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Basic fibroblast growth factor (bFGF) is a potent trophic 
factor for neurons and astrocytes and recently has been 
implicated in the pathology of Alzheimer’s disease. In order 
to better understand the role of bFGF in normal brain function 
and during pathology, we have analyzed its anatomical dis- 
tribution and its response to injury in the CNS. Double-stain- 
ing immunohistochemistry showed that bFGF immunoreac- 
tivity was localized in astrocytes, in select neuronal 
populations, and occasionally in microglial cells throughout 
the normal rat brain. Neuronal populations that showed bFGF 
immunoreactivity included septohippocampal nucleus, cin- 
gulate cortex, subfield CA2 of the hippocampus, cerebellar 
Purkinje cells, cerebellar deep nuclei, facial nerve nucleus, 
and the motor and spinal subdivisions of the trigeminal nu- 
cleus and facial nerve nucleus. The pattern of bFGF im- 
munoreactivity in the hippocampus was examined following 
entorhinal cortex lesion or fimbria-fornix transection. After 
entorhinal cortex lesion, bFGF immunoreactivity increased 
in the outer molecular layer of the dentate gyrus ipsilateral 
to the lesion. The lesion effect on bFGF immunoreactivity 
was expressed as an increase in the number of bFGF as- 
trocytes, as an increase in the intensity of bFGF immuno- 
reactivity within astrocytes, and as an increase of bFGF im- 
munoreactivity in the surrounding extracellular matrix, relative 
to the contralateral side. The time course and pattern of 
reorganization paralleled the sprouting of septal cholinergic 
terminals in response to the same type of lesion, suggesting 
that bFGF may play an important role in lesion-induced plas- 
ticity. After transection of the fimbria-fornix, chronic infusion 
of bFGF appeared to preserve NGF receptors on neurons 
within the medial septal complex and, as previously report- 
ed, prevent the death of medial septal neurons. Therefore, 
it appears that bFGF infusion, which has been shown to 
increase the synthesis of NGF by astrocytes (Yoshida and 
Gage, 1991), also helps enable neurons to respond to NGF. 
This suggests that after injury bFGF may participate in a 
cascade of neurotrophic events, directly and indirectly fa- 
cilitating neuronal repair and/or promoting neuronal survival. 

Fibroblast growth factors (FGFs) are protein mitogens originally 
identified as promotors of fibroblast division in culture (Trowel 
and Willmer, 1939; Hoffman, 1940; see Walicke and Baird, 
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1988, for review). FGF was recognized as an important neu- 
rotrophic factor after high levels of FGF mitogenic activity were 
detected in the brain (Gospodarowicz, 1974; Morrison and 
DeVellis, 198 1). A large variety of cell types including astro- 
cytes, capillary endothelial cells, vascular smooth muscle cells, 
and neurons (Baird and Walicke, 1989) have been shown to 
respond to both the acidic and basic forms of FGF. The basic 
form of FGF (bFGF) has been isolated from brain tissue (Gos- 
podarowicz et al., 1984; Esch et al., 1985; Abraham et al., 1986), 
and bFGF receptors have been identified in brain (Inamura et 
al., 1988; Leeet al., 1989; Isacchi et al., 1990; Reid et al., 1990). 
In addition, bFGF has been considered a potent neurotrophic 
factor active at low concentrations as a promotor of neuronal 
survival and neurite extension in vitro (Walicke, 1988b; Grothe 
et al., 1989) and in vivo (Sievers et al., 1978; Anderson et al., 
1988; Otto et al., 1989). bFGF has a broad spectrum of action 
and can be stored in many tissue compartments due to its high 
affinity for heparan sulfate proteoglycans present in the extra- 
cellular matrix (Gospodarowicz et al., 1984). Although much 
has been learned about the physiological properties of bFGF 
from in vitro studies, the exact cellular location and action of 
bFGF in the brain are still a matter of debate. Information on 
the locus of bFGF in the brain is essential to a better under- 
standing of the functional role of bFGF. 

Trophic factors may participate not only in the maintenance 
of the normal cytoarchitecture of the brain but also in its re- 
sponse to injury. When damaged, neurons appear to react in a 
manner dependent on the type of injury. For example, neurons 
that are axotomized generally dedifferentiate and degenerate, 
while the remaining healthy neurons may undergo a sprouting 
reaction. Neurotrophic factors may participate in this response 
to injury by triggering growth and preventing degeneration. In- 
deed, previous work has suggested that the sprouting reaction 
may involve the induction of select neurotrophic factors that 
increase after injury (Nieto-Sampedro et al., 1982). bFGF is a 
good candidate since it acts on a large variety of neurons and, 
as previous work suggests, bFGF immunoreactivity increases 
near the site of injury (Finklestein et al., 1988). At present, 
however, the response of bFGF in areas of denervation or ax- 
otomy has not yet been described. 

