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Abstract In NSE-Hu-Bcl-2 transgenic mice, line NSE-Hu-Bcl-2  Mouse over-expressing the human

71, retina undergoes early postnatal degeneration mouse Bcl-2 under the control of neuron-
linked to the prior death of Miiller cells. The purpose specific enolase promotor

of this study was to complete the characterization of OPs Oscillatory potentials

this retinal dysfunction by using electroretinographic PN Postnatal day

(ERG) recordings in both scotopic and photopic WT Wild-type

conditions. Here, we showed that both rod and cone tg Transgenic

systems were profoundly affected in NSE-Hu-Bcl-2
transgenic mice as soon as 15 postnatal days in
accordance with histological study performed

previously. Introduction

Keywords Bcl-2 over-expression - Miiller cell (MC) dysfunction precedes photoreceptor

Electroretinogram - Miiller cells - Photoreceptors - abnormalities in some retinopathies such as glaucoma

Retinal degeneration [1], hepatic retinopathy [2] or in certain autosomal
recessive retinal pathologies [3—5] and contributes to

Abbreviations retinal degeneration [6, 7]. Moreover, in experimental

cds/m? Candelas*second/m” diabetes, glial reactivity and altered glial glutamate

ERG Electroretinography metabolism in MCs are early pathogenic events that

IT Implicit time may induce retinal degeneration [8—10].

MCs Miiller glial cells The NSE-Hu-Bcl-2 transgenic mouse (line 71)

over-expresses the human form of Bcl-2 (Hu-Bcl2)
under the control of the neuron-specific enolase
(NSE) promoter [11]. By exploring the consequence
of Hu-Bcl2 over-expression in NSE-Hu-Bcl-2 trans-
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death from postnatal day (PN) 21. So far, this NSE-
Hu-Bcl-2 mouse model of retina degeneration has
been only characterized by immunohistochemical
approaches [12]. But, no functional retinal studies
have been investigated on this model.

Using electroretinographic (ERG) recordings, we
wanted to compare the functional changes taking
place in degenerative NSE-Hu-Bcl-2 tg mouse at
PN15 and PN20 (i.e. just before wide spread death of
photoreceptors) to normal retina of C57/B16 mouse of
the same littermate. We recorded light-intensity
responses of retinal cells in both scotopic and
photopic conditions. As reported below, our study
confirmed the functional maturation of rods and
cones in normal postnatal C57/Bl6 strain and dys-
functions of rod- and cone-mediated responses
already at 15 days of age during development in
NSE-Hu-Bcl-2 tg mice.

Material and methods
Animals

The generation of C57/Bl6 hemizygous transgenic
mice over-expressing the human Bcl-2 protein (line
71) under the control of the promoter of NSE has
been described previously [11]. Pups were generated
by crossing hemizygous NSE-Hu-Bcl-2 transgenic
males with C57/B16 females to generate control and
NSE-Hu-Bcl-2 transgenic pups. Thus, age-matched
wild-type (WT) and NSE-Hu-Bcl-2 transgenic ani-
mals were from the same litter. The genotype of the
mice was analyzed by polymerase chain reaction
(PCR) from genomic DNA extracted from mouse tail
[11]. Mice were kept in an artificial 12 h—12 h light-
dark cycle, with an illumination level of 60 photo-
topic lux. All experimental procedures were carried
out in accordance with Federal Swiss Veterinary
Regulations and in compliance with the Association
for Research in Vision and Ophthalmology (ARVO)
statement for the use of animals in Ophthalmic and
Vision Research.

