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Basic fibroblast growth factor (bFGF) is thought to be a tro-
phic factor for several classes of neurons. its distribution
changes in response to cortical neural injury. We have de-
termined the effect of injury to the optic nerve on localization
of bFGF in the rodent retina and visual pathways. Our ob-
servations were confirmed by using different antisera and
monocional antibodies. While photoreceptors normally con-
tain virtually no bFGF, crushing the optic nerve causes a
striking increase, over a period of several weeks, in the
amount of bFGF in retinal photoreceptors. Since photore-
ceptors do not synapse directly upon the injured ganglion
cells, intermediary cells must participate in the cascade of
events that results in the elevated bFGF. In light of the ob-
servation that exogenous bFGF protects photoreceptors from
photodamage (Faktorovich et al., 1992), this increase in bFGF
in photoreceptors may explain, in part, why crushing the
optic nerve protects photoreceptors against photodamage
(Bush and Williams, 1991).

Whereas bFGF is constitutively found in glia in the optic
nerve, little bFGF is found in glia in the optic tract. However,
damage to the optic nerve increases bFGF in astrocytes in
the optic tract. This change occurs within days, suggesting
that a relatively direct signal may intervene between the
injured axon and the adjacent glial cells. Thus, despite the
fact that the optic nerve and optic tract are contiguous struc-
tures through which axons of retinal ganglion cells project,
the glial elements in these structures express distinct prop-
erties, because of differences in either glial subclasses or
microenvironment. We suggest that changes in neuronal and
glial bFGF expression are part of a coordinated injury re-
sponse that involves a dynamic interaction between neural
cells and trophic factors. These changes may contribute to
either a beneficial regenerative response or a pathological
change that inhibits regeneration.
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Basic fibroblast growth factor (bFGF) is a member of the fibro-
blast growth factor family. Members of this family of polypep-
tide growth factors have been shown to affect a wide range of
mesenchymal and neuroectodermal cells, stimulating mitosis
and chemotaxis in some cells and inducing differentiation in
others (Burgess and Maciag, 1989; Baird and Bohlen, 1991).
bFGF has been isolated in relatively high concentrations from
brain and retinal tissue, suggesting a role in neural function
(D’Amore and Klagsbrun, 1984; Gospodarowicz et al., 1984;
Esch et al., 1985). The brain and retina are the only structures
in the intact adult animal from which bFGF mRNA can be
isolated in appreciable quantities (Mergia et al., 1986; Shimasaki
etal., 1988; Emoto et al., 1990), indicating a need for continuous
synthesis and perhaps a requirement for bFGF by mature neural
cells. bFGF mRNA in other tissues is primarily detected during
development, in hyperplastic or malignant cells, or after injury
(Kimelman et al., 1988; Beckeret al., 1989; Herbert et al., 1990;
Mori et al., 1990; P.-T. Ku and P. A. D’Amore, unpublished
observations).

There is convincing evidence that bFGF affects neural cells
in vitro (see Wagner and Kostyk, 1990, for a review). bFGF has
been shown to stimulate survival, differentiation, and/or neurite
outgrowth in a wide variety of neural cells in culture (Morrison
et al., 1986; Walicke et al., 1986; Unsicker et al.; 1987; Lipton
etal., 1988; Walicke, 1988). The application of exogenous bFGF
in vivo has recently been shown to decrease neural cell loss in
several models of CNS injury (Sievers et al., 1987; Anderson et
al., 1988; Otto and Unsicker, 1990). There are also reports that
the endogenous pattern of bFGF localization and expression
changes in the CNS in response to traumatic cortical injury
(Finklestein et al., 1988; Frautschy et al., 1991; Gémez-Pinilla
and Cotman, 1992; GOmez-Pinilla et al., 1992; Logan et al.,
1992).

