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Interleukin-1b (IL-1b) can induce dopaminergic axo-
nal sprouting in the denervated striatum of parkinso-
nian animals. In order to determine whether IL-1b
effects on dopaminergic axonal sprouting are medi-
ated by the induction of astroglial-derived dopaminer-
gic neurotrophic factors, effects of IL-1b treatment on
acidic and basic fibroblast growth factor (aFGF and
bFGF) and glial cell line-derived growth factor (GDNF)
gene expression were examined in primary striatal
astrocyte cultures and after in vivo administration. We
found a selective induction of bFGF mRNA synthesis
but not aFGF or GDNF mRNA after IL-1b treatment
both in vitro and in vivo. This suggests that bFGF may
be the putative endogenous dopaminergic neuro-
trophic factor mediating lesion-induced plasticity of
dopamine neurons. In addition, to determine why
recovery from injury becomes reduced with age, we
examined whether there was an aging-associated de-
cline in the ability of IL-1b to induce the synthesis of
neurotrophic factors in middle-aged animals com-
pared to young mice. Interestingly, IL-1b stimulated a
greater induction in bFGF mRNA levels in the middle-
aged mice compared to young mice. These results
suggest that the regulation of bFGF and possibly its
receptor signaling efficacy may vary as the brain
ages. r 1997 Academic Press

INTRODUCTION

Interleukin-1b (IL-1b) is a cytokine that plays an
important role in mediating cellular responses to injury
in the central nervous system (7). IL-1b can have
diverse actions on the growth and differentiation of
cells (7, 68). Activated microglia are a principal source
of secreted IL-1b; however, there is evidence that
astrocytes could be another source of IL-1b synthesis
(25, 32, 42, 48, 53, 56). IL-1b can induce reactive gliosis

and neovascularization when infused into the adult
brain, thus suggesting IL-1b as a regulator of wound
healing (33). In contrast, while IL-1b is an astroglial
growth factor in the developing CNS, IL-1b does not
appear to stimulate gliosis or neovascularization in
immature animals (34, 73). These studies suggest that
not only does IL-1b play a role in linking the immune
system with the development of the brain, but also that
there are differences in cellular responses to IL-1b in
the developing and adult CNS.

Recent attention has focused on the ability of IL-1b to
regulate the synthesis of certain neurotrophic factors.
It was first demonstrated that after sciatic nerve lesion,
an increase in nerve growth factor (NGF) mRNA and
protein synthesized by nonneuronal cells is induced by
IL-1b (49). Moreover, IL-1b can selectively produce an
induction of hippocampal NGF and basic fibroblast
growth factor (bFGF) mRNA, but not acidic fibroblast
growth factor (aFGF) mRNA after intraventricular
injection (67, 76). These findings suggest that cytokines
may differentially regulate glial hypertrophy, neuro-
trophic factor expression, and neuroprotection upon
CNS trauma (76).

Parkinson’s disease (PD) is a neurodegenerative dis-
order in which nigral dopamine (DA) neurons in the
mesencephalon selectively degenerate, thus leading to
a loss of DAergic innervation to the dorsal striatum (1,
9, 43). Therapeutic approaches such as grafting DA-
producing tissues into the striatum of animal models of
PD and parkinsonian patients can induce a compensa-
tory sprouting response in the denervated striatum
from endogenous DA neurons (6, 11, 14, 24, 39, 57).
Several possible mechanisms may underlie the trans-
plantation-induced compensatory sprouting in the host-
denervated striatum. Neuronal grafts may release neu-
rotrophic factors and initiate a sprouting response in
spared DA axons (5, 38, 39, 58). Another possible
mechanism is the activation of a cytokine-neurotrophic
cascade, by which neuronal grafts initiate an inflamma-
tory reaction (23, 35, 39, 46, 81). This inflammatory
reaction mediated by microglia could release inflamma-
tory cytokines that can stimulate reactive astrocytes to

1 All animals experiments were conducted in accord with Guide-
lines for the Care and Use of Experimental Animals, using protocols
approved by the Institutional Animal Care and Use Committee at
Mount Sinai School of Medicine (95-300NB).
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release neurotrophic factors, thereby promoting axonal
sprouting (3, 28–32, 39, 71, 81).

