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We have previously shown that after peripheral nerve lesion
the synthesis of NGF is induced in cells of the nerve sheath
(Heumann et al., 1987a). Further analysis led to the identi-
fication of growth factors and intracellular mechanisms re-
sponsible for this induction in sciatic fibroblasts (Lindholm
et al., 1988; Hengerer et al., 1990). The present work aimed
at the elucidation of the regulation of NGF synthesis in
Schwann cells.

A variety of cytokines and peptide growth factors, includ-
ing interleukin-1 (IL-1) and platelet-derived growth factor
(PDGF), which are known to increase NGF-mRNA in fibro-
blasts and astrocytes, failed to do so in Schwann cell cul-
tures. Forskolin (FK), an activator of adenylate cyclase, in-
creased the level of NGF-mRNA eightfold within 3 hr of
incubation. The effect of FK on NGF-mRNA was mimicked
by analogs of cAMP but not by dideoxyforskolin, an FK de-
rivative not activating adenylate cyclase. Application of
norepinephrine and isoproterenol also augmented the NGF-
mRNA content. Pretreatment of Schwann cells with N-[2-
(methylamino)ethyl]-5-isoquinoline sulfonamide dihydro-
chloride (H-8), an inhibitor of cyclic-nucleotide-dependent
protein kinases, decreased both basal and elevated levels
of NGF-mRNA. lonomycin, a Ca*' ionophore, and phorbol
12-myristate 13-acetate (TPA), an activator of protein kinase
C, potentiated the effect of FK in an H-8-sensitive manner.
We show that the action of FK is independent of changes in
mRNA stability and of protein synthesis. Thus, in cultured
Schwann cells upregulation of NGF-mRNA expression seems
to be mainly achieved by a cAMP-triggered transcriptional
activation of the NGF gene. Another striking difference be-
tween various glial cell types was revealed by application
of transforming growth factor 8-1 (TGF-81), which is the
strongestinducer of NGF-mRNA in cultured astrocytes (Lind-
holm et al., 1990). Schwann cells responded to TGF-81 by
decreasing basal as well as FK-induced NGF-mRNA levels.
Together with previously published work, our results show
that cell-type-specific mechanisms not only account for the
different control of NGF expression in neurons as compared
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to glial cells, but also reveal a surprising specificity of reg-
ulatory mechanisms in different non-neuronal cell types, even
those derived from the same tissue such as fibroblasts and
Schwann cells of peripheral nerves.

Schwann cells are the glial cells of the PNS. They play an es-
sential role in the formation of the microenvironment of the
neuronal axons. Depending on the properties of the axons, they
form myelin sheaths or ensheath the axons in nonmyelinated
form (Weinberg and Spencer, 1975; Aguayo et al., 1976). Besides
myelin proteins, Schwann cells synthesize components of the
extracellular matrix (Bunge et al., 1980; Carey et al., 1983; Corn-
brooks et al., 1983; McGarvey et al., 1984; Mchia ct al., 1985),
cell adhesion molecules (Nieke and Schachner, 1985; Noble et
al., 1985; Daniloff et al., 1986), and also neurotrophic factors
such as NGF (Richardson and Ebendal, 1982; Rush, 1984; As-
souline et al., 1987; Bandtlow et al., 1987). In the adult sciatic
nerve, the contribution of the non-neuronal cells to the NGF
supply for the NGF-dependent (sympathetic and subsets of neu-
ral crest—derived sensory; for review, see Levi-Montalcini and
Angeletti, 1968; Thoenen and Barde, 1980) neurons is negligible
(Heumann et al., 1987a). These neurons are trophically sup-
ported from their peripheral target tissues. However, afier nerve
lesion there is a massive increase in the synthesis of NGF by
the sciatic non-neuronal cells (Heumann et a]., 1987a,b). In situ
hybridization experiments demonstrated that all the non-neu-
ronal cells in the lesioned sciatic nerve, 1n particular Schwann
cells and fibroblasts, express NGF-mRNA (Bandtlow et al., 1987,
Heumann et al., 1987a). This lesion-mediated induction of NGF-
mRNA in the sciatic nerve occurs in a biphasic manner (Heu-
mann et al., 1987a). The second prolonged increase is correlated
with the immigration of macrophages. A causal relationship
between these two phenomena could be deduced from the fact
that in explants of sciatic nerve only the initial and not the
second prolonged increase in NGF-mRNA could be observed.
However, the biphasic in vive situation could be mimicked by
the addition of activated macrophages (Heumann et al., 1987b),
and interleukin-1 (IL-1) was identified as a mediator of this
prolonged elevation of NGF-mRNA (Lindholm et al., 1987).
In further experiments, it has been demonstrated that fibro-
blasts, dissociated from adult rat sciatic nerve, also respond to
IL-1 by an increase in NGF-mRNA (Lindholm et al., 1988).
However, it was not clear whether NGF synthesis in Schwann
cells, which represent the most abundant cell type of the sciatic
ncrve, is regulated in a similar manner.

