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We have revealed previously that the survival rate of � cells of cat retinal ganglion cells (RGCs) rapidly decreased to 29% on day 7 after
optic nerve transection, whereas that of � cells slowly decreased to 64% on day 14 (Watanabe et al., 2001). The reason that � cells die more
rapidly than � cells was not clear. In the present study, we tested the possibility that the rapid death of � cells is attributable to apoptosis,
as shown for some axotomized RGCs in rats. The following results were obtained. First, the proportion of pyknotic cells in Nissl-stained
cat retinas started to increase sharply starting on day 4 and reached a peak on day 6 after optic nerve transection. The time course of
occurrence of pyknotic cells corresponded well with that of the rapid death of axotomized � cells. Secondly, the proportion of pyknotic
cells was the highest in the area centralis (AC), in which � cells are densely distributed. The preferential death of axotomized RGCs in the
AC was also confirmed by terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling staining in cross sections.
Thirdly, after the intravitreal injection of caspase 3 inhibitor (z-DEVD-cmk) the survival of axotomized � cells on day 7 was significantly
enhanced, whereas no such survival-promoting effect was obtained in axotomized � cells. Taken together, these results suggest that the
rapid death of axotomized � cells is attributable mainly to apoptosis, which is mediated by caspase 3.
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Introduction
After the transplantation of a piece of peripheral nerve, axoto-
mized retinal ganglion cells (RGCs) of adult mammals can regen-
erate their axons (So and Aguayo, 1985, Vidal-Sanz et al., 1987).
We have shown previously in adult cats that RGCs with regener-
ated axons through the peripheral nerve graft preserve their den-
dritic morphology (Watanabe et al., 1993) and receptive field
properties even 2 months after optic nerve transection (Miyoshi
et al., 1999). However, besides the paucity of RGCs that regener-
ate their axons, we noted that the regeneration capacity was quite
different among the cat RGC types: for example, of the two major
cell types, � cells have much less regeneration capacity than �
cells (Watanabe et al., 1993). The survival rate at 2 months after
optic nerve transection was also much less in � cells than in � cells
(Watanabe et al., 1995), consistent with previous work done on
cat RGCs with transected or crushed optic nerve (Holländer et al.,
1984; Cottee et al., 1991; Silveira et al., 1994). Thus, it is most

probable that the weak regeneration ability of � cells can be as-
cribed to their poor survival ability after optic nerve transection.

The survival time course was clearly different between � and �
cells within 2 weeks after optic nerve transection (Watanabe et al.,
2001). Axotomized � cells specifically suffer from a rapid death
between day 3 and 7 after optic nerve transection, whereas � cells
die more gradually, and 64% survived 14 d after axotomy (Wa-
tanabe et al., 2001). In support of this study, Silveira et al. (1994)
observed with silver staining that axotomized � cells degenerated
faster than other cell types of cat RGCs from days 3.5 to 7 after
surgery. They also noted that some degenerated cells revealed a
pyknotic nucleus on day 3.5 after axotomy in Nissl-stained retina,
although the relationship between specific RGC types and the
pattern of cell death was not demonstrated. Why do � cells of the
cat RGCs die so quickly after optic nerve transection?

From recent works done mostly on rats, it is now well estab-
lished that some RGCs die by apoptosis after the optic nerve
injury (Berkelaar et al., 1994; Garcia-Valenzuela et al., 1994; Isen-
mann et al., 1997). After the optic nerve crush in adult rats, the
number of RGCs stained with the terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling
(TUNEL) method, which can detect DNA fragmentation during
apoptosis, peaks 6 or 7 d after the surgery (Garcia-Valenzuela et
al., 1994; Isenmann et al., 1997). Moreover, by the intravitreal
application of the inhibitor of caspase 3, which is an essential
executor of apoptotic cell death, axotomized RGCs can be res-
cued in adult rats (Kermer et al., 1998; Chaudhary et al., 1999).
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Given such ample evidence for apoptotic cell death among
axotomized rat retinas, there arises a possibility that the rapid
death of � cells after axotomy is attributable to apoptosis. In the
present study, we first examined in Nissl-stained cat retinas after
optic nerve transection whether pyknotic cells preferentially ap-
pear in the central retina, where � cells are densely distributed
(Fukuda and Stone, 1974; Hughes, 1981). Secondly, we examined
whether the time course of the occurrence of pyknotic cells cor-
responds to the sharp death period of � cells, i.e., 3–7 d after optic
nerve transection (Watanabe et al., 2001). Thirdly, after the cell-
type identification with intracellular injections of Lucifer yellow
into each surviving RGC, we examined whether the death of �
cells can be specifically rescued by the intravitreal injection of
caspase 3 inhibitor. The results of these series of experiments all
support the hypothesis that the retrograde cell death of � cells
after optic nerve transection is attributable to apoptosis but not
that of � cells in adult cats.