Studies in Alzheimer’s disease (AD) postmortem brain tissue 
have shown that axon sprouting occurs in the dentate gyrus, 
probably early in the disease (Geddes et al., 1985, 1986), and 
as the disease progresses, sprouting appears to become involved 
in senile plaque formation (Geddes et al., 1986). It has been 
hypothesized that plaque formation may involve a local increase 
in neurotrophic factors (Ramon y Cajal, 1928; Geddes et al., 
1986) and recently bFGF has been identified in plaques (Go- 
mez-Pinilla et al., 1990; Stopa et al., 1990). Imbalances in the 
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levels of neurotrophic factors may contribute to neuronal health 
versus vulnerability in this disease. Studies in animal models 
may provide clues to understanding the regulation of bFGF in 
response to injury in normal brains and those of patients with 
AD. 

The hippocampal formation provides a suitable model for 
detailed study of the response to injury and consequent ana- 
tomical reorganization because of its well-defined structure and 
its well-characterized axon sprouting (Cotman and Anderson, 
1989). The dentate gyrus (DG) receives extrinsic afferents from 
the entorhinal cortex (EC), the septum, and a variety of other 
ascending and descending nuclei. Destruction of the entorhinal 
input evokes a powerful sprouting of cholinergic septal afferents 
as well as other inputs in the dentate molecular layer (Cotman 
et al., 1973) that may involve an increase in local bFGF activity. 
In this study, we have used a monoclonal antibody that specif- 
ically recognizes the conformation of the bFGF molecule as- 
sociated with its biological activity (Matsuzaki et al., 1989). Such 
an antibody has not been previously applied to the study of the 
distribution and regulation of bFGF in brain. In this article, we 
examine the locus of “active” bFGF in the hippocampus and 
throughout the rodent brain. We have also studied the effects 
of EC lesions and fimbria-fornix (FF) transections on local 
changes in bFGF immunoreactivity. 

Material and Methods 
Subjects and surgery 
Sprague-Dawley male rats 3-4 months old anesthetized with Nembutal 
(50 mg/kg, i.p.) received unilateral (right) transection of the fimbria- 
fomix (FF, n = 20) by a knife cut or electrolytic lesion of the entorhinal 
cortex (EC, n = 20) according to NIH guidelines. After surgery, ex- 
perimental rats were allowed to survive for 2, 7, or 14 d and then 
processed for histology. Lesioned rats and intact control rats (n = 4) 
were deeply anesthetized with Nembutal(75 mg/kg, i.p.) and then killed 
bv intracardial nerfusion with 200 ml of PBS. followed bv 500 ml of 
4% paraformaldehyde in Sorensen buffer, pH 7.3. The brains were re- 
moved, postfixed for 15 min in fresh solution of the same fixative, and 
stored overnight in 20% sucrose. Serial coronal sections (30 pm) between 
the levels of the medial septum (MS) and caudal hippocampus were cut 
in a cryostat and processed for histology as described below. Alternate 
sections were stained with cresyl violet or AChE histochemistry to vi- 
sualize the general cytoarchitecture of the areas under study. The quality 
of the EC lesion or FF transection was verified by corroborating the 
typical pattern of cholinergic fibers obtained with AChE histochemistry 
in the hippocampus (Cotman et al., 1973). Chronic infusion of bFGF 
in FF-lesioned rats was performed in a separate set of experiments as 
described below. 

Immunohistochemistry 
The tissue sections were first treated with 1% H,O, in cold 100% meth- 
anol to inactivate the endogenous peroxidase activity. Alternate sections 
were then incubated at 4°C for 24 hr in anti-NGF receptor antibody 

(NGFR, mouse monoclonal 192, kindly provided by Dr. E. Johnson, 
Jr., Washington University) at a concentration of 5 &ml in PBS, pH 
7.2, containing 2% BSA, or for 24 hr in mouse monoclonal anti-bFGF 
antibody (UBI Technology, NY) at a concentration of 1.8 pg’rnl; or for 
24 hr in rabbit monoclonal anti&al fibrillary acidic protein antibody 
(GFAP; Dakopatts Labs, Glostrup, Denmark) at a concentration of 29 
&ml, diluted in PBS containing 0.1% Triton X- 100 and 2% BSA. The 
sections were then rinsed three times over 30 min and incubated in rat- 
adsorbed biotinylated horse anti-mouse IgG (for NGFR or bFGF im- 
munostaining) or biotinylated goat anti-rabbit IgG (for GFAP staining), 
for 1 hr. After several rinses, sections were incubated in avidin-HRP 
complex for 1 hr, rinsed, incubated in 3,3’-diaminobenzidine (DAB; 
0.5 mg/ml in Tris buffer, 10 min), and then reacted for 10 min with 
fresh DAB solution containing 0.01% H,O,. 

