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We employed a morphological assay of outer segment collapse to determine if growth factors or other 
supplements directly affect dissociated rod photoreceptors in vitro. The morphological changes in outer 
segments were correlated with the light responsiveness of rods. Time-lapse video microscopy was used to 
observe the collapse of rod outer segments from isolated stogie cells and email clumps of cells. A consistent 
pattern of outer segment collapse into the inner segment was observed, yielding a convenient assay of 
the effects of neurotrophic factors on photoreceptor functional maintenance. The functional state of rods, 
defined as light-responsiveness, was measured with suction electrode recordings and matched with the 
various stages of outer segment collapse. Ciliary neurotrophic factor (CNTF) and glial cell-line-derived 
neurotrophic factor (GDNF) at a high concentration, yielded statistically significant improvements in rat 
outer segment survival limes. Basic fibroblast growth factor (bFGF), which rescues photoreceptors in 

’ several rodent models of retinal degeneration, produced a significant increase in survival time in the 
presence of the cofactor heparin. In 4 out of 10 cases using human tisue, bFGF also yielded a significant 

-’ - increase in survival times. When brain-derived neurotrophic factor (BDNP) was applied to rat rods, outer 
segment survival times did not change. Outer segments collapsed more quickly when either pigment 
epithelial cell derived factor (PEDF) or sugar N-acetyl u-galactosamine (NAD-gal) were present. Our 
results show that rod photoreceptors can respond to bFGF, GDNIF and CNTF in vitro and provide evidence 
for a direct effect of these neurotrophic factors on rods. The rapid collapse of isolated photoreceptors in 
this model provides a convenient means for testing various neurotrophic agents and the induced cellular 
responses. 0 1998 Academic Press 
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(LaVail et al., 1996). The retinal effects of growth 
1. introduction . . factors in these in vivo models are seen after injection 
Several pathological conditions result in loss of vision of the factor either untravitreally or subretinally into 
due to degeneration of photoreceptors, including an intact eye. Commonly, the prevention of insult-
retinitis pigmentosa and macular degeneration. The - induced outer nuclear layer. (ONL) thinning in the test 
etiology of the photoreceptor degeneration in these eye is used as an outcome measure. In these systems 
cases is not known, and as yet there is no known the effect of the growth factors could be directly on the 
effective treatment. Several growth factors and neuro- photoreceptors or mediated indirectly through the 
trophic factors have been shown to have survival- actions of the retinal pigment epithelium (RIPE), Willer 

.promoting activity in retinal tissues. Brain-derived cells or other retinal neurons. Glial cell-line-derived 
� neurotrophic iicror (BDNF), ciliary neurotrophic  

� :�’ tor (CNTF) and basic fibroblast growth factor (bFGF) 
are protective against pressure -induced retinal is-
chemla, and many growth factors and neurotrophins 
have shown some ability to prevent light-induced 
photoreceptor degeneration in rodents (LaVail et al., 
1992; Unoki and LaVail, 1994). Treatment with bFGF 
also reduces rod loss due to laser injury (Schuschereba 
et al., 1994) as well a$ age-related or scrapie-unduced 
photoreceptor cell loss in rodents (Fraser et al., 1997; 
Liii et al., 1997).CNTF has been shown to slow 
photoreceptor degeneration in mouse models such as 
H retinal degeneration) and rhodopsin mutant mice 
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which was was originally characterized for its ability to 
cause a dose dependent increase in the survival of 
dopanimergic neurons (Lin et a! 1993)..Subse-
quently GDNI has been found to be expressed in 
numerous areas including the retina and to have 
effects upon peripheral sensory and motor neurons 
(Trupp et al, 1995; Norsat et al, 1996) N-acetyl D-

galactosanilne (NAD-gal) is one of several sugars that 
has been shown to be permissive of outer segment 
formation in vitro in the absence of an RPE cell layer 
in Xenopus (Stlemke and liollyfield, 1994) Pigment 
epithelial cell derived factor (PEDF) is a retinal factor 
that increases viability of cerebeller granule cells in 
vitro (Tamwaki et al 1995, 1997) 

Mature vertebrate photoreceptors have been main-
tamed in culture for extended periods of time and 

' 1998 Academic Press 
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b continue to express opsin; however, these cells lack but at least 5 mm from the ora serrata Donor tissues 
outer segments and compartmentalization of trans are typically exposed to sigrnflcant levels of light 
Auction proteins (Politi and Adler. 1986; Hicks and during enucleatlon and corneal harvesting pro-
Courtois, 1992; Mantle!, Macl4sh and Townes- cedures. Because of this light exposure, It was 
Anderson, 1993: Hicks et  al.,, 1994). We have necessary to regenerate visual pigment in human 
developed a model to observe the collapse of individual tissues used for electrophysiology. To regenerate visual 
rod photoreceptor outer segments and have related pigment, tissue was stored in L-15 medium which 
these morphological changes to light responsiveness of included li-cis-retinal (about 30 jtg mI in 0-5% 
the cells, We report here the effects of. bFCW, BDNP, ethanol). Photoreceptor dissociations and experiments 
GDNF NAL}-gal CNTF and PEDF on the maintenance with these tissues were performed under infrared and 
of the outer segments of isolated single photoreceptors dim red light 
and show the usefulness of this model in quantifying . Hybrid Fisher 344-Brown Norway rats and Long-
the survival-promoting activity of neurotrophic Evans hooded rats were . obtained from Harlan 
factors. Preliminary reports of this work have been Sprague-Dawley (Indianapolis. LN. U.S.A.). When 
presented in abstract form (Carwlle, Dooner and Kraft, possible, litter mates were used in consecutive experi-
1995; Culbert et at, 1996). ments testing the same compound. Rats were broadly 

categorized into two age groups younger, from 1-10 
months of age and older, from 18-25 months of age. 

2. Materials and Methods Rats were killed in a CO2 chamber, and both eyes were 

Acquisition and Preparation of Tissue immediately enucleated. The eyes were then sectioned 
. . .. . 

through the pars plans. The neurosensory retina was, 
Human donor eyes were acquired from the Alabama peeled from the RPE, 

cut at the optic nerve and 
Eye Bank or from exenterations due to craniofacial removed. Each retina was halved, and the bemiretinae 

, 

tumors. Acceptance criteria were that the globe had to were stored at 4°C in Lei1vitz’s L-15 medium. 
be available within 3 hr of death (Table 1) and that the. . containing 0’1 mg m1’ gentamicin (Gibco, Grand 
donor must not haVel been on a respirator for more . Island, NY, U.S.A.). Generally four experiments were 
than 3 days prior to enucleation, Specific times of carried out per rat: interleaved trials Of test and 
acquisition for each case are given in Table I. No control media consisted of a paired control and test on 
ocular coriiplieations were reported, but two donors the day of killing and a second pair of experiments on 
were identified as septic. After removal of the sclera, the day after killing. In some instances all experiments 
RPE, and vitreous, the isolated retinas were cut in were performed on the day of killing. 
pieces approximately S x 5 mm and stored at 4°C  for At the beginning of each experiment, a piece of 
3-9 days in Leibovitz’s L-15 medium (GibcO, Grand retina was finely, chopped in HEPES medium with a 
Island, . NY, U.S.A.) containing :. gentamicin razor blade. The pieces.were incubated in 0’5 ml 
(0’1 mg 

ml 

or 10 jig ml-1) (Gibço) and an additional’ DNase I (O’l mg ml-1, pH 7-4) (Sigma No. D-5025, St 
10 mm glucose. The storage medium was changed  Lohis, MO, U.S.A.) for 15 minutes at 23’C. The 
every .2 days. Human retinal samples were generally. 

. teInerature was elevated to 34’5C for rat retina and 
taken from peripheral retina outside the central 9mm 37°C for human retina by perfusion Of the chamber 

TABLE I 

0 
Tissue sources, sex, age and delay times 

nucleation Total . . . Eye Sex, age delay (hr) delay (hr) Cause otdeath/enucleatiori 1 M88 1:27 3:04. post operative 

hemorrhage . 2 M75 1:35 3:35. cardiopulmonary arrest 3 M73 0:56 1:41 myocardial infarction; sepsis 4 M 7 5 2:01. 3:41 inyocardial infarction 5 F50 0:00. . 0:35 squamous cell carcinoma 6/7 M16 2:26 3:49 lymphoma .. $ F79 1:59. . 2:24 chronic obstructive pulmonary disease 9 M 78 1 :40 3:02 . multiple myeloma 10 M87 1:29 2:02 cardiogenic shock 11 F39 1:14 1:52 pulmonary hypertension; sepsis. 12 lung cancer 13 1:30. 2:35 myocardial infarction The first delay represents the time fiom cessation of retinal circulation to enucleatlon. .. b The second delay includes the time before retinal Isolation and storage at 41C. . . Eyes used for electrophysiology. . . . . 
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Pic. 1. Video images of human RJS/ROS taken during the course of a 4-hr experiment showing collapse of the outer segments 
at 3 M. Initial length of both outer segments was 24 jim. Time elapsed from the start of the experiment is shown in the lower 
right of each panel. Scale bar = 20 pm. 

with heated solutions driven by a syringe pump (Razel, 
Inc., Stamford, CT, U.S.A.). The experimental chamber 
was a Teflon-coated brass ring with a round glass 
coverslip as the bottom. Carbon dioxide and O were 
streamed over the solution in a ratio 5:95% to 
maintain a p11 of 75. The experimental chamber was 
perfused at 77 ml hr-1, yielding one volume exchange 
every 20 minutes. Syringes, delivery lines and the 
coverslip were changed for each solution to ensure no 
lingering efTects of prior test media. For electrical 
recordings of light responses, all procedures were 
identical except that rats were dark-adapted for 1 hr 
prior, to death, and experiments were performed under 
infrared and dim red light. Experiments were designed 
and conducted in accordance with the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision 
Research and the tenets of the Declaration of Helsinki. 

Dissociation trials performed in the presence of 
proteases greatly., compromised rod outer segment 
survival. After a 10-minute exposure to papain 
solution (Makino et al., 1990), human rods changed 
almost immediately, beginning with a swelling and 
lengthening of outer segments. Pronase (1 mg m11) 
treatment of the rat retina consisted of a single 12-

minute incubation of the chopped retina after Lolley 
et al. (1986). Pronase treatments reduced survival 
times of rats rods by up to 60%. Because of the 
adverse effects of proteases, we discontinued these 
treatments, and all data presented below comes from 
cells isolated by mechanical chopping and DNase 
treatment. 

Trypan blue solution (Sigma) was superfused onto 
isolated cells to test viability in four human retina 
experiments. In the first experiment the dye was 
administered at the start of the experiment (04% for 
5 minutes) to test viability of single cells shortly after 
mechanical dissociation. The dye was applied at or 
near the end of the remaining experiments (0-05% for 
10-30 minutes) to test viability of photoreceptors with 
completely collapsed outer segments. The experimen-
tal chamber was quickly rinsed with HEPllS buffer to 
observe the uptake of dye. 

Light Stimuli and Electrical Recordings 

� Photocurrents were recorded with suction elec-
trodes (Baylor, Lamb and Yau, 1979) using an 
Axopatch 1-D amplifier (Axon Instruments, Foster 
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City, CA, U.S.A.) with data acquisition hardware and \ 
Lab VIEW.soft*are (National Instruments, Austin, TX, / 
U.S.A.). The averaging and analysis routines written . 
using Igor (Waveznetrics, Lake Oswego, OR, U.S.A.) 

IJ 
were kindly provided by Dr David Schneewets (San j 
Francisco, CA, U.S.A.), The optical bench focused a I 
.425-sum-diameter spot of light at the specimen plane of  
a Zeiss (Hanover, MD, U.S.A.) Axioscope microscope.  
Neutral density filters (Reynard, San Clemente, CA, �. ii 4 
U.S.A.) were used to control stimulus intensity (Kraft, . 4i 
Schneeweis and Schnapf, . 1993). Electrodes were , 
slightly oversized to avoid any physical damage to . ’ 
outer segments; however, because of the large pipette 

. .t tip diameters, electrode seals were poor, and current . 
collection was relatively inefficient. Consistent re- ’. 

4 

cordings were obtained by using the same electrode . / .Ak 

with a known seal resistance to record from a given  
series of cells with differing morphologies. The solution 
in the recording pipette was HEPES solution, described 
below; it did not contain bovine serum albumin (BSA) 
�or any neurotrophic factors. 4 

$ Solutions . . . . . FIG. 2. Video images of a single rat ?TS/ROS taken during 
the course of a 2-hr experiment showing collapse of the 

The control solution was Locke’s solution with BSA outer segment at 34-5 T. Initial outer segment length was 
(1 mg ml-1). BSA was included in the media to block 24gm. Scale bar = 10 pm. 
non-specific binding and ensure growth factor de-
livery. The Locke’s solution contained the following in experiment the retina was stored overnight in L- 15 as 
mm: NaCl (120), NaHCO (20), KCI (3-6), MgCl (2.4), described earlier. In the second experiment the retina 
CaCI (1’2), HEPES (30), EDTA (002), and glucose was stored overnight in L-1 5 with NAD-gal. A mixture 
(10), supplemented with vitamins and amino acids of several growth factors (MIX) was tested; MIX 
(Gibco, BME). The HEPES medium contained In contained the following growth factor/cofactor con-
mm NaCl (140), KU (3-6), Mgc1 (24), CaQ (1.2), centrations (ng/ml): BDNF (25), (3DNF (100), CNTF 

� HEPES (30), and glucose (10). Crystalline BSA (Sigma, (10), PEDF (100), bFGF (10) and heparin (40). The 
A7511) was used for about 1/2 of the assays. After a MIX medium also contained the sugar, NAD-gal 
test of the crystalline vs. Fraction V BSA (Sigma No. (0-5 mm), and taurine (6 ,am). Taurine was not tested 
P]31600-100) showed no difference in outer segment independently. 
survival times, Fraction V BSA was used in the 
remaining experiments. The test media contained one Video and Statistical Analysis 
of the following: BDNF (25 ng m11), GDNF (01 or 
1 tg m11), CNTF (10 ng m1’), PEDF (100ngrni’), Cells were examined under 40X and 63X water 

0 
bFGF (25 ng ml-1) or bFGF with heparin (40 rig ml-1) immersion objectives with differential interference 
(Sigma, No. 0-3393). Heparin was added to the bFGF contrast optics and white light. Fine chopping of the 
medium to facilitate binding of bFGF to high-affinity retina produced small clumps of photoreceptors, single 
receptors (Klagsburn and Baird, 1991). Human rod inner and outer segments lacking nuclei and 
recombinant bFGF was purchased from Quality Con- synaptic endings (RIS/ROS), and many isolated outer 
trolled Biochemicals (Hopkinton, MA, U.S.A.). Human segments. Rods chosen for observation had long 
recombinant BDNF was a gift of Regeneron Pharma- (human mean = 21 ,um; rat mean = 22 pm), straight 
ceuticals Inc. (Tarrytown, NY, U.S.A.), human recom- outer segments that were clearly visible to the point of 

� binant GDNF was a gift from Amgen, Inc. (Thousand attachment with the inner segments (Figs 1 and 2, 
� Oaks, CA, U.S.A.), and human PEDF was a gift of Dr upper left panels). 