Recent studies have demonstrated that intrastriatal
implantation of IL-1b can enhance compensatory
sprouting from residual DA neurons in the ventral
tegmental area of the midbrain and can induce behav-
ioral improvement in hemiparkinsonian rats (81). Since
there is evidence showing that IL-1b does not act
directly to induce the survival and plasticity of DA
neurons (2, 18), it is possible that IL-1b stimulates the
release of DAergic neurotrophic factors from astro-
cytes. Treatment with aFGF, bFGF, or glial cell line-
derived neurotrophic factor (GDNF) has been shown to
enhance the sprouting of DAergic fibers after a neuro-
toxic lesion (21, 55, 78). In addition, these specific
DAergic neurotrophic factors can be synthesized by
striatal astrocytes (16, 17, 44, 77). Therefore, we hypoth-
esized that the stimulation of DAergic axonal sprouting
by IL-1b is mediated by the induction of specific growth
factor synthesis from astrocytes.

Previous studies have demonstrated an aging-
associated decline in compensatory DAergic sprouting
after neurotoxin-induced injury (20, 21, 65, 66). At the
same time, other studies reported that there is an
aging-associated decline in the ability of astrocytes to
support process outgrowth (70, 74, 75, 79). Thus, in the
present study, we also examined whether the ability of
IL-1b to regulate the synthesis of astroglial-derived
DAergic neurotrophic factor is altered during the aging
process.

MATERIALS AND METHODS

Preparation of striatal astroglial monolayers. Breed-
ers were paired from C57BL/6 mice (Jackson Labora-
tory). Postnatal day 0–3 C57BL/6 mice were decapi-
tated, the striatum was dissected, and the meninges
were removed. The tissues were trypsinized (2.5 mg/
ml) and treated with DNase (10 µg/ml) for 15 min at
37°C, followed by a series of washes and centrifuga-
tions in MEM/Ham’s F-12 supplemented with 10% fetal
bovine serum. The resulting homogenate (cell suspen-
sion) was filtered through a sterile 37-µm nylon mesh
screen. Cells were plated at ,1 3 106 cells per 60-mm
dish in poly-L-lysine (100 µg/ml)-coated culture petri
dishes. The cultures were incubated at 37°C in an
atmosphere of 8% CO2 and 95% air.

In vitro treatment. Based on conditions previously
described (76), cells at 11–13 days in vitro were placed
into 0.5% serum for 24 h and treated with IL-1b [50
ng/ml; Intergen; dosage was based on experiments
previously described from Araujo and Cotman (3) or
vehicle (sterile H2O) for 0, 2, 4, 6, 8, and 16 h (n 5 3 for
each group)]. Cells at 21–23 days in vitro were treated
as above for 6 h (n 5 5 for each group). Cytoplasmic
total RNA was isolated and a nuclease protection assay

(12) was used to quantitate aFGF, bFGF, and GDNF
mRNA from the same treated cultured astrocytes.

In vivo treatments. Male C57BL/6 mice (Jackson
Laboratory) of three representative age groups were
compared: postnatal day 15 (young), 3 months (young-
mature), and 8–10 months of age (middle-aged). The 3-
and 8-month age groups were anesthetized with 287.5
mg/kg of avertin (stock of 12.5 mg/ml 2,2,2-tribromo-
ethanol), injected intraperitoneally (ip), while the post-
natal day 15 age group was anesthetized ip with 300
mg/kg of chloral hydrate. The mice were placed on a
stereotactic device. A burr hole was drilled on the right
side of the skull to accomodate injection. Stereotactic
injections of IL-1b (100 units; Intergen) or vehicle
(phosphate-buffered saline, pH 7.4) in a final volume of
0.5 µl was injected into the right lateral ventricle using
a 1-µl Hamilton syringe. Coordinates for the postnatal
day 15 age group were 1.5 mm caudal to the frontal
nasal suture, 0.5 mm lateral from the midline suture,
and 1.5 mm from the surface of the brain. Coordinates
for the 3- and 8-month age groups were 2.5 mm caudal
to the frontal nasal suture, 1.0 mm lateral from the
midline suture, and 2.0 mm from the surface of the
brain. The injection was at a rate of ,0.05 µl/min, and
the needle was left in place for 2–3 min after injection.
The needle was withdrawn slowly to prevent backflow
of solution along the needle track. Animals were sacri-
ficed at 0, 3, 6, 8, 24, and 48 h by cervical dislocation
and decapitated. Three to five mice were used for each
time period. The brains were removed and chilled in
sterile saline. The right dorsal and ventral striatum
were dissected and immediately frozen on dry ice and
stored at 280°C until used. Cytoplasmic total RNA was
isolated and a nuclease protection assay (12) was used
to quantitate aFGF, bFGF, and GDNF mRNA in dissec-
tions from the same animals.

