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Survival and axonal regeneration of retinal ganglion cells in adult cats
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Abstract
Axotomized retinal ganglion cells (RGCs) in adult cats offer a good experimental model to understand mechanisms of RGC
deteriorations in ophthalmic diseases such as glaucoma and optic neuritis. Alpha ganglion cells in the cat retina have higher ability
to survive axotomy and regenerate their axons than beta and non-alpha or beta (NAB) ganglion cells. By contrast, beta cells suffer
from rapid cell death by apoptosis between 3 and 7 days after axotomy. We introduced several methods to rescue the axotomized cat
RGCs from apoptosis and regenerate their axons; transplantation of the peripheral nerve (PN), intraocular injections of
neurotrophic factors, or an antiapoptotic drug. Apoptosis of beta cells can be prevented with intravitreal injections
of BDNF+CNTF+forskolin or a caspase inhibitor. The injection of BDNF+CNTF+forskolin also increases the numbers of
regenerated beta and NAB cells, but only slightly enhances axonal regeneration of alpha cells. Electrical stimulation to the cut end of
optic nerve is effective for the survival of axotomized RGCs in cats as well as in rats. To recover function of impaired vision in cats,
further studies should be directed to achieve the following goals: (1) substantial number of regenerating RGCs, (2) reconstruction of
the retino-geniculo-cortical pathway, and (3) reconstruction of retinotopy in the target visual centers.
r 2002 Elsevier Science Ltd. All rights reserved.
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Abbreviations: AC, area centralis; BDNF, brain derived neurotrophic factor; CNS, central nervous system; CNTF, ciliary neurotrophic factor; DiI,
1,10 -dioctadecyl-3,3,30 ,30 -tetramethylindocarbocyanine perchlorate; FGF2, basic ﬁbroblast growth factor; GDNF, glial cell derived neurotrophic
factor; HRP, horseradish peroxidase; IPL, inner plexiform layer; LGN(s), lateral geniculate nucleus (nuclei); LY, Lucifer yellow; NAB, non-alpha or
beta (cell); NMDA, N-methyl-d-aspartate; NT-4, neurotrophin-4; OD, optic disc; ON, optic nerve; pERG, pattern-reversed electroretinogram; PN,
peripheral nerve; RGC(s), retinal ganglion cell(s); SC, superior colliculus; VC, visual cortex; VEP(s), visual evoked potential(s)
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1. Introduction
Extensive efforts have been made to regenerate
damaged axons of retinal ganglion cells (RGCs) in
adult mammals. It is now well established that RGCs
regenerate their axons into a transplanted segment of
peripheral nerve (PN) (Aguayo, 1985; Berry et al., 1988;
Politis and Spencer, 1986; So and Aguayo, 1985). Most
of the studies on RGCs which survive axotomy and
regenerate their axons have been done by using rodents.
A segment of PN is connected to the optic nerve (ON)
stump to make a bridge to the superior colliculus (SC)
(Bray et al., 1992; Carter et al., 1989; Vidal-Sanz et al.,
1987, 1991), or to the pretectum (Thanos, 1992). The SC
neurons are transsynaptically activated via regenerated
optic axons (Keirstead et al., 1989; Sauve! et al., 1995,
2001). The animals with reconstructed visual pathway
can perform light-dark discrimination tasks (Kittlerova!
and Valouskova! , 2000; Sasaki et al., 1992, 1999), or
reveal pupillary constriction to light stimuli (Avile! sTrigueros et al., 2000; Thanos, 1992; Whiteley et al.,
1998). Visual information transmitted through the
restored visual projections can elicit arousing effects
such as body movement or desynchronization in
electroencephalogram (Sasaki et al., 1996). Details
about how RGC axons regenerate through the PN graft
and to what extent visual function can be restored in the
transplanted animals have been extensively reviewed
(Dezawa and Adachi-Usami, 2000; Dezawa et al., 1997;
Heiduschka and Thanos, 2000; MacLaren and Taylor,
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1997; So, 1988; So and Cho, 1989; So and Yip, 1998,
2000; Yip and So, 2000).
The cat visual system has various advantages for ON
regeneration experiments. First, cat RGCs are identiﬁed
as Y/alpha, X/beta, and W/other non-alpha or beta
(NAB) cell types based on both physiological and
morphological properties (Boycott and W.assle, 1974;
Cleland and Levick, 1974a b; Fukuda and Stone, 1974;
Saito, 1983; Stone and Fukuda, 1974). The three types
have different visual function (Rodieck, 1979). Second,
the retino-geniculo-cortical projection, which is essential
for conscious vision, is well developed in cats. Furthermore, ON transection is the basic technique in the
studies on degeneration and regeneration of RGCs, and
can easily be applied to the cat ON, whereas the
transection is difﬁcult in the monkey where the ON is
situated deep in the orbital cavity. Another technical
advantage is that cat RGCs are mostly monolayered in
the central retina so that quantitative studies on existing
RGCs are much easier than in the monkey retina.
Understanding how and which type of RGCs
degenerate with ON injury provides some clues for
retinal and ON disease. For example, glaucoma patients
suffer from progressive loss of vision because of
degeneration of RGCs. It has been implicated pathogenically that large RGCs with thick axons are
preferentially lost in the peripheral retina (Quigley,
1999). In optic neuritis or Leber’s hereditary optic
neuropathy, gradual vision loss starts from the central
retina (Man et al., 2002). As the result, the patients
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suffer from loss of visual acuity, probably because of
dysfunction or degeneration of smaller RGCs which are
densely packed in the central retina (Riordan-Eva et al.,
1995; Rizzo, 1995). Therefore, basic researches on how
different type of RGCs degenerate with the ON damage
will certainly provide important information to rescue
the RGCs.
In this review, we focus on type-speciﬁc changes of cat
RGCs after ON transection and their axonal regeneration induced by the PN transplantation. We further
emphasize that both survival and function of axotomized RGCs can be maintained with intravitreal
administration of neurotrophic factors and elevation
of intracellular concentration of cAMP, and that the
RGCs with regenerated axons retain visual function
even 2 months after axotomy. First, we brieﬂy introduce
morphology and physiology of three types of cat RGC,
then compare them with RGCs in the monkey retina to
give an idea how the study on the cat RGCs is relevant
to the primate vision. Secondly, we summarize our
recent results on survival of axotomized cat RGCs and
the ways to rescue the RGCs. Thirdly, we compare
morphological and physiological properties of regenerated RGCs with normal RGCs. Fourthly, we mention
about the retinotopy within the PN graft and our trials
to bridge the transected ON to the lateral geniculate
nucleus (LGN) with PN grafts. Finally, possible means
to promote axonal regeneration are summarized by
referring related works on rodents so as to restore the
damaged cat visual pathway. The description extends
and supplements our previous reviews on ON regeneration of cats (Fukuda et al., 1998; Watanabe et al., 1997).
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faithfully to rapidly moving spots. This response
property leads us to assume that Y cells function as
motion detector (Rodieck, 1979). Beta cells have
medium-sized soma, and their bushy dendrites cover a
smaller dendritic ﬁeld area than dendrites of alpha cells.
The physiologically corresponding type, X cells respond
to stationary light stimuli in brisk sustained manner
with small receptive ﬁeld. This response proﬁle is suited
for the detection of stationary small visual objects, thus
X cells are essential for acute vision. W cells (Stone and
Fukuda, 1974) or sluggish cells (Cleland and Levick,
1974a) consist of varieties of visual response properties
in physiology (Stone and Fukuda, 1974; Troy et al.,
1989, 1995). The corresponding morphological subtypes
consist of extensive varieties such as gamma, delta,
epsilon, zeta, and theta cells, and appear to project to
different visual centers (Berson et al., 1998, 1999;
Fukuda and Stone; 1974; Fukuda et al., 1984; Isayama
et al., 2000; Leventhal et al., 1980; Pu et al., 1994;
Stanford, 1987a, b).
The three type classiﬁcation of cat RGCs has been
extended to a number of other mammalian species
including humans (human: Dacey and Petersen, 1992;
Kolb et al., 1992; monkey: Leventhal et al., 1981; Perry
and Cowey, 1981, 1984; Perry et al., 1984; ferret: Vitek
et al., 1985; dog: Peichl, 1992; rabbit: Peichl et al.,
1987b, rodents: Doi et al., 1995; Dreher et al., 1985;
Fukuda, 1977; Huxlin and Goodchild, 1997; other
mammals: Dann and Buhl, 1990; Hokoc- and Moraes,
1992; Moraes et al., 2000; Peichl, 1991; Peichl et al.,
1987a).
2.2. Corresponding cell types in the primate retina