Joyce Tombrari-Tink (NET). Rat recombinant CNTF The starting time of the experiments (t = 0) was 
was purchased from RBI (Natick, MA, U.S.A.) The defined as the time that DNase was rinsed away and 
BSA concentration was 1 mg ml’ except when a warm perfusion medium began to fill the chamber. 
higher concentration (5 mg m11) was used. for the images of the outersegments were digitized at 20-
GDNF experiments based on the advice of Dr Jean- minute intervals in human experiments and 7 -minute 
Claude Louis (Amgen, Inc.). intervals in rat experiments (Data Translation Quick 

In addition to growth factors, the sugar NAD-gal, Capture or Scion LG-3 frame grabber, NIH Image 
was tested (0.5 ram, Sigma, A-2795). In the first .. software) until all or almost all the outer segments 
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under observation had completely collapsed. T 
values, defined as the time required for an outer 
segment to reach 50% of its starting length were 
averaged and compared statistically. For data on 
human tissue, results from interleaved trials of control 
and test conditions collected over several days were 
pooled and compared using the Student t test. For the 
rat data, tissues were obtained from a more controlled 
and uniform source, and the results for all experiments . 0 5 
were pooled and analysed using analysis of variance 
with Dunnett’s post test (SAS software version 6.12). 
Rats were separated into two age groups for statistical 
analysis: young rats from 1 to 10 months-old, and old 0.0 
rats between 18 and 25 months-old. 

3. Results 

Time-lapse Observations of Outer Segments 

Isolated RIS/ROS (rod inner and outer segments) 
have the highly organised appearance of. photo-
receptors in the intact eye (Fig. 1, t = 15 mm). The 
mechanical dissociation technique yielded small 
clusters of 5-30 photoreceptor cells and many single 
RIS/ROS. Single bipolar and multipolar neurons that 
are commonly seen with enzymatic digests were not 
observed in this preparation. Red blood cells released 
from the retinal vessels during the chopping procedure 
were seen frequently and maintained their shape 
throughout the experiments. Figure 1 illustrates a 
typical sequence of changes in two human rods within 
a few hours after Isolation at body temperature. 
Initffly, there were long, straight outer segments with 
spindle-shaped inner segments. This shape remained 
remarkably unchanged over the first hour . of this 
experiment. The first visible changes were a rounding 
of the inner segment and a slight bending of the outer 
segment (Fig. 1, t = 1:25). Over the first 2 hr of the 
experiment, the outer segment length was constant 
even though bends and folds had developed. The inner 
segment became granular and continued to enlarge, 
and often its organelles became visible, suggesting that 
it may have been flattening against the coversllp (Fig. 
1, t 2:00). The outer segment then quickly col-
lapsed into the inner segment. In short, the first third 
of the experiment showed little or no changes, the 
middle third included inner segment enlargement and 
outer segment bending, and in the final third, the 
outer segment degenerated or collapsed into the Inner 
segment. To quantify the time course of these changes, 
we plotted the outer segment length vs. time and 
found the time required for the outer segment to be 
reduced to 501Y0 of its starting length (T0). 

Viewing several areas of the experimental chamber. 
and following up to 20 rods, we quantitatively 
described the results of an experiment as the mean T 
for the collection of cells observed. The T,, was 
determined for an average of 15 cells .per human 
experiment and 14 cells per rat experiment. Most of 
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FXG. 3. Measurements of outer segment lengths from 

human experiments. Lengths have been normalized to 
starting lengths. (A) BSA experiment (1 mg m11), T50 
373–075 (n.= 17). (B) bF(IW experiment (25 ng ml-’), 
T4-11–085 (n� 15). 

the outer segments degenerated beyond 50% and 
eventually collapsed ftilly. The outer segments of 
roughly 5% of observable cells were excluded from 
consideration due to atypical changes. The cells 
appeared very granular and were essentially disinte-
grating on the coverslip, but the outer segment length 
was static because the distal portions of it remained 
attached to the glass. The degeneration rate of an 
outer segment was not related to its starting length; 
an analysis of T0 vs. starting length of 799 rat rods 
under the control conditions (BSA) resulted In a slope 
of -0-02. The mean starting length of the rat outer 
segments was 216–28pm (mean–s.D.). 

Features of. rat rod outer segment collapse are 
depicted in Fig. 2. Rat rod inner segments were smaller 
and thinner than human inner segments. Often, the 
cilium connecting the outer and inner segments was 
visible. Fewer rat rods survived the isolation procedure, 
and outer, segment collapse was much faster in 
preparations of rat tissue than in human tissue. 
Therefore, the temperature was lowered to 345°C for 
the rat experiments to slow morphological changes for 
accurate recording of outer segment length. On 
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� TABLE 11 6 
. 

Mean 1 values for singlE cells vs. clumped cells 
. . 

Singles . Groups . . . . 

Eye 1, Locke’s So1n* 096–014(5) 173–011(20)  

. 

Eye 2, Locke’s 
Suln 167–0-14 (7) 177–013 (13) ID 3 . . 

Eye 1, BSA 200–050(4) 213–010(27) . 
Eye 2, BSA 283–017(6) 263–0-14 (17)  
Rye 1, bIGF 

. 2’72–O12(7) 26–O17(2S) 0) 2 . 
Eye 2, bFGF 267–020 (13) 270–012 (14) . . . . . 

1 
Results are mean T0 values 

(in) –s.ss. for the ataubarbf cells in � 
parentheses. P 

< 

0002, statitIcally significant difference. . . . . 
.1 . 

�1� 2 3 4. 
� . 

TABLE 111 . . . . . Storage Time (days) 

Effect of bFGF on human outer segment maintenance I?Ic. 4. Survhal time of human rods isolated from the same 
eye stored for several days. Before experiments, tissue was 

BSA . bFGF stored in Leibovits’s L-15 at 4°C. Experiments were per-
______________  formed at 37°C. Men T values for repeated expemeuts 
Eye 1 2-11+010 (31) 269+0’13 (32)(t) with BSA-containing medium, are shown for tissue from 
Eye 2 .. . 2-6S–011(23) . 268–011 (27)(n.s.) . three different donors (represented by different symbols). 
Eye 3 5.00–0*30(16) 6-99–049 (18) () . . . 
Eye .4 474–042 (12) 800–047 (9)()  
Eye 5. 944–062 (9) 749–O’73 (7) (u.s.) segments on small pieces of retina were measured. To 

Eye 6/7 420–012 (65) 4-31 –0’09 (8 7) (n s) ensure that the presence of other cell types in the small 
Eye 

8. 489t013 (64) 52O–.013 (47)(n.s.’) groups did not significantly ’alter our results, an Eye: � ’analysis of six human 
’experiments included a corn-Ey 10 Eye 11 4’78–018(39) 

�583–0.32 
(37)(t) parison of the 

mean T50 values for single cells and 
those in clumps. A normal approximation to the 

Results are mean T values (hr) –s.n. for the number of cells Wilcoxon Rank Sum test, which allows the corn-Indicated in parentheses. . ’ . parlson of two 
’populations  with small and. dissimilar P values indicate statistically significant ’differences. *p < 0001, 1? < 001 and ? 005. ’. . . . 

.  difference sample sizes, yielded 
no difference m mean T50 between "E3es 6 and 7 came from the same donor and 

results were singles and groups 
in BSA or bFGF (Table Ii).. In one 

pooled. � . . out of two comparisons of single RIS/ROS vs. clusters 
In Locke’s solution (no 

additives); there 
was a average the rat outer segments 

survived only one- . significantly greater survival time for cells in clusters 

third to one-quarter as long as. human outer segments . (P < 0002). It is possible that in our isolation 

despite the lower temperatures. Other small mor procedure rods in clusters undergo less mechanical phological 

differences were noted in the collapse of rat damage than. single cells, but overall the effect is � outer segments. Changes in the inner 

segment were � notas apperent or early as in human 
rods. The outer � � �� � . 

segments often would straighten out again 
just before � 

the 
inner segment rounded. 

Immediately thereafter, � Tissue Longevity and Viability�  . � � 
the outer segment rapidly collapsed. During the 

rapid. � Isolated human retinal tissue was stored at 40C for 
phase of outer segment collapse 

(10-20 seconds), we � up to 9 days In Leibovitz’s L-15 ’medium exchanged 
readily observed the incorporation of 5-10 pm-lengths every two days. Repeated experiments several 

days � � , of 

outer segment into the inner segment as It occurred. � apart using the same medium and tissue from the 
Figure  .3 shows the normalized 

outer 
segment same eye produced very consistent results. Figure 

4 

lengths for one BSA and One bFGF experiment 
from shows stable T50 values 

obtained in repeated expert-’ � the some human eye. The 
pattern of maintained � ments over a 4-day period for tissues from three 

eyes length and rapid 

collapse of the outer segment depicted ’using medium containing BSA. The outer segment 
� ’ by Figs 1, 2 and 3 occurred repeatedly in ’ all , survival times (mean T) varied considerably between 

expenrnents Although the 

total experiment duration cases, which is not surprising given the unknown and varied across tissues 
(Table III), the outer segment highly variable physiologic state of donor tissue � 

length vs. time curves had strikingly consistent 
shapes.’ � received (Table I). 

However, the consistency 
of repeated 

� The longest experiment on human tissue lasted 12 hr,’ experiments for a given tissue shows that the outer 
and the mean survival time for outer segments In that segment collapse assay is reliable, allowing collapse experiment was 94 hr (Table III), � rates 

under test and control conditions to be compared 
In this assay, both single RIS/ROS and outer statistically. � 
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freshly dissociated RIS/ROSi As expected exposed Effect of bFGF on Human Rods  
to trypan blue just after DNase treatment, excluded the 11. � 
dye. In addition, cells with straight, benti Or broken The addition of anon-specific protein (BSA) to the 

* outer segments and even inner, segments with no medium enhanced the survival time of the outer-
outer segments excluded dye applied at the end of segments in seven out of eight experiments performed 
experiments (up to 12 hr later), indicative of continued on human tissues from five donor eyes (mean 
cell viability. improvement 46%), and in four out of four experi-

ments on rat tissues (mean improvement 59%). The 
presence of extracell1ar protein had a marked effect in 

Relationship of Rod Outer Segment Morphology and stabilizing the outer segment structure; thus, all 

Light Responses. 
. remaining experiments were done with solutions 

i 

containing BSA n order to concentrate on the effects 
The goal of these experiments was to enhance the  of bFGF.  

survival time of functional isolated photoreceptors, Experiments on four eyes from different donors 
where function is defined in terms of light respon- showed a statistically significant bPGP effect (Table III 
siveness. We have tested whether bFGF can prolong, and Fig. 7, ). The straight line with a slope of one 
the structural integrity of rod outer segments and have "represents zero effect. Survival times were increased by 
related that integrity to rod: function. To relate 28–6%,40–1O%, 68–9%, and 22–7% in Eyes 1 
morphological observations with the functional state 

’ (P < 001), 3 (P <O’05), 4 (P.< 0001) and 11 (P < 
of the cells, we made suction electrode recordings from 0’01), respectively. Two eyes came from donors with 
outer segments with various degrees of bends and , , sepsis; in both of these cases bFGF produced a 
lengths. ’ ’ significant improvement in outer segment survival 

Figure 5 shows video frame images of three different times. Experiments with bFGF on tissue from five cases 
RIS/ROS and their corresponding light responses. A yielded ,no effect, and in one eye the presence bFGF 
cell with a long, straight outer, segment [Fig. 5(A)] , ’ reduced OS survival times by 13–7% (Fig. 7, A). In 
responded to saturating and sub-saturating 500-nm ’, one additional experiment on tissue from eye 8, the  
light with faster rising phase and recovery kinetics 

’  cofactor heparin was included. In this case the 
[Fig. 5(13)] than another cell, with a slightly bent outer combination of bFGF and heparin produced a stat-
segment [Fig. 5(C), (D)]. Any morphological disturb- istically significant increase in outer segment survival 
ance of the outer segment beyond a slight bending was time whereas bFGF alone had not, T  = 554 

– 

0F3 3 
Indicative of an unresponsive cell [Fig, 5(E) and 5(F)]. (n = 16) (P < 002). The enhancement of an bFGF 
These results have been observed repeatedly in effect by heparin was also seen in the results from rat 
recordings from this and other human tissues. To retina. The addition of heparin alone had no effect on 
relate the physiologic responses of a human rod whose ’outer segment survival times. 
outer 

segment 

is collapsing inside the recording  
pipette, we have made continuous recording of human 

Growth Factor Effects on Survival of Rat Rod Outer rods for 4-7 hr. The amplitudes of light responses over 
the course of 7 hr, reduced as the outer segment  Segmentswere 
partially collapsed inside the I electrode [Fig, 6(A)]. As with the human tissue the outer segment collapse. 
Outer segment blebbing and a gradual 30% decline in ’ of rat rods followed ’a regular pattern. There was 
outer segment length (A) were accompanied by a typically a plateau phase during which the cells 

0 
substantial decline in flash sensitivity S, picownperes 
of current generated per incident photon (0), and an 

underwent very little change; the plateau phase was 
followed by a rounding of the 

call body and then a 
increase in the time-to-peak of the dim flash response ’rapid collapse of the Outer segment. Effective corn-
(dashed line) [Fig. 6(B)]. A second experiment of this pounds prolonged the phase in which the full outer 
type on the following day yielded similar outer segment segment length was maintained, but did little to 

� collapse and decrease in light responsiveness. The ,’ reduce the speed the outer segment collapsed after the 
� , flash sensitivity and intensity required for  half- process had started. In order to more easily summarize 

maximal response (11,2) in these experiments were 
’ numerous experiments on rat tissues all data were 

comparable to published values (Kraft et al., 1993). pooled. ’Table TV and Figs S and 9 summarize the 
The loss of light responses from rat (2-month-old) ANOVA analysis of 151 experiments on 44 rats 

rods preceded morphological, changes in the, outer 
� containing a total of 2,100 observations of the outer 

segments. Rods with long, ’straight outer segments segment collapse and 
measurement of T50. The rats 

responded 

to brief flashes of 500-nm light. However, were grouped into 
two age categories, old (18-25 35 minutes 

after 
DNase dissociation 

was 
the latest month-old) and young (1-10 months-old). Figure 

time at which a light response could be recorded, 
8(A) shows results of adding bFGF with and. without � 

Seven 
out of 12 

rods were light-responsive within the the cofactor heparin in young rats. The addition of first 35 minutes (up to 4 pA, saturating). Out of 22 25 ng’,bFGF 
caused a significant decrease in O.S. rods none 

were light-responsive after 35 minutes. 
survival time, while the addition of heparin alone was 
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PIG.. 5. Flash responses from human rods compared with their structural integrity at the time of recording. A stimulus marker 
for a 20-ms flash at 500 nm is given below the current traces. Current responses were the averages of 5--20 individual traces, 
T 35°C, DC to 50 11z. The times in the upper right of each graph are times post-DNase. (A) Freshly isolated rod with a straight 
outer segment which was pulled into a suction electrode for recording. (B) Three responses of the rod in A to brief flashes of 
light. Intensities were 1200 photons tm (n = 5), 43 photons tnr2 (11 - 10) and 10 photons m-2 (n 15). (C) A rod with 
a single bend in the outer segment. (D) Three responses of the rod in   to brief flashes of light. Intensities were 85 photons um 
(n 10), 43 photons um2 (n = 10), and 10 photons m2 (n = 20). (E) Single R.IS/ROS with several bends along the outer 
segment. (F) Averaged current traces show no response from the cell in E for a light intensity, of 1200 photons pnr2 (n 10). 
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not significant. The combination of heparin and bFGF 
caused a. significant increase in O.S. survival time 
when compared with control (P < 005) and heparin 
solutions (P < 0{)001). In older rats the addition: of 
25 ng m1’ bFGF also. caused. a significant decrease in 
O.S. survival time [Fig. 801 Supplementing the 
medium with either heparin alone or heparin plus 
bFGF did not have a significant effect in older rats. 

