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Purpost. To examine the effects of brain-derived neurotrophic factor (BDNF) in an animal model
of retinal detachment.

MEeTHODS. Cat retinas were detached from the retinal pigment epithelium for either 7 or 28 days.
Animals received either an intravitreal injection of BDNF (100 ug) or phosphate-buffered saline
(PBS), the vehicle for BDNF. Retinas were evaluated using morphology and immunocytochemistry.
The width of the outer segment zone was measured, and the retinas were evaluated for changes in
protein expression by labeling with antibodies to rod opsin, phosducin, synaptophysin, calbindin
D, and glial fibrillary acidic protein (GFAP). The effect of BDNF on both proliferation and apoptotic
cell death was examined.

ResuLts. Although there was variability in the treated retinas, most of the animals receiving BDNF
had well-organized outer segments that were longer than those in vehicle-treated controls. Immu-
nocytochemistry revealed that treated retinas had consistently less opsin redistribution to the
plasma membrane, less phosducin upregulation, and fewer calbindin D-labeled horizontal cell
processes. BDNF did not reduce overall cell death in the detachments or death of photoreceptors
by apoptosis. However, it significantly reduced the proliferative response of Miiller cells and the
extent of upregulation of GFAP.

Concurusions. The results suggest that BDNF may aid in the recovery of the retina after reattachment
by maintaining the surviving photoreceptor cells, by reducing the gliotic effects in Miiller cells, and

perhaps by promoting outer segment regeneration. (Invest Opbthalmol Vis Sci. 1999;40:

1530-1544)

everal biologic molecules have been shown to rescue

rodent photoreceptors from various genetic degenera-

tions and the damaging effects of light'~* with brain-
derived neurotrophic factor (BDNF) proving to be one of the
most potent and one with no apparent undesirable effects.
In this study it was our goal to test its ability to rescue
photoreceptors from the degeneration induced by retinal
detachment.

Retinal detachment is a common cause of human visual
impairment. For many years, outer segment degeneration was
considered the primary effect of detachment and their imper-
fect regeneration the most likely cause of continued visual
deficits after successful reattachment.” Using a feline model of
detachment, we have shown that detachment leads to a num-
ber of other cellular events that could all effect the degree of
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visual recovery: photoreceptor cell death,*” Miller cell prolif-
eration and hypertrophy,>®'® and the remodeling of photo-
receptor synaptic terminals.'' Rod outer segment degenera-
tion is always characterized by a changed expression or
intracellular redistribution of molecules such as rhodopsin and
peripherin/rds.'® '3 Miiller cell hypertrophy is associated with
an increased expression of the intermediate filament proteins
(e.g., glial fibrillary acidic protein, GFAP), and a decrease in the
expression of others.'®'> The structural remodeling of surviv-
ing photoreceptors is correlated with their loss of specific
cytoskeletal‘6 and synaptic vesicle proteins and a concomitant
outgrowth of neurites from second-order neurons.'' Although
these responses are predictable events after retinal detachment
in this model system, they do not occur with the same preci-
sion in timing and magnitude of similar events in the genetic or
light damage models. For example, photoreceptor cell death
always occurs, but it can be variable between animals and
often patchy along the length of detached retina.>'”

These experiments were originally designed to determine
whether BDNF would protect photoreceptors from degenera-
tion and cell death in this model. The study was expanded to
include other cellular events in photoreceptors, second-order
neurons, and Miiller cells. After detachment, BDNF may not
prevent outer segment degeneration or reduce cell death, but
instead, it appears to maintain the surviving photoreceptors,
including their synaptic endings; reduce the gliotic responses
of Miiller cells; and perhaps stimulate outer segment regener-
ation.
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Tasie 1. Experimental Design for BDNF Photoreceptor Rescue Experiments
Day -14 ' -2 0* 3 7 14 28
Experimental
groups:

An=173) Lens removed RD BDNF injectiont Sacrifice

B(n=10) Lens removed BDNF injectiont RD BDNEF injectiont Sacrifice

C(n=235) Lens removed RD BDNF injection} BDNF injectiont Sacrifice

Dmn=10) Lens removed BDNF injectiont RD BDNF injectiont BDNF injectiont  Sacrifice
Control groups

E(n=23) Lens removed  PBS injection RD PBS injection Sacrifice

F(n=>5) Lens removed PBS injection RD PBS injection PBS injection Sacrifice

Gn=4 Lens removed RD Sacrifice

H(n=35) Lens removed  BDNF injectiont  VIT#  BDNF injectiont BDNF injectiont  Sacrifice

IT{n=2) BDNF injectiont BDNF injectiont BDNF injectiont  Sacrifice

* Refers to time of retinal detachment.
1 Human recombinant BDNF, 100 pg.
F Vitrectomy only.

MATERIALS AND METHODS
Retinal Detachments and Intraocular Injections

Table 1 summarizes the experimental design of the photorecep-
tor rescue portion of the study. Adult cat retinas were detached as
described previously.'” Bricfly, the lens and vitreous were re-
moved using a fragmatome and ocutome inserted at the region of
the pars plana. A glass micropipette (100-um tip diameter) at-
tached to a micromanipulator was then used to infuse a solution
of 0.25% sodium hyaluronate (Healon; Pharmacia, Piscataway, NJ)
in balanced salt solution (Alcon, Fort Worth, TX) berween the
neural retina and retinal pigment epithelium (RPE). When approx-
imately 50% to 75% of the retina was detached, the pipette was
removed and the scleral incision closed with 80 nylon suture.
This procedure resulted in only a small hole in the retina; no
retinal tears were observed. The injections of BDNF or PBS (the
vehicle for BDNF) were given according to cither a postdetach-
ment or a predetachment schedule. The 7-day animals in the
former group (Table 1, group A) received an intraocular injection
of BDNF only (100 pg in 50 pl PBS) on day 3 (n = 5), whereas the
28-day group (Table 1, group C) received injections on days 3 and
14 (n = 5). The 7-day predetachment group (Table 1, group B)
received BDNF on days —2 and 3 (n = 10), and the 28-day animals
in this group (Table 1, group D) received injections on days —2,
3, and 14 (n = 10). Controls for the effects of BDNF consisted of
eyes with 7-day retinal detachments that received injections of
PBS on days —2 and 3 (z = 3; Table 1, group E); eyes with 28-lay
retinal detachments that received injections of PBS on days —2, 3,
and 14 (n = 7; Table 1, group F); eves with retinal detach-
ments but no injections (n = 4; Table 1, group G); eyes that had
the lens and vitreous removed without retinal detachment but
had postoperative injections of BDNF 12 (equivalent to —2 on the
detachment schedule), 17 (equivalent to +3), and 28 (equivalent
to +14) days later (n = 5; Table 1, group H); and completely
normal eyes that received three injections of BDNF spaced ac-
cording to this same schedule over a 30<«lay period (n = 2, Table
1, group I). All injections were performed at the level of the pars
plana using a 30-gauge needle. After the injection, the needle was
held in plice for approximately a minute. As the necedle was
slowly withdrawn, the sclera was compressed with forceps to
help minimize leakage from the injection site. All procedures
involving animals adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and University of