In the present experiments, we analyzed in Schwann cell cul-
ture the effects of those factors and cytokines that have previ-



ously been shown to increase NGF-mRNA 1n other cell types,
particularly in fibroblasts and astrocytes. Moreover, we inves-
tigated the effect of Schwann cell-axon interactions and finally
second messenger systems that could be involved in the regu-
lation of NGF-mRNA synthesis in Schwann cells. We report
that none of the growth factors and cytokines tested increased
NGF-mRNA levels in Schwann cells; however, forskolin (FK;
an activator of adenylate cyclase), cAMP derivatives, and ag-
onists of g-adrenergic receptors produced a marked increase in
NGF-mRNA levels in Schwann cells. Transforming growth fac-
tor §-1 (TGF-81), the most powerful inducer of NGF-mRNA
in astrocyte cultures (Lindholm et al., 1990), not only did not
increase the NGF-mRNA levels in Schwann cells, but even
reduced the basal level and abolished the increase initiated by
FK in Schwann cells.

Materials and Methods

Materials. Dulbecco’s modified Eagle’s medium (DMEM), Ham's F12
medium, Minimal Essential Medium (MEM), penicillin, streptomycin,
poly-L-lysine, cylosine-g-p-arabinofuranoside (Ara-C), mouse epider-
mal growth factor (EGF), (+)-norepinephrine, (—)-isoproterenol,
(= )-metoprolol, clonidin, prostaglandin E., forskolin (78-acetoxy-8,13-
epoxy-la,68.9a-trihydroxylabd-14-ene-1 1-one), ionomycin, phorbol 12-
myristate 13-acetate (TPA), cycloheximide, actinomycin D, 8-bromo-
cAMP (8-Br-cAMP), N*-benzoyl-cAMP, and rat calcitonin gene-related
peptide (CGRP) were purchased from Sigma (St. Louis). Human plate-
let-derived growth factor AB (PDGF-AB), porcine PDGF-BB. and TGF-
81 were purchased from British Bio-technology (Oxford), fetal calf
serum (FCS) was from Boehringer Mannheim (Mannheim), 1-(5-iso-
quinolinesulfonyl)-2-methylpiperazine dihydrochloride (H-7)and V-[2-
(methylamino)ethyl]-5-isoquinoline sulfonamide dihydrochloride (H-8)
were from Seikagaku Kogyo (Tokyo), and EHS laminin was from GIB-
CO-BRL (Eggenstein, Germany). We gratefully acknowledge the gen-
erous gifis of the following materials: human recombinant IL-13 and
IL- 1« (Biogen. Geneva) by courtesy of Drs. A. Gronenborn (Max Planck
Institute for Biochemistry, Martinsreid) and P. Wingfield (Biogen, Ge-
neva), bovine recombinant basic fibroblast growth factor (bFGF) (Pro-
gen, Heidelberg) by courtesy of Dr W. Risau (Max Planck Institute for
Psychiatry), human recombinant insulin-like growth factors I and II
(IGF-I and IGF-II) from Dr. A. Skottner of Kabi Peptide Hormone
(Stockholm), and the ganglioside mixture (composition: GM1:GDla:
GDI1b:GT1b = 20:43:15:19), originally prepared by Fidia, Italy, from
Drs. Y. Arakawa and H. Ozawa of Eisai Pharmaceuticals Co. Lid.
(Tokyo). NGF purified from mouse submandibular gland (for reference,
see Saadat ct al., 1989), brain-derived neurotrophic factor (BDNF) pu-
rified from pig brain (Hofer and Barde, 1988), and ciliary neurotrophic
factor (CNTF) purified from rat sciatic nerves (Saadat et al., 1989) were
provided by Drs. H. Rohrer, Y.-A. Barde, and M. Sendtner, respectively,
from our laboratory. Batches of protein factors from commercial sources
used in this study have shown biological activity in other systems (for
IL-la, IL-18, EGF, bFGF, PDGF: Spranger et al., 1990; for IGF-I and
IGF-11: Arakawa et al., 1990). Neurotrophic factors purified in the lab-
oratory (NGF, BDNF, CNTF) were fully active in the appropriate bio-
assay. All the other chemicals were of reagent grade.

