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Glucocorticoids Differentially Increase Nerve Growth Factor and
Basic Fibroblast Growth Factor Expression in the Rat Brain
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Adrenocorticotropin hormone (ACTH) and adrenal steroids may
influence trophic processes operative in neuronal plasticity.
Because nerve growth factor (NGF) and basic fibroblast growth
factor (bFGF) participate in neuronal trophism, we have inves-
tigated whether adrenal steroids induce the expression of these
two trophic factors in the rat brain. The systemic administration
of dexamethasone (DEX) elicited a rapid (within 3 hr) and sus-
tained accumulation of bFGF and NGF mRNA in the cerebral
cortex and hippocampus. Regional studies showed that DEX
increases bFGF but not NGF mRNA in the cerebellum, striatum,
and hypothalamus. /In situ hybridization studies revealed that
DEX increases NGF mRNA in superficial layers of the cerebral
cortex and in the dentate gyrus of the hippocampus, and bFGF

mRNA throughout the brain, suggesting that DEX induces NGF
mRNA in neurons and bFGF in glial celis. ACTH administered
systemically elicited a temporal and regional induction in NGF
and bFGF mRNA similar to that obtained with DEX. Increases in
NGF and bFGF mRNAs were also observed after administration
of corticosterone and, albeit to a lesser extent, aldosterone,
suggesting that the pituitary-adrenocortical axis plays an im-
portant role in the regulation of NGF and bFGF expression in
the brain. Our data suggest that NGF and bFGF represent a link
by which the adrenal cortical system can exert trophic action on
the CNS.
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The nervous and endocrine systems are engaged in an intense
biological dialogue and, by sharing many chemical signals, interact
at several levels to shield the organism against noxious agents or
hostile environmental conditions. The role of adrenal steroids in
the neuroendocrine regulation of hypothalamic—pituitary—adreno-
cortical system in response to stress is well documented. The brain
expresses both mineralocorticoid and glucocorticoid receptors
and is, among other tissues, a target for adrenal corticosteroids
(McEwen et al., 1986). Indeed, adrenal secreted steroids appear
to regulate memory consolidation and learning, and influence
mood and complex behavioral interactions (McEwen et al., 1986).
A great deal of research has focused on the hypothesis that
adrenal steroids or adrenocorticotropic hormone (ACTH) might
be important regulators of trophic processes operative in synaptic
plasticity. During development, glucocorticoids modulate cell
growth and differentiation and inhibit cell proliferation (Meyer,
1985), and ACTH increases nerve terminal branching (Strand et
al., 1989), typical responscs that are belicved to be associated with
synaptic plasticity. In the maturc brain, corticostcronc reduces
both cell death of hippocampal granule cells (Sloviter et al., 1989)
and morphological changes of the dentate gyrus (Gould et al.,,
1990) after adrenalectomy. Thus, it appears that some populations
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of neurons require a continuous influx of adrenal steroids to
maintain structural integrity and enhance survival.

Many of the primary effects of adrenal steroids involve transcrip-
tional regulation of a subset of genes in specific cell types, including
neurotransmitters, receptors, and neuropeptides (Harlan, 1988).
However, little is known about the mechanisms of thesc cffects and
the basis for a “neurotrophic” activity of the adrenal corticosteroids.
Given the well established role of neurotrophic factors and the
complexity of molecular events influencing synaptic plasticity, it has
been suggested that adrenal steroids may exert trophic activity by
inducing the synthesis and availability of trophic factors in the devel-
oping as well as mature CNS (Aloe, 1989; Mocchetti, 1991). Indeed,
several lines of independent evidence have demonstrated that the
synthetic glucocorticoid dexamethasonc (DEX) modulates the ex-
pression of nerve growth factor (NGF) in selected brain regions
(Fabrazzo et al., 1991; Barbany and Persson, 1992; Saporito et al.,
1994), suggesting that the induction of trophic factor synthcsis rep-
resents a link by which the adrenal cortical system can exert trophic
action in the maturc CNS.

Relatively little is known about the contribution of adrenal
corticosteroids and the pituitary ACTH in the induction of NGF.
Moreover, it is still unclear what role the hypothalamic—pituitary—
adrenal axis has in the regulation of basic fibroblast growth factor
(bFGF), a prototype member of the heparin trophic factor family
(Burgess and Maciag, 1989), which is believed to play a role in
CNS plasticity (Anderson et al., 1988; Otto and Unsicker, 1990;
Follesa et al., 1994). We report that synthetic and naturally
occurring adrenal steroids induce a temporal and anatomical
induction of bFGF expression distinct from that of NGF.

