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Lens Injury Stimulates Axon Regeneration in the Mature
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In mature mammals, retinal ganglion cells (RGCs) are unable to
regenerate their axons after optic nerve injury, and they soon
undergo apoptotic cell death. However, a small puncture
wound to the lens enhances RGC survival and enables these
cells to regenerate their axons into the normally inhibitory en-
vironment of the optic nerve. Even when the optic nerve is
intact, lens injury stimulates macrophage infiltration into the
eye, Mller cell activation, and increased GAP-43 expression in
ganglion cells across the entire retina. In contrast, axotomy,
either alone or combined with intraocular injections that do not
infringe on the lens, causes only a minimal change in GAP-43

expression in RGCs and a minimal activation of the other cell
types. Combining nerve injury with lens puncture leads to an
eightfold increase in RGC survival and a 100-fold increase in
the number of axons regenerating beyond the crush site. Mac-
rophage activation appears to play a key role, because intraoc-
ular injections of Zymosan, a yeast cell wall preparation, stim-
ulated monocytes in the absence of lens injury and induced
RGCs to regenerate their axons into the distal optic nerve.
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The primary visual pathway has been widely used as a model
system to investigate neuronal survival and axon regeneration
after CNS injury. In the optic nerve, as in other CNS pathways,
severed axons show a transient local sprouting reaction but no
long-range growth (Ramon y Cajal, 1991). Moreover, if axotomy
occurs within the orbit, retinal ganglion cells (RGCs) undergo
apoptotic cell death after a delay of a few days (Villegas-Perez et
al., 1988; Berkelaar et al., 1994). Both cell death and regenerative
failure can be altered by manipulating extracellular conditions.
Intravitreal injections of brain-derived neurotrophic factor
(BDNF), neurotrophin- (NT-) 4/5, ciliary neurotrophic factor
(CNTF), glial-derived neurotrophic factor (GDNF), and other
polypeptide growth factors enhance RGC survival after nerve
crush, although this effect is transient (Carmignoto et al., 1989;
Mey and Thanos, 1993; Cohen et al., 1994; Mansour-Robaey et
al., 1994; Rabacchi et al., 1994; Di Polo et al., 1998; Koeberle and
Ball, 1998). In culture, isolated RGCs require a combination of
insulin (or IGF-2), CNTF (or LIF), BDNF (or NT-4/5), and
elevated intracellular cAMP for their survival (Meyer-Franke et
al., 1995). cAMP, through protein kinase A activation, augments
the effects of growth factors by causing their receptors to trans-
locate to the cell surface (Meyer-Franke et al., 1998), and similar
effects are seen in vivo (Shen et al., 1999). Even in the absence of
polypeptide growth factors, long-term survival can be maintained
in vivo by overexpressing the anti-apoptotic protein Bcl-2 (Bon-
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fanti et al., 1996) or by limiting caspase activity (Kermer et al.,
1998). Enhanced survival by itself is insufficient to assure axon
regeneration, however, because Bcl-2-overexpressing mice show
almost no axon growth past the site of nerve injury (Chierzi et al.,
1999).

RGCs can regenerate their axons in vivo through a peripheral
nerve graft (So and Aguayo, 1985; Aguayo et al., 1987; Bray et al.,
1987). This result has generally been interpreted as showing that,
although these neurons are intrinsically capable of regenerating
their axons, this can only occur outside the inhibitory influences
that normally prevail in the CNS. However, more recent studies
show that RGCs can extend axons into the optic nerve itself if a
fragment of peripheral nerve is implanted into the vitreous (Ber-
ry et al., 1996). More modest axon growth into the optic nerve has
been achieved by inactivating the small GTPase Rho (Lehmann
et al., 1999).

In the course of studying the effects of various agents on axon
growth, we discovered that intraocular injections that infringe on
the lens initiate a set of cellular changes that includes macrophage
infiltration, astrocyte stimulation, and increased expression of the
growth-associated protein GAP-43 in RGCs. As a consequence
of these changes, RGCs show improved survival and unprece-
dented levels of axon growth into the normally prohibitive envi-
ronment of the optic nerve.

MATERIALS AND METHODS

Optic nerve surgery and intraocular injections. Surgical procedures were
based on those described previously (Berry et al., 1996) and were ap-
proved by the Children’s Hospital Animal Care and Use Committee.
Adult male Fisher rats (Charles River Laboratories, Wilmington, MA),
250-350 gm, were kept in a pathogen-controlled environment in stan-
dard cages and were allowed to feed ad libitum. Animals were sedated by
methoxyflurane inhalation (Schering-Plow, Union, NJ) and anesthetized
with an intraperitoneal injection of ketamine (60—80 mg/kg: Phoenix
Pharmaceutical, St. Joseph, MO) and xylazine (10-15 mg/kg: Bayer,
Shawnee Mission, KA). After the head was shaved, rats were positioned
in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA) and a 1-1.5
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Figure 1. Surgical approaches. Optic nerves were crushed 2 mm from the
eye. Intraocular injections were made either (a) vertically into the vitre-
ous chamber to avoid puncturing the lens or (b) with a bent needle to
puncture the lens to a depth of ~0.5 mm.

cm incision was made in the skin above the right orbit. Under micro-
scopic illumination, the lachrymal glands and extraocular muscles were
resected to expose 3—4 mm of the optic nerve. The epineurium was slit
open along the long axis, and the nerve was crushed 2 mm behind the eye
with angled jeweler’s forceps (Dumont # 5) for 10 sec, avoiding injury to
the ophthalmic artery. Nerve injury was verified by the appearance of a
clearing at the crush site, while the vascular integrity of the retina was
evaluated by fundoscopic examination. Cases in which the vascular
integrity of the retina was in question were excluded from the study.

For intraocular injections, the globe was retracted with a mosquito
snap to expose its posterior aspect. In some cases, injections were made
through the sclera and retina with a 30 gauge needle 1-2 mm superior to
the optic nerve head, inserting the tip of the needle perpendicular to the
axis of the nerve to a depth of 2 mm without infringing on the lens
(minimally invasive injection; Fig. la); in other cases, the tip of the
needle was bent at a 90° angle and inserted into the eye 2 mm above the
nerve head, perpendicular to the sclera, to intentionally puncture the lens
surface (Fig. 1b). Lens injury was confirmed by direct visualization
through the cornea; further verification of lens injury was an opacifica-
tion that occurred within 1 week. Injection volumes were 5 ul using saline
as a vehicle; in some cases, we examined the effects of needle puncture
alone without injections. Survival times ranged from 1 to 40 d.