In the visual system, bFGF has been implicated as a trophic
factor that protects against injury and degeneration and stim-
ulates regeneration. bFGF applied to a transected optic nerve
triples the number of retinal ganglion cells (RGCs) surviving
axotomy in the rat after 30 d (Sieversetal., 1987). When injected
into the subretinal space or vitreous, bFGF delays photoreceptor
degeneration in rats with inherited retinal dystrophy (Fakto-
rovich et al., 1990) or phototoxicity (Faktorovich et al., 1992).
bFGF stimulates regeneration of the chick retina from pigment
epithelial cells in vivo (Park and Hollenberg, 1989). In vitro,
bFGF prolongs survival of RGC in retinal explants and stim-
ulates differentiation of photoreceptors and other retinal cells
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(Bidhr et al., 1989; Hicks and Courtois, 1992; Lillien and Cepko,
1992).

The pattern of endogenous bFGF expression within the visual
system following injury, however, has not been explored. In the
following studies we use immunohistochemical techniques to
describe the normal distribution of bFGF in the mouse retina,
optic nerve, and optic tract and the changes in its distribution
following optic nerve lesion.

Materials and Methods

Optic nerve injury. Four- to eight-week-old C57 black mice were anes-
thetized with intraperitoneal injections of Avertin (0.02 cc/gm). Optic
nerves were exposed and crushed intraorbitally 2-4 mm posterior to
the optic disk between fine forceps for 30-60 sec. In sham-operated
controls the optic nerve was similarly exposed but not crushed. Retina,
optic nerves, and optic tracts from unoperated animals and from the
sides opposite the lesions served as controls. Animals were killed at
various time points between 3 d and 6 weeks following the surgical
procedures. At least two animals were killed at each of the following
time points: 2, 3, 4, and 5 weeks. To control for the possibility that the
retro-orbital optic nerve crush injury was affecting the retina by dam-
aging the retinal blood supply, seven adult Sprague-Dawley rats that
had one optic nerve sectioned just anterior to the optic chiasm were
purchased from Zivic-Miller Laboratories (Zelienople, PA). The optic
nerve in the rats was approached intracranially through the roof of the
mouth so as not to affect the retinal vasculature (Madison et al., 1984).
Two animals were killed at each of three time points: 4, 6, and 7 weeks
postoperatively. An additional animal was killed at 5 weeks. Two sham-
operated animals were also purchased. Retinas from these animals were
processed as for the mouse tissue. All procedures involving mice and
rats adhered to the policy and guidelines of the Society for Neuroscience
for care and use of animals in neuroscience research.

Tissue preparation. Animals were anesthetized and then perfused
through the left ventricle with phosphate-buffered saline (PBS), pH 7.4,
followed by 4% paraformaldehyde in 0.1 m sodium phosphate buffer,
pH 7.4. The retinas and individual pieces of nerves were postfixed for
30-60 min and then equilibrated in 30% sucrose/PBS for several hours
at 4°C. Brain tissue was postfixed for 2—4 hr and then equilibrated in
sucrose overnight. Tissue sections were cut in a cryostat at —22°C.
Sections of 4-6 pm were used for immunofluorescence analysis. Thicker
(12 um) sections were used for peroxidase reactions and 35 um sections
were occasionally collected and processed as floating sections. Sections
were mounted on double-subbed glass slides.

Immunolocalization of bFGF and glial fibrillary acidic protein. As
there has been some controversy in the literature regarding the im-
munostaining pattern of bFGF in the retina and brain (Hanneken and
Baird, 1992), immunohistochemical staining to localize bFGF was car-
ried out using several different preparations of antibodies on tissue
prepared by identical fixation techniques. The antibody we used most
frequently in these studies was a well-characterized rabbit polyclonal
immunoglobulin (IgG) raised against human recombinant bFGF (Healy
and Herman, 1992). This anti-bFGF IgG was used at dilutions between
2 and 10 pg/ml. A subset of slides was stained with an affinity-purified
fraction of this IgG obtained by passage over a human recombinant
bFGF-Affigel column. No significant differences were found in the stain-
ing between these two sets of slides, although the level of diffuse back-
ground staining was decreased using the affinity-purified labeled IgG.
Control sections were stained with nonimmune IgG, preimmune sera,

or bFGF antiserum that was preabsorbed onto a bFGF-Affigel column.
Other bFGF antibodies that were used included a monoclonal antibody
to bovine bFGF (type I, Upstate Biotechnology Inc., Lake Placid, NY),
a monoclonal to human recombinant bFGF (kindly donated by Takeda
Chemical Industries, Ltd., Osaka, Japan), and an affinity-purified rabbit
polyclonal antibody to bovine bFGF (R&D Systems, Minneapolis, MN).
The staining patterns obtained with all of these bFGF antibodies were
similar.

