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Rod Outer Segment Mamtenance ls Enhanced in the Presence
' of bFGF CNTF and GDNF Y

MARY E. CARWILEb RICHARD B. CULBERTa RACHELL"STURDIVANTa o |
' -AND TIMOTHY W, KRAFT’“’* \

From the Departmenrs of & Ophthalmology and "Phys:ology and Brophys;cs, Unlvers;ty of Alabama at
B’/rmmgham, Blrmmgham Alabama 35233 u. S A

Exp. Eye Res (1998) 66 791—805
Article Number : ey980488 \

(Rece:ved Cleveland 27 May 7.997 and accepted in rewsed form 13 February 7 .998)

We employed a morphologlcal assay of outer seg;ment co]lapse to determine if growth factors or other
Supplements directly affect dissociated rod photoreceptors in vitro. The morphological changes in outer
. ségments were correlated with the light responsiveness of rods. Time-lapse video microscopy was used to
. observe the collapse of rod outer segments from isolated single cells and small 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 rmeasured with suction electrode recordings and matched with the
" various stages of outer ségment 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 times. 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 (BDNF) was applied to rat rods, otter
segment survival times did not change. Outer segments collapsed more quickly ‘when either pigment
epithelial cell derived factor (PEDF) or sugar N-acetyl p-galactosamine {NAD-gal) were present. Our
results show that rod photoreceptors can respond fo. bPGF, GDNF and CNTF in vitro and provide evidence
for a direct effect of these neurotmpmc factors on rods. The rapid collapse of isolated photoreceptors in
this model provides a convement means for testing various neurotrophic agents and the induced cellular
TesSponses. © 1998 ‘Academic Press
Key words: rat; human retma photoreceptor rod growth factor; bFGF; CNTF; GDNF; BDNF; PEDF

1. Introductiori‘ &

Several pathoidgjical\cendiﬁons result in loss of vision -

due to degeneration of photoreceptors, including

retinitis pigmentosa and macular degeneration. The .

etiology of the photoreceptor degeneration in. these
cases is not known, and as yet there is no known
effective treatment. Several growth factors and neuro-
trophic factors, have. been shown to have survival-

" promoting activity in retinal tissues. Brmn—denved_
neurotrophic factor (BDNF) ciliary neurotrophic fac- -
tor (CNTE) and basic fibroblast growth factor (bEGF) .

are ‘protective against pressure-induced retinal is-

chemia, 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 bPGF
also reduces rod loss dueto laser i IIIJIIL"Y (Schuschereba
et al., 1994) as well as age-related or scrapie-induced
photoreceptor cell loss in roderits (Fraser et al., 1997;

Lin et al., 1997), CNTF has been shown to slow
photoreceptor degeneration in mouse models such as
rd- (retinal degenerauon) and rhodopsm mutant mice

T por coxrespoxidence and reprint réquests 1o: Timothy W. Kraft,

Umversxty of Alabama at Birimbigham, Department of Ophthal-

mology, 700 S. 18th St., Birmingham, AL 35233 US.A.
- 0014-4835/98/060791 +15 $25.00/0

'(La_le et al,; 1996). The retinal eﬁects of growth

factors in these in vivo models are seen after injection

 of the factor either intravitreally or subretinally into
an intact eye. Commonly, the prevention of insult-
‘induced outer nuclear layer (ONL) thinning in the test

: Teye is nused as an outcome measure. In these systems
.- the effect of the growth factors could be directly on the

photoreceptors or mediated - indirectly through- the

* dctions of the retinal pigment epithelium (RPE), Miiller

‘cells or oth_er retinal neurons. Glial cell-line-derived
‘neurotrophic factor (GDNF} is a newly isolated factor

‘which ‘was originally characterized for its ability to

cause a dose-dependent increase in the survival of

- dopaminergic neurons  (Lin et al, 1993). Subse-

quently, GDNF has been found fo be expressed in

numerous areas including .the retina ‘and to have -

effects. upon ‘peripheral sensoty and motor neurons

_(Trupp et al., 1995; Norsat et al,, 1996). N-acetyl -
.. galactosamine (NAD-gal) is oné of several sugars that

L

has been shown to be permissive of outer __seg'ment '
formation in vitro ii the absence of an RPE cell layer

" in Xenopus (Stiemke and Hollyfield, 1994). Pigment
“ .- epithelial cell derived factor (PEDF) is a retinal factor

that increases viability of cerebeller granule cells in

" vitro (Taniwaki et ak, 1995, 1997).

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

' © 1998 Academic Press






g

" Courtois,

792

“continue to express opsm, however, these cells lack e
. outer ‘segments and ‘compartmentalization- of frans- -

.duction proteins (Politi and Adler; 1986; Hicks: and
: '1992; Mandel, MacLeish and Townes-
- Anderson, 1993; Hicks et -al,; 1994). We have.
developed a rhodel to observe the collapse of individual

rod photoreceptor, outer segments and have related
these morphological changes to light responsiveness of

the cells. We report here the effectsof bFGF, BDNF,

GDNF, NAD-gal, CNTF and PEDF on the mamtenance
of the outer segments of isolated single photoreceptors
and show the usefulness of this model in quantifying
the: sumval»promotmg “activity = of - neurotrophic

factors. Preliminary reports of thig work have been

presented in abstract form (Carwﬂe, Dooner and Kraft
1995; Culbert et al., 1996) :

2, Materials 'aild 'Mef:hods U

Acquisition and Pf‘eparanon of Tissue.

Human donor éyes were aeqmred from fhie Alabama

* Eye Bank or from ‘exenterations due to craniofacial

- tumors, Acceptance criteria were that the globe had to -
be available within 3 hr of death (Table I) and that the
donor must not ‘have been on' a respirator for more

than 3 days prior to enucleation, Specific times of

- acquisition for each case ‘are given in Table I. No

ocular complications were reported, but twe donors

were identified as septic. “After removal of the sclera,
RPE, ‘and vitreous, the xsolated retinas were cut in

pieces.approximately 8 x 5 mm and stored at 4°C for

3-9 days in Leibovitz's L-15 medium (Gibco, Grand
gentanucm =
(0-1 mg ml“* or 10 #g mb?y (Gibco) and-an additional
10 mm glucose The storage medium was changed
every. 2’ days. Human retinal samples were generally’
taken from peripheral retina outside the céntral 9 mm . -

Istand, ‘NY, US.A) containing:

ML E. CARW}LE ET AL

‘but at Ieast 5 mm from the ora serrata. Donor tlSSlleS

are’ typically exposed to’ s1gmﬁcant levels -of light
‘during ~enucleation - and - corneal harvesting pro--
‘cedures. -Because of this light exposure, it was -
‘  necessary - to. regenerate visual pigment in human'
 tissues used for electrophysmlogy To regenierate visual
pigment, tissue was stored in L-15 medium which

‘included 11-cis-retinal (about 30 ugml™ in 0-5%
‘ethanol). Photoreceptor dissociations and experiments

with these tissues were performed under infrared and

du:n red tight. .- -
" Hybrid Fisher 344—Browx1 NorWay rats and Long-

Evans hooded rats were obtained from Harlan
‘ Sprague—Dawley (Indlanapohs IN, U.S.A.).- ‘When

" possible, litter mates were used in consecutive experi-

ments tes‘ung the samie compound. Rats were broadly -

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

" Rats were killed in a CO; chamber, and both eyes were -
immediately enucleated The eyes were then sectioned

 through the pars plana. The neurosensory retina was

pecled from the RPE, cut at the optic nerve and

removed Each retma was halved, and the hemxretmae

- containing -0-1 mg ml-? gentamicin (Gibco, - Grand
Island, NY, U.S.A.), Generally four experiments were

+ carried out per rat; interleaved trials of test and
" control media consisted of a paired coritrol and test on

the day of killing arid a second pair of experiments on
the day after killing. In some instances all experiments

L were performed on the day of killing.

At the begmmng of each experiment; a piece of

retina was finely. chopped in HEPES medl_u_m with a’

razor blade. The pleces. were incubated in 0-5 ml
DNage I (0:-1 mg mi%, pH 7-4) (Sigma No. D-5025, St.
' Loms MO, US.A))for 15 minutes at 23°C. The

* temperature was elevated to 34-5°C for rat retina and

37°C for human retina by perfusion of the chamber

TABLE I .
Tzssue sour(:es, sex, age and delay trmes

R _ Enucleatwn r»_Total \ CRCEC ISR N
Bye . -0 o0 Sex,age. - deIay (hr)‘* o defay (hr)? , Cause. of death/enucleation
1 M88 '1'52__7 ' 3:04. . post.operativé hemorrhage
2 M75 . T Li350 0 3¥35. - cardiopulmonary arrest
3 M7 Y86 1141, . myocardial infarction; sepsis .
4 G M75 22:01 3:41 " myocardial infarction .
5000 o FR0 s 000 - 0:35; . sguamous cell carcinoma
6/7 . M6 2126 ©3:49 . lymphorma
8. . . F79 L 1:59 e 22240 chrondc obstructive puhnoaary disease
9o 2 M78 ‘ 140 ©3:02 7 mltiple myeloma
10/ e M87 1:29 2:02' " "cardiogenic shock
X F3900 Telded /1152 pulmonary hypertensmn sepsxs
12 L RT9 L s T 1310 231200 lung cancer P
13¢ e -\M69 oy 1:30. " 2: 35 : myocardlal mfarction

# The ﬁrst delay represents the tithe from eessation of retinal cu-culaﬁon to enucleaﬁou . g
¥ The second delay includes the time before retmal isolauon and sterage at 4"(1

€ Eyes used. for electrophysxology

- were stored ‘at 4°C. in. Leibovitzs I-15 medium -
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EFFECT OF NEUROTROPHIC FACTORS ON RODS IN VITRO - ‘ 793

Fic. 1. Video images of human RIS / ROS taken during the course of a 4-hr experiment showing collapse of the outer segments
at 37°C. Initial Jength of both outer segments was 24 zm. 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 (Ragel,
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 pH of 7:5. The experimental chamber was
perfused at 77 ml hr*, yielding one volume exchange
every 20 minutes. Syringes, delivery lines and the
coverslip were changed for each solution to ensure no
lingering effects of prior test media. For electrical
recordings of light responses, all procedures were
identical except that rats wete dark-adapted for 1 hr
prior to death, and experiments wete performed under
infrared and dim red light. Experiments were designed
and conducted in accordance with the ARVQ 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, béginning with a swelling and

lengthening of outer segments. Pronase (1 mg ml™)-
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 (0-4% for
5 minutes) to test viability of single cells shortly after

‘ mechanic_al dissociation. The dye was applied at or
near the end of the remaining experiments (0-05%, for

10-30 minutes) totest viability of photoreceptors with
completely collapsed outer segments. The experimen-
tal chamber was quickly rinsed with HEPES 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

- LabVIEW software (National Instruments, Austin, TX,

U.8.A.). The averaging and analysis routines written -
using Igor (Wavemetrics, Lake Oswego, OR, US.A.)

—were kindly provided by Dr David Schneeweis (San

Francisco, CA, U.8.A.). The optical bench focused a .

425-ym-diameter spot of light at the specimen plane of

a Zeiss (Hanover, MD, U.8.A.) Axioscope microscope.
Neutral density filters (Reynard, San Clemente, CA,
U.8.A.) were ased to control stimulus intensity (Kraft,
Schneeweis ‘and Schnapf, - 1993).  Electrodes were
slightly oversized to avoid any physical damage ‘to
outer segments; however, because of the large pipette
tip diameters, electrode seals were poor, and current
collection was relatively inefficient. Consistent re-
cordings were obtained by using the same electrode
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 setuim albumin (BSA)
or any neurotrophic factors.

Solutions

The control solution was Locke’s solution with BSA
(1 mg ml%), BSA was included in the media to block
non-specific binding and ensure growth factor- de-
livery. The Locke’s solution contained the following in
mu: NaCl (120), NaHCO; (20), KC1 (3-6), MgCl, (2-4),
CaCl, (1:2), HEPES (3:0); EDTA (0-02), and glucose
(10), supplemented with vitamins and amino acids
(Gibco, BMRE). The HEPES medium contained in
mmM NaCl (140), KCl (3-6), MgCl, (2-4), CaCl, (1-2),

'HEPES (3-0), and glucose (10). Crystalline BSA (Sigma, -

A7511) was used for about 1/2 of the assays. After a
test of the crystalline vs. Fraction V BSA (Sigma No.
PB1600-100) showed no difference in outer segment
survival times, Fraction V BSA was used in the
remaining experiments. The test media contained one
of the following: BDNF (25 ng ml™), GDNF.(0-1 or
1 pg mi™*), CNTF (10 ng ml™), PEDF (100 ng m]™),
bFGF (25 ng mi™) or bFGF with heparin (40 ng mi™)
(Sigma, No. H-3393). Heparin was added to the bFGF
medium to facilitate binding of bFGF to high-affinity
receptors (Klagsburn and Baird, '1991). Human
recombinant bEGF was purchased from Quality Con-
trolled Biochemicals (Hopkinton, MA, U.5.A.). Human
recombinant BDNF was a gift of Regeneron Phartua-
ceuticals Inc. (Tarrytown, NY, U.8.A.), human recom-

. binant GDNF ‘was a gift from Amgen, Inc. (Thousand
Oaks, CA, US.A.), and human PEDF was a gift of Dr
Joyce Tombran-Tink (NEI). Rat recombinant CNTF
was purchased from RBI (Natick, MA; U.S.A.):: The
BSA concentration was 1 mgmi~ except when a
higher concentration (5 mg mi™) was used.for the
GDNF -experiments based on the advice of Dr Jean-
Claude Louis (Amgen, Inc.), .

In addition to growth factors, the sugar NAD-gal,

was tested (0-5mm, Sigma, A-2795). In the first

M. E. CARWILE ET AL,

P16, 2, Video images of a single rat RIS/ROS taken during
the course of a 2-hr experiment showing collapse of the
outer segment at 34-5°C, Initial outer segment length was
24 pm, Scale bar = 10 pm.

experimnent the retina was stored overnight in I-15 as
described earlier. In the second experiment the retina
was stored overnight in I-15 with NAD-gal. A mixture
of several growth . factors (MIX) was tested; MIX
contained the following growth factor/cofactor con-
centrations (ng/ml): BONF (25), GDNF (100), CNTF
(10), PEDF {100), bFGF (10) and heparin (40). The
MIX medium also contained the sugar, NAD-gal
(0-5 mm), and taurine (6 um). Taurine was not tested
independently. '

Video and Statistical Analysis

Cells were examined under 40X and 63X water

E immersion objectives with - differential  interference
contrast optics and white light. Fine chopping of the

retina produced small clumps of photoreceptors, single
rod inner and outer segments. lacking nuclei and
synaptic endings (RIS/ROS), and many isolated outer
segments. Rods chosen for observation had long
(human mean = 21 pm; rat mean = 22 pm), straight
outer segments that were clearly visible to the point of
attachment with the inner segments (Figs 1 and 2,
upper left panels). '

The starting time of the experiments (t= 0) was

defined as the time that DNase was rinsed away and
.warm perfusion medium began to 8l the chamber.

Images of the outersegments were digitized at 20-
minute intervals in human experiments and.7-minute
intervals in rat experiments (Data Translation Quick
Capture or Scion LG-3 frame grabber, NIH Image

. software) until all or almost all the outer segments
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under observation had' completely -collapsed. Ty,
values, defined as the time required -for an outer
segment to reach 50%. of its starting“léngth 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 ¢ test. For the
rat data, tissues were obtained from a more controlled
and uniform source, and the results for all experiments
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
- rats between 18 and 25 mt_mths~old.

3. Results
Time-lapse Observations of Outer Segments

Isolated RIS/ROS (rod inner and outer: segments)
have the highly orgenized appearance of. photo-
receptors in the intact eye (Fig: 1. t= 15 min). 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.
Initilly, 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 br of the
experiment, the outer segment length was constant
even though bends and folds had developed, The innér
segment became granular and continued to enlarge,
and often its organelles became visible, suggesting that
it may have been flattening against the coverslip (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 inper
segment. To quantify the time course of these changes,
we plotted the outer segment lenigth vs. time and
found the time required for the outer segment to be
reduced to 50% of its starting length (T,,).

Viewing several areas of the experimental chamber .

and following up to 20 rods, we quantitatively
described the results of an experiment as the mean Ty,
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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Fie. 3. Measurements of outer segment lengths from
human expériments. Lepgths have been normalized to
starting lengths. (A) BSA experiment (1 mgmi™), Ty =
3734075 (n=17). (B} bFGF experiment {25 ng ml1),
Ty =411 085 (n="15).

the outer ségments degenerated beyond 509% and
eventually collapsed fully, 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 Ty, 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 21-6+2-8 ym (mean £s.0.).

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 34-5°C for
the rat experiments to slow morphological changes for
accurate recording of outer segment length. On






‘ TABLE 18 \ :
Mean I;,,, vaIues for smgle cells vs. clumped cells

Smgles Groups =

Eye 1, Locke's Soln"‘

Eye 2, Locke’s Soln.: 1673014 (7). 1774013 (13)

Eye 1, BSA 2004050 (4) 2-13+0:1027) 7
Eye 2, BSA 283+0:17(6) 2:63+0-14 (17}
Eye 1, BFGF 2722 012(7) 269+ 017(25) ¢
Eye 2, bEGF : 267i0 20 (13)2 70:!;0 12 (14)'

Results are mean Tﬁn values (hr) 4. for the number of cells in '

: parentheses P 0 ()02. statistically sigmﬁcant dxﬁ'etence .

TABLE III _
Effect of bFGF cm huinan outer segment mamtenarwe

CBSA ._\f_bFGP
Hye 1 2114010(31). + 2:694£0:13 (32) (D) :
Eye2. . 268+011(23) 2681011 (27)(ns)
- Bye3  500£030(16) . . 699+£049(18) ()
CEyed . 474+042(12) - 8001047 (9) ()
Bye 5. 944+062(9) . 7494073{7) (ns)
Eye 6/7°  4204012(65) 4311009 (87)(ns) -
Eye 8 C489+0:13(64) . 5201013 (47) (ns)
Eye 9 " 465+021(41) = 496+026(43)(ns)
Eye 10 ' 677+£021(55). 5864019 (43)({)
Eye 11 478+0:18(39) 583+0 32671

Rasults ate mean Tﬁo values (hr)is E. for the number of cells \

- indicated in pareritheses.

