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Regulation of Rod Phototransduction Machinery by Ciliary
Neurotrophic Factor
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Ciliary neurotrophic factor (CNTF) promotes photoreceptor survival but also suppresses electroretinogram (ERG) responses. This has
caused concerns about whether CNTF is detrimental to the function of photoreceptors because it is considered to be a potential treatment
for retinal degenerative disorders. Here we report that the suppression of ERG responses is attributable to negative regulation of the
phototransduction machinery in rod photoreceptors. Intravitreal injection of recombinant human CNTF protein in rat results in a series
of biochemical and morphological changes in rod photoreceptors. CNTF induces a decrease in rhodopsin expression and an increase in
arrestin level. Morphologically, CNTF treatment causes a shortening of rod outer segments (ROS). All of these changes are fully reversible.
The lower rhodopsin level and shortened ROS reduce the photon catch of rods. Less rhodopsin and more arrestin dramatically increase
the arrestin-to-rhodopsin ratio so that more arrestin molecules are available to quench the photoexcited rhodopsin. The overall effect of
CNTF is to negatively regulate the phototransduction machinery, which reduces the photoresponsiveness of rods, resulting in lower ERG
amplitude at a given intensity of light stimulus. The CNTF-induced changes in rods are similar to those in light-induced photoreceptor
plasticity. Whether CNTF-induced changes in rods are through the same mechanism that mediates light-induced photoreceptor plasticity

remains to be answered.
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Introduction

Ciliary neurotrophic factor (CNTF), a member of the
interleukin-6 family of neuropoietic cytokines, was initially iden-
tified as a factor in chick embryo extract that supported viability
of embryonic chick ciliary neurons (Adler et al., 1979; Varon et
al., 1979) and later purified to homogeneity (Lin et al., 1989;
Stockli et al., 1989).

Inactivation of the CNTF gene results in no specific abnor-
malities in human and animals (Masu et al., 1993; Takahashi et
al., 1994). However, application of exogenous CNTF has pro-
found effects on cells in the nervous system. CNTF supports the
survival of sensory neurons, motor neurons, cerebral neurons,
and hippocampal neurons (Skaper et al., 1986; Ip et al., 1991;
Sendtner et al., 1992; Wong et al., 1993; Larkfors et al., 1994). It
promotes the differentiation of cholinergic sympathetic neurons
(Ernsberger et al., 1989; Saadat et al., 1989), the differentiation of
glial progenitors into astrocytes (Hughes et al., 1988; Lillien et al.,
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1988), and the maturation and survival of oligodendrocytes
(Louis etal., 1993). CNTF is also a myotrophic factor (Conover et
al., 1993; Helgren et al., 1994).

CNTF inhibits rod differentiation in rat retina and in retinal
cell culture, judged by the number of rhodopsin-expressing cells
(Ezzeddine et al., 1997; Kirsch et al., 1998). In chicken retinal cell
culture, however, it promotes rod differentiation (Fuhrmann et
al., 1998). Additional studies revealed that the effect on rod dif-
ferentiation in rats was transient, as assessed by rhodopsin ex-
pression; it had no effect on rod morphological maturation
(Schulz-Key et al., 2002).

LaVail et al. (1992) were the first to report that CNTF pro-
motes photoreceptor survival. Since then, the protective effect of
CNTF has been confirmed in a variety of animal models of retinal
degeneration, including mouse models (Cayouette and Gravel,
1997; Cayouette et al., 1998; LaValil et al., 1998; Liang et al,,
2001a,b; Bok et al., 2002; Schlichtenbrede et al., 2003), transgenic
rats expressing mutant rhodopsin (Liang et al., 2001b; Tao et al.,
2002), a cat model (Chong et al., 1999), and a dog model (Tao et
al., 2002). These findings have raised the hope that CNTF could
be a potential treatment for retinal degenerations and led to a
clinical trial in patients with retinitis pigmentosa (Sieving et al.,
2006).