Double-staining immunohistochemistry 
In order to identify the cellular localization of bFGF, the same bFGF- 
stained sections were costained with separate antibodies. An anti-GFAP 
antibody was used to detect astrocytes, and an anti-leukocyte common 
antigen (LCA, Dakopatts Labs) antibody was used to detect microglia. 
The color reaction to detect the first antibody (anti-bFGF) was devel- 
oped with nickel chloride combined with DAB to yield a blue-black 
reaction product instead of the typical brown reaction product. Sections 
were thoroughly rinsed in PBS, reacted for 15 min in excess of avidin, 
and then reacted for another 15 min in excess of biotin. After rinsing 
in PBS, sections were incubated overnight in anti-GFAP antibody or 
anti-LCA antibody. The rest of the process was exactly the same as 
described above, except that the second antibody was detected with 
DAB only to yield a brown reaction product. All the sections were 
thoroughly rinsed with PBS, mounted and dehydrated with increasing 
gradients of ethanols, and then coverslipped with Depex mounting me- 
dia (BDH Ltd., Poole, England). Sections were examined on an Olympus 
BH-2 microscope. Controls for antibody specificity did not contain 
primary antibody, or the primary antibody was replaced by another 
antibody of common use in our laboratory. 

bFGF chronic ventricular infusion afterjimbria-fornix 
transection: cannula implantation 
These experiments were designed to study the effect of chronic infusion 
of bFGF to rescue neurons that nossess NGFR in the medial-sental- 
vertical diagonal band (MS-vDB) complex. Two hours before the lesion 
and under deep Nembutal anesthesia (50 mg/kg, i.p.), a cannula (25 
gauge, stainless steel) connected to an osmotic minipump (model 2002, 
Alza, Palo Alto, CA, flow rate, 0.5 rl/hr for 14 d) was implanted into 
the right lateral ventricle. In experimental rats (n = lo), the minipump 
delivered bFGF diluted to 500 r&ml in sterile saline containing 0.1% 
v/v autologous rat serum as a carrier. Control rats received sterile saline 
(n = 3) with 0.1% autologous rat serum or no infusion (n = 3). Fourteen 
days after surgery all rats were killed before previous treatment with 
diisopropylfluorophosphate (Sigma; 2 mg/kg in saline) to inhibit new 
synthesis of AChE. 

Quantitative analysis 
Lesion effects on the number of astrocytes in the hippocampus. To assess 
the effects of EC lesion or FF transection. all bFGF cells contained 
within an area of 100 pm* in the outer molecular layer and lacunosum 
moleculare of the dentate gyrus (DG), and in the stratum oriens of the 

Figure 1. Double-staining immunohistochemistry illustrating the locus of bFGF in the rat brain. bFGF was stained to develop a blue-black 
reaction product using the DAB-NiCl method. A shows the typical pattern of bFGF immunoreactivity in which mostly blue-black cell bodies were 
observed. B shows the presence of bFGF in astrocytes as was demonstrated by coimmunostaining sections with the astrocyte marker GFAP 
developed with DAB, so that the astrocytes stained with a brown reaction product. This costaining showed strong immunoreactivity for bFGF 
(blue-black) within the nucleus and the perinuclear area of astrocytes. C demonstrates bFGF in microglia by coimmunolabeling sections with the 
macrophage marker LCA (blue-black) and with the bFGF (brown). Scattered micro&al nrofiles showed bFGF (arrow) in soma. D shows the nresence 
of bFGF in cell body and proximal processes of reactive astrocytes nearby the-injury site of an FF lesion involving the cerebral co;ex. The 
photograph was taken from a coronal section of the cerebral cortex double-stained using anti-bFGF and anti-GFAP antibodies. E shows typical 
appearance of GFAP-labeled astrocytes in a control section. F, Double-staining immunohistochemistry using anti-bFGF and anti-GFAP antibodies 
to show typical bFGF immunoreactivity associated with blood vessel elements. Astrocytes (E, open arrow) surrounding the blood vessel and 
perivascular endothelial cells (E, solid arrow) exhibited positive bFGF immunoreactivity. Photographs A-C, E, and F were obtained from coronal 
sections of the hippocampus. Scale bar (E), 10 pm for A-F. 
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Figure 2. Typical pattern of bFGF immunoreactivity in the hippocampus. A, Coronal section showing bFGF-positive astrocytes are widely 
distributed in the hippocampus while neuronal bFGF is restricted lo the CA2 region (box). B shows higher magnification of the boxed CA2 region 
from A. bFGF was concentrated in the nucleus and within proximal dendritic processes of pyramidal neurons. CA1 (cuf) and CA3 (cu3) regions 
of the hippocampus are labeled as a reference; Im, lacunosum moleculare; h, hilus of the DG; g, granular layer of the DG. Scale bars, 100 pm. 

