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portedly maintain longer survival of axotomized RGCs
(Stichel and Mdiller, 1998; Heiduschka and Thanos, 2000).
The second purpose was to systematically analyze which
neurotrophic factor enhances the survival of B cells. We
also examined the effect of supplementation of forskolin on
their survival because the drug facilitates internalization of
neurotrophic factors by raising intracellutar concentration
of cAMP (Meyer-Franke et al., 1995). Finally, we tested
whether the intravitreal injections of neurotrophic factors
and forskolin increased numbers of RGCs which regener-
ated axons into a PN graft.

The present study shows that combined intravitreal
injections of neurotrophic factors and forskolin most effec-
tively enhance the survival of axotomized cat RGCs, es-
pecially B cells. Moreover, the combination significantly
increased the numbers of regenerated B cells.

EXPERIMENTAL PROCEDURES

Seventy-five adult cats, weighing 1.8 to 3 kg, were sedated with an
i.m. injection of 60 mg ketamine, anesthetized with a gas mixture
of oxygen (1 I/min), nitrous oxide (0.8 I/min), and 1 to 2% halo-
thane, and fixed in a stereotaxic head holder (Narishige SN-3N,
Tokyo, Japan). The treatment of animais was in accordance with
institutional guidelines.

Labeling of RGCs with 1,1'-dioctadecyl-3,3,3",3"-
tetramethylindocarbocyanine perchlorate

The procedure has been described previously (Watanabe et al.,
2001). In brief, 1,1'-dioctadecyl-3,3,3",3'-tetramethylindocarbocya-
nine perchlorate (Dil, Molecular Probes, Eugene, OR) was dis-
solved in dimethyl sulfoxide at 100 mg/mi, and then suspended
with constant agitation by sonication in saline supplemented with
Triton X-100 (0.1%) at a final concentration of 5 mg/mi. A 10-pl
Hamilton syringe (Hamilton 701N, Reno, NV) whose needle was
insulated with epoxy resin, tip resistance=2-5 M}, was filled with
Dil suspension fixed on an electrode holder. The syringe was
positioned vertically (anterior, 3.0—9.0 mm, lateral, 8.0 or 8.5 mm)
and advanced into the lateral geniculate nuclei and the optic tracts
by recording field potentials in response to light flashes. A total of
30 to 40 pl of the suspension was injected bilaterally through five
to seven tracks into the lateral geniculate nuclei and optic tracts.
A suppository for human infants, containing 15 mg sodium pen-
tobarbital (Wakobital 15, Wakodo Pharmaceutical, Tokyo, Japan),
was administered to reduce stress and tremor during recovery.

Optic nerve transection

Surgical procedures for transection of the ON were described
previously (Watanabe et al., 2001). In brief, 10—14 days after Dil
injections, the cats were anesthetized with the gas mixture. After
the bones over the frontal sinus and the orbit and dorsal extracel-
lular muscles were removed, the left ON was exposed. With
microsurgery scissors and an L-shaped hook, the sheath of the
ON was cut longitudinally and the ON pulled up from the sheath
and cut at 3-4 mm from the eye. The skin over the orbit was
closed. Penicillin (200 k units, Meiji Pharmaceutical, Tokyo, Ja-
pan) was dissolved in saline administered intracutaneously at the
beginning and end of the surgery. After 14 days of survival, both
retinas were dissected and used for Lucifer Yellow {LY) injections.

Transplantation surgery

Surgical procedures for transplantation of a PN segment were
described previously (Watanabe et al., 1993). The left ON was

exposed, transected 3—-4 mm posterior to the eyeball, as de-
scribed above. The peroneal nerve of the left thigh, 40-65 mm,
was excised and the skin was closed. The nerve was sutured to
the ON stump with nylon thread for microsurgery (Ethilon 10-0,
2860G, Ethicon, Somerville, NJ), and the other end of the graft
was left in the temporalis muscle. Penicillin (200 k units) was
administered intracutaneously at the beginning and end of the

surgery.

Intravitreal injection of neurotrophic factors

One of the following neurotrophic factors was dissolved in 50 mii
Tris buffer at 0.1 wo/ul: brain-derived neurotrophic factor (BDNF,
human recombinant, Pepro Tech, London, England, or Sumitomo
Pharmaceutical, Osaka, Japan), basic fibroblast growth factor
(FGF2, human recombinant, Pepro Tech), ciliary neurotrophic
factor (CNTF, rat recombinant, Pepro Tech), glial cell-derived
neurotrophic factor (GDNF, human recombinant, Pepro Tech),
nerve growth factor (NGF, human recombinant, Pepro Tech), or
neurotrophin 4 (NT-4, human recombinant, Pepro Tech). imme-
diately after ON transection, a hole was opened with a 26-gauge
needle in the sclera posterior to the ora serrata, and then a 10-pl
solution of each factor or saline (control) was injected into the
vitreous with a 10-pl Hamilton syringe. Care was taken not to
injure the lens or retina. In some experiments, water-soluble for-
skolin (0.1 mg, F-111, RBI, Natick, MA) was added to the solution.

Microelectrodes for intracellular injections

Microelectrodes were made from glass capillaries (GC100F-10,
Clark, Reading, England) with a microelectrode pulier (Sutter
P-97, Novato, CA). The microelectrodes were filled with 2% (w/v)
LY CH (L0259, Sigma, St. Louis, MO) in 50-mM Tris buffer, pH
7.4, and used without beveling. Their tip resistances were 150—
250 MQ. Negative current, 5-10 nA, was applied constantly while
the electrodes were advanced to RGCs to be injected.