While much attention has been given to bFGF as a 
potential therapeutic agent for retinal degeneration 
and we have shown it can have a marked effect in our 
assay, a number of other growth factors and cytokines 
have been shown to affect photoreceptor survival in 
rodent models of retinal degeneration. Figure 9 and 
Table IV summarize results from experiments with five 
other factors. Asterisks indicate significant differences 
from the control solution (T of 144 hr shown by 
dashed line). Neither BDNF (25 ng ml-1) nor GDNF 
(100 ng m11) significantly changed outer segment 
survival times. A higher concentration of GDNF 
(1 g mI) and CNTF (long ml) resulted in a 
significant increase in outer segment survival time. 
When either PEDF (100 ng m11) or the sugar NM)-
gal were present, the outer segment survival times 
significantly decreased. 

A mixture of several growth factors (MIX) was also 
tested (see methods for components of MIX). The T50 
declined 15% in the presence of multiple growth 
factors. The mean T in BSA was 138 –O’OS hr (n = 
65) and the mean T0 in MIX medium was 
F18’–002 hr (n 67) (P <’0OO1). 

4. Discussion 

The condition of the outer segment is a crude 
indicator of the functional status of the rod photo-, 
receptor in the sense that rods cannot signal the 
presence or absence of light without an organized 
outer segment. The loss of light sensitivity coincident 
with loss of the rod outer segment in our assay has 
been demonstrated. It has been suggested that 
rounding of the inner segment corresponds to fusion of 
the inner and outer segments (Townes-Anderson, 
1995); this event would be a logical precursor to the 
incorporation of the outer segment into  the inner 
segment seen so typically in our assays. 

We have tested a variety of factors ’which have, in 
other systems, proven effective in maintaining photo-
receptors or other retinal neurons. An attractive. 
advantage of this model is that it quickly measures the 
direct effect of the growth factors on photoreceptors. A 
disadvantage is that factors requiring longer times to 
affect Outer segment survival, e.g. by alterations in 
gene expression, would require a modified assay. 
However, it is now becoming clear that a number of 
different growth factors, do have a rapid effect on cell 
function (Scharfrnan, 1997; Suen et al., 1997; 
Taniwaki et al., 1997). Thus, the results we observed 

with incubation periods of a few hours are not 
surprising. 

CNTF and GDNF both enhanced outer segment 
survival of rodent rods. The effect with GDNF appears 
to be dose-dependent; however, both doses of GDNF 
used were considerably higher than those previously 
shown to be effective in neural tissue (Lin at al., 1993). 
It is possible that a specific receptor for GDNF on the 
rod cell has a very low affinity, but it is also conceivable 
that the high concentrations used allowed nonspecific 
binding to receptors, thus stimulating a non-
physiologic effect of GDNF. In our assay the use of all-
trans retinol as a cofactor for GDNP was without effect. 

The concentration of BDNF used was similar to 
’those previously reported as, effective (Johnson et al., 
1986), yet we observed no effect on the photoreceptors 
themselves, The BDNF receptor, trkB, has been 
localized immunohistochemically in the rat retina to 
the ganglion cell layer, but this technique failed to 
detect the receptor in the photoreceptor or RPE layers 
(Perez and Caminos, 1995; Rickman and Brecha, 
1995; Rickman and Rickman, 1996). Intravitreal 
injection of BDNF does not prevent photoreceptor 
degenerations in cat eyes with detached retinas (Fisher 
et al., 1995). In their model BDNF does prevent the 
reduction of outer segment length, suggesting the 
existence of some type of receptor in the outer retina. 
Our results argue against a direct effect of BDNF on 
photoreceptors. 

CNTF has been shown in previous studies to prevent 
phOtoreceptor degeneration in vivo. (LaVail et al., 
.1992; 1996; Cayouette and Gravel, 1997) and is 
upregulated in response to mechanical injury (Wan et 
al., 1995). The CNTF-receptor alpha subunit has been 
localized, by In situ hybridization, to ganglion and 
horizontal cells, but not photoreceptors in postnatal 
day 6 and adult rat retina (Kirsch at al., 1997). In our 
studies CNTF produced a small but significant increase 
in rod outer segment survival suggesting a direct effect 
on photoreceptors. Differentiation of photoreceptors, 
measured by expression of opsin, is dramatically 
reduced by CNTF in cultured neonatal rat cells, 
suggesting that CNTF receptors are present on these 
cells (Ezzeddine et al., 1997). 

Initially bFGF was studied for its mitogenic roles, 
controlling entry into the cell cycle, and mediating. 
differentiation (Gospodarowicz, 1985; Gospodarowic 
et al., 1987). Fetal human retinal cells have been 
shown to survive in culture for up to 300 days; in 
these cultures bFGF stimulates a six-fold proliferation 
over baseline (Kelley, Turner and Reh, 1995). Dif-
ferentiation of photoreceptors, measured by expression 
of opsin, is increased by bFGF in cultured neonatal rat 
cells (Hicks at al., 1992). Recent attention has been 
directed toward the dynamic response of bFGF in the 
diseased or physically stressed retina (Gao and 
Hollyfield, 1996). 

A partial functional rescue by bFGF in retinas from 
light-damaged rats has been demonstrated with FRG 
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Pic. 6. (A) Changes in the appearance of a human rod outer segment monitored while light responses were recorded with 
a suction electrode (total experimental duration = 7 hr); scale bar 20 nrn. (B) Outer segment collapse (A), flash sensitivities 
(sr) (0). and times-to-peak (--------) from the dark-adapted rod in A over several hours. Flash sensitivities at 500 urn and 
31 photons pm declined drastically as the outer segment collapsed within the pipette. An initial jump in the time-to-peak was 
followed by a steady rise in time-to-peak (over 6 hr), Responses were still recordable at 7 hr post-DNase. T = 35°C. 

recordings (iVlasuda et al., 1995). Our study also of other retinal cell types. It is the first to describe 
suggests that functional rescue of rods by bFGF in vitro bFGP’s ability to maintain single rod outer segments, 
is possible, an eflct which appears to be independent structures that are crucial to the generation of light 
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FIG. 7. Survival times of human rod outer segments in Old Rat 
ESA plotted against survival times of tissue from the same  

2 patient in bFGF (–sz.M.). Survival times were those required 
for outer segments to degenerate to 50% of their initial 
lengths. The mean number of outer segments measured per 
experiment was 32; Filled symbols indicate statistically 
significant differencs in favor of bFGF (circles) (P < 0-001, 
P < 0-01, P < 0-05)� or BSA (triangle) (P < 0-01) The ............................ 
straight line with a slope of one represents zero effect T(hrs) 13 

.. 

responses. The relationship between changes in mor-
phology and light responses was evident in human 
tissue where flash sensitivity and response kinetics BSA bFGF bFOF+Fteparin I4epar{n 

decreased substantially as the outer segment shorten- Ftc. 8. bFGF effects on the outer segment survival times of 
ed. This relationship was not documented with the rods isolated from (A) young rat retina and (B) old rat 
more fragile rat rods as light responsiveness was lost retinas. Each data set was compared to the control condition 

before notable morphological changes occurred. Never- (BSA) indicated by the dashed line. Bar heights indicate 
the mean and standard error of the mean T50 in hours for 

theless, during the early critical period in which each condition. An asterisk indicates statistical significance 
recordings could be made, rat RIS/ROS with long,. (P < 0-05). 

TABLE IV 

Rat outer segment maintenance 

Young rats Old rats 
Solutions mean T50 mean T50 

BSA 1-44–0-02 (799) {34} 1-57–0-07 (74){4} 
� bFGF 1-31–0-03 (155) {6}* 1-24–0-05 (73)14)’ 

bFGF +Heparin 1-77–0-08 (118) {5}* 1-76–0-07 (56){2} 
� Heparin 1-35–0-06(110){5} 1-78–0-10(41){2} 

DNP 1-48–0-03 (225) {9} 
CNTP 1-68–0-04 (2) {3}* 
GDNE (0-1 1g ml-1) 1-39–0-03 (186) {8} 

� GDNF (1-0ggml-11) 265–010 (46) {2}* 
� PEDP 1.01–0.04(61){2}* 

� Sugar (NAD-gal) 0-90–0-06 (36) {2}* 
� Locke’s Solution 0-90–0-03 (42) {2}* 

Results are mean T values (hr) – S.E.M. for the number of cells indicated in parentheses. The number of animals is given in brackets. An 
asterisk Indicates a statistically significant difference (P < 0-05) was found when compared to the control solution (BSA). Young rats are 1-1 
mouths-old, old rats are 18-25 months-old. 
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Fin. 9. Results from tests of six additional factors on rat 
rods from young animals. Bar heights indicate the mean and 
standard error of the mean T0 in hours for each condition 
compared to the control solution (ESA, indicated by dashed 
line). BDNF and GDNF (01 g ml-’) were not different from 
the control condition. All other factors resulted in T,’s 
which were significantly different from that measure under 
control conditions (P < 005). . 

straight outer segments generated responses as robust 
as previously described (Robinson et al., .1993). 

Some variability of whether a given tissue responded 
to bFGF In vitro or the extent to which it responded 
was noted. The effective level of bFGF delivered to low 
and high affinity receptors would be one possible 
explanation. Some cell types requite heparin as a co-
factor to observe mitogenic effects of bFGF(Klagsbrun 
and Baird, 1991), In the retina, more photoreceptors 
are rescued in the presence of bFGF with heparin than 
with bFGF alone (LaVail et al., 1992). Heparin 
combined with bGl in our system improved the bFGF 
response in the only human retina tested and had a 
dramatic effect in improving O.S. survival time in cells 
from young rat retinas. The mRNA for bFGF has been 
found in human photoreceptor inner segments 

M. E. CARWILE ET AL. 

rod outer segments and disk membranes in bovine 
retina (Mascarelli, Raulais and Courtois, 1989) as well 
as btGF-binding to photoreceptor inner segments and 
pigment epithelluin of neonatal mouse retina (Fayein, 
Courtois and Jeauny, 1990). Potential sites of bFGF 
action have also been identified with anti-rat bFGF 
antibody in the outer segment layer of mouse retina 
and Muller and RPE cells of the rat (Gao and Hollyfield, 
1992). The high-affinity receptors for bFGF and aFGF, 
fig and bek, were tmmunolocalized to photoreceptors, 
the plexiform layers, and ganglion cell layer in the rat 
retina (Blanquet and Jonet, 1996). The hereditary 
defect in the RCS rat is in the RPE cells, and localization 
of bFGF receptors on the RPE (Sternfield et al., 1989; 
Rakoczy et al., 1993) leads to some question as to the 
site(s) of action for bFGF in the retinas of these 
animals. Because of the low cell density, continuous 
fluid exchange, and the relatively short duration of the 
assay, the survival-promoting action of bFGF in our 
preparation is almost certainly a direct effect. Our 
comparison of single isolated RIS/ROS vs. rods in 
small clusters of cells supports this view. We cannot 
distinguish outer versus inner segment location of the 
bFGF receptor(s), but the pre-synaptic terminal and 
cell nucleus were not present on the isolated RIS/ROS 
and, therefore, can be ruled .out. The intracellular 
events activated by bPGF in the outer retina are 
unknown. Although bFGF commonly alters gene 
expression, in some cell types, ion channels are affected 
by bFGF within a few minutes. Examples include a 
subclass of K channels and a NeIHI exchanger, both 
in BALB/c 3T3 fibroblasts (Halperin and Lobb, 1987; 
Panet, Aniir and Atlan, 1986). In photoreceptors light 
responses are slowed within a few minutes by 
Intracellular. application of bFGF (Schmidt et al., 
1995). However, effects of extracellularly applied bFGF 
on photoreceptors have not been reported. Because 
altered gene expression is not always required for 
bFGF effects, isolated RIS/ROS are sufficient for a first 
examination of bFGF’s influences on photoreceptors’ 
ionic, currents or specifically on photocurrents. in 

Q 
(Ohsato et al., 1997). Recently, Li, Chang and Milam addition, bFGF-mediated regulation of intracellular 
(1997) have described a gradient of bFGF immuno- calcium, which may or may not involve altered gene 
reactivity in human rods; from 0-5% of rods in the expression, has been reported in culture studies with 
macula increasing to as much as 88% of rods in the hipocampal and cortical . neurons (Mattson and 
far periphery. Thus the variability in our results may . Cheng, 1993; Mattson et al.,, 1993), and such a 
have represented an inadvertent sampling bias. The process might also occur in photoreceptors. 
nature of and amount of extracellular matrix sur- The photoreceptor response to bFGF in developing 
rounding the isolated rods in our system was unknown retinas, adult retinas, and stressed retinas is often 
and could have been another possible source of quite different and is likely to be regulated (Faktorovich 
variability. In addition, the disease state of the human et al., 1990; Gao and Hollyfleld, 1996). Development 
tissue was generally unknown and may be related to of the normal mouse retina proceeds without high 
the response Variability. ’. . .’ levels of bFGF, but large quantities of bFGF and bFGF 

The ability of bFGF to protect diseased or, damaged tnRNA are found in the developing rd mouse (Gao and 
neurons in the retina has been clearly demonstrated in Hollyfleld, 1995). Dureau, Hick and Putterman (19 94) 
rodent models, but the mechanism is not understood found no survival-promoting effect of bFGF on cultured 
LaVail et al., 1992; Faktorovich et al., .1992). A wide . sheets of adult rat photoreceptors. However, ezo-

variety of possibilities has been described. Binding of genously applied bFGF has been shown to rescue rat 
iodinated bFGF has been described in preparations of . photoreceptors in vivo when they are diseased or 
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injured by constant light (La Vail et al.,, 1992; photoreceptor degeneration in the retinal degeneration 
Faktorovich et al., 1990; 1992). Photoreceptor bFGF (rd) mouse. Human Gene Therapy 8, 423-30. 
mRNA increases after mechanical injury in albino rats

 
Culbert, R. B., Sturdivant, R. L., Brown, C. E. and Kraft, 

(Wen et al., 1995), degenerating rds mouse, and light- 
T. W (1996). Enhanced survival of mammalian rod 

. photoreceptors In culture. Invest. Ophthahnol. Ills. Sc). 
stressed albino rat retinas (Gao and HollyIleid, 1996). . 37,S437. 
In addition, studies of the response to brain injuries Dureau, P., Ricks, D. and Putterman; M. (1994). Survie in 
also have shown focal elevation in the levels of bFGF . vitro de couches de photorecepteurs preparees pour la 
and its mRNA (Logan et al., 1992). A recent report greffØ. Effet du bFGF et de l’epitheliurn pigmeutaire. Les 

showed an increase of bFGF binding in cultured 
Seminaires Ophthalinologiques d’IPSEN 5, 161-4. 