2. Classiﬁcation of retinal ganglion cells
2.1. Characteristics of Y/alpha, X/beta and W/other cells
A clear scheme for the classiﬁcation of mammalian
RGCs has been ﬁrst established in the cat retina
(Boycott and W.assle, 1974; Cleland and Levick,
1974a, b; Enroth-Cugell and Robson, 1966; Fukada
and Saito, 1971; Fukuda and Stone, 1974; Stone and
Fukuda, 1974; review: Levick, 1975, 1996; Levick and
Thibos, 1983; Rodieck, 1979). Although the terminology
in cell classiﬁcation is not completely agreed by
researchers, the most convenient terminology is Y, X,
and W cells for physiological types, which respectively
correspond to alpha, beta, and other non-alpha and beta
(NAB) cells in morphological types. Properties of these
three types are summarized in the upper half of Table 1.
Alpha cells have the largest soma, thick primary
dendrites which ramify frequently and extend to cover
a wide area. The physiologically corresponding type, Y
cells, respond to stationary light stimuli in brisk
transient manner with large receptive ﬁelds, and respond

De Monasterio and Gouras (1975) ﬁrst reported that
monkey RGCs also consist of two types, tonic and
phasic types, corresponding to X and Y cells of the cat
RGCs (de Monasterio, 1978). After the reports, Perry
and Cowey have classiﬁed monkey RGCs into Pa, Pb,
and Pg cells, based on morphological similarities in
soma size, dendritic ﬁeld size, and axonal size to those of
alpha, beta and NAB cells of the cat retina (Perry and
Cowey, 1981, 1984; Perry et al., 1984). On the other
hand, Rodieck and his associates used the terminology
of parasol and midget cells for the major two types of
monkey RGCs (Dacey, 1993, 1999; Rodieck, 1988,
1998; Rodieck and Watanabe, 1993; Watanabe and
Rodieck, 1989; Yamada et al., 1998, 2001), appreciating
the nomenclature introduced by Polyak (1941). The
properties of these cell types in the monkey retina are
summarized brieﬂy in the lower half of Table 1.
Midget ganglion cells have bushy dendrites with the
smallest dendritic ﬁeld (Watanabe and Rodieck, 1989),
and project exclusively to the parvocellular layers of
LGN (Rodieck and Watanabe, 1993; Schiller and
Malpeli, 1978). Parasol ganglion cells have the largest
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Table 1
Physiological and morphological classiﬁcation and comparison of retinal ganglion cells (RGCs) in cat and primate
Cat RGCs
Physiological classiﬁcationa
Nomenclature
Response to steady spot
Velocity selectivity
Receptive ﬁeld size
Axonal conduction velocity

Y
Brisk, transient
Fast
Large
Fast

X
Brisk, sustained
Slow
Small
Medium

W
Sluggish, transient or sustained
Very slow
Large to medium-sized
Slow

Morphological classiﬁcation
Nomenclature
Soma size
Dendritic ﬁeld size
Dendritic ramiﬁcation
Axon diameter

Alpha
Large
Large
Bushy
Thick

Beta
Medium-sized
Small
Bushy
Medium-sized

Others
Medium-sized to small
Large to medium-sized
Mostly sparse
Thin

Relative proportion

5%

40%

55%

M (magnocellular)

P (parvocellular)

Others

Morphological classiﬁcationb
Nomenclature
Soma size
Dendritic ﬁeld size
Dendritic ramiﬁcation

Parasol/Pa
Large
Large
Bushy

Midget/Pb
Medium-sized
Small
Bushy

Others
Medium-sized to small
Large to medium-sized
Mostly sparse

Proportion, centralc
Proportion, peripheryc

Several %
8–10%

95%
70%

Several %
E20%

Primate RGCs
Physiological classiﬁcationa,b

a
Color opponent cells are not included in the table, see other papers and reviews for details (Dacey, 2000; de Monasterio and Gouras, 1975; de
Monasterio et al., 1975; Lee, 1996).
b
Shapley and Perry (1986) claim that M cells are similar to X cells on the bases of receptive ﬁeld center size, axonal conduction velocity.
c
Human retina (Rodieck, 1998).

soma, bushy dendrites in a relatively large ﬁeld
(Watanabe and Rodieck, 1989). They mainly project
to the magonocellular layers of LGN with very small
number of projection to the SC, possibly by collaterals
(Rodieck and Watanabe, 1993; Schiller and Malpeli,
1978). On the central projections, parasol and midget
cells are also called magnocellular (M) and parvocellular
(P) cells, respectively (Shapley and Perry, 1986; Yamada
et al., 1998, 2001). Midget cells are distributed most
densely in the foveal region of monkey and human
retinas (Dacey, 1993), which is similar to preferential
distribution of beta cells in the cat central retina.
From these common properties and central projection
manner, one can assume that primate midget cells are
homologous with cat beta cells, and primate parasol
cells with cat alpha cells (Table 1) (Rodieck et al., 1993;
Rodieck, 1988, 1998). Although exact correspondence
between RGC types in cats and monkeys is still
controversial (Shapley and Perry, 1986), we should
emphasize here that RGCs in the central retina, either of
cats or monkeys, consist of mainly beta or midget (P or
Pb) cells. These RGCs share a key role for the acute
vision in the central retina. Therefore, rescuing these

RGC types from damages is the most important for the
recovery of visual acuity in human patients.

3. Cell type speciﬁc survival of axotomized retinal
ganglion cells
Since the reports by Holl.ander et al. (1984, 1985),
morphological evidence has been accumulated to support longer survival of alpha cells after transection or
ischemic insult of, or compression with high pressure to
the cat ON (Cottee et al., 1991; Komata, 1995; Silveira
et al., 1994; Watanabe et al., 1995). Using silver staining,
Silveira et al. (1994) further reported that most beta
ganglion cells degenerate within 14 days after ON
transection whereas many alpha cells survive axotomy.
However, these morphological observations are in
conﬂict with the reports based on recordings of
pattern-reversed electroretinogram (pERG) by Maffei
and Fiorentini (1981, 1982). They reported that the
amplitude of pERG at high spatial frequencies, which
reﬂects X cells’ activities, remained unchanged, whereas
the low spatial frequency component of pERG, which

3.1. Survival time course of axotomized ganglion cells
within 2 weeks
We tried to clarify quantitatively how axotomized cat
RGCs survive within 2 weeks. Fig. 1 illustrates the time
course of surviving RGCs as a whole. Survival ratios
were obtained as the ratios of central cell densities (ﬁlled
squares), which well coincided with the ratios of total
cell numbers (open circles) (Watanabe et al., 2001a). The
survival curve starts to decline rapidly 3 days after ON
transection (early phase), then slowly from day 7 to 15
(late phases), as indicated with two regression lines in
the ﬁgure. Cell reduction rates were 12.6%/day in the
early phase and 3.8%/day in the late phase. Similar early
sharp and late gradual decline of the RGC survival has
been reported in axotomized rat RGCs (Berkelaar et al.,
1994; Takano and Horie, 1994; Villegas-Pe! rez et al.,
1993).
3.2. Survival time course of alpha and beta cells
The better survival of alpha cells than beta cells after
axonal injury has been reported irrespective of the
survival time: within 2 weeks (Silveira et al., 1994), 2
months (Watanabe et al., 1995), or longer than a year
(Holl.ander et al., 1985; Cottee et al., 1991). We

Ratios:
: Cell Density in Central Retina

Surviving Ratio (%)

100

: Estimated Total Cell Number

80

Y = −12.6X + A

60

Y = −3.8X + B

40
20
0
0

2 3 4 5

7

10

14 15

Days After ON Transection

Fig. 1. Time course of total RGCs surviving ON transection within 15
days. Surviving ratios (ordinate) were obtained as the ratios of cell
densities in the central area (ﬁlled squares) of the left (ON-transected)
and of the right intact retinas. Open circles are the ratios of estimated
total cell numbers in the left and right retinas. The circles are situated
in the range of cell density ratios. Solid lines are regression lines
calculated from data of day 2–7, and data of day 7–15. The formulas
indicate relation of survival ratio (Y) and day (X). (Original Fig. 5 of
Watanabe et al. (2001a) was reprinted with permission of Cambridge
University Press.)
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100
80
60
Y = − 3.03X + A

40
20
0
0

2 3 4 5

7

10

14

(A) Alpha Cells
Surviving Ratio (%)

reﬂects Y cells’ activities, disappeared earlier after ON
transection (Maffei and Fiorentini, 1981, 1982). Thus, a
systematic analysis was warranted on what type of cat
RGCs survive or suffer from degeneration after ON
transection and to what extent axotomized cat RGCs
maintain their visual functions.