Isolation of cDNA clones. The aFGF cDNA clone
was isolated by polymerase chain reaction (PCR) of
mouse striatal cDNA from which a 350-bp fragment
corresponding to nucleotides 33-384 was subcloned into
Bluescript II. The bFGF cDNA clone was generously
provided by Dr. S. Shimasaki (72) from which a 479-bp
fragment corresponding to nucleotides 525-1004 was
subcloned into vector Bluescript/SK1. The GDNF cDNA
clone was isolated by PCR of rat genomic DNA as
previously described (13) from which a 414-bp PCR
DNA fragment was subcloned into Bluescript II.

Quantitative solution hybridization nuclease protec-
tion assay. Unlabeled sense and high specific activity
(,1 3 109 cpm/µg) 32P-labeled antisense RNA were
transcribed according to the manufacturer’s recommen-
dations. A standard curve with increasing amounts
(0–10 µl of a 100 fg/µl (1) strand) of sense RNA was
used for quantitation. The standard and known amounts
of cytoplasmic RNA isolated were hybridized with ,200
pg of antisense 32P-labeled RNA probe. The samples
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were heat denatured at 85°C for 5 min and hybridized
overnight at 45°C. After hybridization, the samples
were treated with RNase A (5 µg/ml) and RNase T1 (2
µg/ml) for 1 h at 30°C, followed by proteinase K (0.167
mg/ml) digestion at 37°C for 15 min. Samples were
phenol:chloroform extracted, precipitated, resuspended
in 13 TE, and electrophoresed on a nondenaturing 5%
acrylamide gel. Gels were dried and quantitated by
phosphor image analysis. The results were determined
by linear regression analysis from the standard curve
and presented as attomoles of mRNA per microgram of
total RNA.

Statistical analysis. All values given are means 6
SEM. Significant differences in aFGF, bFGF, or GDNF
mRNA levels between control and IL-1b treatment
groups were analyzed using analysis of variance fol-
lowed by Fisher’s protected least significant difference
post hoc analysis. The level of significance was set at
P , 0.05. Statistical comparisons between control and
IL-1b in mature astrocyte cultures and postnatal day
15 mice that were analyzed at 6 h were made using a
two-tailed Student’s t test.

RESULTS

Effects of IL-1b on Neurotrophic Factor Gene
Expression in Primary Striatal Astrocyte Cultures

Immature animals respond differently to IL-1b com-
pared to mature animals when infused into the brain
(33, 72). In addition, it has been observed that the
ability of astrocytes to support process outgrowth de-
creases with time in culture (69, 70, 74, 75, 82). It has
been characterized that as astrocytes mature in vitro, a
decline in the growth-promoting potential is seen after
21 days, in comparison to astrocytes cultured for shorter
periods of time (69, 70, 74, 75, 82). Therefore, we
examined whether the in vitro maturational state of
astrocytes altered their response to IL-1b. Thus, pri-
mary striatal astrocyte cultures at 11–13 days in vitro
(young immature astrocytes) and cultures at 21–23
days in vitro (mature astrocytes) were studied. The
characteristics of the cultures were evaluated by stain-
ing with an astroglial marker, glial fibrillary acidic
protein (GFAP). In young and mature astrocyte cul-
tures, more than 90% of the cells were labeled with
GFAP (data not shown).

Our results show that IL-1b produced a 34% reduc-
tion in aFGF mRNA levels by 6 h (P , 0.002), and by 16
h, aFGF mRNA levels returned to control levels in
young immature striatal astrocyte cultures (Fig. 1A).
Similarly, IL-1b produced a significant 42% decrease in
aFGF mRNA levels within 6 h (P , 0.0008) in mature
striatal astrocyte cultures (Fig. 1D). In contrast, IL-1b
maximally induced a 410% increase in bFGF mRNA
compared to control at 6 h (P , 0.0001) and remained
elevated by 280% at 16 h (P , 0.0007) in young imma-

ture astrocyte cultures (Fig. 1B). Moreover, there was
an even greater increase in bFGF mRNA in mature
astrocyte cultures, with an 830% increase in bFGF
mRNA levels seen at 6 h (P , 0.0008) after IL-1b
treatment (Fig. 1E). IL-1b did not change GDNF mRNA
gene expression in young or mature striatal astrocyte
cultures in vitro (Figs. 1C and 1F, respectively).