CA3 region of the hippocampus, were counted bilaterally. These regions 
were selected according to previous studies (Rose et al., 1976; Gage et 
al., 1988) indicating that astrocyte populations are susceptible to change 
after similar types of lesions. bFGF-immunoreactive cells were counted 
under camera lucida microscopy at 160 x magnification, at five coronal 
planes separated by about 100 pm from each other. The mean number 
of bFGF cells was calculated for each individual DG for both the ip- 
silateral and contralateral sides of each animal. To minimize variations 
between animals, the ratio between the ipsilateral and contralateral sides 
for each rat was compared with each other using Student’s t test for 
independent group analysis. 

Lesion effect on relative levels of bFGF within astrocytes and extra- 
cellular matrix. We used computer image analysis procedures, as de- 
scribed by Smolen (1990), to assess possible lesion-induced changes in 
bFGF immunoreactivity in individual cells within the DG outer mo- 
lecular layer. Slides were analyzed by computer-assisted optic densi- 
tometry with an MCID image processing system (Imaging Inc., St. Cath- 
erines, Ontario, Canada). bFGF optic density was measured in the DG 
outer molecular layer ipsilaterally and contralaterally, at three coronal 
planes separated by about 100 rrn from each other. Three slide sections 
were analyzed per animal. Optical density readings were taken from all 
the cells that expressed bFGF immunoreactivity within each of the five 
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Figure 3. Typical pattern of bFGF immunoreaetivity in the cerebellum. A, Sag&al section of a cerehellar lobule showing bFGF immnnoreaetivity 
in the Purkinje eel1 layer (p) and in the granular cell layer (g). B, Enlargement of the cerehellar cortex showing that bFGF immunoreactivity is 
localized in cell bodies of Purkinje cells and in astroeytic elements within the granular layer. There is weak or nondetectable bFGF immunoreaetivity 
in the molecular layer (m). Scale bars: A, 300 pm; B, 100 pm. 

computer fields, covering the complete medial-lateral extent of the DG 
outer molecular layer. Optical density readings were also taken from 
the surrounding extracellular matrix in a similar fashion. The means 
from the five computer fields were averaged for each individual DG, 
ipsilaterally and contralaterally. To minimize variations between ani- 
mals, the mean ratio between ipsilateral and contralateral sides for each 
rat was calculated. This ratio was compared with normal littermate 
controls using a Student’s t test for independent groups analysis. 

Efect of bFGF ventricular infusion on NGFR-containing neurons. To 
assess the effect of chronic infusion of bFGF on axotomized septal 
neurons, all the NGFB-immunoreactive neurons were counted in the 
MS and vDB from each section. NGFR-immunoreactive cells were 
analyzed under camera lucida microscopy at 160x magnification, at 
five corona1 planes separated by about 100 pm. The limit between MS 
and vDB was determined by using the anterior eommissure as a ref- 
erence (Gage et al., 1986). Only neurons that did not show any evidence 
of artifactual damage were considered. The results of neuronal survival 
were plotted as percentage of NGFR-containing neurons of the MS and 
vDB ipsilateral to the lesion relative to the contralateral hemisphere in 
both bFGF-treated and untreated control rats. The ratio of the mean 
number of neurons (ipsi/contra) stained with anti-NGFR antibody he- 
tween control and experimental groups was compared using Student’s 
t test for independent groups analysis. 

Results 
Distribution of bFGF in normal rat brain 
The main locus of bFGF immunoreactivity appeared to be in 
small cell bodies that resembled astrocytes (Fig. 1A). Double- 
staining immuuohistochemistry with anti-GFAP and anti-bFGF 