Materials and Methods
General procedure. Thirty-eight adult cats weighing 2.5–3.5 kg were used.
All experimental procedures were performed in accordance with the in-
stitutional guidelines for laboratory animal care and treatment and with
the standards for care and use of laboratory animals of National Institutes
of Health guidelines. The cats were initially anesthetized with ketamine
hydrochloride (50 mg, i.m.) and then maintained with gas anesthesia of
oxygen 1.5 l/min, nitrous oxide 1.5 l/min, and 1–2% halothane during
the surgery. After enucleation of the eyes, the cats were killed with an
overdose of sodium pentobarbital injected intravenously.

Optic nerve transection. Surgical procedures for optic nerve transection
were described previously (Watanabe et al., 1995). The bones over the
frontal sinus and the orbit were removed and the left optic nerve was
exposed. To avoid injuring the central retinal artery, the optic nerve
sheath was cut longitudinally with microscissors. Then the optic nerve
was pulled up from the sheath with an L-shaped hook and was cut at 3– 4
mm behind the eyeball. Retinal vessels were verified to be intact with a
funduscope. The skin over the orbit was sutured with 3– 0 nylon, and
penicillin (20,000 U) was administered subcutaneously at the end of the
surgery.

Evaluation of relative proportions of pyknotic cell in Nissl-stained retinas.
Three to 14 d after the optic nerve transection, the operated eye was
enucleated, immediately hemisectioned, and fixed with 4% paraformal-
dehyde in 0.1 M phosphate buffer. Two hours after fixation, the retinas
were dissected and flat-mounted on gelatin-coated glass slides. Nissl
staining was performed with 0.1% cresyl violet (Chroma-Gesellschaft,
Köngen, Germany) and coverslipped.

We counted pyknotic cells at three different sites in each Nissl-stained
retina. Using a stage controller (Microscanner, MJ Mechanics, Fujieda,
Japan), we accurately located the three examined sites: the area centralis
(AC; sample area, 0.0625 mm 2), the temporal 3 mm from the AC on a
horizontal line (0.25 mm 2), and the midpoint between the optic disk and
AC (0.25 mm 2) (see Fig. 2 A). To identify Nissl-stained cells as neurons in
the ganglion cell layer (GCL), we used the criteria described previously
about the size and shape of somata, nuclei, and cytoplasm and the distri-
bution of the Nissl granules (Hughes, 1975). With these criteria, dis-
placed amacrines were included in counted neurons. The densities of
Nissl-stained neurons in each of the three examined retinal sites of intact
retina corresponded well with those reported previously (Hughes, 1981).
To identify pyknotic cells we adopted the criteria described previously: a
darkly stained and condensed nucleus (Wyllie et al., 1980; Perry et al.,
1983). Then we calculated the proportion of pyknotic cells (Ppyk) in the
axotomized retina using the following formula: Ppyk (%) � Npyk/(Npyk �
Nneu) � 100, where Npyk is the number of pyknotic cells and Nneu is the
number of Nissl-stained neurons in the axotomized retina.

TUNEL staining. To detect DNA fragmentation, the TUNEL method
was applied to axotomized cat retina with an Apoptosis in situ Detection
Kit (Wako, Osaka, Japan). Six days after optic nerve transection, enucle-
ated eyes were hemisectioned, fixed with 4% paraformaldehyde for 48 hr

at 4°C, and then transferred to 30% sucrose. Soaked eyecups were par-
tially cut to make two differential pieces. One piece included the AC of
the central retina; the other piece included the peripheral retina, which
was �5 mm temporal from the AC. The size of each piece was 3 � 3 mm.
The pieces were frozen, vertically sectioned at 16 �m thick, and then
recovered on 3-aminopropyltriethoxysilane-coated slides. According to
the manufacturer’s instructions, DNA fragmentation was visualized by
diaminobenzidine and observed under a differential interference con-
trast microscope.

