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Abstract
Purpose— Photoreceptors can be prevented from undergoing apoptosis in response to constant
light by the application of exogenous neuroprotective agents, including brain-derived neurotrophic
factor (BDNF). BDNF, however, cannot exert its effect directly on photoreceptors because they do
not express receptors for BDNF. It has been proposed that BDNF released from Müller cells provides
a feed-forward loop, increasing ciliary neurotrophic factor (CNTF) and basic fibroblast growth factor
(bFGF) production in Müller cells, which may enhance photoreceptor survival. The authors
hypothesized that retinas with reduced BDNF levels in which the BDNF-mediated release of
neuroprotective signals is dampened are more susceptible to light-induced photoreceptor
degeneration.

Methods— Young adult BDNF+/+ and BDNF+/− littermates (B6.129-BDNFtm1-LT) were analyzed.
Retinal neurotrophin and growth factor mRNA levels were determined by quantitative RT-PCR,
photoreceptor function was assessed through electroretinography, and survival was documented in
morphologic sections and in TUNEL assays. Oxidative stress was assayed by measuring glutathione
peroxidase activity.

Results— baseline, BDNF+/− animals had significantly increased levels of glial-derived
neurotrophic factor (GDNF) mRNA compared with their wild-type littermates. After light damage
GDNF, CNTF, and BDNF mRNA levels dropped 14- to 16-fold in the BDNF+/+ mice but remained
almost unchanged compared with baseline levels in the BDNF+/− mice. Preservation of neurotrophin
levels in BDNF+/− mice correlated with photoreceptor cell survival, preservation of function, and
reduced oxidative stress.

Conclusions— Contrary to the hypothesis, reducing BDNF levels resulted in photoreceptor
protection against light damage. Survival was paralleled by a reduction in oxidative stress and the
preservation of neurotrophin levels, suggesting that chronic reduction of BDNF in the retina provides
a level of preconditioning against stress.

Retinal photoreceptors signal the absorption of light. Photoreceptor outer segments contain all
the components of the signal transduction cascade for the absorption of light and the subsequent
changes in rod outer segment membrane conductance, whereas the inner segments translate
conductance changes to synaptic transmitter release to the postsynaptic neurons.
Photoreceptors are stable but fragile cells.1 Like most neurons in the central nervous system
(CNS), photoreceptors last the lifespan of an individual. What makes them fragile is their
specialization, their absorption of light, and the energy requirements to carry out this task. First,
outer segment membranes have a quick turnover such that, in rats for example, outer segments
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are replaced by shedding every 2 weeks.2 Resultant shed fragments must also be phagocytized
efficiently by the retinal pigment epithelium to remove debris. Second, photoreceptors require
a large amount of energy in the form of adenosine triphosphate (ATP) to maintain the structure
and the ionic polarization of the outer segment.3,4 Thus, photoreceptors use three to four times
more oxygen in the light-adapted state and six to eight times more oxygen in the dark-adapted
state than other CNS neurons. Oxygen is supplied to the photoreceptors by the vasculature of
the choroid. The choroidal circulation is fast to dissipate the heat generated by the photoreceptor
metabolism.5 However, the choroidal blood flow shows little autoregulation in response to the
photoreceptor oxygen requirements (reviewed by Yu and Cringle6). Therefore, the decrease
in oxygen consumption that occurs when photoreceptors go from a dark- to a light-adapted
state causes an increase in oxygen tension. Thus, the photoreceptors have to be equipped with
mechanisms to deal with short periods of hypoxia and hyperoxia.

How do photoreceptors survive during these changes in oxygen tension during the day? Is it
possible that photoreceptors create their own protective environment in response to light?
Protective mechanisms could include antioxidants, growth factors or cytokines, or signaling
pathways regulating antiapoptotic genes. Penn et al.7 showed that retinal levels of antioxidants
such as ascorbic acid, vitamin E, and glutathione were higher in rats reared in bright light
conditions than in rats reared in dim light conditions, possibly counteracting oxygen toxicity.
Normal light conditions at a normal circadian rhythm (12 hours light, 12 hours dark) and, hence,
normal physiological light levels are effective in upregulating basic fibroblast growth factor
(bFGF) in rats during the day, the time of higher oxygen exposure.1 In addition, photoreceptors
can be protected from light-induced cell death if the retina is exposed first to a period of bright
light. This preconditioning stimulus results in significant increases in retinal bFGF and ciliary
neurotrophic factor (CNTF).8 Thus, the retina is equipped with two mechanisms to protect its
photoreceptors, a short-term mechanism that protects against brief exposures to bright light
and a long-term mechanism that protects against circadian light exposure. Each mechanism
seems to induce the production of neuroprotective agents such as bFGF, CNTF, and
antioxidants.