antibodies clearly identified these cells as astrocytes (Fig. 1B). 
This costaining also showed that the locus of bFGF in astrocytes 
appeared to be within the nuclear and perinuclear region. A few 
bFGF-immunostaincd cells that did not costain with anti-GFAP 
antibody showed positive immunoreactivity for anti-LCA an- 
tibody (Fig. 1 C), a common marker for macrophage-line cells, 
which include microglia (McGeer et al., 1989). Other cells such 
as periventricular cells and p&vascular endothelial cells (Fig. 
IE) also showed bFGF immuuoreactivity. Select neuronal el- 
ements within particular brain areas showed strong bFGF im- 
munoreactivity. Neurons of CA2 subfield of the hippocampal 
formation stained throughout the rostrocaudal extent of the 
hippocampus (Fig. 2); CA3 subfield neurons stained only in the 
rostral hippocampus. Neurons in CA2 and CA3 showed strong 
bFGF immunoreactivity around the perinuclear area and weak 
staining in the cytoplasm and processes proximal to the soma. 
bFGF-positive neurons were also visualized in the septohip- 
pocampal nucleus, mainly in horizontal brain sections. Cingu- 
late cortex neurons stained strongly throughout most of their 
rostrocaudal extents. In the cerebellum, somas of Purlcinje cells 
and astrocytes within the granular layer showed bFGF immu- 
noreactivity (Fig. 3). Deep nuclei of the cerebellum also showed 
bFGF immunoreactivity. In the brainstem, there was strong 
bFGF immunoreactivity within the facial nerve nucleus and the 
motor and spinal components of the trigeminal nucleus. 
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Figure 4. Effects of unilateral EC lesions on the pattern of bFGF immunoreactivity in the hippocampus. The outer molecular layer at the lesion 
side (B) shows an increase in bFGF immunoreactivity as compared to the control side (A). Enlargements of regions of the DG on the control side 
(C) or lesion side (0) show that on the lesion side there is an increase in bFGF immunoreactivity mainly in the outer molecular layer (0, solid 
arrow), while a clear zone appears in the middle molecular layer (0, open arrow). AChE histochemistry on the control side (E) versus the lesion 
side Q shows that the increase of bFGF immunoreactivity displays a similar pattern to sprouting (9 of cholinergic fibers in the DG outer molecular 
layer. The photograph was taken from a rat killed 2 d after EC lesion. g, granular cell layer of the DG, h, hilus of the DG, s, supragranular layer 
of the DG, m, molecular layer of the DG. Scale bars, 200 pm. 

Response of bFGF cells to lesion 
Response of bFGF cells to EC lesion. Particularly after an EC 
lesion, the hippocampus ipsilateral to a lesion showed an en- 
hancement of bFGF immunoreactivity in the DG outer molec- 
ular layer (Fig. 4B,D). The lesion effects on bFGF immuno- 
reactivity were expressed as a relative increase in the number 
of bFGF astrocytes, an increase in relative intensity of the bFGF 
immunoreactivity within astrocytes, and a relative increase of 
the bFGF immunoreactivity in the surrounding extracellular 

matrix as compared to the contralateral side. The increase in 
the number of astrocytes was already evident at postlesion day 
2, reached a maximum by day 7 @ < O.Ol), and decreased to 
about normal levels by day 14 (Fig. 5). Computer densitometry 
showed an increase in bFGF immunoreactivity within individ- 
ual astrocytes in the DG outer molecular layer reaching signif- 
icance by postlesion day 7 (p < 0.05) and remaining through 
postlesion day 14 (p < O.Ol), relative to the contralateral side 
and untreated controls (Fig. 6). The extracellular matrix sur- 
rounding bFGF-positive astrocytes also showed an increase in 
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Figure 5. Graph illustrating the effects of EC lesions on the number 
of bFGF astrocytes in the DG outer molecular layer. The graph shows 
the average ratio of bFGF-immunoreactive astrocytes observed under 
camera lucida on the ipsilateral side versus the contralateral side. On 
the ipsilateral side, the number bFGF cells is increased by 2 d after EC 
lesion, reaches significance by postlesion day 7 0, < 0.0 l), and returns 
to about normal levels by postlesion day 14. The data are expressed as 
mean number of cells per 100 pm* of tissue sample. Error bars are SEM 
(**, p < 0.01; Student’s t test). 

Response of bFGF cells to FF lesion. After transection, there 
was a transient increase of bFGF immunoreactivity around the 
area of the injury starting at postlesion day 2. Astrocytes showed 
increased bFGF immunoreactivity in their processes, and their 
cell bodies appeared to be enlarged and stained darker as com- 

bFGF immunoreactivity with a similar time course (Fig. 6). The 

pared to bFGF-immunoreactive astrocytes of normal rats (Fig. 

bFGF immunostaining tended to increase in pyramidal cell lay- 
er of the CA2 region ipsilateral to the lesion, but this did not 

1 D). There was not any obvious change in bFGF immunoreac- 

reach significance. Parallel serial sections stained for AChE his- 
tochemistry, a marker of axon sprouting in the hippocampus 

tivity in either of the two hippocampi. 

(Cotman et al., 1973), also showed an enhancement of the stain- 
ing in the DG outer molecular layer. This intensification had a 
time course similar to that observed with anti-bFGF antibody 
(Fig. 4D,fl. 