California, Santa Barbara guidelines for the use of animals in
research.
Tissue Preparation

The eyes were dissected into eighths (Fig. 1), Region 2 from
the superior nasal retina was fixed and stored in 4% parafor-
maldehyde in sodium cacodylate buffer (0.1 N; pH 7.4) for

e SAMPLE AREA "A"
= SAMPLE AREA "B"
1

5 4

Figure 1. A diagram showing how the eyecups were divided in the
rescue experiments. The fundus was divided into approximately cight
equal wedge-shaped pieces centered on the optic nerve head. Segment
2 was fixed in paraformaldehyde and reserved for immunocytochem-
istry. The other pieces were fixed for light and electron microscopy
and embedded in resin. The sampling areas for the morphologic study
of the retinas are indicated by the areas marked “A" (black bars) anc
“B" (white bars) from cach of these seven wedges. Each of these areas
was approximately 3 mm to 4 mm in length, but the length of detached
retina within each of these blocks varied. (The diagram reflects sim-
pling methods and is not drawn to scale) SN, superior nasal; ST,
superior tlemporal; IN, inferior nasal; 1T, inferior temporal.
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immunocytochemistry. The remaining seven regions were im-
mersion fixed in 1% glutaraldehyde and 1% paraformaldehyde
in sodium phosphate buffer (0.086 M; pH 7.3) overnight at
4°C. The tissue was then fixed in phosphate-buffered osmium
tetroxide (2%) for 1 hour and embedded in Spurr’s resin. The
7 regions were divided in half producing 1 central (area A) and
1 peripheral location (area B) from each, for a total of 14 retinal
locations. Each location was sectioned at 1 um, counterstained
with toluidine blue, and examined by light microscopy and, in
some cases, by electron microscopy.

The immunohistochemical procedures using 100-um
thick Vibratome (Technical Products International, Poly-
sciences, Warrington, PA) sections and laser scanning confocal
microscopy were published previously.'®'":'® Anti-rhodopsin
(gift from Robert Molday, University of Vancouver) was used at
a 1:50 dilution, anti-phosducin (gift from Toshimichi Shino-
hara, Harvard University) at 1:400, anti-calbindin D (Sigma, St.
Louis, MO) at 1:1000, anti-synaptophysin (Dako, Carpinteria,
CA) at 1:100, and anti-GFAP (Dako) at 1:500. After 1° antibody
incubation, the sections were rinsed and incubated in donkey
anti-mouse or -rabbit IgG conjugated to the fluorochrome Cy3
(Jackson ImmunoResearch, West Grove, PA) overnight at 4°C
on a rotator. Sections were then rinsed again, mounted in 5%
n-propyl gallate in glycerol, and viewed on a laser scanning
confocal microscope (model 1024; Bio-Rad, Hercules, CA).

Quantifying the Effects

Photoreceptor Morphology. Two methods were used
to evaluate the effects of BDNF on photoreceptor morphology.
In both, slides were coded so that the treatment was not
known to the observers (SKF, GPL). One method involved
measuring the width of the outer segment zone. From each eye
42 measurements were taken (3 representative areas on a
section from each of the 14 regions) and combined to obtain
an average outer segment length for each animal. The second
method involved the same two observers independently rating
the status of the photoreceptors on a scale of 0 to 5, with O
indicating no outer segments and 5 indicating normal appear-
ance. A single number was assigned by consensus. Both meth-
ods were used on the same sections.

Photoreceptor Cell Counts. We sampled the number of
nuclei in the outer nuclear layer (ONL) in two blocks (Fig. 1,
sample areas A and B) for the superior nasal retina in each
animal. The length of the section was measured and the mid-
point of the section centered in the microscope field. All the
photoreceptor nuclei within a length of 750 um centered on
the midpoint were counted. The identity of the tissue was
masked to the observer.

<
<«
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Immunocytochemistry. We quantitated the immunocy-
tochemical results by comparing BDNF-treated and PBS-treated
28-day detachments with normal retina and untreated 28-day
detachments. The extent of deviation from normal was rated
on a scale of 0 to 3, with 0 indicating equivalence to the pattern
in normal retina and 3 representing the expected response in
a 28-day untreated retinal detachment. The sections were pro-
cessed together, and gain and contrast settings were kept
constant while viewing on the confocal microscope. At least
five animals were used for each antibody, and the ratings were
combined to obtain an average.

Proliferation and Apoptosis. We could not use tissue
from the described experiments to determine whether BDNF
affects cell proliferation or cell death by apoptosis, because the
peak of both responses occurs before 7 days.”® Therefore, a
new set of detachments was made in the right eyes of five cats.
Three of these had 100 ug BDNF in PBS injected into the
vitreous cavity within 10 minutes after the detachment sur-
gery, and two of them received a comparable volume of PBS.
All animals were sacrificed 3 days later. Eyes were fixed for
immunocytochemistry as above and the retina embedded in
wax (Paraplast X-tra; Fisher Scientific, Pittsburgh, PA).

Anti-Ki-67 and TdT-dUTP Terminal Nick-End Label-
ing. Four-micrometer-thick sections were dried on microscope
slides, dewaxed in xylene, rehydrated in graded ethanol, and
labeled with the antibody to Ki-67 (1:50; Immunotech, West-
brook, ME) using an automated histostainer (TechMate 1000;
BioTek Solutions, Santa Barbara, CA) to detect proliferating
cells.” The labeled cells were counted and the section length
measured to determine the number of dividing cells per milli-
meter of retina. Wax sections were prepared as above and
stained by the TdT-dUTP terminal nick-end labeling (TUNEL)
method.” The number of labeled (apoptotic) cells per millime-
ter of retina was counted for each sample. In both studies, cell
types were classified according to their stratification and mor-
phology.