Cell and organ culture. Schwann cells were prepared by a modification
of published methods (Porter et al., 1986). Sciatic nerves were dissected
from 2-3-d-old Wistar rats and treated with 0.1% collagenase (Sigma)
in Ca’+-Mg?**-free PBS for 40 min and further incubated with 0.1%
trypsin for 20 min. After trituration with a Pasteur pipette, dissociated
cells were plated on 6 cm dishes in DMEM supplemented with 10%
FCS (10% FCS/DMEM) and antibiotics (100 U/ml penicillin and 0.1
mg/ml streptomycin). Cells were exposed to two cycles of Ara-C treat-
ment (10 gm) for 3 d each to eliminate proliferating fibroblasts. After
7 d, cells were washed, split, and plated on poly-L-lysine—coated 6 cm
dishes in 10% FCS/DMEM containing 10 pM FK and antibiotics. The
cells were cultured for a maximum of 8 d in the presence of FK. Once
confluent, medium was changed to 10% FCS/DMEM containing anti-
biotics followed by the same medium change every third day. Expanded
Schwann cells were subcultured once more for experiments afier at least
1 week without FK. Purity of Schwann cells was higher than 98% when
evaluated by immunostaining for NGF receptor (Chandler et al., 1984)

[antibody MC192 was a generous gift of Drs. E. Shooter (Stanford Uni-
versity) and M. Hosang (Hoffman-LaRoche, Basel)] and S-100 protein,
which in the PNS is a specific marker for Schwann cells (Stefansson et
al., 1982) (rabbit anti-cow S-100 from Dako, Copenhagen).

Adult rat sciatic fibroblasts and explant cultures of rat sciatic nerve
segments were prepared as described by Lindholm et al. (1988) and
Heumann et al. (1987b), respectively.

The medium used for stimulation of cells and nerve segments was
10% FCS/DMEM unless otherwise stated. Where specified, 1% FCS/
DMEM or a serum-free medium consisting of a [:1 mixture of Ham's
F12 medium and MEM containing a modified N, supplement (con-
taining 30 nm selenium, 100 pm putrescine, 5 pg/ml insulin, and 1 mg/
ml transferrin, but no progesterone) was used (Bottenstein and Sato,
1979).

Sympathetic neurons were obtained from superior cervical ganglia of
newborn rats and cultured in serum-free medium (sce Saadat et al.,
1989).

RNA preparation and Northern blot analysis. Total RNA was prepared
from cells and tissue that had been kept frozen after stimulation ac-
cording to the method of Chomczynski and Sacchi (1987). The extrac-
tion buffer contained 20 pg of a 0.51-kilobase (Kb)-long NGF standard
RNA to evaluate the recovery of mRNA. Total RNA samples and
different amounts of full-length NGF-mRNA standard were glyoxylat-
ed, electrophoresed through a 1.5% agarose gel, and then transferred to
a nylon membrane (Hybond-N, Amersham). Following transfer, mem-
branes were fixed by UV irradiation, prehybridized, and hybnidized
with *2P-labeled NGF-cRNA probe (0.92 Kb) at 68°C in 50% formamide
(see Heumann et al., 1987a). The membranes were washed and exposed
to Fuji RX films at —80°C for 12-36 hr. The amount of cellular NGF-
mRNA present was quantified by densitometric scanning (LKB Ul-
troscan XL) of the autoradiograms and correction for RNA recovery.

NGF ELISA. The amount of NGF in the medium of Schwann cells
was measured by a sensitive two-site ELISA (Korsching and Thoenen,
1983) with recently described modifications (Spranger et al., 1990).

Results

Effect of peptide growth factors on NGF-mRNA levels in
cultured Schwann cells

Expression of NGF-mRNA levels in cultured Schwann cells
prepared from newborn rat sciatic nerves was examined by
Northern blot. Schwann cells kept in serum-containing medium
(10% FCS/DMEM) and in serum-frec medium contained 5.63
+ 2.30 (n = 35) and 2.00 = 0.99 (n = 7) pg of NGF-mRNA/
10¢ cells, respectively. Addition of 10% FCS to Schwann cells
kept in serum-free medium led 10 a gradual increase in NGF-
mRNA levels that did not become apparent before at least 24
hr after medium change. This is in contrast to the rapid and
massive response of astrocytes to serum (Spranger ct al., 1990).
Since the present study was initiated by the previously observed
more than 10-fold increase in NGF-mRNA levels after lesion
of the sciatic nerve, we focused our attention on changes in
NGF-mRNA levels of more than twofold.

