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ABSTRACT Attempts to rescue retinal ganglion cells
from retrograde degeneration have had limited success, and
the residual function of surviving neurons is not known.
Recently, it has been found that axotomized retinal ganglion
cells die by apoptotic mechanisms. We have used adult trans-
genic mice overexpressing the Bcl-2 protein, a powerful in-
hibitor of apoptosis, as a model for preventing injury-induced
cell death in vivo. Several months after axotomy, the majority
of retinal ganglion cells survived and exhibited normal visual
responses. In control wild-type mice, the vast majority of
axotomized retinal ganglion cells degenerated, and the phys-
iological responses were abolished. These results suggest that
strategies aimed at increasing Bcl-2 expression, or mimicking
its function, might effectively counteract trauma-induced cell
death in the central nervous system. Neuronal survival is a
necessary condition in the challenge for promoting regener-
ation and eventually restoring neuronal function.

Prevention of degeneration of axotomized retinal ganglion
cells (RGCs) in adult mammals has been attempted several
times using different approaches such as treatment with neu-
rotrophic factors, microglia-suppressing factors, transplant of
embryonic tissue, and graft of peripheral nerve sheaths (1–8).
As yet, long-term survival has been achieved for only a limited
number of axotomized RGCs. Recent results from our labo-
ratory (9, 10), however, have shown that the vast majority of
RGCs (approximately 71,000 cells: more than 70% of the total
RGC number) survive optic nerve axotomy for at least 3.5
months in adult transgenic mice (line NSE73a) overexpressing
the human oncoprotein Bcl-2 (11). This protein is a powerful
inhibitor of apoptotic cell death (12–14). In control wild-type
mice, only few RGCs survived 2 months after optic nerve
transection (approximately 2200 cells: 5% of the total RGC
number) (9, 10).
Long-term survival of a large fraction of RGCs after optic

nerve injury is a necessary condition for any attempt to
promote regeneration and eventually restore visual function.
To this aim, however, essential condition is that RGCs respond
normally to light (i.e., display the same response properties of
RGCs of intact mice to a wide range of visual stimuli). We have
addressed this point by evaluating the response characteristics
of RGCs in transgenic Bcl-2 mice, as well as in wild-type mice,
in control conditions and at different times after unilateral
optic nerve section.
The visually driven electrical activity of RGCs has been

recorded noninvasively by means of the electroretinogram in
response to gratings of different spatial frequencies, tempo-
rally modulated in contrast [pattern electroretinogram (P-
ERG)]. In all mammals studied so far, including human, the
P-ERG has been shown to depend on RGC activity, and it is
abolished in retrograde RGC degeneration (15–19). It is worth
noticing that P-ERG losses may precede anatomical losses of

RGCs (20, 21), thereby signaling early retinal dysfunction that
eventually leads to cell death.
We report evidence that, in transgenic Bcl-2 mice, most

RGCs survive 3.5 months after axotomy. In the same animals
the visual response of RGCs is still recordable with normal
characteristics. By contrast, in wild-type mice, RGCs are
massively degenerated 2 months after axotomy and the visual
response of RGCs is abolished.

MATERIALS AND METHODS

Transgenic Mice. We have used line NSE73a of the trans-
genic mice expressing human Bcl-2 (11). In this line, human
Bcl-2 protein is expressed under the control of the neuron-
specific enolase promoter. In the retina, Bcl-2 expression has
been detected in the majority of cells of the inner nuclear layer
and in all the cells of the ganglion cell layer. Bcl-2 expression
is not detectable in the photoreceptor layer. The colony,
started from one albino founder, was fostered by crossing
males heterozygous for the transgene with C57BLy6J females.
Albino offsprings were used for reproduction, and the exper-
iments were carried out on pigmented mice 6–8 months of age.
The presence of the Bcl-2 transgene has been checked by PCR
on tail tissue of all animals [data shown elsewhere (10)].
Optic Nerve Section. Mice were anesthetized with Avertin

(tribromoethanol in amylene hydrate, 20 mlyg of body weight
administered intraperitoneally). After partial craniotomy, the
optic nerve was exposed by suctioning the overlaying tissue and
completely severed between the optic foramen and the chiasm
(approximately 2 mm from the papilla), in such a way that the
two stumps were clearly separated from each other. This
approach avoids possible damages to the ophthalmic artery.
Electrophysiological Recordings.Mice under Avertin anes-