Groups included controls with no surgery (n = 3), animals with lens
puncture but no nerve crush (n = 11), animals with nerve crush and
either no intraocular surgery (n = 24) or a single puncture of the lens
(n = 24); animals with nerve crush and an anterior lens puncture at the
limbus (n = 4) or with multiple posterior punctures of the lens (n = 3);
animals with nerve crush and a single injection of either recombinant rat
CNTF (5 pg/ml; Alamone Labs, Jerusalem, Israel; n = 5; or 10 pg/ml;
Promega, Madison, WI; n = 5), an anti-rat CNTF polyclonal antibody
(20 pg/ml; R & D Systems, Minneapolis, MN; n = 4), basic fibroblast
growth factor (5 wpg/ml; kindly provided by Dr. Patricia D’Amore,
Children’s Hospital Boston, MA; n = 3), anti-bovine basic fibroblast
growth factor (bFGF) (1-5 mg/ml; Upstate Biotechnology, Lake Placid,
NY;n = 4), anti-BDNF (5 mg/ml; R & D; mouse monoclonal; n = 4) or
0.9% NaCl (n = 4). Animals showing signs of intravitreal hemorrhage
after puncture were excluded.

Sciatic nerve implants. Pre-degenerated peripheral nerve fragments
were obtained by performing a crush injury on the peroneal branch of the
sciatic nerve. Four days later, rats were killed with an overdose of
ketamine plus xylazine, and the portion of the nerve distal to the crush
site was dissected out. As described previously (Berry et al., 1996),
sections of sciatic nerve ~1 mm in length were implanted into host
animals that had undergone optic nerve surgery as described above (n =
5). Fragments were inserted by cutting a small radial slit through the
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sclera and implanting a single piece of tissue into the vitreous, taking
care to avoid injuring the lens.

Preparation for histology. At survival times ranging from 1 to 40 d,
animals were given a lethal overdose of anesthesia and perfused through
the heart with ice-cold PBS plus heparin (10,000 U in 100 ml) followed
by 4% paraformaldehyde in PBS (100 ml). Eyes with nerve segments up
to the optic chiasm still attached were dissected free from connective
tissue, post-fixed in 4% paraformaldehyde (overnight, 4°C) and trans-
ferred to a 30% sucrose solution (overnight, constant rocking, 4°C).
Frozen sections (15 wm thickness) were cut longitudinally on a cryostat,
thaw-mounted onto coated glass slides (Superfrost Plus; Fisher Scientific,
Houston, TX), and stored at —80°C until further use.

Immunohistochemistry. Sections were stained with antibodies to visu-
alize either the neuronal growth-associated protein GAP-43; glial fibril-
lary acidic protein (GFAP); ED-1, a marker for activated cells of mono-
cyte lineage; or myelin basic protein (MBP). GAP-43 was visualized
using the IgG fraction of an antibody prepared in sheep (Benowitz et al.,
1988), followed by either a biotin- or fluorescein-conjugated secondary
antibody. In the former case, sections were preincubated with 0.3% H,O,
in 100% methanol (30 min), blocked with 5% rabbit serum in Tris-
buffered saline (TBS, pH 7.4, 1 hr), and incubated in the primary
antibody at a 1:50,000 dilution (in TBS containing 300 mm NaCl, 2%
BSA, and 0.1% Tween 20: TBS,T; overnight, 4°C, constant rocking).
Sections were rinsed (3X over a 4 hr period in TBS,T), incubated in
biotinylated rabbit anti-sheep IgG (1:250 in TBS,T; Vector Laboratories,
Burlingame, CA), rinsed 3%, and reacted with avidin—biotin—-HRP com-
plex for 1 hr (as per the manufacturer’s protocol; Vector Laboratories)
followed by diaminobenzidine (DAB) enhanced with NiCl, (Vector
Laboratories). In cases in which GAP-43 was viewed by immunofluores-
cence, similar conditions were used except that the primary antibody was
diluted 1:2500, and the secondary antibody was a fluorescein-conjugated
anti-sheep IgG made in rabbit (1:500; Vector Laboratories). In cases in
which GAP-43 was visualized together with other antigens, we used a
mouse monoclonal anti-GAP-43 antibody (clone 9-1E12; 1:250 dilution;
Boehringer-Mannheim, Indianapolis, IN) followed by a fluorescein-
conjugated anti-mouse IgG made in horse (Vector Laboratories; 1:500).
Immunofluorescent sections were covered using Vectashield (Vector
Laboratories) as a mounting medium. To detect changes in Miiller cells,
we used a rabbit anti-GFAP antibody (Sigma, St. Louis, MO; 1:7500) and
a biotinylated goat anti-rabbit IgG (1:500). Reactive macrophages were
visualized with the ED-1 antibody (Serotec, Oxford, UK; 1:200 dilution)
and biotinylated horse anti-mouse IgG (Vector Laboratories; 1:500).
Myelin was visualized in the optic nerve using a rabbit anti-MBP anti-
body (1:25, Zymed, San Francisco, CA) followed by a Texas Red-
conjugated goat anti-rabbit IgG (1:500; Vector Laboratories).