Surviving Ratio (%)
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100
80

Y = − 18.6X + A

60

Y = − 2.45X + B

40
20
0
0

2 3 4 5

7

10

14

Days After ON Transection
(B) Beta Cells

Fig. 2. Time course of alpha (A), and beta cells (B) surviving ON
transection. Ratios of surviving cell numbers (ordinates) are proportion of cell numbers in the ON-transected left retinas versus intact right
retinas (see Watanabe et al., 2001a). Open circles in Fig. 2A are ratios
of total number of alpha cells in ON-transected versus normal retinas.
Note that the slope value of regression lines of beta cells in the slow
phase is similar to that of alpha cells. (Original Figs. 6A and C of
Watanabe et al. (2001a) were reprinted with permission of Cambridge
University Press.)

quantiﬁed the survival time course of alpha and beta
cells which were identiﬁed with intracellular injections of
Lucifer yellow (LY). Fig. 2 shows the time course of
alpha and beta cells surviving axotomy (Watanabe et al.,
2001a). Population ratios of surviving alpha cells
decrease slowly and constantly after a 3-day silent
period, and 65% of alpha cells survived even 2 weeks
after ON transection (Fig. 2A). By contrast, surviving
beta cells rapidly decrease after 3 day silent period until
day 7 (slope value=18.6%/day), then do slowly (slope
value=2.45%/day) (Fig. 2B). Interestingly, the slope
value in the slow phase of beta cells is close to that in
alpha cells (3.03%/day), suggesting that the nature of
death in the late slow phase may be common to both cell
types. In contrast with previous studies by Maffei and
Fiorentini (1981, 1982), our experiments with pERG
recording suggested early decay of pERG with high
spatial frequency that reﬂects X cells’ activities (Ohde
et al., 1996).
3.3. Diameter of intraretinal axons surviving optic nerve
transection
It is interesting to ask whether the early cell death of
axotomized beta cells is reﬂected in the distribution of
intraretinal axons. The axon diameter range for alpha,
beta and NAB cells has been well established (Fukuda
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presumable alpha cells’ axons, and those for smaller
ones, presumable NAB cells’, increased. It is known that
axotomized RGCs enlarge their somal sizes (Cho and
So, 1992; Murray and Grafstein, 1969), so the distribution of axon diameters in axotomized retinas may have
shifted to larger ranges. However, as noticed in
photomicrographs in Fig. 3, axon size change was very
little, especially those of large axons remained intact in
spite of the signiﬁcant shrinkage in mitochondria (see
ﬁgure caption of Fig. 3). Therefore, the diameter
distribution of surviving axons in Fig. 4 supports our
observation that many beta cells die quickly whereas
alpha cells persist 2 weeks after ON transection (Fig. 2).
3.4. Visual responses of axotomized retinal ganglion cells

Fig. 3. Electron micrographs of intraretinal axons in the lower retina
1 mm apart from the optic disc (see Fig. 4 for positions): (A) normal
intact retina, (B) 7 days, and (C) 14 days after ON transection.
Micrographs in B and C were those containing the most degenerated
axons (arrows), but in others they were not detected so often. Note
that large axons in Fig. 3C are as large as in Fig. 3A. Notable change
in axotomized axons was shrinkage of mitochondria: 5.071.6 mm in
normal, 4.571.0 mm on day 7, and 3.270.7 mm on day 14. Calibration,
1 mm.

et al., 1984; Hsiao et al., 1984; Hughes and W.assle, 1976;
Stone and Holl.ander, 1971; Williams and Chalupa,
1983). We then examined electron microscopically the
diameter distribution of intraretinal axons 7 and 14 days
after ON transection (Fig. 3). As shown in Fig. 3C,
medium-sized axons are lost as compared with normal
retina (Fig. 3A) whereas proportions of large axons
became conspicuous (Inukai and Watanabe, 1997).
Fig. 4 illustrates diameter distribution of surviving
axons in the retina 7 and 14 days after the ON
transection, corresponding to Figs. 3B and C, respectively. In each of the axon diameter distributions in
nasal, lower and temporal retinas, relative proportions
for medium-sized axons, presumable beta cells’ axons
(ﬁlled arrows in Fig. 4), decreased whereas relative
proportions for larger axons (open arrows in Fig. 4),

Many cat RGCs retain their dendritic conﬁgurations,
when they survive axotomy up to 60 days (Watanabe
et al., 1995). It is worthy to examine whether and how
long axotomized RGCs maintain their physiological
properties from a functional point of view. We recorded
single unit activities of axotomized RGCs, and studied
their visual response properties within 2 weeks after ON
transection (Takao et al., 2002).
As expected from the morphological data (Figs. 1 and
2), sampling frequencies of single units per penetrations
with microelectrodes decreased as the time proceeded
after axotomy (Takao et al., 2002). To our surprise,
however most units exhibited receptive ﬁeld properties
similar to those of normal ones. This enabled us to
classify the units into Y, X, or W cells. When examined
with pattern reversed stimuli (Enroth-Cugell and Robson, 1966), these axotomized Y and X cells retained
their respective non-liner and liner summation properties (Takao et al., 2002). The results imply that the
surviving RGCs maintain their physiological response
properties even 2 weeks after axotomy, suggesting that
the afferent inputs to these cells are intact and
functional. In support of the signiﬁcant decrease of
surviving beta cells (Fig. 2B and 4), sampling proportion
of X cells drastically decreased on day 14, while that of
Y cells rather increased.
There were some abnormal physiological properties in
axotomized cat RGCs as compared with those in intact
ones: the shrinkage of receptive ﬁeld center size (Fig. 5),
and low or no spontaneous activities (Takao et al.,
2002). Approximately one-third of the samples in Y and
X cells revealed smaller receptive ﬁelds than normal at
every eccentricity from the area centralis. Surprisingly,
the RGCs with small receptive ﬁeld centers still had
normal response magnitude or sometimes greater,
although the response magnitude of axotomized cells
decreased generally as the time proceeded. They also
showed typical brisk transient or sustained responses to
light stimuli like normally sized Y or X cells. On day
14, however, the majority of Y and X cells had
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Fig. 5. Plots of receptive ﬁeld center diameters as a function of eccentricity from the area centralis: (A) axotomized Y-cells, day 5 after ON
transection; (B) axotomized Y-cells, day 14 after ON transection; (C) axotomized X-cells, day 5 after ON transection; and (D) axotomized X-cells,
day 14 after ON transection. Filled dots represent data from axotomized RGCs, open dots those from intact RGCs in each diagram. Note that on
day 5 (A and C) about one-third of the samples receptive ﬁeld center sizes were situated below the range of control samples. (Reprinted from
‘Changes in visual response properties of cat retinal ganglion cells within two weeks after axotomy’ by Takao et al., in Experimental Neurology,
copyright 2002, Elsevier Science (USA), reproduce with permission from the publisher.)

approximately similar sizes of receptive ﬁeld centers to
normal ones (Fig. 5). This ﬁnding implies that RGCs
with smaller receptive ﬁeld center on day 5 must have
died by day 14. Otherwise the RGCs might have
recovered their normal receptive ﬁeld sizes, but this
case must be less probable because of lower sampling
frequencies of X cells per penetrations on day 14.
To clarify whether the shrinkage in receptive ﬁeld size
was caused by degeneration of distal dendrites, we
compared dendritic ﬁeld sizes of axotomized alpha/Y
and beta/X cells with LY injections (Takao et al., 2002).
Unexpectedly, their dendritic ﬁeld sizes were within
normal range of both alpha and beta cells. We interpret
the results as an indication of substantial loss of synaptic
inputs from bipolar and amacrine cells onto surviving
RGCs and/or changes of membrane properties of
axotomized RGCs (Takao et al., 2002). The interpretation may also explain low spontaneous activities of
axotomized RGCs. On day 5 axotomized RGCs
revealed regular spontaneous discharges with lower
discharge rate than intact RGCs. In the retinas on day
14, we found that spontaneous discharges were less
frequent than one spike per second, in most of ON- and
OFF-center Y cells, and ON-center X cells (only one
OFF-center X cell was recorded).

