GFAP
fibrillary acidic protein (GFAP) in Muller glia. Retinas were obtained .
from eyes that received 3 consecutive daily injections of CITB)( Sahne 17.2+0.3 30.0+0.6
saline B), or insulin C). Vertical sections of the peripheral retina + %
were labeled with antibodies to neurofilament (NFA), or GFAP CNTF 1 691—06 250—02
(B-D). Sections were obtained from the peripheral retina »%00
The outer nuclear layer (ONL), inner nuclear layer (INL), inner plexi- C (T) Val ue
form layer (IPL), and nerve fiber layer (NFL) are labeled. The cali-
bration bar irD represents 50m and applies to panefsD. E: GFAP expression levels are increased in retinas from CNTF injected eyes
compared to contralateral saline injected eyes. Fold difference was calculatedhaseyy equals to 2 and x equals to G(T),...sMiNUs

Tycontrof The G value is the PCR cycle number at which the reaction enters log phase and is inversely proportional to transcript aQundance. C
values were averages of samples run in triplicate. GAPDH served as a control and showed no significant variation betvgeen sample

983




Molecular Vision 2004; 10:973-86http://www.molvis.org/molvis/v10/al16> ©2004 Molecular Vision

tions of CNTF into the vitreous chamber of the eye stimulate  The effects of insulin and FGF2 on Muller glia are likely
Muller glia to dramatically increase their expression of GFARo be direct, while the effects of CNTF may be indirect. Re-
in the absence of retinal damage. ceptors for FGF2 and insulin/IGF are likely to be co-expressed
Totest whether GFAP expression was influenced by FGFBy Miiller glia. Receptors for FGF2 and insulin/IGF are ex-
or EGF, we made injections of these growth factors into eygzressed throughout the chick retina by most retinal cell types
and assayed for GFAP immunoreactivity in retinal sectiongncluding Mdiller glia [29-31]. In the retinas of rodents and
We did not observe an obvious increase in GFAP levels ichicks, CNTF receptd is predominantly expressed by neu-
Muller glia in retinas that were treated with FGF2 alone, EGFonal cells [32,33], suggesting that CNTF induced glial ex-
alone, or insulin and FGF2 (data not shown). pression of GFAP may be mediated by signals provided sec-
A summary of the effects of growth factors and acute retiondarily through CNTF responsive neurons. However, Miller
nal damage on glial expression of filamentous proteins anglia may express an isoform of the CNTF receptor other than

glutamine synthetase are provided in Table 3. the p-isoform. Furthermore, exogenous CNTF and stress
stimuli induce the accumulation of activated STAT3, known
DISCUSSION to be downstream of CNTF signaling, in Muller glia, astro-

Here we report that the expression levels of filamentous praytes and some ganglion cells [34]. Further, GFAP induced
teins in Muller glia can be modulated by exogenous growtlhy CNTF is mediated by activation of STAT3 in the rodent
factors. The filamentous proteins that Muller glia express imetina [35]. Taken together, these findings indicate that CNTF
response to growth factors include GFAP, neurofilanfeht, may elicit effects upon Miller glia directly and indirectly.
tubulin, and RA4. These findings indicate that the phenotype We found that a single large dose of insulin and FGF2
of Mlller gliais plastic and that under certain conditions Millethad no effect upon glial expression of filamentous proteins,
glia are capable of transiently expressing neuronal proteinsuggesting that repeated doses or sustained levels of growth
Glial expression of neuronal filaments was not observed ifactors may be required for the induction of neurofilament
central regions of the retina, even in newly hatched birds, beixpression. Glial expression of neurofilament was significantly
was observed in peripheral regions of the retina. This findinghduced only with consecutive injections of the combination
suggests that Muller glia in peripheral regions of the retinaf insulin and FGF2, and not with either factor alone. These
have a plastic phenotype, and this plasticity is maintained fdindings suggest that consecutive and simultaneous activation
at least the first 3 weeks of postnatal development. By coref insulin/IGF receptors and FGF receptors is necessary to
trast, Muller glia in central regions of the retina have a stablstimulate Muller glia to express neurofilament.
phenotype. We propose that the ability of Mller glia to ex-  The expression of neurofilament, RA4 g@&itubulin by
press filamentous proteins in response to exogenous growihiller glia suggests that these filaments are not always neu-
factors represents a state of immaturity. ron specific. As neurons and glia differentiate they express
Since we observed the expression of neurofilament bgell distinguishing proteins such as the intermediate filaments
Muller glia following acute damage [14] and following injec- neurofilament and GFAP, respectively [36,37]. Although the
tions of growth factors (see above), it is possible that the irexpression of cytoskeletal proteins has been used to identify
jections of growth factors may have induced acute damageeurons and glia [36,38,39], our findings show that
and thereby affected Muller glia. However, there were no inneurofilamentf3 tubulin and RA4 are expressed by retinal
dications of retinal damage and we have reported elsewhegia exposed to insulin and FGF2. The finding that neuron
that at no time after treatment with insulin and FGF2 arepecific proteins are expressed by non-neuronal cells is not
apoptotic nuclei detected within the retina [16]. without precedence. Neurofilament and tubulin are transiently
expressed by Schwann cells during early stages of differen-
tiation or following acute damage [40-42]. In addition, FGF2
has been shown to induce immunoreactivity for RA4 in cul-