Several groups used adeno-associated viral vectors to deliver
cDNA of CNTF to retinal cells to evaluate the long-term effect of
CNTF (Liang et al., 2001b; Bok et al., 2002; Schlichtenbrede et al.,
2003). These experiments confirm the long-term protective ef-
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Figure 1. Recombinant human CNTF. Recombinant protein was purified on nickel columns.
After electrophoresis on 10% acrylamide gel and visualized by SimplyBlue SafeStain (Invitro-
gen), CNTF protein was detected as a single band of ~23 kDa. Lane 1, Protein molecular weight
marker (molecular weight was indicated on the left for the 2 bands close to CNTF protein). Lane
2, Purified recombinant human CNTF protein, 1 wg. Lane 3, Purified recombinant human CNTF
protein, 5 ug.

fects. However, the treated retinas showed no improvement in
the amplitudes of electroretinogram (ERG) responses. In some
cases, the ERG responses in treated retinas had even lower ampli-
tudes than in controls, despite the fact that many more rod pho-
toreceptors survived than would have without the treatment.
These unexpected and seemingly contradictory results raised the
question whether CNTF treatment might be detrimental to
photoreceptors.

We used CNTF protein to investigate its effects on rods. Here
we report that CNTF negatively regulates the phototransduction
machinery in rods, resulting in lower ERG amplitudes.

Materials and Methods

Expression and purification of recombinant CNTF protein. The open read-
ing frame of human CNTF cDNA was cloned into an expression vector
PQE30 (Qiagen, Valencia, CA), fused to a 6X His tag at the N terminus,
to generate plasmid pQE-CNTF. Recombinant human CNTF protein
was expressed in Escherichia coli (XL-blue; Stratagene, La Jolla, CA) and
purified by immobilized-metal affinity chromatography on Ni-NTA aga-
rose columns (Qiagen) under native conditions. Eluted protein was
buffer exchanged to PBS. The purified recombinant protein has an ap-
parent size of ~23 kDa after electrophoresis on acrylamide gel (Fig. 1).
To prove that the effects we observed after CNTF treatment were not
caused by potential contaminants that might be copurified with CNTF,
we used purified cell lysate as control in some experiments. Purified cell
lysate was obtained from E. coli transformed with an empty vector pQE30
(without CNTF open reading frame) following the same protocol used to
purify CNTF. Four bands of unidentified proteins were visible in the
purified cell lysate after electrophoresis (1 ug/lane), a reasonably strong
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band of ~58 kDa, and three barely visible ones of ~120, ~75, and ~18
kDa (data not shown).

Animals and intravitreal injections. Adult Long—Evans rats were pur-
chased from Harlan (Indianapolis, IN) and used in all experiments. An-
imals were kept in a 12 h light/dark cycle (lights on, 7:00 A.M. to 7:00
P.M.) at an in-cage illuminance of 50 lux. The in-cage temperature was
kept at 20—22°C. Intravitreal injections were delivered through 32 gauge
needles connected to 10 wl Hamilton microsyringes (Hamilton, Reno,
NV). No change in pupil size or reactivity to light was observed in eyes
injected with CNTF.

ERG recording. A group of eight animals were injected with CNTF into
the left eyes (10 ug in 5 ul of PBS), and the right eyes were injected with
PBS (5 ul). A second group of six animals were injected with PBS (5 ul)
in the left eyes, and the right eyes were left untreated. ERG a- and b-waves
were recorded from the same animals at 6 and 21 d after injection. Before
recording, animals were dark adapted overnight. Under dim red light,
they were anesthetized with intraperitoneal ketamine (80 mg/kg) and
xylazine (4 mg/kg). Pupils were dilated with 0.1% atropine and 0.1%
phenylephrine HCL. A gold wire loop electrode was placed on the cornea,
and a differential electrode was placed on the sclera near the limbus after
topical anesthesia with 1% tetracaine. A ground wire electrode was at-
tached to an ear. Both eyes were recorded simultaneously, and responses
were amplified at 5000 gain and bandpass filtered between 0.1 and 1000
Hz in the presence of a 60 Hz notch filter. Scotopic (rod photoreceptor
initiated) ERG responses were elicited in the dark-adapted state using
single xenon photostrobe 30 us flashes from a Grass PS33 photic stimu-
lator (Grass-Telefactor, Astro-Med, West Warwick, RI) in a Ganzfeld
(full field) integrating sphere. Stimulus light intensity between —6.9 and
0.6log cd * s/m* was controlled with neutral density filters. Interstimulus
intervals were between 3 and 60 s depending on flash intensity. The
a-wave amplitude, from threshold to maximum intensity, was measured
from baseline to trough, and the b-wave amplitude, from threshold up to
—1.9logcd - s/m?, was measured from the baseline or from the trough of
the a-wave when present (Fig. 2A).