MATERIALS AND METHODS

Animal treatment. Adult male and female Sprague-Dawley rats (200-250
gm; Harlan Spraguc-Dawley, Indianapolis, IN) were housed in a



2142 J. Neurosci., March 15, 19986, 16(6):2141-2148

temperature-controlled environment with 12 hr light/dark cycle and ac-
cess to food and water ad libitum. Animals received a single dose of
vehicle (ethanol-saline 1:9) used to dissolve hormones, DEX, aldoste-
rone, corticosterone (Sigma, St. Louis, MO), or ACTH (Rhone-Poulenc
Rorer, Collegeville, PA) subcutaneously. Rats were killed by decapitation
at various times after the injection. Adrenalectomized and sham-
operated rats were from Harlan. Adrenalectomized rats received saline in
place of drinking water. Animals used for in situ hybridization were killed
3 hr after treatment by injection with a lethal dose of sodium pentobar-
bital (50 mg/kg) and intracardially perfused with 4% paraformaldehyde
in 0.1 m phosphate bufter (PBS), pH 7.4. After perfusion the brains were
removed, post-fixed in 4% paraformaldehyde at 4°C for 1-2 d and then
transferred to 20% sucrose/4% paraformaldehyde for 1-2 d. Rats used
for biochemical determination were killed by decapitation, the brain
areas quickly dissected on ice (Glowinski and Iversen, 1966), frozen on
dry ice, and stored at —70°C until processed.

RNase protection assay. RNase protection assay and preparation of
cRNA probes were performed as described previously (Follesa and
Mocchetti, 1993; Follesa et al., 1994). The 830 basc *’P-labeled NGF
RNA probe, which contains a 771 base portion of the rat NGF cDNA and
59 bases of the Bluescript polylinker region, was generated with T3 RNA
polymerase from EcoRI linearized pBSINGF (Whittemore et al., 1988)
(a gift from Dr. S. Whittemore, University of Miami, Miami, FL). The
plasmid RObFGF103 (a gift from Dr. A. Baird, The Whittier Institute, La
Jolla, CA), containing a 1016 basc portion of the rat bFGF ¢cDNA
(Shimasaki et al., 1988), was lincarized with Ncol to usc as a template for
the in vitro transcription assay with T7 RNA polymerase. This procedure
generated a *?P-labeled 524 base probe, which includes the 477 bases of
bFGF cRNA and 47 bases of the plasmid polylinker region (Follesa and
Mocchetti, 1993; Follesa ct al., 1994). The cRNA for acidic FGF (aFGF)
was generated from HBGF-1 plasmid (Goodrich ct al., 1989) (a gift from
Dr. S. Goodrich, Alton Jones Cell Science, Lake Placid, NY) as described
previously (Follesa ct al., 1994). The cRNA for cyclophilin was in vitro
transcribed with SP6 polymerase from EcoRI linearized plasmid p1G15
(Colangelo et al., 1994; Follesa ct al., 1994; Hayes et al., 1995). This probe
was used as a standard control to monitor artifacts attributable to extrac-
tion of RNA.

RNA was extracted from brain tissues (Chomczynski and Sacchi, 1987).
Total RNA (20-25 pg) was dissolved in 20 ul of hybridization solution
containing 150,000 cpm of a **P-labeled bFGF, and NGF ¢RNA probe
(specific activity >6 X 10% cpm/ug of RNA each). To balance the
relatively high abundance of cyclophilin RNA, p1G15 was labeled to a
lower specific activity (~1 X 10° cpm/ug of RNA). Hybridization was
performed at 50°C overnight. RNA was digested with RNase A (1 U/ml)
and T1 (200 U/mi) for 30 min at 37°C. The reaction was stopped by
extracting the sample with a solution (1:1 v/v) containing 4 M guanidine
isothiocyanate, 25 mM sodium citrate, 0.5 M sarkosyl, and 0.1 M
2-mercaptoethanol, and samples were precipitated with isopropanol (1:1
v/v). The pellct containing the RNA:RNA hybrid was dissolved in loading
buffer (80% formamide, 0.1% xylene cyanol, 0.1% bromophenol blue, 2
mm EDTA), boiled at 95°C, and separated on a 5% polyacrylamide/urea
sequencing gel. The gel was dried and the bFGF and NGF mRNA
protected fragments were visualized by autoradiography on x-ray film
using an intensifying screen (Hyperscreen, Amersham, Arlington
Heights, IL). The content of trophic factor mRNA was calculated by
measuring the peak densitometry area of the autoradiograph analyzed
with a Hoefer GS 300 scanning densitometer (Hocfer, San Francisco,
CA) normalized by the peak densitometry area of the cyclophilin auto-
radiograph band as described previously (Follesa and Mocchetti, 1993;
Follesa et al., 1994).