Labeling RGCs with regenerated axons

On day 57 after the PN transplantation, the cats were anesthe-
tized with the gas mixture. The graft was exposed under a surgical
scope. Approximately 30 pl of dextran—fluorescein (D-1820; mo-
lecular weight, 10,000; Molecular Probes) or dextran—Texas Red
(D-1863; molecular weight, 10,000; Molecular Probes), 10% in
saline, were injected into the graft at 5~8 mm from the connection
of the optic stump with a 10-ut Hamilton syringe. After 3 days of
survival, the dissected retinas were used for LY injections.

Intracellular injection of LY

The cats were anesthetized with the gas mixture and fixed on a
stereotaxic head holder. The eyes were enucleated, and the ret-
inas were dissected in Ames medium (A-1420, Sigma), supple-
mented with sodium hydrogen bicarbonate (10.9 g/l), and aerated
with a 95% O,-5% CO, gas mixture. The retina was affixed to a
thin layer of 30% gelatin in a chamber where the aerated Ames
medium was circulated.

In neurotrophic factor injections, somata and processes of
labeled RGCs in three regions of the temporal retina, eccentricity
~4 mm, were visualized with LY injections under an X40 water
immersion objective (LUMPIlan FL, Olympus, Tokyo, Japan). In
peripheral nerve transplantation experiments, two regions in the
temporal retinas, eccentricity ~4 mm, and one close to the area
centralis were chosen for the injections. LY was systematically
injected into 60—-90 RGCs in the three regions, and then the
proportions of cell types were determined as previously reported
(Watanabe et al., 1993). In the paired right retina in neurotrophic
injection experiments, the proportions of cell types were also
determined in three regions of the temporal retina with the same
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procedure. The left and right retinas were fixed with 3% parafor-
maldehyde in 0.1 M phosphate buffer and mounted in PermaFIluor
(Immunon, Pittsburgh, PA). An overdose of sodium pentobarbital
(3-5 ml, Nembutal, Abbott Laboratories, North Chicago, IL) was
intravenously administered after the enucleation.

Acridine Orange labeling

Six retinas with the peripheral nerve transplantation were vitally
stained with Acridine Orange (Merck, Darmstadt, Germany). After
LY injections, several drops of Acridine Orange, 5 pM in Ames
medium, were added to the chamber for 3 min, and then the
medium was washed away. The retina was peeled off the gelatin
plate, fixed with 3% paraformaldehyde, and mounted in Per-
maFluor.

Measurement of spatial density in the area centralis

In the ON-cut and neurotrophic factor injection experiments,
RGCs labeled with Dil in the area of horizontal 540 pm and
vertical 360 um centered at the area centralis of the right and feft
retinas were photographed with high-sensitivity negative films
(Fujicolor Superia 1600, Fuji Film, Tokyo, Japan) under a G2A
filter system (510-560-nm excitation filter, and 590-nm long-pass
barrier filter, Nikon, Tokyo, Japan). Labeled RGCs were counted
on photographs in the area of 540 pmx360 um centered at the
area centralis at X250 with an X2.5 magpnifier. The ratios of RGC
densities in the left retinas versus those of paired right retinas
were regarded as the ratio of total numbers of surviving RGCs in
the left to the right retinas (Watanabe et al., 2001).

Estimation of the total number of regenerated RGCs

Dextran—fluorescein or dextran—-Texas Red-labeled RGCs were
counted in a 480-pmx480-pum area on 310~410 grid points each
separated by 1 mm. RGCs whose nuclei were in the area, or either
on the upper or left borderline, were counted. The cytoplasm was
not used as a border for counting. This counting covered 23% of
the whole retina. The cell density in 1 mm? was calculated, and the
total cell number was estimated as the summation of the cell
number in each 1-mm? square.

Estimation of ratios of each cell type in
the ON-transected retinas

The procedure to estimate the numbers of RGCs was described
previously (Watanabe et al., 2001). In brief, the ratios of the
numbers of surviving « (Re), 8 (RB), and NAB cells (Rn) on day 14
to the numbers in the intact retinas are given as:

Ra=RtXPal/Par
RB=RtxXPBI/PBr

Rn = RtxXPnl/Pnr

where Rt is the ratio of cell density in the central areas of the left
retina versus that of the right retina; Pal, PRI, and Pnl are the
proportions of a, B and NAB cells in the left retina, respectively;
and Par, PBr, and Pnr are the proportions of «, B and NAB cells
in the paired intact right retina, respectively.

Statistical analysis

Statistical analysis was performed by Student’s t-test of un-
paired parameters with PC software (StatView, SAS Institute,
Cary, NC).

Table 1. Enhancing effect of intravitreally injected neurotrophic factors
on total number of retinal ganglion cells surviving 2 weeks of optic
nerve transection

Neurotrophic Number Relative survival of
factors of animals total cells
injected*®

%=+SD Increase®
Saline (control) 7 17+6.3 1
BDNF, 0.5 ug 4 27+6.0* 1.6
BDNF, 1.0 pg 3 29+3.3* 1.7
CNTF 3 31x8.1* 1.8
FGF2 4 11+3.7 0.6
GDNF 4 28+7.8* 1.6
NT-4 4 24+9.0 1.4
BDNF+CNTF 3 29+8.4* 1.7

* P<0.05 to control.

2 Dose of each factor was 1.0 pg unless noted.

® Ratio of (surviving cell ratio in treated retina)/(surviving cell ratio in
controf retina).

RESULTS

Survival promoting effect of neurotrophic factors on
axotomized RGCs

In the first series of experiments, we examined whether a
single intravitreal injection of 1 wg or 0.5 g BDNF, 1 pg
CNTF, 1 ng GDNF, 1 png FGF2, or 1 ug NT-4 enhances
total numbers of surviving RGCs. We have previously
reported that the ratios of RGC densities in the central area
reflect well the ratios of total numbers of surviving RGCs
after ON-transection versus those in the intact paired ret-
inas (Watanabe et al., 2001). Accordingly, we measured
the density of Dil-labeled RGCs in the central area of 540
pm X 360 um in the ON-transected retina as compared
with that in the intact paired retina, and estimated the ratios
of total numbers of surviving RGCs.