The scotopic b-wave of the rat saturates ~3 log units above threshold
(Fig. 2D) (Naarendorp et al., 2001) and reflects the activity of second-
order rod bipolar cells (Newman and Odette, 1984; Stockton and Slaugh-
ter, 1989; Xu and Karwoski, 1994; Robson and Frishman, 1995). This
region of the b-wave intensity—response curve can be modeled using the
Naka—Rushton equation, as an indicator of rod-initiated retinal function
(Fulton and Rushton, 1978; Arden et al., 1983). This equation,

v oo
Vi 1"+ K

where V. is the maximum of the b-wave amplitude, k is the intensity at
which the b-wave amplitude reaches half-saturation, and # is a dimen-
sionless constant related to the slope, is used to evaluate changes in the
scotopic b-wave amplitude and sensitivity (1/k) (Fulton and Rushton,
1978; Arden et al., 1983). It was fit to b-wave intensity—response data
between —5.9 and —1.9 log cd - s/m? by the least-square method itera-
tively performed by computer using OriginPro 7.5 (Microcal,
Northampton, MA).

The variability in ERG amplitude between individual animals is usu-
ally much greater than between eyes in the same animal (Sugawara et al.,
2000). Thus, the effect of monocular CNTF treatment is best expressed as
the average ratio of the treated eye to the fellow control (PBS) eye, as
reported previously in rabbits (Bush et al., 2004). The two-way ANOVA
with repeated measures (matching across time) and the Bonferroni’s post
hoc test were used to determine statistical significance of differences
across time and treatments in average absolute amplitudes, amplitude
ratios (logarithms of amplitudes), and k values. The one-way ANOVA
was used to look for statistical differences between the eyes of the CNTF-
PBS and PBS-no treatment groups of rats at 6 and 21 d. All statistical
analyses were performed using GraphPad Software (San Diego, CA)
PRISM 4.

Antibodies, protein preparation, and immunoblotting analysis. Antibod-
ies against rhodopsin (B6-30) were a gift from Dr. Jeremy Nathans of
Johns Hopkins University (Baltimore, MD). Antibodies against arrestin
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Figure2. Dark-adapted ERG responses. A, ERG waveforms at increasing stimulus intensities

from top to bottom. Average amplitudes of the a-wave (B, () and the b-wave (D, () at each
intensity at 6 d (B, D) and 21 d (C, E) after CNTF injection into the left eye and PBS injection into
the right eye. CNTF treatment induced a significant decrease in the a- and b-wave 6 d after
injection. No significant difference between CNTF- and PBS-treated eyes in either a- or b-wave
was seen 21 d after injection. Solid lines in Band Care B-spline curves through the data points.
Solid lines in D and E are the averaged Naka—Rushton function fits. Dashed lines indicate V..,
and k values from these fits. Data points are averages of eight animals, and error bars are
+SEM.

and transducin «, B subunits were purchased from Calbiochem (San
Diego, CA). Antibodies against N1l (neural retina leucine zipper) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies
against phospho-STAT3 (signal transducer and activator of transcription
3) (Tyr705) and STAT3 were purchased from Cell Signaling Technology
(Beverly, MA). Pooled retinas were homogenized, and the concentration
of total protein in each sample was determined by the BCA protein assay
(Pierce, Rockford, IL). Total protein was electrophoresed on 10% Nu-
Page gel (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA). Immunoblotting was performed
and signals were visualized using chemiluminescent substrates (Pierce)
and recorded on Hyperfilm (Amersham Biosciences, Piscataway, NJ). All
experiments were repeated three times to verify the consistency of the
results.

Quantitative real-time PCR analysis. The levels of rhodopsin and ar-
restin mRNA were determined by quantitative real-time PCR (ABI Prism
7000; Applied Biosystems, Foster City, CA) according to the instructions
of the manufacturer. Total RNA from pooled retinas was extracted with
an RNeasy kit (Qiagen) and transcribed with Tagman Reverse Transcrip-
tion Reagents (Applied Biosystems). PCR reactions were performed us-
ing commercially available probes (Applied Biosystems) for rhodopsin
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(Rn00583728-m1), arrestin (Rn00564656-m1), and 18S rRNA
(Hs99999901-s1). The threshold cycles (Ct) were calculated with ABI
Prism 7000 software. Standard curves were plotted with Ct versus log
template quantities. Levels of mRNA were determined from standard
curves and normalized to the level of 18S rRNA.