Ezzeddine, Z. D., Yang, X., DeChiara, T., Yancopoulps, C. 
human RPE cells in response to low levels of oxygen . . and Cpko, C. L. (1997). Postmitotic cells fated to 
(Khaliq et at., 1996). We acquired two donor eyes . become rod photoreceptors can be respecifled by CNTF 
from patients with septicemia, a known risk factor for treatment of the retina. Development 124, 1055-67. 
endogenous bacterial endoplithalmitis which includes Faktorovich, E. G., Steinberg, B.. a, Yasumura, D., Matthes, 

vitritis and chorloretinitis (Pflugfelder and Flynn, 
M. T. and LaVail, M. M. (1990). Photoreceptor de-
generation in Inherited retinal dystrophy delayed by 

1992). Our positive finding of an bFGF effect with basic fibroblast growth factor. Nature 347, 83-6. 
these tissues support the recent evidence for bFGF’s . Faktorovich, K G., Steinberg, R. H., Yasumura, D.. Matthes, 
protective  ability as a dynamic response of the retina M. T. and LaVaiL M. M. (1992). Basic fibroblast growth 
under stress. factor and local injury protect photoreceptors from light 

Isolating photoreceptors from the  supportive en- 
damage in the rat. I. Neurosci. 12, 3554-67. 

Fayela, N. A., Courtois, Y. and Jeanny, J. C. (1990). 
vironment of the EPE and Muller cells as well as from Ontogeny of basic fibroblast growth factor binding sites 
other photoreceptors is a drastic change, poorly, in mouse ocular tissues. Exp. Cell Res. 188, 7548. 
substituted for by the simple media devised thus far. Fisher, S. K., Guerin, C. J.. thiberg, K. A. and Lewis, C. P. 
Yet through this model we can learn which identified (1995). Brain derived neurotrophic factor promotes 

factors directly affect photoreceptors as well as test less 
, 

outer segment regeneration in experimentally detached 
retina. Invest. OphthalmoL Vis. Sd. 36, 8211. 

defined supplements, like conditioned medium from Fraser, J. B.., Brown, J., Bruce, M E. and Jeffrey, M. (1997). 
other cell culture systems or partially purified ’protein Scrapie-induced neuron loss is reduced by treatment 
preparations. Moreover, it may provide ’a model for the ’ with basic fibroblast growth factor. Neuroreport 8, 
investigation of photoreceptors’ stress-dependent 24054.Gao,

 H. and 1{ollyfleld, J. C. (1992). Basic fibroblast growth 
growth factor responsiveness and intracellular 

, factor (bFGF) lmniuæolocalization in the rodent outer 
mechanisms. ’ , retina demonstrated with an anti-rodent bFGF antibody. 

Brain Res. 585, 355-60. 
Gao, H. and Hallyfield, J. G. (1995). Basic fibroblast growth 
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Glial Cell Line-Derived  Neurotrophic Factor induces 
� Histologic and Functional Protection of Rod. � 

Photoreceptors in the rd/rd Mouse / 

� Maria Frason Serge Picauct, ibir:y LØveilJai-d, Manuel SimonuW, Sacidek MOhaIU1-S4j 
Henri Dreyfus. D4vjd Hicks, and jose Sahel 

� To evadlzaw ilic neuroprotectivc potential of glial cell line- derived neurotropliic factor 
GDNP in the retinal degeneration .rd/ra’) mouse model of human retinitis pgn1entosa. 

� Xirrrrons. $.ubretinal Injections of GDNP were iiade into rd/rd mice at 13 and 17 days of age and 
� electroretiaOgrarns (RGs)recorded at 22 days. Control mice received saline vehicle injections or 

underwent no procedure. At 23 days of age, rctinas from treated and control mice were axed and . 
processed for wholemottnt iminunohistochemisn’y using tin anti-rod opsin antibody, and rod 
numbers were estimated using an unbiased stereolegleal systematic random approach. Subsequent. 
to counting, immunolabeled retinas were reembedded and scclioned in a transverse plane and the 

� . mimbers of rods recalculated. . . 

� REstJras. Although ERis could not be recorded from sham-operation or nons rgicni rd/rd mice at 
� 22 days of age, detectable responses (both a- and h-waves) were observed in ’ of 10 GDNP-treated 

mice. Stereologicalassessment of immunolabeled rods at 23 days showed that cantrol rd/rd.retinas 
contained 41,880t. 3,890 (mean – SEM; n - 6, phosphate-buffered saline (PBS)-injected retthü 

OWcontained 61.165.– 4,932 ( 10; p < 0.001 versus control b, as) and GDNP-injected retinas �’ .� 
� . coniainl 89,232 – 8,033 (n 0-60110: P < 0Ol versus control retinas. P < 0.002 versus PBS). This 

increase in rod niunbers after GDNP treatment was confirmed .by cell counts obtained from frozen 
sections, . . . . 

CcrustoNs. GDNP ecrts both histologic and functional nduruprotective effects on rodphoto-
receptors in the rd/rd mouse. Thus rescue was demonstrated in an anianti model of inherited 
retinal degeneration in which th gene.defect was located within the rods themselves, similar to 
most forms of human retinitis pigmentosa. (;DNTF represents a candidate neurotrophic factor for . 

� . � � palliating some forms of hereditary human blindness. (fnr’esi Opliaatrno/ V/s Sct 1999;40: 
=4-27734) . . � . . S 

� � 

etinitis 

pigmentosa (IU) Is the term given to a group of rd-T).  Several strategies arc under examination for 
limiting o 

R � Inherited retinal dystrophies resulting in progressive preventing the photoreceptor loss. assoc  with this disease:1 
� photoreceptor loss and eventual extreme visual. liandi- gene therapy,4 pharmacologic treatment (growth factor appli-’ 

cap. There Is no kotiwn treatment for this condition, Which catioO or vitamin supptcmentatiOnr), and retinal transplan-
can be caused bya large number of flotations in 5 Vtiuiety Of 1.xt1OtL’> Among these approaches, the use of growth factoi 

� genes that code for proteins involved in phototransduction has been advocated since pioneering work by the group 
� . . (thodopsin, cyclic guaiosinc twrnophosphatc (cGM29.- depen- Faktorovich et 51.10 showed that :huraoctlaar injections of basiC. 

dent phosphodiesterase)’ or in structural roles (peripherin/ fihrobint growth factor (FGF-2) delayed photoreceptor dØgen’. 

. . .. . 

. emation in an animal model of 1W, the Roy gal Collee of Surgeons 
r -� -- -.- . � rat. JGI-2 effects onphotorcccptor survival were subse 

� Prom the Lahoratoirc de r’1ysioparlotogIe gitiniennc. cui quently dernonsrrtited by the same group in rat models of ()phthdntologaue, UóivetsltØ Louis Pasteur, Centre fk;spitalicr Ii& light-induced photoreceptor degeneratiqn.1 In addition, in glonal UniverSitaire. SttUsbourg,lrance. � vitro studies have demonstrated the dlfferentlath’e effects of Supported by 33rlush Retinitis Pigmemosa SOCir, r’oderauon l\n. . .. lionale des Avinigles et fIaxidieaps Viuels, La Pondadon & fAtenir. � FGF-2 on newbOrn rat photoreceptors.. Yet, photoreceptor Rclin,,4rapcc, the A.. gfl<1 

M. Suchert Poundajion.. tJ1thCrsit dCgeneration In. the RCS rat as well as after constant hg’s Pasteur. Association potir It I)ivel0ppcment de is Iecherche stir Is damage does not correlate to any currently known form of Regeneration Rerinienne ci sa Trattsplantarion. I IsSettleni human retinal de generation. çals des Grefes’tmtiwrft$ant&aSLORnueminiomi.Submitted Rnpuhlimtion, July 30. 1998; rt*vivLd   aild The retinal degeneration OWrd) mouse is a model of April 2, 1999: accepted June i5,I99 . ... � human RP that has been investigated for more thatt 70 year S � Commercial relationship,s policy: N. � because photoreceptor.ceWdegeneration follows  simllar.eVO-(orpondMg author: jose Sahel, Laburatore dc PIlysiopathoko- lution to human RI’. Most rod cells undergo apoptosls over the Urn first 3 weeks,’ followed by death of cone photoreceptors.’ 426, 1. Place de lThpitai. 07091 Strsslxaunj C cdex. Prance . Purtheriiiote, rod cell death has been found to result from, a 15-mail; sahel@ eurodaan u-stnnbtti- . . . mutation in the /3 subunit of cGM P-dependent pliosphodiester’ h,uL,em-c O,isLalmok,gv & Visual SdCnC, October 199. VoL 4tL No. 274 COPY1101 I KA ucialiof) for Research in Vision and Oplflhalmokigy 
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S tcuiu 3. Histologic acxiions of whole eyes from 23<1a Wrd nice injected with (A) GDNF or (B) PI3S 

or (C) noninjec&cd. Seuiithh epoxy sections were staimd with toltk1lne blue. There was no detectable 

� new blood vessel formation within the iniccted eyes or visible gliOsla or mn.cnphage invasion into thC 

subtetinal or vicreal spaces. MI micrographs were taken In proximity to the optic nerve head and exposed 
� for the same times. cc, ehoriocapillaris; rpe, retinal pigmented epithelium: onL outer nuclear layer: W. 

� inner nuclear layer: ipL Inner plexiform layer gel, pangima cell layer. Scale bar, 20 Am. 

formed to the ARV() Statement QU the Use of Animals in as above and placed in a Faraday cage, the head resting in a 

’Ophthalmic and Vigion Research. . . V-shaped holder. The upper and lower lids were retracted to 
� . . . . hold open and proptose the eve. The light stimulus was ob 

In Vivo Appilcatton of GDNF in the rd/rd Mouse . tamed from a 1 50-watt quartz-xenon lamp bulb (M(iller lustre-

GDNF was injected into .C311 mice at 13 and days of mie measts, Moosiuning. Germany). The light beam was focused to 

(with the cIa’ of birth defined as day 0). Micc (n 10) were infinity through a heat-absorbing filter onto a hole in the Fara’ 

anesthetized with anintraperitoneal injection (16.’ jillg body . day cage. The illumination intensity of the light ’a-as 2-9 log 

weight) of etomidate (0.5 mg/nil) and midazolan (0.5 nig,’ml. cd/& as measured with a luxmetcr at the level of the eye. A. 

The pupils were dilated with 0.5% rropicarnide, and the cornea computer-controlled shutter ’was used to deliver flashes, of 

� was anesthetized with 0.5% topical proparacainc. GDNF (1 tl; 300msec duvatio. For GDNF-injecled mice. recordings front 

recombinant human GDNF; Promega Madison. Wi) both eyes were obtained successively, and theinvestigatot- was 

jected at a dose of 330 t3g/pi in 0.1 M sterile P135 with a . not aware of which eve had recelvd the GDNF injection: 

Hamilton syringe and a 30-gauge needle 1 aim from the limbos . . . 
into the suhrerint space. The contralateral eye, was injected flsto1ogy of injected Eyes 
with the same volumç  of PBS solution only. It was necessary to 

. . . Mice were killed b’ ancsthetic overdose at 23 days ev . Whole es 
perform bilateral ocular surgery to distinguish between the � 

from  
- - . . . . 

rescue effect due to GDNF per se and that due to experimental � GDi’V- and PBS-tn1ccted and nomnjected rd/rd eyes Or 

manipulation, in rare cases, partial baekflow was observed.2
 for each group). were removed from mice at 23 days, fixed 

After ’injection, ’fttndoscopv was performed to confirm the � 
in 2.% glutoraldehyde, and embedded in epoxy resin. Syrs 

induction of a local, retinal rlethchmenr. This was observed’ 
were sectioned along a perpendicular plane closc to the optic, 

. * . .. nerve head and scrnithm sections were processed for histo-
every case at the time of injection, and we observed that 

gi 
the 

lo .. - . . 

. � c examination after toh,tidme blue counterstaining. 

0 
detachment crectt&l by the initial injection was re,socbed by the 

time the second was achuinistered. Processing of fixed retinas 
Ininiultiohistocheinkal � � after’ recording(description follows) indicated that retinasLabeling of Retinas 

were correctly attached at the end of the experimental period: Mice that underwent surgery (ii 10 for both Gt)NFi*CtCd 

� . � and sham-operation mice) were killed by anesthetic overdo5 
Recording ERG-Ts in the rd Mouse � � at 23 days. Nonsurgical eyes were also sampled from a furtbCf 

ER(s were picked up by a cotton wick connected to an six 23-day-old rd/rd mice. Eyecups were removed and fixed ii 

Ag:AgCI electrode with .saline solution directed to the apCx of 40A parafox-inaldehvde for 2 hours. Retinas were dissected from 

cornea by a micromanipularor. A stainless steel reference dcc- the posterior eyecup, washed three times in PBS, pernieitbd 

n-ode was placed subcutaneously on top of the bend. Re- ized in PBS containing 0.1% Triton ).100 for 5 minutes, and 

slionses were atrlplifled at a gain of 10,000 and filtered with the �incubated in blocking buffer (PBS containing 0.1% bovine SC’ 

� low 0. 14lz and high 1000-Hz cutoff filters from an amplifier rum albumin, 0,1% Tween 20. and 0.1% Sodium azide (Ibuffet 

� (Universal-,Gould, llallainvllliers, France). Responses were dig- A!) for 15 minutes. They were then Incubated with rod pho’, 

� itized using a data acquisition labmastcr board (Scientific Solu- toreaiptor-specific monoclonal  antibody rho4D226 (10 ,cig/m 

tio))s. Solon, OH), mounted on an IBM-compatible personal in bttft’er A for  I hour) washed and Incubated in goat afl’ 

computer. Experimental 

data were acquired and analyzed us- mouse IgG-Texas red (10 j.tg/ml in buffer A for 1 hotit 

ing the Patchit and Tack software packages (Scientific Solu- Molecular Probes, Portland, OR). Retinas were washed 

rions).2 After a period Of 24 hours, dark-adapted mice were fiatrnounred in PBS-glycerol (50:50 volfvol) with the phot0t’ 

prepared under dim red illumination. They were anesthetized � ceptor layer facing up, and examined under a 
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SCOpiOptipliot 2; Nikon. Melville, NY) equipped with differ- era filter sets allowing visualization of only rho41)2-immuno-
rotial interference and fluorescence optics. labeled rods (single-band-pass, filter XF42), only anti-GFAP-

,…fler stercofogical counting of rod numbers (see below), imniunolabeled retinal giLt (single-band-pass, filter XP22), 
live WhOICITtOUfltCd itUfliuflolabeled tctixia5 from each experi- simultaneous rbo4D2 and and-GFAP staining (double-band-
Mental, gi’Otij> were processed further by re-embedding and pass, filter XP53) and l)API-labeled nuclei (single-hand-pass. 
(ryOStat Sectioning in It tr -erse plane. Frozen sections wet-c filter X?O: all fluorescence filters from Omega Optical, dlvi-
COIICCtd front near the central retina, mounted on microscope sion of Molecular Probes. For photography, picture series 
SIIdCS, and examined for rho-4D2 staining. After labeled rods were taken with similar exposure times (HP5 film; Jiford, 
Were Counted (see later description). sections were incubated Basildon, UK) and printed using idcntical. thues. 
’t1I anhi-glial fibrillar acidic protein (GFAP) polyclonaf anti-
body (flako, Trapps, France). diluted IAOO in buffer A for 2 Cell Counts 

hours. Scctios were washed and incubated in goat anti-rabbit For quantification of rods in flatmunhed retinas we used a 
FL (Molecular Probes) and the nuclear dye 4’-6- srereologkal approach permittingwihiasecl sampling, mm-

Ualindin ll o2_plicVIlfldQJC @APL Sigmrl-’Akirlcli. Saint�Queotin munoLtbeled cells were observed by microscope (Optiphot 
aflai’ier. France), both 10 g/n-iJ in buffer A for 1 hour. Slides 2; Nikon) tinder epilluoi-escence illumination with a plan 
".t-C Washed thoroughly and exaiiijned as above, with differ- 40/070 differencitti interference contrast (DIC) (160/0.17) 
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FIGURE 5. Illustration of the Systematic random sampling approach 
used (A) and high-power view of 23-clay-k1 rd/rd retina showing aspect of lmnwnolabeled rod cells and slzperilflposed counting frame 

(B). The antibody stains the entire cell body and vestigial Outer seg-
ment. Scale bar (13). 10 gun. 

objective. One hundred twenty fields of 8000 jam2 were 

selected throughout the entire retinal surface (approxi-

mately 13 mii) using a stage encoder and a systematic 

random procedure28 Fields were viewed with a Sony Trini-

tron color gx-apliic display camera and digitized software 

(Automator for Windows; Biocom, Lyon, Prance). In each of 

the 120 fields, cells were counted in two unbiased countIng 

frames of 900 jam’ generated by the software. The total 

number of rod cells in the entire retina was then estimated 

by normalizing these numbers to the entire retinal surface 

area, which was measured using an image analysis system 

(Optiscan; Macintosh LC IT Ci; Apple Computer,Cupertiflo, 

(;A).. Foi’ counting of rods in transverse sections, a single 

section from each of five retinas for each treatment, passing 

through the. optic nerve head and traversing the entire 

retinal width, was mounted on a microscope slide and 

stained with DAPI (10 j.i.g/mi in PBS for 10 minutes). View-

ing sections with the two appropriate filter sets allowed 

visualization of rho-402-’labejed rods and total DAPI-labeled 

nuclei. Images were captured on the computer as described 

along the entire length of each section. 