Table 1 summarizes the ratios of densities of surviving
RGCs in the central retinal area with an injection of one of the
neurotrophic factors to those in the intact retina. On day 14
after ON transection, total RGC numbers in the retinas with
saline injection (control) decreased to 17+6.3% (N=7) of the
intact retinas. The value coincided with the reported value in
the retina without injection, 17+8.5% (Watanabe et al.,
2001). A single injection of BDNF, CNTF or GDNF resulted in
an approximate 1.6-1.8-fold increase of surviving RGCs. In
BDNF injections, the doses of 0.5 pg and 1.0 pg showed
similar enhancement, suggesting that 0.5 g was already a
saturated concentration. A combination of 1.0 ng BDNF +
1.0 g CNTF also enhanced the survival, but the effect was
not additive to either BDNF or CNTF. This is consistent with
the previous report in the rat retina, where no additive effect
of BDNF + CNTF was obtained (Mey and Thanos, 1993). No
enhancing effect on RGC survival was detected in the retinas
with an injection of 1.0 ng FGF2 or 1.0 png NT-4.

Enhancement of $§ cell survival by
neurotrophic factors

To examine which type of cat RGCs is enhanced to survive
by intravitreal injection of the neurotrophic factors, we esti-
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Fig. 1. Histograms of average with S.D. of survival ratios of o cells
(1A), B cells (1B), and non-o/f (NAB) cells (1C). Dark bars illustrate
survival ratios of retinal ganglion cells (RGCs) in the retinas with an
injection of one or two neurotrophic factors, open ones saline (control).
Hatched bars illustrate survival ratios of RGCs in the retinas with an
injection of one neurotrophic factor or a combination of neurotrophic
factors with forskolin. Asterisks on the bars indicate statistical signifi-
cance against control, two asterisks on line in 2B between brain-
derived neurotrophic factor (BDNF) + ciliary neurotrophic factor
(CNTF) and BDNF + CNTF + forskolin. *, P<0.05, **, P<0.01.

mated the ratios of numbers of a, B or NAB cells in the left
ON-transected retinas to those in the intact right retinas.
Proportions of surviving o, 3, and NAB cells in the paired
retinas were obtained with systematic injections of LY into
surviving RGCs, and then the ratios of every cell type were
estimated as described above. As shown in Fig. 1, survival-
enhancing effects of various neurotrophic factors were evi-
dent only in B cells. Numbers of surviving « cells in the retinas

Fig. 2. Photomicrographs of dendrites of a Lucifer Yellow—injected 8
cell in the basic fibroblast growth factor-injected retina. Note many
twiglike processes, some of which are indicated with arrows. A small
process in the soma was recognized, possibly retracted axon (arrow,
inset). Scale bars=20 pum. Contrast of the photographs was enhanced
with Adobe Photoshop.

with the injections were not different from those in the control
retinas. This is probably because « cells are the most resis-
tant to axotomy (Watanabe et al., 2001); hence, their survival
must be already maintained by some other mechanism. The
ratios of numbers of surviving NAB cells did not increase in
the retinas with neurotrophic factor injection, though it re-
mains possible that survival of NAB cells may be enhanced at
much higher concentrations of the neurotrophic factors.

The survivai ratios of B cells increased in the retinas
with an injection of BDNF, CNTF, or GDNF (Fig. 1B).
These enhancing effects on B cell survival were similar in
the retina with a single injection of either 0.5 g or 1.0 pg
of BDNF. In the retinas with an FGF2 injection, many
twiglike processes were observed in dendrites of some B
cells (Fig. 2). Because the morphological feature was so
unusual and had no promoting effect on survival, we did
not examine the effect of FGF2 in further experiments.
Similarly, NT-4 did not promote the survival of B cells, so its
effect was not examined further.

Effects of supplementation of forskolin on
neurofrophic factors

It is reported that a high concentration of intracellular cAMP
caused by forskolin enhances uptake and effect of neurotro-
phic factors in cultured RGCs (Meyer-Franke et al., 1995:
Shen et al., 1999). We examined whether forskolin promotes
the effects of BDNF, CNTF, and GDNF on the survival of
axotomized RGCs in vivo. Injections of BDNF or CNTF with
forskolin promoted numbers of surviving RGCs, but the effect
was similar to that of an injection of BDNF or CNTF alone (not
shown). On the other hand, a combined injection of BDNF -+
CNTF + forskolin (B+C+f) significantly enhanced the total
numbers of surviving RGCs, 1.95-fold above that of the con-
trol. We then tested whether forskolin itself could promote
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Fig. 3. Histogram of average with S.D. of total numbers of regener-
ated retinal ganglion cells (RGCs) with brain-derived neurotrophic
factor + ciliary neurotrophic factor + forskolin (B+C+f) injections.
Animal numbers were None, 8; B+C+fx1, 8; B+C+fX2 (3 day), 3;
and B+C+fx2 (7 day), 3. The values in ‘None’ contain previous data
(Watanabe et al., 1993). The left ordinate indicates total number of
regenerated RGCs; the right, percentages against total RGC number
as N=150,000. The values of all three experiments with B+C+f
injection(s) were significantly higher than None at P<0.01. In the
retinas with a second B+C+f injection on day 3 (X2, 3 day) orday 7
(%2, 7 day), values were not significantly different from those with one
injection (X1).

survival of axotomized RGCs by injecting 0.1 mg forskolin
and 1 ug NGF, which is not effective for the survival of central
neurons. An injection of NGF + forskolin had no effect on the
survival, the survival rate was similar to that of the control
(16=4.1%). Therefore, forskolin itself did not enhance sur-
vival of axotomized RGCs.