Retrograde labeling of RGCs. Retrograde labeling of RGCs was done as
described previously (Watanabe et al., 2001). Briefly, 1,1�-dioctadecyl-
3,3,3�,3�-tetramethylindocarbocyanine perchlorate (DiI; Molecular
Probes, Eugene, OR) was suspended in saline with dimethylsulfoxide
(DMSO) and 0.1% Triton X-100 at a concentration of 5 mg/ml. Using
a 10 �l Hamilton syringe with electrical insulation except for its tip,
the DiI suspension was injected into the bilateral lateral geniculate
nuclei and optic tracts with their identification by stereotaxic coordi-
nates (anterior, 2.0 –9.0 mm; lateral, 8.5 or 9.0 mm) and recordings of
field responses from the syringe tip. The suspension (50 – 60 �l) was
injected to each side.

Application of caspase 3 inhibitor. An irreversible inhibitor of CPP32-
like caspases, benzyloxycarbonyl-Asp-Glu-Val-Asp-chloromethylketone (z-
DEVD-cmk; Bachem AG, Bubendorf, Switzerland) was used to make the
final vitreous concentration of z-DEVD-cmk higher than those used in
several in vitro studies (Bourteele et al., 1998; Schäfer et al., 1998; Macho
et al., 1999). z-DEVD-cmk 500 �g was dissolved in 50 �l of the solution
containing 10% DMSO in PBS. Immediately after the optic nerve tran-
section, a hole was made on the sclera with a 26 gauge needle, then the
solution of z-DEVD-cmk 50 �l or vehicle 50 �l (10% DMSO in PBS) was
applied into the vitreous body through the hole with a Hamilton syringe.
Care was taken not to injure the lens. Assuming an approximate volume
of the vitreous to be 3.7 ml (Vakkur and Bishop, 1963), the estimated
concentration of z-DEVD-cmk injected was over 120 �M.

Measurement of densities of DiI-labeled RGCs in the AC. DiI-labeled
RGCs were observed under a fluorescence microscope (Axioskop; Zeiss,
Oberkochen, Germany) with the stage controller. Location of the AC was
determined as the position at which the retinal vessels converged. The
numbers of labeled RGCs were counted in the area of 250 � 250 �m
centered at the AC at a magnification of 400�. The ratios of RGC den-
sities in the left retinas to those in paired right retinas were obtained to
estimate the survival rate of axotomized RGCs.

Intracellular injections of Lucifer yellow. To identify each cell type of
surviving RGCs, intracellular injections of Lucifer yellow (LY) were done
as described previously (Watanabe et al., 2001). After 7 d of survival, the
retina was dissected and affixed on a layer of 30% gelatin in the chamber
with circulating aerated Ames’ medium (A-1420, Sigma, St. Louis, MO).
Under a 40� water immersion objective (5237670; Zeiss) each RGC
prelabeled with DiI was penetrated with a microelectrode containing 2%
(w/v) LY carbohydrazide (L0259; Sigma) in 50 mM Tris buffer, pH � 7.4,
then LY was injected by applying 5–10 nA negative current. Three regions
of the temporal retina, 4 – 8 mm of eccentricity, were examined in both
left operated and right intact retinas.

Estimation of survival rates of axotomized �, �, and total cells. The
survival rates of axotomized � and � cells were estimated by the same
method as that described previously (Watanabe et al., 2001). In brief, the
ratios of the number of surviving � and � cells to those in intact retina (Ra

and Rb, respectively) are given as follows: Ra � Rt � Pal/Par, Rb � Rt �
Pbl/Pbr, where Rt is the ratio of cell density in the left central retina versus
that in the right retina; Pal and Pbl are the proportion of � and � cells in
the left retina; and Par and Pbr are those in the paired intact right retina.

We applied another method to estimate the survival of axotomized �
cells because the sampled number of � cells in any given retinal area is
much lower than that of � cells (Fukuda and Stone, 1974; Stone, 1978;
Hughes, 1981). We estimated the survival rate of axotomized � cells
based on their identification by having a large soma and thick primary
dendrites among DiI-labeled RGCs for every 500 � 500 �m area by a step
of 1 mm from the AC throughout the retina. The density counting was
not performed at the AC, because the identification of � cells was difficult
there based solely on retrograde labeling with DiI. With our estimation,

4024 • J. Neurosci., May 15, 2003 • 23(10):4023– 4028 Kurimoto et al. • Axotomized � Cells Rapidly Die by Apoptosis



the total number of � cells was 5292 � 694 (n � 9; values are means � SD
throughout) in intact retinas, corresponding to �4% of the total number
of DiI-labeled RGCs (139,704 � 8819; n � 3). This value is consistent
with the proportion of � cells in cat RGCs reported previously (Fukuda
and Stone, 1974; Hughes, 1981).