Effects of IL-1b on Neurotrophic Gene Expression
in Vivo

To determine whether IL-1b effects on the induction
of DAergic neurotrophic factors synthesis are altered
with age in vivo, IL-1b was injected into the right
lateral ventricle in animals of three representative age
groups; postnatal day 15 (young), 3 months (young-
mature), and 8–10 months of age (middle-aged). To
examine if IL-1b can induce the synthesis of neuro-
trophic factors in the dorsal as well as in the ventral
striatum, which has been shown to be the source of DA
axonal sprouting to the denervated dorsal striatum in
animal models of PD, both these brain regions were
dissected and analyzed independently.

In the dorsal striatum of young postnatal day 15
mice, IL-1b injection caused a 41% reduction in aFGF
mRNA levels by 6 h (P , 0.02; Fig. 2A). In contrast,
IL-1b induced a 46% increase in bFGF mRNA levels by
6 h (P , 0.02; Fig. 2B). Similar to aFGF, IL-1b caused a
36% reduction in GDNF mRNA levels within 6 h
(P , 0.0001) compared to control injected mice (Fig.
2C). IL-1b did not change any of the DAergic neuro-
trophic factors in the ventral striatum of young postna-
tal day 15 mice (Figs. 2D–2F).

Intraventricular injection of IL-1b into the 3-month
age group produced a 34 and 54% reduction in aFGF
mRNA levels by 24 h (P , 0.004 and P , 0.0001) in the
dorsal and ventral striatum, respectively (Figs. 3A and
3D). In contrast, IL-1b maximally induced a 320%
increase in bFGF mRNA levels within 6 h (P , 0.0001)
and remained elevated by 24 h in the dorsal striatum
(Fig. 3B). Similarly, IL-1b induced a 220% increase in
bFGF mRNA levels by 6 h (P , 0.0006) in the ventral
striatum (Fig. 3E). At the same time, we detected no
change in GDNF mRNA gene expression in dorsal or
ventral striatum of the young 3-month age group (Figs.
3C and 3F, respectively).

In the 8-month age group, IL-1b did not change aFGF
mRNA gene expression in the dorsal and ventral stria-
tum (Figs. 4A and 4D, respectively). In contrast, IL-1b
induced a 530% increase in bFGF mRNA levels by 6 h
(P , 0.0001) and remained elevated by 270% at 24 h
(P , 0.002; Fig. 4B). Likewise, IL-1b induced a 220%
increase in bFGF mRNA levels by 6 h (P , 0.03)
compared to control in the ventral striatum (Fig. 4E).
Moreover, although it was observed that IL-1b induced
a small increase in GDNF mRNA levels in the dorsal
striatum within 6 h (P , 0.02) when compared to
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FIG. 1. Quantitative analysis of astroglial-derived dopaminergic neurotrophic factor gene expression after IL-1b treatment in primary
striatal astrocyte cultures. Cells at 11–13 days in vitro representing young-immature astrocytes (A–C) were placed into 0.05% serum for 24 h
and treated with IL-1b (50 ng/ml) or vehicle for 0, 2, 4, 6, 8, and 16 h. Cells at 21–23 days in vitro representing mature astrocytes (D–F) were
treated as above for 6 h. A and D, aFGF mRNA levels in young-immature (A) and mature (D) striatal astrocyte cultures compared to control
cultures following IL-1b treatment. B and E, bFGF mRNA levels in young-immature (B) and mature (E) astrocyte cultures after IL-1b
treatment. C and F, GDNF mRNA levels in young-immature (C) or mature (F) striatal astrocyte cultures following IL-1b treatment. Values
represent the mean 6 SEM for n 5 3 and n 5 5 for each group in young and mature astrocyte cultures in vitro, respectively. **P , 0.005,
***P , 0.0001 compared to control vehicle.
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control injected, this effect shortly returned to control
levels by 8 h (Fig. 4C). IL-1b did not change GDNF
mRNA gene expression in the ventral striatum of
middle-aged mice (Fig. 4F).