thesia were leaned on a plastic head holder. The P-ERG was
recorded by means of corneoscleral Ag–AgCl rings (3.5 mm in
diameter and 0.2 mm thick) inserted below the eyelids. Re-
cording was monocular, and the electrode placed on the
contralateral black patched eye served as reference. For most
experiments, visual stimuli were horizontal gratings with a
sinusoidal luminance profile of different spatial frequency
(0.1–0.7 cydegree) and fixed contrast (90%), temporally mod-
ulated in counterphase (sinusoidally) at 6 Hz (12 contrast
reversals per s) at constant mean luminance (10 cdym2). In
other experiments, either the contrast was varied (20–90%) at
fixed spatial (0.1 cydegree) and temporal frequency (6 Hz) or
the temporal frequency was varied (1–24 Hz) at fixed spatial
frequency (0.1 cydegree) and contrast (90%). Visual stimulus
was also a uniform field (10 cdym2 luminance) flickering
sinusoidally at 6 Hz (90% modulation depth). Stimuli were
generated by a specialized grating generator (Cambridge
VSG2y2), displayed on a high-resolution monitor (Barco
CCID 7751: 24 3 26 cm display), centered on the pupil and
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presented at 20-cm distance (subtending a field of 69 3 74
degrees) against a background luminance of 1 cym2. Retinal
signals were amplified 50,000-fold, filtered between 1 and 100
Hz, digitized at 1 kHz with 12-bit resolution, and averaged in
synchrony with the stimulus period over 500 stimulus cycles.
Retinal signals were also averaged asynchronously at 1.1 times
the stimulus period to have an estimation of the intrinsic
noisiness of the signal. For both the P-ERG and the noise
waveforms, the response component corresponding to the
contrast reversal rate (12 Hz: second harmonic of the stimulus
frequency) was evaluated by discrete Fourier transform. The
12-Hz response component was also evaluated for partial
estimates (50 sweeps each) of the total average to have an index
of response consistency. No pupillary dilatory agents or di-
optric correction was used. It is known that the eye of the
pigmented mouse is emmetropic (22) and with large depth of
focus due to the pinhole pupil. In addition, previous controls
obtained by recording the P-ERG as a function of dioptric
power of trial lenses placed before the eye, indicated zero
dioptric power as suitable correction to obtain responses of
maximal amplitude.
Statistics.Group averages for both wild-type and Bcl-2 mice

were statistically evaluated by two-way ANOVAs on log10
transform of raw amplitude data to approximate (P , 0.05)
normal distributionyequal variances assumptions. Relevant
factors were axotomy (operated vs. unoperated eyes) and
interaction between axotomy and spatial frequency.

RESULTS

The visual response of RGCs has been recorded in 6 wild-type
mice and 12 transgenic Bcl-2 mice. Three wild-type mice and
6 Bcl-2 mice served as intact controls, whereas the others
received a unilateral optic nerve transection between optic
foramen and the chiasm. Hystological analysis of whole-
mounted retinae of optic nerve transected animals (10) indi-
cated massive ganglion cell loss in axotomized wild-type mice
within 2 months. By contrast, in Bcl-2 mice more than 70% of
RGCs still survived 3.5 months after axotomy.
Control Mice. A typical example of P-ERG and noise

recorded in a wild-type mouse in response to gratings of 0.1
cydegree counterphased at 6 Hz, is shown in Fig. 1. The
P-ERG and the noise have been averaged over 500 stimulus
presentations. The P-ERG (bold-line waveform) has a sinu-
soidal-like waveform, whose period corresponds to the stim-
ulus contrast reversal (12 Hz). Thus, the 12-Hz Fourier
component of the P-ERG represents the main response mod-
ulation well. The polar diagram to the lower left shows the
12-Hz component of the P-ERG (vector) and that of partial
averages (50 sums each) of the response (open symbols). The
clustering of partial estimates indicates that the response is
reliable (23) in spite of its small amplitude. Analysis of the
noise response (dotted-line waveform) is shown in the polar
plot to the lower right. Data points group themselves around
the origin with a scattered phase, indicating that the averaged
intrinsic noise (vector) is much smaller than the P-ERG. The
amplitude of this asynchronous noise is comparable to that
obtained by recording the P-ERG with the stimulus occluded
(data not shown).
Fig. 2 summarizes the results obtained in unoperated control

mice. The P-ERG amplitude depends on the spatial frequency
of the visual stimulus. In both wild-type (Fig. 2A) and Bcl-2
(Fig. 2B) mice, the P-ERG amplitude decrease with increasing
spatial frequencies to reach the noise level at about 0.7
cydegree. This value is an estimate of spatial resolution of the
retinal output (P-ERG acuity). The P-ERG acuity has been
shown in different mammals to correspond well to the behav-
ioral visual acuity (24–26). A resolution of the order 0.7
cydegree is in keeping with the behavioral acuity reported for
mice (27).