Photoreceptors can also be prevented from undergoing apoptosis by the application of
exogenous neuroprotective agents. Wenzel et al.9 have elegantly summarized all the
components that have been tested. They range from blocking reactive oxygen species and nitric
oxide production (e.g., Ranchon et al.,10 Ranchon et al.,11 Goureau et al.12) to blocking
glucocorticoid receptor activity and, thus, blocking AP-1 activity13 injecting various
neurotrophins and growth factors. Intravitreal injections of lens epithelium-derived growth
factor (LEDGF),14 bFGF,15 pigment epithelium-derived factor (PEDF),16 CNTF (Axokine;
Regeneron, Tarrytown, NY),16 brain-derived neurotrophic factor (BDNF), NT-4, and insulin-
like growth factor II (IGF-II)15 all can prevent or reduce light-induced photoreceptor
degeneration to some degree. However, the molecular targets and the means of action have not
yet been determined for neurotrophins and growth factors.

Recently, Harada et al.17 have suggested a microglia–Müller cell interaction model involved
in controlling light damage–mediated photoreceptor degeneration. The model is based on
available data on the molecular targets of some of these neuroprotective agents and the known
distribution pattern of their respective receptors within the retina. They have put this model to
the test by examining gene expression and cytokine production in light-damaged retinas and
activated retinal microglia. Some key features of this model are that, during light damage,
activated microglia release glial-derived neurotrophic factor (GDNF) and CNTF, each of which
modulates bFGF and BDNF production and release from Müller cells, and that BDNF
participates in a feed-forward mechanism, increasing CNTF and bFGF production again in
Müller cells, which together may enhance photoreceptor survival.
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To test this model, we examined retinas in which the BDNF-mediated amplification of the
microglia-derived neuroprotective signal might be dampened by analyzing photoreceptor
survival and function in BDNF+/− mice, which express only 50% of BDNF mRNA and protein,
after exposing them to damaging light. We predicted that these mice would be more susceptible
to light damage because their normal neuroprotective mechanisms against brief exposures to
very bright light might be impacted. However, we found the opposite to be true. After light
damage, not only did BDNF+/− retinas contain more photoreceptors, exhibit fewer TUNEL-
positive cells, and have higher ERG amplitudes, their levels of glutathione peroxidase activity,
a marker of oxidative stress, were reduced. In addition, the light damage–induced decrease in
mRNA levels of GDNF, CNTF, and BDNF observed in the BDNF+/+ retinas was abolished in
the BDNF+/− retinas. Thus, it appears that the reduced levels of BDNF in the BDNF+/− retinas
triggered compensatory mechanisms reminiscent of preconditioning against stress.

Materials and Methods
Animals

B6.129-BDNFtm1-LT mice were generously provided by Lino Tessarollo18 and were
maintained as heterozygous breeding pairs to provide wild-type (BDNF+/−) and heterozygous
(BDNF+/−) littermates. A background analysis produced by Charles River Laboratories
Genetic Testing Services, testing the original breeders with a 110-marker panel that
distinguished between C57BL/6 and 129, demonstrated that our colony ranged from 93.2% to
95.2% C57BL/6 and that it appeared to have been backcrossed to C57BL/6 to N4 or N5 and
then intercrossed. Animals were housed in the MUSC Animal Care Facility under a 12-hour
light/12-hour dark cycle with access to food and water ad libitum. Ambient light intensity at
the eye level of the animals was 85 ± 18 lux. All experiments were performed in accordance
with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and
were approved by the University Animal Care and Use Committee.

Light Damage
At 3 months of age, animals were moved to the light treatment room and were dark adapted
overnight. At 12:00 noon, each animal’s pupils were dilated with a drop of phenylephrine HCl
(2.5%) and atropine sulfate (1%). Light damage was induced by exposing the animals to 15,000
lux of white light for 1.5 hours, provided by four 54-W fluorescent bulbs (T5HO F54W/865;
General Electric, Fairfield, CT) suspended approximately 40 cm above the cages.19 After light
exposure, animals were returned to complete darkness for 10 days and then underwent
electrophysiological, histologic, and molecular analyses. The term light damage will be used
here to connote the combined effects of the intense light exposure and the damage executed
during those 10 days in complete darkness.

ERG Recordings
Electroretinographic (ERG) recordings were performed as described.20,21 Animals were dark
adapted overnight and anesthetized with xylazine and ketamine (20 and 80 mg/kg,
respectively), and each pupil was dilated with a drop of phenylephrine HCl (2.5%) and atropine
sulfate (1%). Body temperature was stabilized with a DC-powered heating pad and held at 37°
C. A needle ground electrode was placed in the tail, and a needle reference electrode was placed
in the forehead. ERG responses were measured with contact lenses containing a gold-ring
electrode22 held in place by a drop of methyl cellulose. Electroretinograms were recorded with
a visual electrodiagnostic testing system (EPIC-2000; LKC Technologies, Inc., Gaithersburg,
MD) with a strobe-flash stimulus (Grass Technologies, West Warwick, RI). ERG responses
were recorded at a gain of 2 k using a notch filter at 60 Hz, bandpass filtered between 0.1 and
1500 Hz, and digitized online at 1 kHz with 12-bit accuracy.
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Stimuli to isolate rod responses consisted of 10-μsec single flashes at a fixed intensity (2.48
photopic cd · s/m2 at the dome’s inner surface, as calibrated by the manufacturer) under scotopic
conditions. Single-flash responses were averaged two to four times with an interstimulus
interval (ISI) ranging from 15 seconds to 2 minutes, depending on the light intensity used.