DISCUSSION

The present study investigated whether astroglial-
derived DAergic neurotrophic factors can be regulated

by IL-1b. It was observed from the in vitro experiments
and after intraventricular infusion of IL-1b that bFGF
mRNA was upregulated by IL-1b in the striatum. In
contrast, there was no sustained induction of aFGF or
GDNF mRNA levels after IL-1b treatment. This there-
fore suggests that bFGF may be the putative DAergic
neurotrophic factor mediating IL-1b effects on DAergic
axonal sprouting after a neurotoxin challenge. How-
ever, in contrast to what we hypothesized, we did not

FIG. 2. Quantitative analysis of astroglial-derived dopaminergic neurotrophic factors in the dorsal (A–C) and ventral (D–F) striatum after
IL-1b injection for 6 h in postnatal day 15 mice. Stereotactic injections of IL-1b (100 units) or vehicle in a final volume of 0.5 µl were made into
the right lateral ventricle using a 1-µl Hamilton syringe. A and D, aFGF mRNA levels following IL-1b treatment compared to control
PBS-injected animals in the dorsal (A) and ventral (D) striatum. B and E, bFGF mRNA levels following IL-1b treatment in the dorsal (B) and
ventral (E) striatum compared to control PBS-injected animals. C and F, GDNF mRNA levels in the dorsal (C) and ventral (F) striatum
compared to control PBS-injected animals. Values represent the mean 6 SEM for n 5 5 in vivo. *P , 0.05; **P , 0.005; ***P , 0.0001
compared to PBS injected.
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FIG. 3. Time-course quantitative analysis of astroglial-derived dopaminergic neurotrophic factors in the dorsal (A–C) and ventral (D–F)
striatum at 0, 3, 6, 8, and 24 h after IL-1b treatment in 3-month-old mice. Stereotactic injections of IL-1b (100 units) or vehicle in a final
volume of 0.5 µl were made into the right lateral ventricle using a 1-µl Hamilton syringe. The 0 h time point represents noninjected control.
The dotted line represents IL-1b-injected and the solid line represents control PBS-injured animals. A and D, aFGF mRNA levels in the dorsal
(A) and ventral (D) striatum compared to control PBS-injected animals. B and E, bFGF mRNA levels in the dorsal (B) and ventral (E) striatum
compared to control PBS-injected animals. C and F, GDNF mRNA in the dorsal (C) and ventral (F) striatum after IL-1b injection. Values
represent the mean 6SEM for n 5 3 in vivo. *P , 0.05; **P , 0.005, ***P , 0.0001 compared to PBS-injected.
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FIG. 4. Time-course quantitative analysis of astroglial-derived dopaminergic neurotrophic factors in the dorsal (A–C) and ventral (D–F)
striatum at 0, 6, 8, 24, and 48 h after IL-1b treatment in 8-month-old mice. Stereotactic injections of IL-1b (100 units) or vehicle in a final
volume of 0.5 µl were made into the right lateral ventricle using a 1-µl Hamilton syringe. The 0 h time point represents noninjected control.
The dotted line represents IL-1b-injected and the solid line represents control PBS-injected animals. A and D, aFGF mRNA gene expression in
the dorsal (A) and ventral (D) striatum compared to control PBS-injected animals. B and E, bFGF mRNA levels in the dorsal (B) and ventral
(E) striatum compared to control PBS-injected animals. C and F, GDNF mRNA levels in the dorsal (C) and ventral (F) striatum compared to
control PBS-injected animals. Values represent the mean 6SEM for n 5 3 in vivo. *P , 0.05; **P , 0.005, ***P , 0.0001 cmopared to PBS
injected.
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observe an aging-associated decline in the ability of
IL-1b to induce bFGF mRNA in the middle-aged group.
In fact, IL-1b stimulated a greater induction in bFGF
mRNA levels in the middle-aged compared to young
mice.