Effects of bFGF infusion on axotomized NGFR-containing 
neurons 
Previous evidence has shown that FF transection causes degen- 
eration and dedifferentiation of axotomized cholinergic neurons 
in the MS and vDB nuclei (Daitz and Powell, 1954; Gage et al., 
1986; Sofroniew et al., 1987). NGF (Kramer, 1987; Montero 
and Hefti, 1988), as well as bFGF (Anderson et al., 1988; Otto 
et al., 1989), appears to be capable of reversing the effects of 
insult, NGF being slightly more effective. Since bFGF is able 
to stimulate astrocytes in culture to synthesize and secrete NGF 
(Yoshida and Gage, 199 l), it might be expected that bFGF may 
also help maintain phenotypic properties such as NGF receptors 
in order that these neurons may be responsive to NGF. Thereby, 
NGF, which may increase in response to bFGF acting on glial 
cells, would have receptors on which to exert its effects. Ac- 
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Figure 6. Graph illustrating the effects of EC lesions on the relative 
intensity of bFGF immunoreactivity within the DG outer molecular 
layer. Computer densitometry readings were taken from individual as- 
trocytes and the surrounding extracellular matrix @CM) from the im- 
munohistochemical material. The graph shows the ratio of optical den- 
sity on the ipsilateral (lesioned) side versus the contralateral (control) 
side. There is a relative increase in bFGF immunoreactivity as compared 
to intact controls in both astrocytes and extracellular matrix in the DG 
ipsilateral to the lesion, reaching significance by postlesion day 7 (p < 
0.05) and remaining through day 14 (p < 0.01). Error bars are SEM (*, 
p < 0.05; **, p < 0.01; Student’s t test). 

cordingly, we conducted experiments to study the possibility 
that chronic infusion of bFGF preserves neuronal NGFRs in 
the MS-vDB complex, thereby rescuing these neurons from cer- 
tain death. 

NGFR immunoreactivity in normal rats. Neurons of the MS 
and vDB showed strong NGFR immunoreactivity in the cell 
body and proximal sections of dendritic processes as described 
in detail elsewhere (Gomez-Pinilla et al., 1987). Neurons within 
the DB showed strong NGFR immunoreactivity in the cell bod- 
ies and in distal portions of their dendritic arbor (Fig. 7A,D). 

NGFR immunoreactivity in lesioned rats. Two days after FF 
transection, there was a progressive decrease in the number of 
NGFR-immunoreactive neurons within the MS-vDB complex 
on the side ipsilateral to the lesion. These neurons lost intensity 
in NGFR immunoreactivity and developed clear signs of de- 
generation (Fig. 7B,E). At 14 d postlesion, the percentage of 
neurons surviving compared to the nonlesioned side was 40% 
for the MS and 39% for the vDB (Fig. 8). 

Eflects of bFGF chronic treatment on lesioned rats. bFGF 
infused over the first 2 weeks after FF transection maintained 
NGFR density and ameliorated the apparent death of neurons 
that express NGFRs. The density of NGFR-immunoreactive 
neurons and intensity of their staining (Fig. 7CE) were similar 
in both hemispheres in both the MS and vDB, from postlesion 
day 2 through postlesion day 14. Quantitation 14 d postlesion 
showed that bFGF-treated rats had a significant increase in 
survival of NGFR-immunoreactive neurons, from 40% to 63%, 
in the MS (p < 0.05) and a significant increase from 39% to 
82% in the vDB (p < O.Ol), relative to lesioned controls that 
did not receive treatment (Fig. 8). Alternate sections stained for 
AChE or with cresyl violet showed a similar preservation of the 
neuronal morphology to that shown with NGFR immunohis- 
tochemistry, in agreement with previous data (Anderson et al., 
1987). 
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Figure 7. NGFR immunostaining at the level of the MS nucleus and vDB. The photographs at the bottom are enlargements of the MS-vDB 
region. A and Dare representative samples from an intact rat showing the normal distribution of NGFR immunoreactivity. Band E are representative 
samples from a rat with FF transection that received intraventricular infusion of saline only. There was a loss of NGFR immunoreactivity in the 
lesion side (B, solid arrows) and the MS-vDB complex. C and F show the MS-vDB from a rat with FF transection that received chronic infusion 
of bFGF for 2 weeks. The bFGF-treated rats displayed a pattern in neuronal density and intensity of the NGFR immunostaining that was similar 
in the MS-vDB complex on both the lesioned (C, solid arrows) and unlesioned side. The midline in A-D is indicated by arrowheads. && ban (B 
for A-C, E for LLF), 100 pm. 
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Discussion 
Our results show that bFGF is located in astrocytes and select 
neuronal populations in the rat brain. The astrocytic location 
of bFGF indicates that it may have a potential trophic role in 
brain reactions that involve reactive astrocytosis. Thus, insofar 
as reactive astrocytosis appears to be a common brain response 
to many types of insults such as trauma or stroke, and even 
under pathological conditions such as AD (Vijayan et al., 
199 l), bFGF may be fundamental to brain function after injury. 
In this manner, astrocytes may provide trophic support to neu- 
rons and participate in injury-induced plasticity. While im- 
munohistochemistry does not allow the detection of the locus 
of synthesis of bFGF, previous studies using other methodol- 
ogies support the notion that the distribution of bFGF shown 
in our study corresponds to the loci of synthesis of bFGF in the 
brain. Studies in vitro clearly show that astrocytes can synthesize 
bFGF (Ferrara et al., 1988; Hatten et al., 1988). Emoto et al. 
(1989) have used in situ hybridization to identify the loci of 
bFGF mRNA in the rat brain, though they were unable to detect 
an astrocytic locus for bFGF mRNA. They did detect bFGF 
mRNA in astrocytes in culture but only when they were orga- 
nized in clusters. They suggest that in situ hybridization is unable 
to resolve the low levels of bFGF mRNA present in isolated 
cells such as astrocytes. Their observations did, however, note 
the presence of bFGF mRNA in clusters of neurons in the same 
regions described by us such as CA2 hippocampal region and 
cingulate cortex. It is unlikely that astrocytes accumulate bFGF 
since there are no nearby sources and since the distribution of 
astroglial bFGF is similar throughout the brain even near bFGF- 
positive neurons. 