TABLE 3. THE COMBINATION OF INSULIN AND FGF2 STIMULATES
MULLER GLIAL EXPRESSION OF FILAMENTOUS PROTEINS

Tr eat nent tured RPE cells from E6 chick embryos [43]. Taken together,
reute T  edin T these findings suggest that non-neuronal cells of neuroepithe-
Mar ker damage Insulin FGF2  +FGF CNTF lial origin are capable of expressing neuronal proteins in re-
""" sponse to acute damage, culture conditions or treatment with
Neur of i | ament +++ + + +++ -
B3 tubulin e - - . - FGFs.
RA4 M - - e - Exogenous growth factors have been shown to influence
GFAP +++ + - - +++ . . . . .
Vi mentin + . i - X the expression of cytoskeletal proteins in glial cells in the mam-

malian retina. For example, FGF2 has been shown to increase
Similar to acute retinal damage induced by NMDA, the combinationhe expression of GFAP and vimentin by Mdller glia in the
of insulin and FGF2 stimulates glial expression of neurofilanfént, retinas of rabbits and cats [12]. Similarly, we observed in-
tubulin, and RA4. In contrast, glial expression of neurofilanfs, creased expression levels of vimentin in Miller glia treated

tubulin, and RA4 is not induced by insulin or FGF2 alone. Although™ .~ ™ ) . . .
CNTF induced glial expression of GFAP, this factor has no effect oﬁv'th insulin and FGF2. By contrast, insulin and FGF2 did not

the expression levels of other filamentous proteins. In the table, trealf]_duce GFAP expresgion in Mdller glia. This may represent a

ments are rated as strongly (+++), moderately (++), weakly (+), oflifference between birds and mammals. By comparison, we

not (-) inducing a marker. found that exogenous CNTF stimulated glial expression of
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GFAP. This is consistent with the findings of others that have

©2004 Molecular Vision

REFERENCES

demonstrated that CNTF and JAK/STAT signaling stimulatel. Cao W, Li F, Steinberg RH, Lavail MM. Development of normal

glial differentiation and expression of GFAP [27,28]. In the
adult rat retina, injections of a CNTF analog results in the
activation of STAT3 in Muller glia, astrocytes and ganglion
cells [34]. Similarly, injections of CNTF or FGF2 into the eyes
of mice results in a rapid increase in the phosphorylation of

and injury-induced gene expression of aFGF, bFGF, CNTF,
BDNF, GFAP and IGF-I in the rat retina. Exp Eye Res 2001,
72:591-604.

2. Kostyk SK, D’Amore PA, Herman IM, Wagner JA. Optic nerve

injury alters basic fibroblast growth factor localization in the
retina and optic tract. J Neurosci 1994; 14:1441-9.