IL-1 and Astroglial Cells

Several lines of evidence have indicated that the
adult CNS can regenerate after lesion-induced injury.
The regenerative capacity of the CNS depends not only
on CNS neurons but also on the glial environment (22).
Astroglia can release neurotrophic factors required for
the proper maintenance and growth of nerve cells (40).
During brain development, astroglia can aid neurite
outgrowth, either by providing a scaffold or by provid-
ing neurotrophic support (40). In contrast, as the
normal brain matures, and after injury, astroglia can
be unsupportive of axon growth, especially in the
vicinity of a glial scar (10, 41, 61–64, 69). However in
recent years, it has been debated whether astroglia
directly interfere with outgrowth of neurites in the
process of regeneration (22). Previous studies have
shown that astrocytes play an important role in the
sprouting of NGF-sensitive damaged cholinergic neu-
rons in the basal forebrain after septohippocampal
deafferentation (26). Furthermore, it was implicated
that astroglial synthesis of NGF and other neuro-
trophic factors which act on damaged neurons to pro-
mote regeneration were initially up-regulated by cyto-
kines (83).

In the present study, we initially examined whether
aFGF, bFGF, or GDNF, which specifically have been
shown to induce DAergic axonal sprouting, can be
directly regulated by IL-1b in striatal astrocytes. Our
in vitro results indicated that IL-1b selectively induced
the synthesis of bFGF mRNA but not aFGF or GDNF
mRNA. IL-1b induced bFGF mRNA maximally within
6 h and sustained a significant increase for 16 h in
young immature astrocytes in vitro. Furthermore, it
was observed that there was not a decrease in the
ability of mature astrocytes to respond to IL-1b treat-
ment compared to immature astrocytes. Indeed, ma-
ture astrocytes had a relative increase in bFGF mRNA
in response to IL-1b treatment.

More recently, it has become appreciated that mature
astrocytes can display plasticity in their ability to
support neurite extension depending on differences in
the expression of cell surface and extracellular matrix
(ECM) molecules. Growth-inhibiting versus growth-
promoting effects of astrocytes on neurons can be
mediated by the presence of chondroitin 6-sulfate pro-
teoglycans (CSPGs) and tenascin (50, 52). It was shown
that astrocytes rich in CSPGs and tenascin are inhibi-
tory to process outgrowth whereas astrocytes that do
not express these particular ECM molecules seemed to
promote neurite growth (50, 52). Others have sug-

gested that the release of cytokines during an inflamma-
tory response to brain injury can upregulate certain
ECM molecules which in turn can affect the binding
and actions of trophic factors (19, 51). For example, an
ECM molecule perlecan has been shown to potentiate
the actions of bFGF (4, 54). Thus, our findings suggest
that it is not a loss of the ability of IL-1b to stimulate
neurotrophic factor synthesis in mature astrocytes that
compromises their growth-promoting potential, but
possibly it is due to an alteration in IL-1b regulation of
growth-promoting ECM molecules. However further
investigation is needed to elucidate the role of cyto-
kines in regulating ECM molecules and their interac-
tion with growth factors after neuronal injury.

IL-1 and the Regulation of Neurotrophic Factor Gene
Expression in the CNS

The stimulation of astroglial-derived DAergic neuro-
trophic factor synthesis by IL-1b could be one mecha-
nism by which IL-1b induces the survival and plasticity
of DAergic neurons after injury. We performed stereotac-
tic intraventricular injections to determine whether
IL-1b can stimulate DAergic neurotrophic factor gene
expression in vivo. We examined three representative
age groups: postnatal day 15 when astrocytes have
been shown to promote neurite outgrowth and 3 and 8
months of age (young adult and middle-aged, respec-
tively) when neurons and the glial environment of the
adult CNS have been shown to be less favorable for
regeneration to occur after brain injury (15). IL-1b was
able to induce an increase in bFGF mRNA synthesis in
the striatum of postnatal day 15 mice, and this induc-
tion was even greater in young adult and middle-aged
mice thus demonstrating that there was not an aging-
associated loss in the capacity of IL-1b to induce bFGF
mRNA. The effects of IL-1b on the induction of bFGF
mRNA but not aFGF or GDNF mRNA suggests that
IL-1b effects on bFGF were specific and not the result of
generalized mRNA upregulation since the analyses of
these neurotrophic factors were from the same ani-
mals. In addition, we observed that IL-1b can have
opposite actions on the expression of two fibroblast
growth factors. IL-1b induced bFGF mRNA synthesis,
but at the same time reduced aFGF mRNA. This
provides evidence that although aFGF and bFGF have
been shown to have similar functions and actions on
the brain, cytokines can have distinct influences on
neurotrophic factor gene expression in the brain. This
is further supported by other studies in which intraven-
tricular injection of IL-1b induced bFGF and NGF
mRNAexpression but not aFGF mRNAin the hippocam-
pus of adult rat brain (67, 76). While the present study
demonstrates an effect of IL-1b on neurotrophic factor
gene expression, cytokines may not necessarily alter
protein levels; therefore, it is important to consider
whether the changes we observed lead to alterations in
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neurotrophic factor availability. However, other studies
have shown that IL-1b induction of neurotrophic factor
synthesis was also reflected by a corresponding in-
crease in protein secretion (3, 49, 76).