4. Rescue of axotomized retinal ganglion cells
It has been demonstrated that cell death of RGCs
induced by ON transection is mainly due to apoptosis

(Berkelaar et al., 1994; Garcia-Valenzuela et al., 1994;
Rabacchi et al., 1994), whereas some RGCs die by
necrosis (Bien et al., 1999; Isenmann et al., 1997; Thanos
et al., 1993). The signal pathway of apoptosis is well
documented for axotomized or ischemic RGCs (Isenmann et al., 1997, 1999; Katai and Yoshimura, 1999;
Pettmann and Henderson, 1998). Apoptotic death of
axotomized RGCs is mediated via pathways triggered
by calcium inﬂux and Bax translocation on mitochondria membrane, then signals down to caspases (Cellerino
et al., 2000; Pettmann and Henderson, 1998). One of the
means to make axotomized RGCs survive is to shut
down the apoptosis pathway.
To make more RGCs survive axotomy, a number of
methods and drugs have been reported such as
intraocular injections of neurotrophic factors (see
below), a caspase inhibitor (Chaudhary et al., 1999;
Kermer et al., 1998, 1999a, 2000; see below), NMDAglutamate receptor antagonist (Ferreira and Paes-deCarvalho, 2001; Russelakis-Carneiro et al., 1996), NOS
activator (Koeberle and Ball, 1999; Nakazawa et al.,
2002).
4.1. Inhibition of apoptosis
4.1.1. Neurotrophic factors and cAMP
Among neurotrophic factors, the following factors are
reported to be effective for survival of axotomized and/
or injured rat RGCs (see Abbreviations for full names).
BDNF: Castillo et al. (1994), Chen and Weber (2001),
Di Polo et al. (1998), Gao et al. (1997), Isenmann et al.
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.
(1998), Kido et al. (2000), Klocker
et al. (1998, 2000),
Kurokawa et al. (1999), Mansour-Robaey et al. (1994),
! et al. (1996),
Mey and Thanos (1993), Peinado-Ramon
Thanos et al. (1989), Weibel et al. (1995), and Yan et al.
(1999).
CNTF: Chun et al. (2000), Ju et al. (2000), Mey and
Thanos (1993), So et al. (2001), and Yip et al. (2000).
FGF2: Sievers et al. (1987) and Wen et al. (1995).
.
GDNF: Klocker
et al. (1997), Koeberle and Ball
(1998), and Yan et al. (1999).
! et al.
NT-4: Cohen et al. (1994) and Peinado-Ramon
(1996) (but see Clarke et al., 1998).
BDNF inhibits cell death by preventing the apoptosis
pathway triggered by both ischemic insult of the retina
.
and ON transection (Cellerino et al., 2000; Klocker
et al.,
2000; Kurokawa et al., 1999). Further details on the
effects of BDNF are described in other reviews (Aguayo
et al., 1996; Barde, 1989; Boonman and Isacson, 1999;
Heiduschka and Thanos, 2000; Korsching, 1993; Stichel
and Muller,
.
1998; Yip and So, 2000). Recently
neurturin, 42% amino acid homology of GDNF, is
shown to promote the survival of axotomized rat RGCs
(Koeberle and Ball, 2002). As in the case of GDNF,
combined administration of neurturin with BDNF has
additive effects on the survival (Koeberle and Ball,
2002).
We found that an intravitreal injection of BDNF,
CNTF, or GDNF promotes survival of axotomized cat
RGCs, especially beta cells (Watanabe et al., 2000a,
2002). After an injection of one of the neurotrophic
factors the survival of beta cells increased 2.5–3.7 fold to
the control. Interestingly CNTF, which is reported to be
ineffective for the survival of hamster RGCs (Cho et al.,
1999; Cui and Harvey, 2000), has the highest effect for
the survival of cat beta cells.
Addition of forskolin, an accelerator of adenylate
cyclase, to BDNF, CNTF, and insulin in culture
medium for rat RGCs induces very effective promotion
of their survival (Meyer-Franke et al., 1995; Shen et al.,
1999). Consistent with the in vitro experiments, we
observed that an addition of forskolin to a combined
injection of BDNF and CNTF signiﬁcantly increased
the in vivo survival of axotomized beta cells in the cat
retina (Watanabe et al., 2000a, 2002). We also found
that a combined injection of BDNF+CNTF+forskolin
had a restoring effect on the shrinkage of receptive ﬁeld
center size after axotomy (Miyoshi et al., 2001). The
mechanism underlying the maintenance of receptive
ﬁeld center size of axotomized RGCs after the injections
is not understood well. Since a recent paper (Carter et al.,
2002) has reported that BDNF strengthens synaptic
arrangement at ultrastructural level, a similar phenomenon may occur in intraretinal synapses involving cat
RGCs with injections of neurotrophic factors.
Survival of axotomized RGCs in the retina with
BDNF+CNTF+forskolin injection can be enhanced
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through an activation of signal transduction pathways
related with cAMP and TrkB, high afﬁnity receptor for
BDNF and NT-4. Meyer-Franke et al. (1998) suggest
that the Trk B receptor is recruited from the stock at
high cAMP concentration, then the receptor may
facilitate internalization of BDNF which shuts down
the pathway to cell death. High concentration of
intracellular cAMP itself promotes the survival of
axotomized cerebellar neurons (Galli et al., 1995). When
cAMP level is elevated in cultured spinal motor neurons
with both forskolin and IBMX, an inhibitor of
phosphodiesterase, their survival on day 3 is raised up
to about 80% as compared with 10% in control
(Hanson et al., 1998). Similar intracellular signaling
mechanisms may underlie the in vivo survival of
axotomized beta cells in cat retinas.
4.1.2. Caspase inhibitors
Caspases, a family of proteases leading apoptosis
cascade to cell suicide (Boonman and Isacson, 1999;
Thornberry and Lazebnik, 1998), are triggered by
axotomy or ischemia of RGCs (Katai and Yoshimura,
1999; Kermer et al., 1999b, 2000; Lam et al., 1999;
Nickells, 1999; Weise et al., 2001). Direct inactivation of
caspases prevents apoptosis of RGCs (Chaudhary et al.,
1999; Chen et al., 2001; Kermer et al., 1998, 1999a;
Shindler et al., 2000; Yoshizawa et al., 2000). Given
these reports, we systematically examined how cat
RGCs die after axotomy and whether these cell death
could be rescued by intraocular injections of caspase
inhibitors (Kurimoto et al., 2002). Pyknosis, a sign of
apoptosis, was detected in many RGCs after ON
transection in Nissl-stained retinas, especially in the
central retina where beta cell population is high
(Kurimoto et al., 2002). The occurrence of those
pyknotic cells increased from 4 to 7 days after ON
transection, corresponding well to the early phase of the
time course of surviving beta cells (Fig. 2B). Furthermore, the death of beta cells in the early phase was
signiﬁcantly reduced by injections of caspase inhibitor,
Z-DEVD-cmk (Kermer et al., 1998), while that of alpha
cells was not affected at all (Kurimoto et al., 2002).
These observations are consistent with the notion that
death of axotomized beta cells is due to apoptosis while
that of alpha cells is not. A further study is required to
examine whether the axotomized RGCs maintain their
visual response properties when they are forced to
survive by anti-apoptotic drugs.
4.1.3. Bcl-2 and Bax
Bcl-2 is a key protein to prevent the cascade for
apoptosis (Adams and Cory, 1998; Cellerino et al., 2000;
Garcia et al., 1992). Many RGCs in transgenic mice
overexpressing bcl-2 (Bcl-2 mice) are resistant to
neurotraumatic stress which leads almost all RGCs to
die in wild mice (Martinou et al., 1994). Since naturally