For all ERG recordings, a-wave amplitude was measured from baseline to the a-wave trough,
b-wave amplitude was measured from the a-wave trough or baseline to the peak of b-wave,
and implicit time was measured from the onset of stimulus to the a-wave trough or b-wave
peak.

Anatomy
After the ERG recordings, the animals were humanely killed, and their eyes were removed
while maintaining their dorsoventral orientation with the superior rectus muscle and optic nerve
as landmarks. Eyes for semithin sections and light microscopy were removed, postfixed in 4%
paraformaldehyde and 2% glutaraldehyde, and bisected dorsal to ventral through the optic
nerve. Each half was embedded in an epoxy resin (EPON and Araldite; Electron Microscopy
Sciences, Hatfield, PA) mixture, and sections were cut at 1 μm through the horizontal meridian
and stained with toluidine blue. Photoreceptor layers were counted in the central (superior and
inferior, within 350 μm of the optic nerve head) and peripheral (superior and inferior, within
350 μm of the ciliary body) retina. Three measurements were made per field and were averaged
to provide a single value for each area, and the four area values were averaged to give a value
for the retina as described previously.23 One of the heterozygous samples was damaged during
processing and could not be analyzed.

TUNEL Labeling
TUNEL labeling was performed according to our published protocol24 according to the
protocol provided by the manufacturer (Roche Diagnostics, Indianapolis, IN). In short, eyes
were fixed in 2% paraformaldehyde for 2 hours at 4°C followed by dehydration and paraffin
embedding, as described. TUNEL (TdT-mediated dUTP nick-end) labeling was performed on
7-μm paraffin sections, and the DNA strand breaks were labeled with fluorescein for
visualization. Slides were examined with a fluorescein isothiocyanate (FITC) filter on a
microscope (Carl Zeiss, Oberkochen, Germany) equipped with fluorescence.

Quantitative RT-PCR
All chemicals used in this study were at least molecular biology grade material and were
purchased from Fisher Scientific (Pittsburgh, PA), unless otherwise noted. Animals were
humanely killed by cervical dislocation, and retinas were isolated and stored (RNAlater;
Ambion, Austin, TX) at −20°C. Retinas from two animals per genotype per time point were
pooled, and total RNA was isolated (Trizol; Ambion), followed by a clean-up using RNA
marker kit mini-columns (RNA Easy; Qiagen, Valencia, CA). RNA quality was examined by
gel electrophoresis and spectrophotometry, as described previously.25 Real-time PCR was
performed, also as described previously.25 RNA (2 μg each) was used to generate first-strand
cDNA in reverse-transcription reactions (Invitrogen, Carlsbad, CA). PCR amplifications were
conducted with the use of a PCR kit (QuantiTect Syber Green; Qiagen) with 0.01 U/μL enzyme
(AmpErase UNG; Applied Biosystems, Foster City, CA) to prevent carryover contamination
(see Table 1 for primer sequences, gene accession number, and expected length). Real-time
PCR was performed in triplicate in a sequence-detection system (GeneAmp 5700; Applied
Biosystems) under the following cycling conditions: 50°C for 2 minutes, 94°C for 15 minutes,
40 cycles of 94°C for 15 seconds, and 58°C for 1 minute. Quantitative values were obtained
using the cycle number (Ct value), which is inversely proportional to the amount of a specific
mRNA species in the tissue sample. Relative gene expression levels were calculated using the
equation y = (1 + AE)Δ ΔCt, where AE is the amplification efficiency of the target gene (set at
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1.0 for all calculations), and ΔΔCt is the difference between the mean experimental and control
ΔCt values. The ΔCt value is the difference between the Ct value for a retina-associated gene
and the β-actin internal reference control gene.26

Enzymatic Assays
Enzymatic activity was measured using appropriate fluorescent substrates provided in the
enzyme activity assay kit in retina homogenates (glutathione peroxidase; Calbiochem, San
Diego, CA). Retinas were dissected out, kept in lysis buffer at 40°C, sonicated, and centrifuged
at 20,000g for 15 minutes. The supernatant was assayed for protein content by
spectrophotometric measurement of the absorbance at 340 nm and was expressed as change
in relative fluorescent units (RFUs) per hour per milligram of protein. Protein content was
measured according to the Bradford Folins reagent method (Bio-Rad Laboratories, Hercules,
CA). Results are presented as percentage change in activity, taking BDNF+/+ mice raised in
cyclic light as 100%.

Statistical Analysis
For all experiments, data were expressed as mean ± SEM. ERG data were analyzed using
repeated-measures analysis of variance (ANOVA; StatView; SAS Institute, Cary, NC). After
ANOVA, individual data pairs were compared using Student’s t-test analysis, accepting a
significance level of P < 0.05. Morphologic and biochemical data were analyzed with the
standard Student’s t-test, also accepting a significance level of P < 0.05.

Results
BDNF Status Affects mRNA Expression of Neurotrophins and Growth Factors

Harada et al.17 have suggested a model whereby in light damage, activated microglia invade
the degenerating outer nuclear layer and release nerve growth factor (NGF), GDNF, and CNTF,
which in turn affect bFGF, BDNF, and CNTF production and release from Müller cells. BDNF
increases CNTF and bFGF production again in Müller cells, amplifying the microglia-mediated
signal. Müller cell–derived factors are considered to control photoreceptor degeneration or
neuroprotection, with NGF regulating apoptosis and GDNF and BDNF regulating survival.
The model might predict that the neuroprotection provided by BDNF is affected in retinas with
reduced BDNF levels, leading to faster photoreceptor degeneration in the presence of damaging
light.