Quantitation of axon growth. Axon growth was quantified by counting
the number of GAP-43-positive axons extending 0.5 and 1 mm from the
end of the crush site in four sections per case. The cross-sectional width
of the nerve was measured at the point at which the counts were taken
and was used to calculate the number of axons per millimeter of nerve
width. The number of axons per millimeter was then averaged over the
four sections. Za,, the total number of axons extending distance d in a
nerve having a radius of r, was estimated by summing over all sections
having a thickness ¢ (15 um):

Saq = mr* X [average axons/mm]/t

Anterograde labeling. We used cholera toxin B fragment (CTB) as
an anterograde tracer to verify that axons visualized in the distal
optic nerve originated in RGCs. Animals that underwent nerve
crush, either with or without lens puncture, were injected with
CTB (2.5 ug/wl in 5 ul PBS) 20 d after the original surgery.
Animals were killed and prepared for histology the following day
as described above. Slide-mounted sections were reacted with an
antibody to CTB (made in goat; List Biologic, Campbell, CA;
1:40,000 dilution), followed by a rabbit anti-goat IgG secondary
antibody (Vector Laboratories; 1:500 dilution). In some cases,
GAP-43 and CTB were examined together, using a monoclonal
anti-GAP-43 antibody made in mouse and the goat anti-CTB
antibody (1:250), followed with the appropriate secondary anti-
bodies conjugated to fluorescein and Texas Red, respectively
(Vector Laboratories, 1:500).
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Figure 2. Lens puncture stimulates axon regeneration in the optic nerve. a, A combination of nerve crush plus lens puncture stimulates RGCs to extend
GAP-43-positive fibers through the injury site (*) and several millimeters into the distal portion of the optic nerve. Controls show no GAP-43 in the
normal nerve (b) and very little immunostaining in the distal optic nerve after crush injury alone (c) or after nerve crush with a minimally invasive
injection that does not infringe on the lens (d). Scale bar, 100 um; a, ¢, and d are 21 d after nerve crush.

Quantitation of cell survival. For cell survival studies, RGCs
were retrogradely labeled with Fluorogold (Fluorochrome, Inc.,
Denver, CO) 7 d before nerve crush. Rats were anesthetized as
above, a midline incision was made in the scalp, and a bone flap
was opened above the occipital cortex. Posterior cortex was
vacuum-aspirated, and multiple injections of Fluorogold (5 ug/ml
in PBS containing 1% DMSO, 1 ul per injection) were made into
the superior colliculi (depth, ~1 mm). Gelfoam (1 mm?*; Upjohn,
Kalamazoo, MI) soaked in the same Fluorogold solution was
inserted over the colliculus. One week later, animals received an
optic nerve crush combined with either a lens puncture or a
minimally invasive intraocular injection. Normal controls (n = 5)
were labeled to obtain baseline values of RGC density.

Twenty-one days after nerve crush and intraocular injections
(i.e., 28 d after Fluorogold labeling), animals were killed with an
overdose of ketamine plus xylazine, and the retinas were dis-
sected without fixation. After making a radial slit, retinas were
placed onto nylon filters attached to microscope slides, overlaid
with filter paper soaked in 4% paraformaldehyde (in PBS), and
held down with weights on the edges for 1 hr. Retinas were then
removed from the filters, flat-mounted, and covered using
Vectashield. Under fluorescent illumination (200X magnifica-
tion), six regions, radially distributed at 1 and 2 mm from the
optic nerve head, were counted for labeled RGCs using a 10 X 10
grid (0.16 mm?). Counts were averaged across the six regions.

Western blotting for GAP-43 and GFAP. Fourteen days after
optic nerve crush, unfixed retinas were freshly dissected and
solubilized in 100 ul of 2X SDS-PAGE sample buffer (O’Farrell,
1975). Samples were balanced for protein content and separated
by SDS-PAGE in mini-gels (Bio-Rad, Hercules, CA). Proteins
were transferred to PVDF membranes (0.45 wm pore; Millipore,
Bedford, MA) and probed using antibodies to either GAP-43 or
GFAP. In the former case, the staining protocol closely followed
that used for tissue, except that the concentration of monoclonal
anti-GAP-43 antibody (Boehringer Mannheim) was 1:1000; in the
case of GFAP, the primary antibody was used at a concentration
of 1:5000. Secondary antibodies were HRP-conjugated. Immuno-
reactivity was detected with ECL reagent (Amersham, Arlington
Heights, IL) and fluorography.

Macrophage activation. Several methods were attempted to

stimulate macrophages in the eye without puncturing the lens.
These included injecting interferon-y (IFN-vy; Life Technologies,
Gaithersburg, MD; 5000 U in 5 ul; n = 5) at a dosage sufficient
to activate monocytes throughout the nervous system (Sethna and
Lampson, 1991); or Zymosan (625 ug in 5 ul; Sigma; n = 5), a
yeast cell wall preparation (Stewart and Weir, 1989; Ross and
Vetvicka, 1993; Lombard et al., 1994; Fitch et al., 1999). We also
introduced activated macrophages, obtained from donor animals
by injecting Ca®*- and Mg?>"-free buffer containing 0.025% tryp-
sin and 2 mM EDTA into the peritoneal cavity as described
(Smith and Hale, 1997); after 3 min, the cavity was opened, and
fluid was removed and added to DMEM (Sigma) containing 1%
fetal bovine serum (Gemini Bio-Products, Calabasas, CA). Cells
were collected by centrifugation, resuspended in the same me-
dium, plated in culture dishes, and incubated 4 hr. After washing
off nonadherent cells, the remaining cells were removed with
trypsin, added to culture media, collected by centrifugation, and
washed with saline. The presence of activated macrophages was
verified by staining cells with ED-1 and OX-42 antibodies (Sero-
tec). Approximately 10° macrophages were injected into a host
vitreous, with care taken to avoid injuring the lens (n = 4). To
suppress macrophage activation after lens puncture, we used the
tripeptide microglial inhibitory factor (MIF; estimated final con-
centration in eye, 50 um; Sigma; n = 6), Ciglitazone (estimated
final concentration in eye, 75 um; Biomol, Plymouth Meeting, PA;
n = 4), or prostaglandin J2 (estimated final concentration in eye,
80 uM; Calbiochem, La Jolla, CA; n = 3).