IL-1 has been shown to increase NGF-mRNA levels in a
variety of systems, including explant culture of sciatic nerve
segments, fibroblasts isolated [rom sciatic, astrocytes in culture,
and hippocampus in vivo (Lindholm et al., 1987, 1988; Spranger
et al.,, 1990). PDGF has also been shown to increase NGF-
mRNA levels in explant cultures of sciatic nerve segments
(Lindholm et al., 1987). EGF and bFGF were shown to augment
NGF-mRNA levels in cultured astrocytes (Spranger et al., 1990).
Therefore, Schwann cells were treated with growth factors and
cytokines including PDGF (AB and BB), EGF, bFGF, IGF-I,
IGF-I1, and IL-13 for 3-6 hr, either individually in the presence
of various serum concentrations (10%, 1%, or serum-frec) or
after pretreatment with FK (2448 hr). None of these conditions
revealed an influence of growth factors or cytokines on the NGF-
mRNA levels in Schwann cells (for incubation with individual
factors, see Table 1). IL-1« also had no effect. In addition, we



Table 1. Effects of peptide growth factors and cytokines on the level of NGF-mRNA in cultured

Schwann cells

Time NGF-mRNA
Factor Concentration (hr) (% of control)
EGF 10 ng/ml 3 100
6 81
bFGF 20 ng/ml 3 84
6 95
IGF-1 1 pug/ml 6 84«
12 1109
IGF-11 0.5 pg/ml 6 95e
12 100¢
Porcine PDGF-BB 10 ng/ml 4 95
6 94e
Human PDGF-AB 10 ng/ml 3 92
6 82+
12 86+
IL-18 30 U/ml 6 99 + |6
NGF 50 ng/ml 3 99
6 70
BDNF 30 ng/ml 3 76
6 93
CNTF 2 ng/ml 3 94-

Schwann cells (0.4-0.6 % 10* cells) were treated with factors in serum-free medium (EGF and bFGF) or 10% FCS/
DMEM medium (rest of the factors) for the indicated time before extraction. The data are the mean of duplicate

determinations uniess indicated otherwise.
« Single determination.
*Mean + SD (n=5).

tested neurotrophic proteins, which are synthesized in the sciatic
or by Schwann cells. However, the addition of NGF, BDNF,
and CNTF had no essential effects on the NGF-mRNA content
(Table 1). The effect of TGF-31 is described separately.

Effect of axonal contact

In the adult animal, Schwann cells exist in close axonal contact.
To study the influence of axonal contact, we analyzed a neuron-
Schwann cell coculture system. Pure cultures of superior cervical
ganglionic neurons from newborn rats, which in the presence
of NGF extended a rich neurite network on laminin, were re-
plenished with pure Schwann cells. Nearly all Schwann cells
established contact with axons and maintained contact for the
entire culture period (Fig. 1). After 3 d in vitro, the cocultures
were stimulated with IL-18 or FK (see below for the stimulatory
effect of FK on pure Schwann cell cultures). Coculture did not
result in IL-18 responsiveness, nor did it change the induction
of NGF-mRNA by FK (data not shown). Basal levels of NGF-
mRNA were elevated approximately 1.5-2-fold compared to
isolated Schwann cells. This may be due to the initiation of
Schwann cell proliferation by axonal contact (Wood and Bunge,
1975).

Gangliosides have been reported to increase steady state NGF
levels in culture medium of Schwann cells (Ohi et al., 1990). In
our experiments, a mixture of gangliosides obtained from the
same source and applied at | mM (average concentration) for
3-24 hr to Schwann cells cultures did not result in any significant
increase in NGF-mRNA levels (data not shown).

Regulation of the NGF-mRNA level in Schwann cells by
cAMP

Effect of FK, cAMP analogs, and B-adrenergic receptor agonists.
Treatment of Schwann cells cultivated in 10% FCS/DMEM with
FK, a reversible activator of adenylate cyclase, for 6 hr resulted
in a six- to eightfold increase in NGF-mRNA levels, irrespective

of the presence of IL-13 (Fig. 2, upper lanes). In serum-free
medium, although the basal levels of NGF-mRNA are de-
creased, FK still exerted a 2.7-fold induction of NGF-mRNA
(Fig. 2, lower lanes). Treatment of Schwann cells with 8-Br-
cAMP and Ne-benzoyl-cAMP, membrane-permeable analogs of
cAMP, also increased the NGF-mRNA (Fig. 34). The order of
potency of cAMP analogs (i.e., N*~benzoyl-cAMP > 8-Br-cAMP)
was in accordance with other cAMP-dependent systems such
as lipolysis in adipocytes (Beebe et al., 1984). Dideoxyforskolin,
a FK analog that possesses most of the cAMP-independent ef-
fects of FK but lacks the ability to activate adenylate cyclase
(see Laurenza et al., 1989), did not increase NGF-mRNA levels
(Fig. 34). The ineffectiveness of 8-bromo-cGMP (8-Br-cGMP)
indicates that activation of guanylate cyclase does not play a
role in induction of NGF-mRNA.

Norepineprine and isoproterenol, g-adrenergic receptor ag-
onists already shown to increase cAMP levels in Schwann cells
(Yasuda et al., 1988), also increased NGF-mRNA to levels sim-
ilar to those achieved by FK treatment (Fig. 3B). In contrast,
clonidin, an «-adrenergic receptor agonist that does not affect
cAMP levels, did not change the NGF-mRNA content. The
induction of NGF-mRNA by norepinephrine was abolished by
metoprolol, a specific §,-adrenergic receptor antagonist (Fig.
3B). CGRP, which has been reported to increase cAMP in other
cell types (Laufer and Changeux, 1987, Villar et al., 1989), did
not give significant changes in the NGF-mRNA levels in Schwann
cells (1.3-fold increase for CGRP).