Survivai-promoting effect of one neurotrophic factor or a
combination of neurotrophic factors and forskolin was again
evident only in B cells (Fig. 1B). The ratio of B cells in injected
retinas to that in the control was the greatest in the B+C+f—
injected retinas, that is, 50% survival, 5.2-fold that of the
control. The numbers of B cells in B+C+f-injected retinas
were significantly higher than those in the retinas with BDNF
+ CNTF injection (2.43-fold). GDNF had no additive effect to
the injection of B+C-+f (0.70-fold to B+C+f). Given these
results, we next examined the effect of intravitreal injection of
B-+C+f on axonal regeneration of RGCs.

Axonal regeneration with injections of B+C+f

The total number of regenerated RGCs was estimated in
eight retinas with B+C+f injections and in eight retinas
without the B+C+f injection (control). Fig. 3 compares the
average number of regenerated RGCs. The data in control
retinas include two values reported in our previous paper
(Watanabe et al., 1993).

An intravitreal injection of B+C+f increased the aver-
age number of regenerated RGCs, 3.2-fold (10,379+5087,
N=8) that of the average number in the controls
(3252458, N=8). The range of RGC numbers in
B+C+f—injected retinas was from 5577 to 17,815, and
these values were above the range in control retinas, from
1712 to 5040. To clarify whether additional injections of
B-+C+f further increase the number of regenerated RGCs,

RGC Number (X 1000)
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0 0.5 1 1.5 2

B. Beta Cells
0 1 2 3 4 5 6 7 8

|

C. NAB (not alpha/beta) Cells
Q O:5 1 1:5 2 2:5

Fig. 4. Histograms of total numbers (average with S.D.) of regener-
ated o cells (A), B cells (B), and non-a/f (NAB) (C) cells with brain-
derived neurotrophic factor -+ ciliary neurotrophic factor + forskolin
(B+C+f) injections. Filled bars, B+C+f injections (N=6), blank bar,
no injections (N=5). Because of no difference in total retinal ganglion
cell numbers among one and two B+C+f injections (Fig. 3), cell
numbers of B+C+f injections include values from retinas with one and
two injections. The average number of regenerated B cells was 3.4-
fold and that of NAB cells, 1.9-fold that of no injections, respectively.
These values were significant at P<0.01.

we did a second B-+C++f injection on day 3 or 7 (Fig. 3,
right two bars). In the retinas with an additional injection of
B+C+f on day 3, the number of regenerated RGCs was
similar to those with single injections. In the retinas with an
additional injection of B+C+f on day 7, the number was
slightly lower than those in the retinas with single injec-
tions. The results suggest that there is no further promoting
effect of B+C+f injections later than day 3.

The above experiments showed that a B+C+f injection
was effective only for the survival of B cells. To examine
whether a B+C+f injection also increases specifically the
number of B cells in regenerated RGC populations, numbers
of each type with regenerated axons were estimated from the
total numbers of regenerated RGCs and the proportions of
three cell types. Fig. 4 compares the average numbers of «,
8, and NAB cells in the retinas with B+C+f injections and
those in control retinas. The average number of B cells in the
retina with B-+C+f injection was 5167+2657, a 3.4-fold in-
crease from that in retinas without B+C+f injection. The
average number of NAB cells in the retinas receiving B+C+f
injection increased by 1.9-fold and that of a cells by 1.7-fold
of those in the retinas without the injection. The enhancement
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Fig. 5. Photomicrographs of surviving retinal gangtion cells (RGCs) (6A, Dil-labeled) and RGCs with regenerated axons (6B, fluorescein-labeled) in
the same field. Those were regarded as labeled RGCs that had the soma larger than 8 wm with clear nuclear region. Debris, some of which is indicated
with arrowheads, was not regarded as RGCs. Here 43 cells regenerated axons among 46 surviving cells. Arrows indicate RGCs without axonal
regeneration. Contrast of the photographs was enhanced with Adobe Photoshop.

of B+C+f injection on axonal regeneration of the RGCs was
greatest in B cells.

Does B+C+f directly facilitate axonal regeneration
of RGCs?

The above experiments led to the notion that the B+C+f
injection significantly enhances the survival of axoto-
mized B cells and their axonal regeneration. However, it
was unclear whether the B+C+f injection enhanced
axonal elongation itself or only the survival. We then
examined the ratios of RGCs with regenerated axons to
those of total surviving RGCs, which was termed ‘regen-
eration/survival ratio (R/S ratio), and how the B+C+f
injection affected the ratios. Surviving RGCs in B+ C+f—
injected retinas were labeled with either of the following
labeling methods: in vitro staining with Acridine Orange,
which stains any living cells including displaced ama-
crine cells, and systematic central injections of Dil be-
fore the transplantation surgery. The Dil injections ex-
clusively label RGCs (Watanabe et al., 2001). Regener-
ated RGCs were double-labeled by injections into the
graft of dextran-fluorescein for Dil-labeled RGCs, or of
dextran—Texas Red for Acridine-stained RGCs. Surviv-
ing RGCs in the retinas without B+C+f injections were
labeled with Acridine Orange alone, whereas those in
the B+C+f—injected retinas were labeled with Acridine
Orange or Dil. Fig. 5 shows photomicrographs of surviv-
ing RGCs (BA, Dil-labeled) and regenerated RGCs (6B,
fluorescein-labeled) in the same field. In this field, 43
cells regenerated their axons out of 46 surviving cells,
and then the R/S ratio was 0.93.