: P'values indicate statistically sxgmﬁcant dlﬂ'ereuoes P 0 001,

- TP <001 and £P< 005,

pooled

- average the rat outer ségments sur\nve& oniy' one-

third to one-quarter as long as. human outer segments

" ‘despite the lower temperatures Other ‘small mor-

" phological differences were noted in the collapse of rat
- outer segments. Changes in the inner segment were

‘not'as apparent or early as in human rods. The outer -

segments often would straighten out again just before
the inner segment rounded. Immediately thereafter,

- the outer segment rapidly collapsed; During the rapid . .

phase of outer segment coltapse (10-20 seconds), we

readily observed the incorporation of 5-10 ;am—lengths‘ B

* of outer segment into the inner segment as it occurred. '
Figure 3 shows the normalized outer segment‘

lengths for one BSA and one bFGF experiment from

" the same humaneye.. The pattern of maintained -

" length and rapxd collapse of the outer segment deplcted
by Figs 1, 2 and -3 occurred repeatedly in " all

- experiments. Although the ‘total experiment diration

varied across tissues (Table III), the outer segment

length vs. time curves had strikingly consisterit shapes.
The longest experiment on human tissue lasted 12 hr,”
and the mean survival time for outer segments in that ‘

experiment was 9-4 hr (Table o).

In - this assay, both smgle RIS/ROS and outer o

: 096+0 14: (5) 17340 11 (20) :

‘Mean Tso (hrs) =
(£

® Eyeés 6 and 7 ‘came from the ame, domr and results were'\

M. E. CARWILE ET AL

1 F
6 ot 2 3 4

Storage Time (days)

Fic. 4; Survival time of human rods isolated from the same
-eye stored for several days. Before experiments, tissue was

stored in Leibovitz's L-15 at 4°C., Experiments were per-

" formed at 37°C. Mean ‘T4, values for repeated experiments
‘with BSA<containing' medium are shown for tissue¢ from
three different donors (represented by different symbols)

segments on small pieces of retma were measured. To

‘ _ensure that the presence of other cell types in the small
- groups did- not- significantly’ alter our results, an
‘analysis of six human experiments included a com-

parison of the mean T;, values for single cells and
those in- clumps. A normal approximation to the
Wilcoxon Rank Sum test, which allows the com-

“parison of two populations with small and. dissimilar

. sample sizes, yielded no difference in mean T, between

" singles and groups in'BSA or bEGF (Table 1I)..In one
. -out of two comparisons of single RIS/ROS vs. clusters
in Locke's -solution - (no additives), there was . a
significantly greater survival time for cells in clusters
AP < 0-002). It i3 possible that in our isolation

procedure rods in’ clusters undergo less mechanical
damage’ than smgle cells, but overall the effect is

g mmlmal

Tissue Longewty and Vzabxllty
Isolat&d human retinal tissue was stored at 4:°C for

“up to 9 days in Leibovitz's 1-15 medinm exchanged
every two ddys. Repeated experiments several days .-

apart using the same medium ‘and tissue from the
same eye produced very consistent results. Figure 4

“shows stable T, values obtained in repeated experi-

ments over a 4~day period for tissues from three eyes

using medium containing BSA. The outer segment

. survival times (mean T,,) varied considerably between

: cages, which is not surprising given the unknown and
‘highly variable  physiologic state of donor tissue
" received (TableI). However, the consistency of repeated

experiments for a given tissue shows that the outer =

" segment collapse assay is reliable, allowing collapse

rates under test and control conditions to be compared

; _ statistically.
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As expected freshly dxssomated RIS/ROS exposed_ :

“to trypan blue just after DNase treatment, excluded the
‘dye. In addition, cells with straight, bent; or broken

outer segments and even inner segments with no

outer . segments excluded dye apphed at the end of
experiments (upto 12 hrlater) mdlcatwe of continned
cell Vlabihty PR . _

Relationship of Rod Outer Segment Morphology and
Light Responses.: »

The goal of these expeﬁh:ents_ was to enhance the -
survival time of functional isolated photoreceptors,

where function is defined in terms of light respon-

siveness. We have tested whether bFGF ¢an prolong. . |

the structural integrity of rod outer segments and have
related ‘that integrity to rod  function. To relate

morphological observations with the functional state

of the cells, we made suction electrode recordmgs from

outer segments with various degrees of bends and -

lengths.

Figure 5 shows video frame images of three different .

RIS/ROS and their corresponding light responses. A

cell with a long, straight outer segment [Fig. 5(A)]

responded to ‘saturating and sub-saturating ‘500-nm

light with faster rismg: phas_e ‘and recovery- kinetics - :
_[Fig. 5(B)] than another cell, with a slightly bent outer -

segment [Fig. 5(C), (D)]. Any morphological disturb-

ance of the outer segment beyond a slight bending was :

indicative of an unresponsive, cell [Fig. 5(8) and 5(F)].
These results have been observed repeatedly in
recordings ‘from this and other human tissues. To

relate the physmlogzc responses of a human rod whose

- outer segment. is collapsing inside the recording

_pipette, we have made continuous recording of human
rods for 4-7 hr. The amplitudes of light responses over

the course of 7 hr were reduced as the outer segment

partially collapsed inside the electrode [Fig. 6(A)].
Outer segment blebbing and a gradual 309 decline in -

outer ‘segment length (A) were accompamed by a

substantial decline in flash-sensitivity S, picoamperes
of current generated per incident photon (Q), and an.” -

increase in the time-to-peak of the dim flash response
~ (dashed line) [Fig. 6(B)]. A second experiment of this

type on the following day yielded similar outer segment o
collapse and decrease in light responsiveness. The

 flash sensitivity ‘and intensity . required ' for  half-

maximal response (I;;) In these experiments were

comparable to published values (Kraft et al.; 1993).
The loss of light responses from rat (2-month-old)

rods preceded morphological changes in the outer -
segments. Rods with long, straight outer segments =
responded to brief flashes of 500-nm light. However,

35 minutes after DNase dissociation was the latest
time at which: a light response could be recorded.
Seven out of 12 rods were light-responsive within the
first 35 minutes (up to 4 pA, saturating). Out of 22
rods none were_hght—responswe after 35 minutes.

Effect of bFGF on Human Rods

- The addition of 'a-nonnspec‘iﬁc protein (BSA) to the =
- medium enhanced the survival time of the outer-

segments in seven out of eight experiments performed

on -human tissues from five donor eyes (mean
“improveinent 46 %), and in four out of four experi-

ments on rat tissues (mean improvement 59%). The

_presence of extracellular protein had a marked effect in

stabilizing  the outer’ segment. structure;  thus, all
remaining experiments were done with solutions

.. containing BSA in order to concentrate on the effects

of bRGF.

Experimentsr on four eyves from different donors -
- showed a statistically significant bFGF effect (Table III

and Fig. 7, @). The straight line with a slope of one

“represents zero effect. Survival times were increased by
. 2846%,404109%, 68+9%, and 22 £ 7% in Eyes 1
TP < 001), 3.(P <005), 4(P<0-001) and 11 (P <«

0-01), respectively. Two eyes came from donors with
sepsis;

yielded no effect, and in one eye the presence bFGF

* reduced OS survival times by 133+7% (Fig. 7, A). In
one additional experiment on tissue from eye 8, the
‘cofactor heparin was included. In" this case the

combination of bFGF and heparin produced a stat-
istically significant increase in ‘outer segment survival

‘time whereas bFGF alone had not, T, = 5-54+0-33
- (n=16) (P < 0-02). The enhancement of an bFGF
. effect by heparin was also seen in the resulis from rat

retina. The addition of heparin alone had no effect on

'o_uter segment. survival times.

' Growth Factor Eﬂects on Survival of Rat Rod Quter

Segments g

Aswiththe human tissue the outer segment collapse .
of rat rods followed a regular pattern. There was
. typically ‘a plateau phase .during which the cells

. underwent very little change; the plateau phase was

followed by a rounding of the cell body and then a

rapid collapse of the cuter segment. Effective com-

pounds prolonged the phase in which the full outer
segment length  was maintained, but did little to
reduce the speed the outer segment collapsed after the
process had started. In order to more easily summarize

" numerous ‘experiments on rat tissues all data were

pooled. Table IV and Figs 8 and 9 summarize the

. "ANOVA. analysis of 151 experiments on 44 rats

containing a total of 2,100 observations of the outer

'segment vollapse and measurement of T,0 The rats

were grouped into two age categories, old (18-25
month-old) and young (1-10- months-old). Figure

~ B(A) shows results of adding bFGF with and without

the cofactor heparin in young rats. The addition of
25 ng mI-* bEGF caused a significant decrease in O.S.

survival time, while the addition of heparin alone was -

in both of these cases bFGF produced a
significant improvement in outer. segment survival
times. Experiments with bFGF on tissue from five cases’
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P16, 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 520 individual traces,
T = 35°C, DC to 50 Hz, 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 #gm 2 (n =5), 43 photons ym— (n = 10) and 10 phiotons pm~2 (n'= 15). (C} A rod with
a single bend in the outer segment. (D) Three responses-of the rod in C to-brief flashes of light. Intensities were 85 photons ym™?
{n:= 10), 43 photonis pm~2 (n.= 10), and 10 photons gm~2 (n = 20}. (E} Single RIS/ROS with several bends along the outer
segment, (F) Averaged current traces show no response from the ¢ell in E for a light intensity of 1200 photons pm~2 (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 < 0-05) and heparin
solutions (P.< 0:0001). In older rats the addition. of
25 ng mi~! bFGF also caused. a significant decrease in
0.8. survival time [Fig. 8(B)]. 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 degéneration. Figure 9 and
Table IV summarize results from experiments with five
other factors, Asterisks indicate significant differences
from the control solution (T, of 1-44 hr shown by

~'dashed line). Neither BDNF (25 ng ml™) nor GDNF
(100 ng ml™) significantly changed outer segment.

survival times. ‘A higher concentration of GDNF

(1 pgmi?) and CNTF (10ngmi?) resulted in a
“significant increase in outer segment survival time,

When either PEDF (100 ng mi™*) or the sugar NAD-
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 T;,
declined 15% in the presence of multiple growth

factors. The mean T,, in BSA was 1-38 +0-05 hr (n=

65), -and the mean T,, in MIX medium was
1184002 hr (n = 67) (P < 0:001),

4. Discussion -

The conditionr of the outer seginent is ’a cride

indicator of the functional status of the rod photo- .

receptor in the sense that rods cannot signal the
presenice or abgence 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-Andeérson,
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 (Scharfman, 1997; Suven 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 previousty

shown to be effective in neural tissue (Lin et 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 GDNF 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 recepior 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 prevernt
photoreceptor degeneration in' vivo, (LaVail et-al.,

:1992; 1996; Cayouette and Gravel, 1997} and is
upregulated in response to mechanical injury (Wen ef

al., 1995). The CNTF-receptor alpha subunit has been
localized, by in: situ hybridization, to ganglion and
hotizontal cells, but not photoreceptors in postnatal
day 6 and adult rat retina (Kirsch et 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 (Bzzeddine et al., 1997).
Initially bFGF was studied for its mitogenic roles,

controlling enfry. into the cell cycle, and mediating.
differentiation (Gospodarowicz, 1985; Gospodarowicz

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 et 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 yetinas from
light-damaged rats has been demonstrated with ERG

162
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Fic. 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 hrj; scale bar = 20 gm. (B) Outer segment collapse (A ), flash sensitivities
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31 photons gm~* declined drastically as the outer segment collapsed within the pipetté. 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 pogt-DNase. T = 35°C.

recordings (Masuda et al., 1995). Our study also “of other retinal cell types. It is the first to describe
suggests that functional rescue of rods by bEGF in vitro bFGF’s ability to maintain single rod outer segments,
is possible, an effect which appears to be independent .. structures that are crucial to the generation of light
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i1

Teo bFGF (hrs)

1 3 5 7 9 11
Tso BSA (hrs) _
F1c. 7. Survival times of humén rod outer segmerts in
BSA piotted against survival times of tissue from the same
patient in bFGF {4 5.E.M.). Survival times were those reguired
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 differenics in favor of bEGF (circles) (P < 0-001,
P <001, P<005) or BSA (triangle) (P< 0-01). The
straight line with a slope of one represents zero effect.

responses. The relationship between changes in mor-
- phology and light résponses was evident in hdman
tissue where flash sensitivity and response kinetics
decreased substantially as the outer segment shorter-
ed. This relationship was not documented with the
more fragile rat rods as light responsiveness was lost
‘before notable morphological changes occurred. Never-
theless, during*the early critical period in which

recordings could be made, rat RIS/ROS with long, .

A Young Rat

TSO(NS) 15 maey

BSA BEGF ~ bEGF+Heparin - Heparin

'B Old Rat

Tygltrs) 1.3

bFGF+Heparin - Heparin

BSA bFGF

Fic. 8, bFGF effects on the outer segment survival times of
rods isolated from (A) young rat retina and (B) old rat
retinas. Each data set was compared to the control condition
(BSA) indicated by the dashed line. Bar heights indicate
the mean and standard error of the mean T, in hours for

‘each condition. An asterisk indicates statistical significance

(P < 0:05).

- TaBLE IV
Rat outer segment maintenance

: ) Young rats Old rats
Sohitions mean T;, mean: Ty,
BSA Coe 1444002 (799) {34 1571+ 0-07 (74) {4}
BFGF : . 1-31+003 (155) {61* 124 4005 (73) {4)*
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}
RDNF S 1-48%003(225) {9)
CNTF 1-68 £0-04 (78) {3}
GDNF (0-1 pgml™™) 1-39+ 003 (186) {8}
GDNF (1:0 pg ml) 2:65+010 (46) (2}

. PEDF . 101004 (61) {2}*
Sugar (NAD-gal) 0-901+0:06 (36) {2}

Locke’s. Solution

0-90+0:03 (42) {21*

Results are mean T values (hr) +5.eM. for the number of cells indicated i parentheses. The number of animals is given in brackets. An
asterisk Indicates a staustically significant difference (P < O~ 05) was found when compared t0 the control solution (BSA). Young rats are 1~-10

“months-old, old rats are 18-25 months-old.
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TSO (hrs)

7 ‘GDNF 1 ' "
BDNF - GONF GDNP! CNTF . PEDF NAD-gal

FIG. 9. Results from tests of six addmonal factors on rat

rods from young animals. Bar heights indicate the mean and
- standard error.of the mean T,, in hours for each condition
- ‘compared to the control solution (BSA, indicated by dashed -

ling). BDNF and GDNF (0-1 Jjig ml~*y.-were not differerit from

the control condition. All other factors resulted in Tyy's
which were significantly different ffom that measure under v

control condmons (P < 0 05)

straight outer segménts_ 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 require 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 bFGF in our system improved the bEGF
response in the only human retina tested and had a

dramatic effect ini improving 0.8, survival time in cells

from yourig rat retinas. The mRNA for bEGF has been -

found in human photoreceptor ‘inner segments

(Ohsato et al., 1997). Recently, Li, Chang and Milam -
(1997) have described a gradient of bFGF immuno-
-reactivity in human rods; from 0-5% of rods in the
macula increasing to as much as 88% of rods in'the .
far periphery. Thus the varjability in our results may

have represented an inadvertent sampling bias, The
nature: of and amount of extracellular matrix sur-
rounding the isolated rods in our system was unknown

‘and could have been "another possible source of

variability. In addition1, the disease state of the human

tissue was generally unknown and may be related to

the response variability. .
The ability of bFGF to protect dlseased or damaged
peurons in the retina has been clearly demonstrated in

" rodent models, but the mechanism is not understood
(LaVail et al., 1992; Faktorovich et al., 1992). A wide -

variety of possibilities hds been described. Binding of

iodinated bFGF has been descnbed in preparauons of -

M. E. CARWILE ET AL.

rod outer segments and. disk: membranes in -bovine

‘retina (Mascarelli, Raulais and Courtois, 1989) as well

as bFGE-binding to photoreceptor inner segments and
pighient epithelium of neonatal mouse retina (Fayein,
Courtois and Jeanny, 1990). Potential sites of bFGF

~action ‘have also: been identified with anti-rat bFGF

antibody in the outer segment layer of motise retina

. and Miiller and RPE cells of the rat (Gao and Hollyfield,

1992). The high-affinity receptors for bFGF and aFGF,

" flg-and bek, were immunolocalized 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 bEGF 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 exchangﬁ, and the relatively short diiration 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
" bEGF 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 . bFGF in the outer retina are
unknown Although bFGF commonly alters gene
expression, in some cell types, fon channels are affected
by bFGF within a few minutes. Examples include a
subclass of K* channels and a Na*/H* exchanger, both

/in BALB/c 3T3 fibroblasts (Halperin and Lobb, 1987;
- Panet, Amir 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 bFGPF’s influences on photoreceptors’

-fonic. currents or specifically. on photocurrents. .In
_addition, - bFGF-mediated ' regulation - of intracellular

calcium, which may or may not.involve altered gene
expression, has been réported in culture studies' with
hippocampal and cortical - neurons (Mattson and
Cheng, 1993; Mattson et al., 1993), and such a

" process might also occur in photoreceptors.