Histology

After sacrifice, eyes were enucleated from wild-type
and transgenic mice at PN15 and PN20. Eyecups
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were dissected out and immediately fixed by one
night incubation in 4% paraformaldehyde in PBS (pH
7.4) at 4°C. Tissue was then rinsed extensively in
PBS, dehydrated in increasing graded alcohols (70,
90, 95 and 100%) and processed for paraffin embed-
ding. Five pm-thick sections were collected on
Superfrost slides (Menzler-Gliser, Braunschweig,
Germany). They were then deparaffinized in Neo-
clear (Merck, Darmstadt, Germany) and rehydrated in
decreasing graded alcohols. Sections were stained
with haematoxylin-eosin solution and viewed on the
Zeiss Axioskop 2 plus microscope. Images were
digitalized with an Axiocam camera.

Electrophysiology

A total of 13 NSE-Hu-Bcl-2 and 19 WT mice, aged
of 15 and 20 days, were tested. Mice maintained on a
light-dark cycle (12 h—12 h) were dark-adapted
overnight (at least 6 h) before experiments. Under
dim red light, anaesthesia was induced by intra-
peritoneal injection of a saline solution containing a
mixture of ketamine (Ketalar, 50 mg/kg) and xylazin
(Rompun, 25 mg/kg). Their pupils were dilated with
a mix of tropicamide (Midriaticum Stulln; Pharm
Stulln, Nabburg, Germany) and phenylephrine
(Neosynephrin-POS 5%, Ursapharm, Saarbruecken,
Germany). The anaesthetized mice were placed in the
Ganzfeld bowl on a sliding table. A heating pad
allowed maintaining the mouse body temperature at
38°C. Silver needle electrodes served as reference
(forehead) and ground (tail) while gold wire rings
were used as active electrodes. The ophthalmic
methylcellulose solution (Methocel, Ciba Vision,
Switzerland) was applied to ensure electrical con-
ductance and to keep the cornea hydrated during the
experimental session. The recording set-up featured a
Ganzfeld bowl, a DC amplifier, and a computer for
stimulus generation and data analysis (RetiPort,
Roland Consult, Germany). ERGs were recorded
from both eyes simultaneously. Band-pass filter width
was set at 1-300 Hz for single flash and flicker
stimuli recordings. Single-flashes were obtained both
under dark-adapted and light-adapted conditions.
Scotopic session started after an overnight dark-
adaptation with single flash recordings at light
intensities increasing from 10~* to 25 candelas*sec-
ond/m> (cds/mz), divided into ten steps of 0.5 and
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1 log cds/m>. About 30 responses were averaged for
stimuli of 0.1, 1, 10, 30, 100, 300 meds/m? (inter-
stimulus intervals of 5 s) and 15 responses for stimuli
of 1, 3, 10, 25 cds/m? (inter-stimulus intervals of
20 s). Light-adaptation was performed using a steady
rod-desensitizing adapting background of 25 cd/m?
applied for 15 min to reach a stable level of the
photopic responses. Conditions were same as above
but higher frequencies were used: 0.01, 0.1, 0.3, 1, 3,
10, and 25 cds/m> Photopic flicker stimuli had an
intensity of 3 cds/m? at frequencies from 1 to 30 Hz.
Electroretinographic a- and b-waves were mea-
sured in their amplitude (baseline to negative a-wave
peak, a-wave to positive b-wave peak, respectively)
and time-to-peak (from stimulus onset to negative a-
wave or positive b-wave peak, respectively). The
results were averaged, and comparisons were made
among averaged values across animals. Errors are
presented as +SEM. To analyze the relationship
between b-wave amplitude and flash intensity, we
used the saturating hyperbolic function Naka—Rush-
ton with the form: b = (bmax,scol*l)/(bmax,scot + IO.S)a
where bpaxscor 18 the saturated scotopic b-wave
amplitude and Iy s is the intensity that provides half
saturation. The baseline and peak of each filtered
trace were measured, and the data for increasing
intensities were fitted to the above equation.