Optic-Nerve-Transected Mice. Representative waveforms
of P-ERGs recorded in both wild-type and Bcl-2 mice after
unilateral optic nerve section are depicted in Fig. 3. In the
wild-type mouse, the P-ERG is no longer recordable in the
operated eye 2 months after axotomy. This result extends to
mice previous data obtained in other mammals [human (16,
19), monkey (28), cat (15, 25), and rat (26)] showing that the
P-ERG depends on the normal function of RGCs, being
selectively depressed in dysfunction of RGCs and abolished
when they are degenerated. Contrary to wild-type mice, in the
Bcl-2 mouse, the P-ERG is still recordable from the operated
eye 3.5 months after axotomy, with an amplitude comparable
to that of the unoperated eye.
Group averages are shown in Fig. 4. In the operated eyes of

wild-type mice (Fig. 4A), the P-ERG is at noise level 2 months
after axotomy at any spatial frequency in the range 0.1–0.5
cydegree, whereas the P-ERG recorded from the unoperated
eyes is in the range of that of control wild-type mice [two-way
ANOVA, effect of axotomy: F(1, 41) 5 50.3, P , 0.0001]. As
shown in Fig. 4B, 2 months after axotomy the P-ERG recorded
in Bcl-2 mice has comparable amplitude in operated and
unoperated eyes as a function of spatial frequency [two-way
ANOVA; effect of axotomy, F(1, 35) 5 0.088, P 5 0.77;
axotomy by spatial frequency, F(5, 35) 5 0.66, P 5 0.65]. In
Bcl-2 mice, 3.5 months after axotomy (Fig. 4C), the P-ERG
recorded in operated eyes is still comparable in amplitude to
that of unoperated eyes in all the range of spatial frequency
tested [two-way ANOVA; axotomy, F(1, 29)5 0.087, P5 0.77;
axotomy by spatial frequency, F(4, 29) 5 0.77, P 5 0.55].
In addition to the systematic recording of the P-ERG as a

function of spatial frequency, in some cases the effect of
temporal frequency and contrast has been also evaluated.
Overall, responses of control wild-type, control Bcl-2, and
axotomized Bcl-2 mice were rather comparable over temporal
frequency and contrast. As an illustrative example, we report
in Fig. 5 the P-ERG raw data as a function of stimulus contrast
(the spatial frequency and temporal frequency were fixed at
0.1 cydegree and 6 Hz, respectively) obtained in one intact

FIG. 1. Example of P-ERG (bold line waveform) in response to a
0.1 cydegree grating counterphased at 6 Hz. The superimposed
dotted-line waveform represent the asynchronous noise. Note that the
P-ERG has a strong modulation at twice the stimulus period (12 Hz).
The polar plots represent the Fourier 12-Hz component for either
waveform (vector) as well as for their partial averages (open symbols).
For each estimate, the distance from origin represents amplitude (axes
are calibrated to 1 mV) and the angle represents phase. Grouping of
estimates indicates response reliability.
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wild-type mouse, one intact Bcl-2 mouse, and one Bcl-2 mouse
3.5 months after optic nerve transection. In control mice
[either wild-type (Fig. 5A) or Bcl-2 (Fig. 5B)], the responses
decrease monotonically in amplitude with decreasing contrast
to reach the noise level (dashed lines) at about 20% contrast.
The amplitude of the P-ERG recorded from the axotomized

eye of the Bcl-2 mouse (Fig. 5C) is in the range of that of
control mice over the whole range of contrast, including the
contrast threshold.
A question to ask was whether the surgical procedure for

optic nerve transection caused unspecific retinal dysfunction.
Dysfunction of the outer retina would necessarily alter visual
responses of the inner retina. To address this question, we
systematically recorded, in wild-type and Bcl-2 mice, the ERG
in response to an uniform field flickering at 6 Hz (flicker
ERG). This response is known to originate from preganglionic
retinal sources (18, 29). Flicker ERGs had typically a very
simple sinusoidal waveform, with a period corresponding to
the flicker rate. Response amplitudes were of the order of 5mV
(6-Hz component: data not shown) and were comparable
between unoperated and operated eyes. This result indicates
that our surgical prodedure did not cause unspecific retinal
dysfunction to the outer retina, in agreement with the notion
that preganglionic neurons such as amacrine cells and bipolar
cells are not altered by optic nerve transection (e.g., ref. 30).