The properties of IL-1b to stimulate reactive astroglio-
sis and neovascularization after infusion of IL-1b that
was reported in the adult brain (33) could be mediated
by bFGF. It was described that bFGF can influence cells
in the CNS through its mitogenic and angiogenic
properties (36, 37). Similar to IL-1b, bFGF has been
shown to stimulate astrocyte proliferation as well as to
induce new blood vessel growth (36, 37). In the present
study, we found that IL-1b caused a significant 7- and
13-fold increase of bFGF mRNA in young-mature and
middle-aged animals, respectively, when compared to
the modest induction observed in the developing postna-
tal day 15 mice. This enhanced stimulation of bFGF
mRNA in the young adult seemed to correlate well with
the selective cellular responses of IL-1b effects on the
adult brain compared to the developing brain (33, 73),
thus suggesting a role of bFGF in mediating the actions
of IL-1b in the wound healing process after neuronal
injury.

Cytokines frequently act synergistically with other
cytokines or neurotrophic factors to elicit an effect (8).
It has been implied by others that the newly synthe-
sized bFGF in the hippocampus after cerebroventricu-
lar injection of IL-1b may enhance the initial action of
IL-1b to further stimulate bFGF expression (67). Our
results of an enhanced IL-1b induction of bFGF mRNA
in the striatum of middle-aged mice may be due to a
similar synergistic interaction. Since we have shown
that it was not the inability of middle-aged animals to
synthesize neurotrophic factors, it is possible that
receptor trafficking and receptor activation becomes
altered with age and might be responsible for the loss of
recovery seen in aged animals. Previous studies have
reported that in senescent vascular cells, there are
aging-associated defects in mitogenic responsiveness to
FGF and epidermal growth factor (EGF; 27, 59). This
was accompanied by a parallel decrease in total num-
ber of receptors and receptor binding and signalling of
the EGF and FGF receptor system (27, 59, 60). How-
ever, this still remains to be explored in the aged brain.

IL-1 and Parkinson’s Disease

Animal models of PD have shown that young mice
can begin spontaneous recovery within 1 month after a
MPTP-induced lesion of the nigrostriatal DA system
compared to aged mice (65, 66). Cellular reactions after
MPTP involving changes in growth factor gene expres-
sion such as bFGF mRNA observed in young mice are a
possible factor mediating the recovery of striatal DA
nerve terminals (47). However, it remains to be estab-
lished what endogenous events may contribute to the
age-associated reduction in the ability to recover from

neuronal injury. There is a growing body of evidence
suggesting that normal repair mechanisms associated
with neurodegeneration can also contribute to the
disease process if the responses are overstimulated or
disregulated (19). For example, while studies have
shown that bFGF can promote neurite sprouting, bFGF
may also play a role in plaque formation in Alzheimer’s
disease (19). Since aging is often accompanied by a
decline in immune homeostasis (45), possibly as the
brain ages, the responses to injury may lead to a
propagation of enhanced inflammatory processes which
could be responsible for the aging-associated loss in the
ability to recover from injury which is potentially
reflected by the greater induction of bFGF synthesis by
IL-1b in middle-aged mice when compared to young
adults. It is possible that the enhanced stimulation of
bFGF by IL-1b observed in middle-aged mice in combi-
nation with other uncharacterized factors could be
triggering feedback reactions which may lead to alter-
ations in the CNS environment that are not conducive
to recovery. Perhaps, by further elucidating how cyto-
kines, ECM molecules, and trophic factors interact and
change in response to injury and whether the balance
between these interactions becomes altered with age,
we can gain a better understanding of how to slow
neurodegenerative processes in the adult brain.
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