RESULTS

Axon outgrowth

Because RGCs only express GAP-43 during axon outgrowth,
probes for this protein enable one to visualize RGCs in a growth
state (Meiri et al., 1986; Moya et al., 1988; Doster et al., 1991;
Schaden et al., 1994; Berry et al., 1996). In animals having a nerve
crush combined with lens puncture, numerous GAP-43-positive
axons grew past the injury into the distal optic nerve (Fig. 2a). As
expected, intact, normal optic nerves showed no staining at all
(Fig. 2b). Animals with nerve crush but with either no intraocular
injections (Fig. 2¢) or intraocular injections that did not infringe
on the lens (Fig. 2d) showed some GAP-43 immunostaining in the
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Figure 3. Time course of axon growth into the distal optic nerve. After
nerve crush combined with lens puncture, the number of axons extending
0.5 or 1.0 mm distal to the injury site rises continuously over the first three
weeks, then declines.

proximal region of the nerve (see below) and in the neuroma that
forms at the injury site, but almost none beyond this point.
Quantitatively, animals with optic nerve crush alone (n = 5)
averaged 4 = 3 axons (mean = SEM) extending 0.5 mm past the
crush site, and none at 1 mm; animals in which the nerve was
crushed but which received minimally invasive injections (n = 7)
had only slightly more growth (22 * 9 axons at 0.5 mm, and 6 =
3 at 1 mm). Relative to the latter group, animals in which the
nerve was crushed and the lens punctured showed a nearly 100-
fold increase in axon growth (1791 = 232 axons at 0.5 mm, and
933 + 162 axons at 1 mm distal to the crush site, n = 6; see Fig.
10). The difference between the latter group and controls with
nerve crush plus minimally invasive injections was highly signifi-
cant (p < 0.001 at both 0.5 and 1.0 mm).

If GAP-43-immunopositive processes truly represent growing
axons, we would expect to see a progressive increase in their
numbers over time. As shown in Figure 3, the number of axons
reaching 0.5 or 1 mm past the injury site rose continuously over
the first 3 weeks. By 40 d, however, the number declined, suggest-
ing that GAP-43 expression in RGCs had diminished or that
some of the axons that had been present at 3 weeks degenerated.

Anterograde labeling with cholera toxin
Anterograde labeling afforded a more rigorous way to demon-
strate that axons distal to the crush site arose from RGCs. For
these studies, we injected CTB into the posterior chamber 1 d
before killing animals, then performed immunohistochemistry to
detect CTB in the optic nerve. The pattern of CTB staining
closely resembled that for GAP-43. After nerve crush without
lens puncture, CTB-positive axons were detected proximal to the
injury site but not beyond it, whereas with nerve crush plus lens
puncture, many CTB-positive axons appeared in the distal nerve.
Double-labeling revealed that axonal elements growing beyond
the crush site contained both antigens, and in some cases, intense
double-labeling was observed in structures resembling growth
cones (Fig. 4c, arrowhead). In four CTB-labeled animals having
optic nerve crush and lens puncture, we counted 903 + 54 axons
at 0.5 mm with C'TB staining versus 1422 *= 259 GAP-43-positive
axons at the same distance; a similar labeling ratio was seen at 1
mm. The discrepancy between the numbers of CTB- and GAP-
43-positive axons may be attributable to a failure of RGCs distant
from the injection site to take up CTB.

Although CNS myelin is inhibitory to axon growth, RGC axons
appear to regenerate through myelin-rich areas of the nerve after
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lens puncture. This is apparent in double-immunostained sections
in which we labeled growing axons with antibodies to GAP-43
and myelin with antibodies to MBP (Fig. 4d—f). Because the 15
pm sections are thicker than the axons, it remains possible that
the axons may be growing through myelin-free zones within the
nerve, although no gaps in the MBP staining pattern are appar-
ent. The pattern of myelin staining in the nerve 21 d after crush
has a reticulated appearance that differs from the continuous,
striated staining found in the normal optic nerve (data not
shown).

In the normal rat retina, GAP-43 immunostaining is limited to
the processes of dopaminergic amacrine cells in the inner plexi-
form layer (Kapfhammer et al., 1997). RGCs are unstained (Fig.
Sa), as are their axons within the optic nerve (Fig. 5b). Twenty
one days after optic nerve crush without lens injury, RGCs
remained unlabeled (Fig. 5c¢), although a few GAP-43-positive
axons appeared in the optic nerve proximal to the crush site (Fig.
5d). Combining nerve crush with lens injury led to a dramatic
increase in the immunostaining of RGCs and in their axons, as
seen within the overlying fiber layer (Fig. 5¢) and in the optic
nerve proximal to the crush site (5f). The number of GAP-43-
positive fibers extending up to the injury site greatly exceeds the
number that continues past this point (compare Fig. 2a). Surpris-
ingly, even without nerve damage, lens injury stimulated RGCs to
express GAP-43 across the full extent of the retina (Fig. 5g),
despite the fact that the axons of these cells were not damaged.
Correspondingly, some normal axons in the undamaged optic
nerve showed GAP-43 immunostaining after lens injury (Fig. 5h).

GAP-43 was not detected in RGCs 24 hr after nerve crush with
lens puncture (data not shown), but became visible by day 3 (Fig.
6b) and intensified by day 7 (Fig. 6¢). By 21 d, GAP-43 levels were
high throughout the retina (Fig. 6d). Animals with nerve crush
alone showed only a small, transient increase in GAP-43 expres-
sion at 7 d (Fig. 7a) that could no longer be detected at 21 d (Fig.
7b). The effect of lens puncture alone on RGCs was evident on
day 7 (Fig. 7c) and, as mentioned above, remained high at 21 d
(Fig. 7d).

The effect of combining nerve injury and lens puncture is
confirmed on western blots of the retina and proximal optic nerve
segment (Fig. 8a,b). These studies were performed 14 d after
surgery, a time at which the transient upregulation of GAP-43
expression from nerve injury alone has mostly subsided (Doster et
al., 1991; Wodarczyk et al., 1997). Western blots showed little
change in overall retinal GAP-43 levels 14 d after a nerve crush
with a minimally invasive intraocular injection or after lens injury
without nerve crush. This is presumably because the GAP-43
changes in RGCs induced by these manipulations are modest
relative to the considerable and unchanging levels in amacrine
cells. However, the effect of combining nerve crush and lens
injury was clearly evident, both in the retina (Fig. 8a) and in the
optic nerve (Fig. 8b), where the only source of GAP-43 is in RGC
axons.