When the surviving RGCs were stained with Acridine
Orange, the average R/S ratio was 0.61+0.02 (N=3) in
B+C+f injection, whereas the ratio was 0.680.01 (N=4)
in the retinas without B+C+f injections (Fig. 6). There was
no statistical difference between R/S ratios in the retinas
with and without B+C+f injection. Because Acridine Or-
ange may have labeled displaced amacrine cells, we mea-
sured R/S ratios for the surviving RGCs in B+C+f—in-
jected retinas by Dil labeling as well. Then the average R/S
ratio in B+C+f-injected retinas was 0.88+0.06 (N=9),
being higher than those in Acridine Orange-stained reti-
nas. There are two conceivable explanations for the dis-
crepancy. First, Acridine Orange labeled all living cells in
the ganglion cell layer so that the R/S ratio would be
underestimated. Second, the systematic injections of Dil
labeled most but not all RGCs, especially some NAB cells,
which must have escaped from the Dil labeling (Watanabe
et al., 2001); hence, the R/S ratio obtained by Dil labeling
would be overestimated. Even taking these considerations
into account, the results suggest that B+C+f injections did
not directly increase the ability for axonal regeneration of
surviving RGCs.

Most surviving B cells regenerated their axons along
the PN graft

In the peripheral retina, a small but substantial number
of Dil-labeled RGCs exhibited almost entire dendritic
configurations. These cells survived axotomy for two
months, but did not regenerate their axons along the PN
graft. Systematic survey of these surviving and nonre-
generated RGCs indicated that they were mostly of NAB
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Fig. 6. Regeneration/survival (R/S) ratio of control retinas stained with
Acridine Orange (blank bar, N=4), brain-derived neurotrophic factor +
ciliary neurotrophic factor + forskolin (B+C+f)—injected retinas
stained with Acridine Orange (filled bar, N=3), and B+C+f-injected
retinas whose RGCs were labeled with Dil prior to the ON cut (hatched
bar, N=9). There was no statistical difference between average values
of the control and B+C+f with Acridine Orange staining.

cell type, but there were no clearly definable B cells in
such populations of RGCs. This is consistent with the
preceding observation that the survival and regeneration
of B cells were significantly enhanced after B+C+f in-
jections. In other words, it is suggested that a great
majority of surviving B cells regenerated their axons
when a permissive environment for axonal regeneration
was provided with the PN graft.

DISCUSSION

Survival after ON transection is the first requisite for
axonal regeneration of axotomized RGCs (Stichel and
Mdller, 1998; Goldberg and Barres, 2000). In the
present study, we searched for new means to increase
the number of surviving and regenerating RGCs in the
adult cat retina. First, we found that single injections of
B+C+f increased not only the number of RGCs surviv-
ing axotomy but also the number of regenerated RGCs.
Furthermore, from cell type analysis we found that the
effect of B-+C+f injection was most prominent for the
survival and axonal regeneration of B cells. This finding
is very important because X-cells, the physiological
counterpart of B cells, function to detect small visual
objects, and their axonal regeneration is essential for
functional recovery of acute vision.

Effect of BDNF, GDNF, and CNTF on survival of
axotomized cat RGCs

Many papers have reported that BDNF, CNTF, FGF2,
GDNF or NT-4 is effective in maintaining axotomized

RGCs alive longer when injected into the vitreous
(Stichel and Mdaller, 1998; Heiduschka and Thanos,
2000; Yip and So, 2000). In accordance with these
reports, we demonstrated that an injection of BDNF,
CNTF, or GDNF promoted the survival of axotomized
cat RGCs, especially that of B cells, although NT-4,
which shares the same potent receptor TrkB with BDNF,
did not promote survival of cat RGCs (Peinado-Ramén
et al., 1996). The present finding that axotomized cat
RGCs survive better after intravitreal injections of BDNF
is consistent with previous reports on promotion of sur-
vival of central neurons. We also found that an intravit-
real injection of CNTF was effective for the survival of
axotomized RGCs. This appears to be in conflict with
previous studies on hamsters, which maintain that CNTF
has no effect on survival of axotomized RGCs but pro-
motes their axonal regeneration (Cho et al., 1999; Cui
and Harvey, 2000). Because the rodent retina has very
few RGCs corresponding to cat X cells (Fukuda et al.,
1979; Hale et al., 1979; Huxlin and Goodchild, 1997) but
some type |l RGCs (Dreher et al., 1985) might corre-
spond to B cells, survival enhancement by CNTF might
not be detected in the rodent retina. On the other hand,
CNTF is shown to promote survival of cultured rat RGCs
(Meyer-Franke et al., 1995; Jo et al., 1999), as well as
axotomized rat RGCs (Mey and Thanos, 1993). The
effect of CNTF on survival of the RGCs may be indirect
by factors secreted from activated Mdller cells. The
expression level of glial fibrillar acidic protein in Miller
cells is enhanced by CNTF (Wen et al., 1995; Peterson
et al., 2000), and the activated Miiller cells secrete some
trophic factors suitable for survival of RGCs (Chun et al.,
2000; Wahlin et al., 2000).

GDNF has been shown to protect cell death of axoto-
mized dopaminergic neurons (Beck et al., 1995; Yurek,
1998), motor neurons (Oppenheim et al., 1995; Yan et al.,
1995), and axotomized rat RGCs (Koeberle and Ball,
1998; Yan et al., 1999). We also showed that the effect of
GDNF on the survival of axotomized RGCs was as potent
as that of BDNF or CNTF. Because the effect of GDNF
was not additive to CNTF in B+C+f injection, GDNF may
also activate Miller cells to secrete trophic factors. How-
ever, the mechanism underlying the survival-promoting
effect of GDNF on axotomized RGCs has not yet been
closely examined.

Effects of adding forskolin to neurotrophic factors
on survival

Improvement of survival of cultured RGCs has been re-
ported by adding forskolin to the medium containing BDNF
(Meyer-Franke et al., 1995). Meyer-Franke et al. (1998)
have suggested that depolarization and elevation of intra-
cellular cAMP level rapidly recruit TrkB to the plasma
membrane by translocation from intracellular stores and
that as a consequence RGCs survived better than in a
single application of BDNF.