The photoreceptor response to bFGF in developing
retinas, adult retinas, and stressed retinas is often

_ quite different and is likely to be regulated (Faktorovich
“et-al;, 1990; Gao and Hollyfield, 1996). Development

of the normal mouse retina proceeds without high

‘levels of bEGF, but large quantities of bFGF and bFGF

mRNA are found in the developing rd mouse (Gao and

. Hollyfield, 1995). Dureau, Hick and Putterman (1994)

found nio survival-prometing effect of bFGF on cultured
sheets of adult rat photoreceptors. However, exo-
genously applied BFGF has been shown to rescue rat

photoreceptors in vivo when they are diseased or

&
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injured - by - constant - light “(LaVail et al., 1992;

Faktorovich et al., 1990; 1992). Photoreceptor bFGF

- 'mRNA increases after mechanical injury in albino rats

(Wen et al., 1995), degenerating rds mouse, and light-
stressed albino rat retinas (Gao and Hollyfield, 1996).
In addition; studies of the response to brain injuries
also have shown focal elevat}on in the levels of bFGF
and its mRNA (Logan et al.,; 1992). A recent report

showed an ‘increase of bFGF bmdmg in cultured

human RPE cells in response to low levels of oxygen
(Khaliq et al., 1996). We acquired two _d_onor eyes
from patients with septicemia, a known risk factor for

endogenous bacterial endophthalmitis which inicludes -
vitritis - and - chorioretinitis ' (Pflugfelder and Flynn, -

1992). Our positive finding of an bEGF effect with
these tissues support the recent evidence for bFGF’s

protective ability as a dynamu: response of the retma \

under stress,

Isolating photoreceptors from the supporuve en-

vironment of the RPE and Miiller cells as well as from

- other photoreceptors is:'a drastic change, poorly

substituted for by the simple media devised thus far.
Yet through this model we can Iearn which identified

factors directly affect photoreceptors as well astest less

. defined ‘supplements, like conditioned mediom from
other cell culture systems or partially purified protein
preparations. Moreover, it may provide a model for the
stress-dependent
intracellular .

nvestigation  of photoreceptors’
growth ' factor responsweness and
mechamsms

Acknowledgements

The authors thank the Alabama Eye Bank and Dr. .

Christine Curcio for help in obtaining Huiman retinal tissue,
They thank Mark Bolding for writing data acquisition
programs, and Alfred Bartolucci, Ph.D. for assistance with
the statistical ‘analysis, They thank Celeste Brown, Wade
Sessions and Dr Jim Dooner for technical assistance, They
gratefully -acknowledge the helpful comments of Clyde
Guidry, Ph.D and Christine Curcio, Ph.D. We thank Joyce
Tombran-Tink, Ph.D. for the donation of PEDF. This study

was - supported ' by National Eye Institute grants ROI-

EY10573 (TWK) and T32-EY07033 (MEC), UAB Center for
Aging grant 207964 (TWK), a Grant-in-Aid Award from
Sigma Xi (MEC), and a departmental grant from Research to
Prevent Blmdness. Inc '

References

Baylor; D. A., Lamb, T, D, and Yau. K.-W. (1979). The
membrane ctirrent of ‘single rod outer segments I
Physiol, 288,589-611."". .

Blanquet, P.R. and’ Jonet, L. (1996). Signal-regulated
proteins and. fibroblast growth factor: réceptors:: com-
parative immunolocalization in raf renna Neurosci.
Lett. 214, 135-8.

‘Carwile, M.E, Dooner, . W. and Kiaft, T.W. (1995).

Survival of rod photoreceptors in cultures 6f human

retina. Invest. Ophthalmol. Vis. Sci. 36, 8515,
Cayouette; M. and Gravel, C. (1997). Adenovxrus~medmted

gene transfer of ciliary neurotrophic factor can prevent

' Idhnson, J.E., Barde, Y

EFFECT OF NEUROTROPHIC FACTORS ON RODS INVITRO . 803

photoreceptor degeneration in the retinal degeneration

- (rd) mouse. Human Gene Therapy 8, 423-30.

Culbert, R. B., Sturdivant, R.L., Brown, C E. and Kraft,
T:W. (1996). Bnhanced survival of mammalian rod
photoreceptors in culture. Invest. Ophthalmol Vis. Scz
37,8437, -

- Dureau, P., Hicks, D. and Putterman M. (1994). Survie in

" vitro de couches de photorecepteurs preparees pour la
greffe, Bffet du bFGF et de I'epithelium pigmentaire. Les
Seriinaires Ophthalmologiques &' IPSEN 5, 1614,

’ Ezzeddine, Z.D.; Yang, X., DeChiara, T.. Yancopoulos, G

- and Cepko, C.I. (1997). Postmitotic cells fated to
become rod photoreceptors can be respecified by CNTF
treatment of the retina. Development 124, 1055-67.

Faktorovich, £, G., Steinberg, R, H., Yasumura, D., Matthes,

© M. T. and LaVail, M. M. (1990). Photoreceptor de-
generationi in inherited retinal. dystrophy ‘delayed by
basic fibroblast growth factor. Nature 347, 83-6.

' Faktorovich, E. G., Steinberg, R. H., Yasumura, D., Matthes,

. M. T. and LaVail, M. M. (1992). Basic fibroblast growth
factor and local injury protect photoreceptors from light
damage in the rat. J. Neurosci, 12, 3554-67.

* Fayein, N. A., Courtois, Y. and  Jeanny, J.C. (1990).

" Ontogenty of basic fibroblast growth factor binding sites
in mouise ocular tissues, Exp. Cell Res, 188, 7588,
Fisher, 8, K., Guerin, C. J., Linberg, K. A, and Lewis, G.P.
(1995). Brain derived. neurotrophic factor. promotes
outer segment regeneration in experimentally detached
retina. Invest. Ophthalmol. Vis, Sei. 36, 8211.

Fraser,.J. R., Brown, J., Bruce, M. E. and Jeffrey, M. (1997).
Scrapie-indueed neuron loss is reduced by treatment

. with basic fibroblast growth factor Neuroreport- 8
24059, - -

Gao, H. and Hollyfield, I. G.'(1992). Basic fibroblast growth
factor (bFGF) immunolocalization in the rodent outer

retina demonstrated with an anti-rodent bFGF antibody.

- Brain Res, 585, 355-60,
Gdo, H. and Hollyfield, . G. (19935). Basic fibroblast growth
factor in retinal development : Differential levels of bFGF

expression and content in normal -and retinal de--

generation (rd) mutant mice. Develpp, Blol 169,
168-84.

Gao, H. and Hoﬂyﬁeld,] G. (1996) Basic fibroblast growth
factor: Increased gene expression in inherited and light-
induced photoreceptor. degeneratxon Exp Eye Res. 62,
181-9.

Gospoda:owmz, D, (1985) onIngcal ac*t:mty in vivo and in
vitro of pituitary dnd brain fibroblast growth factor. In
Mediators in cell growth and differentiation. (Ford, R. and
Maizel, A. Eds). Pp. 109~34 Raven Press: New York,
US.A.

Gospodaromcz.D Ferrara,N Schweigerer, L. and Neufeld,

G. (1987). Structural characterization and biological
functxons of fibroblast growth factor. Endocr. Rev. 8,
. 95~114. ¢ -

Halperin, J. A. and Lobb, R:R.- (1987). Effect of heparin-
binding growth fictors on monovalent cation transport
in Balb/c 3T3 cells. Biochem. Biophys. Res. Commun.
144, 115-22.

Hicks, D. and Courtois, Y. (1992). Flbmblast growth factor

stimulates photoreceptor - differentiation in- vitro, . J.
. Neurosci. 12, 2022-33.

Hicks, D., Forster, V., Dreylus, H. and Sahel 1. (1994)

. Survival and regenerahon of ‘adult human photo-

receptors in 'vitro. Bruin Res. 643, 302-5.

~A., Schwab, M. and Thoenen, H.
(1986). Brain-derived neurotrophic factor supports the
siirvival of cultured rat retinal ganglion cells. ], Neurogei,
6, 3031-8.

Kelley, M. W., Turner, I K. and Reh, T. A. (1995). Regu-
lation of proliferation and photoreceptor differentiation






o

‘Lolley, R. N., Lee, R, H., Chas, DG, and Racz, B
" .. photoregeptor - cells - dissociated from - mature " mice - -

804

in fetal human retmal cell cultures Invest Ophthalmal
Vis. Sel. 36, 1280-9. a
Khahq, A., Jarvis-Evans, J., MecLeod, D. and Boulton, M.

“(1996). Oxygen modulates the response of the refinal -

_pigment eptthelium to basic fibroblast growth . factor
and epidermal ‘growth factor by receptor regulatlon
Invest. Ophthalmol, Vis, Sei. 37, 436-43.

‘Kirsch, M., Lee, M, Y., Meyer, V., Wiese, A, and Hofmann,
- H.D..(1997). Bvidence for multiple, local functions of

ciliary neutrophic factor (CNTF) in retinal development:
expression of CNTE and its receptor and in vitro eﬂ'ects
on target cells. ], Neurochem. 68, 979-90.

Klagsbrun, M. and Baird, A. (1991). A dual receptor systern ..

is reguired for basic fibroblast growth factor actxvity
Cell 67, 229-31.
Kraft T.W., Schneeweis, D, M. and Schnapf I. L. -(1993).
. - Visual transduction’in human rod photorecepwrs I
“Physiol. 464, 747-65. "

‘LaVail, M. M., Unoki, K., Yasumura, D, Matthes, M. T.,

Yaricopoulos, G. D. and Steinberg; R. H. (1992). Mul-
tiple  growth - factors, cytokines, and neurotrophins
rescue photoreceptors from the damaging effects of
constant light.. Proc, Natl Acad Sci, US.A- 89,
11249-53, o -

LaVail, M. M., Yasumura, D., Matthes, M. T., Lau-Villacorta,
' C-H. and Steinberg, R, H. (1996). CNIF. -

C., ‘Sung, .C
delays photoreceptor degeneration in rd and Q344ter

mutant rhodopsin in transgenic mice. Jrvest. Ophthal- - ..

mol, Vis. Sci. 37,.8437.

Lin, L. H,, Doherty, D; H., Lil¢, I. D, Bektesh, §. and Collms.'.
F. (1993). GDNF: A glial cell ling-derived neurotrophic.

factor for midbrain dopmninerglc nearons, Science 260,
1130-2.

Lin, N., Fan, W., Sheedlo. H]. and Turner, 1B (1997)
Basic fibroblast growth factor treatment delays age~
related photoreceptor degéneration in Fischer 344 rats.
Exp. Eye Res. 64, 239-48.

Li, Z. Y.; Chang, T H. and Milam, A H, (1997) Agradxentof_-

basic fibroblast growth factor in rod photoreceptors in
the norinal human retina, Visual Neurosci. 14, 6719,
Logan, A., Frautschy, 8. A., Gonzalez, A. M. and Baird, A.
(1992). A time course for the focal elevation of synthests
of basic fibroblast growth factor and one of its high-
affinity receptors {flg) following localized cortical bram,
"injury.]. Newrosii 12, 3828-37.

. retinas, Invest. Ophthalmel, Vis. Sci. 27, 285-95.

Makino, C, L.; Kraft, T. W., Mathies, R. A., Lugtenburg, J.,

“Miley, M. E;; van der Steen, R. and Baylor, D, A, (1990).
FHfects of modified chromophores on the spectral sen~
sitivity of salamander, squirrel and macaque cones.
1. Physiol: 424, 545-60.

Mandel,; J. W., MacLeish, P.R. and Townes-Anderson, E.
{1993).: Process - ouigrowth and 'synaptic varicosity
formation by adult photoreceptors in'vitro. J. Neurosei.
13,.3533-48. '

Méscare]h E. Raulaxs;D and Courtots, Y. {1989). Fibroblast .

growth factor phosphorylation ‘and receptors in ‘rod
outer segments EMBOJ. 8, 2265-73.

Masuda, K., Watanabe, L, Unoki,
Muramatsu, ‘T, (1995},  Functional. rescue ‘of photo-
- receptors from the damaging effects of constant light by
survival-promoting factors in the rat Invest Ophthalmol.
Vis. Sci. 36, 2142-6.

Mattson, M. P. and Cheng, B. '(1993) Growth factors protect

neurons against’ excitotoxic/ischemic ~damage by

stabilizing calcium homeostasis. Stroke 24, 1136-40.
Mattson, M. P., Kuman, X: N., Wang; H., Cheng, B. and

Michaelis, E, K. (1993), Basic FGF regulates the ex-

pression of a functional 71 kDa NMDA receptor protein :

(1986) Rod ,

K.. Ohba, N. and

.~ M.E. CARWILE ET AL

that mediates calcium influx and neurotoxicity. in
hippocampal neurons. J. Neurosci. 13, 4575~88. -

TNorsat C. A., Tomag, A., Lindqvist, E., Lindskog, 8., Humpel,

: Cs; Strdmberg, I, Ebendal, T., Hoffer, B. ], and Olson, L.
(1996) Cellular. expression ‘of GDNF mRNA suggests

“multiple functions ' inside and outside the nervous _

- .gystém. Cefl Tiss. Res. 286, 191-207.
Ohsato, M., Hayashi, H., Oshima, K., Koji, T. and Nakane, P.
7 (1997). Inositun localization of basic fibroblast growth

. factor protein and mRNA inthe retina. Ophthal, Res.: 29 .

. 24-30.

: Panet R., Amir, I. and Atlan, H, (1986), Fibroblast growth

o factor induces a transient net X* influx carried by the
bumetanide ~ sensitive transporter in quiescent BALB/c
3T3 fibroblasts.: Biochim. Biophys. Acta 859, 117-21,

~ Perez, M. T. R. and Caminos, E. (1995). Expression of brain- -

derived ' neurotrophic” factor - and . of -its ' functional
_receptor in neonatal and adult raf retina. Neurosci. 183,
96-9.

‘ Pflugfelder, 8. C: and Fiynn; H. W (1992). Infectious

endophithalmitis. Infect. Disease Clin. N. Am. 6, 85973,

- Politi, L.E. and Adler, R. (1986). Generation of enriched

populations of cultured - photoreceptor "cells. Invest.
- Ophthalmol. Vis. Sci. 27, 656-65.

Rakoczy, P. B., Humphrey, M. ¥., Cavaney, D, M., Chu, Y.

and Constable, L. J. (1993). Expression of basic ﬁbroblast
growth factor and its receptor in' the retina of Royal
College of Surgeens rats, Invest. Ophthalmol, Vis. Sci, 34,
'1845-52. '

.Rickman, D.'W. and Brecha, N. C. (1995). Expression of the

“proto-oncogens, trk, receptors in the developmg rat
. retina. Vis.-Neurosci. 12, 215-22.
Rickman, D. W, and Rickman, C. B. (1996). Suppression of

trkB expression by antisense oligonucleotides alters a..
neurondl phenotype in .the rod pathway of the

developing rat retina. Proc Natl. Acad. Sci., U.S.A. 93
12564-9.

Robinson, :D. W., Ratto, G. M., Lagnado, L. and
MeNaughton, P. A. (1993). Temperature dependence
of the light response in rat rods. ]. Physiol.. 462,
- 465-81.

Scharfman, H.E. (1997). Hyperexcztabﬂity in - combined
entorhinal /hippocampal slices of. adult rat after ex-
positre to brain-derived neurotrophic factor ] Neurg-
phys. 78, 108295, - -

Schmxdt, K.-F.; Billek, M., Pietruck, C., Noll, G. N., Goureun,
0. and Courtois, Y. {1995). szroblast growth factors

- alter light responses and dark voltage in retinal rods of
‘the frog (Rana temporaria), Neurosci, Lett, 191, 177-80.

. Schuschereba, 8. T., Bowman; P. D., Ferrando, R. E.; Lund,
D. I, Quong, J. A.and Vargas, J. A. (1994). Accelerated -

healing of laser-injured rabbit retina by basic fibroblast
" “growth factor. Invest. Ophthalmol. Vis. Sci.. 35, 945-54.
Stiemke, M.-M. and Hollyfield, J. G, (1994). Outer segment
-+ disc membrane assembly in the absence of the pigment
epithelium: the effect of exogenous sugars Brain Res.

80, 285-9.

- Sternfeld, M. D., Robertson, J. E.. thpley. G. D, Tsai, J. and
Rosenbaum, 1. T, (1989).. Cultured human retinal =

pigment epithelial cells express basic fibroblast growth
. factor and its receptor. Curr, Eye Res. 8. 1029-37.

Suen,P .. Wu, K., Levine, E. S., Mount, H. T., Xu, I. L., Lin,

8. Y. and Black, I B. {(1997). Brain-derived neuro-
trophic-factor rapidly enhances phosphorylation of the
postsynaptic N-methyl-D-aspartate receptor subunit 1.
Proc. Natl.-Acad. Sci., U.S.A. 94, 8191-5.
Taniwaki, T.. Becerra, 8. P., Chader; G. J. and Schwartz, J. P
(1995). Pigment epithelium-derived factor is a survival
- factor for cerebellar granule cells in culture. . Neuro-
chem. 64, 2509-17.

N

1%






[t

i

EFFECT OF NEUROTROPHIC FACTORS ON RODS IN VITRO. . 805

Tantwaki, T., I—'hrashuna, N., Becerra, 5. P, Chader, G. I
Etcheberrigaray; R. and Schwartz_] P.(1997). Pigment
epithelium-derived factor protects. cultured cerebellar

granule cells against glutamatc—mduced neurotoxicity.

T. Neurocheri. 68, 26-32..

Townes-Anderson, E. (1995).. Intersegmental fusion of
vertebrate rod photoreceptors..Invest. Ophthalmol st
Sci. 36, 1918-33, "

Trupp, M., Ryden, M., Iornvall H., Funakoshl H.,
Timmusk, T., Arenas, E. and Ibhanez, C.F. (1995).
Peripheral expression and biologic activities of GDNF, &

- Wen, R., Song,

new neurotrophic factor for avian and mammalian
peripheral neurons. J. Cell Biol. 130, 137-48..

Unoki, K. and LaVail, M. M. {1994). Protection of the rat
retina from ischemic injury by brain-derived neuro-
trophic factor, ciliary neurotrophic factor, and basic
fibroblast growth factor. Invest, Ophthalmol. Vis. Sci. 35,
907-15,

Y., Cheng, T., Matthes, M. T., Yasumura, D.,

LaVail, M. M. and Steinberg, R.H. (1995). Injury-

induced upreguilation of bFGF and CNTF mRNAs in the

rat retina. J. Neurosci. 15, 7377-85.



* 4




Friday. &'30 — JOES AM: mmpwr Apopiosis: wam)wc!féﬂ
Paper Premmﬁm Roowm 505

™

Room 305
Friday 8:30— 10:15 AM

Retinal Cell Biology, Anatomy & Patbotogy
Photoreceptor Apoprosis: Neuraprowcm:a

'MODERATORS: Tiavid Ricks
Galf M Seigel.

5091 Ca3a mmmw,mmm

082 845 Dwdy, Tiyekx, Geessier, Ciusel, Martiney, L\WCk:x
5093 - oK Ohida, ivis, Gong, Kadums

3004 S5 - Seigel, Paalis

5095 930 - Dreplefais; Ranchon, Bily
5006

db Wang, Wiegand, Potesion

5097 3000 Fatdomskd, Ervin, Wohahreblt . ‘
mammamormmmmmwmnmm«mmmw

"Warmmmmmwmmwm mm:e:m«mmmmmhﬁww
Blssioaue Codes” in m«m mnm o .