RESULTS

Morphology

The morphology of retinas detached for 7 or 28 days and
receiving PBS, was consistent with results in earlier stud-
ies.>®'? Outer and inner segments showed signs of severe
degeneration at both 7 and 28 days (compare Figs. 2A, 2B, 2C).
As expected, photoreceptor cell loss was patchy but obvious at
both times (Figs. 2B, 2C). We consistently found other ex-
pected changes: disruption of the photoreceptor synaptic ter-

FIGURE 2.

Light micrographs selected to show the range of responses of detached retina to BDNF. Resin-embedded tissue, 1-pwm sections, toluidine

blue stain. (A) Normal cat retina. This example is taken from one of the eyes given three intraocular injections of BDNF to show that these retinas
had a completely normal morphology. (B) PBS-treated retina detached for 7 days. Note the nearly complete outer segment degeneration. (C)
PBS-treated retina detached for 28 days. Note the complete absence of outer segments and greatly shortened inner segments. There are numerous
spaces within the ONL indicative of photoreceptor cell loss. (D, E, F, G, H, D. Examples of the range of positive responses to BDNF in retinas
detached for 7 (D, E, F) or 28 (G, H, D days. In (D) the outer segments are nearly normal in length and well organized. In (E) outer segments vary
in length, and there are numerous macrophages in the subretinal space (arrow). In (F) there is a broad zone of outer segment material, but it is
not particularly well organized. In (G) the outer segments are longer than in normal cat retina, measuring up to 36 um in many areas. Note that
the tips of the outer segments are distorted. (H) Essentially normal-length outer segments were present in a 28-day detachment, whereas the outer
scgments () were shorter than normal and poorly organized. OS, outer segment layer; IS, inner segment layer; ONL, outer nuclear layer; INL, inner
nuclear layer; GCL, ganglion cell layer. Magnification, X300.



1534 Lewis et al.

IOVS, June 1999, Vol. 40, No. 7

FIGURE 3.

Electron micrographs of photoreceptor outer segments from retinas detached for 7 days and

cither PBS- (A, B) or BDNF- (C, D) treated (study groups E and B; Table 1), In the PBS-treated retinas, those
photoreceptor cells that have recognizable outer segments at 7 days of detachment by light microscopy
usually appeared highly abnormal when examined by electron microscopy, as shown. (C, D) Exceptionally
well-organized outer segments in retinas detached for 7 days and treated with BDNF, Note the presence
of many phagosomes in the macrophage adjoining the apical tips of the outer segments in (C). Magnifi-
cation, (A) X4,070; (B) % 15,600; (C) X3,700; (D) %4,900.

minals, Milller cell nuclei displacement to the outer retina or
subretinal space, the obvious hypertrophy of Miiller cell pro-
cesses both within the retina and the subretinal space, and the
occasional occurrence of RPE cells and, rarely, macrophages
(Fig. 2E, arrow) in the expanded subretinal space.

Figures 2D, 2E, 2F, 2G, 2H, and 2I illustrate what were
considered to be positive morphologic responses in the retinas
treated with BDNF—cthat is, retinal morphology unlike that
found in the PBS-injected or untreated control detachments.
The full range of responses in the BDNF-treated retinas would
also include results as shown in Figures 2B and 2C, because in
some animals, and even in some regions of retinas showing a
positive response, there were also negative responses—that is,
the degeneration typical of detachment of this duration. Outer
segment morphology in the BDNF-treated retinas showing a
positive response runged from almost normal in appearance
(Figs. 2D, 2E, 2H) to only slightly better than in the PBS-treated
detachments (Fig. 2D). In several instances, the outer segments

were actually tonger than in attached, control retinas (Fig. 2G),
although in these cases the tips of the outer segments were
always disrupted. In some eyes a broad zone of outer segment
membrane was not organized into typical outer segments (Fig.
2F). When present, macrophages often contained packets of
outer segment discs (c.g., Fig. 3C). Although the morphology
left us with the impression that photoreceptor synaptic termi-
nals were less disrupted and Miller cells less reactive in the
BDNF-treated retinas, these responses were best and most
reliably documented by the immunocytochemistry described
later. There were no other obvious morphologic differences
berween PBS- and BDNF-treated retinas.

In some areas of the PBS-injected eyes there were trun-
cated outer segments, but at the ultrastructural level these
always appeared as vesiculated and disorganized fragments of
outer segments (Figs. 3A, 3B, 4A). By contrast, the BDNF-
injected eyes had consistently both longer and better-organized
outer segments (Figs. 3C, 3D, 4B), with many of them showing
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FIGURE 4.
degenerated by 28 days of detachment. The example shown in (A) from a PBS-treated eye in study group F is typical. Only disorganized fragments
of outer segments are observed, and the inner segments show severe signs of degeneration as well. They are greatly shortened and contiain many

fewer mitochondria than normal. (B) (study group D) shows long, well-organized outer segments from an eye treated with BDNF. Magnification,
(A) X4070; (B) X6900.

nearly normal morphology. There is, however, always signifi-
cant space found between the outer segments, even in areas
where they are of normal length. Presumably, this is because of
two cffects: the death of some photoreceptors and the absence
of apical processes from the RPE,*"#' which normally fill this
space.

Outer Segment Length

Figures 5, 6, and 7 present the average outer segment lengths
in individual animals used in the study, and Table 2 summarizes
the data for all the animals. (Data from both the outer segment
length measurements and the subjective rating scale led to the
same conclusions. Only the former are presented here.) The
data in Figure 5 and Table 2 show that there was no effect of
BDNF on outer segment length when it was injected into
normal eyes or into those with the lens and vitreous removed.
Several obscrvations emerge from the quantitative data in Fig-
ures 6 and 7:

1. At both 7 and 28 days, several of the animals, the
majority at 28 days, had outer segments that were on average
longer than in the PBS-injected controls.

2. Four of 12 (33%) control detachments had no detect-
able outer segments in any of the 14 regions examined,
whereas this occurred in only 2 of 30 (7%) BDNF-treated
animals.