In situ hybridization. In situ hybridization was performed as described
previously (Gall and Isackson, 1989; Isackson et al., 1991; Hayes et al.,
1995). In brief, 25 um coronal sections were generated on a freczing
microtome, transferred sequentially through 0.1 M glycine in PBS, pro-
teinase K (1 pg/ml) in 0.1 M Tris buffer, pH 8.0/50 mm EDTA for 30 min
at 37°C, 0.25% acetic anhydride in 0.1 M triethanolamine for 10 min, 2X
SSC for 30 min and then incubated for 1 hr at 60°C in hybridization buffer
containing 50% formamide, 10% dextran sulfate, 0.7% ficoll, 0.7% poly-
vinyl pyrrolidonc, 7 mg/ml bovine serum albumin, 0.15 mg/ml yeast
transfer RNA, 0.33 mg/ml denatured herring salmon sperm DNA, and 20
mM dithiothreitol (DTT). From this prehybridization incubation, the
sections were transferred into fresh hybridization buffer containing cRNA
probes at a density of 10° cpm/t00 ul with an addition of 20 mm DTT and
incubated overnight at 60°C. After hybridization, sections were trans-
ferred through 4 SSC (1 hr) and ribonuclease A (20 pg/ml) at 45°C for
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30 min, and washed through descending concentrations of SSC to a final
stringency of 0.1X SSC for 1 hr. Sections were mounted onto vectabond
(Vector Laboratories, Burlingame, CA) coated slides, air dried, and
exposed to film (B-max, Amersham).

The rat bFGF cRNA probes for in situ hybridization were synthesized
from a 1004 bp cDNA fragment subcloned into the Xhol site of pBlue-
script SK+ (Shimasaki et al., 1988). The antisense RNA probes were
transcribed from the PvuIl-linearized plasmid using T7 RNA polymerase
in presence of [**Sjuridine triphosphate ([**SJUTP). As control for spec-
ificity of hybridization of the bFGF ¢cRNA probe, sections from experi-
mental and control rats were processed in parallel with a *3S-labeled
bFGF sense cRNA probe. The sensc RNA probes were transcribed using
T3 RNA polymerase in presence of [SJUTP. The rat NGF cRNA
probes (750 bases) were transcribed in the presence of [**SJUTP from a
Pyull-linearized genomic subclone pBSINGF (Whittemore et al., 1988)
using T3 RNA polymerase.

Quantitation of in situ hybridization. Optical density (OD) valucs of
silver grains resulting from hybridization were measured from film auto-
radiograms. NGF and bFGF mRNA hybridization signal obtained on the
autoradiographic film was quantitatcd using National Institutes of Health
computer-assisted image analysis program (National Institutes of Health
version 1.56). Optical densities were calibrated relative to densities ob-
tained from slide-mounted [**C]Microscales standards (Amersham) cx-
posed for the same amount of time. Measurements were taken from the
dorsal and the ventral leaf of dentate gyrus stratum granulosum, and the
layers of CAl, CAZ, piriform cortex, and cingulate cortex detined by the
hybridization signal. Stratum lacunosum moleculare and cortical mea-
surements were taken over a defined arca of cach structure and were kept
identical across the different sections sampled. Sampled arcas were
magnificd to allow 10 pixel measurements. Because three different see-
tions per animal (n = 2) were analyzed, 60 measurements per anatomical
structure were computed. Background measurements were obtained
from an unhybridized area within the tissue scction and a neighboring
film area. The data from DEX-treated animals are cxpressed relative to
hybridization OD from control rats processed side by side and exposed on
the same piece of film.

Detection of bFGF by Western blot analysis. Brain tissue extracts from
frozen samples were prepared by homogenization in 10 vol (w/v) of ice
cold NP-40 buffer [10 mm Tris buffer, pH 7.4, 1 mm EDTA (TE), 1%
NP-40, 2 M NaCl, 1 mM phenylmethylsulphonyl fluoride, 1 pwg/ml aproti-
nin, 1 ug/ml leupeptin, (Sigma)] with 10 strokes by hand in a 2 ml tefion
glass homogenizer. Samples were centrifuged for 20 min at 15,000 X g.
Protein concentration in the supernatant was measured by Coomassie-
blue assay (Bio-Rad, Melville, NY). The supernatant was collected and
the NaCl concentration was adjusted to 0.6 M with TE containing pro-
tease inhibitors. Fractions of the supernatant (400 ul) were added to a
tube containing 50 ul of heparin-Sepharose CL-6B slurry (Pharmacia,
Piscataway, NJ) (100 mg swelled in 1 ml of TE containing 0.6 M NaCl) and
shaken overnight at 4°C. The heparin-Sepharose was precipitated at
13,000 X g, and the pellet was washed three times with 0.6 M NaCl, 10 mMm
Tris HCI, pH 7.4. Final pellets were boiled in loading buffer (2% SDS, 100
#M DTT, 10% glycerol, 0.25% bromophenol blue) and scparated by a
15% SDS-polyacrylamide gel. Recovery of bFGF was monitored by
including tracer amounts (10,000 cpm) of '"*I-bFGF (50 uCi/ug, ICN
Research Products, Costa Mesa, CA). Recovery ranged from 75-85%.
Protein was transferred in 10 mM Tris/glycine/methanol bufter for 1 hr
onto nitrocellulose filter. Prestained molecular weight markers (Life
Technologies, Gaithersburg, MD), human recombinant bFGF (a gift
from Farmitalia-Carlo Erba, s.p.a., Milan, Italy), and aFGF (Collabora-
tive Research, Bedford, MA) were run simultaneously. Immunostaining
of blotted proteins was performed using the mouse bFGF monoclonal
antibody DE6 (Reilly et al., 1989) (a gift from Dr. W. Herblin, Dupont
Merck Pharmaceutical Company, Wilmington, DE) at a dilution of 1/500.
Blots were analyzed using enhanced chemiluminescence (Amersham).