JOVS,
March 15, 1999, Vol. 40, No, 4

5093—9;00

BNHANCED EXPRESSION OF MANGANESE SUPEROXTDE DISMUTTASE (Mn
CompL T Rotames) Do of ooy, S Moo Doy
r &t E¥e
Nagusaki Unihversity, Sohisel Schist of Medicigs?, Japan.

tiniversity™;

enbiamind 26 & Sefemsive

meﬁowﬂmmfwzwm
axposed o ayclic

lax) fur 24 hours, and thon
Conm{mwm posed aply. g

feds i {Maso asamnsuakemn
,g,m 3 diates. 0 de } “g
echaniom against oxidative chaﬁesmw:hmmm

1 ras
and

mwmmhmaw 3?,3»(114 % gifter exposuns and protels
e i unn)ﬁsxmmioau sl mﬁmﬁmw

mmm
Jn the notees! reling were
tlggmﬁsunéayss,imdumdmmm

3 o

?xmelm PE) ctils and phoiorscepior jmey

belzd et 35 50D, mmwmmmmm
wmmmnﬁm;'vsaﬁu
P!

segient mitnchundria and the RPB were mhsmﬁsg dantaged a3 hrs and -ty
mmtmzﬁg&amdm,wmaldday.m Dtabeﬁngwssagame.pmtw
14 days afher Hght exgosure. .

Canghusion, These somits sty fhit induction of Mo SOD'in the photoreoepio
Msmmmmwrmwmmmm phot '

R None

5091 -8:30.

MFMSWT.WMBW&HIM Hépiwmﬁv
Pagwenr, Strasbosing, Fauow,

Pusposs. To cxamine the efﬁcacyaf GONF &y :educing phowrecepror 1085 i mheﬁmi
tetinal degenerstion. Methads. GONF (n=10) or PBS only (a=10) werg injected fnte the
subreginal space of otiozygous o fice 4t 13 anid 17 days of sge, At 22 days, mice were
examined for viswat function by mcxrowmsmphi GG, At 23 cﬁays the mice were
kilied and their setin ¢ v e By Raod
phoIorecepIor were &abeﬁedﬁﬁtmﬁopﬁiaamibody mddwambmmmm
bmi: wholer d sy by - unblsed mrcm«;sm;
Enmnmwmmwvasmamedmmmw

mmmm&mmﬂe«mpmcﬁmmm s Histological and Fonctionid
mﬁmefmrmwmepwmmawmﬁlnwm by Mouse § m .

'5094---9'15

InsulinLike Growth Fastor 1 Protecrs Newrordsoal Ceifs Fromn Hypordwmduccd Gm
ﬁeat.h G M. Seigel, A. Paxbis. Univeesity of Rochester,

Visual lods seconddary mmmmhemmmx\a ¢, play 2 $igrilficant rote in
mmnmmmmmw PrOCEsSES, We
thcmm%ﬂhvofmwm&mhywm{w%uw&unsmptmmvm

Ruxm- 1 (!GF‘-!). ES cywl{m it knovw

from fuced Gl denh with the wse of

sanght to déienming

kswm&:e Growth
Cur

.st:::tmmrceulme.as%xs 9 hamvin

afized,
rertimbiastoma, cells Were exposed to Nypexic condidang (95% Nitrgen/$% OOZ) focup

w & hows, Celt

viabifity was
wseasid by TUNELAn siu mmmcﬁvﬁy

‘;mywapopzom(ﬁmkfm o af, Exp. Celf Res, 22; 385397, IMFWMIGF-

smeasured pan bite exchiston assay. Apoptosis-way
g with ssbNA pmzm

Rz .

qmmmchuwggaenmmemawemm:nazamm i'

-eells

"

shiy was
10

with GONF, wiifie no BERG signal could be ohserved in sham-of popaf
Counting of immuiokibeiied 104 phassrecepion in whele Rumoumed susns

teveated
sfeater aunthers for GDNE B9000 taean entirs suing vs PBS (612005,

highly sipaificanuy
ar ponoprated mzmms (41900, P00 dnd 0001 resprctively). PRSinjected retings
anmh?dmm@mmnmmeymm&mymxm were

ihation of teansve - _ofmwdaadmuclmim-
ghisl fibelliar acidi protel o 10 conwols, Semiquantification of endogencis |

Gmmmwmmwmwmmmmwcmmoﬁ
pliotoreceptor 108 In rd Dice, . GDNF exens aemroprottetvi efftcts on
mdphc«omemmMﬂm.mdmmebmafourmmwacmmmmmmemr
WMwmmmiaanmmmofmmﬂsmmmwhkh:hegm
dafect Res within fhe phiiorecenons thumsslves. GDNF hence rpresenis 3 poteatilly
hate for fhe e of inherited relival depencriion,
CR: Nose Suppmt: British R Soc., Fond, De FAvenir, A&M&ndml’wnd. P,
Retina Faines, INAHY, ADRET, IFG, 18, Essttor Tnl.

5092-*—8:45
ERTECTS OF CYANINOSIDE CHLORIDE AND DIETHFLAMINE CHROMOCAREE ON

FHOTOORIDATIVE SFRESS I¥ THE RAYT RRTINA . M. Day', M. wymi B,

| by 4 ¥, Besultss
i md&hmbys%dedhemrmﬁnemhﬂmman

increast i the mumber of TUNELS., sSDNA+ rells aver mzwmeufshmm Aigr 4

howrs of b

R28 cell ity for Bas i i by

404otd 2ad Fusl by

&mmmm ber of 1GR3 we RIS celly decrdesed by 509, .
Replacement with 30 aymi 1681 (added A8 hows Prior 1o hypoxia weannent) slowed

R28 calis 10 remain 205 viable for up to 8 hiowrs

unider hypoxic conditions. 3 controst,

Y79 réiinoblastons colls were redstant i hypozic insuk, with wterﬁunmwbmy
after 4 homs of Byptxin and 24 hows ofter & rebirn 16 ROTMORE.

CR Nope

suppm- NEF gragt EYI G

3095--9»30

ROLE OF OXYGENATEY FREE RADICALS OF LIGHTINDUCED RETINAL APOYTOSI 8
DroyLetaix!, L Ranchion?, M. Doby?, PSEN Labossiory, Pacs, 'im;ﬂel Usiversiry of

Gmmler‘ 3 Cmm!‘ V.. Marsines!, 3 Luyeksd., Laby d¢ Biop
T Pmmmugie £ ﬂmmc.ie C!inique L,

Ty

v of Senmﬁa! Biophisic, ClemuoniFervand, France®,

Ty, ClomoisPetrad ,,mz m%mmwmmmnmm Pl gad functional seil
1 i Clgmons Fi ) . injurics are prevented By freo. mdical spavengers such 15 - dimethylthiowres
msm&wmodaothsh" 4 ph h fon “ios bees (DML o wwmumm:;mmofmepm:wnww
suggesied to by partially “dep ~of the producdon of fee mdicsls, we have poplosis assocised with fghtiadeced retinal d fon 83:40
mvemgawdt&ew of tyo ‘onam ip ,.bum ¥ and théir ig § the involy of oxyg m«d:ca%smmmﬁrgapopmismﬂmw
mommwmpmmmmmuagm Methods A fant effeet of Wmmmmuyzmm inal degenepation is -indeced bY
diethylamine chromacabe and q’mmm chioside fas been lnvesmigaed on the expasiag Wisthr 15 1o 24 b of P20 fux light, 'ﬁmmmmmzmnmw 560 -
and Ry mmmnym«(mmsmmmm kg 3 L) or BGR TAL GPSEN 1 100 mplgrday p&%os) mwdsymmﬁsﬁ‘ 1
PMNS €1k 3 7). Sﬂecm graf ot 2ibinos tar. that veceived o no apoptotic -cells were derectesd wsing pu;:’mx Pivs kit (BecsonDickingaad

shmmmtlwi?(m}m&on@ﬁmmtmﬁd:lysbaforemdfcfmwmgthem

exposare, Light seisitiolty curves wee asdysed at the followiag time paints. 2 prior to

Kghr ex zmmummmmmmmzﬁw«h

27wlwwm:awmnigmarmm¢7mm for Hght

- fesultsy Fos- diethylming ‘ shomocatbe, }&Ogmdum(:ummtmedmam
- mEnner with an 1650 value of 1BOmEA wherdes ‘the JC50 walue for

| yaminoside chioride on HOC production wis G.4miyl, Photoosiditive stress 1 lght -

wesitlts i significant reduetion of ONL layer angd decng of e bwave amipiitude. In

cywninoside chiotide tweated group, both mesphomenic and clectrophysiologic daa
mwnemmma?&or_m‘em By‘mtmt, ﬁweweremalmmphww )

significany ¥ ) “:l'b: smup e
animals; sithougl Tetinal Srotecs abvisus b We have
mmim

mmmmmrmmmmmmmm» qraninoﬁde‘
o Srong. P Sifay. of of retiaal
mwﬁy&nmpkoummmmby@hyhmdww%ww@bm'

t:R: Nape

Bax wnd Bel2 proteing were detedted by ese of specifie polyelonal aaﬁbom

seiaing o the level of phmmwpm !aycr. wilie 4Rer treatment
is ohwerved]

P81 & signifiorn o

W cuinblished tint Hght exposire induces 4 signilcine increase fn apoptoric ool

“ith DATU or 0B
Bl sind Bas e

n
detected in exposed retindy and !omiaed in the purer nucioar. layer. Trasmens With

DMTU or EGb 761 e able 1o 1omlly inhibit sach proteins sxpressian,

m»me@nwmmmwmmmmamrm

£R: Nong

doRE

B s

b

of ggygemwd free ;

Ripd
35 40 pmviéz atwﬂcm amuprmwﬁm: to hypoXuisensivive Mml coﬂs; H
for fschermic ratinal divense, :






Hmtologic and Fum:tional Protection of Rod

Glial Cell LmewDerived Neurotrophtc Factor Induces jg’%t"%
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-szposz:, To m:’dt:atc. ﬂw ueurop“rotee:uvc pot‘c:mial of 'g’iial cell Hine<dertved neurdim;ih:c fuctor
(GDNF) in the' retinal degenicragion (m‘/rd} mouse model of human retinitis’ mgmentosa
- meom. Subrcuual injections of GDNF wcre madc ifito yel/red mice &t 13 and 17 days of age and
, :,k:c:tmretumgrams (ERGS): yecorded ar 22 days, Contro} mice recéived saline vehicke injections or
L gaderw ent no procedure. At 2% daysof age, retinas from treated and control mice were fixed and:
processed for wholemount xmmmwhﬁwchemmm using ‘an-antirod opsin antibody, and rod 4
numbers were estimared using an unblased stereclogical systématic’ random approach. Subsequent- S el
to counting, immunolabeled retinas were re-cmbeddcd ancl sr:cuoned in & transv Crse plme and the: :
‘numbers.of fods recafculated; " 1 _ RETIONN o R 2

R;asum. Although ERG% could not be recordcd frOm simm-opemtwn ot nonsurg:cat rd/ﬂd niice: at
22 days of age, deteczabie FESPONSES (oth a- and B-wass €5) were observed in 4 of 10. GDMF—trcated
-thice. Steréological assessment of immunolabeled mds at.23 days showed that control sd/rd. retings
‘containéd 41,880 3,899 Gnenn L SEM; » =06}, phosphatc—bufrcred saline {PBS)»—m;ected retinas.
contained 61:165 % 4.932 (¢ = 10, P <. 0.00] versus ¢ontro} retings), and GDNF.injected retinas
conmmed 89,232 = 8,053 (n.= 10! P < 0,001 ¥ETSiS conteol fetinas; P < 0. {}02 versus PBS). This
increage in rod munbers after GD\F treaemc,m was c-onﬁrmcd e c.eii caums ohv.amcd ﬁ:om {myen
sm:fms ' : :

C{mcwstoms GDNF EXerts bqth hnsmlagxc smd fuuctzomi m.umprotactﬂc cffu:ts o rod phoco— .
receptors in the rd/vd mouse. Thus rescue was demonstrated in an animil model of inherited -
~retipal dcgencratmn in which the gene defect was Jocated thhm the rods themselves, sinilar to
most forms of liman retinges pigmentosa. GDNF- rt,pres(.nts a candidate neurotrophic factor for

.‘_palhatmg some for:m of heredimn human blmdness (Inmsi Opbrimlmai Vis “Sci 19)9 40:

2724 -“77’)4)

b etinitis pigme‘i’xm;«:a (RP) is the term given to.a group. of
inherited relinal dystrophics resulung in’ progressive
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: preveﬂting thc photoreceptor loss a'mccnmed witly this discases
- gene themapy,” B
Ceation>T or vitamin supplementation”), ‘and retinal transplan '»_. S

| tation® Among these approaches, the use of growih factors’

* has been advocated since: pioncering work by the: group of ..

i, . photoreceptor loss and eventual extreme visual handi-~
cap. There is a0 known treatment for thzs comlition, wmck :
can be cavsed by a large number of simatations in a4 varety of -
genes that code for proteins inmlved i1 phowtransductzon\ ,
(thodopsin, cydlic guanosine monophosphate {eGMP}~depen-
dent phasphod:esterasc)‘* or in stmr.mmi roles (pcrzpherm/ ’

7ds) émeral stmtcgies are under examination for hm:ting or,_

pharmacologic treatment (growth factor applr-

Faktorovich et al.™® showed that intraocilar § injections of basic '-.
fibroblast growth factor (FGT 23 delayed photoreceptor dégen:’
eration in an animat model of RP, the Royal College of Surgeons”

ot BGR2S effccts oit photoreceptor survival were subse.

Guently demonstrated: by the same group. i rat mc}dels o
lightingtiiced: photoreceptor degeneration.®'! In addition, in

vitro studies have demonstrated: the differenitiative effects of

FGF-2 on newbom tat photorecaptors 1% Yer, photou.cepmr -

_degeneration in the: RCS mt as well as after constant light | '
. damage does not cosrelate to any. currently known form'of

human retinal déiehcération:
~The retinal dégeneration. Crd/rel) mouse; is 2 model of

‘ .hmmn RP that has been imfegugat_ed for more thap 70 yeas:
' . because photoreceptor cell degeneration follows 3 sinilar evo
Correspontiing auihion José Sahiel, Laimmtozrc de Phy: q:opatlwlo- o
gie Rétinienne, INSERM BMT 99-18 Clinique Ophthalmotogique, Uni
- persité Lowis Pasteur; c:tmtre Hospicalicr- Régional Univecsgitaire, B -

lution to human RP, Most rod celis undergo apoptosis over he
first 3 weeks,'? followed by death of cone photoreceptors.”

k .F;mhtrmtare, rod celi death has beenr found to result from 2.

E mutarum itrthe B subunit of CGM P-depe.ndcnt plmsphmﬁwer )

h“eszigaﬂw Oplzﬂmmoksg\ & Visual Seience; Ociobee 1999, Vol 40, Ne: 11

e op\ vight '€ Associasion for Rts:mrch in Viskon und Opm{mmok»g\
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Froore 3, Histologic sections of whole evés from 23y #i/rd mice injecied with (A)Y GPNF ar (B) PS

ot {Cy noninjecicd. Semithin cpoky sections were stained with tohlidine bive. There was no detectable .

"o blodd vessel formation within the injected eves or visible gliosis or macrophage invasion ingo the

“; subfetinal or vitreal spaces, All icrographis were taken in proximity to the optic nerve headtand exposed

- Tor (ke same times, oc. choriocapillatis; rpe, retinal pigmented epithelium; onl. olter nuclear laver: inl.
innet nuclear layver: ipl, nner ploxifora laver: gel, ggnglion' cell layer, 5¢ale bar, 20 pm.

formcd to- the ARVO Statement oén-the LS(. of Amm.ﬂq m :

Ophthalmtc andd Vigion Rc%arch

In Vivo Application of GDNF m'ﬂie re/rd Mouse

GUINF was injected into CAH mice at 13 and. 17 days of age
{with the day of birth 'defined ag day 0). Mice (1 =
anesthetized with af intrapetitonesl injecton (16,7 ul/g body
weight) of eromidate (0.5 mg/ml) and midazolan (0. 3 mg/mb.
The pupils were cii!ated with 0.5% tropicamide, amt the cornea

. was anesthetized with 0.5% topical proparacainge. GONE (1 gl
recombinant . human GDNE: Promega. Madison, W) was ig-
jected 2t a dose of 330 ngfpl in 0.1 M stedile PBS with a

Hamilton syringe and 2 30-gauge fcedic Tmm from the timbus

into the subrexinal space. The contralateral eve was. injected

with the samie volugc of PBS solition only, It was necessars 10
perform hilateral Ocular surgery 1o diqtinguish between the

rescue c!’fcct due L GDNF per se andd that due to experimental
manipulition, I rare cascs, partial backflow was observed..

After -injection. fundoacop\ Was pcrformed to coaﬁrm the

inducton of & locat retinal detac.hnu‘,m This wwas observed in
every case at the tnm: of injection. and we obderved that the
detachment created by the initial m;emuu was resorbed by the

tme the second was adminisiered. Processing of fixed retinas

after recording {description: follows) indicated that retinas
were correcily a_t’iachcci al the end of the experimental period. ™.