Our results on the locus of bFGF in the brain are partially in 
disagreement with previous studies by Pettmann et al. (1986). 
According to these authors, bFGF is localized exclusively in 
neurons in the normal brain. In our study, however, only a 
restricted number of neuronal populations showed bFGF im- 
munoreactivity in the adult rat brain. Possible sources of dis- 
agreement between our studies and their studies may be due to 
differences in the antibodies used and/or differences in the age 
of the animals. Our studies made use of a well-characterized 
monoclonal antibody that recognizes the molecular conforma- 
tion of bFGF associated with its biological activity (Matsuzaki 
et al., 1989). Furthermore, the studies of Pettmann et al. (1986) 
were performed in neonatal rats and described a decrease of 
bFGF immunoreactivity in neurons with aging. Strong bFGF 
immunoreactivity was also observed in capillary endothelial 
cells, in general agreement with the recognized role of bFGF as 
a potent angiogenic factor (Folkman and Klagsbrun, 1987; 
Schweigerer et al., 1987). It has been previously shown that the 
anti-bFGF antibody used in our study is able to block angioge- 
nesis in vitro (Matsuzaki et al., 1989). Thus, the presence of 
“active” bFGF in brain capillaries may suggest a physiological 
role of bFGF in revascularization following brain injury. 

The widespread distribution of brain astrocytes displaying 
bFGF immunoreactivity is significant in relationship to studies 
showing that a large variety of neuronal types are responsive to 
the action of bFGF. For example, in vitro studies (Hatten et al., 
1988; Walicke, 1988a; Grothe et al., 1989) have shown that 
both acidic and basic FGF support the survival of neurons from 
a large variety of origins, including neocortex, hippocampus, 
entorhinal cortex, striatum, septum, and thalamus. The fact that 
not all of these neuronal types are responsive to the action of 
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Figure 8. Graph illustrating the effects of bFGF on the survival of 
NGFR-immunoreactive neurons 2 weeks after FF transection. The sa- 
line-treated rats show onlv a 40% survival of NGFR neurons in the 
MS-vDB nuclei ipsilaterai to the lesion. In contrast, the group of rats 
that received chronic infusion of bFGF for 2 weeks followmg the lesion 
show a 63% NGFR neuronal survival (D < 0.05) in the MS and an 82% 
NGFR neuronal survival (p < 0.01) i’;l the vDB. Error bars are SEM 
(*, p < 0.05; **, p < 0.01; Student’s t test). 

NGF (Walicke and Baird, 1988) illustrates the broader, more 
pervasive role of bFGF as compared to NGF. 

In the present study, EC lesion increased bFGF immuno- 
reactivity in the DG. It has been previously shown that destruc- 
tion of entorhinal input in rats (Cotman et al., 1973) or entorhi- 
nal cell death in humans, for example, in AD (Geddes et al., 
1985, 1986) evokes sprouting of cholinergic septal and other 
afferents in the DG outer molecular layer. Our results showed 
a lesion-induced increase of bFGF immunoreactivity in the DG 
outer molecular layer ipsilateral to the lesion. The increase in 
bFGF immunoreactivity was expressed in three parameters: (1) 
an increase in the number of bFGF astrocytes, (2) an increase 
in the intensity of the bFGF immunoreactivity within astro- 
cytes, and (3) an increase in the intensity of the bFGF immu- 
noreactivity within the surrounding extracellular matrix. The 
time course and pattern of reorganization were similar to that 
of sprouting septal fibers found after such a lesion. Previously, 
it has been shown that bFGF acts on septal neurons to enhance 
their survival following axotomy (Anderson et al., 1987; Otto 
et al., 1989). Studies using in vitro preparations of septal neurons 
demonstrated that bFGF as well as NGF (Grothe et al., 1989; 
Knusel et al., 1990) can regulate the activity ofthe enzyme ChAT 
and/or stimulate neuritic outgrowth. 