Retinal ganglion cell survival

To evaluate cell survival, we used Fluorogold to retrogradely
label RGCs 1 week before surgery. In the normal, intact visual
pathway, Fluorogold labeled numerous RGCs, which are charac-
teristically round or oval cells, 12-15 um across (Fig. 9a). Quan-
titation revealed a cell density of 1806 + 54 RGCs/mm? (n = 14
cases; Fig. 9a,d), similar to previously reported results (Mey and
Thanos, 1993; Mansour-Robaey et al., 1994; Clarke et al., 1998;
Koeberle and Ball, 1998). Very few RGCs remained alive 3
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Figure 4. Double-labeling studies of regenerating axons. Double-immunofluorescent labeling shows that, after lens injury, the same axons (arrows) and
presumed growth cone (arrowhead) are visualized distal to a crush site with an antibody to GAP-43 (a, arrows) and anti-CTB antibodies (b); ¢, in the
fusion of the two images, yellow reflects a superposition of the two labels. Scale bar, 100 um. d—f, Double immunostaining for GAP-43 and myelin basic
protein. After optic nerve crush plus lens puncture, numerous GAP-43-positive fibers (arrowheads) are seen distal to crush site in myelin-rich regions
(e, immunostaining for myelin basic protein). f, Fusion of the two images. Scale bar, 100 wm.

weeks after nerve injury alone, or after nerve injury combined
with a minimally invasive intraocular injection: in the latter case,
we counted 59 * 21 RGCs/mm?, i.e., only 3% of the original
number (n = 7). At the same time, numerous small, brightly
fluorescent, spiny cells with multiple processes appeared (Fig.
9b,e). These latter cells have been described previously in the
injured retina and represent activated microglia (Thanos et al.,
1993; Sawai et al., 1996; Clarke et al., 1998; Koeberle and Ball,
1998). When nerve injury was accompanied by lens puncture,
RGC survival increased approximately eightfold, i.e., 24% of the
original number of RGCs remained 3 weeks after surgery (430 =
38 RGCs/mm?: n = 7). Microglia were still evident, but in much
smaller numbers, and could be readily distinguished from RGCs
by their morphology and location in a different optical plane (Fig.

9¢,f).

Astrocyte reaction

In normal rats, GFAP staining is restricted to the dense network
of astrocytic processes in the innermost retina (Fig. 6¢), and this
did not change 7 or 21 d after nerve crush alone (Fig. 7ef).
Minimally invasive injections that did not infringe on the lens
caused a local GFAP upregulation in the region of the needle
track but not elsewhere (data not shown). However, puncturing
the lens, even without injuring the nerve, stimulated GFAP
expression in Miiller cells across the full extent of the retina. This
change was detectable by 3 d, became pronounced by 7 d (Fig. 7g),
and persisted for at least 3 weeks (Fig. 7h). Crushing the optic
nerve in addition to puncturing the lens did not increase GFAP
expression in Miiller cells beyond the level induced by lens injury
alone (Fig. 6g/). These results are confirmed on western blots:
lens puncture alone increased overall GFAP levels in the retina,
whereas nerve crush alone had a smaller effect. The effect of
combining nerve injury with lens puncture was similar to that of
lens puncture alone (Fig. 8c).

Macrophage reaction

The normal retina does not contain ED-1-positive macrophages
(Fig. 6i), and this was not altered by nerve crush alone (Fig. 7ij)
or by intraocular injections that did not infringe on the lens,
except in the immediate vicinity of the needle track (data not

shown). In contrast, lens injury led to widespread macrophage
infiltration across the whole extent of the retina whether or not
the nerve was crushed. This first became apparent at 3 d and
intensified at 7 d (Fig. 7k); combining lens puncture with nerve
injury induced about the same level of macrophage infiltration as
lens puncture alone (Fig. 6k). Thus, the onset of the macrophage
reaction correlates well with the changes seen in RGCs and in
Miiller cells: all three are induced strongly by lens injury but only
minimally by nerve crush, and covary in time and space. Table 1
summarizes the pattern of changes seen in the eye 7-14 d after
various experimental conditions. At 21 d, whereas GAP-43 ex-
pression in the retina and GFAP expression in Miiller cells
remained high (Figs. 6d,/), the number of ED-1-positive cells
subsided considerably (Figs. 6/, 7I). As demonstrated by Fluoro-
gold labeling, there are still numerous microglia in the retina at
21 d, particularly after nerve crush alone (Fig. 9¢,f), but these do
not stain with the ED-1 antibody.

Immunizing animals against myelin has been reported to en-
able injured corticospinal tract axons to regenerate through the
dorsal funiculus of the rat’s spinal cord after injury (Huang et al.,
1999). Because lens puncture causes a strong inflammatory reac-
tion in the eye, we investigated whether it also stimulates an
immune response that may contribute to RGC survival and axon
regeneration. We obtained sera from normal controls or from
animals having a nerve crush with a minimally invasive injection
in the eye or nerve injury combined with lens puncture (all 7 d
after surgery; n = 3 in each group), and we used these sera to
stain western blots of proteins from the retina and optic nerve
(derived from normal animals and from animals 7 d after nerve
crush). No differences were observed in the staining patterns
obtained with the different antibodies (data not shown). It might
also be predicted that if circulating antibodies were contributing
to axon regeneration in our studies, lens puncture would help
stimulate GAP-43 induction and axon regeneration in the con-
tralateral optic nerve if it were also injured. Results from such
studies show no GAP-43 changes in the retina or optic nerve
contralateral to the eye receiving a lens puncture when both optic
nerves were injured; only the side with the lens puncture exhib-
ited elevated levels of GAP-43 (Fig. 8d). Similarly, immunohis-
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Figure 5. GAP-43 upregulation in the retina and prox-
imal optic nerve after lens puncture. The normal adult
rat retina (a) shows a moderate level of GAP-43 immu-
nofluorescence in the inner plexiform layer (stained
bands), but none in the ganglion cell layer (open arrows).
Correspondingly, there is no axon staining in the nor-
mal optic nerve (b). Twenty-one days after nerve crush
alone, there is no change in the pattern of retinal stain-
ing (c), although some positively stained axons appear
in the optic nerve segment proximal to the crush site (d,
arrows). After nerve crush accompanied by lens punc-
ture, there is a marked increase in GAP-43 staining in
RGCs (e, arrows) and in axons proximal to the injury
site (f). Lens puncture alone leads to a somewhat lesser
increase in GAP-43 expression in RGCs (g) and results
in a small number of positively stained fibers in the optic
nerve (h, arrow). Scale bar, 100 pum.

tochemistry revealed no axon growth past the injury site in an
injured optic nerve when the contralateral lens was punctured
(data not shown). These results suggest that GAP-43 induction
and axon regeneration are related to local effects that ensue from
lens puncture, rather than from systemically circulating agents,
e.g., antibodies.