538

M. Watanabe, Y. Fukuda / Progress in Retinal and Eye Research 21 (2002) 529–553

occurring apoptosis of RGCs is suppressed in Bcl-2
mice, the total number of RGCs (average 112,400) in the
transgenic mice is about twice as many as that in the
wild ones (average 45,400) (Bonfanti et al., 1996). After
ON transection, 63% RGCs survive even in 3.5 months
survival in Bcl-2 mice (Cenni et al., 1996), or almost
100% RGCs survive 1 month after ON crush (Chierzi
et al., 1999), whereas 5% RGCs survive in wild mice 2
month after the ON transection. Furthermore, amplitude of pERG did not change after ON crush in Bcl-2
mice (Chierzi et al., 1998; Porciatti et al., 1996),
suggesting that surviving RGCs are functional when
assessed by the recording of pERG.
Bax has a signiﬁcant role to trigger the cascade to
apoptosis (Boonman and Isacson, 1999; Cellerino et al.,
2000; Green and Reed, 1998; Isenmann et al., 1997;
Rickman et al., 1999). Injury to RGCs activates bax
(Kaneda et al., 1999), and inactivation of Bax results in
a signiﬁcant rescue of axotomized RGCs (Isenmann
et al., 1999). Similarly, blockage of Bax during development prevents natural cell death (Ogilvie et al., 1998).
Given these reports, either bcl-2 overexpression or bax
suppression may rescue axotomized RGCs from apoptosis in vivo. It will be an interesting project to develop a
method for upregulating bcl-2 expression and/or bax
inactivation in cat or primate RGCs.
4.2. Electrical stimulation to the optic nerve
Environmental light is essential for the survival and
axonal regeneration of axotomized cat RGCs with PN
transplantation (Section 6.6, Watanabe et al., 1999). We
also found that spontaneous activities were quite low in
axotomized cat RGCs, especially on day 14 (Section 3.4,
Takao et al., 2002). These ﬁndings bring us an idea that
high spontaneous activity may facilitate survival and
axonal regeneration of axotomized RGCs. In consistent
with this, rat RGCs cultured in high potassium medium
tend to survive longer and even extend neurites when
depolarized continuously (Goldberg et al., 2002).
We have recently reported in rats that electrical
stimulation with monophasic pulses to the cut end of
ON increases the surviving RGCs up to 83% on day 7,
compared with 54% without the stimulations (Morimoto et al., 2002). Similar survival promoting effect
was also conﬁrmed in cat RGCs when electrical
stimulation was applied to the cut ON (T. Kurimoto
et al., unpublished observation). These ﬁndings are
consistent with the previously reported effects of
electrical stimulations on the survival and axonal
elongation of axotomized motoneurons in the rat spinal
cord (Al-Majed et al., 2000a).
Goldberg et al. (2002) have reported that when
cultured rat RGCs were constantly stimulated with
electrical pulses, the number of surviving RGCs
increases 10 fold to the control values. Neurons

depolarized by stimulation may contain higher cAMP
(Ming et al., 2001) which promotes survival (Section
4.1.1). Al-Majed et al. (2000b) reported that expression
of BDNF and its receptor, TrkB, is increased in
electrically stimulated motoneurons. The recruitment
of TrkB can be explained with elevation of cAMP.
Chronic electrical stimulations to the ON may facilitate
in vivo survival of axotomized RGCs for long time.

5. Optic nerve regeneration with peripheral nerve
transplantation
5.1. Morphology and physiology of regenerated cat
RGCs
One of the merits of using cat RGCs as a model of
degeneration and regeneration research is that morphology and physiology of the RGCs have been well
established through the studies over 3 decades. We were
able to accurately estimate morphological and physiological properties of regenerated RGCs, to compare
them with those of intact cat RGCs (Miyoshi et al.,
1999; Watanabe et al., 1991, 1993, 1994).
One of our important ﬁndings was that dendrites of
regenerated RGCs were mainly unaltered even 2 months
after ON transection and axonal regeneration. Dendritic
conﬁgurations were visualized with intracellular injections of horseradish peroxidase (HRP) or LY (Watanabe et al., 1991, 1993). Fig. 6 shows morphological
examples of LY-injected alpha and beta cells. The RGCs
in the ﬁgure have similar dendritic conﬁgurations to
those of normal RGCs. Quantitative analysis also
supported negligible changes in the dendritic ﬁeld sizes
compared with those of intact RGCs. When dendritic
ﬁeld size of each RGC is plotted against its eccentricity,

Fig. 6. Photomicrograph of Lucifer yellow-injected alpha and beta
cells in a patch. Dendrites of the RGCs are as bushy as those of normal
RGCs. Calibration, 50 mm.
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the clusters of alpha and beta cells are in the groups of
normal alpha and beta cells, indicating no or very little
shrinkage or elongation in distal dendrites (Fig. 8 of
Watanabe et al., 1993). We occasionally observed
exceptional processes emanating from dendrites in some
RGCs (Figs. 6A and 7A of Watanabe et al., 1993) or
lack of dendrites in some beta cells (Fig. 5C of
Watanabe et al., 1993).
Receptive ﬁeld properties of regenerated RGCs were
examined via single unit recordings from teased ﬁne
fascicles dissected from the PN graft (Miyoshi et al.,
1999). As expected from preservation of dendritic
conﬁgurations, most (95%) units had normal visual
response properties and were classiﬁed as Y, X or W
cells. Fig. 7 represents typical examples of peri-stimulus
time histograms of Y (Fig. 7A) and X (Fig. 7B) cells.
Both cells had brisk responses to stationary light stimuli
presented to their receptive ﬁeld centers. The results
from morphological and physiological experiments
suggest that regenerated RGCs retain their original
properties for 2 months. When the receptive ﬁeld center
size was plotted as a function of eccentricity, we noted
that receptive ﬁeld centers of X cells within 101 from the
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area centralis were slightly enlarged. This implies that
greater number of bipolar and/or amacrine cell feed
inputs to a smaller number of surviving X cells (Miyoshi
et al., 1999).
5.2. Cell type specific ability for axonal regeneration
5.2.1. Alpha versus beta cells
The preservation of dendrites after axonal regeneration enabled us to classify regenerated RGCs into
reported morphological types. We systematically injected LY into RGCs in several patches (Fig. 6), and
clariﬁed whether proportions of morphological types
were similar to those in the normal cat retina (Hughes,
1981; Rodieck, 1979). Classiﬁcation depended on
dendritic morphology since the soma size inconsistently
changes after axotomy and axonal regeneration (Watanabe et al., 1993).
Fig. 8 shows average proportions of Y/alpha, X/beta
and W/NAB cells. The proportions were obtained with
physiological recordings (Miyoshi et al., 1999) and LY
injections (Watanabe et al., 1993). The systematic LY
injections revealed that proportions of alpha cells were
higher in the regenerated RGC population than in the
normal retinas while that of beta cells was similar to that
in the normal retinas. Because physiological recordings
are biased for recordings from larger cells, the proportions in Fig. 8A may not reﬂect the real proportions.
Even with this limitation, physiological recordings have
supported morphological result of greater proportion of
Y/alpha cells in regenerated RGCs.
Greater ability of axonal regeneration in alpha cells
may be attributed to their high resistance to axotomy, as
described in Section 3.2. It is rational to think that
RGCs surviving longer have more chance to regenerate
axons. In fact, axotomized beta cells regenerate more
effectively when their survival is enhanced (Section 6.2).
However, soma size itself cannot be a principal factor

Y / Alpha

X / Beta

W / NAB
Regenerated

(A) Physiological
Sampling
(N=286)

(B) Morphological
Sampling
(N=443)

(C) Intact Retina
0

Fig. 7. Peri-stimulus time histogram (PSTH) of Y (A) and X (B) cells
which regenerated axons into a PN graft. Dark bars under the
histograms indicate period of light on 5 s. Receptive ﬁeld properties
were recorded through ﬁne fascicles (50–100 mm) teased from the graft.
(Original Figs. 1C and D of Miyoshi et al. (1999) were reprinted with
permission of Springer-Verlag.)
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Fig. 8. Proportions of Y/alpha (ﬁlled bar), X/beta (open bar), and W/
NAB (gray bar) cells in regenerated RGCs (A, B), and normal RGCs
(C). Proportions in regenerated RGCs were obtained with receptive
ﬁeld recordings (A, physiology), or Lucifer yellow injections (B,
morphology), as shown in Fig. 6. Proportion of Y/alpha cells increased
in regenerated RGCs. (Original Fig. 5 of Miyoshi et al. (1999) was
reprinted with permission of Springer-Verlag.)
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because peripheral beta cells have larger somas than
central alpha cells, but do not have greater regeneration
ability than central alpha cells (Watanabe et al., 1993).
The difference must be cell type speciﬁc. In other words,
cell signaling pathways activated by axotomy and PN
graft may be different between alpha and beta cells.
5.2.2. ON-center versus OFF-center cells
Most mammalian RGCs can be classiﬁed into ONcenter and OFF-center cells: ON-center RGCs ﬁre when
their receptive ﬁeld center is illuminated whereas OFFcenter RGCs at cessation of light stimulus. During
physiological samplings from regenerated axons in the
transplanted PN, we realized that ON-center cells were
more frequently sampled than OFF-center cells
(Miyoshi et al., 1999). Then we more systematically
examined ON versus OFF asymmetry in regenerated
RGCs by identifying their dendrites within the sublamina a or b in the inner plexiform layer (IPL)
(Watanabe and Fukuda, 1997). It is now established in
the vertebrate retina that dendrites of OFF-center
RGCs ramify in the outer part of the IPL, sublamina
a, whereas ON-center ones in the inner part, sublamina
b (Famiglietti and Kolb, 1976; Nelson et al., 1977).
HRP-ﬁlled RGCs were classiﬁed into OFF- or ONcenter cells in perpendicular sections of the PN grafted
cat retinas (Figs. 9A and 9B). In Fig. 10, morphological
and physiological samplings are compared for each of
Y/alpha, X/beta and W/NAB cells. In physiological
samplings, as shown in the left half of the circles, ONcenter cells dominated throughout the three types of
cells. In morphological samplings, the predominance of
ON-center cells were conﬁrmed so far as beta and NAB