Quantitative RT-PCR measurements were performed on whole retina samples, testing basal
levels (Figs. 1A, 1B) in BDNF+/+ and BDNF+/− mice. As expected, at baseline, BDNF mRNA
levels were reduced to 50% in the heterozygote animals compared with their wild-type
littermates (P = 0.005). CNTF and bFGF levels were unchanged (P > 0.1); however, NGF
mRNA levels were slightly but significantly reduced (P = 0.0004), and GDNF mRNA levels
were twice the levels found in wild-type littermates (P = 0.03).

After light damage, GDNF, CNTF, and BDNF mRNA levels dropped significantly (14- to 16-
fold) in the BDNF+/+ mice (P < 0.001). In the BDNF+/− mice, CNTF and GDNF remained
unchanged compared with baseline levels (P > 0.3), whereas BDNF levels dropped slightly
(P = 0.04). NGF and bFGF levels changed independently of genotype; NGF levels dropped
twofold (BDNF+/+, P = 0.002; BDNF+/−, P < 0.001), but bFGF levels were increased twofold
to threefold (BDNF+/+, P < 0.001; BDNF+/−, P = NS). Overall, all relative changes of
neurotrophin mRNA levels from baseline to light damage were significantly larger in
BDNF+/+ than in BDNF+/− mice (CNTF, P = 0.001; BDNF, P = 0.02; GDNF, P = 0.02; NGF,
P = 0.008; bFGF, P = 0.03).
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Neurotrophin Status Affects Susceptibility of Photoreceptors to Light Damage: Physiology
The lack of a large decrease in some neurotrophins in BDNF+/− mice suggests that the
heterozygous mice might be less susceptible to light damage than their wild-type littermates.
Dark-adapted, single-flash ERG responses of BDNF+/+ and BDNF+/− mice were compared at
increasing flash intensities before and after intense light exposure in adult mice (3 months old)
to determine whether neurotrophin status had any effects on the susceptibility of photoreceptors
to light damage.

Analysis of scotopic, single-flash ERG responses before light damage revealed that, overall,
a-wave amplitudes were slightly but significantly diminished in BDNF+/− mice compared with
BDNF+/+ mice (P < 0.001), an interaction that was amplitude specific (P = 0.004; Figs. 2, 3;
Table 2 for further information on F parameters and values). In particular, maximum a-wave
responses were approximately 20% smaller in the BDNF+/− mice (BDNF+/+, –191 ± 4.9 μV;
BDNF+/−, –154 ± 4.3 μV; P = 0.003). Similarly, b-wave amplitudes were reduced in the
BDNF+/− animals at baseline (P = 0.013), also revealing an amplitude by genotype interaction
(P < 0.001), and maximum b-wave responses were reduced by 28% (BDNF+/+, 567 ± 25.4
μV; BDNF+/−, 428 ± 32 μV; P = 0.02). When ERG responses to the two lowest light intensities
were excluded in the analysis, the genotype-by-amplitude effect was rendered null for a-waves
and b-waves (a-wave: F [3,27] = 2.56; P = 0.08; b-wave: F [3,27] = 1.16; P = 0.34). Implicit
times, on the other hand, were identical between the two genotypes, irrespective of ERG
component (a-wave implicit times, P = 0.81; b-wave implicit times [genotype], P = 0.69).

Animals were reexamined using ERG recordings after light damage. A significant genotype-
dependent effect was observed with respect to the reduction in a-wave amplitudes after light
damage (P = 0.01), an effect that showed an interaction between genotype and amplitude (P
= 0.046). In wild-type mice, the maximum a-wave amplitudes were reduced to approximately
60% of baseline levels (−77.8 ± 17.0 μV; P < 0.001), whereas in BDNF+/− mice, maximum a-
wave amplitudes were reduced by only approximately 13% of baseline levels (−114.4 ± 14.5
μV, P = 0.40). On the other hand, no genotype-specific effects were observed for the b-wave
amplitudes (P = 0.3). b-Wave amplitudes were reduced to approximately 40% of baseline levels
in BDNF+/+ mice (230.3 ± 7.6 μV; P < 0.001) and to approximately 60% of baseline levels in
BDNF+/− mice (261 ± 28 μV; P = 0.002). Reduced susceptibility to light damage in the
BDNF+/+ animals was reflected by the lack of change in the implicit time in the two ERG
components compared with their wild-type littermates. Although the implicit time at maximum
light intensity increased in the BDNF+/+ mice (a-wave: 19 ± 2.7 seconds, P = 0.07; b-wave:
116 ± 10.1 seconds, P = 0.008), it remained unchanged in the BDNF+/− animals (a-wave: 12.7
± 0.4 seconds, P = 1; b-wave: 79.7 ± 6.5 seconds, P = 0.3). Thus, for a- and b-wave kinetics,
a genotype (a-wave, P = 0.03; b-wave, P = 0.002) and genotype-by-kinetics interaction was
observed (a-wave, P = 0.03; b-wave, P < 0.001).