Results

We analysed ERG parameters in developing C57/B16
mice at PN15 and PN20 to assess retinal maturation
to compare it to functional changes during degener-
ation in NSE-Hu-Bcl-2 transgenic mice at the same
time points. First, histological sections performed at
PN15 and PN20 highlighted a disorganization of the
outer nuclear layer (ONL) showing rosettes formed
by photoreceptor cell bodies and disappearance of a
clearly delimited OPL (Fig. 1B and D). This obser-
vation was in accordance with the results previously
described by Dubois-Dauphin and colleagues [12].
As retinal degeneration proceeds too fast in this
model, no ERG recordings have been realized at time
points above PN20. ERG recordings at PN15 and
PN20 comprised a range of increasing stimulus
intensities in scotopic condition as well as in light-
adapted ERGs for pure cone-driven responses. In
control mice, in Fig. 2A, typical scotopic responses

A WT, PN15 B

Fig. 1 Histological views of wild-type (WT) and NSE-Hu-
Bcl-2 transgenic retinae from PN15 (A and B) and PN20 (C
and D) mice. Note the formation of rosettes in the photore-
ceptor layer in transgenic retina. GCL: Ganglion Cells Layer,
IPL: Inner Plexiform Layer, INL: Inner Nuclear Layer, OPL:
Outer Plexiform Layer, ONL: Outer Nuclear Layer, RPE:
Retinal pigmented epithelium

to a range of stimulus intensity at PN15 and PN20 are
depicted, revealing increase in a- and b-waves signal
size, decrease in their peak times, and development of
marked oscillatory potentials (OPs). The positive
b-wave reflects activity of rod-depolarizing bipolar
cells [13—15], the negative a-wave activity of almost
exclusively rod photoreceptors in the mouse [13—15]
and, the OPs,—i.e., wavelets superimposed on the b-
wave—reflect interactions among bipolar, amacrine,
and ganglion cells [16]. Figure 2B shows on an
expanded time scale the a-waves of a family of ERG
responses. The averaged stimulus-response functions
for a- and b-waves are plotted in Fig. 3A and B, and
the typical decrease in implicit time (IT) of the
b-wave with retinal maturation is shown in the
Fig. 3C. Like for the b-wave, by increasing stimulus
intensities and/or as a function of age, a-wave
amplitudes increased, while IT decreased, reflecting
functional maturation of the retina at PN15 and
PN20. The relationship between scotopic b-wave
amplitude and intensity can be modelled using a
hyperbolic saturation function (see Materials and
Methods). In PN15 and PN20 WT mice, the bax scot
values measured 150 and 228.6 uV with the Ij;
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equals to 1.27 and 1.91 scotopic cds/m?, respectively
(Fig. 3D). Cone-driven responses recorded in light-
adaptation for single flashes as well as for flicker
stimulation are shown in Figs. 4 and 5, respectively.
As expected, during development and throughout the
intensity range examined, the cone ERG increased in
amplitude, decreased in IT and developed OPs,
reflecting progressive cell maturation and establish-
ment of synaptic connections between cones and
other retinal neurons (Fig. 4A). The averaged stim-
ulus-response functions are plotted in Fig. 4B, and
the typical decrease of the b-wave IT is shown in the
graph of Fig. 4C. Photopic flicker responses were
already detected at PN15, but they were weaker than
those measured in PN20 eyes at corresponding
frequencies (Fig. 5A). By increasing frequencies,
the amplitude decreased and reached distinct regular
rhythm at 15 Hz in PNI15 and PN20 (Fig. 5B),
suggesting that photoreceptors are already able to
adjust their sensitivity to frequency changes early
during postnatal life. Data at PN30 have not been
performed but have been already described [17, 18].
In good agreement with previous studies dealing with
functional development of retina [13, 14, 19], we
showed here at PN15 and PN20 both normal matu-
ration processes in photoreceptors and other retinal
neurons in WT postnatal C57/BI16 mice.