RESULTS

DEX increases bFGF and NGF mRNA levels in the
cerebral cortex and hippocampus

We have previously shown that physiologically low levels of adre-
nal corticosteroids, such as those obtained by bilateral adrenalec-
tomy, result in reduced levels of NGF and bFGF mRNA in the
cerebral cortex (Follesa and Mocchetti, 1993; Follesa et al., 1994).
To examine the role of blood-borne adrenal steroids in the reg-
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DEX induces a time-dependent increase in NGF and bFGF mRNA in the cercbral cortex and hippocampus. Rats received DEX (1.5 mg/kg,

s.c.) and werc killed at the indicated time. The content of bFGF and NGF mRNA was determined in cerebral cortex (4) and hippocampus (53) by RNase
protection assay. Data, expressed in percent of control, are the mean = SEM of three separate experiments (1 = 9/group). *p < 0L05, **p < 0.0t versus

control (ANOVA and Dunnctt’s test).

ulation of trophic factor expression in the brain, rats were injected
with the synthetic glucocorticoid DEX. Time-course studies re-
vealed that in the cerebral cortex, DEX (0.5 mg/kg, s.c.) failed to
change the levels of both mRNAs at 1 hr, but elicited a twofold
increase in bFGF and NGF mRNA content 3 hr after the injection
(Fig. 1A4). The profile of bFGF mRNA induction was slightly
different from that of NGF because accumulation of bFGF
mRNA reached peak values at 6 hr (Fig. 14), whereas NGF
mRNA levels started to decline by 6 hr. The content of both
mRNA species gradually returned to control levels within 24 hr
postadministration of DEX. In contrast, NGF and bFGF mRNA
levels remained constant over time within the control groups,
fluctuating no more than 10%. Moreover, the content of aFGF
mRNA remained unchanged over time in the DEX-treated co-
hort (data not shown), indicating specificity in the induction of
bFGF mRNA.

Time-course studies were also performed to characterize the
temporal pattern of NGF and bFGF mRNA in the hippocampus
after systemic DEX administration. By 3 hr, DEX elicited a
significant increase in bFGF and NGF mRNA (Fig. 1B). By 6 hr,
however, the content of NGF mRNA started to decline, whereas
that of bFGF reached peak induction (Fig. 1B). bFGF mRNA
remained elevated at 10 hr (twofold) and returned to control
values by 36 hr (Fig. 1B).

Dose-response studies

The dose of DEX (0.5 mg/kg, s.c.) used to increase the content of
NGF and bFGF mRNA roughly approximates plasma glucocor-
ticoid levels occurring during intense stress (Sapolsky et al., 1986),
Dose-response studies were performed to determine whether
lower or higher concentrations of DEX can elicit a comparable
accumulation of trophic factor mRNA. In the cerebral cortex, by
3 hr the dose of 0.1 mg/kg (s.c.) elicited a modest but significant
increase in the levels of both mRNAs (Fig. 2). The peak effect was
observed at a dose of 5 mg/kg (s.c.). The levels of bFGF and NGF
mRNA failed to significantly differ at doses of 0.5, 1, and 5 mg/kg
(Fig. 2). A similar concentration-dependent increase in both
mRNAs was observed in the hippocampus (data not shown).

Anatomical specificity of bFGF and NGF mRNA
induction after DEX
We examined the Icvels of NGF and bFGF mRNA in additional
brain regions at various times after DEX (0.5 mg/kg). The syn-
thetic glucocorticoid elicited a time-dependent increase in bFGF
mRNA in the hypothalamus, cerebellum, and striatum similar to
that observed in the cerebral cortex. Thus, the DEX-induced
increase in bFGF mRNA peaked at 6 hr (Fig. 3) and declined by
24 hr (data not shown). In these brain regions, NGF mRNA failed
to change at any time (data not shown) consistent with previous
findings (Fabrazzo et al., 1991).

We used in situ hybridization to localize NGF and bFGF mRNA
induction in specific areas of the brain in which we may have failed
to detect changes because of induction restricted to a particular
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Figure 2. Induction of NGF and bFGF mRNA by DEX: dose-response

studies. DEX was injected subcutaneously at the indicated doses, and rats
were killed 3 hr later. Values are expressed as percent of control and are the
mean = SEM of two independent and separate experiments (# = 4/group).
*p < 0.05, **p < 0.01 versus control (ANOVA and Dunnctt’s test).