Neurotrophin Status Affects Susceptibility of Photoreceptors to Light Damage: Structure
Rod photoreceptor survival was examined in plastic sections of control and light-damaged
BDNF+/+ and BDNF+/− mice. A representative section from the central retina for each genotype
is shown in Figures 4A–4D. At 3 months of age, both genotypes had similar numbers of rows
of photoreceptors in the retina when averaged for the four quadrants (Figs. 4A, 4B; 5). The
BDNF+/+ retina contained an average of 9.81 ± 0.06 rows, and the BDNF+/− retina contained
8.88 ± 0.38 rows of photoreceptors (P = 0.13). However, after light damage, the average number
of rows of photoreceptors decreased by approximately 61% in the wild-type mice, to 4.81 ±
0.67 (P = 0.007), but by less than 10% in the BDNF+/− mice, to 8.07 ± 0.41 (P = 0.26; genotype:
F [1,8] = 21.5; P = 0.002; Figs. 4C, 4D; 5). The effect is attributed to the prevention of cell
loss in the central retina of the BDNF+/− mice (genotype: F [1,18] = 50.3; P < 0.001), whereas
both genotypes showed a small but comparable loss of photoreceptors in the periphery that did
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not reach statistical significance (genotype: F [1,18] = 4.21; P = 0.06; Fig. 5). The numbers of
rows of photoreceptors after light damage paralleled the preservation of photoreceptor function
determined in the BDNF+/+ and BDNF+/− mice. This lack of photoreceptor cell loss was
reflected in the absence of TUNEL-labeled cells in the BDNF+/− compared with the
BDNF+/+ retinas after light damage (Figs. 4E, 4F).

BDNF Status Affects Oxidative Stress in Response to Light Damage
To establish the presence of oxidative stress during the progression of photoreceptor
degeneration after intense light exposure, the enzymatic activity of glutathione peroxidase
(GPx) was measured in BDNF+/+ and BDNF+/− mice before and after light damage. As shown
in Figure 6, GPx activity was elevated in BDNF+/+ mouse retinas after light damage (P = 0.016)
but not in the retinas of BDNF+/− mice. At baseline, no genotypic difference could be detected
(P = 0.15).

Discussion
Microglia–Müller Glial Cell Network in Light-Induced Photoreceptor Degeneration

The experiments described here were designed to further understand the role of BDNF in
photoreceptor neuroprotection, in particular the light-induced degeneration. LaVail and
colleagues (Cao et al.)16 have demonstrated that photoreceptor degeneration in response to
constant bright light (~150 ft-c; ~1600 lux) can be ameliorated by exogenous BDNF, even
though the photoreceptors do not express trkB receptors. The proposed pathway includes trkB-
mediated release of additional neuroprotective factors by the Müller glial cells (e.g., see Wahlin
et al.27 and Rohrer et al.28). Based on elegant experiments examining growth factor and
neurotrophic factor production and release by activated microglial cells from control and
constant light-exposed retinas (800–1300 lux) and microglia-conditioned medium on trophic
factor expression in cultured Müller glial cells, Harada et al.17 put forward a model suggesting
that microglia–Müller glial cell interactions mediated the generation of neuroprotective signals
during prolonged light exposure. The proposed cascade is triggered by the invasion of activated
microglia into the degenerating outer nuclear layer, which then release NGF, GDNF, and
CNTF. Müller glial cells in return would increase their production and secretion of bFGF,
BDNF, and CNTF. BDNF is envisioned as an amplification signal because it increases CNTF
and bFGF production in an auto-crine fashion (i.e., it increases CNTF and bFGF production
through the stimulation of trkB receptors on Müller cells). It is unclear whether this network
is operational under normal cyclic light, but, for the sake of this set of experiments, we assumed
that it is. Thus, based on the proposed connections, the model makes certain predictions (Fig.
7). First, it predicts that under cyclic light conditions, BDNF-mediated CNTF and bFGF
production and release might be dampened. Second, it predicts that the amplification of the
neuroprotection signal provided by BDNF is reduced in BDNF+/− mice, speeding up light-
induced photoreceptor degeneration.