Reverse Transcription�Coupled Polymerase Chair 
Reaction Analysis of GONE mB1A 

Total RNA was isolated with an RNA-DNA  extraction kit (Qia 
gen; Valencia, CA) with standard protocol. RNA samples (I p 
were primed with random hexatner and incubated 2 hours at 
37C with Moloney muririe leukemia virus reverse transcrip. 
tase. ct)NA <1:20; 2 was amplified for 55 cycles with 
specic pairs of primers. Primer Se(pJeflCeS 5’ to 3’were: rho. 
dopsin, AAGCGGATGAGGAAcTICC, TCATC TCCCAGTGGAT. 
TCfl’; GDNP, ACCAGATAAACAAGCGGCAG, TCMATA. 
CATCCA CACCGTTTAG; and glucose-6-phosphate dehydm. 
genase (MG6PDH), GCAGTCACCAAGAACATrCAAG, (,.CC. 
AAKITCATCAA AATAGCCC. Amplified products were visual-
i2ed on agarose gels stained with ethidium bromide and digi. 
tized with a camera. Quantitative measurement of band inten-
sity was made using commercial software (Phoreth 
International, Newcastle-upon-Tyne, UK). To quantify the am-
plification products, the exponential phase of the reaction was 
experimentally determined using different cycling numbers for 
each primer pair. Under these conditions the amount of the 
amplification product reflects the initial concentration of nun-
scripts. 

RESULTS 

ERGS 
Figure 1 illustrates the comparative evolution of ERGs from 
wild-type (C57) and rd/rd mice. In wild-type mice, the ampli-
tude of a- and b-waves steadily increased from postnatal days 12 
to 24. In rd/rd mice, the ERG was similar to the wild-type at 
postnatal day 12, but thereafter a- and b-waves steadily do 
creased from postnatal day 15 onward, becoming unrecordable 
by 22 days (Pig. 1). The light intensity for triggering a signal 
was 0,3 log cd/rn2, which corresponds approximately to the 
threshold for evoking cone responses. 

To determine whether GDNF could improve visual func-
thins in rd/rd mice, subretinal injections of this trophic factor 
were administered at 13 and 17 days, together with PBS vehicle 
injections into the contraictezal eye to serve as control eyes. 
EROs were recorded in animals at 22 Postnatal days when IIRO 
signals had disappeared completely in noninjected rd/rd mice. 
None of the eyes that received PBS exhibited a detectable ERG 
(n = 10). In contrast, ERGs were measurable in 4 of JO 
GDNF-injected eyes (Fig. 2A, numbers 3, 4, 7, and 9). It should 
be noted that two of the six mice in which no signal W2 

detected (Fig. ZA, numbers ’l and 5) showed prominent cata-
racts in both eyes. and they were not considered In the fune 
tional scores. A typical ERG recorded from a GDNFinjected 

eye is shown in Figure 213. The average amplitudes of a- and, 

b-waves (iSEM) for the four GDNF-injected mice showing a 

response were 8.5 – 2.8 p4V and 15.5 – 2.3 y.V,respctiVCLY’. 

These represent responses that would normally be obtained: 
from 18.5-day-old rd/rd mice, or 22% of the maximal response 

observed in rdfrd mice (Pig. IB). These responses had mnipil 
times (a-wave 120 = 14 nisec; b-wave 242 – 43 macc; n 
similar to those observed in 15-to 16-day-old control rd aniIfl 

(a-wave 144 – 10 macc; b-wave 274 – 23 msec; n - 6) hIS 

longer than those of control C57 mice at 24 days (a-wave 31 

3 macc; b-wave 110 – 12 msec; it - 4), These data mnchiCa1 

that GDNF treatment prolonged visual function by approi° 
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Itnnabelcd rod cell counts In GDNF-, PBS -and noninjected 23-day rd/ret mice. A) Total 
surviving rod numbers for each mouse (xitxts) iOjccted with GDNF Wone eye (Mack ba#) and P133 
vehicle in the other eye (dank gray bars). The consistent beneficial effect of growth factor treatment 
compared with vchfde.htjeeted eyes can be observecL These mice in which ERGS were easfutly 
recorded were numbeks 3, 4, 7. and ) (amywliecids). Total surviving rod numbers for nonsurgical .1 
retinas from an additional five mice’-are, shown by bars 11 to 15 (Ujbt,grsy). it can be seen that surgery 
itself led to variation in rod iiwnters compared with nonsurgical eyes and that PBS Injection produced a 
smalIr but btatisdcaliy significant Increment in rod numbers. (B) Average (mean SlIM) rod cell numbers 
calculated from (A). The GDNF-induced increase in rod numbers compared with PBS-treated and untreated 
control eyca is visible. Probabilities indicated above GDNF are cónlparisous with PBS treatment (I: -P < 

’ 0.01) and nonsurgicid control eyes (2: P < 0.001) and above PBS is comparison with nonsurgical control 
(3: P < 0.02).  

tely 30% relative to the period of massive photoreceptor numbers between GDNF- and PBS-injected 
animals: 70% for 

ith in this strain, . . . the ERG-poSitive group (a 4) and 34% for the ERG-

negative group (n 6). However, the differences between 
atologic, Xmmunohistocitnxica1, axid these two groups were not statistically significant. The av-
rphometric Analyses . erage (–SEM) rod cell number found in GDNF-injectcd eyes 
r ERGs were recorded, the animals that received GDNF. (89,232 – 8,033; is 10) showed a 46% increase Compared 

PBS injections (a = 10) and a second group of control. with the number in PBS-injected eyes (61,165 3.259; a. 

:e of the same age (a = 6) were killed and the eyes fixed 10) and a i1.% increase compared With control noninjected 
dissected. Epon-einbeckicl histologic sections of surgi . eyes (41,880 – 3,890; it = 6; Fig. 6B). PBS injection also led or controleves showed that injection of GDNF or PBS did . to all increase 

(36% niore) in rod numbers compared with 

lead to complications such as neovasculariation, retinal the number, in untreated eyes. These increases were all 
Ting, or macrophage invasion by 6 days after the final . statistically significant: GDNP versus PBS, P < 0.01; GDNF 

tion (Fig. 3) . . . . versus control, J) < 0.001; P85 versus control, P < 0.02, 

Figure 4 shows a low-power view of GIMP-injected These data expressed relative .to total rod numbers found in 
- 4A) and PBS-injected (Fig. 413) wholemounted i4/rd normal adult C57 mice (estimated by us as 4.13 x io; data . S insWun"i’lling,’ nofaeled with rho-4D2. The overall greater not shown) yield 2.2%, 1.5%, and 1.0% for GDNF, PBS, and 

the  rod pbotoreceptors after GDN1 treat- nonlnjec.ted rd/rd retinas, respectively.aarent.
 ]1ighcr power photographs showed that TO. compare these data more easily with previously pub-

r6antlbłdy Stained the entire rod photoreceptor cell, in-. lished results on rod loss in the r44-d mOuse, we sectioned five 

ing the cell body and vestigial outer segment (Pig. 5). wholetnounted retinas from  each experimental group and re’ 
stereological counting frame and the priuciPle of the.. examined rod cell labeling. Figure 7 shows representative areas  Om Systematic sampling procedure used are also shown . from each experimental group anti clearly shows immutiohz-8ure 5. Rod cell. counts. for individual animals are shown Wed rods scattered among irumunonegative cells within the 

Lure 6A (paired (jDNI treated and PBS-injeCted rd/sd vestigial outer nuclear Ftyei cONL Nontnlected control rc4kd 
°� and nonsurgical rd/rd mice"-O). The variabilitv rctinas had only sparsely scattered rods, appearing as a single 

’cen individual mice in opsin-imniunolitheled rod num- discontinuous layer along the scieral border (Figs 7A, 713). is evident, but in each case GDNF treatment led to PBS-injected retinas had more immunotabeled rods, appearing er cell counts. Correspondence between the degree of as a single-to-double discontinuous layer (Figs. 7C, 71)). IC and functionality was suggested by the tact that three injected retinas often contained two to three rows of 1mm-four mice in which 1RGs were detected (Fig. 61t, mice nolabeled rode, althougll areas of rod opsin-inimunoflegative 

and 7) showed the highest relativc differences in rod cells within the Oi"fl. were still apparent (Figs. 7E, Sections Sections 
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Ird mice from postnatal days IS to 24 
In COfltf*St to ibe regular Increase in wild-type mice. 

The plot 50pV . . ,ved eadi age represefl’$ 
data (ærn 5 200ms mats, 

except for the latest time hit for the rd/rd nous.e (24dtvs) 12 14 -15 ’IS. 20 24 1 Clays) itch representS 10 anim als. . r to some human families affected by the disease. ’ some GDNF-ijcctcd retinas.  Increased numbers 

of ininunola-ceo ong a large variety of netirotrophic factors in- beled rods were 

detected using two methods of counting, and ed intoiWrd 
eyes, only ciliary neurotrophic factor (CMT1) retinal glial cclI physiology was also affected. In contrast, luced histologic photoreceptor cell loss.6 could exclude the lnvolvemcnt of decreased levels of endoge-Glial cell ftrie-dŁrteed acurotrophic factor (GDNF), which nous GI)NP in rod photoreceptor cell death in 

the 
rd/,d longs to 

the transforming growth factor 9 supertmilv, was mouse. . a described as a stimulant of survival of dopaminergic neu s in vitro." Subsequently, its pruecUve effects were dem-slotted in in vivo models of Parkinson disease r on tyjATh1UALi AND vetoping. rnotoneurons.t’ l&ecause GDNF is synthesized in .tviET1ODS retina, has been Ibund to Stimulate survival of newborn AMnWs ce photoreceptors in vitro.’ trnd .eceutly was shown to . . lay photoreceptor outer segment collapse ill vitro c C3H/J-le/J mice llomoxgous for the ititntai degemeiaho’s oriticted eleccroph siologicd histologic umnunohtsto (id) gene ( d/ ci mice) and C5’130/J control mice aged 12 flical, morphomctric, and molecular biologic StutUtS to syr 15, 17, 19, and 24 days were obtained from single breeding ither it could stimulate pbotorcc-eptoi sw-vival 

in the d/?d colonies mairnined  e’cIust clv for our. Labor4Eort by ise aer intraocu(ar infections in vivo. We showed that Charles River Animal Suppliers SC. Aubin-lesElbeuf, Ueatment leads Lo.functioiial improvement, as indicated France), maintained in cleat plastic cages, and subjected to presence of recordable electrorctinog’-ams (ERC) in standard light daik ct des of 12 hours All pr ocedures con A B :- GONE 2C . 11 I . of ,eeorcl G.tn (DNP- Compared with 2dutY . .ł;4  Pd/rd mouse. <A) Showing anplIturlcs of 10 b-wases from Lindividual E1(,5 recordcj rroin F l’BS1njeetej C’iC. ThePas Front monw in 0----,---- jPeseai average lr,Iccs .:jeParate teCOrtlil. GDNF PBS 
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were subequent1y iromunolabeled with anti-GPAP antibody 

and the two labels visualized siimdtancouslv with at double-

band-1%. iss oubIcband.patss fluorescence filter. GFAP inmunoreactivity was vis-

ible as brtglit labeling of astrocytes within the nerve fiber layer 

and faint transverse fibrous labeling of retinal Muller 
gus. 

In 
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_ Fieuna 7. Transverse sections taken 
from wholemounts of 23-day rd/,yl ret-
inas p relabeled with rho-41)2 and rela-
beled with anti-CWAP. (A) and (13) are 
the same section from noainccted. (C) 
and (D) front PBS-injected. and (F) and 
(F) from CDNF-injected retinas. (A1 C, 
F) Siniulneotis visualization of rod 
opsin and CFAI imniunoreactivhy; (B, 
), F) DAM labeling of all nuclei. The 

rho4D2-immunopositive rods are via-
�ibIC as baightir labeled, smalL round 

� cells lying along the vestigial O. 

:.. (stan in A. C, F, with the cotrespond 
- lag cell indicated by stars in ii, I), ). 

Rbo-43)2-iminunonearivc cells can be seen 
as unlabeled areas in the ONL 

(astris/&c in A. C. and II, with corrc-
� sponding cells indicated by asterisks 

fI in 8. 1). and F). The different number 
� - of hnmunohabclecl rods after no injec-

tion (a 16). Malone (a 22), or 
G1)Nl’ treatment (a = -40) can be 
clearly seen (A, C, F, respectively). 
Also, the increasing inlcnitv of radial 
Muller glial fibers labeled by arni-G1A 
antibody can be seen in the order 
GD?rinleed> Pl35-injected > nOfl 
iic-Ctc-(l (F. C. and A. respectively, Ca’ 
roar). whereas astrocyic staining by 
the same antibody remains appto%1 

’ nntcb constant along the viuml hot 
der. All micrographs were taken Ui 

to the optic ac bead 
exposed for the same times. ONT 
outer flUcler layer: INL, inner nuclear 

layer; IPL, inner plexiform layer; GCL: 

ganglion cell )ayer. Scale bar, 23 f01. 

noninjected retinas, GFAP ininiunoreacth’kty was mostly con-
fined to the astrocytes, with only rare GFAPirnmunopo5idVC 
fibers Fig. 7A). PBS-injected retinas showed increased nuim 

hers of such fibers (Fig. 7(,-). and GDNF-injected retinas Co’ 

taincd It  numbers (Fig. 7E). Quantitative anal ala of rO 
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133 
p-0.08 (1) . in the rr&d mouse. This effect was demonstrated through 

- � peO.00S (2) . . imntunohistochernicai and rnorphoinetiic analyses and 

. . .. . through measurement of light-evoked responses. To the best of 

8 .J_ 
: . our knowledge this is the first report in which injection of a 

T.neurotrophic growth factor has been shown to promote i�-
7-

 

 . . . . . . . provemerit of retinal function in an animal model of retinal 
e . degeneration closely resemblinghuman RP. 