3. There was large variability within individual animals.
This is significant because in several BDNF-treated animals the
average outer segment length was not much greater than in the
PBS-injected control detachments, but there were areas within
these eyes in which outer segments approached normal length

Brain-Derived Neurotrophic Factor in Retinal Detachment
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Electron micrographs of photoreceptor outer segments from retinas detached for 28 days. Outer segments are usually completely

or even exceeded it. This was never true in the PBS-injected
animals.

4. Overall, the outer segments were of greater average
length in the 28-day than the 7-day, BDNF-treated animals
(Table 2).

5. Seven-day animals with only postdetachment injections
had slightly longer outer segments than those with predetach-
ment injections; however, this trend was reversed in the 28-day
animals.

6. In both the 7- and 28day BDNF-treated detachment
groups there were animals that had outer segments much
longer than in the untreated normal or BDNF-treated animals
without detachments. Indeed, four animals had outer segments
that measured over 30 pm in length, or twice their length in

Control Animals

28 Day Lens & Vitreous
RAemaovad,
BONF, preinjection

Normal
Controls

28 Day Normal,
BODNF prainjaction

Avg. Ouler Sagment Langth {um)

Animal

FiGure 5. Average outer segment lengths in the individual control
animals without retinal detachments, showing that BDNF injected into
the normal eye had no effect on outer segment length,
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7 Day Detachments

PBS treated control
10— detachments

BDNF treated,
pre-detachment
20— injection

|

Avg. Outer Segment Length (um)

T

BDNF treated,
post-detachment injection

Animal

FIGURE 6. Average outer segment lengths in individual animals with
7-day detachments treated with either PBS (top row) or BDNF (bottom
two rows). 0 indicates the complete absence of outer segments in any
section. Although not statistically significant (Table 2), overall, the
BDNF-treated retinas had longer outer segments than those treated
with PBS. There was little difference in outer segment length between
retinas treated with predetachment and postdetachment injections.

the BDNF-treated or normal controls. In two of these animals
there were areas with outer segments slightly more than 36 um
in length.

A one-way analysis of variance comparing outer segment
length in PBS-, BDNF-, and pretreated versus nonpretreated
animals at 7 days showed no statistically significant differences
between the groups (F[2,16] = 2.80; P > 0.05), whereas at 28
days there was a significant difference (F[2,17] = 4.368; P <
0.05). Both the Tukey and Scheffé two-sided t-tests showed no
significant difference between the 7-day detachment PBS-in-
jected group and either the group receiving the predetach-
ment injection or the group receiving only the postdetachment
injection of BDNF. The same tests, however, showed a signif-
icant difference in the 28-day animals (P < 0.05) between the
PBS group and the BDNF-injected animals with pretreatment.

Cell Death

Counts of TUNEL-labeled cells in retinas detached for 3 days
and receiving a single injection of BDNF at the time of detach-
ment are shown in Figure 8. Although the total number of
TUNEL-labeled cells were reduced in the sampling areas of the
BDNF-treated eyes (25.0 versus 39.8), the difference was not
statistically significant.

Figure 9 shows a comparison of the ONL cell counts from
all the control and experimental animals for the most central
area of the superior nasal quadrant. (Data from the more
peripheral area show exactly the same trend.) The injection of
BDNF into normal eyes or those with the lens and vitreous
removed had no effect on ONL counts. There was a substantial

TOVS, June 1999, Vol. 40, No. 7

28 Day Detachments

Untreated control
detachments

10— PBS treated control
detachments

13.d.

BDNF treated, pre-
detachment injections

20 =——{

Avg. Outer Segment Length (um)

BDNF treated, post-
detachment injections

20

Animal

FIGURE 7. Average outer segment lengths in the individual animals
with 28-day detachments and treated with PBS (top row, left group),
left untreated (fop row, right group), or treated with BDNF (bottom
two rows). 0 indicates the complete absence of outer segments in any
section. As in the 7-day experiments, the BDNF-treated retinas showed
much longer outer segments than those treated with PBS. In this case
there was a statistically significant difference (Table 2).

decline in the number of cells, however, after detachment. In
the areas sampled, somewhere between one quarter and one
third of the photoreceptors were lost after detachment, regard-
less of whether the eye received PBS or BDNF injections.
Comparing the 7- and 28-day detachments suggests that most
cell death occurred within the first week, confirming the data

TaBLE 2. Summary of Outer Segment Length
Measurements

Group

Control animals

Normal (z = 2) 174 =1
28 Day + BDNF (2 = 2) 152 0.8
28 Day L&V* + BDNF (n = 5) 152+ 1.4
7-day detachments
+ PBS (n = 3) 25*26
+ BDNF (predetachment injection;
n = 10) 6*3.1
+ BDNF (postdetachment
injection; 7 = 5) 7837
28-day detachments
No injections (n = 4) 23+1.7
+ PBS (n = 5) 1.8*19
+ BDNF (predetachment injection;
n = 10) 12*£7.2
+ BDNF (postdetachment
injection; n = 5) 10.1 £7

* Lens and vitreous removed.
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FiGure 8. The average number of TUNEL-labeled cells per millimeter
of retina. A, normal retina (n = 4). B, normal retina treated with 50 ul
PBS 3 days before animals were sacrificed (7 = 2). C, normal retina
treated with 100 pg human recombinant BDNF in PBS 3 days before
animals were sacrificed (n = 2). D, retina detached for 3 days, treated
with 50 wl PBS at the time of detachment (n = 3). E, retina detached
for 3 days, treated with 100 ug human recombinant BDNF in PBS at the
time of detachment (n = 3). There were no labeled cells in the animals
without detachments (A, B, C). The BDNF-treated retinas showed
fewer TUNEL-labeled cells, but the difference was not statistically
significant. Error bars, 1 SD.

in our earlier study of TUNEL.” There was no statistically
significant difference between the PBS- and BDNF-injected eyes
in the areas sampled.