In the present in vivo study on the cat RGCs, how-
ever, addition of forskolin to the vitreous only slightly
enhanced the effect of BDNF on the survival of axoto-
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mized RGCs. It is not clear why the effect of BDNF +
forskolin was insignificant in vivo, but intravitreally in-
jected BDNF molecules may have been quickly internal-
ized into RGCs via TrkB receptors recruited by cAMP. In
the case of CNTF + forskolin injections, there was no
additive effect of forskolin, either. This suggests that
CNTF receptors may not be recruited with cAMP in
RGCs. In this context, it is very difficult to understand
why B+C+f injection revealed a much greater enhanc-
ing effect on survival of RGCs than BDNF or CNTF
alone or by adding forskolin to each. When GDNF was
added to the B+C+f, it did not show an additive effect to
the B+C+f. This implies that CNTF and GDNF may
similarly activate Maller cells, and their receptors may
not be affected with cAMP,

Enhancement of axonal regeneration with
B+C+f injection

We found that the B+C+f injections also enhanced
axonal regenerations of cat RGCs, and the enhance-
ment was especially conspicuous in B cells. BDNF has
been reported to be a specific molecule for survival of
axotomized RGCs (Mey and Thanos, 1993; Peinado-
Ramoén et al., 1996; Chen and Weber, 2001), but also
stimulates their axonal branching in the retina (Mansour-
Robaey et al., 1994; Sawai et al., 1996). However, it has
been reported that BDNF does not increase the number
of regenerated RGCs by PN transplantation (Mansour-
Robaey et al., 1994). No increase of regenerated RGCs
in vivo can be understood by the fact that once axons
retract in the retina they cannot enter the ON again
(Sawai et al., 1996) because the optic disc contains
repulsive molecules such as tenascin (Bartsch et al.,,
1994) and collapsin (Luo et al., 1995). BDNF seems to
be insufficient for intraretinally regenerated axons to
overcome the barrier molecules around the optic disc.
As a result, BDNF injection may not facilitate in vivo
axonal regeneration along the PN graft.

In the present study we obtained a 3.2-fold increase of
the regenerated RGCs after intravitreal B+C+f injections,
which contained CNTF and forskolin besides BDNF. Be-
cause CNTF facilitates axonal regeneration (Cui and Har-
vey, 1995, 2000; Jo et al., 1999), combination of CNTF and
BDNF may effectively function to keep more RGCs alive
before axonal retraction. Thus, the combination of BDNF
and CNTF may facilitate axonal regeneration along the PN
graft.

It is more probable that cAMP facilitates axonal re-
generation of RGCs. The facilitation of axonal regener-
ation by cAMP has been pointed out from the fact that
cAMP concentration is much higher in young neurons
(Cai et al.,, 2001; DeBellard et al., 1996). In young
animals axonal regeneration is enhanced by myelin-
associated glycoprotein (MAG), which is a potent inhib-
itor for axonat sprouting of adult neurons (DeBellard et
al., 1996). Cultured Xenopus neurons with a high cAMP
concentration show blockage of inhibition of axonal
sprouting on MAG (Song et al., 1998). When the cAMP
level is elevated in cultured RGCs of P5 rats with per-

meable cAMP homologue, the RGCs extend sprouts on
MAG much longer than RGCs with normal cAMP con-
centrations (Cai et al., 1999, 2001). In the present ex-
periments, the CAMP ievel must have been elevated in
the RGCs so that they could easily extend their axons
across barriers at the junction. In fact, survival of NAB
cells was not enhanced by the B+C+f injection, but the
average number of regenerated NAB cells increased
1.9-fold. In conclusion, high cAMP may facilitate in vivo
axonal regeneration of adult RGCs.

Why the B+C-f injection is specifically effective for
B cells

We found that B+ C+f specifically enhances the survival
of B cells. Both their survival and axonal regeneration
were significantly enhanced (by 4.7- and 3.4-fold, re-
spectively). In contrast, the survival of a or NAB cells
was not enhanced substantially by B+C+f, although a
1.9-fold elevation of axonal regeneration was noted in
NAB cells (Fig. 4). Why was there such a clear differ-
ence among the types of cat RGCs? We observed that
in the peripheral retina, most surviving RGCs without
axonal regeneration were of the NAB type and all the
surviving B cells regenerated their axons along the PN
graft. It has been shown that axotomized RGCs are
unable to extend their axons into the ON once they
retract their axons from the optic disc (Sawai et al.,
1996). Therefore, it is postulated that axotomized B cells
with retracted axons may have degenerated, whereas
NAB cells may have survived without axonal regenera-
tion. If this is actually the case, some intracellular death
mechanism might be switched on in B celis in response
to axotomy and encounters with repulsive molecules at
the optic disk. On the other hand, such a mechanism
might be shut down by activation of TrkB and related
signaling pathways after B+C+f applications. The no-
tion is consistent with our previous observation on the
survival time course of akotomized cat RGCs that 8 cells
specifically suffer from early phases of cell death shortly
after ON transection (Watanabe et al., 2001).