Recording ERGS in the vd Mmlse

ERGs wete picked up by a cotton wick conncctcd 10 an
Ag: z\gCi cleturode with salinie sotution directed 16 the apm of
cornea by a micromantpulator, A staindess stee] reference elec:
trode was pl'zced subcutzneously o top of the ‘head. Re-
sponses were amplified at a gain of 10,000 and filtered with the
tow 0,158z and high 1000-Hz cutoff fillers from an amplifier
(Universal Gould, Ballainvilliers, France). Responses were dig:
itized using a daia vauwzion labmaster hoard (‘acw.nziﬁc Soh
tions. Solon, OH), mounted on an Il%\‘!-compaubk personal
computer, Bxpérimerial datd were acquired and analyzed us-

_ing the Patchit and Tack sofiware packages (Scientific Solu-

rions).2* Afier 4 period of 24 hours, darkadapied mice were

prepared uider dim red Hlumination. They were ancsthetized |

10) were’

" as above and placed in 'z Faraday cage, the bead resting ina

U-shaped hiolder. ‘The upper-and lower Hds were verracted to

“hold open and proprose the eve. The Hight stimulus was ob-

tained from a-150-watt qrartz-¥enon lamp bulb (Miiller nstru-
ments, Moosinning. Germany). The light beam was fecused o
infinity through a heat-absorbing filter onte a bole in the Far-

“day cage. The illumination intensity of the Hght was 2.9 tog

cd/m? a8 measured with a luxmeéter at the level.of the eve, 4.
“computerconirolled shutter was vsed to deliver: flashes of
' 300-msec duration, For GDNInjected mice. recordings from
“ both evés werse obtained successively, and the investigator was

nat aware . of which eve had -rcéeiﬁ'ec{ the GDNF injection.”

ﬁistoldgy of Inicctgd Eycs

Mice were killed by anesthétic overdose at 23 days. Whoie eyes:

from GDNF- and PBS-injccted and noninjected rd/rd eves (1 =
"2 for each group). were removed from mice at 23 davs, fixed

in 2.5% ghmaraldehyde, and embedded in epoxy resin, Byes

were sectioned along & perpendicular plane 'close o the oplic,

nerve head, and semithin sections were processed. for histo-

Jogic examinaton after tokidine blue counterstaining.

Immunohistochemical Labeling of Retinas
Mice that undcrvent snrgery (7 = 10 for both GDNE-njected

-and shameoperation mice) were killed by anesthetic overdost :
“at 23 days. Nonsiugical eves were also’ sampled from a further

ai*c 23-day-old rd/rd mice. Eyecups were removed and fixed it
% paraformaldehyde for 2 houss, Retinas were dissected fom

the posterior cvecup, washced three times in PBS, permeabi

fzed in PBS coptaining 0.1% Triton X100 for 5 minutes, and

incubated in blocking buffer (PBS containing 0.1% bovine s

rum albumin, 0.1% Tween 20, and 0.1% sodium azide ((buffef
Aly for 15 minutes. They were then incubated with rod phor

- toreceplor-specific monoclonal antbody rtho-4027% (10 yg/mt .
-in buffer A for § hor), washed and incybated in godt antk |
mouse IgG-Texas red (10 pg/ml in buffer A for 1 hom" _
‘Molecular Probes, Porthud, OR}.. Retinas were washed 8

flatmounted in PBS:ghrcerol (50:50 volfvol), with the phowfc'

_cepmr laver facing up, and examined under 4 phmmmﬁf"’
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Fiurg 4. - Low-power view of GDNF-
injected  (A) and  PR$injocted. (B)
wholemounted #eb/7d fetinas immuino
labeled with rho-4D2. The greater
numbers of surviving rod photoreceép-
Iors after GERNF treatment are appas-
eat. This cxample represcms - the
mouse showing the areatest difference
between the GDNFtreated eye and the
PBiinjected coniralateral cye. Secale
bar, 108 pm.

WObﬁO})tipimt 2; Nikon, Melville, NY) equipped with differ-
ential interference and fluorescence optics. : :
After stereological counting of rod humbers (see helow),

five wholemounted jmmunolabeled retinas from each experi-

mentl group’ were processed further by reembedding and
Cryostat seetioning in a transverse plane. Frozen sections were
collected from near the central retina, mounted on microscope
stides, and examined for rho-41)2 staining. After Tabeled rods
Were counted (see later deseription). sections were incobated
with antighial Gbrillar acidic protein (GFAP) polyclonal angk
body (Bako, Trappes, France), difuted 1:400 in buffer A for 2
hours, Sectiong were washed and incubated int goat antisabbit

igG‘B(’dil'-‘Y FL (Molecniar Probes) and the nuclear dye 4-6-

;f*amigﬁno-z-pnenyundmﬁ (DAPL: Sigma-Aldrich, Saint Quentin
Eaﬁawer, France), bothy 10 pg/ml in buffer A for 1 hour. Slides
vere washed thoroughly and examined as ahove, with differ-

 GDNF Neuroprotection of rd/rd Mouse Retinal Raods 2727

et filter sets aliowing visualization of only rho-4D2-tmmime-
labeled rods  (single-Dand-pass, filter XP42), only anti-GFAP-
immunolabeled retinal glia (singleband-pass, filter Xr22),
simitltancous o402 and and-GFAP staining (double-band-
pass, flier XR33) and DAPHabeled nuciel (single-band-pass.
filtér X053 all Auorescence filters from Omega Optical, divi-
sion of Molecular Probes), For photography, picture series
were taken with similar exposure tmes (HP3 Sim; Tiford,
Basildon, UK} and. printed using identical times.

Cell Counts

For quantification of rods in flatmounted retinas we used a
stereological approach permitting unbissed sampling.”™ Im-
munofabeled cells were observed by microscope (Opriphot
2; Nikoa) under cpiffuorescence illumination. with a plan
40070 differencinl interference contrast (DIC) (160/6.17)
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FIGURE 5. Illustration of the systematic mundom sampling approach
used (A) and high-power view of 23 day-0ld #d/vd retina showing
aspect of immunolabeled rod ceils and superimposed counting frarie
(B). The antibody stains the entire cell bodv and vestigial omer seg—
ment. Scale bar (B) 10 pm.

objective. One hundred tiventy fields of 8000 pm® were
selected throughout the éntire retinal strface (approxi-
mately 13 mun®) using a suige encoder and 4 systematic
random procedure.®® Fields were viewed with 2 Sony Trini-
ron color graphic display camera and. digitized software
cautomator for Windows; Biocom, Lyon, France). In each of
the 120 fields, cells were counted in 1wo uobiased counting
frames of 900 um® 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 sysiem
(Opuiscan; Macintosh LC 1T Ci; Apple Computer, Cupertine,
CA). For counting of rods in transverse sections, a single
section from cdch of five retinas for ¢ach treatment, passing
through the optic nerve head and traversing the entire
retinal width, was mounted on a microscope slide and
stained with DAPT (10 pg/ml in PBS for 10 minutes). View-
tng sections with the two gppropriaté filter sets allowed
visualization of rho-41>2-tabeled rods and total DAPIHabeled
nuclei. Images were captured on the compmcr as described
along the entire length of each section:

I0VS, Qciober 1999, Vol. 40, No. 13 HU%

Reverse Transcription~Coupled Polymerase Chain
Reaction Analysis of GDNF mRNA

Total RNA was isolated with an RNA-DNA extraction kit (Qia-
gen; Valencia, CA) with standard protocol. RNA sampies (1 ug)
were primed with random hexamer and incubated 2 hours at
37°C with Moloney murine leukemia virus reverse Uwanscrip.
tase. cDNA (1:20; 2 kD) was amplified for 35 cycles with
specific pairs of primers. Primer sequences 57 to 3 were: rho-
dopsin, ASGCCGATGAGCAACTTCC, TCATC TCCCAGTGGAT-
TCTT; GDNF, ACCAGATAAACAAGCGGCAG, TCAGATA-
CATCCA. CACCGGTTTAG; and glucose-G-phosphate dehydro-
genase (MGGPDH), GCAGTCACCAAGAACATTCAAG, (CC
AAATTCATCAA AATAGCCC. Amplified products were visual
ized on agarose gels stained with ethidium bromide and digi.
tized with a camera. Quantitative measutement of band inten
sity. was made. using commercial software  (Phoretix
International, Newcastie-upon-Tyne, UXK). To quantify the anx
plification products, the exponential phase of the reaction was
experimenrally determined vsing different cycling numbers for
each primer pair. Under these conditions the amount of the
amplification product reflects the initial concentration of tran:
scripts.”

RESULTS

. 'ERGS

Figure 1 illustrates the comparative cvolution of ERGs from
wildtype (C57) and rd/rd mice. In wildtype 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 wildtype at
postnatal day 12, but thereafler a- and bwaves steadily de
creased from postaatal day 15 onward, becoming unrecordable
by 22 days (Fig. 1). The light intensity for tiggering a signal
was 0.3 log cd/m?®, which corrésponds approximately to the

. threshold for evoking cone responscs,

To determine whether GDNF cowld improve visual func-
tions in sel/rd mice, subretinal injecrions of this trophic factor
were administered at 13 and 17 days, together with PBS vehicle
injections into the contralateral eye 1o serve as control eyes.
ERGs were recorded in animals at 22 postnatal davs when ERG
signals had disappeared completely in noninjected rd/ref mice.
None of the eyes that received PBS exhibired a detectable ERG
1 = 10). In contrast, ERGs were measurable in 4 of 10
GDNFinjected eyes (Fig. 28, numbers 3, 4, 7, and 9, t should
be noted that two of the six mice in which no signal w28
detected (Fig, 2A, numbers'l and 3) showed prominent cate
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 2B. The average amplitudes of - and,
broaves (ESEM) for the four GDNFinjected mice showing 2
response were 8,5 = 2.8 gV and 15,5 = 2.3 4V, respectively.
These represent responses that would normally be obtained ;
from 18.5-day-0ld re/rd mice, or 22% of the maximal responst |
observed in rd/rd mice (Fig. 1B). These responses had tmplici ;
times (awave 120 = 14 msec; b-wave 242 * 43 msec; ot = 4
similar to those observed in 15-to 16-day-old control rd animals’
(a-wave 144 % 10 msec; bivave 274 & 23 msee; n = 6) bu'
longer than those of control €37 wice ar 24 days Ga-wave 31 =
3 msec; bwave 110 = 12 mseg; #2 = 4), These data mcizcatc
that GDNF treatment prolonged visual function by approxk
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FisuRe 6. Imnmnolnbelcd rod celt coums in GD*\IF— PRS- tind nonin;ccted 28-day rd/re mice. (A) Totat

surviving tod. numblers for cach mousé Ceaxis) injected with GDNF in one’ éve (black bars) and PBS -

vehicle in'the other eye (dark gray bars). The consistent benefical effect of growth factor treatment
compared with xfchvdcaiuiected ¢ves can be observed. Those mice: inwhich ERGs were successtully
récorded weve numbers 3, 4, 7, andd 9 (arrowbeads). Total surviving rod numbers for nonsurgical vg/rd
retinas from an additionsl five mice are shown by bars 11.10 15 (light gray. It ¢an be seen that surgery
itself Jed fo variazion iy rod nvumbers compared with nonsurgical eyes add that PBS injection produced a
smalfer but stavistically significant intresient in rod rumbers. (BY Average (fhean & SEM) rod cell numbers
calcudated from ¢A). Theé GDNFindaced | incrésse in rod numbers compired with PBSmearcd and untreared
control eyes is visible, Probabilities indicated above GDNF are comparisons with PBS treatment (11 £ <

B _GbNF Neuroprotection of rd/rd Moi;s_e Retipal Rods - 2729

. % 0.0 and nonsurgscal controf eyves (2 ¥ < 0 001) and abow: PBS i campaﬁson with nonsuggical control

cyes (3: P<002)

tely 30% relative. to the petriod of massive photoreccptur_

Wi in. this strain.

stologic, Immunahistochemical and
wphometric Analyses

2r BRGs were recorded, the Jmmais that reccivcd GDNFZ
L PRS injections (1 = 1) and & “second aroup of control -

e of the same age (7 = 6) were killed and the eyes fixed
dissected. Bpon-émbedded histologic sections of surgh

or control eves shosved tat injecrion of GDNFor PBS did

lead to complications such as neovascilarization, retingl

Ting, or macrophage mvaamn by 6 days .zﬂer the final

ttion (Fig. 3).
Figure 4. shows a low- powu view of GDNF-mjected

- 4A) and PBS-injected (Fig. 4B) wholemounted rd/rd .~
s unolabeled. with rho4D2. The overall greater
rﬁg

ithe
Ta

[ surviving tod photoreceptors after GDNF rreat-
Ppparent. Higher powér photographs showed thar

antibody stained the entire rod photorcceptor cell, in-

ing the cell body and vestigial outer scgment (Fig: 3).

stereological counting frame and the principle of the

o1 Systematic samphiing prcccnhlre used are 1156 shown

gure 5, Rod celf.coumts for mdwidnaf animals are shown

gure GA (paired GDNF-treated and PRS:injected rd/red

l =¥

"een individual mice in opsinimmunelabeled rod num-

is evident, but id cach case GDNF wrertment led to

‘ex cel counts. Correspondence between the degree of
e and fuucnomii ty was suggested by the fact that three
& four mice in which ERGs were detected (Fi ig. 6A, mice
- and 7y showed the highest relative differences in rod

‘and nonsurgical rd/rd micé!''®), The variability

mimbers bctween (:IWF and PBS—m;ectcd ammals T0% for
the ERG-positive group (n = 4 and 34% for the ERG-
negative group (# = 6): However. the differences between
these tWO SIOups were not stansncauy significant, The aw

- erage (£SEM) rod cell number found in GDNFE-injecied eyes
(89,232 = 8,033, 1 = 10 showed 2 6% increase compared
‘with the number in PBS-injecied ¢yes (61,165 =+ 3,259; » =
103 and-a ‘113% in¢rease compared with control soninjected

- eves (41,880 x 3.890; » = 6; Fig. 6B}. PBS injection also led
to an increase (36% more) in fod numbers compared with
- the ‘number: in unteeated eyes. These increases weére al
‘statistically sigoificant: GDNF versus PBS, £ < 0.01; GDNF

. versus control, 2 <0 0.001; PBS versus contzol P <002,

- These data expressed relative to total rod nuimbers found in

normal adult €57 mice {estimated by us as 4.13 X 10% data

"not shown) vield 2. 2%, 1.5%, and 1.0% for GDN}* PBS and
poninjected rd/rd retmas respectively. :

. To. compare these data more easily with prevxous!y pub-

lished resnits on rod loss in the sd/d mouse, we sectioned five

wholemounted retinds from each experimental group and re-

examined rod cell labeling. Figure 7 shows representative areas
"t from each experimental group and. clearly shows immunola-

beled rods scattered among imniunonegative cellg within the
vestigial outer nucledr layer (ONL). Noninjected control rd/id
“retinas had only sparsely scattered rods, appearing 25 a single
discontinuois laver along the scleral border (Figs. 7A, 7B).

injected retinds oftén contained two to. three rows of immi-
Bolabeled rods, although areas of rod opsin-immunonegative
«cells within the ONL were still apparent (Figs. 7E, 7). Sections

PRS4njected retinas had more immunotabeled rods, appearing
. 'as'a singlevto-doubie discontinnous laver (Pigs. 7C, 7D). GDNR

7
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ime 1. Bvolution of s/ and
igaype mice BRG on lght stimule
n. (A BRG recordings at. different
smatal ages for re/rd, and wild:
s {C57) wice. Postnatal davs are
feated-on the /¢7 of the ERG re+ - :
wings; (B) Evolution of & att b .
we smplitudie from 1210 34 post:

b days. Nowe the  continidus
reage towided  complete: disap:
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vt mice from postoatal davs 1530
jin conteast to the teguler ingrease
served in wildype mice. The plot
“iaach age represems data from § o
imals, except for ihe latest time
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iich represents 10 animals. © -
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cen Gong. & large vaticty of 9
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Gliat Cell line- derived netrotrophic factor. (GD\H‘}, whzch '.
longs to the teansforming growth factor B superfamily, wag .
it described ds-4. stimulant of survival of dopaminergic neyu:
1§ in vitro.'” Subsequiently, its proteciive effects were dem: -
strated in in vivo models of Patkinson disease'® or on
veloping motoneurons.” Because 'GDNF is synthesized in

515 A ¢ 0 SOme human famﬂtcs affeued b) the disease, 10 g
urotrophic factors i
roplnc f'mmr (C\l”f‘f)_ 3
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somc (;DNF m;cc:cd minas Im_tuscd numbers of m)munola- L
- beled rods were detécted using [wo methods of counting, and -
retinal’ glial cell plivsiology was also affécred. In conteast, we

_could exclude the involvement of decreased lev els of endoge-

momc

reting, ™ has been found to stzmuhte survhal of newbom :

& photoreceptors iy vitro, ™ and | rccemly was shown to\_ :

oy photoreceptor outer segment collapse in/ vitro, 2. we
nducu:ci electrophysiotogical, -

1ethe:r It could sfimulate phosorcccpzm survival in the sd/rd

s after intraccular injections in vivo. We showed that -
gh treatmient leads 1o functional improvement, as indicated

the presencr: of l‘(‘tr:t){dab.lc elcctrorctmograms {ERGS) m

Pfeﬁmanon of rocm‘d- ;

-in GNP compared. witl -
Ectedzz»d:ry:dﬂdmmme (A}

M, showing amplitudes - of

Bwearves from, individual .-
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4 PBSnjecred | eve. lhz. e

Te siade from mionse T

‘histologic; - xmmunohisw- :
cmical morphometric, and molecutar biologic studies tosee

/ Animals -

S nous GDNI* in rod phmorecc.ptor cell dcath ity the wdsrd

Mamms AND Mmrous

C?;H/He/} mice homozygous for the mzzsmi degmemtwn
() gene (5 d/rd mic_g) and C37/BLG/T contyol mice aged 12,

15, 17, 19, and 24 days were obtained from single breeding
. colonies: maintained exclusively for ol “Jabordtory by

“Charles * River . Animal Suppliers (5.