2144 J. Neurosci., March 15, 1996, 716(6):2141-2148

[0 Hypothalamus

*
500 Hl Cerebellum
Striatum
400 - * %
% 300 - * *
o *
o
S 2004
B
100
0
3 6

Time after injection (hr)

Figure 3. Regional increase in bFGF mRNA after DEX. Rats received
DEX (0.5 mg/kg, s.c.) and were killed at the indicated time. Hypothala-
mus, cerebellum, and striatum were dissected. Data are the mean = SEM
of three separate experiments (n = 9/group). *p < 0.01 (ANOVA and
Dunnett’s test). No changes were observed in the levels of NGF mRNA
between control and DEX-treated rats in these areas.

subset of cell layers. In control rats, NGF mRNA was relatively
abundant in hippocampus dentate gyrus and in the superficial layers
of the cortex (Fig. 4), similar to previous observations (Gall and
Isackson, 1989; Gall et al., 1991; Isackson et al., 1991; Hayes et al.,
1995). In brain sections of rats killed 3 hr after DEX injection,
antisense NGF cRNA probe hybridization revealed that NGF
mRNA levels were increased in the superficial layers of the cortex
and in particular in the cingulate and piriform cortex (Fig. 4 and
Table 1), supporting the data obtained with RNase protection assay.
In the hippocampus, NGF mRNA levels remained unchanged in the
pyramidal cell layers, but increased in the dentate granule cell layers
of the same brains (Fig. 4 and Table 1).

Brain sections of control rats, processed with bFGF cRNA,
showed the typical bFGF hybridization scattered throughout the
brain, as shown previously (Emoto et al., 1989; Gall et al., 1994;
Hayes et al., 1995), which suggests expression of bFGF in glial
cells. bFGF hybridization was also localized in the CA2 layer of
the hippocampus, where bFGF mRNA has been found to be
expressed in neurons (Woodward et al., 1992). DEX-treated rats
showed elevated levels of bBFGF mRNA expression evenly distrib-
uted over all cortical regions (Fig. 4). In the hippocampus, DEX
increased bFGF mRNA expression in glial cells within the stratum

Table 1. Effect of DEX on NGF and bFGF mRNAs: analysis by in situ
hybridization

NGF mRNA bFGF mRNA

Brain areas % of control Brain areas % of control

CG 360 = 807 CAl 142 * 18*
DG 317 £ 67* CA2 81 + 14
PIR 302 = 70% CTX 178 = 47¢

SLM 218 = 81*

Data are the mean + SEM values. Results are relative to the paired control and
averaged from three different sections from two individual animals. CTX, Cortex;
CG, cingulate gyrus; DG, dentate gyrus; PIR, piriform cortex; SLM, stratum lacu-
nosum moleculare.

*p = 0.05 (Student’s ¢ test).
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Figure 4. Effect of DEX on NGF and bFGF mRNA expression. Photo-
micrographs of autoradiograms of in sitw hybridization showing the ex-
pression of NGF and bFGF mRNAs in the brain of control (Cont.) versus
DEX-treated rats (Dex.). Coronal sections of the rostral areas of the rat
brain are shown. CTX, Cortex; Cg, cingulate gyrus; Pir, piriform cortex;
DG, dentate gyrus; shn, stratum lacunosum moleculare. Arrowheads indi-
cate areas of significant NGF mRNA increase.

lacunosum moleculare (Fig. 4). In the CA2 region, we failed to
observe increased hybridization after DEX (Table 1). Tissue
processed with the sense bFGF ¢cRNA probe showed no labeling
in any of the regions where specific bFGF hybridization was
described above (Fig. 4), confirming the specificity of the signal
obtained with antisense bFGF cRNA probe.

Induction of bFGF protein after DEX

DEX has been shown to increase NGF protein in rat cerebral
cortex (Fabrazzo et al., 1991) and in the hippocampus (Saporito et
al., 1994). To determine whether DEX increases bFGF protein,
hippocampal extracts of control and experimental animals were
analyzed by Western blot using DE6, a bFGF monoclonal anti-
body that does not show cross reactivity with aFGF (Reilly et al.,
1989) (Fig. 5A4, lane 5). DE6 recognizes two characteristic forms of
the recombinant human bFGF; a dominant fragment of ~18 kDa,
and a higher molecular weight (~36 kDa) immunoreactive bFGF
form (Fig. 54, lanes 2—4), which may represent the nonreducible
dimer. In tissue extracts (heparin-bound material), DE6 recog-
nizes, in addition to the 18 kDa band (fight arrow), two higher
molecular forms of bFGF (22-24 kDa) (Fig. 5B, arrowhead), most
likely originating from a 5" CUG codons as demonstrated by other
investigators (Florkiewicz and Sommer, 1989; Woodward et al.,
1992). In addition, the antibody recognizes some higher molecular
weight forms, which might represent the nonreducible dimer and
related proteolytic fragments. Although the biochemical nature of
these putative high molecular weight forms is still under investi-
gation, they are likely to be derivatives of bFGF, because an aFGF
antibody failed to immunoprecipitate these fragments (Koshinaga
et al., 1993).