By contrast, in NSE-Hu-Bcl-2 mice, scotopic
responses rapidly decreased at PNI5 and PN20
leading to profound changes in ERG waveforms of
the rod signal (Fig. 2A and B). Note that the
graphical overlay of the a-wave responses showed
severe decrease until quite disappearance of the rod
a-wave signal at PN15 and PN20 (Fig. 2B). When
intensity-response function curves were compared
with those of control mice, a strong decrease of about
65% of the signal in the rod ERG b-wave amplitudes
was already obvious at PN15 (Fig. 3A and B). A
steady state of the degeneration between PN15 and
PN20 rods activity is observed (Fig. 3B). As shown
by the Naka-Rushton equation, and even at highest
stimuli, the bax scor Was 56 and 60 pV, respectively
for PN15 and PN20 tg mice, the I)s values being
equal to 1.23 and 1.72 scotopic cds/m” (Fig. 3D).
The b-wave IT values expressed as a function of
light-intensity at each age were longer in tg mice
compared to WT mice (Fig. 3C). Like for scotopic
responses, photopic b-wave amplitudes showed a
mean decrease of 60% at PN15 (Fig. 4A and B),
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Fig. 2 Dark-adapted ERG series recorded from wild-type (WT)
and from NSE-Hu-Bcl-2 transgenic mice. Representative wave-
forms averaged from one mouse. Note the calibration for overall
smaller amplitude in NSE-Hu-Bcl-2 (tg) compared to WT mice
(A). Close-up of multiple a-wave responses to flashes of varying
intensities from 10" to 10 cds/m? for WT and tg mice (B). Note
that the a-wave responses for the tg retinae are overlapped

while IT became longer indicating that cones activity
was also affected by retinal degeneration at this stage
of maturation (Fig. 4C). A steady state of the
degeneration of cones was maintained between
PN15 and PN20 (Fig. 4B). Moreover, already at
PN15, NSE-Hu-Bcl-2 mice were no longer able to
respond to flicker stimuli above 5 Hz. And, by
increasing temporal frequency, flicker responses
underwent substantial waveform changes, being
delayed and expanded in comparison to those
observed in WT, reflecting profound alterations in
inner nuclear network driven by cones (Fig. 5).

Discussion

Taken together, our electrophysiological and histo-
logical data showed that in NSE-Hu-Bcl-2 tg mice
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Fig. 3 Quantification of A
age-related changes for
scotopic a- and b- waves
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development of both rods and cones are markedly
affected at the early stage due to MC degeneration.
First, histological data coincided with profound and
fast structural retinal modifications reported by
Dubois-Dauphin and colleagues [12]. They showed
formation of hemispherical bundles, i.e. rosettes, of
photoreceptors in the ONL starting at PN7, i.e. after
the beginning of MC death, and then, massive
photoreceptor cell death at PN21. In addition, before
any disorganisation of the retina, an important cell
death in the INL precedes the period of naturally
occurring cell death, leading us to conclude that
degeneration is an early event in tg retina probably
interfering with retina development. Secondly, at
PN15 and PN20 days of age, there was a severe
reduction in both scotopic b-waves and rod a-waves,
arising from the rods pathway defect after MCs death.
This leads to the decreased input to the bipolar cell
attributable to the secondary loss of photoreceptors.
The cone pathway also degenerated in NSE-Hu-Bcl-2
mice with the cone-driven ERGs reduced to 60% at
PN15. Thus, observed ERG responsiveness at PN15
and PN20 should be explained by secondary disrup-
tion in photoreceptor morphology in NSE-Hu-Bcl-2
tg model. MC dysfunction or degeneration induces
impairment of photoreceptor cell development [7; for
review, see 20]. For example, the zebra fish mutant
carrying the homozygous recessive mutation lazy
eyes (Ize) shows a retina degeneration also induced by
a prior MC disruption [20]. This study revealed that
mutant ERG recordings had severely reduced a- and

-

° = n A o EN o - N

Flash intensity (log cds/m?)

b-wave amplitudes relative to wild-type fish, indicat-
ing outer retinal dysfunction and furthermore that MC
disruption induced secondary changes in photorecep-
tor differentiation and maturation.