<0005 (3) . . ..aktorovlch  et al.°  first showed the feasibility of using 

a4. . 

IC 3. 

0 

0  
GDNI PBS CONTROL 

iotjaa S. Rod numbers deterrained from transverse SCCtIOflS of 
;.)NP-, PBS-. and noninjected i’d/rd retinas. Average numbers (mean 

- muzwlabeled rods were calculated frorn the cntire width of 
lion passing trough the optic nerve head from retinas of 

ach cx. ’mental group (n = 5). Rod numbers were not statistically 
ifferent between GOt-IF- and PBS-treated retinas (I: p < 008) Rod 
umbers were significantly higher hi GONF- compared with nonin-. 
ctCcl retinas (2: P < 0.005) and In PBS- compared with nonlrticetcd 
tinas (3 P <.QQ()5) . . . 

.umbers from transverse sectionS revealed an average (–SM) 
f 7.70 t 1.10 rodsJl20 m Cu for GbNF-itjeeted, 5.30 – 
.48 rods/120 j.tm (n = 5) for P%-injected, and .3.14 – 0.13 
As/120 Pm (n. = 5) for noninlected retinas. (Fig. 8). The 
�iffercnce in rod numbers between GDNF-treated, P135-treated, 

d nonsurgical retinas was not significant between GDNF and 
OS (P <0.08), but was significant between GDNP and non-
argical control eyes (P < 0,005) and between PBS-injcted 
ad nonsurgical control eyes (P < 0.005). 

xpression of (DNV thBNA In rd/rd Mice 

o Study the possible involvement of GDNP as an endogenous 
’ophic factor for rods, we analyzed the expression of endog 
ao NF tuRNA in mouse retina (Fig. 9A). Lane 1 shows 
lat F mRNA . was txpresscd in higher steady state 
mounts in retina coniprŁcl with the remainder of the eye 
11111) 6:4). Twelve-day-old rd/rd mice expressed rod-specific 
iodopsin mRNA at levels comparable to 35-day-old C57 mice 
9g. 95. lanes 1, 10, and Ii). Large decreases In rhodosin 
iRNA expression were observed in rd/rd mice between days 
2 and 120 (lanes I through 9): During the whole period, levels 
f GDNF OiRNA (lanes 12 through 20) and those of the house-

s . enzyme 06P1)H (IsOes 23 through 31) remained un-
banged and were similar to their respective expression mIen-
ties in C57 mouse eye at 35 days (lanes 21.22, 32, and 33). 

)scuss1oN . . 

ur data show a stimulatory effect of subretinal injections of 
C neurotrophic factor GONF on rod photoreceptor survival 

pOlypeptide growth factors, to slow photoreceptor loss in in-
her1td retinal degeneration. uising a rat model of RI’ they 
showed that intraocular injections of PGF-2 delayed rod pho-
toreceptor Iss. They also reported recently the effects of 
intraocular injectioii of multiple neurotrophic factors (CNTF. 
hrain-drive4 neurotrophic factor, PGF-2, leukemia inhibitory 
factor. insulin-like growth factor 11, neurotrophin-3 and -4. and 
nert’e growth factor) on slowing rod photorccdpror loss in 
several mouse models of retinal degeneration including the 
rd/rd mouse.6 These molecules were chosen because they are 
known to exhibit neuroprotecth-e effects in ’Other retinal mod-
els or elsewhere in the nervous systen1.5’1’- Of ’all these 
factors, only rat cN’rF injected between postnatal days 7. and 
10 had a protective effect I week later in rd/rd mice. In an 
independent study, CNTF delivered . by adenovira.l vectors 
showed histologic and functional protection of ted phorore-

ceprors in another mutant, the retinal deEeneration slow (rds) 
mouse?2 Rescue effects of PBS injections alone have not been 
previously observed in mouse ref mutants, whereas in our 
study PBS injection alone induced a significant rescue effect at 
the histologic level, but did not lead to detectable ftinctional 
improvement in any animal examined. Transient rescue effects 
of PBS injections have been previously reported in the rat 
and are thought to result from local release of endogenous 
trophic factors as a result of tissue damage. 

GDNF was one of the few neurotrophic factors not tested 
in the exhaustive recent trials by 1.a\’ail et al It was shown 
recently, when used at relatively high concentrations, to have 
protective effects against photoreceptor outer segment eel-
1spe in short-term in vitro assays.24 It is impossible to know 
the final concentration of the subretlnnhly injected GDNI used 
in the present stud’, although the dose administered lies in the 
range nomally, used for intraocular growth factor injec-
tions.’’"’ Although it is possible that GONF may constitute one 
of the few identified neurotrophic factors influencing rod pho-

toreceptor survival in inherited retinal degencrations In which 

the gene defect is localized to the rod cell, other criteria such 
as timing or ocular site of injection and approach were prob-
ably critical. Our Injections were performed at relatively late 
times, after the initial onset of rod loss in this strain. These 
ages were chosen to permit Injection into the subretinal space, 
which was not routinely possible in younger animals. The 

stereological method of counting, originally developed for as-sessment of neuronal numbers in brain regions,27 allows an 

accurate unbiased estimation of total cell numbers, reducing 
greatly the variability induced by regional differences (superior 
versus inferior hemisphere, site of injection). Nevertheless, 

increased rod numbers were also reliably scored in transverse 

retinal sections as routinely used by other investigators.°° 
GbNF may he a particularly in  neuroprotective 

molecule, because unlike FGP-2 U is not reported to be angio-- 
genie and thus should not lead to neovascular complications." 
Histologic observations in the present study also did not record, the presence of new retinal blood vessels or invading macro-
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� ’ 4�"GDNF.. �G6PDH . 

3 4. 

B 
� . . . Fxouiut 9,. GDNF iuRNA expression 

was noi altered during p1otorece)ior 

#. .-
�degeneration in the i Ird mouse. 

by senilquantitath’e RfPC (/) GDNF 
� .,... . . . . .. ,.. expression was compared beiween 

� . . . . . retina and the remainder of the eye. 

1 2 3 4 . 6 . 1 8 9 .10 11 Total RNA was isolated from rd/rd ret-
ina (/a. J 3) and the remainder of 

� . . .� 
the eye (lanes 2, and aaIy&i with 
priIfleT’3 specific for GUINF"2 

andG6PDR
 - 

GF . ,:,. � __ - ::� 
. (8) Total IUNA bolated from 

taw 

(lams 2. 3-. 13, 14, 24. 25), -- (lanes 
4. 5, 15, 16 26, 27, 35,(levies 6. 

12 13 14 15 16 17 13� 19 20 2!. 22 i:, M. 28. 29) and 120- 9 
19. 20. 30. 3!) postnatal day rd/rd 
mice, and from 35-day postnatal nor-
mal mice (C571M6) (loner 10, It, 21, 

.,.. . was ansi "cd Wilt timers .. - �-,-- .. -,,---�- .- ,, - ., . . . . -- -, -’� / - 
G6PDH’ qxcfie foL rhoc10pm (RHO uppo 

� � ... ..� � .,,� - row), GDNP (middle mw), and the 
housekeeping gene glucose’6-phos. 

;-late dchydrogenase (GODR, lower 
23 .24 25 26 .27 28. 29 30 31 32 33 

. 

levels during the course of rod degen-

Age(days) iZ 22 28 J 35 120 on, tion and the uniform profile of 
steady state mRNA levels (or GDNI 

(;6PDIl can be stem 

phages. Although this distant member of the transforming injection was effective at slowing rod loss even though treat-
growth. factor. atiperfiunily was originally thought to be a merit as begun after the initiation of rod degeneration in this 

0 
specific survival factor for dopaininergic iieuro,7 GDN1 is strain.° Such findings may be of clinical significance, because 

now known to stimulate a wide variety of autonomic, sensory, they sugg th grcw factor treatment conk! be effective after 
and inotoncurons and has an important role in kidney the oiset of photoreceptor death in RP patients. Enhanced 
development."Previous studies have indicated the potential photoreceptor surcival after gene transfer of CN’IT in rds 
value of (D1"F as a neuroprotecrive agent for the retina mice, 52 gene transfer of the normal PDL gene in rd mice,n or 
through the demonstration that subniu,omolar concentrations. targeted digestion of mutant opsin mRNA by adenovirallr de-
of GDNI increase cell survival in enriched photoreceptor ci.d- livered rihozymes in tmnsgenic retinal degeneration rats’9 

� . . tures prepared fron-i newborn mice and that rat photoreceptor have all been obtained when treatment began long. before 
cufturÆs possess wgh-afflutity GDNF receptOrs. GDNF Is ex- photoreceptor loss. The second is that intraocular injection of 

pressed in the rat retina from embryoni day (E-),15 to E19 � GDNF (and to a lesser extent P135) led to upregulatioxt of GFAP 

mostly in the inneretost layer. In the mouse embryo, it is. expression, indicating that, similar to FGF-2,44 this growth 
expressed from E83 in the neuroectoderm surrounding the factor may regulate phenotypic expression in retinal MOIJCf 

optic vesicle and later in the mescochymal components of the glia and that its effects on rod survival may be mediated 

developing eye." Another member of the GDNF subfamily, through an indirect paihway1 We are currently exploring this 

neurlurin and its receptor components GF1a2 and Ret, were hypothesis, 
also recently detected in normal and rd mouse retina through- The detection Of an ERG in GDNF-tnccted eyes is an 

Out the life span4° in the present study, two histologic obset- especially important finding in the present study. iatiflg 
� vations may be of particular importance. The first is that GDNP � that visual function was extended In treated rd/rd retina. Out 

Strain C3FI C311 
C30 L C3H � C313 j J  -� C57B6 
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Glial Cell Line-Derived NeUrotrophic Factor Induces 
Histologic and Functional Protection of Rod 
Photoreceptors in the rd/rd Mouse 

Maria Frasm, Serge ’icauc4 Therry Ldveillard, Manuel Simontati, Saddek Moband-Sajj 
Henri Dreyfus, Dad Hicks, and Jose Sahel : 

Pugvosit. To evaluate the neuroprotective potential of glial cell line- derived neurotrophic factor 
(GDNI) in the retinal degeneration (rd/rd) mouse model of human retiaitis pigmentosa. 

Mgritoos. $ubttina1 injections of GDNP were made into r41rd incC at 13 and 17 days of age and 
electroretinograms (ERGa) recorded at 22 days. Control mice received saline vehicle injections or 
underwent no procedure. At 23 days of age, retinas from treated and control mice were fixed and 

� processed for wholemunt Immunohistocliemistry using an anti-rod opsin antibody, and rod 
numbers were estimated using an unbiased stereological systematicrandom approach. Subsequent 

� to counting, Immunolabeled retinas were re-embedded and sectioned in a transverse plane and the 
numbers of rods recalculated. . . . . . . 

RitsuLva. Although ERGs could not be recorded from shain-operationor nonsurgical rd/rd mice at. 
22 days of age, detectable responses (both a-and b-waves) were observed in 4. of 10 (DN]-treated 

� . . mice. Stereological assessment of immunolabeled rods at 23 days showed that control rd/rd retinas 
contained 41,880 3,890 (mean – SEM; n (PBS)-injected retinas 

, . 

contained 61,165 4,932 (n 10; F < 0.001 versus control retiflas) and (A)NF-injected retinas. 
� . contained 89,232 – 8,033 (n 10: P < 0,001 versus control retinas, 1’ < 0.002 versus PBS) This 

increase In rod numbers after GDNP treatment was confirmed by cell counts obtained from frozen 
� sections. � � � � 

� QNcx.usroNs. GDNP exerts both histologic and functional neuroprotectivc effects on rod photo-
receptors in the r4/rd mouse. Thus rescue was demonstrated in an animal model of inherited 
retinal degeneration in which the gene defect was located within the rods themselves, similar to 
most forms of human retinitis pigmentosa GDNF represents a candidate nurotrophic factor for 
palliating some forms of hereditary human blindness. (Invest Ophibedmo! VI.t Sd. 1999:40: 

� . 2724-2734) . . . . . . . 
. S 

R"Ir’%
etinhtispgmentosa 

(RE) is the term given too group of rd.c)3 Several strategies are under examination for limiting o 
inherited retinal dystrophies rŁsutting In progressive preventing the photoreceptor loss associated with this diseasej 
photoreceptor loss and eventual extreme visual. hancli- gene therapv., pharmacologic treatment (growth factor apph. 

cap. 

There is no known treatment for this condition, which 
cation," or 

virathin supplementation’), and retinal transplan-It
 be caused by a large number of mutations in a variety of tation.’’ Among these approaches, the use of growth facłrS-

genes that code for proteins involved in phototranaduction � has been advocated since pioneering work by the group of: 
(r-hodopshi, cyclic guanosine monophosphate IcGMPI - depen- Faktorovicb et al." showed that intraocular injections of basic 

� dent phosphodiesterase)’ or in trucwraI roles (peripherin/ fibroblast gowth factor (P(P-2) delayed photoreceptor degen. 

,. . . . 

. eratton In an animal model of RI’, the Royal College of Surgeons’ 
-. ..- -. . .... . _. �.. rat. FGP2s effects on photoreceptor sun’ival were subse-. 

Prom the Laboratolrc de Pliyslopathologie R6tininne, Clinkluc quendy demonstrated by the same group in rat models of 
Ophrha}mologique, tin)versitØ Louis Pasteur, Centre Hospitaller Il- light-induced photoreceptor degeneration!-" In addition, In 
gional Univcr5ltaire, Strasbourg, France.. . . . � vitro studies have deitonsrrated the differeniative effects of 

Supported by British Reunlils Thgmentosa Society, PØdcrat.on Na- � � 2 
Ilonale des Aveugiss et flandicapsVisuels, La Eondation de PG-2 on newborn rat photoreceptors. Yet, photoreceptoI. 

Rcthia-Mnce. the A. and M. Suche,s Foundation, tjzuvcrsirØ lxmis degeneration in the RCS ,rat as well as after constant light 
Pasteur. Association pour ic Developpcnent de Is Recherche sur Is damage does not correlate to any currently known form Of. 

Regeneration RetiniCane Ct sa Trmspianradon. Llitahtissemeni F12fl human retinal degeneration. 

cais des (reffcs, Flastitut EietricitØ Sant& and SSSILOR International. . , . . - 
Submitted for publication July 30. 1998; revised january 20 and The retinal degeneration (rd/ret,) mouse is a. model 

April 27, 1999: accepted June 15, 1999. . � � human RI’ that has been investigated for more than 70 year’ 
Commercial relationships policy: N. � � because photoreceptor cell degeneration follows a similar evo-Corresponding author Jost Sahel, Laboratoire de Physlopatholo-. lution to human RI’. Most rod cells undergo apoptosh over the 

first 3 weeks,’3 followed by death of cone pliotórecptorS.  