Ltbm—ies~Elbeuf

Franee), maintdined in. cleat plastic ‘cages,; and subjected 1o
standard Lghtidark cycles of 12 hours'All procedures con- .
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Fweure 7. Transverse seclions taken
from wholemounts of 25-day #d/rd ret-
inas prelabeled with rho-dD2 und el
beled with anti-GEAP. (A) and (B) are
the same section from nonitjected. (C)
and (D) from PBS4rjccied. and () and
{F) from GDNFdnjected cetinas. (A, C,
E) Simultaneous viswalization of rod
opsin and GFAP impwnoreactivits; (B,
D, B) DAPT labeling of all nuclei. The
tho-dD2-immunopositive rods are vis
ible as bhrightly labeled, smafl. round
cells lying along the wvestigial ONL
(stars in A. C, E, with the cogrespond:
ing cell indicared by sfars in B, I, ¥).
Rio-4D2-immunoncgarive colls can be
secn as unlabeled areas in the ONL
ALasterishs in A. C. and E, with corre:
spoiling cells indicated by asferishs
in I D, and B). The different number
of immunokbeled rods afier no injec-
tign Gr = 16), PRS ajone ¢ = 22), of
GDNF treatment (1 = ~40) can he
clearly seen (A, C. E, respeciively).
Also, the increasing intensity of radial
Mitler ghinl Gbers labeled by anii-GFAY
antibody can be seen in the order
GDNFinjecied > PBSdnjected > noft
injected (B, C, and A. respectively, o
rows), whereas asirocyie swmining by
the ‘same antibody remains appros:
mately consiant along the vitreal bor
der. All micrographs were tken i@
proximity 16 the eptic nerve head and”
cxposed for the same times, ONL
outer nucledr laver: INL, inner nuciea?
layer; 1PL, inner plexiform layer; GCL:
ganglion celt layer. Scate bav, 23 pm *

were subsequesitly immunolabeled with, anti-GFAP antibody nopinjected retinas, GFAP immunareactivity was mosily CO“";
and the two labels visunlized simultancously with 4 double- . fined to the astrocytes, with only rare GFAP-immunoposiive. .
band-pass fluorcscence filter. GEAP imnoreactivity wius vis Gbers (Fig. 7A). PBS4njected retinas showed increased num!
ible as bright iabeling of astrocytes within the nerve fiber layer liers of such fibers (Fig. 7C). and GDNBinjected retings €08
and faint transversc fibrous labcliog of retnal Miiller glia. In  tained lusge numbers (Fig. 7E). Quantitative analysis of 10¢:
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no. rodsi120 pm section length
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CGDNF PBS CONTROL

HGuRe 8. Rod numibers det.ermined from tmmcm sections: of
. ,DNI’- PRS- andd noninjocted d/rd reginms. Av crage nambers (mean %
nuinolabeled vods were caleulared from the entire wzdth of
tion passing through the gptic nerve ‘head from setinas of

fferent berween GDNEE and PBS-treated retions (152 < 0.08). Rod
umbers were significantly higher fn GDNF- compared with nonig-,
oted retinag (20 P <0 0.005) and in PBS- compared w:th nonimc,ctcd
stinas (3 P< 0.003).

umbess from transverse 3ccﬁon§“’wvcal¢d an average (=SEM)
£7.70 £ 110 10ds/120 um (2 = 5) for GDNFinjected, 5.30 =
48 rods/120 pm @ = 3} for PBSAnjected, apd 3.14 = 0.13
ods/120 pm (2 = 5) for noninjected retinas (Fig. 8). The
Hference in rod numbers betwean GDNEreated, PBS-treated,
und nonsurgical retinas was not significant between GDNF and
BS (P < 0.08), but was significant between GDNF dnd non-
argical control eyes (P < O, 005) and beiween PB%-in;ccted
nd nonsurgical control eves > < 0.005).

xpression of GDNP mRNA in rd/rd Micc

o study the poasxbk involvement of GDNF as ag cndogt,nous
‘ophic facter for rods, we analyzed the expression of endog-
noy NEF mRNA in mouse retina (Fig, 94), Lage 1-shows
1at F mRNA - was f:xpreseed in - higher stutdv state
fnounts in retina mmpared with the -remainder of the éye
atio 6:4). Twelve-day-old red/rd mice expressed rodspecific
wdopsin mRNA at fevels comparable to-35:day-ofd C37 mice
‘ig. 98, lanes 1, 10, and 11). Large dectetsés in rhodopsin
IRNA expression were observed in rd/rd niice between days

2and 120 (lanes 1 through 9. During the whole petiod, levels
f GDNF mRNA (lanes 12 through 20) and thoese of the house-.

seping enzyme GOPDH (lanes 23 through 31) remained un-

e ress SR
manged and were smvuiar to their respecti cxp g3sion mtcn . Increased rod numbers were aiso felinhly scored in transverse

ties in C57 mouse eye at 35 days (lanes 21, 22 , 32, and 33).

NSCUSSION

ur data show = stimulatory effeot of subretinal injections of

1 neurotrophic factor GONF on rod photoreceptor survival

imental group (= 5). Rod numbers sere ot statistically

GDNF Neuroprotection of 7d/rd Mouse Retinal Rods 2731

in theé v/ mouse. This efféct was demonstrated -through
.- immunohistochemical | and - morphometric  analyses  and

through measurenient of Highvevoked responses. To the best of
our knowledge this is the first teport in which injection of a
neurotrophic growth factdr has been shown to promote im-

. provement of retinal funiction in an animal modet of retmal '
© + tegeneration closely resembling hunmn RP.

Taktorovich. et al.*® first showed the feasibifity of using

. polypeptide geowth factars to slow photoreceptor 1oss in in-
herited rednal degeneration. Using a rat model of RP they’

showved that intrdocular injections of FGF-2 delayed rod pho-
toreceptor loss. They also. reported recently the effects of

- intraoculir injection of multiple neurotrophic factors (CNTF.
brainedérived neurotrophic factor, FGF-2, léukemia inhibitm'y .
Factor, insulin-fike. growth factor {i, neurotrophin-3 and 4. and
'ncms growth facmr) on slowing rod photoreceptor loss in

seve:rai mouse models of retinal degeneration including the

* rdfrd mouse.® These moteeules were choseq because they are
“known to exhibit peuroprotective effects in other retinal motk

els or elsewhere in the nervous system.”>%*! Of ‘all' these

" factors, only rat CNTE injected between postnatal days 7 and

10 had a protective effect 1 week later in #d/rdl 'mice. In an
independent study, CNTE :delivered . by adenoviral vectors

- showed histologic and functional protection of fod photore-
" ceptors in another mutant, the retinal degeneration slow (2ds)
~mouse.>* Rescue effects of PBS injections alone have not been

previously’ observed in mouse rd mutants; whereas in our

- study PBS injection alone induced a significant rescue effect at
-the hLﬁtGl(}giC tevel, but did not Jead tu deteetable functional

improvement in any animal examined. Transient rescue effects

... of PBS ihjections have been previously reported. in the rat®®

and ‘are thought fo result from local release of endogenous
trophic factors as a result of tissue damage,

“GDNF was ouc¢ of the féw neurotrophic factors ot tested
in the _eXhaustive recent tyials by LaVail et 2l It was shown

recently, when used at réiat'jvely high concentrations, 1o hiave |

protective, effects against photoreceptor outer segment cok

" lapsc in shortterm in vitro assays.®® It is impossibie to know

the final concentration of the subretinally injected GDNF used
in the present study, although the dose administered lies in the

.mngc normually- uged for intraocular gwwth factor injec

tions.®1? Although it is poss:ble that GDNF may constitute one

" of the few jdentified neurotrophic factors influencing rod pho-
toreceptor survival in inherited retinal degenerations in which:
. the gene defect is localized 1o the rod cell, other ¢riteria such

a8 timing or ‘ocular site of injection and approach were prob-
ably eritical. 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 vounger anitmais. The
stereological method of counting, originaily deéveloped for as-

*.. séssment of feuronal numbers in brain regions,?”*F alfows an
;dccurateé uabidsed estimation of total cell nuaibers, reducing

greatly the variability induced by regional differences (superior
versus inferior hemisphere, site of injection). Nevertheless,

retinal sections as routinely used by other investigators,>*

© U GDNF inay be a particularly inferesting peuroprotective
molecule, because unlike FGF-2 it is not reported 1o be angio-
genic and thus should not lead to neovascitlar complications.?®
Histologic observations in the present study aiso did not record:
the prcsence of new rctinal bzoad vessels or invading macro-
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“FrouRe 9. GDNF mRNA expression
was 1ot altered during photorecentor
degeneration  in the #dAd  mouse.
GDNF mRNA expression was studied
by semiquantitative RT-PCR. (A) GDNF
expression. was compared - berween
retina dnd the remainder of the eye;
Total RNA was isolued from ra/rd rer-

the eve (fanes 2, 4y and aralyzed. with
primers -speeific’ for . GDNF™? and
GOPDH.** (B) Totdl RNA kolated from
* whotle cves of 12- Ganes 1,12
i (unes 2.3, 13, 14..24. 25), 28 (ldnes
4 5 15 I()’ 20, "7), 35 (IcuwsG 7
I7, 18,28 29 and 120- (anes 8, 9,
19, 2030, 3D posinaad day s
mice, and fram 35-day postiatal nor
mal mice (CSTBIO) Ganes 10,11, 21,
22, 32, 33y was analyzed with primers
speciic for vhodopsind (RHQ, upper

bousckeeping gene - glucose6-phos
phate dehydrogenase (GEPDIL lower
roud. The recuction in opsin mRNA

2 B

Age(days)] 12 | 22 | 28 | 35

130 | 35

“steady state . mRNA kevels for GE‘NF

C3H. C5TBI6 -

Strain | C3H| C3H | C3H | C3H

phages. Although' this distant membet of the transfonniﬁg‘ '

growth factorf supcrfamily was originally theught 10 be 2

specific stirvival factor for dopaminergic neurons,'” GONF 5.

now known to stimulate a wide variety of attoromic, sensory,
and motoncurons?™***” ind has an imporant role in kidney
development.’ 3 previous studies have indicated the: potential
value ‘of GDNF as a neuroprotective ageot for the | retina

through the demanstration that subnanomolar ¢oncentrations:

of GDNF increase cell survival in enriched photoreceptor cub

.- tures prepared from newborn mice and that rat photoreceptor.

cultures possess high-affinity GDNF receptors.”® GDNF is.ex-

pressedd in the mi retina -from embrsromc day () 15 to Ei9,
mostly in the innermdst layer® In the Mouse embryo, it %

expressed from B85 in the tieuroectoderm surrounding the

optic vesicle and Jater in the mesenchymal components of the

devetoping eve. 39 Anothier member of the GDNF subfamity,.
neurturin and its feceptor compom:ms GFRaZ and Ret, were
alsa recently detected in'normal and »d mouse retina through-
out the life span.*® in the present study, two histologic obser

vations inay be of particular impostance, The first is that GDNF

“and GEPDH can be scen.

injection was effective at slowing fod loss even though trear

- maent w'is begun after the initiation of rod degenération in this
N stram

! Such ﬁncimgs may be of clinical significanée, because
they suggest growth factor treatment could be effective after
‘the onseét of photoréceptor death in RP patients. Enhanced
photareceptor. survival afier genc ‘wansfer’ of CNTF in rds
mice,?? gene transfer of the normal PDE gene in #d mice,™ or

. targeted digestion of mutant opsin mRNA by adenovirall de-

livered ribozyes in transgenic retinal dcgencmrmn s

have afl Decn obtained when treatment began long. hefore

photoreceptor loss. The second is that intraccular injection of

- GDNF (and to a lesser extent PBS) fed to upregulation of GFAP

expression, indicating that, similar o FGE2, this growth

“factor may regulate phenotypic expression in retingl Mider

glia and that its effects ‘on rod survival may be mediated
through an indirect pathwa; 15 e are currenth explort mg this
hypathesis.

The detection of an’ ERG in GDNF-injected eycs is an
cspccinl_l; important finding in the present study, fodicating

~ that visual function was extended in treated re/rd retina. Our

_ina (laues 1. 3 and the remainder of

L35y 23

rouwy, GDONE (mididle row), and the

levels during the course of rod degen
eration <and -the . uniforns - profilc -of -

#

i34
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ata on ER(; de(.re'zac in young mf/rd mica are in ag.,reenu,nt
/tft several previous studies. ™ The persistence of recosd:

yie ERG eorrefated in three of four cases. with the lfasgest
sdative increases in rod cell numbers. However, because ERG
rere absent in several Feb/dd petinas containing ar least as many -
6 as odie aninul in which signals sere dégcted, rr.cordmgv _

sas probably also influenced by anésthesia and catm act forma-

on. Etpemnentai constraints {dark adaptauon) prevmted
jouitoring of ocular status before rccouﬁng,, b ovcrt cataract
yrmation was noted in both eyves of tovo animals that did nOt

roduce a detectable ERG. In addition. uoder the experinental .

onditions used, rocls and cones syould both bave been stim-
Iated arel wouid have contribtited to thc signal. Tt should be

wessed . that ERG fecordings and stereological dssessment

rere performed by a nuive obscrvcr ufiaware of whi(,h eve h-zd
aeeived GDNF. \

We showed previously in the: rafrd mouse model the

rotective effects of rod photoreceptor ransplintation on host
one cell survivat and suggested thiar this effect was mz,dmged
iy @ diffusible factor released by fods. ™ Additional evidence
. at the existence of such diffusible signals pmduced by normat
etina and infhiencing cone survival was obtained using cocul-
ure mode}s * Although exogenous GDNF protects rod pho-

s rs, it is unlikely 1o represent this ¢ndogenous sigoal’
D7 8 1 reasons. GDNF js expressed in the rd/rd mouse -

etina e¥en after complete 1oss of rods, suggesting thay GDNE
3 not cxpreaaed m these cells (aithough it is possible that its
xpression may be upregulated in’ inned réginal. cells during

hatoreceptor degeneration a8 Hag been shown to occur for-

'GF-2 and CNTF during retinal injury®?), Because the cone:

‘wrival-promoting effect-observed in our previous coculture

tudies was dependent on the presence of rods,”” GDNE is
tnlikely to constitute this diffusible” molecule, Endegencus

SDNF is niot efficient i muntexaumg the apoptotic process in .

nutant rods, and it nmy have fusictions other than photoreccp
or cell sirvival in the movse reting. -

in ‘conglusion; although the endogenous excprcssxon of
3DNF was ot sufficient to. prevent photoreceptor loss in the -

dfrd mouse, intraccular injections were able to Llelqy such
“osses sigaificantly. Admini'str:itmn of GDNE using injections.or
jene delivery svstems. may be very useful to protm.t '1gamst
)11otorc(.cptor degeneration in humans. ,
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Ghal Ceﬂ Lme-—Derivcd Neurotrophc Factor Induces
Hwtologic and Functional Protection of Rod
Photoreceptors 1n the :rd/rd Mouse

Mamz Fmsson, Sefge Picaud, fiozewy Léveillard Manue! Simmzum Saddek Moband—Saéd

Henyri Dreyfus David Hzfcles, and /’osd Sabel

. Ptmmst_.' To ¢v -duat:. the neuroprotecmivc poteitial of ghal cell fine~ derived: neurstrophic fuctor
(GDNF) in the retinal degencration (rd/rd) mouse model of famian retinitis ptgmc:ntosa

Mmmns. Submtinal m)emions of GDNF were made into rd/d mice ar'13 and 17 days of age ams
cleciroretinograms (ERGs). recorded at 22 days. Couatrof sinice réceived saline vehicle injections or
undeiwent no procedure, At.23 days of age, tétings from {reated and control mice were fixed and
processed for wholemoust iptmunochistoctiemistry using an antirod opsin antxlmd ancl rod

numbers were emmatcﬁ using an unbiased stercological systematic randona approach. Subsequent

to counting, i immunolabeied cetings were re-embedded and seectiomd nu transverse phmc and the
numhcm of rods recalculated.

Raesuurs.: Although ERGs conld not be recorded from sinm-operauon or honsurgical wl/rd mice at i

22 days of age, detectable responses (hoth a and bawaves) were observed in 4 of 10 GDNF-ieeated
mice, Stercologzca] assessment of immunolabeled rods at 23 day's shotved that control 7e/rd tetinas
- containgd 41,880 = 3,890 (mican & SEM; # = §),-phosphate-buffered saline (PBS)-injected retinas

contained 61,165 * 4,932 (n = 10; P < 0.001 versus commi retinas) and GDNFinjected retinas .

contdined 89,232 # 8033 Gr = 10 P < 0. 007 versus control retinas, P < 0.002 versus PRS). This

increase finvzrod numbers after GD:\F treatment Was wnﬁrmed by cell counts obtained from frozen

: secticms

C()th LISTONS. GDM‘ exerts both histologlc and functionai neumprotccmc cffects on roct photo-
receptors in the rd/rd mouse. Thus rescue was demionstrated in an animal model of inherited
retinal degeneration in which the genc defect was located within the rods themselves, similar to
. most forms of Auman retinits pigmentosa. GDNE represents a candidate neurotrophic factor for

palliating. some forms of heredxzan human blmdness (I;wesr Opbitbalmol  Vis \Scf 1999;40:

2724 w’ T34 -

inherited retnat dystrophiés resulting in’ progressive
L. @ photoreceptor loss and eventual extreme visual handi-
cap. There is av known treatment for this condidion, . which

can be cansed by a large number of muations in 2 varety of

genes that code for protéins ‘involved: in phototransduction

- (thodopsin, cyelic guanmmc monophosphate [¢GMP]-dépen:

dent phosphod:csmrasc)‘ Zorin etruc.tural mle's (periphetin/
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-etinitis ;iigmexitom (RP) i the term given to a group of

rds).” seveml strategies are wider examination for h:mtmg or
preventing the phiotoreceptor loss associated with this disease:: i

?ﬁv
g

gene therapy,” pharmam{ogic treatment (grovwih factér appl- s

“cation®® or vitamin supplenientation”), and retinal transplao-

tation.*? Among these appioaches, the use of growth factos -

has beet advocated since pioneering work by ‘the group ¢f 1

Fakorovich et al."® showed that intraocular injections 6f basic’

fibrobiast giowth factor (PFGI-2) delayed photorecepior degen
ératton in an animal model of RP, the Roval College of Surgeons
rat. FGF2's effects on photoreceptor survival were - subst-.
quently demonstrated by the same group i far models of

lightinduced photorecepior degeneration.™'’ In addition, in
“vitro studies have demonserited the d:ffc.rmzuame effects of

PGF:2 on newbarn rat photorecéptors.”? Yer, photoreceptor
degencration’ in the RCS rat as well as after constant light
damiage does not correlate to iny curmmiv known, form of

human retinal degenération,. -
The retingl degencration (d/rd) mouse is 2 sodd of

human RP that has been investigated for more than 70 yeas -

because ;)hmorcceptor celi degeneration follows a similar cvo-
lution 1o human RP. Most rod cells undergo apoptosis over !ﬁf-‘
first 3 weeks,'? followed by déath of cone photoreceptors.”