A residual ERG persisted at PN20 although
photoreceptor layer of tg retina was profoundly
disordered. This may be explained by two small
areas escaping retina degeneration, i.e. the peri-
papillary and extreme peripheral regions [12]. In
these regions, MCs do not express the Hu-Bcl-2
transgene and do not degenerate, and both retina cells
and retina structure are preserved. In a previous work,
Peachey and colleagues [21] showed that Bcl-2
expression, targeted to photoreceptors, induced their
cell death but also bipolar cell degeneration. They
assumed that Bcl-2 may be released from photore-
ceptors in the extracellular space and then may affect
bipolar cells in a yet undetermined way. We have not
yet analyzed bipolar or other retinal cell markers to
assess the effect of a potential release of Hu-Bcl-2 by
MCs. However, we cannot exclude this phenomenon.
Whatever it is, levels of rhodopsin quantified by
Western blotting (unpublished data) in the tg retinae
were already reduced by 38% at PN10, whereas
massive death of photoreceptors was reported to
occur only from PN21 onwards [12]. The cause of
such an early alteration of rhodopsin level is not clear
yet. As over-expression of Hu-Bcl-2 was associated
with a reduction in rhodopsin content [22], it might
be supposed that rhodopsin down-expression in
transgenic mouse retina could result from Hu-Bcl-2
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Fig. 4 Light-adapted single-flash ERG series recorded from
wild-type (WT) and from NSE-Hu-Bcl-2 transgenic mice (tg).
(A) Cone-mediated ERGs recorded at different stimulus
intensities from one animal. Traces are averaged. Intensity-
response functions for the cone ERG b-wave amplitude (B,
white lines, WT; black lines, NSE-Hu-Bcl-2) and IT (C, white
lines, WT; black lines, NSE-Hu-Bcl-2)

release from MCs. But, as rhodopsin was not
detectable by immunoblotting at PN5 in both WT
and tg mice, we were not able to know if the
rhodopsin decrease in the transgenic retina was
occurring before MC cell death. Finally, in the
mouse line 73, which also over-expresses the Hu-Bcl-
2 protein under the control of the NSE promoter, the
transgene is overexpressed in all retinal neurons
except photoreceptors [11, 23]. This over-expression,
described as being protective against naturally occur-
ring cell death (except cholinergic amacrines), does
not disturb retina morphology neither does it induce
cell death [11, 23, 24]. In this transgenic line, the
Hu-Bcl-2 was also ectopically expressed in MCs but
there was no apparent effect of the transgene over-
expression on MC morphology at least up to
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Fig. 5 Photopic flicker responses. (A) Flicker responses to
stimuli of varying frequencies (1-30 Hz) but at constant
intensity (3 cds/m”) recorded from WT and tg retinas.
(B) Intensity response functions for flicker ERG. Each
point represents the average (+SEM) response from 4 to
8 WT (white lines) mice and from 3 to 5 tg mice (black
lines)

3-4 months of age [23]. Furthermore, ERGs per-
formed on these tg mice up to 11-month-old were
similar to those obtained on WT mice [25, 26]. Thus,
expression of Hu-Bcl-2 transgene in MCs cells of this
mouse strain did not induce MC death either retinal
degeneration suggesting that Bcl2 over-expression is
not per se deleterious. Then, in our mouse model (line
71), we could not exclude that MC death might reflect
an insertional mutation. Indeed, it might be possible
that insertion of the transgene has knocked down a
gene encoding a protein that is essential for MC
survival and/or maturation.

The present work is a functional study comple-
mentary to histological study performed by Dubois-
Dauphin and colleagues [12]. Further electrophysio-
logical and molecular biology experiments should
allow us to better understand mechanisms of NSE
activation in MCs of Hu-Bcl2 tg mice and how Hu-
Bcl-2 over-expression disrupts the functional and
structural integrity of visual cells and lead ultimately
to a widespread retinal degeneration.
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