ERK and expression of c-fos, which is followed by increased Honjo M, Tanihara H, Kido N, Inatani M, Okazaki K, Honda Y.

glial expression of GFAP in CNTF treated eyes [13]. These
findings confirm our observations that CNTF mediated sig-
naling stimulates glial expression of GFAP.

Expression of ciliary neurotrophic factor activated by retinal
Muller cells in eyes with NMDA- and kainic acid-induced neu-
ronal death. Invest Ophthalmol Vis Sci 2000; 41:552-60.

The expression of neuronal markers by Miiller glia doed. Walsh N, Valter K, Stone J. Cellular and subcellular patterns of

not represent neural differentiation or de-differentiation into
proliferating neural precursors. In the current study, we foung
that more than 80% of the neurofilament expressing Muller
glia were not proliferating, suggesting that re-entry into the

expression of bFGF and CNTF in the normal and light stressed
adult rat retina. Exp Eye Res 2001; 72:495-501.

Wen R, Song Y, Cheng T, Matthes MT, Yasumura D, LaVail MM,

Steinberg RH. Injury-induced upregulation of bFGF and CNTF
MRNAS in the rat retina. J Neurosci 1995; 15:7377-85.

cell cycle and expression of neurofilament may be indepeny; vajter K, Maslim J, Bowers F, Stone J. Photoreceptor dystrophy in

dent. In addition, we found that 2 injections of insulin, and
FGF2 stimulate the expression of neurofilament by Muller glia

the RCS rat: roles of oxygen, debris, and bFGF. Invest
Ophthalmol Vis Sci 1998; 39:2427-42.

(current study), but fails to stimulate proliferation [16]. We 7. Chaum E. Retinal neuroprotection by growth factors: a mechanis-

propose that changes in the expression of neurofilament by

tic perspective. J Cell Biochem 2003; 88:57-75.

Muiller glia may represent a transition toward a de-differenti8- Sarthy V, Egal H. Transient induction of the glial intermediate

ated state, but is not equivalent to becoming a proliferating
progenitor-like cell. Instead, glial expression of neuronal fila-,
ments may indicate heterogeneity among Muller glia. For ex-
ample, in retinas treated with insulin and FGF2 we found glia

that expressed neurofilament and vimentin/GS interspersad.

among glia that expressed vimentin/GS alone (see Figure 5).
Similarly, we found Miiller glia that expressed RA4 and GS
may be distinct from those that express GS alone.

filament protein gene in Muller cells in the mouse retina. DNA
Cell Biol 1995; 14:313-20.

9. McGillem GS, Dacheux RF. Rabbit retinal Muller cells undergo

antigenic changes in response to experimentally induced prolif-
erative vitreoretinopathy. Exp Eye Res 1999; 68:617-27.
Grosche J, Hartig W, Reichenbach A. Expression of glial fibril-
lary acidic protein (GFAP), glutamine synthetase (GS), and Bcl-
2 protooncogene protein by Muller (glial) cells in retinal light
damage of rats. Neurosci Lett 1995; 185:119-22.

We conclude that post-mitotic Miller glia can exhibit a 11. de Raad S, Szczesny PJ, Munz K, Reme CE. Light damage in the

great deal of phenotypic plasticity in peripheral regions of the

retina for at least 3 weeks after being generated. The expres-

sion of cytoskeletal proteins in the Muller glia can be dra-,
matically modulated by CNTF, insulin and FGF2. The expres-
sion of filamentous neuronal proteins can be induced in Muller
glia by the combination of insulin and FGF2, indicating that
under certain conditions neurofilamef8 tubulin and RA4
are not cell distinguishing markers for neurons. In damaged
retinas, we propose that growth factors, including insulin,
FGFs, and CNTF, mediate changes in the phenotype of Ml’JII(:aLEl
glia.

ACKNOWLEDGEMENTS
Wethank and Drs. Brandon Nelson and Jennie Close for com-

ments that contributed to the final form of this paper, andeé.