As described previously (Battisti et al., 1995), within the nerve,
numerous macrophages were seen in the vicinity of the crush site
within 7 d of injury, and by 14 d, these cells became dispersed
along the length of the nerve; by 21 d, their distribution narrowed
to the vicinity of the crush site. Puncturing the lens without
crushing the nerve induced no macrophage reaction in the nerve,
and combining lens puncture with nerve crush did not augment
the response beyond the level seen after nerve crush alone (data
not shown). By 7 d, a massive cavity has formed at the crush site
in all cases.

Defined growth factors

Puncture wounds to the posterior chamber of the eye cause a
selective induction of CN'TF and basic FGF mRNA (Faktorovich
et al., 1992; Wen et al.,, 1995; Cao et al.,, 1997). CNTF induces
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RGC:s to extend axons in dissociated cell culture (Jo et al., 1999)
and through a peripheral nerve graft in vivo (Cui et al., 1999). To
investigate whether CNTF mediates the effects of lens puncture
on RGCs, we injected CNTF into the vitreous at concentrations
up to 1 pug/ml, ~1000 times the EDs, required to stimulate rat
RGCs in culture (Meyer-Franke et al., 1995; Jo et al., 1999). Axon
growth was examined at 14 d, a time point at which growth past
the crush site becomes clear-cut after lens puncture, but before
the effect of a single injection might have subsided. As summa-
rized in Figure 10, intraocular injections of CNTF that did not
infringe on the lens had no effect. We also investigated whether
the RGC changes that result from lens puncture could be dimin-
ished with anti-CNTF antibodies (R & D Systems; 20 pg/ml, a
quantity sufficient to neutralize 80% of the activity of 1 ng/ml of
CNTF). No changes were observed (Fig. 10). Neutralizing anti-
bodies to BDNF or basic FGF likewise failed to diminish the
number of axons measured at 0.5 or 1 mm distal to the injury site
after lens puncture (Fig. 10). However, anti-BDNF antibody
treatment doubled the length of the longest regenerating axon
measured distal to the injury site (for nerve crush plus lens
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puncture, average = SEM = 2.71 * 0.52 mm; for similarly treated
animals with anti-BDNF injections, longest axon = 5.65 * 0.61
mm; ¢ = 3.67; p < 0.01; df = 8). No other treatment significantly
altered axon length.

Multiple punctures

We investigated whether the regenerative changes obtained after
a single lens injury could be augmented by multiple punctures.
This was examined by making either 10 punctures on the same
day as the nerve injury or five punctures at 3 d intervals beginning

~.,.:.me~‘ 7
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Figure 6. Time course of GAP-43, GFAP, and
ED1 immunostaining in the retina after nerve
crush combined with lens puncture. a-d, GAP-43
immunostaining in RGCs in the normal retina
(a) and at 3-21 d after surgery. Three days after
nerve crush with lens puncture, RGCs begin to
show increased GAP-43 levels in their somata (b,
arrows) and in their axons in the overlying optic
fiber layer (asterisks); staining intensifies by day 7
(c) and remains high at day 21 (d). e, h, Mueller
cells show a parallel activation, as indicated by
increased GFAP staining on day 3 (f), which
intensifies further on days 7-21 ( g h). i-/, Mono-
cyte activation in the retina is visualized by ED1
staining. Whereas most of the ED-1-positive cells
seen at day 3 (j) are within the retinal neuropil,
by day 7, most appear on the surface of the retina
(k); the number of ED-1-positive cells decreases
by day 21 (/). Scale bar, 100 um.

the same day as the nerve crush. Both of these treatments only
diminished axon growth, perhaps because of generalized trauma
to the retina. Thus, a single, spatially restricted lens puncture
appears to elicit a maximal response in RGCs.

Macrophage activation mimics the effect of

lens puncture

To determine whether macrophages mediate the effect of lens
puncture on RGC survival and axon regeneration, we used sev-
eral methods to activate macrophages without encroaching on the

Figure 7. Effects of lens puncture or
nerve injury alone. Nerve crush alone
stimulates only a small change in
GAP-43 expression in RGCs on day 7
(a) or day 21 (b) after surgery. In par-
allel to this, there is no change of GFAP
expression in Miiller cells (e, f) or in the
number of ED-1-positive macrophages
@i, j). In contrast, lens puncture alone
induces changes in all three cell types by
day 7 (c, g, k). The changes in RGCs (d)
and Miiller cells (/) remain high at day
21, although ED1 staining reveals fewer
I macrophages at this time point. Scale
bar, 100 wm.
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Figure 8. Changes in GAP-43 and GFAP expression: Western blots.
Lens puncture combined with nerve crush (P+C) results in increased
GAP-43 levels in the retina (a, arrow), and even more strikingly, in the
proximal portion of the optic nerve (b, arrow; N represents the normal,
contralateral side of the experimental animal; all results are at 14 d after
surgery). ¢, GFAP levels are upregulated equally by lens puncture alone
(P) or lens puncture plus nerve crush (P+C). Nerve crush alone (C)
causes a lesser change. d, A case in which both optic nerves were crushed
but the lens was injured on only one side. There is a much greater increase
in GAP-43 in the retina and optic nerve on the side with lens puncture
plus nerve crush (P+C) than on the contralateral side having a minimally
invasive intraocular puncture that does not infringe on the lens (MP+C).

lens. Of these, the greatest effect was achieved using Zymosan, a
yeast cell wall suspension, to augment the modest macrophage
response that occurs after minimally invasive intraocular injec-
tions. Zymosan stimulated an extensive macrophage response in
the eye (Fig. 11a), and this was paralleled by an upregulation of
GFAP in Miiller cells (Fig. 11b) and of GAP-43 in RGCs (Fig.
11c); under these conditions, we observed extensive axon regen-
eration past the site of nerve injury (Fig. 11d). Consistent results
were seen in all five Zymosan-treated cases.