The present results imply that the expression of TrkB
receptors facilitates survival of 8 cells by shutting down the
pathway to cell death, which may be induced by axotomy
and/or repulsive molecules. The receptors possibly affect
axonal regeneration of B cells when intracellular cAMP is
raised. To clarify intracellutar mechanisms for 8 cell death
and axonal regeneration, detailed mechanisms underlying
these processes should be explored by using in vitro prep-
arations of isolated B cells in comparison with other cell
types of cat RGCs.
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b GRE L EFIRGHE L OB TCHODLREITRD o7, P23H 7 M T ERG 1281
Db FEROHMICBIT S ONL ORI PEAEEH LTy ) P N REHETHE
AR T2 T Tz, TagMan®PCR CIXEHECTH LW RZEITA DN o T, EE) v/ 7o
A NUBEIZLY., b ABOREENE T LB T bR K UERR RO ZE L O B0 A3 2
b, ZOEDENTRRENT-, SBRELICEHRGCBITIELOBRNEETILEZ
bhd,

A. TIEBE/M

v 7a R b dBEAREREIC X DIRE
TSRS 2 T, IR M B oo #gm o
2 K DM RE H T D HURNRE AR
HThHD, BEOWBRREETITRRPFELL
ORI T AR b — v A& B2 T
EHRBIZCHLAD THDAREMEE TR LT
W5, SHEFRAITHEEEEET VT v BT
v 7aR b ror#ERRRERE LT, £0
BEEN, RN B I U7 R b— 2 #ER
FRROEIZOW TR LT,

B. BIRAE
MEEETT VB THD RCS Ty M
R EET P2BH NGV ARV xS
Ty b~Tm)iZ, B2l B LYY ) TS
Abr&1HA2E, 2AMERSRRESE
1To7z, ay bu—ABICIEERFR S % [H
BRIZAT o 72, BERERURHAN I3 RIRTZ 52584
T U 7=F5 5T 24 FEREIREIERS 247V, MEIRE
0 (ERG) & AT a 38 & O'b I DIRIE % 5
HIL 7o, MERRERIRTEME CIIAR BRI A8 1o/
JERTE DA ZERIL, SBE LT,
TR P—=Y ZABLEFRAOEMIT OV T,
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MR 7 N b — S AHERFTH D

caspased, caspase8, caspase9, bcl-2,bcl-x,

Bax O OZE{V % TagMan®PCR % VTR
BEL YL TR LT,

C. MABR

ERG Ti%, RCS T v MW\ T alf, bike
biZy /) Ta R B EEAREHET
A OPREEZHALONE T, P2HT v b
Tid, a WORBIXWEEE TEITA LNRN
ST, b WORWETY /) e X s
HTHBRILRZN T, k& TIiX, RCS
Ty FCIIEETEBORIICEITIALN
R olz, P23HT v P TIRY ) TRk
B SR OINERE N BT GO & T
iU CEALICR N T, TRE—TR
BER A2 oW T, WTFhoFy MoB
W MEER CH B R ZE AR B2
7o

D. B®

P23H 7 v F T, v/ Fa X hFEGHET
Heeny, MERRFELOIBIR A b,
IOZ kX, v TR RO Lo
TR E DS I S T B ATREER B 5
LEZ M-, LML, caspase DTN
b= AEEERFORRICEBITIA LN
R olz, SEIOER TITEIKLFELS 2 8
M & EME o7 0T, 4% ITEHRE I
BT AEOFEL, 55T L~V TOZEL
OBRFBET D B LN,

E. i

U 7R MR LY, HDOFEOMEE
BT T VEM T HHRERY . MR
OMFIDR T B, T OFIEIRIE S iz,

SHIDIEHBREIBIT LN FLILT
DFE L ED IR ET D LB N,

F. EREREH
el

G. EHE
1. HCHRE
7L
2. PERE
2L

H. MM EEOHE - S&KR
1. FEFEE

2L

2. ERHESER

7L

3. Tt

2L

1. B350

1. HlEh, EET, FBEZIEN R
JETREANC & 2 IREEEM TR, A
PEERE O, H-b LWIRE
9(8) :1430-1434, 1992.

2. VEEEZE, JLRAEE, FRERMIZN: v
A% 2 TR IRIGERIC RIT T
Hiz b LWIRE 13(9) 1 1422-1424,
1996.

3. HPFIEM, RBEMA, FERFIIN
AV 7ae)n v)7aRAbr (LA
¥ = 7°) RIEP IE R IR LR R E 1T
B 2IRERERICKIETHE. b
5 LWIREL 16 (11) 1 15771579, 1999.

4. WEN=E, ALK A Y Terr U
7R RAVAF 2 T9) HIRDER
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R FEEICRIETRE., oL
WIRE 15(2) @ 281-284, 1998
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51.  Rho/ROCK BHEHIIC & & » ailEmiEiMan kB E

SFERE TV, ERE=
EWTIERT)

EJNERE D, A Y.
OETER, DIEERE

MREE B2 HAWT, BEEHEEOREMEL ., B S n - MAEMREMIE (RCCs) D
R E A%, B Rho/ROCK PHEFID Y39983 AMEHET DM E 9 AT, MG H %
Y39983 ZH etk TR L, BE®HL TUJL ¢TWW%E%ﬁ§%ébtoﬁWﬁ%
WEIE 6-0 5R1Z 20 g DIRNE 1| SR Uiz, HIREHIC V39983 % 11 & #RIRRIC &
L7c, 12 H#%, WGA-HRP ZRE-TRIZIEA L 2 BERIZ @mttoﬁWﬁ®ﬁF%H%ﬁmb
TMB St~ CHEATHEAZ R X v 7= 3R % Al Rk L 7e,

ML R 12 36V T ¥39983 PR e RMEEEAIL, MEP.OH L& E TOT
TOIALO RGCs IZRWT, 3 BLV 10 M THRADOZERHEBIERANES LN, 20uM Ll E
TIERRITHEI L, 30u ML Eiz/e 2 iR eiimB a2 w2l BE Lz, $, #HIhiz
RGCs hZR 13, PRIRERAL &8 2 CTHRARAN O AR~ FF4 LT e, REIEEEEE & AT, 10 pM