For immunostaining, tissue sections were successively incubated as
follows: 10% normal goat serum (NGS; Sigma)/PBS for 30 min at room
temperature (RT); primary antisera or control solution in 1% NGS,
0.3% Triton X-100, for 1-24 hr at RT or at 4°C; secondary antisera,
biotinylated goat anti-rabbit (Vector Labs, Burlingame, CA) or bioti-
nylated goat anti-mouse (Pierce, Rockford, IL), in 1% NGS, 0.3% Triton
X-100 for 1 hr at RT; avidin-biotin complex (Vector Labs) for 1 hr at
RT; 0.05% diaminobenzidine (DAB; Sigma, St. Louis, MO) in 0.01%
hydrogen peroxide, 50 mm Tris-HCI for 1-3 min at RT. For double-
staining studies, the biotinylated secondary antibody was followed with
a 1:100 solution of Streptavidin-linked fluorescein or Texas red (Amer-
sham, Arlington Heights, IL) for 1 hr at RT. Sections were then exposed
to a 1:400 dilution of mouse monoclonal anti-bovine glial fibrillary
acidic protein (GFAP; Boehringer Mannheim, Indianapolis, IN), an
astrocyte marker, for 1 hr at RT followed by a 1 hr incubation with
fluorescein- or Texas red-conjugated anti-mouse IgG. Each of these
incubations included appropriate washings with PBS between steps.
Coverslips were applied and slides were then examined by light and
fluorescence microscopy.

Resuits

Localization of bFGF in the normal retina

bFGF is found in relatively high concentrations in the adult
retina (D’Amore and Klagsbrun, 1984; Baird et al., 1985). If it
is acting in the retina as a neurotrophic factor, then one might
expect a change in bFGF distribution after neuronal injury in
the retina.

In the adult mouse retina, intense bFGF immunoreactivity
was present in the RGC layer (Fig. 1a). The morphology of the
cells expressing bFGF in this layer suggested they were astro-
cytes. This was confirmed by showing that the majority of the
cells that were immunoreactive for bFGF (Fig. 1¢) also ex-
pressed GFAP (Fig. 1f). Occasional staining was seen in the
blood vessels in this layer. Intense bFGF labeling was also ob-
served in scattered cells in the inner nuclear layer (INL; Fig.
1a). The morphological appearance of the cells that stained in
the INL suggests that many of these cells are Mueller cells.
Sections similarly processed but without application of the pri-
mary antibody (Fig. 1b) or using preimmune or preabsorbed
antibody showed no specific labeling. A similar staining pattern
was seen with the two monoclonal antibodies (one of which is
shown in Fig. 1a) and also the polyclonal antibody to human
recombinant bFGF. However, the affinity-purified polyclonal
antibody against bovine bFGF (R&D) did not label the cells in
the INL as intensely as the other antibodies. Connolly et al.
(1992) have also noted some antibody-dependent variation in

—

Figure 1.

bFGF immunolocalization in the normal mouse retina and in the retina following optic nerve injury. a, The typical pattern of bFGF

immunoreactivity in a normal adult mouse retina. Prominent cell body labeling visualized with Texas red is seen in the RGC layer and the INL.
b, Section of normal retina processed similarly to sections in @ and d except for the omission of application of the primary antibody. ¢, bFGF-
positive cell (arrowhead) in the RGC layer of a normal retina visualized with a fluorescent-linked antibody. d, bFGF immunolabeling in a retina
3 weeks following a retro-orbital optic nerve crush lesion. Note the intense increase in staining in the ONL as compared to the level of staining in
the ONL of the intact retina in @. e, Higher-magnification image of the INL and ONL of the retina photographed in d. The labeled cells in the
INL, in the lower portion of the picture, show intense label over what appears to be a Mueller cell nucleus and cell body. The injury-induced
staining pattern in the ONL shows little or no nuclear staining but rather displays a ring or doughnut-like labeling pattern. f, Processes of the same
cell as in ¢ labeled with an antibody to GFAP linked to Texas red. In g, d, and e bFGF was localized using a monoclonal antibody to bovine bFGF
purchased from Upstate Biotechnology Inc. (type 1). In ¢, bFGF was localized using the rabbit polyclonal IgG to human recombinant bFGF
prepared in our laboratories. 1, inner nuclear layer; O, outer nuclear layer; R, retinal ganglion cell layer. Magnification: a, b, and d, 343x; c and f,