cells were concerned (Fig. 10 middle and bottom;
Watanabe and Fukuda, 1997; Miyoshi et al., 1999).
However, as for the alpha cell, morphological examination provided a result suggesting rather OFF-center cell
dominance in Y/alpha cells (Fig. 10 top). The reason
why such discrepant data were obtained from different
experimental approaches is not clear. It is possible that
ON-center alpha cells changed their level of dendritic
stratiﬁcation from sublamina b to a after axotomy and
during axonal regeneration, or that sublamina a alpha
cells revealed ON-center responses. These possibilities
seem to be intriguing, but should be examined by
combining physiological recording and morphological
identiﬁcation of their dendrites in in vitro preparations
of the cat retina.
The preference of ON-center cells in physiological
samplings from regenerated RGCs has also been
reported in rats. Keirstead et al. (1985) reported that

Y
N=142

Alpha
N=33

ON
ON

OFF

OFF
Beta
N=24

X
N=113
ON

ON

OFF
NAB
N=24

W
N=19
ON

Fig. 9. Photomicrographs of sections cut perpendicularly to the retinal
layers of a HRP-ﬁlled alpha cell (A) and a beta cell (B). The alpha cell
ramiﬁed their dendrites (arrows) in the sublamina a, while the beta
cells in the sublamina b (arrows). Extent of the inner plexiform layer is
demarcated with brackets. Richardson staining. (Reprinted from
Figs. 1A and 2B in ‘Proportions of ON-center versus OFF-center cells
in retinal ganglion cells with regenerated axons of adult cats’ by
Watanabe and Fukuda (1997), Experimental Neurology 143, copyright
1997, Elsevier Science (USA), reproduce with permission from the
publisher.)

ON

OFF ON-OFF
Physiology

OFF
Morphology

Fig. 10. Schematic illustration of proportions of ON-center (open),
OFF-center (ﬁlled), ON–OFF-center (dotted) cells in Y/alpha (top), X/
beta (middle) and W/NAB cells (bottom). Left pies demonstrate
proportions obtained from physiological experiments, right pies from
morphological examinations as shown in Figs. 9A and B. Numbers are
sampled cells.
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28 units (60%) were ON-center, 12 units (25%) were
OFF-center and 7 units (15%) were ON–OFF-center
cells. The mechanism underlying the preference of ONcenter cells is not clear. It may be speculated that RGCs
with outer dendrites in the IPL, namely OFF-center
cells, receive from bipolar cells more amount of
glutamate which is known as neurotoxic transmitter
for RGCs (Choi, 1992; Duarte et al., 1998; Kashii et al.,
1994). It is also possible that regenerated axons of OFFcenter RGCs are thin and fragile and easily damaged
during dissection of fascicles from the PN graft for
single unit recordings.
5.3. Retinotopy of regenerated axons in the graft
Optic ﬁbers are topographically organized in the
normal cat ON (Naito, 1986; Torrealba et al., 1982;
Voigt et al., 1983). Retinotopic organization is required
between RGCs and LGN relay neurons or cortical
neurons to recover visual acuity from injured visual
pathway. Through point-to-point representation, retinal
image can be conveyed to and recognized as a proper
form in the visual cortex (VC). However, at present
there was no sign of retinotopic arrangement among
regenerated RGC axons within the PN graft. When we
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recorded receptive ﬁeld properties of regenerated RGCs
from ﬁne fascicles of 50–100 mm, we encountered several
units in single fascicles (Miyoshi et al., 1999; Watanabe
et al., 2000b). Two examples are illustrated in Fig. 11.
We successfully recorded a total of 51 units in this
animal, and 4 or 5 units were concomitantly detected
from two fascicles. Receptive ﬁeld centers of theses units
were scattered in a wide area of the visual ﬁeld. This
implies that a set of RGCs scattered in fairly distant
retinal locations must have extended the regenerated
axons into single ﬁne fascicles.
Morphological experiments also supported the lack of
retinotopic organization among the regenerated ﬁbers in
PN grafts (Watanabe et al., 2000b). We divided the
branches of peroneal nerve into two groups, and
injected two different dyes, dextran-ﬂuorescein (ﬂuoroemerald), and dextran-tetramethylrhodamine (ﬂuororuby) (Fig. 12D). As shown in Figs. 12A and B, RGCs
labeled with ﬂuoro-emerald and ﬂuoro-ruby were
intermingled, and no regional clusters were detected in
any area of the retina. Moreover, some of the labeled
RGCs were double-labeled (Fig. 12C). These results
suggest that regenerated optic axons were not only
intermingled but also bifurcated in the graft. Similar
observation has been reported in the PN grafts

Fig. 11. Retinal positions of receptive ﬁelds of 51 units (left, upper) in one cat which were recorded from regenerated axons. Receptive ﬁeld
properties to light stimuli were recorded from ﬁne (50–100 mm) fascicles teased from the graft (illustrated in lower left). Each circle or oval represents
approximate location, size, and shape of a recorded receptive ﬁeld. From the 8th (F8, upper right) and 12th (F12, lower right) fascicles, 5 and 4 units
were concomitantly recorded, respectively. However, receptive ﬁeld locations of the units in single fascicles were scattered widely. This suggests that
these units extended axons into the same ﬁne fascicles without regional topography in the graft. AC, area centralis; OD, optic disc.
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Fig. 12. Photomicrographs of the same ﬁeld with a ﬂuorescence microscope under B-2A (A) and G-2A (B) ﬁlter systems (Nikon). (C) Superimpose of
12A and 12B. Solution of dextran-ﬂuorescein (A) or dextran-tetramethylrhodamine (B) was injected into different branches of the grafted PN, as
illustrated below the photomicrographs (D). Note that ﬂuorescein- and rhodamine-labeled cells were intermingled. Moreover, some of them were
double-labeled (C), as indicated with white arrows: Calibration, 100 mm.

reconnected to the hamster SC using double-labeling
technique (Sauve! et al., 2001).
Sauve! et al. (2001) examined projection areas of
reinnervated axon terminals by plotting receptive ﬁled of
single SC neurons in PN bridged hamsters several to 15
months after the surgery. They reported that tendency in
topographical organization is maintained in the rostrocaudal axis of the SC though no precise retinotopic map
was formed. This ﬁnding offers a possibility that
retinotopy can be established in central target areas in
a small ﬁeld of the SC where regenerated axon terminals
can make synaptic connections.
Two aspects should be taken into account in future
experiments to establish more precise retinotopic
representation. One is expression of positional cues on
the surface of SC such as the graduation of Ephrins
. et al.,
(Cheng et al., 1995; Drescher et al., 1995; Knoll
2001; Nakamura, 2001). The other is that axotomized
RGCs should maintain their molecular mechanisms
.
which can recognize positional cues in the SC (Knoll
. and Drescher, 2002; Nakamura,
et al., 2001; Knoll
2001).
5.4. Attempts to reconstruct cat retino-geniculate
pathway
Carter and Jhaveri (1997) have reported that regenerated optic axons form terminals having clear characteristics of normal retinal axons in the hamster LGN.
However, they did not verify synaptic formation. In this
section, we describe our attempts to reconstruct the
retino-geniculo-cortical projection in cats with trans-