Furthermore, rod cell death has been found 1o resulf from 4

" mutation in the 8 subunit of ¢GMP-dependent phosphodiester

Investigative Ophtmimology & Visuat Science, October, 1999, Vol. 4. No. 11
Copyright & Association for Réscarch in Vision snd Ophibuiniology
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FrilRe 3.

Histologic sections of whole eyes from 23-day rd/rd mice injected with (A) GIINE or (B PIS

or (C) nosinjected, Semithin epoxy sections wert stiined with 1oluidine blue, There was no detectable
new blood vessel Tormatisn Within the infected eyes or visible gliosis or macrophage invasion into the
subretinal or viereal spaces, All msuvgraphs were taken i proxitity o the optic ficrve head and exposcd
for (h¢ same 1Himes, ce, choriocapiilaris; rpe, retinal pigmenied epithelinm: onl. ounter nuclear layer: inl,
iner-nuckear faver: ipl. inner plexiform: layer, g, ganjiion cell layer. Scale bar, 20 gm.

formed to the ARVQO Statement of Lhe ch of Anmmh in

Ophthalmic 'md Vision charch

In Vivo Application of GDNF in the rd/rd Mouse

GUNF was injected into C3H mice at 13 and 17 days of age
(with the day of birth- defined a8 dav 0). Mice (n =

weight) of etomidate (0.5 mg/mb) and midazolan (0.3 mg/ml).
The pupils were dilated with 0.5% sropicamide, and the coriea
was anesthetized with'0,5% topical proparcaine. GDNE (1 pl;
recombinant human, GDNF Promega. Madison, WT) was in:
jected at'a dose of 430 ng/pd in 0.1 M sierile PBS with-a

Hamilton sy ringe anid 2 30gauge needic 1 mnt from the limbus

into the subretinal space: The contralateral eye was injected
with the samevolume of PBS splation onfy; 1t was niecessary to

petform bilatess] ocular surgery to distinguish beiween the
rescue effect due Lo GDNF per se and thiat due 1o experimental

manipulation. In tase cases, partial backflow was observed.

After injection, fundoscopy was performed w- confirm. the

inddcrion of 4 local retinal detachment. This was observed in
every case at the time of ijection. and we observed that the
detachment creaved by the initial injection vas resorbed by the
time the second was administered. Processing of fixed fetinas
after recording {deseription. followsy indicated that- fetinas
wete: corrcctlg 'tuachcd atl the end or the mpez‘im(,mai peuoc]

Recording ERGS m the rd Mouse
ERGs were picked up- by a Cotton .w:ck connected to an

- Ag:AgClelectrode with satine solution directed 10 the apex of

cornea by a mncrommipu}mor A stainless stecl teferepce clec
trode. was pmc.ed stibcutaneously on top of the head. Re

sponses were amplified ata gain of 10,000and fitered with the |

fow 0.1z and high 1000-Hz cutoff filters from an atplificr
(Universat Gould, Ballainvilliers, France), Responses were dig:
itized using a data acqu&suiou labrmaster board (Scicritific Solu-

tions. Selon, OH), mounted on an IM-compatible personal |

computer, Experimental daia were acquired ang. apalyzed U
ing the Patchic and Tack sofiware packages (Scientific Solu-

~tions).® After & period of 24 hours, dark-adapted mice were

prepared under dimi red :ﬁummmum The\ wtre aucsthetm:d

10) were:
apesthetized with an intraperitoneal injecton (16.7 ul/g body -

Mice that underwent surgery f
and sham-operation mice) were killed by anesthetic overdose -

as above and placed in a Faraday cage, the head resting ina
U-shaped holder, The upper and lower Jids were retracted 1o
hold open and: proprose tie eye. The light stimiuhus was ob-
wined from a 150watt quartexenos lamp bulb (Mitller Instn-
ments, Moosinning, Germanyy. The light beam was focused to
infinity through a beatabsorbing filter onto a hole in the Fae
day:cage. The illumination mtcmih of the light was 2.9 log
cd/m® as measured with a haxmeter at the level of the eve. A
computer ~controlied: shuter was used to defiver flashes of
a00-msec duration. For GDNF—miec!cd mice. rcc.otdtm;s from
both eyes were obtained successively, and the investigator was
not.aware of which eve had received the GDNF injection.

Histology of Injected Eyes

Mice were flled b\ anesthetic overdose at 23 davs: Whole eyes
from GDNF- and PBS<injecied and noninjecied rdfrd eyes (¢ =
2 for each group). were removed frony mice at 23 days, fxed
in 2.5%. ghataraldehyde, and cibedded n epoxy resin: Byes

were sectioned along 2 pemcndicular plane close wy the optic -
nerve head, and semithin sections were processed for histo-
Jogic exgmination after oldidine blae counterstaining.
Immunohistochemical Labeling of Retinas

=16 for both GDNFinjected

at 23 days. Nonsirgical eyés were also sampled from 4 further
six 23-day-old rd/rd mice. Byecups were removed and fixed o

4% paraformaldehyde for 2 houss. Retinas were dissected from
the postedor evecup, washed threé times in PBS, permezbﬂ"

‘zed in PBS containing 0.1% Triton X-100 for 5 minmes, and

incubated in Blocking buffer (PBS containing 0.1% bovine 5&

-vant albunin, 0,1% Tween 20, and 0.1% sodium azide ((buffef

AD for 15 minutes, They were thest incubated with rod plW"
torecepiorspecific monaclonat antibody rho-4D2 (30 ;.;gim

i buffer A for 1 howr), washed and incubated in goat anth!

motwe TgG-Texas red (10 pg/mt in buffer A for fouts
Molecular Probes, Portland, OR). Retinas were washed 'M‘d
fatmounted in PBS-ghveerol (30:50 volfvol), with the phomfc‘_,
cepror. fayer facing up, and exaniined under a photomics
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Frguns 4. Low-power view of GDNF-
injected (A) and Ph%injected (B)
wholemonnted rd/7d retinas immuno.
abeled with rho-4D2. The grester
numbers of surviving rod photorecep-
tors after GDNF treatment 4are appar-
eat. This  example  represents  the
mouse showing the greatest difference
between the GDNP-treated eve and the
PBS-njected coniralateral ¢ye. Seale
bar. 100 pm.

scoifre (©Optiphot 2; Nikon, Melville, NY) equipped with differ-
ential interference and fluorescence optics. .
After stereclogicat counting of rod numbers {see below),
five wholemounted fmmunolabeled retinas from each experi
mehial group were processed further by re-embedding and
Cryostat sectioning in a transverse plane. Frozen séctions werte
collected from near the central retina, mounted on microscope
stides, and exagined for rho-41D2 staining. After fabeled rods
Were counted (see later description). sections were incubated
With anti-glial Gbrillar acidic protein (GFAP) ‘polyclonal anti-

body (Dako, Trappes, France), diluted 1:400 in buffer A for 2 -

Im?rs_ Sections were washed and incubated in goar anti-rabbit
18G-Bodipy FL (Molecular Probes) and the nuclear dye 4'-6-
Cfiamidino-z-phenylindc:}e (DAPL: Sigma-Aldrich, Saint Quentin
i:liiavier, France), both 10 ug/m! in buffer A for] hour: Slides

Te Washed tharoughly and examined as above, with differ-

ent flter sets aliowing visualization of only rho-4D2-immuso-
labeled rods (single-band-pass, filter XF42), only anti-GEAP-
imanunolabeled ' retinal glia (single-band-pass, filter XF22),
simultancous rho-4D2 and ant-GFAP staining (double-band-
wss, filter XF33) and DAPHabeled nuclei (single-band-pass,
filter XF03: all Aluorescence filters from Omega Optical, divi-
sion of Molecular Probes). For photography, picture séries
were taken with similar exposure tmes (HPS flm; Hfoed,

" Basildon,; UK) and printed using identical times.

Cel Counis

For quantification of rods in flatmounted retinas we used a
stereclogical approach permitting unbtaged sampling,”” Im-
munciabeled cells were observed by microscope (Oprtiphot
2; Nikon) under cpiffuorcscence illumination with a plan
40/070 differencial interference contrast (DIC) {160/0.17)






2728 Frasson et ak.

AL ‘..'--#' T T
' 71 [el® slo|ole N
ele|oleld|elel J )
. ' ofejoieion J/l { g
1/ N ielelelelol/l 17T | 1Y
{ o oy [8]ele L jele]®
FiNE MRG0 oo (¥ (ajel®
|0 ®i6|glal® eloleiP &l e
eloloie]alalein) sieleininjelal
oi®i®|eiel [ |elele® ¢jojglejeie
plaiel’ | ¥ [ele|6] NN joleis
% je f Jeleio|[e]s| N\ ™ 1o
\-For .6.,0.' _kﬁ\'
_'/Oooaoo'e
siwlolinlele Vi

Trourk 5., Ilustration of the systematic random sampling approach
used (A) and high-power view. of 23-déy-old rd/#d retina showing
aspect of immunokbeled rod cells and saperimposed counting frame
{B). The antibody stains the entire cell body and vestigtal onter seg-
ment. Scate bar (B 16 pm.

objective. One Hundred twenty fields of 8000 pm? were
selected throughout the entife retinal surface (approxi-

‘mately 13 mm?) using a stage encoder and a systematic

sandom procedure.®® Fields were viewed with a Sony Trini-

tron color graphic display camera and digitized software:

(Automntbr for Windows; Biocom, Lyon, Franee). In edchof
the 120 fields, cells were counted in two unbiased counting
frames of 900 pm? generated by the software. The total
number of rod cclls in the entire retina was then estimated
by normalizing these npmbers to' the entire tetinal surface
area, which was measured using an image apalysis sysiem
(Optiscan; Macintosh 1L.C 1I Ci; Apple Computer, Capertino,
CA). For counting of rods in transverse sections, a single
section from cach of five retinas for cach treatment, passing
through the optic nerve head and traversing the entire
retinal width, was mounted on a mici-cscope'slide and
stained with DAPL(10 pg/mi in PBS for 10 minutes). View-

ing sections with the two appropriate filter sets allowed

visualization of rhodD2-1abeled rods and total DAPLabeled

puciei, Images were captured on thé computer as described

along the entite length of each section.

#
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Reverse Transcription-Coupled Polymerase Chain
Reaction Analysis of GDNF mRNA

Total RNA was isolated with an RNA-DNA extraction kit (Qia.
gen; Vajencia, CA) with standard protocol. RNA samples (1 ug)
were primed with random bexamer and incubated 2 hours at
37°C with Moloney murine leukemia virus reverse transerip-
tase. cDMA (1:20; 2 pb was ampiified for 35 cvcles with
specific pairs of primess. Primer sequences 5 to 3'were: the
dopsin, ASGCCGATGAGCAACTTCC, TCATC TCCCAGTGGAT-
TCIT, GDNF, ACCAGATAAACAAGCGGCAG, - TCAGATA
CATCCA CACCGTTTAG; and glucose-G-phosphate dehydro-
genase - (MGOPDH), GCAGTCACCAAGAACATTCAAG, (CC

'AAATTCATCAA AATAGCCC. Amplified products were visual

ized on agarose gels stained with ethidium bromide and digi.
tized with a camers, Quantitative measurcaient of band inten-
sity was. made using commercial software  (Phoretix
Inrernational, Newcastie-upon-Tyne; UK). To quantify the an-
plification products, the exponential phase of the réaciion was
experimentally determined using different cyclitig numbers for
each primer pair. Under these conditions the amount of the
amplification preduct reflects the initial concentration of tran

- seripts.®®

RESULTS
ERGs

Figure 1 fllustraies the compafative’ evolution of ERGs from

- wild-type (C57) and rd/7d mice. In wild-type mice, the ampli-

tude of a-and b-waves steadily increased from postiatal days 12
to 24. Ifi 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 13 onwiird, becoming unrecordable
by 22 days (Fig. 1), The light intensity for riggering « signal
was 0.3 log cd/m>, which corresponds approximately to the

" threshold for evoking cone responses.

‘To determine whether GDNF could improve visual fone-
tions in rd/rd mice, subretinal injections of this trophic factor
were administered at 13 and 17 days, wgether with PBS vehicle

injections into the contralateral eye 1o serve as control cyes.

ERGs were recorded in animals at 22 postnatal days when ERG
signals had disappeared completely in noninjected #d/rd mice.

‘None of the eyes that received PBS exhibited a detectable I:RG

e = 10). In contrast, ERGs were measurable in 4 of 10
GDNRinjected eves (Fig. 24, numbers 3, 4, 7, and 9). 1t should
he noted that two of the six mice in which no signal was
detected (Fig, 2A, numbers 1 and 5) showed prominent cate
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 :2B. The average amplitudes of a- and

_ bewaves (ZSEM) for the four GDNF- injected mice showing 1’

response were 85 2 2.8 uV and 15.5 = 2.3 pV, respectivelf-
These represent responses that would normally be ()htamod
from 18.5-day-0ld rel/rd mice, or 22% of the maximal rc»poﬂsﬂ
observed in jd/rd mice (Fig. 1B). These responses had im phcﬂ
times (a-wave 120 = 14 msec; b-wave 242 * 43 miseq; 7= '5)
similar to those observed in 15- t6 16-day-old controt rd animak”
(a~wave 144 * 10 msec; bvave 274 = 23 msec; 7 = 6) bt

fonger than those of contral C57 mice at 24 days (a-wave 31% =2

3 msec; bwave 110 = 12 msee; 7 = 4), These dain indicalt;
that GDNF treatiment prolonged visual function by approxt

kY
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Fitms 6. | mmuno!abelcd rod éell couuts in GDNF- PBS- and nomn;ccted 23~day rel/re micc (A) 'I‘otai_
surviving fod nwnbers for each mouse (.vam) m;cctcd withi. GDNF in one eve (black bays) and PBS
vehicle'in the other eye (dark gray bmx) The consistent beaeficil effect of grotetli factor treatmens.
“computed. with xchicle-:mcctcd cyes ‘can be abserved, Those mice in w?uch ERGS wwere sucmasﬁzlly :
recorded were numbers 3.4, 7, aﬂd 9 (anowbmds) Total sun‘ivmg rod numbers for tonsurgical m’/m’ '
retinas from an sddiviosml five mice aré shown by bars 11 to 15 (ight gied, It cap be scen that surgery:
ritself Ted 1o vadation in rod numbers compared with nossurgical eyes and that PBS injection produced.a
s @mailer bt stavisticatly s:gnix‘mm incrementin rod numbers. (B Average (mean = 8EM) rod cell numbers
. calculated froin (A). The GDNFinduced i increase i rod numbeérs comparecl witli PBS-treated and untreated
: " control gyes iy visible, Probabilitics indicateéd above GD’\‘F gre’ Comparisons with PBS treatment (31 2 <
. 001 andd nonaurgicﬂ comrol cycs (2P 0 001) and abme PRS is compﬂrismt wirh sonsurgml control -
’ v oyes (3 P < 0.02). , . ) L .

tefy 30% relative to die pcnod of mﬂsswe phomreccptcr
ith in-this strain. .

stologic, Immunohzstochemical, ami
»rphometm: Analyses

2 ERGs were recorded, the: .ummis that recewed GDN

| PBS injections (2 = 1) and 4 second group of. contml ‘
¢ of the same age (7 = 6) were killed and the eyes fixed:
dissected, Epon-embedded histologic-sections of surgi-
or'control eves showed that injection of GDNF or PBS did

lead to complications such as ncovascxﬂarxzazxon, fetingl”

Ting, o m'lcmphagc invasion hv 6 r.lays mer the ﬁnal
Etion (Fig 3.
. Figure 4 shows a 1ow~power View of GDNF&n;ectcd

< AR .md PBS-injected (Fig. 4B) ‘wholemounted rdsrd.

the

1_'15 ’:mhbeied with ‘rho-4D)2. The overall greater.
taredPparent. Higher power photographs showed that

antibody stzined the entire rod phocorcceptor cell, in-

ing the cell ‘body ‘and vestigial duter segment (Fig. 'S}
stereological counting frame and thie principle of the
om- systematic sampling procedure vsed are also shown
gure 3, Rod celi counts for individual animals are shown

gum GA (péired GDNF-treated and PBS-injected rd/rd
L

‘er cell counts. Correspondenice between the degree of

e and ﬁmcuonahty was suggested by the fact that three -

_zfour mice in which ERGs wete detected (Fig. GA; mice

at 7) showed the highest refative differetices in rod 0

surviving tod pimtoxcceptors after GDNE treats

and - nonsurgical rd/rd msce“ 1. The variability’
eenindividiual mice in opsin-lmmmtombeled rod num-_' .
is evident; but in cach _case GDNR treatment Jed to

fuimbers between GDNE- and PBS-injected animals: 70% for
thie ‘ERG-positive group Giro=0 4y and 34% for the ERG-
negaive group (v = 6). However. the differences bctween

these two. groups were not stansnca!ly significant. ‘The av--

erage (=8EM) rod.cell number found in GDNF-injected eyes

(89,232'% 8,033; n = 10) showed a 46% increase compared’
. with the number in PBS:njected eyes (61,165 = 3,259, » =

10) and 2 113% incredse compared with control noninjected
€yes (41,880 * 3.890; 7 = 6; Fig. 6B). PBS injection also led

_Lo-ait increase (36% more) in-rod numbers compared with_'
~the aumber.in untreéated eyes. These iacreases were ali’
staustic;ﬂlv sigoificant: GDNE versus PBS, P < 0.01; GDNF

- vergus control, P & 0.001; PBS versus control, P < 0. 02.
- These data cxpressed relative to total rod numbers found in
normal adult C57 mice (estimated by us 15 4,13 X 10% data
not showiy yu.ld 2.2%."1.5%, dand ¥.0% for GDNE, rBs, and
nonin;ccted »d/ved retinas, respectively.
‘ “To compate these data more easily with ‘previously pul-
lished results on rod loss in the #ddrd tionse, we sectioned five
“ wholemounted retinas from each ex:pcnmemal group and re-
examined rod cell labeling; Figlire 7 shows representative areas
fromi each expcrimcntat\ group and c;e_zu_iy shows immunola-
beled rods scattered aniong immunonegative celis within the

vestigial outer nuclear layer (ONL). Noninjected control rd/rd

retinas had only sparsely scattered rods, appearing as & smgle
discontinuous. fayer. along the scleral” border (Figs. 7A, TB)
PB&njected retinas bad tmore immunolabeled rods, appearing
as a single-so-double. discontinuous layer (Pigs. 7C, 7D). GDNF-
mjected retinas often contained two 1o, three fows of jmmu-

nolabeled rods, although areas of rod opsin-immunonegative
' cells ¥vithin the ONL were still apparent (Figs. 7E, 7I). Sections .