Results
Spatiotemporal occurrences of pyknotic cells after optic
nerve transection
As shown in Figure 1, many pyknotic cells appeared in the AC 6 d
after optic nerve transection (Fig. 1B). In contrast, in other reti-
nal sampling areas (nasal and temporal retinal area) fewer py-
knotic cells appeared (Fig. 1D,F). Thus, the appearance of py-
knotic cells was quite different among the retinal areas sampled.
Furthermore, we confirmed the apoptotic death of axotomized
RGCs using the TUNEL method in one adult cat on day 6. In
intact retina no TUNEL-positive cell was detected (Fig. 1G). In
axotomized retina, TUNEL-positive cells were observed sporad-
ically in the GCL. Their nuclei were intensely labeled (Fig. 1H). In
the section of Figure 1H, 19 TUNEL-positive cells were detected,
whereas fewer than two TUNEL-positive cells per section were
detected in the peripheral retina (data not shown). Although we
consistently observed that TUNEL-positive cells appeared more
frequently in the AC than in the peripheral retina, it was difficult
to analyze the occurrence of TUNEL-positive cells quantitatively
in vertical sections of the axotomized retina.

We then evaluated the proportion of pyknotic cells in each
sampling area (Fig. 2A) to perform quantitative analysis on the

occurrence of pyknotic cells (Fig. 2B). The proportion of py-
knotic cells was highest in the sample from the AC, especially
from day 4 to day 6 after optic nerve transection. In Figure 2B, the
proportions of pyknotic cells are plotted on each survival time
after optic nerve transection. The pyknotic cells started to appear
on day 3 after optic nerve transection and the proportion of
pyknotic cells in all sampling areas gradually increased from day
4 and peaked at approximately day 5 to 6. Above all, the propor-
tion of pyknotic cells sampled from the AC sharply increased and
was highest among the three sampled areas on days 5–7 and
sharply declined on days 7–10 after optic nerve transection (Fig.
2B). This tendency was similar to the proportion of pyknotic cells
in relation to neurons of intact retina (data not shown). In con-
trast, this tendency was less clear in the samples from other retinal
areas (Fig. 2B).

In the evaluation of the proportion of pyknotic cells in Nissl-
stained retinal preparations, we divided the number of pyknotic
cells by the total number of Nissl-stained cells, which consisted of
both RGCs and displaced amacrine cells, in each retinal region.
Therefore, the proportion of pyknotic cells does not represent a
real proportion of pyknotic RGCs. In spite of this certain inaccu-
racy, the data presented in Figure 2 do reflect the real occurrence
of pyknotic RGCs because the number of displaced amacrine
cells, which were inevitably counted in Nissl-stained prepara-
tions, should not be affected after the optic nerve transection
(Wong and Hughes, 1987).

Survival-promoting effect of caspase 3 inhibitor on
axotomized RGCs
In the AC of intact cat retinas, homogenous round somata of
RGCs were densely distributed in retrogradely labeled retinas
(Fig. 3A). On day 7, in the optic nerve-transected retinas the
number of DiI-labeled RGCs decreased compared with that of
intact retina, and DiI particles, which were deposits from dying
RGCs, were observed (Fig. 3B). On the other hand, in z-DEVD-
cmk-injected retinas, DiI-labeled RGCs apparently increased and

Figure 1. Photomicrographs of Nissl-stained ( A–F) and TUNEL-stained (G, H ) cat retinas. A,
C ,E, G, Intact retinas. B, D, F, H, Optic nerve-transected retinas 6 d after optic nerve transection.
A, B, AC. C, D, Temporal 3 mm from the AC on the horizontal line. E, F, Midpoint between the
optic disk and AC (Fig. 2 A). Arrowheads indicate pyknotic cells with nuclear chromatin conden-
sation (B, D, F ). Note that in D, F, the occurrence of pyknotic cells was less frequent. G, H, Vertical
sections from the AC. Arrows in H indicate TUNEL-positive cells. Scale bar, 20 �m.