Analysis of tissue extracts from hippocampus of rats treated
with vehicle or DEX and killed at different times revealed that



Mocchetti et al. » Glucocorticoids and Neurotrophic Factor Expression

A

kb 1 2 34 5

43>

29

. el
16 4w

1 23456738

43>
29 =
el e |
16 9 =
Figure 5. DEX increases bFGF protein: Western blot analysis. Hip-

pocampi were dissected from control and DEX-treated rats 6 hr after the
injection. Heparin-binding proteins were enriched by affinity chromatog-
raphy (see Materials and Methods) and analyzed by Western blot using
DEG6 antibody (dilution 1:500). 4, Lane I: Molecular weight marker; lanes
2-4: human recombinant bFGF (1, 5, and 10 ng, respectively): lane 5:
aFGF (10 ng). B, Representative blot analyzing hippocampal extracts (1/7
of the total extract) from four separate control rats (lanes [-4) and
DEX-treated rats (lanes 5-8). Arrowhead indicates the 22-24 kDa bFGF
forms, light arrow the 18 kDa form. The experiment was repeated twice
with comparable results.

DEX failed to change bFGF proteins by 3 hr (data not shown). By
6 hr, the glucocorticoid elicited a twofold increase (190% = 20) in
the two major (22 and 24 kDa) bFGF immunoreactive species
(Fig. 5B, lanes 5-8). The content of bFGF proteins decreased
almost to control values by 24 hr (data not shown).

Induction of NGF and bFGF mRNA by ACTH

ACTH regulates the synthesis and release of adrenal corticoste-
roids (Axelrod and Reisine, 1984). We examined whether ACTH
could evoke an induction in NGF and bFGF mRNA similar to
that elicited by DEX. The administration of ACTH (15 U/Kg, s.c.)
increased both mRNA levels in the cerebral cortex (Fig. 6.4) and
hippocampus (Fig. 6B8). To further test the role of ACTH and
adrenal corticosteroids in the regulation of bFGF and NGF
mRNA expression, ACTH or DEX was injected in adrenalecto-
mized rats. In these animals, ACTH failed to change NGF and
bFGF mRNA levels in both regions (Fig. 64, B). However,
adrenalectomy did not prevent the DEX-mediated accumulation
of NGF and bFGF mRNA in both the cerebral cortex and
hippocampus (Fig. 64, B), supporting the important role of ad-
renal corticosteroids in the ACTH-mediated regulation of NGF
and bFGF expression.

Aldosterone and corticosterone change NGF and

bFGF mRNAs

We next used corticosterone (CORT) and aldosterone (ALDO)
to examine the role of blood-borne steroids in the induction of
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Figure 6. ACTH induces bFGF and NGF mRNA in rat cerebral cortex
and hippocampus. Sham and adrenalectomized (ADX) rats received a
subcutaneous injection of vehicle, ACTH (15 U/kg), or DEX (0.5 mg/kg)
and were killed 5 hr later. hFGF and NGF mRNA levels were measured in
the cerebral cortex (4) and hippocampus (B). Data, expressed as percent
of control (sham), are the mean = SEM of three separate experiments (n
= Bfgroup). *p < 0.05 versus sham; **p < 0.01 versus sham; ~p < 0.05
versus ADX; ™7 p < 0.01 versus ADX (ANOVA and Dunnett’s test).

NGF and bFGF mRNA expression. By 3 hr, both CORT (10
mg/kg, s.c.) and ALDO (10 mg/kg, s.c.) increased the content of
bFGF mRNA in the cerebral cortex to a similar extent (Fig. 74).
However, the CORT-mediated increase in NGF mRNA levels
was significantly different from that evoked by ALDO (Fig. 74).
Dose-response studies revealed that both steroids failed to
change NGF and bFGF mRNA at a dose of 1 mg/kg (s.c.). Ata
dose of 5 mg/kg (s.c.), CORT, but not ALDO, increased bFGF
and NGF mRNA ~1.5-fold (data not shown).

In the hippocampus, the CORT-evoked changes in the expres-
sion of both NGF and bFGF mRNA followed a pattern similar to
that observed after DEX. Thus, by 3 hr, the natural glucocorticoid
elicited a 3- and 1.5-fold increase in bFGF and NGIF mRNA,
respectively (Fig. 7B). In contrast, ALDO failed to change NGF
mRNA levels, and induced bFGF mRNA to an extent weaker
than that observed after CORT (Fig. 7B).
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Figure 7. Effcct of corticosterone and aldosterone on NGF and bFGF
mRNA in the cerebral cortex and hippocampus. Rats were injected with
CORT (10 mg/kg, s.c.) or ALDO (10 mg/kg, s.c.) and killed 3 hr later.
Cerebral cortex (4) and hippocampus (B) were dissected, and NGF and
bFGF mRNA levels were determined simultaneously by RNase protection
assay. Data arc thc mean = SEM of two independent and separate
experiments (n = 3/group). *p < 0.05, **p < 0.0l (ANOVA and Dun-
nett’s test).