Histology and immunocytochemistry. Animals were killed by CO, over-
dose, followed by vascular perfusion with mixed aldehydes. Eyes were
postfixed, incubated in 2% osmium tetroxide for 1 h, dehydrated, and
embedded in an Epon/Araldite mixture. For light microscopy, eyes were
sectioned at 1 wm along the vertical meridian. Measurement of rod outer
segment (ROS) length was taken at 2 mm from the far periphery of the
inferior retina at 600X. For electron microscopy, thin sections were cut,
mounted on Formvar-coated grids, and stained with lead citrate and
uranyl acetate. Grids were viewed using a transmission electron micro-
scope (JEM-1010; Jeol, Tokyo, Japan).

For immunocytochemical experiments, eyes were removed from ani-
mals after 4% paraformaldehyde perfusion, cryoprotected with 20% su-
crose, and frozen in Tissue-Tek OCT compound (Miles, Elkhart, IN).
Tissue sections (10 um) along the vertical meridian were cut on a cryo-
stat. Sections were probed with anti-phospho-STAT3 (Tyr705) antibod-
ies. Miiller cells were identified with antibodies against glutamine syn-
thetase (GS) (Chemicon, Temecula, CA). Sections were examined by
confocal microscopy.

Results

ERG recording

The scotopic ERG arises from retinal activity initiated exclusively
by the rod photoreceptors. The leading edge of the a-wave (Fig.
2A) directly reflects a reduction in the circulating dark current
around photoreceptors in response to light, leading to their hy-
perpolarization (Penn and Hagins, 1969; Breton et al., 1994).
Because of the low cone density in rat retina, cone responses do
not contribute significantly to the total a-wave at the flash inten-
sities used here. The scotopic b-wave is produced by second-
order depolarizing bipolar cells (Newman and Odette, 1984;
Stockton and Slaughter, 1989; Xu and Karwoski, 1994; Robson
and Frishman, 1995). Therefore, changes in a-wave amplitude
indicate changes in photoreceptor responses directly, whereas
changes in b-wave amplitude could reflect changes in photore-
ceptor activity, in synaptic transmission, or in bipolar cell re-
sponse to photoreceptor input. Above the scotopic range, b-wave
amplitudes are influenced by activity in the cone retinal pathway
(Toda et al., 1999) and the emergence of the a-wave (Fig. 2).

Six days after CNTF injection, substantial decreases were ob-
served in both the a- and b-wave responses in CNTF-treated eyes
compared with PBS-injected eyes across the entire range of stim-
ulus intensity (Fig. 2). The waveforms in Figure 2 A illustrate the
overall reduced amplitude of the responses in CNTF eyes at each
stimulus intensity and, at the same time, their relatively normal
shape and timing as they change progressively with increasing
intensity. Because the a-wave is a direct reflection of photorecep-
tor activity, this indicates reduced photoreceptor response to
light in the CNTF-injected eyes. The average a- and b-wave am-
plitudes (n = 8) at each intensity are plotted in Figure 2 B-E. The
log—log plots of the a-wave (Fig. 2B,C) show that, at 6 d after
injection, there is proportional amplitude reduction at every in-
tensity, which is completely reversed by 21 d. The log-linear plots
of b-wave amplitude versus intensity illustrate the substantial
reduction in amplitude as well as the shift to the right in the
half-maximal intensity value (k), indicating a decrease in sensi-
tivity. These changes in the b-wave recovered completely by 21 d
along with the a-wave.

The average maximum a-wave amplitudes, V.., and k for the
b-wave are given in Table 1. The a-wave and b-wave amplitudes
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Table 1. ERG a-wave and b-wave data from CNTF- and PBS-treated rats

Treatment a-wave amplitude” (V) b-wave Vmax” (V) b-wave k? (loged - s/m?) a-wave CNTF/PBS ratio b-wave CNTF/PBS ratio
6d
PBS (n = 8) 584 + 81 p<<0.01 1543 + 224 p <0.05 —3.50 = 0.10 p <0.05 0.38 = 0.09 p<0.01 0.59 =+ 0.12 p <0.05
(NTF (n = 8) 194 * 44 774 = 165 —3.08 = 0.09
21d
PBS (n = 8) 466 += 77 NS 1116 = 134 NS —3.42 = 0.06 NS 1.08 +0.16 NS 1.03 £0.16 NS
(NTF (n = 8) 438 = 54 1063 = 132 —3.36 = 0.05

“Amplitude at the maximum intensity (0.6 log cd - s/m?).
®Naka—Rushton function fit to scotopic b-wave data.