Figure 2. A, Schematic diagram of whole-mounted left retina to show approximate sites of
three sampled areas for examinations of the appearance of pyknotic cells after left optic nerve
transection. a (asterisk) indicates the AC, b (circle) the site temporal 3 mm from the AC on the
horizontal line, and c (square) the midpoint between the OD (optic disk) and AC. B, Relative
proportions of axotomy-induced pyknotic cells in Nissl-stained retinas between days 3 and 14
after optic nerve transection. The data are compared among the three retinal sites examined
(a– c). The proportions of pyknotic cells obtained from 1– 4 retinas are shown on ordinates as
the means � SD. The numbers of retinas of three areas (AC, temporal 3 mm, and midpoint) for
each operated day were 3, 2, 2 (day 3); 4, 4, 4 (day 4); 3, 3, 2 (day 5); 3, 3, 2 (day 6); 3, 3, 2 (day
7); 1, 1, 1(day 10); and 2, 1, 2 (day 14).
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a few DiI particles appeared (Fig. 3C). Somata of the surviving
RGCs were slightly enlarged after the injection of z-DEVD-cmk.

We evaluated the survival-promoting effects of z-DEVD-cmk
on axotomized RGCs by calculating the ratios of RGC densities in
the operated left retinas versus those of intact right retinas. Figure
4A indicates the survival rates of axotomized RGC on day 7 after
optic nerve transection in the AC. In the axotomized retina 7 d
after optic nerve transection without z-DEVD-cmk injection, the
survival rates of axotomized RGCs were 44.3 � 7.3% (n � 4).
Injections of the vehicle (PBS 50 �l containing 10% DMSO) did
not enhance the survival rates of axotomized RGCs, 51.9 � 5.1
(n � 5). However, there was a slight tendency toward increase in
the survival rates with vehicle injection, as reported previously in
both rats and cats (Mansour-Robaey et al., 1994; Russelakis-
Carneiro et al., 1996). This effect may be attributable to the in-
flammation and/or release of some trophic factors subsequent to
ocular injury. On the other hand, a single injection of 500 �g of
z-DEVD-cmk just after optic nerve transection led to a significant
increase in survival rates of axotomized RGCs: 75.2 � 7.3% (n �
5; p � 0.01) (Fig. 4A). It was certain that in the AC of lesioned
retina, intravitreal injections of caspase 3 inhibitor promoted the
survival of axotomized cat RGCs on day 7 after optic nerve
transection.

Different effects of caspase 3 inhibitor between axotomized �
and � cells
Next, we examined the survival rate of each cell type with the
injection of z-DEVD-cmk or vehicle. Figure 4B indicates the sur-
vival rates of axotomized � and � cells on day 7 after optic nerve
transection. With the estimation of axotomized �-cell survival by
the intracellular injection of LY, the injection of z-DEVD-cmk
did not significantly increase the mean survival rate of axoto-
mized � cells: vehicle injection, 76.5 � 37.6% (n � 3) versus
z-DEVD-cmk injection, 85.0 � 55.3% (n � 3). However, the
survival rates of � cells obtained by the intracellular injection of
LY varied widely with each sampled retina because of the paucity
of sampled � cells. Then we did the total counting of � cells based
on retrograde labeling. Here again, the survival rates of axoto-
mized � cells did not increase significantly after the injection of
z-DEVD-cmk [vehicle injection, 81.5 � 11.4% (n � 5) versus
z-DEVD-cmk injection, 83.5 � 9.9% (n � 4)]. Thus, we con-
cluded that the injection of z-DEVD-cmk did not enhance the
survival of axotomized � cells. In contrast to � cells, the injection
of z-DEVD-cmk significantly enhanced the survival of axoto-
mized � cells [70.7 � 17.0% (n � 3; p � 0.05), an �1.8-fold
increase from the control survival rate of 37.7 � 5.4% (n � 3)].

Discussion
In the present study, we tested the possibility that the rapid death
of axotomized � cells after optic nerve transection is attributable

Figure 3. Photomicrographs of DiI-labeled RGCs in the AC. A, Intact retina. B, Optic nerve-
transected retina 7 d after the surgery. C, Optic nerve-transected retina with intraocularly ap-
plied z-DEVD-cmk 7 d after the surgery and treatment. In B, arrowheads indicate DiI-labeled
RGCs and arrows indicate DiI particles. Scale bar, 50 �m.