548 x; e, 858 x.
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Figure 2. bFGF staining in the mouse optic nerve and chiasm. a, Both optic nerves show intense bFGF labeling. Little or no staining is seen once
the fibers pass into the chiasm. Straight arrows in a and b point to the identical labeled cells near the beginning of the chiasm. Curved arrow points
out positively stained cells in the hypothalamus adjacent to the optic chiasm. b, Higher-magnification view of a showing the sharp demarcation
between the optic nerve and the chiasm with respect to the pattern of glial cell staining. The arrow identifies the same region in the two photographs.
bFGF was localized with the Upstate Biotechnology Inc. monoclonal antibody to bFGF and visualized with HRP/DAB. Magnification: a, 21.6%;

b, 68x.

the intensity of bFGF immunolabeling in cells in the INL of
the rat retina. We noted a similar localization pattern of bFGF
in the retina in normal animals, in sham-operated animals, and
in the intact eye after a well-defined crush injury to the optic
nerve of the opposite eve.

Injury to the optic nerve alters bFGF localization in the retina

Within 2 weeks of an intraorbital crush lesion of the optic nerve,
there was a remarkable change in the pattern of bFGF immu-
noreactivity in the retina. The most profound change was the
appearance of a new and intense pattern of labeling throughout
the outer nuclear layer (ONL; compare Fig. 1a,d). This layer of
the retina is composed primarily of the cell bodies and nuclei
of the rods and cones and it shows little, if any, bFGF immu-
noreactivity in the normal retina. Increased ONL bFGF im-
munoreactivity was evident in all animals killed 7 or more days
following the crush injury. The intensity of labeling peaked at
about 3 weeks and persisted for at least 6 weeks. Following the
crush lesion, there was persistent labeling of cells in the INL
and staining of astrocytes in the RGC layer that was not dra-
matically different from that seen in the normal retina. The
pattern of staining in the cells of the ONL differed from that

seen in the INL and RGC layer. Whereas the nucleus and the
surrounding cytoplasm were labeled in cells of the INL and RGC
layer, the immunolabeling pattern in the cells of the ONL ap-
pears to exclude the cell nucleus and delineates the perinuclear
cytoplasm or cell membrane (Fig. 1¢). All antibodies used to
localize bFGF showed an identical pattern of bFGF induction
in the ONL of the retina following optic nerve injury. In most
sections of retina following optic nerve lesion, there was also a
slight increase in bFGF labeling along the inner limiting mem-
brane, but it is not possible to determine at the level of resolution
of the light microscope whether this increase was due to an
increase in bFGF in the extracellular matrix, astrocyte processes,
or Mueller cell end feet.

Because the observed change in retinal bFGF localization
might be due, in part, to ischemia caused by occlusion of the
central retinal artery, we also examined the effect of intracranial
optic nerve section on bFGF distribution in seven rats and two
sham-operated controls. This approach to the optic nerve avoids
any interruption of retinal blood supply (Madison et al., 1984;
Tsang et al., 1985). The pattern of bFGF localization in the
retina on the intact side was similar to that seen in the mouse,
except that since the animals were amelanotic, the previously



described nuclear staining pattern in the retinal pigment epi-
thelial cells could be visualized (Connolly et al., 1992; Gao and
Hollyfield, 1992). The pattern of induction of bFGF immu-
noreactivity in the ONL on the lesioned side was identical to
that seen in the mouse except for the fact that the time course
for the induction process was slightly longer (data not shown).
The increased ONL bFGF was not maximum until nearly 6
weeks in the rat versus 3 weeks after the lesion in the mouse.