� 426. I Place de IFIôpltaL 67091 Stri mrg Cedex. Prance � � Furthermore, rod cell death has been found to result from a 

� �F-tnaU: sMneurothexn.u-strasbgfr . . mutation in the P subunit of cGMP-dependent phosphodiester 

S � � lavetigatirc Qnh(hamn,olugv & Visual Science, October 1999. VoL 40. No. It 2724 . . . . Copyright Association for Rsarch iti Vlsion and Ophthatnlolom 
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r 

fwtmg 3. Histologic sections of whole yes from 23-day rd/3W mice injected with (A) GDNP or (B) PS 

or (C) noninjected. Semithin t’puxy sections were stained with toluidire hiuc. There was no detectable 
new blood vessel formation within the injected eyes or isihle gliosis or ivaerophage invasion into the 

subretinal Or vitreal spaces. All micrographa were taken in proimity to the optic nerve head and exposed 

for the same timcs. Ce. theriocapillarla; vpe, retinal pigmented epithelium; oni. outer nuclear layer: inL 

juer nuckar taver ipL inner plexiform layer gel. ganlion cell liwer. Scale bar, 20 iiti 

formed to the ARV() Statement on the U-se of Arilmals.in as above and placed in a Faraday cage, the head resting in a 

Ophthalmic and Vlson Research- r U-shaped holder. �he upper and lower lids were retracted to 
hold open and proptose the eve. The light stimulus was oh-

In Vivo Applicatiou of GDNF in the rd/rd Mouse rained from a I watt quana-;enon lamp bulb (Muller lnstrtt-

GONE was injected into C31-1 mice at 13 anti 1’7 days of age meats, Moosinniog. Germany). The light beam was focused to 

(with the day of birth defined as day 0). Mice n 10) were infinity through a heat-absorbing filter onto a hole in the Eara 

anesthetized witlian intraperitoneal injection (16. pug body day. cage. The illumination intensity of the light was 2.9 log 

weight) of etomidate (05 rng/ml) and mida-zolan (05 mg/mI) cdJm as measured with a Iuxrneter at the level of the eye. A 

The pupils were dilated with 0.511/6 tropicitmklc, and the cornea computer-controlled shutter was used to deliver flashes of 

was anesthetized with 0.5% topical proparacaine. GONE (1 1; 300smiec duration. For GONE-injected mice. recordings from 

recombinant human GONE: Promega, Madison. WI) was in- both eyes wet-c obtained successively and the investigator was 

jected at a dose of 30 ng4d in 0.1 M sterile is with a not aware of which eve had received the GONE injection. 

Hamilton svniiigc mid a 30-gau4;e needle 1 mm from the limbus 
into the subretinal space. The contralatet-al eye was injected Ristology of Injected Eyes 
with the same volume of PBS solution only. It was necessary to - .. 

- . . . . . Mice were killed by anesthetic overdose at 23 clays. Whole eves 
perform bilateral ocular surgery to distinguish between the - . - . .  
rescue effect due to Gt)NF per se and that due to experimental 

from GONE- and PI3S-irqccted and nonuijected 4d CyCs (it 

- . .
 GUN

, . . 2 for each mtnoup) were removed from mice at 23 days;fixed 
manipulation. In rare cases, partial back-flow was observed.  

- . . . .. . . in 2.5% glutaamldeht-dc. and embedded in epoxy rdslst eves 
After mnjOction, fundscopv was performed to conOnu the - . . .. - 

- . - . . -  
were sectioned along a perpendicular plane close to the optic 

Induction of a local retinal detachment. This was observed ill . - 
-  injection. .. . . . nerve head and scniithin sections were processed for histo-

event- case at the time of mjcet1tt. and we observed that the - .. - . . - - . . . . . .. , . . . logic amutton after toluithuc blue counterstmnin. 
detachment created by the Initial injection was resorbed by the 
time the second was administered. Processing of fixed ret loss . - 
after recording (description follows) . indicated that retinas Itnnuuo!dstocb.einicaI Labe1ini of Retinas 

were: correctly attached at the end of the experimental period. Mice that underwent surerv (n = 110 for both GONF4njcCted 

and sham-operation mice) were killed by anesthetic overdoSe 
cording EROS in the rd Mouseat 23 days, Nonsurgical eyes were also sampled from a further 

ERGs were picked up by a cotton wick connected to an six 23-day-old rd/rd mice. Ryccups were removed and fixed In 

Ag:AgCI electrode with saline solution directed to the aIxx of 4% paraformaldehyde for 2 hours. Retinas were dissected from 

cornea by a micromaglpulator. A stainleSs steel reference dee- the posterior cyecup, washed three times in PBS, perzneiibil’ 

n-ode was placed subcutaneously on top of the bend. Re- bred in PBS containing 0.1% Triton X-IlOO for 5 minuteS, and 

sponses were amplified at a gain of 10,000 and flhtre-d with the incubated in blocking buffer (PBS containing 0.1% bovine SO 

low 01 -Hz and high 1000-Hz cutoff filters from an amplifier . rum albumin, 0.1% Tween 20, and 0.1% sodium azide ((bUt 
fef 

(Universal: Gould, flatlainvllliers, Prance). Responses were dig.- Al) for 115 minutes. They were then incubated with rod p1w 

itized using a data acquisition hthimmstcr board (Scientific Solu- toreceptor-specific monoclonal antibody rho4D2 (10  

tions. Solon, OH), mounted on an 113M-comptmtible personal in buffer A for 1 hour), washed and incubated in goat anti’, 

computer. xpei-huenta1 data wse acquired and analyzed us- mouse lgG-Texas red (10 j.tg/ml in buffer A for I 11011l:. - 

lag the . Patdhit and Tack software packages (Scictific Solo- Molecular Probes, Portland, Olt)- Retinas were washed and 

tions? After it pedod of 24 bstura, dark-adapted mice were flatruotmnted in P135-glycerol (50:50 vol/vol), with the phOt0t-

prepared unde-r, dim red illumination. They were anesthetized ceptor layer facing up, and examined under ci photnii°°  
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SC (Optiphot 2: NIkon, Melville, NY) equipped with differ- ent filter sets allowing visualization of only rho-41)2-imrnuno-
Cfltial interference and fluorescence optics. labeled rods (single-band-pass, filter XF42), only anti-(;PAP-

After stereological counting of rod numbers (see below), iinmuoolabeled retinal glia single-band-pass, filter XT-22), 
fl’*’ wholemounted immunolabeled retinas train each experi- siawlianeous rho-4D2 and anti-GFAP staining dotib1e-band-
mental group were processed further by re-embedding and pass, filter XF53) and l)API-labeled nuclei (single-band-pass, 
CFYOstar sectioning in a transverse plane. Frozen sections were filter XF03: all fluorescence filters from Omega Optical, dlvi-
Collected from near the central retina, mounted on microscope Sian of Molecular Probes). For photography, picture series 
5ldes and examined for rho-41)2 staining. After labeled rods were taken with similar exposure times (I-I15 film; 11ford, 
Were counted (See later description). sections were incubated Basildon, UK) and printed using identical times. 
With anti-glial fibrillar acidic protein (GFAP) polyclonal anti-
body (Dako, Trappes, france). diluted 1:400 in buffer A for 2 � Cefl Counts 
"Ours-section"; WCte washed and incubated in oat anti-rabbit For quantification of rods in flatmounied retinas we used a 
18(--l3odlpv FL (Molecular Probes) and the nuclear dye 4’4 stereological approach permitting unbiased sampling.27 Im-
lalmdu2PhCll.11fldC1C (DAN: sigma-Aldrich, Saint Quentin munolabeled cells were observed by microscope (Optiphot 
llavier. Fiance) both 10 j.tg/nil in buffer A for 1 hour, Slides 2; Nikon) under epifiuiorescence illumination with a plan 

’a Washed thoroughly and examined as alxwe, with differ- 40/070 differencial interference contrast (DIC) (160/0.17) 
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Fxouas 5. Illustration of the Systematic random sampling approach 
used (A) and highpower ’view of 23-day-old rd/rd retina showing 
aspect of mmunolabded rod cells and superimposed counting frame 
(B): -ri’e antibody stains the entire cell body and vestigial outer seg-
ment. Scale bar (B. 10 sun-

objective. One hundred twenty fields of 8000 Pull? were 

selected throughout the entire retinal surface (approxi-

mately 13 mma) using a stage encoder and a systematic 

random procedure.25 Fieldls were viewed with a Sony Trini-

tron color graphic display camera and digitized software 

(Automator for Windows; Biocom, 1.yon, France). In each of 

the 120 fields, cells were counted in two unbiased counting 

frames of 900 Am" generated by the, software. The total 

number of rod cells in the entire retina was then estimated 

by normalizing these numbers to the entire retinal surface 

area, which was measured using an image analysis system 

(Opttsc.an; Macintosh LC U Ci; Apple Computer, Cupertino, 

(A). For counting of rods in transverse sections, a single 

section from each of five retinas for each treatment, passing 

through the optic nerve head and traversing the entire 

retinal width, was mounted on a microscope slide and 

stained with DAP1 (10 "/Ml in PBS for It) minutes). View-

ing -sections with the two appropriate filter sets allowed 

visualization of rho-41)2--Iabeled rods and total DAPI-labeled 

nuclei. Images were captured on the computer as described 

along the entire length of each section. 

Reverse Transcription-.Coupled Poiyrnerase Chain 
Reaction Analysis. of GONF mitNA 

Total RNA was isolated with an RNA-DNA extraction kit (Qia. 
gen; Valencia, CA) with standard protocol. RNA samples (I t) 
were primed with random hexamer and incubated 2 hours at 
37C with Moloney murine leukemia vinis reverse trartscrip-

� tase, c1NA (1:20; 2 l) was amplified for 35 cycles with 
� specific pairs of primers. Primer sequences 5’ to 3’wcre: rh<). 

� dopsin, AAGCcGATGAGcAACTTCC, TCATC TCCCAGTGGA3 
TCDT; GDNF, ACCAGATAAACMGCGGcAG, TCAGATA-
CATCCA CACCGTTTAG; and glucose.6-phosphate dehydrc,. 
genase MG6PDH), GcAGTcACcAAGMCAT’I’CAAG, 

Ccc-

AAATTCATCAA AATAGCCC. Amplified products were visual-
ized on agarose gels stained with ethidium bromide and digi-
tized with a camera. Quantitative measurement of band inten-
sty was made using commercial software (Phoretix 
International, Newcastle-upon-Tyne, UK). To quantify the am-
p1ication products, the exponential phase of the reaction was 
experimentally determined using different cycling numbers for 
each primer pair. Under these conditions the amount of the 
amplification product reflects the initial concentration of tran-
scripts.2° 

RESULTS 

ERGs 

Figure 1 illustrates the comparative evolution of ERGs from 
wild-type (C57) and rd/rd mice. In wild-type mice, the ampli-
tude of a- and b-waves steadily increased from postnatal days 12 
to 24. In rd/rd mice, the ERG was similar to the wild-type at 
postnatal day 12, but thereafter a- and b--waves steadily de-
creased from postnatal day 1.5 onward, becoming unrecordable 
by 22 days (Fig. 1). The light intensity for triggering a signal 
was 0.3 log cd/rn2, which corresponds approximately to the 
threshold for evoking cone responses. 

To determine whether GDNF could improve visual func-
tions in rd/rd mice, subretinal injections of this trophic factor 
were administered at 13 and 17 days, together with PBS vehicle 
injections into the contralateral eye to serve as control eyes 
ERGs were recorded in animals at 22 postnatal days when ERG 
signals had disappeared completely, in noninjected rd/rd mice. 
None of the eyes that received P135 exhibited a detectable ERG 
(a’ 10). In contrast, ERGs were measurable in 4 of 10 

GDNF-injected eyes (Fig. 2A, numbers 3, 4, 7, and 9). It should 

he noted that two of the six mice in which no signal was 

detected (Fig. 2A, numbers ’1 and 5) showed prominent cata-
racts 

in 

both eyes, and they were not considered in the func-
tional scores. A typical ERG recorded from a GDNF-injected 

eye is shown in Figure 213. The average amplitudes of a- and. 

b-waves (– SliM) for the four GDNF-injected mice showing 
response were 95--t- 2.8 V and 15.5 t 2.3 1411, respectiv5lY 

These represent responses that would normally he obtained 

from 18.5-day-old rd/rd mice, or 22% of the maximal rcspoftsC 

observed in rd/rd mice (Fig. 113). These responses had iniplidt 

times (a-wave 120 = 24 msec; b-wave 242 – 43 msec; 
similar to those observed in 15- to 16-day-91d control ,-d anifl1. 

(,,t wave 144 – 10 msec; b-wave 274 – 23 macc; n 6) b 

longer than those of control C57 mice at 24 days (a-ware 31, 

3 msec; b-wave 110 – 12 msec; n = 4), These data indiCat 

that GDNF treatment prolonged visual function by appr02’ 
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:1 2 3 4 5 5 7 . 9 10 11 1213 14 15 15 soar as 

ptciutnt6. Inimtinolabeicd rod ecu counts in GDNF-. PBS and noninIected 2day rd/rd mice, (A) Total 
surviving rod nunthars for ecii mouse (xitxls) injected with GDNF In one eye (block brmt) and PBS 
vehicle in the other eve (dark gray l,a,). The consistent beneficial effect of growth factor treatment 

� . compared wtth vol cc.iiflected eyes can be Observed. Those mice in which ERGs were successfI.tlly 
� recorded were numbers 3. 4. ?, and 9 (arrowl,eads), Total surch’ing rod numbers for nonsurgical rd/id 

retinas from an additiomil ftvc mice are shown by bars 11 to 15 (llht,tay). It can be seen that surgery 
j(( led to variation in rod numbers compared with nonsurgical eyes and that IllS injection produced a 

� smaller hut MzuisticalLy significant Increment In rod numbers. (B) Average (mean 2 SP-M) rod cell numbers 
calculated from (A). The GDNp4ndnced.increasc In rod numbers compared with PBS-treated and untreated 
control eyes is visiht. Probabilities indicated above GDNP are comparisons with PBS treatment (1: P < 

, 

.. 001) and nonsurgical control eyes (2: P < 0.001) and above P135 is comparison with ncmstirgical control 
eyes (3: P c 0.02). . . . . . . 

tciy 30% relative ’to the period of jbassive photoreceptor . numbers btweea GDNF- and PBS-Injected animals: 70% for 
tth inthis strain. the ERG-positive group (a = 4) and 34% for the ERG-

negative group (n 6). However’. the differences between 
stologic, Iinnunohistodiemical, and the two. groups were not statistically significant. The nv-
nphornetric Analyses 

S erage (2SM rod cell number found in GDNF-injected eyes 
Sr BROs were recorded, the.uiimals that received GDNF (89,232 – 8,033; n = 10) showed a 46% increase compared 
I PBS 

injections (a = 1C1 and a second 
group 

of control . with the number in PBS-injected eyes (61,165 – 3,259; 7? 
:e of the same age (a 6) were killed and the eyes fixed. 10) and a 113% increase compared with control noiinjccted � S 

dissected Ilpon-embeclded histcilogic sections of surgi- eyes (41,8W – 3,890; a = 6; Fig, 613). PBS injection also led 
.orcontrol eves showed that injection of GDNF or P135 did t’o�n increase (36% more) in rod numbers compared with 
lead to complications such as neovasct"larizat–on, retinal � the number in untreated eyes. These increases were all 
’ring, or macrophage invasinn by 6 tAnya after the final statistically significant: GONF versus PBS, P < 0.01; GDNF 

ction (Fig, 3). versus control, P < 0.001; PBS versus control, P < 0.02. 