Values are mean == SEM. p values were calculated using the repeated-measures two-way ANOVA (matching across time), followed by the Bonferroni’s post hoc test for specific comparisons. For a-wave amplitude and b-wave V,,, , raw
amplitudes were used. For ratios, values were first converted to logarithms to convert the differences to ratios. The log intensity values were used to calculate the p values for k. All measurements showed a significant effect of treatment ( p <
0.01, a-wave; p < 0.05, b-wave and k) overall and interaction of time and treatment ( p << 0.05) but no significant effect of time.

in the CNTF-treated eyes were signifi- A
cantly reduced (p < 0.01 and p < 0.05,
respectively, two-way ANOVA), and the
b-wave k value was significantly higher
(p <0.05) at 6 d after injection compared
with the PBS eyes. At 21 d, none of these
parameters were significantly different.
Because of the variability between ani-
mals, the average ratio of the amplitudes
in the two eyes of individual animals is a
more precise measure of the effect of mon-
ocular CNTF treatment than the differ-
ence in the average amplitudes (see Mate- To - b s — esepa
rials and Methods). At 6 d, the a- and

b-waves of the CNTF-treated eyes were

62% (p<0.01)and 41% ( p < 0.05) lower TB_ D e S e > G
than those of the fellow PBS-injected eyes,

respectively (Table 1). By 21 d after injec-
tion, the ratios were not significantly dif- Arr-
ferent from 1, indicating a complete

recovery.

The amplitudes of the a- and b-waves
in both PBS-treated and CNTF-treated N - c——— ———
eyes at 21 d were lower than PBS-injected
eyes at 6 d, although the reductions were
not statistically significant (two-way
ANOVA). To see whether this trend oc-
curred only in CNTF-injected animals,
perhaps as a result of systemic CNTF or
the injection procedure, we compared the
PBS-injected eyes in this group with the
eyes of the second group of rats injected at

the same time with PBS in the left eye and Figure3. (NTF-induced changes in phototransduction-related proteins. A, The levels of rhodopsin (Rho), transducin o (Tev),
no injection in the right eye. The average  transducin B (TPB), arrestin (Arr), and Nrl were examined by immunoblotting. A decrease in rhodopsin protein reached a very low
maximum amplitudes (n = 6) in the no-  level 6dafter (NTF treatment. The decrease in transducin czand 3 subunit followed a similar pattern. CNTF treatment also induced
treatment eye at 6 d (a-wave, 633 == 56 wV;  anincrease in arrestin protein at both 3 d (3D) and 6 d (6D) after treatment. No change in the Nrl level was detected. All of the
Vnax 0£ 1559 * 156 wV) and 21 d (a-wave, (NTF-induced changes were fully recovered by 21 d after treatment (3W). B, ¢, (NTF-induced changes in rhodopsin (B) and
486 = 77 wV; V.. 0f 1299 + 124 uV) and arrestin (€) gene expression were examined by real-time PCR. There was a significant decrease in rhodopsin mRNA 3 and 6 d after
in the PBS-injected eyes at 6 d (a-wave, CNTF treatment. The rhodopsin mRNA level was 45 and 33% of that in PBS-treated eyes for 3 and 6 d, respectively. *p << 0.001

663 =+ 30 uV; V..., of 1606 = 124 V) and (ANOVA). Expression of arrestin was not altered by CNTF treatment.
21 d (a-wave, 505 £ 66 wpV; V, of

max

1310 + 203 wV) were comparable with %n rodents, even se'para.ted by as much as 2-3 wee.:ks, often result
in a general reduction in the a- and b-wave amplitudes.