Optic nerve and optic tract differ in their distribution of bFGF

Surprisingly, the distribution of bFGF immunoreactivity in the
intact optic nerve was dramatically different from the pattern
in the optic tract, despite the fact that these two structures carry
continuous axons from the same RGCs. The optic nerve is that
part of the optic pathway that contains the RGC axons as they
exit from the back of the eye. In the mouse, the RGC axons
then, for the most part, cross in the optic chiasm (Driger and
Olsen, 1980), Once past the chiasm, the axons form the optic
tract, a pathway that runs along the base of the diencephalon
where some of the axons terminate. The tract then continues
on to the mesencephalon where the remaining axons synapse.

In the optic nerve, there was intense bFGF immunoreactivity
over glial cell bodies (Fig. 2a,b). These bFGF-positive cells were
regularly shaped and aligned in linear arrays. In nonlesioned
animals, once the RGC axons passed into the chiasm and con-
tinued into the optic tract, they were no longer associated with
bFGF-immunolabeled glial cells (Fig. 2a,b). Thus, the presence
of bFGF is not a defining feature of glial cells in this pathway,
but is rather a function of the specific location of these cells
within the pathway. Astrocytes at the base of the brain imme-
diately adjacent to, but not within, the optic chiasm were pos-
itive for bFGF (Fig. 2a).

bFGF immunoreactivity is increased in the optic tract
following injury of the optic nerve

Following optic nerve crush, bFGF immunoreactivity was still
present in glial cells in the optic nerve both proximal and distal
to the crush site. However, in the lesioned nerve, the labeled
cells were no longer regularly shaped or aligned in linear arrays
(compare Fig. 3b,c). Instead, cell bodies of labeled cells were
larger and had more irregular borders. The loss of linear array
and cellular homogeneity was associated with the progression
of RGC axonal degeneration and glial scar formation in the
injured nerve (Fig. 3c).

Although there were virtually no bFGF-immunoreactive cells
in the normal optic tract (e.g., the tract ipsilateral to the injury
or the tract from an intact animal; Fig. 4a), there were intensely
labeled cells in the optic tract carrying the injured RGC axons
within 3-6 d following the crush injury (Fig. 4b). Double fluo-
rescence staining for bFGF and GFAP demonstrated that most,
ifnot all, of these cells were astrocytes (Fig. 5). Within the injured
optic tract, however, not all astrocytes stained for bFGF, sug-
gesting that there is heterogeneity in responsiveness to RGC
axon injury among astrocytes in the optic tract. For the most
part, little labeling was seen in the optic tract ipsilateral to the
lesioned nerve. The occasional labeled cells that were noted in
the ipsilateral optic tracts were probably related to axonal de-
generation of the small proportion of the axons that project to
the ipsilateral tract, rather than cross to the contralateral side
in the chiasm in the mouse (Driiger and Olsen, 1980).

The major target nuclei of the optic tract, the dorsal lateral
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Figure 3. bFGF immunohistochemical staining in the normal and
lesioned mouse optic nerve. a, Optic nerve stained with bFGF-preab-
sorbed polyclonal rabbit anti-human bFGF IgG. b, The pattern of bFGF
labeling in the intact optic nerve with the polyclonal anti-bFGF IgG
from the same source as used in a. Note the regular, almost linear array
of labeled glial cells. ¢, Following optic nerve crush, the linear pattern
of immunolabeled cells is disrupted and there is greater heterogeneity
of cell size and shape. The same staining pattern was seen with all four
antibodies used. Sections exposed to preimmune serum or secondary
antibodies alone appeared similar to @ and did not show a specific
pattern of staining. Magnification, 180x.

geniculate nucleus and the superior colliculus, were also ex-
amined for changes in bFGF immunoreactivity patterns. Al-
though bFGF-immunoreactive astrocytes were seen along the
entire course of the degenerating optic tract ,there was no striking
change in either the location or intensity of bFGF staining within
either nucleus from 3 d to 6 weeks following injury (data not
shown).
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Figure 4. Optic nerve crush injury increases bFGF immunoreactivity in the optic tract. @, Coronal section through a mouse optic tract ipsilateral
to the injured optic nerve (i.e., the tract containing intact RGC axons) shows little bFGF staining. The dark spot in the upper portion of the tract
is an artifact. Both optic tracts in sham-operated animals appeared similar. b, Three weeks after crush injury, bFGF immunolabeling was prominent
in the optic tract contiguous with the crushed optic nerve. a and » were both stained with the rabbit polyclonal antibody to human recombinant

bFGF. Labeled cells were visualized with HRP/DAB. Magnification, 76 x.