Primary Schwann cells that were prepared from newborn rat
sciatic nerve and Ara-C treated as described but without ex-
pansion by FK also responded to FK by an increase in NGF-
mRNA levels comparable to expanded cultures. Again, they did
not respond to IL-1 (data not shown). This observation indicates
that FK administered in order to achieve the large cell numbers
necessary for the Northern blot experiments does not perma-
nently change the regulation of NGF synthesis in Schwann cells.



Figure 1. Schwann cells in contact with axons. Neurons were prepared
from newborn rat superior cervical ganglia and allowed to form exten-
sive neurite network for 3 weeks. Schwann cells were then plated directly
on the neurite network and further maintained in culture for 3 d. Top,
Phase-contrast micrograph. Bottom, Immunostaining of Schwann cells
for S-100. Scale bar, 50 pm.

The concentration dependence of the FK induction of NGF-
mRNA in Schwann cells was measured. As shown in Figure 44,
NGF-mRNA in serum-containing medium was maximally (8.3-
fold) induced by 30 gm FK, and the half-maximal concentration
was approximately 6 um. These values are in the same range as
those reported for the elevation of intracellular cAMP by FK
(Seamon and Daly, 1981). The concentration dependence of
NGF-mRNA induction by FK in serum-free medium was sim-
ilar to that in serum-containing medium (data not shown).

Analysis of the time course of the FK effect on NGF-mRNA
(Fig. 4B) showed that the level of NGF-mRNA increased dras-
tically between 1 and 3 hr after the addition of 10 um FK, reached
a plateau between 3 and 6 hr, and thereafter gradually decreased
to less than twofold at 24 hr (Fig. 4B). The level of NGF-mRNA
48 hr after addition of FK was almost equal to the basal level
before exposure to FK. Induction of NGF-mRNA by 0.1 mm
isoproterenol showed kinetics similar to that of FK, reaching
its maximum at 3 hr (Fig. 4B). However, the level of NGF-
mRNA returned to the basal level 6 hr after addition of iso-
proterenol. This effect may be due to the desensitization of the
B-adrenergic receptor.

Modification of the FK effect by ionomycin and TPA. Treat-
ment of Schwann cells for 3 hr with 1 gg/ml ionomycin, a Ca**

ionophore, slightly increased the NGF-mRNA level (twofold
from the basal level; Fig. 54, B). However, when ionomycin was
added together with FK at 20 um, where the FK effect itself was
almost maximal (see Fig. 44), the NGF-mRNA level in Schwann
cells increased markedly to 15-fold the basal level (approxi-
mately twofold the level increased by FK alone; Fig. 54,B). This
effect of ionomycin was abolished by 5 mm EDTA, a chelator
of divalent cations (data not shown). Application of ionomycin
together with either 0.1 mm norepinephrine or 0.1 mM isopro-
terenol again resulted in a synergistic increase of the NGF-
mRNA, reaching a level 12-fold higher than the basal level (data
not shown).

TPA, a phorbol ester and potent activator of protein kinase
(PKC), exerted opposite effects on the basal as compared to FK-
induced levels of NGF-mRNA in Schwann cells. Treatment of
Schwann cells with 0.1 ug/ml TPA for 3 hr significantly reduced
the basal level of NGF-mRNA (to approximately 30% of the
basal level), while treatment with TPA in the presence of FK
remarkably increased the NGF-mRNA to a level (approxi-
mately 13-15-fold of basal level) similar to the level induced
by combination of ionomycin and FK (Fig. 54,B). Treatment
of Schwann cells with ionomycin, TPA, and FK all at one time
elevated the level of NGF-mRNA slightly more than either of
the combinations ionomycin and FK or TPA and FK.

Effects of inhibitors of protein phosphorylation. In mammalian
systems, most of the effects of elevated cAMP on cellular events
are shown to be mediated by activation of cAMP-dependent
protein kinase (PKA) (Edelman et al., 1987). Therefore, we
investigated the putative role of protein phosphorylation in the
regulation of NGF gene expression using the protein kinase
inhibitors H-7 and H-8. In a cell-free system, H-7 was shown
to be selective for PKC (K, = 6.0 uM), while H-8 is more selective
for PKA (K, = 1.2 pum) than for PKC (K, = 15 um) (Hidaka et
al., 1989). As shown in Figure 5B, pretreatment of Schwann
cells with H-7 up to 50 um did not reduce the levels of NGF-
mRNA in most of the conditions used. However, the effect of
a combination of TPA and FK was reduced by 50 um H-7 close
to thatachieved by FK alone, suggesting a role of PKC activation
in the enhancement of FK action. On the other hand, pretreat-
ment of Schwann cells with 50 um H-8 drastically reduced the
NGF-mRNA levels under all experimental conditions tested
(Fig. 5B). Thus, H-8 suppressed not only the effect of FK, but
also the potentiating effects of TPA and ionomycin. It also re-
duced the basal NGF-mRNA levels to nearly undetectable val-
ues.