)]

Control
CNTF 3D
PBS 3D
CNTF 6D
PBS 6D
CNTF 3W
PBS 3W
T

w

N

Rho

i

Relative amount of mMRNA () Relative amount of mMRNA (O

o

Control
PBS 3D

el Ll
Control ——— 1~
=

CNTF 3D p - CNTF 3D [l *

PBS 3W

+
H PBS 6D

].|

PBS 3D
PBS 6D

CNTF 6D p CNTF 6D - *
PBS 3W

CNTF 3W — CNTF 3w [

PBS-injected eyes of the first group (Table

1). Again, the reduction with age was not statistically significant,
and there was no significant difference between the PBS eyesand ~ CNTF-induced changes in rhodopsin and other

the no-treatment eyes of these two different groups (one-way  phototransduction-related proteins

ANOVA). The trend toward lower amplitudes at 21 d is consis- ~ We examined the levels of several phototransduction-related
tent with our previous experience that repeated ERG recordings  proteins, including rhodopsin, the transducin «, 8 subunits, and
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CNTF 6D PBS 6D

Figure 4.
CNTF treatment, accompanied with narrow regions along ROS length. These changes were completely recovered 3 weeks (3W)
after CNTF treatment. No alteration of ROS was observed in eyes treated with PBS. B, When examined by electron microscopy, ROS
were cylinder shaped and disks were evenly packed. ROS in PBS-treated retina are similar to the untreated control. In CNTF-treated
retina (B), however, there were narrow regions distributed along the ROS length. The space between outer segments became
wider and some disks were disorganized. Scale bar, 10 em. Original amplification for B, 50,000 <.

arrestin. Rhodopsin protein appeared as two major bands (~34
and ~60 kDa) on a Western blot (Fig. 3A), believed to represent
monomers and dimers, respectively (Sung et al., 1991). By day 6
after CNTF treatment, the rhodopsin level became very low. Full
recovery of the rhodopsin level was seen by 21 d after CNTF
treatment (Fig. 3A). A decrease in the levels of transducin e and 3
subunits was also observed, which followed a temporal pattern
similar to that of rhodopsin. The level of arrestin increased sig-
nificantly 3 d after CNTF treatment, and an additional increase
was seen 6 d after treatment. The amount of arrestin also returned
to the control level 21 d after CNTF injection. In comparison, the
level of N1, a transcription factor believed to regulate the expres-
sion of rhodopsin, was not significantly altered (Fig. 3A).

To prove that the findings described above were not caused by
potential contaminants that might have been copurified with
CNTF, we used purified cell lysate (see Materials and Methods) as
control. A group of animals were injected with 0.5 pg of lysate (in
5 ul of PBS) into the right eyes and CNTF (10 pgin 5 ul of PBS)
into the left eyes. The protein levels of rhodopsin and arrestin
were examined 6 and 21 d after injection. No alteration of either
rhodopsin or arrestin level was observed in lysate-injected eyes.
In comparison, a dramatic decrease in rhodopsin level and an
increase in arrestin level were found in CNTF-treated eyes 6 d

CNTF 3W PBS 3W

CNTF 6D

CNTF-induced morphological changes in ROS. 4, A significant shortening of the ROS were seen in eyes 6 d (6D) after
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after injection. The changes in CNTEF-
injected eyes were fully recovered 21 d af-
ter injection (data not shown). These re-
sults are consistent with those in which
PBS was used as control and indicate that
the effects we observed after CNTF treat-
ment were specifically induced by CNTF.

The transcriptional expression of rho-
dopsin and arrestin in CNTF-treated reti-
nas was examined by quantitative real-
time PCR. A significant decrease in
rhodopsin mRNA was seen 3 and 6 d after
CNTF injection (Fig. 3B). There was little
change in arrestin mRNA after CNTF
treatment (Fig. 3C), indicating that the in-
crease in arrestin protein level was not at-
tributable to an increase in transcription.

CNTF-induced changes in rod

outer segments

Six days after CNTF treatment, the length
of ROS in CNTF-treated eyes (Fig. 4A)
was 15.38 £ 1.39 um (mean * SD; n =
13), shortened by approximately half
(46%; p < 0.0001) compared with that in
the contralateral PBS-treated eye (28.31 *
2.72 pm, mean * SD; n = 13) (Fig. 4A).
In addition, the shape of the ROS in
CNTE-treated eye became irregular with
narrow regions along the length (Fig. 4A),
which was not seen in the PBS-treated eye.
Changes in ROS length and shape were
fully recovered 3 weeks after CNTF injec-
tion (Fig. 4A). In another group of ani-
mals, the morphology of ROS was exam-
ined after injection of cell lysate (0.5 pg in
5 ul of PBS) into the right eyes and CNTF
(10 ugin 5 ul of PBS) into the left eyes. No
observable changes were found in lysate-
injected eyes, whereas a significant short-
ening of ROS was observed 6 d after CNTF treatment. Morpho-
logical changes in CNTF-injected eyes were fully recovered by
21 d after injection (data not shown). These findings indicate that
changes in ROS morphology were specifically induced by the
treatment of CNTF.