The fact that an increase in bFGF immunoreactivity was 
detected in the extracellular matrix of the DG of the lesion side 
suggests that bFGF is released from astrocytes and becomes 
available to other neural elements. Our observations that nor- 
mal astrocytes show bFGF in the nucleus and perinuclear area 
and hyperreactive astrocytes around the lesion show bFGF in 
the cytoplasm suggest a possible translocation of bFGF toward 
secretion pathways. The mechanism of release of bFGF from 
the cell is not well understood; however, it appears that bFGF 
reaches the cell surface by an active mechanism. A recent report 
indicates that one of the bFGF isoforms (18 kDa) is “exported” 
from the nucleus onto the cell surface by active transport (Flor- 
kiewicz et al., 1991). Heparan sulfate, a component of the 
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extracellular matrix, increases the radius of diffusion and action 
ofbFGF (Flaumenhaft et al., 1990) protects it from degradation 
(Gospadorowicz and Cheng, 1986) and potentiates its neuro- 
trophic effect (Walicke, 1988b). The bFGF detected in our ex- 
periments probably represents bFGF in its active form since the 
monoclonal antibody to bFGF specifically recognizes the mo- 
lecular structure of bFGF that is associated with its biological 
activity (Matsuzaki et al., 1989). Thus, the present results sug- 
gest that bFGF may be involved in the sprouting of septal and/ 
or other terminals within the dentate gyrus. 

Our studies on entorhinal lesions in rodents may provide a 
model to understand the mechanisms responsible for changes 
in neuronal circuitry and plaque formation in AD. Geddes et 
al. (1985, 1986) have shown that axon sprouting occurs in the 
DG of AD brain, probably early in the disease. As the disease 
progresses, however, sprouting appears to become involved in 
senile plaque formation. It has been hypothesized that plaque 
formation may involve local increases in neurotrophic factors 
(Ramon y Cajal, 1928; Geddes et al., 1986), and recently bFGF 
has been identified in plaques of the DG (Gomez-Pinilla et al., 
1990). According to the present study, it appears that the loss 
of entorhinal input that occurs in AD contributes to the stimulus 
leading to a local increase of bFGF in the dentate gyrus. This 
local increase of bFGF may become available to plaques as a 
result of its strong affinity for proteoglycans that are contained 
in plaques (Snow and Wright, 1989). Once within plaques, bFGF 
possibly attracts net&es, contributing to the process of plaque 
biogenesis. 

Our results confirm previous observations that bFGF is able 
to ameliorate the death of axotomized choline& neurons (An- 
derson et al., 1988) and show that bFGF-responsive neurons 
retain NGFRs so these cells may be responsive to NGF. Thus, 
bFGF could play a critical role in neuronal survival by acting 
directly and/or indirectly on neurons. A possible indirect mech- 
anism for bFGF action on neuronal survival is through the 
stimulation of astrocytic-made NGF, acting in turn on neuronal 
NGFRs. Astrocytes can synthesize NGF in vitro (Furukawa et 
al., 1986; Tarris et al., 1986), and bFGF has a recognized role 
as a mitogenic agent for astrocytes (Morrison and De Vellis, 
198 1; Pettmann et al., 1985). Thus, bFGF may work in an 
autocrine fashion, ensuring its own release by astrocytes, and 
stimulating the synthesis of NGF in astrocytes (Yoshida and 
Gage, 199 l), and thus both newly synthesized bFGF and NGF 
would be made available for neuronal plasticity. Our results are 
consistent with recent studies (Cattaneo and McKay, 1990) in- 
dicating an interaction between bFGF and the expression of 
NGFR in cultured cells, and suggest that multiple growth factors 
may coordinate their actions to affect the physiology of partic- 
ular neuronal populations. 

In summary, our data on the widespread distribution ofbFGF 
in the brain are in general agreement with the characteristic 
broad spectrum of its action. It appears that bFGF is induced 
after injury and in neurodegenerative disease, probably as part 
of a neurotrophic factor cascade in which astrocytes play a key 
role. As a result, bFGF can directly and/or indirectly stimulate 
neuronal repair and promote neuronal survival. 
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