The vitreous is highly inhibitory to inflammation (Osusky et al.,
1996); in conformity with this, we were unable to elicit a sustained
macrophage reaction by injecting IFN-y or by introducing acti-
vated peritoneal macrophages. Correlated with the absence of
monocyte activation were an absence of GAP-43 upregulation in
RGCs and a failure of axons to regenerate past the crush site in the
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nerve. IFN-y did, however, stimulate GFAP expression in Miiller
cells (data not shown). None of the inhibitors used (MIF, Ciglita-
zone, prostaglandin J2) diminished macrophage activation after
lens puncture, nor did they alter GAP-43 expression.

DISCUSSION

In mature mammals, RGCs are unable to regrow injured axons
and soon undergo apoptotic death (Garcia-Valenzuela et al.,
1994). These well known events are a paradigm of regenerative
failure in the CNS and may mimic pathophysiological sequelae
that underlie degenerative diseases such as glaucoma (Quigley
and Green, 1979; Quigley et al., 1995). However, as shown here,
if the lens is injured, RGCs show increased survival and regen-
erate their axons into the distal optic nerve.

The pro-regenerative effects of lens puncture appear to be
mediated through activated macrophages. Within 3 d of nerve
crush with lens puncture, ED-1-positive monocytes appear across
the entire retina. This is paralleled by an upregulation of GAP-43
in RGCs and of GFAP in Miiller cells; these changes all intensify
by 7 d and remain high for another week. Macrophage activity
then begins to decline, but the changes in Miiller cells and RGCs
persist. In the absence of lens puncture, nerve injury, either alone
or combined with a minimally invasive intraocular injection,
induces only minor macrophage activation, and is soon followed
by massive RGC death. To investigate whether macrophages play
a causative role in stimulating RGC survival and regeneration, we
used several methods to stimulate monocytes without infringing
on the lens. Zymosan, a yeast membrane suspension that activates
the mannose and B-glucan lectin-binding site of the CR3 f,-
integrin receptors (Lombard et al., 1994; Xia et al., 1999), re-
sulted in massive macrophage infiltration into the eye. This was
accompanied by a dramatic increase in GAP-43 expression in
RGCs and axon regeneration beyond the injury site.

The vitreous is normally suppressive to inflammation; this has
been attributed to high levels of hyaluronic acid and TGF-BII
(Osusky et al., 1996). In conformity with this, we were unable to
stimulate macrophages with IFN-v, and peritoneal macrophages
did not remain activated in a host vitreous without lens puncture.
Thus, lens puncture may release agents that overcome the anti-
inflammatory influences that normally prevail intravitreally, e.g.,
a-crystallin (Bhat and Sharma, 1999). Huang et al. (1999) have
reported that immunizing rats to myelin stimulates the formation
of antibodies that enable corticospinal tract axons to regenerate
after spinal cord injury. However, our results indicate that the
effects of lens puncture and macrophage activation are local and
are not mediated through circulating antibodies.

The factors that mediate the effects of monocyte activation on
RGCs are as yet unknown. Activated monocytes release a host of
cytokines and growth factors that can affect neurons directly or
via glial stimulation (Giulian, 1993; Kreutzberg, 1996). In the rat
striatum, puncture wounds stimulate microglia that express
BDNF and promote the infiltration of macrophages that express
GDNF; these two growth factors are likely to contribute to the
survival and outgrowth of dopaminergic neurons that occurs after
puncture wounds (Batchelor et al., 1999). BDNF and GDNF also
affect RGC survival after axotomy (Mey and Thanos, 1993;
Mansour-Robaey et al., 1994; Sawai et al., 1996; Di Polo et al.,
1998; Koeberle and Ball, 1998) and could play a role here.
However, neutralizing anti-BDNF antibodies did not diminish
the positive effects of lens injury, but augmented the length of
axon growth into the distal optic nerve. This unanticipated effect
on axon length may be a consequence of suppressing the effects of



Leon et al. « Axon Regeneration in the Rat Optic Nerve

BDNF on axon branching (Mansour-Robaey et al., 1994; Sawai et
al., 1996; Cohen-Cory, 1999; Jo et al., 1999; Lom and Cohen-
Cory, 1999). In terms of glial contributions, activated Miiller cells
increase CNTF expression (Ju et al., 1999), and CNTF can
stimulate RGC survival (Mey and Thanos, 1993; Meyer-Franke et
al., 1995) and axon regeneration (Cui et al., 1999; Jo et al., 1999).
However, intraocular injections of CN'TF did not stimulate axon
regeneration in the absence of lens puncture, and anti-CNTF
antibodies did not diminish the effects of lens injury. Traumatic
injury to the eye also increases mRNA for bFGF (Faktorovich et
al., 1992; Wen et al., 1995; Cao et al., 1997), but again, anti-bFGF
antibodies did not diminish the effect of lens puncture. These
results cannot be interpreted too literally, however, because the
diffusion and degradation of the growth factors and antibodies
may render their concentrations too low to be effective. A number
of studies on trophic factors in the eye found that control injec-
tions enhanced RGC survival (Mansour-Robaey et al., 1994;
Koeberle and Ball, 1998). These effects may have resulted in part
from inadvertent lens injury, because in our hands, intraocular
injections that did not infringe on the lens had little effect on
RGCs.

Peripheral nerve fragments implanted into the vitreous stimu-
late RGCs to regenerate their axons into the optic nerve, partic-
ularly when the implant is derived from a peripheral nerve that
had first been injured and allowed to degenerate in vivo for
several days (Berry et al., 1996). Peripheral nerve injury stimu-
lates considerable macrophage infiltration (Berry et al., 1996)
and, as shown here, the latter cells may have contributed to the
observed regenerative response. In support of this, a pre-
degenerated peripheral nerve epineurium without Schwann cells
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Figure 9. Lens puncture enhances RGC
survival. RGC survival was evaluated using
Fluorogold to retrogradely label RGCs 1
week before surgery. In the normal retina,
RGCs appear as oval cells with a pale blue—
white fluorescence (a, d, red arrows). Optic
nerve crush, either alone or with a minimally
invasive injection (b, ¢), results in the death
of most RGCs by day 21. Activated micro-
glia pick up label by phagocytosis, and are
readily distinguished from RGCs by virtue
of their brilliant white fluorescence and mul-
tiple, thin processes (green arrows). Nerve
crush combined with lens puncture increases
RGC survival (¢, f, red arrows) and decreases
the number of microglia in the retina. Scale
bar, 100 wm.

stimulates RGCs to sprout processes in the retina and to upregu-
late GAP-43 expression, again suggesting a role for macrophages
(Lai and Cho, 1999).