Proliferation

Nonneuronal cell proliferation is another hallmark response of
retinal detachment.®® Figure 10 shows the number of anti-

250

200 1

150 7
B Nuclei /
750 um 100 -
50 1
o+ W_ W N N = -
A B cC D E F G H [

FIGURE 9. The mean number of photoreceptor cells/750 wm of retinal
length in the outer nuclear layer of animals in different conditions
taken from the 7- and 28-day BDNF photoreceptor rescue experiment.
A, normal retina (n = 2). B, normal retina + BDNF (control group I in
Table 1). C, lens and vitreous removed + BDNF (control group H in
Table 1). D, 7-day detachment + PBS (control group E in Table 1). E,
7-day detachment + BDNF without predetachment injection (experi-
mental group A in Table 1). F, 7-day detachment + BDNF with prede-
tachment injection (experimental group B in Table 1). G, 28-day
detachment + PBS (control group F in Table 1). H, 28-day detachment
+ BDNF without predetachment injection (experimental group C in
Table 1). 1, 28-day detachment + BDNF with predetachment injection
(experimental group D in Table 1). The ONL cell counts were similar
in BDNF- and PBS-treated retinas, indicating that BDNF probably did
not affect photoreceptor cell loss in these experiments. Error bars, 1
SD.

FiGURE 10. The number of anti-Ki67-labeled cells per millimeter of
retina. A, B, C, D, E, cells in all retinal layers. F, G, cells only in the inner
nuclear layer. A, normal retina (n = 4). B, normal retina treated with 50
ul PBS 3 days before animals were sacrificed (n = 2). C, normal retina
treated with 100 ug human recombinant BDNF in PBS 3 days before
animals were sacrificed (# = 2). D, F, retina detached for 3 days,
treated with 50 ul PBS at the time of detachment (n = 3). E, G, retina
detached for 3 days, treated with 100 ug human recombinant BDNF in
PBS at the time of detachment (z = 3). In this experiment, BDNF
significantly reduced the number of labeled cells in the INL (compare
bars F and G). Error bars, 1 SD.

Ki67-labeled cells across all retinal layers for nondetached
retina (bars A, B, C) and detached retina receiving PBS or BDNF
(bars D, E) and those labeled cells specifically lying within the
inner nuclear layer (INL; bars F, G). Although the total number
of labeled cells (Miiller cells, astrocytes, endothelial cells, peri-
cytes, and microglia) was less in the sampled areas of the
BDNF-treated eyes (20 versus 32) the difference was not sta-
tistically significant. The difference in the numbers of labeled
cells within the INL (5 versus 21), however, was statistically
significant (Student’s ftest; P < 0.001). The nuclei labeled
within the INL are almost certainly all Miiller cells, based on
their size and location.

Immunocytochemistry

The antibodies used for this study were selected because they
provide reliable and characteristic responses in this detach-
ment model. The immunolabeling patterns for all antibodies
were highly consistent in the PBS-injected eyes (and identical
with those in our previous studies). There was, as expected
from the morphologic and quantitative data, variability in the
BDNF-treated samples. Here, we illustrate for the BDNF treat-
ment group examples from those eyes that show positive
responses—that is, immunolabeling patterns more similar to
those in normal retina and unlike those observed in detach-
ments from untreated or PBS-injected eyes. A negative re-
sponse in the BDNF-injected group would simply be as illus-
trated for the PBS-injected group.

Anti-rod Opsin. BDNF treatment of eyes without retinal
detachments did not affect the pattern of labeling with the
Rho4D2 rod opsin antibody (compare Figs. 11A, 11B; also see
Ref. 13). There was heavy labeling of the rod outer segments
and the Golgi-endoplasmic reticulum of the inner segment
and light labeling of the plasma membrane. The change in this
labeling pattern that occurred in PBS-injected eyes with detach-
ments was the same as observed in detachments without in-

traocular injections'®'?: continued labeling of the shortened
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Ficure 11, Laser scanning confocul micrographs showing the immu-
nolabeling pattern for the antibody to rod opsin. (A) Normal retina.
Labeling is limited to that in the outer segments and Golgi- endoplas-
mic reticulum of the inner segments. Very faint labeling of the plasma
membrane of the rod cell bodies is also present. (B) Normal retina
treated with BDNF. The same labeling pattern as illustrated in (A). (C)
Retina detached for 7 days and treated with PBS. (D) Retina detached
for 7 days and treated with BDNF. (E) Retina detached for 28 davs and
treated with PBS. (F) Retina detached for 28 days and treated with
BONFE. Note the very short, disrupted outer segments and extensive
plasma membrane labeling in (C) and (E), both characteristic of de-
tuched retina, Longer outer segments and much fainter plisma mem-
brane labeling is present in the BDNFreated retinas (D, F). Each image
is 1 two-dimensional projection of a series of five consecutive images
with i single-image plane equal to 1 pm in depth. OS, outer segment
layer; 1S, inner segment layer; ONL, outer nuclear layer. Magnification,
X250.

outer segments, a4 more diffuse labeling of the Golgi- endoplas-
mic reticulum region, and a dramatic increase in labeling of the
plasma membrane in the ONL (Figs. 11C, 11E). In the retinas
that showed a positive morphologic response to BDNF (Figs.
11D, 11F), the anti-opsin labeling pattern more closely resem-
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bled that in the normal retina (Fig. 11A) with a decreased
amount of plasma membrane labeling in the ONL.

Anti-phosducin. The antibody to phosducin labeled the
photoreceptor inner segments, cell bodies, and synaptic termi-
nals in both normal eyes and normal BDNF-treated eyes (Figs.
12A, 12B). After retinal detachment there was a distinctive
increase in the labeling intensity of the inner segments and cell
bodies (Figs. 12C, 12E) but a loss of the synaptic-terminal
labeling. In the retinas showing a positive morphologic re-
sponse to BDNF, the increasc in anti-phosducin labeling inten-
sity either did not occur or was greatly attenuated (Figs. 12D,
12F). In addition, the labeling of the synaptic terminals in the
treated retinas gave a more normal appearance to the layer of
terminals (Fig. 12D, 12F).

Anti-synaptophysin. In normal retina (and normal ret-
ina treated with BDNF), this antibody distinctively labeled
the synaptic terminals of rods and cones in the outer plex-
iform layer (OPL; Fig. 13A, 13B). When the retina was
detached, however, this pattern was rapidly disrupted,
which correlated with the loss of synaptic terminals from
the photoreceptors (Fig. 13C and Ref. 11). Labeled terminals
were not only missing from the OPL but often occurred
deep in the ONL (Fig. 13C, arrow). In the detachments
treated with BDNF and showing a positive response, there
was much more typical labeling of the layer of synaptic
terminals, with the laver appearing more intact and orga-
nized. The layer of terminals often appeared reduced in
width, as expected from the loss of cells. Only occasionally
did labeled terminals appear within the ONL in the detached
BDNF-treated retinas (Fig. 13D).