Mellisa Phillips for providing expert technical assistance. The
BrdU antibody developed by Dr. S. J. Kaufman was obtained

from the Developmental Studies Hybridoma Bank developed’:

under auspices of the NICHD and maintained by the Univer-
sity of lowa, Department of Biological Sciences, lowa City,
IA. This work was supported by start-up funds from The Ohio
State University (Columbus, OH) to AJF and a grant from the
National Institutes of Health (RO1 NS2808) to TAR.

19.

985

13.

15.

rat retina: glial fibrillary acidic protein accumulates in Muller
cells in correlation with photoreceptor damage. Ophthalmic Res
1996; 28:99-107.

. Lewis GP, Erickson PA, Guerin CJ, Anderson DH, Fisher SK.

Basic fibroblast growth factor: a potential regulator of prolif-
eration and intermediate filament expression in the retina. J
Neurosci 1992; 12:3968-78.

Wabhlin KJ, Campochiaro PA, Zack DJ, Adler R. Neurotrophic
factors cause activation of intracellular signaling pathways in
Muller cells and other cells of the inner retina, but not photore-
ceptors. Invest Ophthalmol Vis Sci 2000; 41:927-36.

. Fischer AJ, Reh TA. Muller glia are a potential source of neural

regeneration in the postnatal chicken retina. Nat Neurosci 2001;
4:247-52.

Fischer AJ, Reh TA. Potential of Muller glia to become neuro-
genic retinal progenitor cells. Glia 2003; 43:70-6.

Fischer AJ, McGuire CR, Dierks BD, Reh TA. Insulin and fibro-
blast growth factor 2 activate a neurogenic program in Muller
glia of the chicken retina. J Neurosci 2002; 22:9387-98.
Fischer AJ, Reh TA. Identification of a proliferating marginal
zone of retinal progenitors in postnatal chickens. Dev Biol 2000;
220:197-210.

18. Fischer AJ, Seltner RL, Poon J, Stell WK. Immunocytochemical

characterization of quisqualic acid- and N-methyl-D-aspartate-
induced excitotoxicity in the retina of chicks. J Comp Neurol
1998; 393:1-15.

Fischer AJ, Stell WK. Nitric oxide synthase-containing cells in
the retina, pigmented epithelium, choroid, and sclera of the chick
eye. J Comp Neurol 1999; 405:1-14.



Molecular Vision 2004; 10:973-86http://www.molvis.org/molvis/v10/al16>

20. Jasoni CL, Walker MB, Morris MD, Reh TA. A chicken achaete-
scute homolog (CASH-1) is expressed in a temporally and spa-

tially discrete manner in the developing nervous system. De32.

velopment 1994; 120:769-783.

21. Bennett GS, DiLullo C. Transient expression of a neurofilament
protein by replicating neuroepithelial cells of the embryonic
chick brain. Dev Biol 1985; 107:107-27.

22. Bennett GS, DiLullo C. Expression of a neurofilament proteir33.

by the precursors of a subpopulation of ventral spinal cord neu-
rons. Dev Biol 1985; 107:94-106.
23. Pittack C, Grunwald GB, Reh TA. Fibroblast growth factors are

necessary for neural retina but not pigmented epithelium differ34.

entiation in chick embryos. Development 1997; 124:805-16.
24. Waid DK, McLoon SC. Ganglion cells influence the fate of di-

viding retinal cells in culture. Development 1998; 125:1059-35.

66.
25. Watanabe M, Rutishauser U, Silver J. Formation of the retinal
ganglion cell and optic fiber layers. J Neurobiol 1991; 22:85-

96. 36.

26. McLoon SC, Barnes RB. Early differentiation of retinal ganglion
cells: an axonal protein expressed by premigratory and migrat-
ing retinal ganglion cells. J Neurosci 1989; 9:1424-32.

27. Kahn MA, Huang CJ, Caruso A, BarresiV, Nazarian R, Condorell87.

DF, de Vellis J. Ciliary neurotrophic factor activates JAK/Stat

signal transduction cascade and induces transcriptional expre38.

sion of glial fibrillary acidic protein in glial cells. J Neurochem
1997; 68:1413-23.