ected ON. The experiments include bridging the ON to
the LGN with the PN graft and testing transmission of
light information through the grafts. Although our
project is unsuccessful so far, the results may imply some
important hurdles to attain functional recovery in the
retino-geniculo-cortical pathway.
We connected the cut ON with a PN segment to
the ipsilateral brain including LGN, VC, and nonvisual cortices. After 85–180 days we counted regenerated RGCs with anterograde labeling. The brain
sections were examined to verify where the central end
of the PN graft remained, as shown in Fig. 13. Among
animals with a PN bridging, 34 animals survived long,
11 retinas contained labeled RGCs. Fig. 14 summarizes
the numbers of labeled cells as a function of survival
time in day.
The graft end stayed in the LGN in 4 cases, and the
numbers of RGCs in 2 cases were larger than those in
the case of PN grafting into the cerebral cortices.
However, the other 2 cases showed similar numbers to
those in the case of visual or non-visual cortices. Even
when the graft end was left in the muscle without
forming synapses, numbers of regenerated RGCs in 2
cases were about 1200 and 1500, which were slightly
higher than the cases where the PN graft was inserted
into the cortices. The results suggest that axonal
regeneration is facilitated only when the end remains
in the LGN, but no facilitation of axonal regeneration
occurs in case of the graft end in the cerebral cortex
irrespective of visual or non-visual. Almost no regenerated RGCs were detected in more than 20 cases where
the end remained in the white matter (  in Fig. 14).
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Fig. 13. Schematic drawing of bridging the ON and LGN (A), and photomicrograph of a Nissl-stained sagittal section through the LGN (B). The
LGN is demarcated with a broken line. The central end of the PN graft (G) was inserted into the LGN after transplanted to the transected ON. The
end remained in the midst of the LGN: R, rostral; D, dorsal; Calibration, 1 mm.
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Fig. 14. Scatter of numbers of regenerated RGCs in PN bridge
experiments. One end of PN grafts was transplanted to the ON, the
other end connected to the LGN (ﬁlled circle), VC (open circle), or
non-visual cortices (open square). The graft end was left in the muscle
in two control experiments (open delta), or remained in the white
matter (cross). In two experiments where the graft end was in the
LGN, the RGC numbers exceeded those of control experiments (open
delta). On the other hand, the numbers were similar to those of control
when the graft ends remained in the cortices, either visual or nonvisual. In 20 experiments where the graft end remained in the white
matter, almost no cells regenerated axons into the graft. The point
indicated with an arrow and Fig. 13 represents an experiment of PN
bridging to the LGN whose brain section is shown in Fig. 13.

The difﬁculty in making a bridge of PN graft into the
LGN in cats can partly be attributed to its anatomical
arrangement. The LGN is located deep, receives optic
ﬁbers ventrally, and sends optic radiation dorsally. If
geniculate bridging is tried in different animals of similar
visual ability, such as the ferret where the dorsal and
posterior to the LGN is the lateral ventricle (Lawes and
Andrews, 1988; Roe et al., 1989), the bridging may be
successful since axonal regeneration of RGCs have
already been reported (Quan et al., 1999).
Even though histological evidence for formation of
synapses would be extremely difﬁcult to detect (Carter

et al., 1994; Vidal-Sanz et al., 1991; Zwimpfer et al.,
1992), recordings of visual evoked potentials (VEPs) in
VC serve as evidence for the functional recovery of
retino-geniculo-cortical pathway. We then tried to
record VEPs from the ipsilateral VC of cats in which
other end of a PN graft was inserted into the ipsilateral
LGN. However, we were unable to obtain any amount
of VEP from the two cats where about 2100 and 2900
RGCs regenerated their axons into the LGN, as plotted
with two ﬁlled circles in Fig. 14.
Why was recording VEP incapable in the VC of cats
with LGN-bridging? A possibility relevant to the
question is that the number of regenerated axons was
insufﬁcient to transmit signiﬁcant amount of visual
information to the VC. Another possibility is that most
regenerated axons were unmyelinated (Watanabe et al.,
1994) so that conduction velocity was much slower than
in normal pathways. Consequently, latencies of incoming volleys elicited by ﬂash stimuli were signiﬁcantly
scattered in the VC, and negligible amplitude of VEPs
were synchronized in the VC. In rodents, regenerated
optic ﬁbers are mostly unmyelinated in the PN graft as
well (Chau et al., 2000; Dezawa and Nagano, 1993;
Dezawa et al., 2002; Negishi et al., 2001).

6. Promotion of axonal regeneration
The number of regenerated RGCs in the cat retina
was under 5000 two months after the PN transplantation, that is, under 4% of total number of cat RGCs,
150,000–200,000 (Hughes and W.assle, 1976; Illing and
W.assle, 1981; Stone, 1978; W.assle et al., 1981). The
numbers seem to be insufﬁcient for functional recovery
of impaired vision. We have looked for means and
techniques to increase the numbers of regenerated
RGCs in cats.
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6.1. Neurotrophic factors and cytokines
It is a natural idea that if surviving RGCs are
enhanced, the number of regenerating RGCs increase.
However, it has been proposed that neurotrophic factors
differently affect prevention of neuronal death (neurotrophism) from promotion of axonal growth (neurotropism) after axonal injury. That is, some factors
prevent death of axotomized neurons but do not
promote axonal regeneration, or vise versa. For
example, BDNF, known as a potent factor for survival
of CNS neurons, exerts only survival but not axonal
regeneration of axotomized neurons (for example, Lu
et al., 2001; Mansour-Robaey et al., 1994). The molecule
does, however, promote both survival and axonal
regeneration of spinal cord neurons and spinoceruleus
neurons (LeMaster et al., 1999; Mamounas et al., 1995;
Novikov et al., 1997).
As for RGCs, it is suggested that promotion of
survival is independent of promotion of axonal regeneration (Goldberg and Barres, 2000; Goldberg et al.,
2002; Inoue et al., 2002). Some papers reported that
BDNF promotes both survival and axonal sprouting in
the ON-transected retina, but not axonal regeneration
into a PN graft (Cohen-Cory, 1999; Inoue et al., 2002;
Mansour-Robaey et al., 1994; Sawai et al., 1996;
Takano et al., 2002). One of the cytokines, CNTF,
promotes axonal regeneration of spinal neurons (Ye and
Houle, 1997) and RGCs (Cho et al., 1999; Cui and
Harvey, 2000; Jo et al., 1999) as well as RGC survival
(Mey and Thanos, 1993; Ju et al., 2000; Watanabe et al.,
2002).
6.2. cAMP elevation
It has been demonstrated that cAMP concentration is
much higher in young neurons. Cultured spinal neurons

6.3. bcl-2 overexpression
bcl-2 prevents apoptosis of axotomized RGCs (Section 4.1.3). Prevention of apoptosis by overexpression of
bcl-2 was expected to result in promotion of axonal
regeneration. Chen et al. (1997) reported the promotion

(B) α Cell

(A) Total Cell

Regenerated RGCs (X 1,000)

with high cAMP survive longer than in the normal
concentration (Hanson et al., 1998; Michel and Agid,
1996). Axonal regeneration is not inhibited in high
cAMP neurons of young animal but rather attracted by
myelin-associated glycoprotein (MAG, Bandtlow and
.
Loschinger,
1997; Cai et al., 2001; DeBellard et al., 1996;
Turnley and Bartlett, 1998), which is a potent inhibitor
for axonal regeneration in mature RGCs (B.ahr and
Przyrembel, 1995; McKerracher et al., 1994; Tang et al.,
1997; Torigoe and Lundborg, 1998). Similarly, neurons
with high cAMP can extend their sprouts on MAG in
culture (Cai et al., 1999, 2001; Song et al., 1997, 1998).
RGCs with high cAMP may spread their axons beyond
barriers composed of MAG in the ON.
We showed that survival promotion of the intravitreal
injection of BDNF+CNTF+forskolin is speciﬁc for
beta cells in the cat retina (Watanabe et al., 2002;
Section 4.1.1). As in the case of survival, the injection of
BDNF+CNTF+forskolin increased numbers of regenerated beta and NAB cells: 3.4 fold in beta, 1.9 fold in
NAB (Fig. 15). This suggests that ability to extend
axons may be signiﬁcantly promoted in RGCs with
higher cAMP concentration, and the RGCs can easily
regenerate their axons. In support of our results on cat
RGCs, axonal growth of rat RGCs in culture is greatly
enhanced in the media containing BDNF+CNTF+insulin (note: insulin injection causes low temperature in
in vivo experiments), BDNF, CNTF or leukemia
inhibitory factor (LIF) supplemented with forskolin
(Goldberg et al., 2002).
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Fig. 15. Increase of numbers of regenerated RGCs: total (A), alpha (B), beta (C) and NAB cells (D) with injection of BDNF+CNTF+forskolin
(ﬁlled bars). In all the cases cell numbers increased in BDNF+CNTF+forskolin injected retinas, and those of total RGCs, beta, and NAB cells were
signiﬁcantly larger than in no injected retinas (po0:01). Modiﬁcation of Figs. 3 and 4 of Watanabe et al. (2002), reproduced with permission from
Pergamon Press.
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of axonal sprouts from cultured retinal pieces of bcl-2
overexpressed mice. However, recent reports have not
supported the promotion of axonal regeneration by Bcl2 (Chierzi et al., 1999; Inoue et al., 2002; Lodovichi et al.,
2001). Inoue et al. (2002) carefully examined the effect of
bcl-2 overexpression on optic ﬁber regeneration in adult
mice. To eliminate inhibitory effect of barrier molecules
in the optic disc (Bartsch et al., 1994), a PN segment was
inserted into the sclera and directly induced axonal
regeneration into the graft. Although surviving RGCs
were overwhelmed in bcl-2 overexpressed mice, ratios of
regenerated RGCs versus surviving RGCs were similar
in bcl-2 overexpressed and wild mice: 0.3% in bcl-2 mice
and 0.4% in wild mice (Inoue et al., 2002). Similar
results have recently been reported in cultured rat RGCs
by Goldberg et al. (2002). They observed very few
axonal growth in bcl-2-induced rat RGCs, 70% of which
survived for 3 days in culture, but most bcl-2-induced
RGCs extended their axons only in culture medium
containing BDNF, CNTF, insulin and forskolin. From
these reports we can conclude that Bcl-2 is very effective
for RGC survival, but not for their axonal elongation,
conﬁrming the notion that mechanism(s) underlying
axonal regeneration are different from those for cell
survival.