Anti-calbindin D. Anti-calbindin D is a marker for neu-
rite outgrowth from horizontal cells,"' an event that begins
within 3 days of detachment. This response occurred pre-
dictably in the PBS-injected retinas (compare Figs. 14A, 14B,
14C, 14E), where fine anti-calbindin D-labeled processes
could be seen extending beyond their usual termination at
the layer of photoreceptor synaptic terminals into the outer
nuclear layer. It appeared to be suppressed in the animals
showing a positive response to BDNF. In the examples
shown in Figures 14D and 14F, there are no labeled pro-
cesses extending beyond the level of the photoreceptor
synaptic terminals into the ONL.

 Anti-GFAP

The upregulation of GFAP in Miiller cells is another reliable
response to detachment and occurs concomitantly with the
hypertrophy of Miiller cell processes.'? Labeling with anti-
GFAP occurred in astrocytes and Muiller cell end feet in normal
cat retina (Fig. 15A), and three injections of BDNT into the eye
did not change this pattern (Fig. 15B). As expected, anti-GFAP
labeling greatly increased in the Miiller cell cytoplasm in 7- and
28-day detachments (Figs. 15C, 15E). The anti-GFAP-labeled
processes extended to the outer limiting membrane and often
into the subretinal space by 7 days (also see Ref. 10). At 28 days
the labeling intensity increased, labeled processes in the retina
became thicker and more extensive, and the number of pro-
cesses and their size in the subretinal space increased signifi-
cantly (Fig. 15E, *). Although there was an increase in the
expression of GFAP in Miiller cells in the retinas showing a
positive response to BDNF, the response was greatly attenu-
ated by comparison with that in the PBS-injected eyes (Figs.
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15D, 15F). There are fewer labeled processes extending into
the retina from the end feet and for the most part, heavy
labeling stopped at the level of the OPL in both the 7- and
28-day detachments.

Figure 12, Laser scanning confocil micrographs showing the immu-
nolabeling pattern for the antibody to phosducin. (A) Normal retina.
The heaviest labeling occurs in the inner segments and synaptic ter-
minals of the photoreceptors, with some labeling of the cell bodies us
well, (B) Normal reting treated with BONE. The same labeling pattern
as illustrated in (A). (C) Retina detiched for 7 days and treared with
PBS. (D) Retina detached for 7 days and treated with BDNF. (E) Retina
detached for 28 days and treated with PBS. (F) Retina derached | for 28
days and treated with BDNE. When the retina was derached and rreared
with PBS (C, E), there was a dramutic increase in phmorl:'ccpmr
labeling with this antibody, runging from the inner segments through
the cell bodies. There was also a loss of Libeling of synaptic terminals.
When the retinas were treated with BDNF (D, F) the labeling pattern
more closely resembled that seen in normal retina: There is only a
partial loss of synaptic terminal labeling, and the labeling within the
ONL was less than in the PBS-treated detachments (C, E). Each image
is a two-dimensional projection of a series of five consecutive images
with a single-image plane equal to 1 um in depth. IS, inner segment
layer, ONL, outer nuclear layer; OPL, outer plexiform layer, Magnifica-
tion, X250,
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FiGure 13, Laser scanning confocal micrographs showing the immu-
nolabeling pactern for the antibody to synaptophysin, (A) In normal
retina this antibody distinctively labeled the synaptic terminals of rods
and cones, (B) Normul retina treated with BDNF, The same labeling
pattern as in (A). (C) Retina detached for 28 days and treated with PBS.
(D) Retina detached for 28 days and treated with BDNF. After detach-
ment there was i rapid loss of photoreceptor synaptic terminals from
the OPL and some labeled terminals appear deep in the ONL (C,
arrow). There was an obvious preservation of anti-synaptophysin-
labeled terminals in the 28-day BDNF-teeated retina (D). Each image is
a rwo-dimensional projection of a series of 10 consecutive images with
a single-image plane equal to 1 wm in depth. Magnification, X600.

Immunocytochemical Ratings

Figure 16 shows the results of the ritings used to compare the
antibody labeling patterns, thus providing an overview of the
differences between the BDNF-treated and untreated retinas.
The ratings were derived from all retinas, not only those show-
ing a positive photoreceptor response. A comparison of the
data presented for each antibody in Figure 16 shows that the
responses for the rod opsin, phosducin, and synaptophysin
immunolabeling are approximutely 50% of that in the un-
treated eyes, whereas that for calbindin D was approximately
28%, and for GFAP approximately 67%. Most important, the
data from the ratings led to the same conclusions as those
formed from the histologic observations and outer segment
measurements.

Discussion

Effects on Photoreceptor Cells

In other models of retinal degeneration, BDNF** or similar
molecules (ciliary neurotrophic factor [CNTF]**2327 qnd basic
fibroblast growth factor [bFGF|'*?%%) delay the degeneration
and apoptotic death of photoreceptor cells.**=* Some photo-
receptors die by apoptosis after retinal detachment.” Qur data
suggest that BDNF did not significantly prevent the loss of
photoreceptors or affect apoptosis after detachment. The num-
ber of cells in the ONL did not differ significantly between
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FiGURE 14. Laser scanning confocal micrographs showing the immu-
nolabeling pattern for the antibody to calbindin (D). (A) Normal retina.
The antibady labeled horizontal cells most heavily, with fainter labeling
of some other INL cells and cones. (B) Normal retina treated with
BDNF, The same labeling pattern as illustrated in (A). (C) Retina
detached for 7 days and treated with PBS. (D) Retina detached for 7
days and treated with BDNF, (E) Retina detached for 28 days and
treated with PBS. (F) Retina detached for 28 days and teeated with
BDNF. When the retina was detached and treated with PBS only (C, E),
there were extensive calbindin D-positive outgrowths from the hori-
zontal cells into the ONL. When the retina was treated with BDNF, this
response was deamatically reduced, even in arcas where there was
evidence of photoreceptor degeneration (D, F). Each image is a two-
dimensional projection of a series of 10 consecutive images with a
single-image plane equal to 1 pm in depth. Magnification, X 200.