Figure 4 shows a low-power view of GDNF-injected These data expressed relative to 
total rod numbers found in 4A) and PBS-injected (Fig. 4B) wholernounted id/rd norraal adult C57 mice (estimated by us as 4.13 X iOn; data 11.15 ulaijcd with rho-41)2. The overall greater, nor shown) yield 2.2%,1.5%, and 1.0% for GDNF, PBS, and the ’urviving rod pliotorcceptors after GDNF tretc noninjected ,y,V’d retinas, respectively. .1 are-sparent. Higher power photographs 5howed that To compare these data more easily with previously pub-

antibody stained the entire rod photoreceptor cell. in- Ilitheci reSults on rod loss in. the rd/rd mouse, wesecdoned five � 
ing the cell body and vestigial outer segment (Fig. 5). wlioIniountCd retinas from each experimenlmd group and re-

stereological counting frame and the principle of the examined rod cell labeling. Figure. 7 shows representative areas 
Onlaystemaric sampling pxoccdurc used are also shown from .eath experimental group and clearly shows inxmunola-gure 5. Rod ceil.courtrs for indit kItL1l animals are shown beled rods scattered among imniunoncgative cells within the gure 6A (paired GDNF-treatcd and PBS-injected d/rc/ . vestigial outer nuclear layer (QNL. Noninjected control nVnd 

and nonsurgical / d./ d mmcc I 6) The varmahtlitx retinas had ozth sparsely scattered rods  appearing as a single 
’een. lixhiridual mice in opsin-immunolabeled rod numn- discontinuous, layer along, the aderal border (Figs. 7A, 713). IS evident, but in each. case GbNP treatment Jed to PBS-injected retinas had more immunolabeled rods, appearing � ’Cr cell coonts. Corrcspondence between the degree of as a smge ddule.djscondnuous layer (Pigs. 7C, 70). GDNr � � te and functionality was suggested by the fact that three injected retinas often contained two to three rows of imnlu-� four mice in which ERC7.,s were detected (Fig. 6A, mice nolabeled rods, although areas of rod oIxsin-Inlmunonegative S � and 7) showed the highest relative differences in rod cells within tlie.ONL were still apparent (Figs. 713, 7F). Sections � 
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A id. �C57 B 1 057 
400 

days 

12 200 12  
F-volution of rd1rd and 

a100 nji I g 

n. (A) ERG recordings at different 

snatal ages for nd1rd and wild- 15 o -’-------’---------------------

,e (07) mice. Postnatal days are 12 14 15 18 20 22 24 
age (days) 

licated on the /oft of the ERG re- 17 I I 
(8) 1ivt)ltUiOEl of a- and b- 

-,veamplilucle from 12 to 24 post 19 
-----/ 

\80 rd 

al da5. Note the conlious 24- > Co I 

crease toward complete disp- 22 - ------ trance of the a- and b-waves 
in 

40 .� a-wave 

miccfiomposlflatatthvs 15 to 24 in 

contmst to the regular increase 501JV . .CL E 20 served in wIld-Wpe mice. The plot j�__ . CaCil age 

represents data from 5 200ms . . . eccepr for the latcst time tnt for the vL’1 mouse (24 days), . 12 14 16 18 20 22 24 age (days) tich represents 10 animals. . - 

to 
some human families affected by the disease!’ some GDNF-injected retinas.. It numbers of immunola-� ceo ong a largc variety of 

neurotrophic 

factors in- heled rods were detected using two methods of counting, and ard in’tT r4’r4 eyes, only dliarneurotrophic factor (CNTF) retinal glial cell physiology was also affected. In contrast, we � luced 

histologic photoreceptor cell loss. . . could exclude the involvement of decreased levels of endogc-Glial cell line- derived neurorrophic factor (GDNF), which onus GDNF in rod photoreceptor cell death in the rd/rd longs to the 

transforming growth actor $ supextmily, was mouse. it described as a stimulant of survival of dopaminergic neu is 

in 
vitro. Subsequently, its protective effects were dem-

strated in in vivo models of Parkinson disease’2° or onMA . ThRIAIS AND MrIMTODS veloping 
motoneurons.aI 

Because GDNF is synthesized in 

retina,22 
has been found to stimulate survival of newborn Animals.   cc 

photoreceprors in vitro,2 and recently was shown to hy 
photoreceptor 

outer segment collapse in vltro,4 we C3H/1-le/J. mice homozygous for the retinal ctcge;zeration IUIUCtCd electropliysiological, histologic, iminunohisto- (rd) gene (rd/rd 011c C) and C57/8L6/J control mice aged 12, flhicai Inorphometric, and molecular biologic studies to see 15, 17, 19, and 24 days were obtained from single breeding iŁther it could stimulate photoreceptor survival in the rWrd colonies maintained exclusively for our laboratory by se

 after intraocular injections in vivo. We showed that Charles River Animal Suppliers (St. Aubin-ies-ElbŁut, ,.treatment leads to functional improvement, as indicated Prance), maintained in clear plastic cages, and subjected to the presence of recordable eectrorctinograms ERGs in standard ligbt:dark cycles of 12 hours All procedures coo-A B GDNF 20 a-wsve1 --- Preservation of 

record-CL 
E 15-in GIw. compared with I l 1 22tY ni/n! niou (A) lram:Showing aniplJtucl of 1C bwal,eh fro individual . � ERG recorde(I fromloom - . � � � I � � 1Sinjected eye.’[*he tt ifiade front 0- ’- �� - PBS - mouse in avemt traces � � - � I PBS 1)aEate reconhi&gs GDNF � . 
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MW 

iaa 7. Transverse sections taken 
________ � - __________ ____________ from wholaoint of 23i1av rd/rd ret-

________ inas prelabeled with rho-4D2 and rela 
bcicd with arni-GFAP. (A) and (B) are 
the same section from 1100hXllecicd. (C) 
and (1)) from PBS-injected. and (E) and 
(F’) from CDNF’-injectd retinas. (A, C. 

-- -- - E) Sintultaittus vistialization of rod 
opsin and Gt’AP immunorcactivjiv (B, 

TI-- T A F) DART labellng, of all nuclei  The 
ho 

- : - 

iNc a brightly labeled, small round 
cells hint, -tlan, thc %L’itiglll ONI. 

�:-. --. 

slarainAC.E.withthccurrcspond-
- - ing cell indicated by stars in B, D. F’). 

Rho-43)2-immvtnonegarivc cells can be 

-. -- tecn as unlabeled areas in the OL 
- -_ - 

<acteLskc in A Cand 
£ 

with corre-
sponding cells indicated by asterisks 
in W D. and F). The different number 
of inirminolabeled rods after no injec-
lion (it = 1(k)j Malone (n = 22), (t 
GDNF treatment (n -.40) can be 
clearly seen <A. C. E respectively)-
Also, the increasing intensity of radial 

antibody can be seen in tl-e-- order 

- 

jnlCCt (B, C. and A. respectively, ai _______ 

’ 

.1 Ofl s whereas astroc ic staining b\ 

the c-tree antibody remains 

I in-itch  constant along the t-itrc’il b  
der. All micrographs were tilceil in 
proxiinitN to the optic nerve head and 

� Outer nuclear layer- INL, inner nuclear 
-�--� - - - -. �. - . . layer IN’. inner plexiform layer: GcL 

- � - - - - - - - - - -. - - 

ganglion ccli layer Scale bar, 23 pJU 

were

 

subsequently intntunolabeled with ami-GFAP antibody nonin$ected retinas, GEAP ilYmnhitfloreactivity was mostly COlt--

and the two labels iisuaiized simultaneously with it double- fined to the astrocvtcs, with only rare GFAP_in)itnopositive 

band-pass fluorescence filter. GFAP imniunot-eactivity was vis- fibers (Fig. 
) 

PBS-injected retinas showed increased OUJIt-

ible as bright labeling of estrocvtes within the time fiber layer hers of such 

fibers 
(rig. 7C), and GDNF-injected retinas COn" an(I 

faint transverse fibrous labeling of retinal M011er glia. In taiucd large numbers (Fig. 7F). Quantitative analysis of rOCi 
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pc008 (1) in the rd/rd mouse. This effct was demonstrated through 
peO.O05(2) immuflOhistOcheffiical and morphotnetric analyses and 

through measurement of light-evoked responses. To the best of 
our knowledge this is the first report in which injection of a 

., 

nurotrophic growth factor has been shown to promote im-
of retinal function in an 7 provement animal model of retinal 

degeneration closely resembling human RP. 
p<0.005 (3) laktorovleh et a). "3 first showed the feasibility of using 

.PQlYiePtde growth factors to slow photoreceptor. loss in in-
herited retinal degeneration. Using a rat model of RP they 
showed that intraocular injections of itGF2 delayed rod pho. 

. 4 toreceptor loss. They also reported recently the effects of 
S

 

intraocular injection of multiple neutotrophic factors cNTF. 

3 brain-derived neurotrophic factor, PGF-2, leukemia inhibitory 
factor. Insulin-lure growth factor II, neurotrophin-3 and -4. and 

2 nerve growth factor) on Slowing rod photoreceptor loss in 
several mouse models of retinal degeneration including the 

� rd/rd mouse.5 These molecules were chosea because they are 
known to exhibit neuroprotective effects in ther retinal mod-

- 

els or elsewhere in the nervous system Of all these 

GDNF PBS CONTROL 
factors only rat CNTP injected between postnatal days 7 and 
10 had a protective effect I week later in rd/rd atice. In an 

muaa 8. Rod munbcrs determinetl from transvCrse Sections ofindependent study. CNTP delivered by adenoviral vectors 
iDNl-. P135-. and noninjected rd/rd retinas. Average nurnbe’s (tflm t showed histologic and functional protection of rod photore-

EflunoJabeled

 rods were calculated, from the entire width of ceptors in another mut ant, the retin al degeneration slow (rds) 
Si’ tin passing through rIte optic nerve head from retinas of mouser Rescue effectso f P138 injections alone have not been ach edmental group (n 

= 

5). Rod numbers were not statistically 
re iffent between GDNF- and P135-treated retinas (1: P < 0M8), Rod

 
previously observed in mouse rd mutants, whereas in our  

.umbers  were significantly higher in Q1)NIL compared with nonin- study P138 injection alone induced a significant rescue effect at 
eted retinas (2: P < 0.005) and in PBS compared with nonlnlccted the histologic level, but did nOt lead to detectable functional 
tinas (3: P < 0.005). improvement in any animal examined. Transient rescue effects 

of PBS injections have been previously reported in the rat 

.urnbe.rs from transverse sections revealed an average (–SEM) and are thought to result from local release of endogenous 

f 7.70 t 1.10 rods/I 20 tn (n 5) for GDNF-Injected, 5.30 – trophic factors as a result of tissue damage. 

.48. rods/120 /tin (n 
- 5) for PBS-injected, and 314– 13 GDNF was one of the few neurotropitic factors not tested 

As/ 120 Am (n.5) for ttOninjeted retinas (Pig. 8). The 
in the exhaustive recent trials by UtVail et al. It was shown 

iffercnce in rod numbers between G1)NP-treated, PBS-treated, recncly, when used at relatively high concentrations, to have 

nd nonsurgical retinas was not significant between GDNF and � 
protective effec;s against photoreceptor outer segment eel-

135 (P.< 0.08), but was significant between ODNF and non- lapse in short-term in vitro assays.z’ it is impossible 
to 

know 

argical control eyes (P < 0.005) and between PBS-injected � the final concentration of the subretirially injected GDNF used 

nd nonsurgical control eyes (P< 0o05). � in the present study, although the dose administered lies in the 
� � range normally’ used for intraocular growth flictor injec-

xpresslon of GDNF rnBNA in rd/rd Mice tiOflL6’(y Although It Is possible that GDNF may constitute one 

o study the possible involvement of GDNF its an endogenous 
of the few, identified neurotrophic factors influencing rod pito-

’opitic tiictor for rods, we analyzed the expression of endog-. 
toreceptor survival in inherited retinal degenerations in which 

I10

rnRNA in mouse retina (Pig. 9A). Lane 1 shows 
� the gene defect is localized to the rod cell, other 

criteria such -E 

tat 
ntRNA was expressed in higher steady state 

as timing or ocular site of injection and approach were prob-, atouhs in 

retina 
compared with the remainder of the eye ably critical, 

Our 
injections 

were performed 
at relatively late ’atlo (,:4). Twelve-day-old rd/rd mice expressed rod-specific’ times, 

after 
the initial onset of rod toss in this strain.  

These todopsin mRNA at levels comparthle to 35-day-old C57 mice � ages 

were 
chosen 

to 
permit injection into the subretinal 

space, zig. 913. lanes I 10, and 11). Large decreases In rhodopsin which was 

not 
routinely possible in younger animals. The 

iRNA expression were observed in rd/rd mice between 
days stereological method of 

counting, originally developed for as-2 and 120 (lanes 1 through 9). During 

the whole period, leveis sessment of neuronal numbers in brain egions,2’54 allows an f GDNF mIlNA
 (lanes 12 through 20) and thOse of the 

house- accurate unbiased estimation of total cell numbers, reducing reping 

enzyme G6PDH (1aes 23 through 31) remained Un’ greatly 
the 

variability induced by regional 
differences (superior hanged and were similar to their respective expression inteit- versus 

inferior 
hemisphere, site of injection). Nevertheless, 

ties in C57 mouse eye at 35 days (lanes 21, 22, 2. and 33).increased rod numbers were also reliably scored 
in transverse retinal sections as routinely used by other investigators. 5-’° GDNF may 

he a particularly interesting neuroprotective )scuss1oN ’ molecule, because unlike FGF-2 It Is not reported to be angio-genie and thus should not lead to iteovascular cornplications. ur data show a stimulatory effect of 

suhretlnal 
injections of Histologic observations in the present study also did not record ic rteurotrophic factor GDNF on rod photoreceptor survival the presence of new retinal blood vessels or invading macro-
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levelS during the course Of rod degen-

35 ct-titian and the uniform prorne of 35 
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and G6PDU can be seen. 

phages. Although this distant member of the transforming injection was effective at slowing rod loss even though treat-

growth faetor-Ø  superfitmily was originally thought to be a nient was begun after the initiation of rod degeneration in this 

. 

specific survlvai factor for dopaminergic neurons, GDNF-is traht’’ Such findings may be of clinical significance, because 

. now known to stimulate a wide variety of atitonontic. Sensory, they suggest growth factor treatment conk! be effective after 

and motoneurots21 and has. an important role in kidney the onset. of photoreceptor death in RP patients. Enhanced 

developxbent. Previous studies have indicated the potential photoreceptor survival after � gene transfer of CNT1 in rds 

� value of GDNFas a neuroprotective agent � for the retina � mice, gene transfer of the normal P1)11 gene in rd mic, Or 

through the demonstration that subnanomolar.  concentrations - targeted digestion of mutant opsin mRNA by adenovirally de-

af GDN increase cell survival in enriched photoreceptor eul- livered ribozymes in trausgenic retinal degeneration rats’  

tures prepared front newborn mice and that rat photoreceptor have all been obtained when treatment began long leforC 

- cultures possess high-affinity GDN1t receptOrs. GDNJ is -cx- photoreceptor loss. The second -is that intraocular injection of 
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� mostly in the innermost layer In the mouse embryo, it is � expression, Indicating that, similar to FGF-2,’ this growth � - 
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optic vesicle and later in the niesenchymal components of th gUn and ’that. its effects on rod survival may be mediated 

developing Another member Of the GDNP subfamily, - through an indirect patbwa)’15 We are currently exploring this 

ncurtuiin and its rcceptor components G?Rcz2 and Ret, vere � hypothesis. 

also recently detected it-i normal and rd mouse retina through- The detection of an ERG in GDNF-injected eyes is 51) 

out the life span,*’ In ’the present study, two histologic óhser- � especially important finding in the present study, indicating 

vtuions may be of particular importance. The first is that GDNF. � that visual function was extended in treated rd/rd retina. Our 
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