Effects of cycloheximide. Cycloheximide, an inhibitor of pro-
tein synthesis, is known to affect the levels of various mRNAs
by eliminating short-lived proteins responsible for either tran-
scriptional repression or destabilization of mRNAs (Shaw and
Kamen, 1986). As shown in Figure 6, incubation of Schwann
cells with 10 ug/ml cycloheximide for 3 hr resulted in an increase
in NGF-mRNA levels comparable to the level measured after
FK treatment. Concomitant application of cycloheximide and
FK to Schwann cells resulted in an additive effect on NGF-
mRNA levels, suggesting that synthesis of transcriptional acti-
vators is not required for the action of FK.

Stability of the NGF-mRNA in Schwann cells. The half-life
of NGF-mRNA was measured by following the time course of
the decay of NGF-mRNA after the addition of actinomycin D,
a transcriptional inhibitor, to cells stimulated with FK, iono-
mycin, or cycloheximide (Fig. 7). The results are summarized
in Table 2. NGF-mRNA in Schwann cells without stimulation
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Figure 2. Northern blot analysis of
NGF-mRNA in Schwann cells.
Schwann cells (6 x 10° cells/dish) kept
in serum-containing medium (10%
FCS/DMEM; upper lanes) or serum-free
medium (lower lanes) for 24 hr were
treated with FK (10 um) for another 6
hr before the cells were frozen. Where
indicated, the cells were treated with
IL-18 (30 U/ml) for the last 3 hr before
freezing or pretreated with TGF-81 (2
ng/ml) starting 6 hr before addition of
FK. The short length standard (0.51 Kb,
20 pg/sample) was included in the ex-
traction buffer to allow for correction
of RNA recovery, and its position is
indicated by the arrowhead. The posi-
tion of the full-length NGF-mRNA (1.4
Kb) is indicated by the arrow. Values

1.8 19 (pg)

4 + above lanes indicate the absolute
amount of NGF-mRNA (pg) after cor-
+ + rection for RNA recovery.

while the combination of FK and ionomycin prolonged the half-
life about twofold.

Effect of TGF-B1 on NGF-mRNA levels in Schwann cells

It has recently been reported that TGF-81 and TGF-32 are
mitogenic for rat sciatic Schwann cells and act synergistically
with FK on the proliferation of these cells (Eccleston et al., 1989;

Table 2. Stability of NGF-mRNA in Schwann cells

Level of
Half-life (z,) of NGF-mRNA S
Addition hr Relative” (relative)
No addition 0.67 I 1
lonomycin 0.76 1.13 1.85
FK 0.85 1.27 393
FK + ionomycin 1.5 2.24 12.6
Cycloheximide 23 3.43 2.86

Values are calculated from the experiments of Figure 7.
¢ Relative to half-life determined for nontreated cells.

» Amount of NGF-mRNA afier drug treatments just before actinomycin D addition. Values are given relative to

nontreated cells.
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Figure 3. Effect of FK and cAMP analogs and g-adrenergic receptor—
related substances on the level of NGF-mRNA in Schwann cells. A,
Schwann cells were incubated with 10 um FK, 10 um dideoxyforskolin
(DFK), | mm B-bromo-cAMP (8Br-A), 0.5 mm Né-benzoyl-cAMP (68:z-
A), 1 mm 8-bromo-cGMP (8Br-G), or a combination thereof for 6 hr.
B, Schwann cells were incubated in the presence of 0.5 mm 3-isobutyl-
I-methylxanthine (IBMX) with 0.1 mm norepinephrine (NE), 0.1 mm
1soproterenol (IP), 0.1 mm clonidin (Cle), 0.1 mm metoprolol (Met), 10
um FK, or their combination for 3 hr. Northern blot analysis was per-
formed as in Figure 2. Levels of NGF-mRNA were calculated as de-
scribed in Materials and Methods. In A, each column represents the
mean and range (indicated by broken lines) of duplicate samples except
for 8Br-G (single determination). In B, each column represents the mean
and SD of triplicate samples except for Met and NE+ Met (duplicate
determinations) and Clo (single determination).