DISCUSSION
In addition to playing an important role in mediating stress
responses, adrenal corticosteroids influence survival of specific
neuronal populations (Sloviter et al., 1989; Gould et al., 1990).
We have used ACTH, naturally occurring adrenal steroids, and
the synthetic glucocorticoid DEX to test the importance of these
hormones in the induction of neurotrophic factor expression in rat
brain. The data presented here demonstrate that ACTH, CORT,
ALDO, and DEX incrcasc brain levels of the mRNA for NGF
and bFGF, two polypeptides that exert trophic activity on basal
forebrain cholinergic neurons (for review, see Mocchetti and
Wrathall, 1995), suggesting that the adrenal cortical system may
influence neuronal plasticity.

The DEX-induced accumulation of NGF mRNA is temporally
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and anatomically distinct from that of bFGF mRNA. Whereas
NGF mRNA induction peaks at 3 hr, that of bFGF peaks at 6 hr
in most of the brain regions examined. Moreover, the DEX-
mediated induction of NGF mRNA is confined to the cerebral
cortex and hippocampus, whereas bFGF mRNA increase occurs
in several brain areas, suggesting that transcriptional activation
and DNA-binding properties of NGF and bFGF promoters may
respond differently to changes in hormone levels. Indeed, the
results obtained by in situ hybridization show that the DEX-
mediated increase in NGF mRNA levels is localized in superficial
layers of the cerebral cortex and in the dentate gyrus of the
hippocampus, indicative of enhanced neuronal expression. In-
stead, the DEX-evoked accumulation of bBFGF mRNA levels was
localized in glial cells of the hippocampal stratum lacunosum
moleculare, but not in layers of the hippocampus enriched in
neurons such as CAl and CA2. Furthermore, in the cerebral
cortex, the glucocorticoid-mediated induction of bFGF mRNA is
widespread and heterogeneous, consistent with the suggestion
that bFGF expression is induced in glial cells. Thus, our data are
in line with the notion that pharmacologically induced expression
of the NGF gene in adult uninjured rat brain occurs primarily in
neurons (Isackson et al.,, 1991; Hayes et al,, 1995) and further
support the suggestion that glial cclls are able to express bFGF
mRNA in response to noninjurious changes in synaptic activity
(Hayes et al., 1995).

It has been established that DEX increases NGF protein in the
cerebral cortex of developing and adult rats (Fabrazzo et al., 1991;
Saporito et al., 1994). The data presented here show that in the
hippocampus, DEX also increases bFGF protein. The accumula-
tion of bFGF protein temporally follows the increase in bFGF
mRNA. In fact, a significant increase in bFGF protein levels was
observed at 6 hr. A similar “delay” in protein induction after DEX
has been observed for NGF in the cerebral cortex (Fabrazzo et al.,
1991), suggesting that accumulation of neurotrophic factor pro-
teins is an event secondary to the activation of bFGF (or NGF)
gene transcription or mRNA stabilization. Although a complete
time-course study on the effect of DEX on bFGF protein has not
been carried out, overall, our data indicate that stimulation of
glucocorticoid receptors enhances the synthesis and availability of
these trophic factors in selected regions of the adult rat CNS.

The exact mechanism by which adrenal steroids stimulate
bFGF and NGF mRNA accumulation does not appear to be
easily definable. Brain corticosteroid receptors are pharmacolog-
ically and anatomically distinct. Type I receptors have high affinity
for both mineralcorticoids and glucocorticoids, and a three- to
fivefold lower affinity for the synthetic glucocorticoid DEX (Beau-
mont and Fanestil, 1983; Reul and DeKloet, 1985). In contrast,
type II receptors possess high affinity for DEX and a 10- to 20-fold
lower affinity for ALDO (DeKloet et al.,, 1975; Krozowski and
Funder 1983; Spencer et al., 1990). Thus, DEX has been consid-
ered a type II receptor agonist. Moreover, regional studies on the
density of these receptors have shown a contrasting variability,
with type I being far more abundant in the hippocampus, and type
II uniformly expressed throughout the brain (Fuxe et al., 1985;
Reul and DeKloet, 1985; Chao et al., 1989). In this study, we have
provided several lines of evidence which demonstrate that glu-
cocorticoids, and not mineralcorticoids, are the main corticoste-
roids regulating the expression of NGF and bFGF mRNA. First,
the DEX-mediated increase in NGF and bFGF mRNA occurs in
different brain areas, in accordance with the wider distribution of
type II receptors. Second, CORT, but not ALDO, elicits an
anatomical increase in NGF and bFGF mRNA expression similar
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in magnitude to that observed after DEX. Finally, in the hip-
pocampus, an area rich in type I receptors, ALDO minimally
increased bFGF expression and failed to change the expression of
NGF mRNA. Thus, although we cannot definitively rule out a role
for mineralcorticoids, it appears that expression of NGF and
bFGF is predominantly under the control of glucocorticoids.
Whether these neurotrophic factors are colocalized with cells
expressing type II receptors is still unclear. Isotopic and colori-
metric labeling will allow us to determine whether bFGF and
NGF mRNA colocalize with type II receptors and whether the
selective anatomical activation of these trophic factors is attribut-
able to a direct control of glucocorticoids or to a transsynaptic
mechanism evoked by DEX.