A9



-

e

4
!




w5, October 1999, Vol, 40, No. 11 _
A

days |

12 ' 12*-.-.\/\/’\\_'..
wrs 1. Evolution of sd/id and ; . S . : _

d-type mice ERG on light stimula-

1. (A ERG recordings at different 15 “‘M
seontal ages for rd/rd and wild- g ’ .

26 {C57) mice. Posmautal days dre

ficated on the J¢ff of the BRG rer - 17 wmanl o

“1dings. (B) Evolntion of a- and b-

we amplitude from 12 10 24 POSE 4G e e
w days. Nore o the cantingous :
crease  toward  complete - disap~ - 22 -
arance of the @ and b-waves in ' .
Al mice from pistnatal days 13 to DA mmissosssmtasetisisitmainri.
in contrast to the regular increase '

served In wildivpe mice, The plot 50pV l___

- each age represens. data from 3 . : i
imals, excepe for the latest tme 200ms
int for the rd/ved mouse (24 davs),
tich represents 10 animals. '

21 - to sopre human families affected by the disease.'®
-gen ong 2 large variety of neurotrophic factors in-

dted i rd/rd eves, only ciliary neurotr ophic factor (CNTP)

fuced histologic photoreceptor cell loss.®

Gligt cell line~ derived neurotrophic factor (GDNF}, WhiCh
longs to the transforming growth factor 8 superfamily, was
it described as a stimulant of survival of dopaminergic neu-
15 {a vitro. 7 Subsequently, its protective effects were denr
strated in in vivo modch of Parkinson disease'®*® or on
velopirig motoneurons.?' Because GDNF is svnthésized in
rreting,?® has been found to stimulate survival of newborn
<& photoreceptors in vitro,?* and recently was shown to
ly photoreceptor outer scgment collapse in vitr_o,z*‘ we
tducted  clectrophysiological, histologic, - immunohisto-
emxcal morphometric, and molecwar biologic studies 1o sée
!ether it could stimulate photorcccpmr swrvival i the ra/frd
se after intraccuiar injections in 'vivo, We showed that
H treatment feads to functional improvement, as indicated
the presence of recordable electroretinograms (BRGs) in

EM-’? Preservation of record-
G.in GDNF. compared with
Wed 22-day yi/rd mouse: A
Showing amplitudes’ of
bwaves from itidivicual
®) ERGs recorded * from

PBS-injectec eyc. l’hL. re-
I8 Were made from mouse =

amplitude (V)
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soime GDNF-injected retipas. Increased numbers of immugola-
beled rods wete detected using two methods of conting, and

vetinal glial cell physiology wias also affected. In contrast, we

vould exclude the involvement: of decreased levels of endoge-
nous GDNF in rod photoreceptor cell death in the rd/ird
mouse.

MATERIALS AND Mzzmoz:)s
Animals

C3H/He/). mice homozygous for the retinal degeneration
{rd) gene (rd/rd mice)y and C57/BL6/} control mice aged 12,

15, 17, 19, and 24 days were obtained from single breeding

colonies  maintained  exclusively for our laboratory by
Charles River Animal - Suppliers (8t. Audbinles-Elbeuf,

' France), maintained in clear plastic cages, and subjected to
standard Hghtidark cycles of 12 hours All procedures con-

B

R bavave |
i T 2wave 3

PBS

Present average 1.1"1::::3
‘Sepasate recordings.

& e _W‘{“«%,.-mﬂ\{"%‘“’w’ﬁrfw
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FIGURE 7. Transverse secuons taken
- from wholemounts of 23-day re/ref ret-
inas prelabeted with the-4D2 and rela
heled with anti-GFAP, (A) and ¢B) are
the same section from noniojected, (C)
and (DY froni PB&injccted. and (£) and
(Fy from GDNFinjected retinas. (A, C,
E} Simultancous visualization of rod
opsin and GEAP impunoreactivity; (B;
D, By DAFT labeling of all fuclei. The
rho-dD2-immunopositive rods are vis
ible s brighty labeled, small. round
cells lying along the vestigial ONL
(starsin A, C, E, with the correspond-
ing cell indicated by stars in B, D, F).
Rho-D2-immunonegative cclis can be
seca 45 uniabeled arens in the ONL
{asterisks in A. C. and K, with comre
" spomeling cells indicated by asterisks
in B, D.and F). The different number
of immunolaheled rods after 1o injec
uon (7 = 16), PBS alone (n = 22), 0f
GIINF treatment (1 = ~§0) can be
clearly seen (A €, E, respectively)
Also, the increasing intensity of sadial
Miiller glial bers iabeled by ang-GFAP
anthody can -be secn. in the order
GDNFinjecied > PBS-injected > nof
injected (B, C, and A respectively, 8
rows), whercas astrocyie staining b¥
the same antibody remains approst
mately consiant along the vitreal bor
der. All sricrographs were taken in
proximity to the optic nerve head and
exposed for the ‘same times ONL
outer nuclear layer: INL, inner nuclear
layer; 1P, inner plexiform layer; GCL.:
ganglion cclt layer. Scale bar, 23 pin.

were: subsequently immunolabeled Wwith ant-GFAP antibody noninjected retinas, GFAP immunoreactivity was mostly €O
and the two fabels visuglized simultaneously with a double fined to the astrocytes, with only rare GFAP4mnunopositi®e " .
band-pass fluorescence filter. GFAP immunoreactivity was vis Bbess (Fig. 7A). PBS-njected retinas showed increased puf:
ihle as bright labeling of astrocytes within the nerve fiber layer bers of such fibers (Fig. 70C), and GDNRinjected retinas con”
and faint transverse. fibrous labedog of retinal Miiller glia. In tained Jurge numbers (Fig. 7E). Quantiative analysis of rOd'}
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p<0.08 (1) -
g p<0.005(2)

64 L pe0.005(3)
T

no. rods 20 yim section length

GONF . PBS. CONTROL

1GURE ‘8. Rod. numbers determmed from msvcrsc sections of

DN, PRS-, and ﬂOn}I}]LLtC‘d re/rd rcnm:_s Average nnmbers (mean 2 \
EM&nunombcled rods were calculated from the entire width of - -

¥ ktion passing through the optic nerve head from rétinag of
ach exXeerimental group(n = 5) Rod numbers were not statistically
ifferent. bensween GDNF- and PBS4reated retinas (1 P Q. 08). Rod
‘ymbers ‘were significantly higher in GDNE- comp:u'ed with nonigs

wied retinas 20 F < 0.005) and in PBS- compamd w:th nonmlc.czeci \

ztinas (3 P < Q. 005)

umbera from lmnsverse sections ru ealed an’ wexage ("'SI:M) ’

70 £ 130 rods/120 um (1 = 8) forr C-DNF—mjcctad 530 %

48_ rods/120 win (. =-3) __for PBSHnjected, and 314 £ 013
2d8/120 wm (2 = 5} for noninjécted retinas (Fig. 8). The.

‘ifference in rod numbers between GDNFreated, PBS-{reated,

nd nonsurgical retinas weas not sighificant berween GDNF and »
BS (P < 0.08), but wis significant between GDNF and non-
argical control eyes (P < 0.005) and ben’vcen_ PBS-injected | -

nd nonsurgxcal control eyes (P < 0 005)

.xpression of GDNF mRNA in rd/rd Mlce

o sty the possible iivolvement of GDNF as an endogenous :

‘ophic _factor for rods; we analyzed 1he expression of endog:
no NE mRNA in mouse retina (Fig. 94). Lane 1 shows
1at Y mRNA. was expressed in higher " steady $tate
mounits in retina compared with the remainder of the eye

atio 6:4). Twelve-day-old rd/rd mice ewrprumd rodspecific
1odopsin mRNA at levels comparable 1o 35-day-old C57 mice

Gig. 9B, lanes 1,10, and 11). Large dccrc'tses in rhodopsin
IRNA expression were observed in rd/rd mice between days

2 and 120 (lanes 1 through 9). During the whole petiod, levels -
£ GDNF mRNA (lanes 12 through 20) and those of the house.

seping enzyme GOPDH (lanes 23 through 31) remained une

Hanged and were stmitar 't their tespective éxpression infen.
tics in C57 mouse eye at 35 days (lanes 21,22, 32, and 33y,

NSCUSSION

ur data show a stimulatory effect of subretinal injections of
e neurotrophic factor GDNF on rdd photoreceptor survival

o 'GDNF Neuf‘dpro\te'ction of rd/:*if Mouse Retinal Rods 2‘731

"m the ‘rd/rd mouse, This effect was demmzstmted {hmugh

Jmmunohmtachemiml and ' morphometric analyses and

.. through measurement of lightr-evoked responses. To the best of
T our kpow!c(ige this is the frst report in which injection of 2
- neurotrophic’ growth factor lias been shown to promote im-

provement of retingl function in an animal model of retinal

) 'degencratmn closely resembling human RP.

Faktorovich et al.!® first. showed the feasibility of using

5 poh'pep:ide growth factors 1o slow photorecepmr loss in in-

herited retinal degeneration. Using a rat model of RP they
showed that intraocular injections of FGF-2 delaved rod pho-

-toreceptor: foss. They also feported recently the effects of
. intraocular injection of multiple neurotrophic fictors (CNTF.
*, brainsderived neurotrophic fictor, FGF2, léskemia inhibitory
" factor. mstilinike growth factor If, peurotrophine? and -4.'and

rerve ‘growth factor) on slowing rod photoreceptor loss in

' several mouse models of retiial degeéneration including the

vel/rd mouse.® Thege molecules were chosey because they are

‘known to exhibit neuroprotective effects in othér retinal mod-
el or elsewhere in the nervous systend.™ %3 Of all these
factors, only rat CNTF injected between postnatal davs 7 and

10 had & proteciive effect 1 week later in rd/rd mice. In ag

-independert study, CNTF delivered by . adenovizal ' vectors

showed histologic and functional protection of rod, photore-
cepiors in another mufant, the retinal degeneration slow (rds)
mouse:3? Rescue effects of PBS injections alone have pot been
previously observed it mouse rd mutaits, whereas in our
stucly PBS injection alone induced a significant rescue effect at

~the histologic tevel, bue did not lead w deteciable functional -

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 4 result of tissue dimage.

GDNF was one of the few neurotrophic factors not tested
in the exhaustive recent trinls by LaVail et al® Jt was shown
recently, whien used at relatively high concentrations, to have

‘protective effects against photoredeptor: ouner segment ook

lapse in shorrterm in vitro assays.>® It is impossible to know

-.the final conccntmtion of the subretmalh injected GDNF used

inthe prescnt studly, although the dose admiaistered lies in the

- range normally used for ‘intraccilar growth - Factor injec
tions.®'® Althougl it Is possible that GDNF may constituté one. -
- of the few identified neuttrophic factors influencing rod pho-

toreceptor survival in inherited retinal degenerations in which

the gene defect js focalizéd to the rod cell, other criteria such

a8 timing or oculdr site of injection and approach were prob-
ably critical. Qur injections were performed st relatively late
tintes, after the initial onser of rod loss in this strain.'™ These

_ages were chosen to permit injection into the subretinal space,

which ‘was not routingly” possible in younger animals. The
stereological method of counting, originally developed for as-
sessment of neuronal numbers in brain regions,*”*" aliows an
accuyate: unbiased estimation of total cell numibers, reducing

greatly the variability induced by regional differences (superior
versus inferfor hermisphere, site of injection). Nevertheless,

increased rod numbers were also relably scored in transverse

retinal sections as routinely used by other investigators.5-'®
GDINF may be'a particularly 'interesting neuroprotective

molecule, because unlike FGF-2 it is not reported to be angio-

- genie and thus shouid not lead to neovascular complications.*®

Histologic observations i1 the present study also did not record
the presesice of new rétinal biood vessels or invading maero:
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CRiGuEe. 9. GDNF mRNA . expression
“was not atered during photoreceptor
‘degencration in the edad mouse,

GDNF mRNA cxpression was studicd
by serntquantitative RTPCR. (A) GDNF
expression was conipared. berween
rering and the remainder of the eye,
Towd RNA was isolated from rd/rd ret
ina-Gaaes 1, 3) and the remaingder of
©the eve (arres 2, 4Y and analyzed with

GGPDH.** (B) Total RNA tsokuted from
~whole'cves of 12 (anes 7. 12,23). 22
(Teanes 2,3, 18, 14, 24, 23Y, 28 (fdanes

T, 1828 29y and 120- (lanes 8, 9,
19,-26. 30, 30 posmatal day rdfid
tice, dnd from 35-<lay postnatal now
T mat mice (("3‘7856) Gunes 10, 11, 31,
22,732, 33) wasg analy/cd with primeds
specific for rhodopsin (RHQ, wper
roul),. GONI (middie row), and the
- housckeeping  gene glucosed-phos:
phate dehv(lroguméé (GOPDI, Tower
roud. The reduction in opsin mRNA
levels during the cotirse of rod degen-

30031

Ase@ays) | 12] 22 | 28 | 35 _

erption and ‘the uniform profilc of

120 ] . 38

Strain |C3H| C3H | C3H |

C3H.__| C€57BI6

ard GEPDH can be seen.

phag,r_s Although tms d;st'mt member of l:he transforming'

growth factor-f# superfamily. was orsginally thought 1o be'a

U specific survival factar for dopammergic neurons,’” GDNF is
_now knowan to stimulate a wide variety of avtonomic, sensoty,

and motoneutons? %37 dnd has an important role in kidney
development.®® Previous studies have indicated the potential

value of GDNF as & 11cur0protecuve agent for the regind |

through the demcmtmmn that subnanomolar concentmuons
of GDINF increase, cell survival in eariched photoreceptor cul:

res prepm'ed from newborn mice and that rat photoreceptor

cultures possess lighwaffinity GDNF receptors.®® GDNF is ex-
pressed in-the rat retina from embryonic day () 15:t0 E19,
mostly ‘in the mncrmost layer*? In the mouse embryo, it is
expressed from £8.5 irt the feuroectodesm’ surrounding the
optic vesicle and Iater in the mesenchymal components of the

developing eve.”® Another member of the' GDNF subfaml}s,"

neurturin and its recepror components GFRe2 and Ret, were
also recently detected in normal and rd Mouse reting through-

ohi the life spanf‘“ nthé present stud} two histologic obser .
vations may be: of particular importance. The first is that GDNF

. injection was effective at slowing rod loss even though At

‘mient was begun after the initigtion of rod degencration in this
strain.*! Such findings may be of clinical significance, because
they suggest ‘growth factor treatinent could be effective after

_the onset of photoreceptor death in RP patients. Enhanced

photoreceptor survival after genc transfer of CNTF m rdt

- rwice;? gene transfer of the normal PDE gene in #d mice,* or
) mrgeted digesnon of mutant opsin mRNA by adenovirally de- _

fivered ribozymes in fransgenic retinal degeneration rats™?

have all been obtained when treatment began long before

photoreceptor loss. The sccond is that isitrdocular injection of
GDNF (and to a lesser extent PBS) fed 10 upregulation of GFAP

| expression, indicating that, similar fo FGF-2, M this growth

factor may regulate plwnot} pic e:sprcst»ion in' retinal ‘Miliker
glia and that its effects on rod survival may be mecdiated
theough'an indicect pathvm 13 We are currently exploring thIS
hypotlicsis.

o The detection of an ERG in (xDNF -njected eyes is a0
cspccialls important feding in. the present study, indicating

- that vlsuai function was cmended in treated rd/rd retina. OUF

primers  specific  fof CGDNF™ - and-

4. 5, 15,16, 26,27, 35- (ares 6. 7,

steady stare MRNA kvels for GDNE

Hg
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14 o0 I:RG decrc:mc in young rdfvd mice rc in a&,reement
ifh several previous studies.***"* The persistence of record--.
Me BRG Torrelated in three of four cases, “with the largest:
sative increases in rod cell numbers. However, because ERG

rere absent in several reb/fvd revinds comaining ag least as many
Xds as one dninml in which signals were detected, recording

s probqbly also mﬂuenccd by ancsthesia andd charac forma- -
on. Experimental constraints’ (dark adaptation} prevented’

onitoring of ovular status béfore recording, but overt catdract
ymation was noted in both eves Of two aniials that did not

ondttmm ‘used, gods and cones would bolh have hedn sris-

lated and would bave contr ibuted 1o the signal. Tc should be
wessedt that BRG recordings and stereological assessment

seré performed by a anive observet umwmc ‘of whu.h eye. had
zceived GDNF. : .

We showed previously in the :Wrd moubc: model the

rotective effects of rod phoxomcgpwr_ transplantation on host
one celt survival and siggested thar this effect way mediated
y adiffusibie factor released by fods.” Additional evidence
Carthe existence of stch diffusible sxgnals produced by normat

etina and influencing cone survival was obtamcd using cocul
ure models.>® Although exogenous GDNF protects fod pho-.
ore rs, it is unlikely to represent.this Lndﬁgm_mm_sigml' .
3t S reasons. GDNF is, expressed. in the sd/rd mouse

eting ?:vcu after compleu, loss of rods, auggestmg that GDNF
s not expressed In these cells Glthough it is possible that its

xpression may be upregalated. in- inner retital cells durmg'
shotoreceptor degeneration as has been’ shown 0 occur for
‘GF-2 and CNITF during retipal injury®?), Because the cone-
urvival-promoting effect observed in. our previous cogulture -
tudies was dependent on the presence of rods,** GDNF s
wilikely - to. constitute this diffusible. molécule. Brdogenous -

DNF is not efficient in counteraciing the apoptotic process in
auent rods, and it may have fancrions other thian phoxorecq}_
or cell survival in the mouse reting,

in conclusion, although the (.ndogcnous prrcsexon of

DNF wag not sufficient to prevent photoreeeptor loss in the
“dfrd mouse, intraocular injections were able to dciav such
osses significantly. Adniinistratdoniof GDNT using myu_tions or
jene delivery systems may be very useful to protect agaimt
)howrf,u:ptor dcs;emzratmn in human's -
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