Ridley et al., 1989). Furthermore, TGF-£1 increased the NGF-
mRNA levels in astrocytes in culture 50-fold (Lindholm et al.,
1990). These observations prompted us to examine the effect
of TGF-81 on the level of NGF-mRNA in Schwann cells in the
presence and absence of FK. As shown in Figure 2, treatment
of Schwann cells with TGF-81 (2 ng/ml) decreased the NGF-
mRNA levels both in the presence and absence of serum. As
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Figure 4. Dose- and time-dependent increase by FK of the level of
NGF-mRNA in Schwann cells. 4, Dose-response. Schwann cells were
incubated with the indicated concentration of FK for 6 hr before freez-
ing. Each data point represents the mean and range (indicated by the
broken line) of duplicate samples. B, Time course. Schwann cells were
frozen at the indicated time afier addition of 10 um FK (open circles).
A representative of three independent experiments is shown. Time course
of NGF-mRNA increase induced by 100 uM isoproterenol in the pres-
ence of 0.5 mm 3-1sobutyl-1-methylxanthine is also shown (solid circles;
mean + SD; n = 3).

shown in Figure 84, the basal level of NGF-mRNA started to
decrease between 3-6 hr after addition of TGF-A1. We analyzed
the minimal time of pretreatment necessary for the effect of
TGF-. When Schwann cells were pretreated with TGF-g1 for
various periods before addition of FK for another 3 hr, a sig-
nificant inhibition of TGF-81 on the FK-induced NGF-mRNA
became detectable with pretreatment periods longer than 6 hr
(Fig. 88). When TGF-81 was added simultaneously with FK,
the inhibitory effect of TGF-g1 started after 6 hr (data not
shown). The effect of TGF-81 was transient, since it was not
observed after 24 hr pretreatment (Fig. 8B). The effect of TGF-
1 was maximal at 2 ng/ml (Fig. 8C).
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Figure 6. Effect of cycloheximide on the level of NGF-mRNA. Schwann
cells were treated for 3 hr with the following reagents: cycloheximide
(CHX; 10 pg/ml), ionomycin (IONO or I; 1 pg/ml), or FK (20 um) or
combinations thereof, Each data point represents the mean and range
(indicated by broken lines) of duplicate samples.

Effect of FK, ionomycin, and TGF-31 on the concentration of
NGF protein in the medium of Schwann cell cultures

NGF protein accumulating in the culture medium during 24 hr
incubation with FK, ionomycin, and TGF-g1 was measured by
a two-site ELISA (Fig. 9). FK increased the NGF concentration
1.7-fold. Concomitant application of FK and ionomycin showed
a remarkable increase in the NGF concentration (4.6-fold). TGF-
B1 (4 ng/ml), added together with FK, abolished the FK-induced
increase in NGF protein in agreement with the effect of TGF-
1 on the NGF-mRNA as described above. TGF-31 added
alone also gave a small decrease in basal NGF concentration.
QOur intention was 1o demonstrate that the changes of NGF-
mRNA levels are paralleled by changes in the amount of secreted
protein. Therefore, we did not attempt to optimize the recovery
of NGF protein from Schwann cell conditioned medium by the
inclusion of protease inhibitors.

Comparison of the effects of FK and IL-1 on the NGF-mRNA
levels in nerve organ culture and sciatic fibroblasts

To assess the question whether FK also acts in the complex,
nondissociated tissue, we performed experiments on newborn
and adult rat sciatic nerve organ culture and fibroblasts prepared
from adult rat sciatic. As shown in Figure 104, treatment of
explant culture of newborn rat sciatic nerve segments (animals
were of the same age as those used for Schwann cell preparation)
with IL-18 for 3 hr increased NGF-mRNA eightfold. FK at 20
pM also increased the NGF-mRNA significantly (fivefold). Iono-
mycin, which itself had no effect, enhanced the response to FK
increasing the NGF-mRNA levels sevenfold. lonomycin did not
further elevate the IL-18-mediated increase in NGF-mRNA
levels (data not shown). In adult sciatic nerve explant culture,
20 um FK had an efficacy almost equivalent to that of IL-18
(Fig. 10B). Tonomycin did not further enhance the effect of either
IL-18 or FK. In cultures of fibroblasts prepared from adult rat
sciatic nerves, FK was less effective than IL-18 (Fig. 10C).