However, here we found that under cyclic light conditions, CNTF and bFGF levels were
unchanged, whereas GDNF mRNA levels were increased twofold over the levels found in age-
matched BDNF+/+ littermates. After light damage, GDNF, CNTF, and BDNF mRNA dropped
significantly in the presence of normal levels of BDNF (BDNF+/+ mice) but, paradoxically,
remained almost unchanged compared with cyclic light levels in the animals with reduced
levels of BDNF (BDNF+/− mice). Thus, the second prediction was also not met because
BDNF+/− mice were less susceptible to light damage than their wild-type littermates, as
determined by histologic cell counts, TUNEL assay, and electrophysiological recordings.
Overall, the reduction in oxidative stress and improved photoreceptor survival indicated that
compensatory mechanisms reminiscent of preconditioning against stress were triggered in the
BDNF+/− retinas.
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Are there obvious reasons for the differences in predicted and actual results? First, we started
with the premise that neurotrophins and growth factors are expressed predominantly by Müller
glial cells and invading microglial cells (e.g., Valter et al.29 and Frasson et al.30) and, thus,
that changes in expression levels should be measurable in whole retina samples. Although
retinal ganglion cells (RGCs) express some of those neurotrophic factors, it was argued that
expression levels should not change in these cells because there was no evidence that light
damage affects RGCs early in the progression of photoreceptor degeneration. In addition,
Müller glial cells outnumber RGCs by a factor of 6,31 yet the possibility that changes in gene
expression in the RGCs might have masked the changes occurring in the Müller glia and the
invading microglial cells should not be excluded. Testing this possibility was beyond the scope
of this project. Second, Harada et al.17 examined neurotrophin levels in microglial and Müller
glial cells isolated from a 35-day-old rat and cultured for multiple days. Neurotrophin levels
under these conditions might differ from the expression profiles of cells within an existing
cellular network. Third, the model was established based on juvenile rat retina instead of young
adult mouse, which was used here. And finally, fourth, the light paradigms used here and those
used by Harada et al.17 differed. With albino rats, Harada et al.17 were able to use the
continuous light exposure model (24-hour light exposure at approximately 800–1300 lux from
postnatal day [P] 22-P35), whereas we used approximately 15-fold brighter light
(approximately 15,000 lux) for a shorter period (1.5 hours) followed by 10 days of darkness
to allow for the execution of cell death because the BDNF heterozygous mice were on a B6
background (B6.129-BDNFtm1-LT) and were resistant to continuous light exposure. However,
as shown by Hao et al.,32 the mechanisms differed whereby continuous light exposure and
intense light exposure triggered cell death. Both mechanisms required the presence of
bleachable rhodopsin; however, intense bright-light damage was independent of the presence
of transducin, whereas continuous low-light damage required transducin. Thus, it is plausible
that the glial network outlined by Harada et al.17 is not activated in intense bright light.
Unfortunately, none of the growth factors or neurotrophins involved in the glial network have
been tested in rescue experiments in the bright-light damage model (summarized in Wenzel et
al.9), the results of which might enable greater understanding.

Finally, the possibility that the small reduction in photoreceptor activity could blunt the
sensitivity of the photoreceptors to light damage must be considered. Bright light triggers
apoptosis of photoreceptor cells through a mechanism requiring activation of rhodopsin, and
the kinetics by which bleached rhodopsin is regenerated dictates cell sensitivity to light-induced
photoreceptor degeneration (reviewed in Hao et al.32). BDNF+/− and BDNF+/+ mice are
approximately 94% C57BL/6 and carry the methionine variant in position 450 of the Rpe65
protein. Rpe65 is required for the synthesis of 11-cis retinal, the chromophore for all pigments
in the retina,33 and the Leu450Met variation was shown recently to cosegregate with lower
sensitivity to light damage.34 Thus, a difference in regeneration kinetics caused by the Rpe65
variant can be excluded. Therefore, the only obvious remaining difference for the purpose of
this argument is the reduction in photoreceptor activity in the BDNF+/− mice. Unfortunately,
to our knowledge, no studies have titrated the amount of rhodopsin present in the retina with
sensitivity to light damage, a study that could be performed in the Rho−/− mouse.

BDNF and TrkB in Photoreceptor Signaling and Development
To strengthen our understanding of the role of trkB in rod development and function, we
previously analyzed a juvenile trkB−/− mouse28 and juvenile mice that carried two
hypomorphic trkB alleles (trkBfbz/fbz) expressing roughly 25% of the normal trkB,35 which
allowed us to correlate functional and biochemical retinal phenotypes with levels of trkB
expression in these two independently created trkB transgenic lines. The main findings from
this study were that retinal rod function and morphology were unaffected in juvenile trkB+/−

or trkB+/fbz mice (2–3 weeks of age) that expressed 50% or approximately 63% of wild-type
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trkB levels, respectively. However, rhodopsin content and outer segment length were
significantly reduced in trkB−/− and trkBfbz/fbz mice, resulting in reduced a-wave (which
reflects rod function) and b-wave (which reflects the rod-mediated rod bipolar cell response)
amplitudes and slower kinetics. In follow-up experiments, it was determined that the reduction
in b-wave response was caused by a presynaptic defect rather than a failure of the postsynaptic
bipolar cells.36 Although the specific mechanisms still must be identified, it can be concluded
that trkB-positive cells specifically control the developmental maturation of mouse rod
photoreceptors and the maturation and function of the rod presynaptic terminal. Here we found
evidence that reducing BDNF, one of the two ligands for the trkB receptors, resulted in a small
but significant reduction in maximum a- and b-wave amplitudes in adult animals (3 months of
age; Figs. 2, 3) without affecting the kinetics of the responses (Table 2). The current results
confirm and extend our results on juvenile animals, demonstrating that long-term BDNF-
deprivation does not impair photoreceptor survival but does reduce the maximum rod light
response. However, long-term BDNF deprivation did not impact the function of the rod
presynaptic terminal as it did in juvenile mice. Interestingly, a BDNF-dependent effect on
synaptic transmission or bipolar cell responsiveness was revealed after light damage because
the maximum b-wave amplitudes were reduced by 40% compared with the more modest drop
of approximately 13% in the maximum a-wave amplitudes. This effect, however, differs from
the results reported for the trk-Bfbz/fbz mice because b-wave kinetics in the BDNF+/− mice after
light damage was unaffected.