2001; Huber and Schwab, 2000; Karima et al.,
2001; Schwab, 1990a, b; Schwab and Caroni, 1988;
Schwab et al., 1993; Weibel et al., 1994; Z’Graggen et al.,
1998).
Recently, it has been shown that one of chondroitinsulfate proteoglycans, neuroglycan C or CALEB, is
expressed in developing ﬁbers of the rat retina (Inatani
et al., 2000). An antibody against neuroglycan C
suppresses the neurite extension of cultured chick
neurons, suggesting that the molecule is implicated in
neuritogenesis (Schumacher et al., 1997). The expression
of neuroglycan C has also been detected with in situ
hybridization in the somas of rat RGCs surviving
axotomy (Schumacher et al., 2001), and with immunohistochemical analysis in cat optic ﬁbers regenerating
into PN grafts (Watanabe et al., 2001b). One of splice
variants of neuroglycan C has a short insertion,
composed of 27 amino acids, in its cytoplasmic domain
of the major variant (Aono et al., 2000; Schumacher
et al., 2001). This variant is mainly localized in growing
axons of cultured rat hippocampal neurons (Tokita
et al., 2001) and of the regenerating rat RGCs
(Watanabe and Tokita, unpublished observation).
Therefore, this variant of neuroglycan C may be
involved in the elongation of regenerating axons in vivo.

6.4. Factor(s) from injured lens

6.6. Light stimulation

The injured rat lens secrets unidentiﬁed factors which
promote survival and axonal regeneration of the RGCs
(Mansour-Robaey et al., 1994). The observation was
recently conﬁrmed by several papers (Fischer et al.,
2000, 2001; Leon et al., 2000). The lens-derived
molecules do not seem to be a homologue of any known
neuroprotective factors such as BDNF, CNTF, or
bFGF (Fischer et al., 2000; Leon et al., 2000). It is also
questioned whether the lens-derived molecules have
additive effect for axonal regeneration of RGCs when a
PN segment is transplanted to the cut ON. The
experiments are worth to perform in cats since the
factors may be intrinsic to the eye and less harmful than
other factors such as caspase inhibitors or neurotrophic
factors.

When the cat was maintained in a dark room
(o0.02 lux) after the PN transplantation, regenerated
RGCs were fewer than those in the retina of cats
maintained under conventional environment (12 h light/
12 h dark), or additional ﬂash light (Watanabe et al.,
1999). Many regenerated RGCs in dark reared cats
showed degenerative changes such as vacuolation and
somal swelling whereas the RGCs in the cats reared
under conventional and auxiliary ﬂash lights showed less
degenerative changes. Larger number of regenerated
RGCs in illuminated environment can be ascribed to
less degenerative changes in RGCs by light. In other
words, light may function trophically for survival of
axotomized cat RGCs. What is the mediator for such
trophic effect of light on axotomized RGCs? In
relevance to this, recently dopamine content has been
shown to increase in the goldﬁsh retina under constant
light (Vaquero et al., 2001). Dopamine is known to
protect survival of RGCs in culture by elevating
intracellular level of cAMP (Kashii et al., 1994; Vaquero
et al., 2001). High intracellular concentration of cAMP
facilitates both survival and axonal regeneration of
RGCs (Sections 4.1.1 and 6.2). Conventional neurotrophic factors can be another candidate for neuroprotective effect of light. In fact, CNTF is released in the
retina by light (Wen et al., 1995), and probably works in
both neuroprotection and promotion of axonal regeneration, as described above. Furthermore, genes of

6.5. Membrane-associated molecules
Most molecules in membrane of oligodendrocytes
inhibit elongation of axons in milieu of the CNS.
Neutralization of the inhibiting molecules facilitates
axonal regeneration and results in functional recovery of
damaged CNS (for example, Thallmair et al., 1998;
Z’Graggen et al., 1998). The details of inhibiting factors
and the effect of their neutralization on regeneration
and functional recovery of CNS have been reported and
reviewed by many papers (Caroni and Schwab, 1988;
Heiduschka and Thanos, 2000; Henke-Fahle et al.,
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BDNF receptor, trkB, are shown to be upregulated in
light condition (Okazawa et al., 1994).
6.7. Electrical activation
Weak electrical ﬁeld facilitates axonal regeneration of
mammalian CNS (e.g. Borgens and Bohnert, 1997;
Borgens, 1999). It has been presented that electrical
pulses change nature of cultured Xenopus neurons.
When cultured neurons are stimulated electrically, their
axonal processes turn attractively to netrin-1 or MAG
which are usually repulsive (Ming et al., 2001). Ming
et al. (2001) concluded that cellular changes can be
ascribed to elevation of intracellular concentrations of
calcium and cAMP. Similarly cultured RGCs spread
most distantly their axonal sprouts when stimulated
with weak pulses in the presence of trophic factors and
high cAMP (Goldberg et al., 2002). Recently electrical
stimulation has been shown to shorten the initial delay
of axonal regeneration of rat motoneurons (Brushart
et al., 2002). Brushart et al. (2002) applied 100 m sec
pulses, 20 Hz, for 1 hr to the cut end of femoral nerve,
and found that the number of regenerated nerves, which
usually stagger for 3 weeks in case of no stimulation,
increased on 4 and 7 days. However, as previously
reported (Al-Majed et al., 2000b), regeneration speed
was not enhanced with the electrical stimulation. From
these reports, it is postulated that depolarization of
axotomized RGCs by electrical stimulation facilitates
axonal sprouting in inhibitory milieu. It is interesting to
examine whether electrical stimulation to the eye or ON
can facilitate axonal regeneration of injured RGCs.

7. Conclusion and future direction
We have reported a series of experiments on the
survival and regeneration of axotomized cat RGCs, and
have mentioned several important implications. First,
survival of beta cells is the most important issue for
recovery of acute vision from the damage in visual
pathway. Second, PN transplantation alone is not a
satisfactory method at present to rescue axotomized
beta cells and make them to regenerate their axons.
Third, the survival of beta cells and their axonal
regeneration may be improved by intraocular applications of neurotrophic factors and cAMP elevation in
addition to the PN transplantation. Fourth, reconnection of regenerated axons with the LGN neurons is still
hard to achieve, mostly because of insufﬁcient numbers
of regenerated axons. Finally, retinotopic arrangement
of regenerating optic axons is not maintained within the
PN graft.
The last two issues are probably mutually related. It
may be the case that regenerated axons compete with
each other, ﬁnd proper targets, and reconnect them with

retinotopic order when number of regenerated axons
reached to a certain level. To obtain this, the ﬁrst
requisite is to increase the number of regenerating
RGCs. How many RGCs are necessary for ordinary
life? It is hard to answer the question, but RGC survival
has been reported as 39% in the most damaged retina of
a glaucoma patient (Kerrigan-Baumrind et al., 2000).
Whatever is the reasonable percentage, we can expect
recovery of visual function when a substantial number
of RGCs with regenerated axon are conﬁned especially
in the central retina.
Our series of studies on survival and regeneration of
cat RGCs have shown that the ability of survival and
axonal regeneration differs between alpha and beta cells.
The fact strongly suggests some difference in intracellular signaling mechanisms between the cell types. To
clarify the difference will certainly provide a new insight
for the genetical and biological signiﬁcance of parallel
processing in the visual pathway of cat and primate. On
the other hand, systematic analysis on the survival and
regenerating process of different cell types of cat RGCs
will certainly beneﬁt basic knowledge for the development of new technology to treat ophthalmic diseases
such as glaucoma and optic neuropathy.
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