BDNF-treated and untreated retinas. Although the data were
obtained from a separate experiment in which we provided
BDNF at the time of detachment and examined the results 3
days later, this conclusion is supported by the absence of an
effect on apoptosis. Thus, the effect of BDNF differed signifi-
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cantly in the detachment model from that observed in the
other models of photoreceptor degeneration.

Based on data from the 7-day experiments, BDNF did not
appear to maintain outer segment structure; rather, it appeared
to maintain the overall structural organization of the remainder
of the cell, including that of the synaptic terminal. However, a

Figure 15. Laser scanning confocal micrographs showing the immu-
nalabeling pattern for the antibody to GFAP, (A) Normal retina, The
antibody labeled the end foot region of Miller cells and retinal astro-
cytes. (B) Normal retina treated with BDNF. The sume labeling pattern
as ilustrated in (A). (C) Retina detached for 7 days and treated with
PRS. (D) Rerina detached for 7 days and treated with BDNF. (E) Retina
detached for 28 days and treated with PBS. (F) Retina detached for 28
days and treated with BDNF. When the reting was detached and left
untreated or treated with PBS (C, E), there was 4 rupid and extensive
increase in labeling with this antibody associated with the hypertrophy
of the Miiller cell processes (C, E). In (E) there is a characteristic Miller
cell scar in the subretinal space (*). When the retina was treated with
BDNF, this response was dramatically reduced (D, F). Each imuge is o
rwo-dimensional projection of a series of 10 consecutive images with
a single-image plane equal to | gm in depth. Magnification, X200,
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FIGURE 16. The pairs of bars represent the ratings comparing retina
detached for 28 days and treated with PBS (solid bars A, C, E, G, D) or
BDNF (open bars B, D, F, H, ]) with retina detached for 28 days and left
untreated. A rating of 0 would be equivalent to the expected pattern in
normal retina, whereas a rating of 3 would be equivalent to the
maximum response in a 28-day, untreated detachment. A, B, anti-rod
opsin; C, D, anti-phosducin (Phos); E, F, anti-synaptophysin (Syn); G, H,
anti-calbindin D (Cal); [, J, anti-GFAP. Error bars, 1 SD.

comparison of results in the 28-day BDNF-treated eyes with
those in PBS-treated eyes and with the results in the 7-day
experiments suggests that the neurotrophin may promote ro-
bust outer segment regeneration. Although there was not a
statistically significant difference in average outer segment
length between treated and untreated retinas in the 7-day
detachment group, we still believe the differences are impor-
tant, based on our observations over many years of using this
model. Outer segments with the length and morphology of
those observed in numerous areas of the BDNF-treated retinas
have rarely been observed in retinas detached for 7 days. The
difference became even more apparent in the 28-day experi-
ments in which there was a statistically significant effect.
Our morphologic observations and data showing that
outer segments were longer in the 28-day BDNF-treated groups
than in the 7-day groups led us to conclude that outer segments
began degenerating, but in the presence of BDNF began regen-
erating, even though they remain detached. Data from reat-
tachment experiments®® show that the assembly rate of pri-
mate rod outer segments is slowed for weeks. In the animals
with 7-day detachments and no predetachment injection of
BDNF, the outer segments had a maximum of 4 days to regen-
erate after injection of BDNF. If we assume that these degen-
erated to 2.5 um (the average length in PBS controls) before
receiving BDNF, and began regenerating immediately thereaf-
ter, it would require a minimum renewal rate of 1.3 wm/day for
them to reach a length of 7.8 um. The longest outer segments
(36 um) occurred in two 28-day animals receiving BDNF. If we
assume that disc shedding is minimal during detachment” and
that these outer segments degenerated to 2.3 um (the value
from the PBS-controls) by day 3, then they grew 33.7 um from
day 3 to day 28, or an average of 1.3 um/day, the same rate
estimated in the 7-day experiment, and only slightly more than
the rate of 1.15 um/day estimated for recently reattached
primate rods.*” Autoradiography shows that detached photo-
receptors transport radiolabeled proteins to the outer segment
base.'? It appears that the BDNF allowed the assembly of these
components into an outer segment, albeit at a rate less than in
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normal cats®' but close to that observed in reattached primate
rods.

The increased presence of rod opsin in the plasma mem-
brane is a sensitive indicator of the status of the outer seg-
ment.'® In general, we found much less intense labeling of the
rod plasma membrane in the BDNF-treated retinas, an obser-
vation that correlated well with the presence of longer outer
segments, thus providing valuable, independent confirmation
of the morphologic observations.

Of equal importance to maintaining functionality in the
retina is the presence of photoreceptor synaptic terminals. It
seems likely that terminals were maintained in the differenti-
ated state by the presence of BDNF, rather than regenerating.
Based on the synaptophysin data, the layer of synaptic termi-
nals was always thinner than normal in the BDNF-treated ani-
mals with detachments, but there were still significantly more
terminals in the treated animals than in the PBS-treated or
nontreated detachments. There were still significant numbers
of synaptophysin-positive terminals present in untreated reti-
nas 3 days after detachment,'' and we therefore probably
would not expect to see a large difference between predetach-
ment and postdetachment BDNF-treated animals, even if the
predetachment injection provided further protection against
degeneration, and, indeed, that was what we observed. Also,
there was little difference between the appearance of the
synaptic zone between 7 and 28 days, which may not have
been expected if BDNF promoted regeneration of terminals.

The phosducin labeling data provided additional evidence
that BDNF maintained the overall state of the surviving photo-
receptors. This protein was reliably upregulated after detach-
ment, an observation also reported in a canine inherited retinal
dystrophy.*? The difference in the levels of labeling in the ONL
between treated and untreated animals was dramatic, with
only the occasional cell showing the characteristic increase in
labeling intensity in the treated retinas. Although not quite as
distinct in its staining pattern, these data independently sup-
ported the conclusions from the anti-synaptophysin data.