Discussion

The changes in the pattern of bFGF immunoreactivity in both
CNS neurons and glia following injury to the optic nerve suggest
that bFGF interacts with both cell types to coordinate the re-
sponse to axonal injury in the visual system. The most dramatic
change in bFGF within the visual system following optic nerve
injury was the increase in bFGF immunoreactivity in the ONL
of the retina. This layer contains the nuclei and cell bodies of
the photoreceptors. Photoreceptors do not send processes out
of the retina into the optic nerve, nor do they synapse directly
upon the lesioned RGCs. The change in bFGF in photorecep-
tors, despite their lack of direct contact with the injured cells,
raises the question of how information about the damage to the
optic nerve is communicated to this region of the retina. The
observed change may result from a retrograde transsynaptic
signal from the RGCs through an intermediary cell, such as
bipolar or Mueller cells, to the photoreceptors, or alternatively,
the signal may arise from loss of an efferent signal transmitted
through a centrifugal pathway in the optic nerve (Itaya, 1980;
Ohno, 1980; Dréger et al., 1984; Hoogland et al., 1985; Laban-
deira-Garcia, 1988; Owusu-Yaw et al., 1992).

The increase in bFGF immunoreactivity in the photorecep-
tors of the ONL may explain an interesting paradox. Sectioning
the optic nerve in rats has been found to protect photoreceptors
from photodamage by constant light (Bush and Williams, 1991).
Though it is not obvious why damaging the optic nerve should
pratect the photoreceptors, there is reason to suspect that bFGF
may play a role in this phenomenon. bFGF injected intravi-
treally protects photoreceptors in rats from degeneration due to
either an inherited degenerative disorder (Faktorovich et al.,
1990) or photodamage (Faktorovich et al., 1991). In light of our
observation that optic nerve injury leads to an increase in bFGF,
we suggest that the protection of photoreceptors from light dam-
age following optic nerve section may be due to the increased
endogenous bFGF available to the photoreceptors. Although
our findings are consistent with the hypothesis that optic nerve
section-induced increases in bFGF protect photoreceptors from
photodamage by increasing endogenous bFGF, no direct causal
role has been demonstrated.

Immunohistochemical analysis cannot determine whether the
elevated ONL bFGF is a result of increased bFGF production
by photoreceptors versus increased uptake of bFGF from an
exogenous source. Results of in situ hybridization studies in
normal adult rat retina localize bFGF mRNA to the inner seg-
ments of the photoreceptors, supporting the theory that the
increased bFGF is the result of bFGF synthesis by the photo-
receptors (Noji et al., 1990). This suggests that these cells con-
stitutively express bFGF message and may modulate production
of bFGF in response to optic nerve injury. However, the pos-
sibility that the elevated photoreceptor bFGF is the result of
receptor binding and internalization of bFGF from another source
is suggested by the fact that rod outer segments are known to
have FGF receptors (Plouet et al., 1988; Mascarelli et al., 1989).
Other retinal cells that are known to contain bFGF in the normal
state, such as pigment epithelial cells (Schweigerer et al., 1987;
Sternfeld et al., 1989; Bost et al., 1992; Ishigooka et al., 1992),
INL cells, or retinal astrocytes, may be the source of bFGF after
injury. Alternatively, bFGF may be released from dying RGCs.

Unlike the staining pattern seen in the astrocytes and INL
cells, the staining pattern of bFGF in the ONL cells appears to
exclude the cell nucleus. This may reflect receptor, cell surface
binding, or perinuclear cytoplasmic bFGF. Exogenous bFGF
applied to neurons and astrocytes in vitro has been shown to be
internalized and localized to the perinuclear cytoplasm and also
translocated to the nucleus (Walicke and Baird, 1991). The dif-
ference in bFGF localization between the photoreceptors and
the glial cells suggests that bFGF may not have the same function
in both.