The dose of DEX used for these studies roughly mimics the
concentration of blood corticosterone after excessive stress
(Sapolsky et al., 1986). Stress has been shown to affect expression
of neurotrophins in the hippocampus (Smith et al, 1995), indi-
cating that the pituitary—adrenocortical axis is involved in the
regulation of neurotrophic factor synthesis. Seizure-evoked stress
can cause the relcase of ACTH and the conscquent rise in blood
glucocorticoid concentration. On the other hand, seizure-evoked
synaptic activity has been shown to increasc the cxpression of
NGF and bFGF in the hippocampus and cerebral cortex (Gall and
Isackson, 1989; Riva et al., 1992; Follesa ct al., 1994; Gall et al.,
1994), suggesting that trophic factor synthesis may require activa-
tion of neurotransmitter receptors. We have previously shown
that the seizure-mediated accumulation of hippocampal NGF can
be prevented in adrenalectomized rats without compromising the
number and duration of seizure episodes (Mocchetti et al., 1991,
Sun et al., 1993), indicating that adrenal steroid hormones play an
important role in mediating induction of NGF and bFGF mRNA
evoked by seizure episodes. Our findings, by providing direct
evidence that ACTH regulates the expression of bFGF and NGF
mRNA in sham-operated but not in adrenalectomized rats, sup-
port the suggestion that some of the effects observed after exces-
sive synaptic activity may be attributed to events linked to stress.

The present data, by establishing that ACTH, CORT, and DEX
influence accumulation of NGF and bFGF mRNA, confirm the
early hypothesis that glucocorticoids may regulate expression of
neurotrophic factors in the adult CNS (Mocchetti, 1991), and
suggest that hormones may exert their effect on CNS homeostasis
via the regulation of trophic factor activity. Thyroxine, for in-
stance, administered to adult mice for 21 d, increases NGF con-
centration in the cerebral cortex, brainstem, and cerebellum
(Walker et al,, 1979). Furthermore, in adult mice, intermale
aggressive behavior elicited by social isolation for several days
induces NGF expression in the magnocellular preoptic and ven-
trolateral nuclei of the hypothalamus (Spillantini et al., 1989; Aloe
et al., 1990), suggesting that NGF may be involved in the regula-
tion of those hypothalamic functions that integrate sexual aggres-
sion with sex-related endocrine function. Several lines of indepen-
dent investigations have shown that sex hormones may also play a
role in the regulation of neurotrophic factors. Indeed, in the brain,
estrogen receptors colocalize with neurotrophin receptors
(Miranda et al., 1993). In ovariectomized rats, BDNF mRNA
levels decrease in the cerebral cortex (Singh et al., 1995), and
estrogen replacement causes a reduction of hippocampal NGF
mRNA (Gibbs et al., 1994). Our data have shown that in the
hypothalamus DEX increases bFGF mRNA only. Thus, it appears
that different classes of hormones may promote expression of
different trophic factors in an anatomically specific manner.

Glucocorticoids induce bFGF and NGF biosynthesis. However,
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the physiological implication of this event remains to be deter-
mined. Although it is now unequivocal that bFGF and NGF play
an important role during development of the CNS, their potential
function in the adult CNS remain controversial. bFGF and NGF
have been shown to protect hippocampal and cortical neurons
against hypoglycemic damage (Cheng and Mattson, 1991). Glu-
cocorticoids, as in many peripheral tissues, inhibit glucose uptake
and utilization in the brain (Sapolsky, 1987), which may limit
energy utilization. Neurons are notoriously vulnerable to low
energy. Therefore, activation of glucocorticoid receptors, by
causing imbalance of glucose availability, may lead to potential
neuronal damage. We propose that the increased availability of
bFGF and NGF after glucocorticoids may occur as an event in
response to potential neuronal damage caused by stress-induced
hypoglycemia.

Our data have shown a defined temporal and regional pattern
of induction of bFGF and NGF synthesis after DEX and CORT,
suggesting that glucocorticoids may possess trophic activity, This
hypothesis is supported by the finding that physiological concen-
tration of glucocorticoids is crucial for neuronal survival as adre-
nalectomy accelerates degeneration of hippocampal ncurons (Slo-
viter et al., 1989). The DEX-mediated induction of trophic factors
may enhance neuronal plasticity in uninjured brain. This hypo-
thesis is supported by data (S.J. Rabin and 1. Mocchetti, unpub-
lished observations) (Saporito et al., 1994) showing that the DEX-
mediated increase in NGF appears to cxert biological activity as
indicated by the induction of phosphorylation of trkA, the high-
affinity receptor for NGF. The physiological importance of our
findings remains to be established by demonstrating the effects (if
any) of acute or prolonged glucocorticoid treatments on neuronal
plasticity.
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