BDNF can have different effects on different populations
of neurons in different experimental conditions. In some of the
inherited retinal degenerations it delays photoreceptor degen-
eration. It does not, however, in a feline model of inherited
rod- cone dystrophy.?® Nor does BDNF slow the collapse of
outer segments in isolated rods, whereas CNTF, bFGF, and glial
cellline derived neurotrophic factor (GDNF) all do.** BDNF
can promote the survival of cultured,:"“ axotomized, or other-
wise injured retinal ganglion cells,**=3® and its support of
neuron survival elsewhere in the central nervous system is well
established.* It can also promote events in nerve cell matura-
tion including: neurite outgrowth,“"'"(’ axonal differentiation
and elongation,”™* dendritic growth and differentiation, 5"
and synaptic efficacy.®>#3'-5¥ Thus, our results are consistent
with numerous reports on the effect of BDNF and its possible
influence on the state of differentiation of a neuron, even
though it may not protect the cells from dying.

Effects on Second-Order Neurons

The outgrowth of neurites by horizontal cells is a reliable and
rapid response to detachment.'® BDNF inhibited this change in
both the 7- and 28-day treatment groups. The suppression of
neurite outgrowth by BDNF appeared to be independent of the
effect on photoreceptors; we observed a suppression of this
response in areas showing severe photoreceptor degeneration.



1542 Lewis et al.

Effects on Miiller Cells

Retinal detachment produces a full gliotic response from Miil-
ler cells including proliferation, hypertrophy, and an upregu-
lation of intermediate filament proteins.>~7'%'4'5 In both the
7- and 28-day experiments there was notably less labeling with
the antibody to GFAP in the BDNF-treated detachments, with
labeled processes rarely extending beyond the OPL, confirm-
ing our impression of less hypertrophy by Miiller cells in the
treated eyes. Although the experimental design differed from
the rescue study, the effect on Miiller cell proliferation in the
3-day detachments was dramatic, with the treated eyes having
less than 25% of the number of proliferating cells. It appears
that BDNF inhibited each component of the gliotic response
from these cells, and this would explain why we observed
fewer gliotic scars in the treated detachments. Another factor
known to rescue photoreceptors, bFGF, stimulates both Miiller
cell proliferation and intermediate filament upregulation.>>
CNTF (and its analogue, axokine) also appear to upregulate the
expression of GFAP in Miiller cells.?*5%-5® This may be an
important consideration if these molecules are to be used
therapeutically, because glial scar formation can be a serious
complication of retinal detachment and reattachment.

Adverse Effects

Some factors have been reported to produce retinal rosettes or
folds, "2 and specifically minimal posterior subcapsular cata-
ract, in the feline eye.?? Our experience confirmed that in
carlier studies, inasmuch as BDNF had no discernible adverse
effects in any of the controls.>

Variability

LaVail et al.* provide an extensive discussion of the variability
encountered in experiments similar to these. Thus, the degree
of variability found by us was not unusual. Many uncontrolled
elements can introduce variability in all these models.* A sig-
nificant problem with these factors is that they do not cross the
blood-retina barrier, thus requiring direct intraocular injec-
tion. Leakage of even relatively small amounts of factor, a lack
of uniform retinal distribution, and the fact that we know little
about their biologic halflives®® are all of concern. An uneven
distribution across the relatively large cat eye could explain the
patchy nature of the positive results in several of the eyes. It is
difficult to determine the precise height of a detachment,
because the retina can settle down against the RPE during
dissection and fixation. If BDNF stimulates the RPE to release
some factor (e.g., bFGF 60y that in turn effects the retina, then,
the distance of separation may be critical to the efficacy of the
treatment. Focal injury has also been shown to rescue photo-
rcceptors.(" However, in the control animals with detach-
ments that received injections of PBS we did not observe any
rescue effect. This could be a species difference, or perhaps
more likely, the background trauma produced by retinal de-
tachment simply overwhelmed any localized effect produced
by the intraocular injections.

We concur with LaVail et al.¥ who argue that it is the
presence of positive results in experiments of this type that are
important. In 15 years of studying this particular model we
have never seen photoreceptors in 28-day detachments that
resembled those occurring in 17 of 20 of the BDNF-treated
retinas. Moreover, the antibodies used are sensitive and reliable
indicators of the cellular responses to detachment and fully
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supported the morphologic observations. Because of the sig-
nificant variability, the statistical tests tended to minimize the
differences between the groups. Nevertheless, we believe the
positive effects should not be overshadowed by the statistical
analysis and that it is valid to emphasize the positive effects
when interpreting the results.

Mechanisms of Action

The mechanism through which trophic factors act to protect
photoreceptors is still unknown. The receptor trkB is regarded
as the primary functional receptor for BDNF, but it also binds
to a low-affinity nerve growth factor receptor.®>%% To date,
most published data do not favor the presence of functional
trkB receptors on photoreceptors, horizontal cells, or Miiller
cells,3#37:47.64-67 Thys, the effects described here currently
must be explained through an indirect action, perhaps through
stimulating other retinal cells to release factors that then act to
produce the observed effects, or by the presence of a previ-
ously undescribed receptor. The retina is known to express
two factors with potent photoreceptor rescue properties,
bFGF and CNTF,**-7' and BDNF can stimulate the RPE to
produce bFGF.®® Although there is some evidence for the
low-affinity receptor on Miiller cells, its function remains un-
known.”%73

CONCLUSIONS

The present data show that exogenous BDNF had specific and
important effects in a model of retinal detachment that make it
a candidate for clinical use to improve the ability of the retina
to recover. Even in the face of significant variability, the fact
remains that we found remarkably well-organized, long outer
segments in conditions in which they should not occur and
that we found other effects such as the preservation of synaptic
structures and a reduction in gliosis. However, there remain
many unresolved issues. We have no data indicating a relation-
ship between the dose of the factor and the response, nor do
we currently have a way of improving the distribution of the
dose with time or across the retina. We do not know whether
BDNF improves regeneration once the retina is reattached,
although those specific experiments are under way. Establish-
ing the effects of the factor, whether positive or negative, on
reattached retina is important. The most serious effects of
detachment occur when the fovea is involved. We have little
information on the effects of BDNF on cones, because they are
not populous in the cat retina and tend to degenerate very
quickly,” before the earliest datapoint in the study. We se-
lected BDNF because data from other models indicated it to be
potent in protecting photoreceptors with no identifiable ad-
verse effects. Other factors may be as or more potent than
BDNF under certain conditions.**>2%75 It is important to pur-
sue these questions because of the growing evidence that
molecules of this type may have the ability to provide new
treatments for retinal degenerative diseases.
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