Figure 4. A, Survival-promoting effect of z-DEVD-cmk on the axotomized cat RGCs 7 d after
optic nerve transection. Vehicle injection was of 50 �l PBS containing 10% DMSO. Note that the
survival rate significantly increased after z-DEVD-cmk treatment. **p�0.01; unpaired t test. B,
Cell-type specific survival-promoting effect of z-DEVD-cmk. The RGC survival was studied 7 d
after optic nerve transection and compared between vehicle (striped column) and z-DEVD-cmk
injections (black column). The survival rate of axotomized � cells were estimated by two dif-
ferent methods: intracellular injection of LY and total cell counting by retrograde labeling. A
significant survival-promoting effect was obtained only for � cells. *p � 0.05, unpaired and
paired t test.
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to apoptosis. We obtained three findings in support of the hy-
pothesis. First, after optic nerve transection pyknotic cells prefer-
entially appeared in the AC, in which � cells are heavily distrib-
uted. Apoptotic nuclear changes of axotomized RGC in the AC
were also confirmed with the TUNEL method. Secondly, the pro-
portion of pyknotic cells in the AC sharply increased from day 4
after optic nerve transection, reached its peak on day 6, and de-
creased after day 7, corresponding well with the rapid death pe-
riod of � cells after the optic nerve transection (Watanabe et al.,
2001). Thirdly, after the intravitreal injection of caspase 3 inhib-
itor, the survival of � cells on day 7 was specifically increased with
apparently no such effect on the survival of � cells.

According to our previous study (Watanabe et al., 2001) the
time course of inclination of survival was quite different between
the two cell types of cat RGCs within 2 weeks after optic nerve
transection; axotomized � cells have two regression lines, one
sharp decline from day 3 to day 7 (early phase) and the other a
gradual decline after day 7 (late phase). In contrast with � cells, �
cells reveal only a gradual decline in the survival time course
through day 14, with an inclination very similar to that of �-cell
survival after day 7 (Watanabe et al., 2001). Thus, it is quite
possible that a common nonapoptotic death mechanism takes
place in two major cell types of cat RGCs.

In recent years, the caspase-independent cell death with
necrotic-like morphology in vitro has been reported (for review,
see Vercammen et al., 1998; Kitanaka and Kuchino, 1999). For
example, although Bax-induced caspase activation and apoptotic
cell death is blocked by broad-spectrum caspase inhibitor, cell
death with necrotic-like morphological change newly progressed
with the human leukemic cell line Jurkat (Xiang et al., 1996). As
another example, in bcl-2 overexpressed mice, one-third of RGCs
still die 3 months after optic nerve transection, probably because
of the nonapoptotic cell death pathway, which is not inhibited by
bcl-2 overexpression (Cenni et al., 1996). These findings clearly
demonstrate the possibility of a nonapoptotic death mechanism
of RGCs after optic nerve transection.

The present study suggests that two major cell types of cat
RGCs, � and � cells, have a quite different vulnerability to apo-
ptotic death after optic nerve transection. In particular, axoto-
mized � cells rapidly suffer from cell death in early phase, and this
rapid death is attributed to apoptosis dependent on caspase 3.
Thus, the apoptotic cell death after optic nerve transection was
cell-type specific among RGC types in adult cats. In addition, the
present study directly supported the presumption in our previous
study that different mechanisms may underlie the cell death of
each RGC type after axotomy in adult cats (Watanabe et al.,
2001). Because � cells have an important visual function for acute
vision or shape recognition among the cell types of cat RGCs
(Shapley and Perry, 1986), it is important to find the specific
method for the treatment to rescue � cells that are vulnerable to
optic nerve injury or optic nerve diseases. In addition to the ap-
plication of caspase inhibitor, which we established in the present
study, the neurotrophic factors with forskolin are also shown to
rescue � cells (Watanabe et al., 2003). Besides these survival-
promoting factors, MK801, an NMDA-glutamate receptor an-
tagonist, was reported to enhance the survival of axotomized cat
RGCs (Russelakis-Carneiro et al., 1996). Furthermore, investiga-
tors have already started clinical trials of glutamate receptor an-
tagonists to various CNS diseases (Palmer et al., 1999; Haberny et
al., 2002). Additional efforts should be made to rescue especially
� cells for the recovery of acute and higher visual function after
optic nerve injury or optic nerve diseases. On the other hand, the
finding that � cells but not � cells of the cat RGCs suffer from

apoptotic cell death after axonal injury may provide an intriguing
cue for basic research on molecular mechanisms of parallel pro-
cessing in the mammalian central visual system, including
humans.
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