The ultrastructure of the ROS was examined by electron mi-
croscopy. In the untreated retina, the ROS maintained a cylindri-
cal shape. Disks in the ROS were of the same thickness and spaced
evenly (Fig. 4B). The same was observed in ROS from PBS-
treated eyes. In CNTF-treated retina, however, the shape of the
ROS became irregular, with narrow regions distributed along
their length, confirming the light microscopy findings. The space
between ROS became wider and some disks became disorganized
(Fig. 4B).

CNTF-induced phosphorylation of STAT3
CNTF activates STAT3, a major downstream signaling molecule,
by inducing its phosphorylation. In CNTF-treated retinas, a dra-
matic increase in STAT3 phosphorylation was observed. The in-
crease was detected as early as 1 h after injection and lasted for 6 d
(Fig. 5A).

The induced STAT3 phosphorylation was localized by immu-
nocytochemical analysis (Fig. 5B—E). In the untreated retina, im-
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munostaining for phospho-STAT3 was A
detected mainly in the nuclei of retinal
ganglion cells (Fig. 5B). In the retina o
treated with CNTF, there was a dramatic
increase in phospho-STAT3 immuno-
staining in a specific band of cells in the
inner nuclear layer, but no immunoreac-
tivity was present in the photoreceptors
(Fig. 5C). The location and morphology of
the cells with increased STAT3 phosphor-
ylation suggest that they are Miiller cells.
Indeed, immunostaining of phospho-
STAT3 (Fig. 5C, green) and GS (Miiller
cell marker) (Fig. 5D, red) are colocalized
(Fig. 5E, yellow). These results are consis-
tent with previous findings that CNTF in-
duces STAT3 activation specifically in
Muiiller cells, not in photoreceptors (Peter-
son et al., 2000).

Discussion

We demonstrated that CNTF treatment
induces a series of biochemical and mor-
phological changes in rod photoreceptors,
leading to a lower photoresponsiveness.
As a result, the amplitudes of the ERG a-
and b-waves are lower in CNTF-treated
retinas at a given intensity of stimulus.
These biochemical and morphological
changes in rods, as well as changes in the
ERG waves, are fully reversible. Because
Miller cells are directly responsive to
CNTF but photoreceptors are not, our
data suggest that CNTF-induced changes
in rod photoreceptors are mediated
through Miiller cells.

Rhodopsin captures photons and starts
the phototransduction cascade (Stryer,
1986; Yau, 1994; Baylor, 1996). The lower
rhodopsin content in CNTF-treated eyes
reduces the photon-catching capability of
rods and thus their photoresponsiveness.
CNTF treatment also induces an increase
in arrestin, a protein that binds to phosphorylated rhodopsin to
turn off the phototransduction cascade (Wilden et al., 1986; Xu et
al.,, 1997). The decrease in rhodopsin and increase in arrestin
dramatically increases the arrestin-to-rhodopsin ratio, making
more arrestin available for each rhodopsin molecule. Because the
binding of arrestin to phosphorylated rhodopsin is dose depen-
dent (Wilden, 1995), the increased arrestin-to-rhodopsin ratio
favors the binding and thus more effective quenching of activated
rhodopsin.

CNTF also induces a dramatic change in the morphology of
ROS. ROS become significantly shorter and their shape becomes
irregular with narrow regions along the length. ROS are special-
ized organelles for capturing photons. Shortened ROS have less
capability of photon capturing. Reductions in diameter in the
narrow regions further reduce the volume of ROS and thus the
photon-catching capability.

The CNTF-induced biochemical and morphological changes
in rod photoreceptors work in concert to downregulate the pho-
totransduction machinery. This is directly reflected in the lower
amplitude of the a-wave, which is generated by the rod photore-