THAREDRPFRNTH o7, RERHEENS 11

&L BAEMBREN S I,

A. BTREM
PIRMREOERIL, EESNZO/FELR
W, LALIEE, FRMREOR Yy FT—7
FEEIT T DRI RIBAICHES L, HhR
BAMREDOSFA D = XN TREICHREID
RVODH D, TRRbb, EhEREREME
¥ (Nogo, MAG, OMgp 72 &) M3, ZBHEEZI L
THFFRAHARPN @ Rho/ROCK % & EME(L L,
RERAHET D, Lo T Rhod b
VM ROCK O M A Hfil4 5 & & T, s
ROMBOFAERENHHFIND, Tl
Rho/ROCK FHEHI, Y39983 X, T v hiEfE#H
FEEHAIG (RGC) DOBFERMEIE~D, HhER
BALEMET D (Takayama et al., 2004),
SER A&, a2 AWT, BEfED
PR &, B S - ReCs B R D EA %
BERL, 5% Y39983 MBMEHET A1 EH

I Y39983 % i TRIZ BSR4 5

ME T,
B. MiRhik

MR  ZRE B OREET O/R

amnb, RBEREZMH L, R EEHAICE
BEL72, 138 0.5 mm D/hFE L, 0°CD
KBFTa2I -7V RAEBRPICE L,
JTCITRAHMB L Cag—F 27
¥, kA EaE LT,

|
= =3 (0.5%0.5mm)

-
LA
Lt

B B
TMbLlca =7 rpicald sz &
v, WAL, 27— ah
CHRICKE LR THREESND Z LI
180 . MIEOERRE, 2 ) 7RO
EETRTEAUERETERT D, &
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D AERORBRPIC TV IREE THRE A 28
BTx D, HEEMA % 39983 % & ¢r DMEM
T 14 HIEEE L., 3% paraformaldehyde in
PBS THEIE L7, ffif L7 % 6l
TUJL HufhCosE et U, TUJL Bt o
BRBLIOBEREORIERHE L, Rk
(2B 5 RGC DoMBENCRE> T, MIAEE
O—F U 7B (central area, inter—
mediate area, peripheral area) £ Vg
MR ERRL, &AM OMEEEROE
VB IRET L7z,
AR« FREE T OECR 2 ORITEER B &
ORE LEEZ Btk AR BN L,
ERERIZE N 6-0 F 1 2 i5kiZ 20 ¢g
(0.2N) DEDZ 1 oHEAL, HmEs
Pk U 7o, PERET I 306G HESTEFC ¥39983
T, TR X ORI A~EA Lz, xR
BRICIE PBS ZREBRICIES LTz, 12 A1,
WGA-HRP 0. 5mg Z fHF{&IZEA LT RGCs D
HR A NEATHEICAERR U, 2 BRICEER (1%
paraformaldehyde + 1% glutaraldehyde in
PBS) CTYEWEE L7, R L ¥
TF MU, 30um OBEEA &R L
Too Y0R % TMB JPSCHER L, JEFTHE IO
SN BR A RS U, BRI A
T 0.5mm P LE U-iiBmEB IO &E
DR E ZRIE LT,

(fREE~0OERE)

AEIOERIT, BEREFATBYERE
BaOARE =%, ARVO OB EBRBE
(o TIT v, EREMW O /)
RED X IICHEN R ENT,

C. WIRER
MIREEFE © xRS CITMIE s MR L

BEREZRICOTIRDLIOATH-T-
D3, Y39983 AUINT B &, ELEALE
R aZ—7F TNk 3 IRITICHEL
TWHORBERINZ, TULHDREEDOL
W R H#E (growth cone) 23388 H 77,
TUJ1 BHEDMRIZEREREI LI L 24,
Y39983 |2 & iR e mm{REEAIL. 1
FELLER DS BIBRE E TOT R TOELIZ
BT, 3~10 M THRKTh o7, HEED
EALIC K DR DOEEMEIEMN O Y39983
BT B D o T, Y39983 JREE 20
pMELETITREMBIERIIESE L, 30uM
iRz e LAERBEREE LR,
HELEBREOREOEXYL, RMHIC 3~
10M THREDO S OB S L, 20uM 2L E
TR Lz, BREEEOR S G,
MR OB TOETFRD bz noTz,
TP R ¢t FREN ORMRECIE, P
WEBATHAT I BRITIFEALRD L
Niphotz, —75 39983 % ARERPY & HEIER
WA U7 R Tl R S - i o
PRBERAL 28 2 T R PARERAL A~ A
LTW5DOREE SN, hRMEERIL,
HEELE 2R & RIS 10 oM CRA BRI &
RTH 0T, ET-RMRLED D 1 BAEIC,
Y39983 AT AICHBEER T 5 & HIRE
#% OB OB EIZHAT, BAEMBREN
WL 72, 100 u M EAOEMR T E A
BhRH LT, HEMBOREOE S LF
BRIZ, 10 M ThRbEN o7z, IR
BHROHLOHERE & | BE%ICHEEN L
2 FERETIE, BAMROERORIE
BEEBR NPTz,

D. &%®
1. et R REER 2 T REX, B
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JEE A LR > & I RER & T OB AL O PR
HREIZ B W TEITRO 2o T,

2.In vivo TOEBRTIX 100 uM DIERETY
AR NAR DN, 2L 39983 DX
LV EBOEHRBENEE 572D T
HdLEZOLND,

3. Y39983 % 2 [EIVEA L7= MR CHAR
HEMBEII L T\ Z &b, e 1A%
T b AR RARHE 2N T T A U T mTREMEAS
RIBIND,

4. Rho/ROCK  pathway LIS ~DIER DA %,
A & DL, BERFIZ OV TIXBER
s Th B,

E. #55

¥1# Rho/ROCK PFHEH Y39983 %, K& TE
F O ER & 8 & 7 R o SRR E
D, WERBAEERET D,

F. @EfRER
2L

G. BIRRE
1. BisC R
L
2. B
7L

H. SMEOHE - B&HKR
1. REF &

L

2. RRAMEER

L

3. €Mk

72l
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