28.Bonni A, Sun 'Y, Nadal-Vicens M, Bhatt A, Frank DA, Rozovsky 39.

I, Stahl N, Yancopoulos GD, Greenberg ME. Regulation of
gliogenesis in the central nervous system by the JAK-STAT sig-

naling pathway. Science 1997; 278:477-83. 40.

29. Rohrer B, Tao J, Stell WK. Basic fibroblast growth factor, its
high- and low-affinity receptors, and their relationship to form-

deprivation myopia in the chick. Neuroscience 1997; 79:77541.

87.
30. Waldbillig RJ, Arnold DR, Fletcher RT, Chader GJ. Insulin and

IGF-I binding in developing chick neural retina and pigment42.

epithelium: a characterization of binding and structural differ-
ences. Exp Eye Res 1991, 53:13-22.

31. de la Rosa EJ, Bondy CA, Hernandez-Sanchez C, Wu X, Zhou J,
Lopez-Carranza A, Scavo LM, de Pablo F. Insulin and insulin43
like growth factor system components gene expression in the
chicken retina from early neurogenesis until late development

©2004 Molecular Vision

and their effect on neuroepithelial cells. Eur J Neurosci 1994;
6:1801-10.

Kirsch M, Lee MY, Meyer V, Wiese A, Hofmann HD. Evidence
for multiple, local functions of ciliary neurotrophic factor
(CNTF) in retinal development: expression of CNTF and its
receptors and in vitro effects on target cells. J Neurochem 1997,
68:979-90.

Fuhrmann S, Kirsch M, Heller S, Rohrer H, Hofmann HD. Dif-
ferential regulation of ciliary neurotrophic factor receptor-al-
pha expression in all major neuronal cell classes during devel-
opment of the chick retina. J Comp Neurol 1998; 400:244-54.

Peterson WM, Wang Q, Tzekova R, Wiegand SJ. Ciliary neu-
rotrophic factor and stress stimuli activate the Jak-STAT path-
way in retinal neurons and glia. J Neurosci 2000; 20:4081-90.

Wang Y, Smith SB, Ogilvie JM, McCool DJ, Sarthy V. Ciliary
neurotrophic factor induces glial fibrillary acidic protein in reti-
nal Muller cells through the JAK/STAT signal transduction path-
way. Curr Eye Res 2002; 24:305-12.

Bignami A, Dahl D. Astrocyte-specific protein and neuroglial
differentiation. An immunofluorescence study with antibodies
to the glial fibrillary acidic protein. J Comp Neurol 1974; 153:27-
38.

Cameron RS, Rakic P. Glial cell lineage in the cerebral cortex: a
review and synthesis. Glia 1991; 4:124-37.

Laferriere NB, MacRae TH, Brown DL. Tubulin synthesis and
assembly in differentiating neurons. Biochem Cell Biol 1997;
75:103-17.

Meininger V, Binet S. Characteristics of microtubules at the dif-
ferent stages of neuronal differentiation and maturation. Int Rev
Cytol 1989; 114:21-79.

Roberson MD, Toews AD, Goodrum JF, Morell P. Neurofilament
and tubulin mMRNA expression in Schwann cells. J Neurosci Res
1992; 33:156-62.

Kelly BM, Gillespie CS, Sherman DL, Brophy PJ. Schwann cells
of the myelin-forming phenotype express neurofilament pro-
tein NF-M. J Cell Biol 1992; 118:397-410.

Fabrizi C, Kelly BM, Gillespie CS, Schlaepfer WW, Scherer SS,
Brophy PJ. Transient expression of the neurofilament proteins
NF-L and NF-M by Schwann cells is regulated by axonal con-
tact. J Neurosci Res 1997; 50:291-9.

. Yan RT, Wang SZ. Differential induction of gene expression by

basic fibroblast growth factor and neuroD in cultured retinal
pigment epithelial cells. Vis Neurosci 2000; 17:157-64.

The print version of this article was created on 22 Dec 2004. This reflects all typographical corrections and erratzlmttirewgh that
date. Details of any changes may be found in the online version of the article.

986