Although our results indicate that activated monocytes pro-
mote RGC survival and outgrowth, they are also likely to exert
adverse effects. Developmentally, microglia play a role in elimi-
nating supernumerary RGCs by secreting NGF; RGCs lack trkA
receptors, and NGF acting on the low-affinity p7SNTR receptors
of these cells leads to cell death (Frade et al., 1996; Frade and
Barde, 1998). This may also occur in the axotomized adult retina,
but can be counteracted by other growth factors released by
macrophages. In addition, activated monocytes can exert negative
effects through nitric oxide, oxygen-free radicals, arachidonic acid
derivatives, proteases, excitatory amino acids, quinolinic acid, and
other cytokines (Giulian et al., 1993, 1994; Kreutzberg, 1996).
Intravitreal injections of a tripeptide MIF have been reported to
increase RGC survival (Thanos et al., 1993; Moore and Thanos,
1996), although in our hands, MIF had little effect on monocyte
activity or RGC survival. In the optic nerve, macrophages may
help transform the nonpermissive adult optic nerve into a per-
missive substrate for neurite growth by phagocytosing inhibitory
cellular debris (David et al., 1990; Lazarov-Spiegler et al., 1996,
1998; Schafer et al., 1996). However, the macrophage reaction in
the optic nerve is clearly insufficient to promote RGC survival or
axon growth.

One factor that still places severe limits on axon regeneration is
the glial scar (Reier et al., 1983; Rudge and Silver, 1990; McKeon
et al., 1991; Fitch et al., 1999). After lens puncture and nerve
crush, most RGCs appear to be “growth-enabled”, as suggested
by the high levels of GAP-43 in their somata and proximal axon

Table 1. Summary of changes resulting from nerve injury and/or lens puncture

Cellular change Control Nerve crush Lens puncture Crush + puncture
GAP-43" RGCs — +/— 44 o+

GFAP™ Miiller cells - +/— +4+ Tt

ED-1" macrophages - - +++ +4++




4624 J. Neurosci., June 15, 2000, 20(12):4615-4626

Nerve crush only B Mean number
of axons = SEM

Crush + minimal puncture

Crush + lens puncture

Cr., Sciatic N. implant

Cr., multiple punct. (5Q3)

Cr., multiple (10x)

Cr., CNTF (mini punct.)
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Cr., punct., anti-CNTF

Cr., punct,, anti-bFGF (1x, 5x)

Cr., punct., anti-BDNF
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Figure 10. Quantitation of axon growth after various treatments. The
combination of nerve crush plus lens puncture induces nearly 2000 axons
to regenerate >500 wm past the injury site. This represents a 100-fold
increase relative to animals with nerve crush only. Multiple punctures
(Cr., multiple punct.) or an intravitreal sciatic nerve implant (Cr., Sciatic N.
implant) stimulate significantly less growth. Intravitreal injections of
CNTF without lens injury (Cr., CNTF mini punct.) do not mimic the
effects of lens puncture, and anti-CNTF antibodies do not decrease axon
growth in lens-puncture cases (Cr., punct., anti-CNTF). Antibodies to
BDNF or bFGF also fail to diminish axon growth after lens puncture (Cr.,
punct., anti-BDNF; Cr., punct., anti-bFGF).

segments. However, of the surviving RGCs, <10% extend an
axon beyond the crush site. Thus, although lens puncture makes
surviving RGCs competent to regenerate their axons, the scar
prevents these axons from growing further.

Myelin also normally represents a major impediment to axon
growth in the CNS (Caroni et al., 1988; Schwab and Caroni, 1988;
Shewan et al., 1995). However, as shown here and elsewhere,
mature RGCs can extend lengthy axons into the myelinated optic
nerve when appropriately stimulated. Other studies have shown
more restricted axon growth in the mature optic nerve after
intravitreal injections of angiotensin I (Lucius et al., 1998) or by
inactivating the GTPase Rho, (Lehmann et al., 1999).

A surprising effect of lens puncture was to induce RGCs to
express GAP-43 even when not growing axons. Developmentally,
RGCs express this protein during axon outgrowth and synaptic
refinement, then downregulate it as their connections mature
(Skene and Willard, 1981b; Meiri et al., 1986; Moya et al., 1988).
Normally, GAP-43 is transiently upregulated after axotomy and
declines as RGCs undergo atrophic changes (Doster et al., 1991;
Fournier et al., 1997; Wodarczyk et al., 1997, Wouters et al.,
1998). Levels remain high only if regeneration is sustained (Skene
and Willard, 1981a; Benowitz and Lewis, 1983; Doster et al.,
1991; Meyer et al., 1994; Schaden et al., 1994; Berry et al., 1996).
In the present study, lens puncture and nerve injury had indepen-
dent and synergistic effects on GAP-43 expression. Whereas
axotomy alone induced only a weak and transient response, the
effect of lens puncture persisted for at least 3 weeks, and the two
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Figure 11. Macrophage activation mimics the effect of lens puncture.
a, A single injection of Zymosan into the vitreous results in a massive
infiltration of ED-1-positive monocytes in the retina (arrows). This is
paralleled by increased GFAP expression in Miiller cells (b, arrowheads),
increased GAP-43 levels in RGCs (c, arrowheads) and in their axons in
the overlying fiber layer (asterisks), and growth of GAP-43-positive axons
past the injury site (d, asterisk) into the distal portion of the optic nerve
(arrowheads).

combined resulted in an induction that was considerably more
than additive.

In mice that overexpress the anti-apoptotic protein Bcl-2,
RGCs survive axotomy but do not regenerate their axons (Chi-
erzi et al., 1999). Thus, axon growth is not a simple consequence
of enhancing cell survival. It would appear that some factor
released by activated macrophages activates the growth program
in RGCs over and above of any changes in cell survival.
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