Reduction in BDNF Mimics Preconditioning
BDNF+/− mice exhibited less oxidative stress in response to constant light exposure and,
concomitantly, showed improved photoreceptor survival and a more normal cytokine profile
(Figs. 2, 4). These findings suggest that compensatory mechanisms similar to those occurring
in preconditioning against stress were triggered in the BDNF+/− retinas. Preconditioning is
typically referred to as the phenomenon whereby brief (or subthreshold) noxious episodes
render the tissue or organism resistant to subsequent noxious exposure. Liu et al.8 showed that
preconditioning Sprague–Dawley rats with bright light increased their resistance to subsequent
light damage. Preexposure led to a prolonged increase in bFGF and CNTF, each of which is
part of the neuroprotective network of cytokines also proposed by the microglia–Müller cell
hypothesis. However, here we did not find an increase in bFGF or CNTF, but we did find an
increase in another Müller cell–derived cytokine, GDNF, at baseline. GDNF promotes
photoreceptor cell survival in the RCS rat,37 the rhodopsin 334ter rat,38 and the rd1 mouse,
30,39 and it promotes cell survival after retinal ischemia.40 Exogenous GDNF, however, has
not yet been tested as a therapeutic agent in the mouse light damage models. In the rat retina,
GFRá-2, the receptor for GDNF, was increased in photoreceptors exposed to light damage,
though no changes were noted in GDNF mRNA levels.41

Effects Produced by Reduction in BDNF Could Be Interpreted as Confounding/
Compensatory Effects

Results in BDNF+/− mice, suggesting that they are less susceptible to oxidative stress, were
clearly unexpected. Gene knockout mice have been used since the tools became available to
test the involvement of genes in specific aspects of development, function, and disease.
However, the issue of confounding effects when using knockout animals—particularly the
presence of hitchhiking genes, which are flanking DNA regions from the donor strain and
modifier genes—was recognized early.42–45 It was argued that if two independently created
lines generated the same results, the experimental outcome should not be attributed to
contamination by residual donor genes but rather to the gene knockout. However, this does not
address the issue of compensatory effects, a concern that was quickly raised.46,47 Systemic
compensatory effects could be avoided by using cell type–specific gene targeting (e.g., see
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Kos48) or viral vector–mediated expression of silencing RNA (e.g., see Aigner49). Even under
those “controlled” conditions, local compensatory effects could not be excluded.

Could compensatory effects have developed in BDNF+/− mice over time? Conover and
Yancopoulos50 have demonstrated, using combinatorial neurotrophin receptor and
neurotrophin deletions, the presence of compensatory actions between neurotrophins,
including the switching in neurotrophin dependence for some neuronal populations during
central nervous system development. No other studies involve BDNF+/− mice that document
compensatory effects, though the topic has been raised when discussing unexpected results
(e.g., see Bender51). Clearly, in future experiments, changes in protein expression of all
neurotrophin receptors and their ligands must be studied.

Compensatory responses have been reported in the retina of the antioxidant enzyme glutathione
peroxidase-1 knockout mouse (GPx-1−/−) investigated by Gosbell et al.52 Based on the role
of GPx as an antioxidant, it was expected that GPx-1−/− mice would be more susceptible to
light damage. However, as in our study, the contrary was observed; photoreceptors in the
knockout mice better withstood photo-oxidative damage than their wild-type littermates.
Retinas of GPx-1−/− mice raised in cyclic light had increased mRNA levels of oxidative stress
markers, suggesting that this constant, increased oxidative stress preconditions the retina
against further insult. The exact mechanism, however, still must be determined. As in our study,
retinas of the GPx-1−/− mice exhibited elevated levels of oxidative stress before light damage,
whereas in the BDNF+/− mice, elevated levels of GDNF were observed at baseline before light
exposure. Thus, pathway-specific compensatory mechanisms were triggered in the two
different models in cycle light that might have preconditioned the retinas against the damaging
effects of constant light.

In summary, contrary to expectation, the retinas of BDNF+/− mice, which have reduced levels
of a neurotrophin known to be protective for photoreceptors, were not more sensitive to light-
induced photoreceptor degeneration than the retinas of their wild-type counterparts. Similarly,
the expected changes in cytokine levels, predicted by the Harada et al.17 model, did not occur
in our model. After light damage, photoreceptor survival and function were significantly higher
in retinas from BDNF+/− mice than from their wild-type littermates. In addition, lower levels
of glutathione peroxidase activity, a marker of oxidative stress, were found in BDNF+/− retinas
after light damage than in wild-type littermate retinas. Photoreceptor survival was paralleled
by a lack of cytokine loss induced by the constant light exposure in wild-type animals. One of
the neuroprotective mechanisms of the retina to deal with fluctuations in light exposure and
oxygen consumption during a normal light-dark cycle is to modulate the levels of
neuroprotective agents such as cytokines.1,7 Thus, it appears that in BDNF+/− retinas, the
reduction in BDNF leads to an adaptive response in this neuroprotective pathway, including
the upregulation of GDNF under cyclic light conditions, and a blunted response after light
damage.
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Figure 1.
Quantitative RT-PCR measurements performed on whole retina samples from BDNF+/+ and
BDNF+/− mice. Measurements were performed for BDNF, CNTF, GDNF, NGF, and bFGF on
samples isolated from mice (A) exposed to cyclic light and (B) after light damage.