DISCUSSION

This study shows that Bcl-2 overexpression preserves for a long
time the normal physiological response of RGCs after axo-
tomy, which spared more than 70% of them from death (10).
Contrary to wild type, in which the visually driven activity of
RGCs was abolished within 2 months, in Bcl-2 mice RGC
activity was still well recordable at least up to 3.5 months
(recent preliminary results in Bcl-2 mice indicate that the
P-ERG is recordable even 6 months after optic nerve crush).
The responses were similar to those of unoperated eyes as a
function of spatial frequency, and there were strong indica-
tions that responses were also comparable as a function of
contrast and temporal frequency.
In both control and axotomized Bcl-2 mice, the visually

driven response of RGCs was comparable to that recorded in
control wild-type mice. The retinal visual acuity (which pre-
dicts to some extent the behavioral visual acuity) was also in
the normal range, supporting further the finding of good
physiological conditions of RGCs a long time after axotomy.
The retinal acuity being of the same order in Bcl-2 and

FIG. 2. Average variation (6SEM) of the P-ERG amplitude with spatial frequency for wild-type mice (A) (n 5 3) and Bcl-2 mice (B) (n 5
6). In both kinds of mice the P-ERG amplitude (F) is above the noise level (E) for spatial frequencies lower than 0.7 cydegree.

FIG. 3. Representative examples of P-ERGs in response to gratings
of 0.1 cydegree recorded in both wild-type and Bcl-2 mice after
unilateral optic nerve section. Note that the response is abolished in
the operated eye of the wild-type, but not Bcl-2, mouse. The ganglion
cell number, evaluated from whole-mounted retinae as described (10),
was for the control eyes (upper traces) 45,600 (wild type), 108,200
(bcl-2) and for the axotomized eyes (lower traces) 2100 (wild type),
75,200 (bcl-2).
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wild-type mice may be of some interest. Because of Bcl-2
overexpression during the period of naturally occurring cell
death, the retina of the adult transgenic mouse has more
neurons than normal (10, 31). One may wonder whether this
difference does not translate in a different spatial resolution of
the retinal output. It worths noticing, however, that Bcl-2
overexpression differs among retinal neuronal subpopulations

(31). In particular, Bcl-2 immunoreactivity has been found in
the majority of cells in the inner nuclear layer and in all cells
of the ganglion cell layer. No expression has been detected in
the photoreceptors. Consequently, the increase in the number
of neurons occurs mainly in the inner retina (31). It is
conceivable that wild-type and transgenic mice have different
retinal connectivity so that their visual capabilities are difficult
to predict on the basis of RGC number alone.

FIG. 4. Group averages (6SEM) of the P-ERG amplitude as a
function of spatial frequency for both the operated eyes (E) and
unoperated eyes (F) of wild-type mice 2 months after axotomy (n 5
3) (A) and of Bcl-2 mice 2 months after axotomy (n 5 3) (B) and 3.5
months after axotomy (n 5 3) (C). In the operated eyes of wild-type
mice (A), the P-ERG is at noise level (dashed lines) 2 months after
axotomy at any spatial frequency in the range of 0.1–0.5 cydegree. At
the same spatial frequencies, the P-ERG recorded in Bcl-2 mice 2
months (B) and 3.5 months (C) after unilateral axotomy has compa-
rable amplitude in the two eyes.

FIG. 5. Raw amplitude data of the P-ERG recorded, at different
stimulus contrasts, in one intact wild-type mouse (A), one intact Bcl-2
mouse (B), and from the eye of one Bcl-2 mouse axotomized 3.5
months before (C). The spatial frequency and temporal frequency
were fixed at 0.1 cydegree and 6 Hz, respectively. In all cases, the
P-ERG amplitude decreases with decreasing contrast and approaches
the noise level (dotted lines) at about 20% contrast. The ganglion cell
number, evaluated from whole mounted retinae as described (10), was
46,200 (A), 112,300 (B), and 70,900 (C).
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Anumber of previous studies exploited different approaches
to protect RGCs from death after optic nerve transection. In
particular, the administration of neurotrophic factors (1–3, 5),
the transplant of embryonic tissue (7), or graft of peripheral
nerve sheaths (8) has been used. Our results indicate that the
overexpression of Bcl-2 represents by far the most successful
tool. The mechanism of action of the Bcl-2 protein is not yet
clear, even if several hypotheses have been advanced. One of
the best documented properties of the Bcl-2 protein is its
strong activity in interfering with apoptotic cell death (12–14).
It is likely that the effects shown in the present study are
exerted through this property, since RGCs have been shown to
die by apoptosis after axotomy in both neonatal and adult rats
(32, 33).
The importance of the present findings for regeneration

studies can be seen under two possible perspectives: (i) The
very high survival of neurons with normal physiological re-
sponse in Bcl-2 transgenic mice offers the opportunity of
studying regeneration in a system where cell death is not a
limiting factor. (ii) If we were successful in developing a
strategy to increase the expression of Bcl-2 (or mimic its
functions) in the central nervous system, then we would gain
an effective tool to counteract trauma-induced cell death. This
strategy could of course benefit from additional treatments
such as supply of neurotrophic factors (1–3, 5), transplant of
embryonic tissue (7), and neutralization of myelin-associated
neurite growth inhibitors (34, 35).
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