Figure5.
asearlyas 1hand lasted 6 d after C(NTF treatment. A slightincrease in total STAT3 (STAT3) was also seen 1- 6 d after injection. B—E,
CNTF-induced STAT3 phosphorylation was localized by immunocytochemical analysis. B, Inmunostaining of phospho-STAT3 was
mainly detected in the nuclei of ganglion cells in the untreated retina. €, C(NTF-induced a dramatic increase in STAT3 phosphory-
lation in a specific band of cells in the inner nuclear layer. Miiller cells were identified by antibodies against GS (C, red). The
immunoreactivities of pSTAT3 (green) and GS (red) are clearly colocalized (D, yellow). OS, Outer segment; ONL, outer nuclear layer;
INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar, 50 pum.
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CNTF-induced phosphorylation of STAT3. A, Immunoblotting detected a significant STAT3 phosphorylation (pSTAT3)

ceptor circulating current with almost no contribution from
cones in rat (Toda et al., 1999; Aleman et al., 2001). Our ERG
recordings showed a 62% reduction in the a-wave amplitude at
the maximum intensity 6 d after CNTF treatment, approximately
proportional to the 46% reduction in ROS length. The magni-
tude of ERG reduction relative to ROS changes in the present
work is similar to that observed by Reiser et al. (1996), who re-
corded a-waves in eyecups from albino rats reared in two differ-
ent lighting conditions. The saturated a-wave amplitude in rats
reared in 200 lux cyclic light was 44% lower than that in animals
reared in 3 lux cyclic light, and the ROS length in the 200 lux
animals was 32% shorter than that in the 3 lux rats (Reiser et al.,
1996).

Our results confirm previous findings (Peterson et al., 2000)
that CNTF does not induce STAT3 phosphorylation in photore-
ceptors, indicating that photoreceptors are not directly respon-
sive to CNTF through STATS3. The effects of CTNF on photore-
ceptors likely are mediated through cells that are directly
responsive to CNTF. The fact that activation of STAT3 was found
mainly in Miiller cells after CNTF treatment (Peterson et al., 2000
and the present study) suggests that Miiller cells are directly re-
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sponsive to exogenous CNTF. These results therefore support the
hypothesis that CNTF activates Miiller cells, which in turn send
signals to rods to downregulate phototransduction machinery.
The nature of the signals from Miiller cells is yet to be identified,
but it is likely to be a diffusible factor. Identification of this puta-
tive factor would shed light on the cell-cell interaction between
Miiller cells and photoreceptors. It may also have potential med-
ical applications.

It is interesting to see the similarity between CNTF-induced
changes and those in animals exposed to higher habitat lighting.
Rhodopsin content in the retina of albino rats is reduced in cyclic
light-reared albino rats compared with dark-reared animals
(Organisciak and Noell, 1977). Battelle and LaVail (1978) dem-
onstrated dynamic changes in rhodopsin content and ROS length
under different light conditions. They found that dark adaptation
for 10 d increased the rhodopsin content in light-reared animals
to the level comparable with dark-reared animals. When the an-
imals returned to previous habitat illuminance, their rhodopsin
content returned to the previous level. Changes in ROS length
follow a similar pattern (Battelle and LaVail, 1978). Moving ani-
mals from dark to cyclic light also induces a decrease in rhodop-
sin expression, a decrease in transducin « expression, and an
increase in arrestin expression (Farber et al., 1991; Organisciak et
al., 1991). In addition, animals reared in high habitat illuminance
have lower-amplitude ERG a-waves than those reared in lower
light levels (Reiser et al., 1996).

ROS are known to undergo continual renewal (Young, 1967;
Young and Droz, 1968). New disks are assembled at the base of
ROS to displace the existing ones outward (Bargoot et al., 1969;
Hall etal., 1969), and disks at the tip are shed and phagocytized by
Retinal pigment epithelial cells (Young and Bok, 1969). Penn and
Williams (1986) proposed that the continual renewal of ROS
allows rods to adjust the ROS length and rhodopsin content to a
new light environment by regulating the rates of disk addition
and removal. Many studies have provided evidence supporting
this hypothesis. How this regulation is achieved is unclear, how-
ever. Our data showing that intravitreal administration of CNTF
affects the phototransduction machinery indicate that the retina
itself contains a mechanism for signaling rods to adjust their
phototransduction machinery. Input from outside the retina is
not necessarily required, yet the question as to whether CNTEF-
and light-induced changes in rods are mediated through the same
mechanism remains to be answered.

In summary, we found that CNTF treatment negatively regu-
lates rod phototransduction machinery to reduce their respon-
siveness to light, resulting in lower-amplitude ERG waves.
CNTF-induced changes are similar to those induced by light ex-
posure. Additional evidence is needed to prove whether CNTF-
induced changes are through the mechanism that mediates light-
induced photoreceptor plasticity.
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