Wilson et al. Page 14

Invest Ophthalmol Vis Sci. Author manuscript; available in PMC 2008 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Families of ERGs elicited from BDNF+/+ (A, C) and BDNF+/− (B, D) mice before (A, B) and
after (C, D) light damage, at increasing light intensities (40, 30, 20, 10, 6, and 0 log units of
attenuation). At higher light intensities, rod ERG amplitudes were approximately 25% smaller
in BDNF+/− mice than in their age-matched wild-type littermates. Light damage resulted in a
large reduction of a- and b-wave amplitudes in the BDNF+/+ mouse retina (maximum
amplitudes were reduced by approximately 40% and 60%, respectively) but had a less
deleterious effect on the ERG elicited from the BDNF+/− retina (maximum amplitudes were
reduced by only approximately 13% and 40%, respectively). For complete data analysis, see
Figure 3, Table 2, and Results section.
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Figure 3.
ERG amplitudes were determined for a-waves (A) and b-waves (B) at six light intensities before
(closed symbols) and after (open symbols) light damage. Data are plotted as mean ± SEM. For
statistical analysis, see Table 2 and Results section.
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Figure 4.
Comparison of BDNF+/+ (left) and BDNF+/− (right) mouse retinas. Photographs of sections
were taken in the central retina for comparison. Sections stained with toluidine blue revealed
that the 10-day light damage regimen (C, D) resulted in the loss of approximately 50% of the
cells in the outer nuclear layer of the BDNF+/+ retina but did not affect the BDNF+/− retina
compared with their respective controls (A, B). TUNEL-labeling confirmed positive cells in
BDNF+/+, but not BDNF+/−, retinas after light damage (E, F)
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Figure 5.
Rows photoreceptor cells in BDNF+/+ and BDNF+/− mice before and after light damage. Four
different measurements were taken across the retina, counting rows of photoreceptor nuclei in
the superior periphery, superior central, inferior central, and inferior periphery and determining
the overall average per retina. Little change was observed after light damage in the BDNF+/−

mouse retinas, but there was severe loss of photoreceptors in the BDNF+/+ retina, especially
in the central regions. Data are plotted as mean ± SEM.
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Figure 6.
GPx activity in BDNF+/+ and BDNF+/− mice before and after light damage. GPx activity levels
were indistinguishable in the two sets of mice when raised in cyclic light but showed a
genotype-specific change after light damage. Data are plotted as mean ± SEM.
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Figure 7.
Summary of predicted and measured results based on the microglia–Müller glial network in
light-degenerated retinas.17 Microglial cells have been reported to constitutively release NGF,
CNTF, and GDNF. Microglia-derived GDNF and CNTF are expected to increase BDNF and
bFGF production in Müller cells, with BDNF amplifying neurotrophin production by
increasing CNTF and bFGF production in Müller cells, possibly providing a rescue signal.
Microglia-derived NGF is expected to reduce bFGF production in Müller cells, possibly
resulting in photoreceptor apoptosis. During excessive light stimulation, both arms of the
network are expected to be activated. Only the results from the BDNF+/− mice are depicted in
control (cyclic light) and experimental (light damage) conditions. Thus, for each condition, the
predicted/measured net result of growth factor/neurotrophin production is indicated as is the
expected effect on photoreceptor degeneration. Based on the reduced levels of BDNF, it was
predicted that the BDNF-dependent CNTF and bFGF production would be reduced (↓) and the
GDNF levels would be unaffected (±) to varying degrees under cyclic and constant light
conditions, causing degeneration and rapid degeneration, respectively. However, we found the
opposite, namely that in the presence of reduced BDNF levels, GDNF levels increased (↑)
under cyclic light levels, concomitant with slow basal photoreceptor degeneration. Under light
exposure conditions, the expected drop in bFGF and CNTF expression did not occur, resulting
in slow to almost no photoreceptor degeneration.
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Table 1
QRT-PCR Primers

Name Gene Accession No. Sequence (5′-3′ Forward) Sequence (3′-5′ Reverse) Size (bp)

β-actin NM_007393 GCT ACA GCT TCA CCA CCA CA TCT CCA GGG AGG AAG AGG
AT

123

BDNF NM_007540 TGG CTG ACA CTT TTG ACC AC CAA AGG CAC TTG ACT GCT GA 131
GDNF NM_010275 TGG GCT ATG AAA CCA AGG AG CAA CAT GCC TGG CCT ACT TT 142
CNTF NM_053007 ATG ACT GAG GCA GAG CGA CT AGG CAG AAA CTT GGA GCG

TA
157

FGF-2 NM_008006 AAG CGG CTC TAC TGC AAG AA TGG CAC ACA CTC CCT TGA TA 151
NGF NM_013609 ATG GGG GAG TTC TCA GTG TG GCA CCC ACT CTC AAC AGG AT 180
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