Increased bFGF immunoreactivity in the ONL was also dem-
onstrated in adult rats following intracranial optic nerve injury.
The retinal blood supply is not affected when injury is induced
by this approach (Madison et al., 1984; Tsang et al., 1985).
Thus, this finding confirms that the increase in retinal bFGF is
not attributable to disruption of retinal blood flow. It also dem-
onstrates that the change in bFGF localization is not unique to
one species. The only difference noted between the induction
of bFGF in the ONL of mice with retro-orbital optic nerve
injuries and rats with the intracranial lesions was the slightly
longer time interval noted in the rat before the appearance of



the increased bFGF labeling (5-6 weeks vs 2-3 weeks). Though
this finding may reflect species-specific differences, it is more
likely attributable to the fact that the optic nerve injury in the
rat was several millimeters farther away from the RGC body
than the mouse injury. It has previously been shown that the
farther away from the cell body an axon is injured, the longer
it takes for degenerative changes to occur in the cell body and
the more likely itis thata greater proportion of RGC will survive
axotomy (James, 1933; Leimfelder, 1940).

Variations in glial cell bFGF immunolabeling

The optic nerve and optic tract, contiguous structures consisting
of RGC axons, glial cells, and connective tissue, serve as the
pathway for RGC axons coursing from the retina to the brain.
Nonetheless, the pattern of bFGF labeling in these two struc-
tures was very different. Whereas there was intense bFGF la-
beling of glia in the optic nerve, there was virtually no staining
in the intact optic tract. Thus, there may be some important
differences in the role of bFGF or the way bFGF glial expression
is regulated before and after the decussation in the chiasm. Our
findings are consistent with the suggestion that there may be
variations in the properties of astrocytes in different regions of
the brain (Cholewinski et al., 1988; Shinoda et al., 1989). In
support of this, in vitro studies have demonstrated that astro-
cytes from different areas of the brain differ in their morpho-
logical and biochemical responses to bFGF (Perraud et al., 1988,
1990; Engele and Bohn, 1992).

Astroglia in the optic tract have increased levels of bFGF
following optic nerve injury. This result is similar to that ob-
served in traumatic cortical injury where elevated astroglial bFGF
and bFGF mRNA have been demonstrated (Finklestein et al.,
1988; Frautschy et al., 1991). The increased astroglial bFGF in
the optic tract is in cells a significant distance from the site of
injury, along the full extent of the degenerating RGC pathway.
The mechanism responsible for increased bFGF in cells distant
from the injury is unknown, but a primary signal presumably
originates from the degenerating RGC axons. Despite the ap-
pearance of bFGF within the tract following injury, the number
of positive cells is still small compared to the total number of
astroglial cells in the tract. Most of the glial cells in the optic
tract were not bFGF immunoreactive, suggesting heterogeneity
among astrocytes within the optic tract. As is true in the retina,
it is possible that the increased level of bFGF in the optic tract
is due to either increases in bFGF expression or accumulation.
Since astrocytes express both bFGF protein and FGF receptors
(Frautschy et al., 1991; Walicke and Baird, 1991; Logan et al.,
1992; Takami et al., 1992), bFGF may be involved in an au-
tocrine loop that is responsible for reactive changes in these
astrocytes.

The results of this study indicate the wide-ranging and varied
roles that bFGF may play in the response of the visual system
to injury. These results may have important implications for
future efforts to minimize the extent of deficit after injury and
to maximize regenerative potential. The difference in the pattern
of localization of bFGF in glial cells in the optic nerve and optic
tract suggests that different interventions may be more appro-
priate to minimize injury and stimulate regeneration at various
points along a regenerating pathway. The induction of bFGF
immunoreactivity in the photoreceptors several weeks after in-
jury emphasizes the importance of considering cells that are
multiple synapses away from the directly injured cells. The in-
crease in bFGF may be an indication of delayed cell injury. If
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Figure 5. Double-labeled astrocytes in the optic tract following optic
nerve injury. @, Optic tract cells labeled with a polyclonal rabbit anti-
human IgG to bFGF visualized with a fluorescent marker. b, The same
section as in g labeled with an antibody to GFAP visualized with Texas
red. Arrowheads identify identical cells in @ and b.

so, such delayed injury might be prevented by application of
bFGF or other factors directly to the eye in an interim period
while efforts are underway to stimulate optic nerve regeneration.
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