Discussion

A major concern regarding the in vitro approach chosen in this
study may be its relevance for the in vive situation. Schwann
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Figure 7. Stability of NGF-mRNA in Schwann cells. Schwann cells

were treated with FK (20 pm), ionomycin (iono; 1 ug/ml), or cyclohex-
imide (CHX; 10 pg/ml) for 4 hr. Then transcription was blocked by
adding 10 pg/ml actinomycin D, and cells were further incubated for
the indicated time. The NGF-mRNA levels at 4 hr (before addition of
actinomycin D) are set at 100%. Each data point represents the mean
of two to four samples (each individual data point did not deviate more
than 15% from the mean).

cells prepared from sciatic nerve and stimulated to proliferate
invitro have been shown to retain basic Schwann cell properties
and remain functionally competent (Dubois-Dalcq et al., 1981;
Porter et al., 1986; Rutkowski et al., 1990). Particularly, the
effects of the compounds used for cell selection and induction
of Schwann cell proliferation are reversible. This interpretation
is supported by our observation that the expansion of the
Schwann cell cultures by FK did not change the regulation of
NGF-mRNA. Furthermore, the regulation by cAMP was largely
independent of the cell environment and was detected in purified
cultures as well as in nondissociated nerve segments and Schwann
cell-neuron coculture. Since for technical reasons large numbers
of Schwann cells could only be obtained from newborn animals,
we also analyzed the response to IL-1 and FK of newborn in
comparison to adult nerve organ culture. No age-dependent
differences in NGF-mRNA regulation were detectable.

In the following, we discuss the main characteristics of NGF
regulation in Schwann cells, that is, the ineffectiveness of growth
factors to increase NGF-mRNA levels and possible molecular
mechanisms responsible for the regulation by cAMP; moreover,
we emphasize the striking differences between the NGF regu-
lation in Schwann cells and that in various other cell types.

Regulation by growth factors

The available data show that IL-1 is a potent regulator of NGF-
mRNA expression in sciatic nerve and fibroblasts (Lindholm et
al., 1987, 1988). IL-1 has also been shown to increase NGF-
mRNA in cells and tissues of the CNS, that is, in cultured
astrocytes and in the hippocampus after intraventricular injec-
tion (Spranger et al., 1990). The inability of Schwann cells to
respond to IL-1 does not seem to be due to lack of IL-1 receptors,
since by using iodinated I1L-1 we found specific IL-1 binding
sites on Schwann cells with an affinity constant comparable to
that described for typical IL-1 responding cells (M. Meyer and
H. Thoenen, unpublished observations). Furthermore, prelim-
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Figure 8. Effect of TGF-81 on the level of NGF-mRNA in Schwann
cells. A, Effect of TGF-g1 on the basal level of NGF-mRNA. Schwann
cells were treated with 2 ng/ml TGF-g1 for the time indicated. B, Effect
of TGF-81 on the FK-stimulated level of NGF-mRNA. Schwann cells
were preincubated with 4 ng/ml TGF-g1 for the time indicated and
then further incubated with 20 um FK for 3 hr. Broken lines indicate
the range of duplicate samples. C, Dose dependence of the TGF-8l
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Figure 9. Effect of FK and TGF-81 on the NGF concentration in the
medium of Schwann cells. Schwann cells were incubated with fresh 10%
FCS/DMEM (1 ml) that contained 20 um FK, 4 ng/ml TGF-81, or 1
pg/ml ionomycin (TON), or their combination for 24 hr. After the in-
cubation period, the culture medium was collected and the NGF con-
centration was measured by ELISA. Each data point indicates mean
and range (indicated by broken lines) of duplicate samples.

inary quantification of IL-1 bioactivity in Schwann cell condi-
tioned medium gave no indication of autocrine IL-1 production,
which could result either in saturation of the IL-1 response or
in desensitization. This suggests that the Schwann cell IL-1 re-
ceptor, in contrast to its counterpart on astrocytes and fibro-
blasts, is functionally uncoupled from intracellular mechanisms
of NGF regulation. Our Schwann cell-neuron coculture exper-
iments show that coupling does not simply depend on axonal
contact, although it may be argued that our culture conditions
did not warrant an in vivo type of contact. We cannot exclude
that culture conditions that promote extensive ensheathment
and basal lamina formation (Bunge et al., 1986) would give
different results. Our experiments revealed a similar situation
for PDGF and bFGF. In Schwann cells, these growth factors
regulate cell proliferation and c-fos mRNA levels (Ratner et al.,
1988; Davis and Stroobant, 1989; Weinmaster and Lemke,
1990), but, again in contrast to astrocytes (Spranger et al., 1990),
they have no effect on the levels of NGF-mRNA.. Since Schwann
cells possess the low-affinity NGF receptor (DiStefano and John-
son, 1988; Yasuda et al., 1987), we tested the possibility of a
feedback control. However, addition neither of NGF nor of the
structurally related BDNF (Leibrock et al., 1989) resulted in
any significant change of NGF-mRNA levels. Also, CNTF, which
is produced by Schwann cells in the intact sciatic nerve (Lin et
al., 1989; Stickli et al., 1989), did not significantly change NGF-
mRNA levels.

Surprisingly, TGF-31 downregulated NGF-mRNA levels in
Schwann cells. A similar rather slow action of TGF-§ has been

—

effect on the level of NGF-mRNA. Schwann cells were incubated first
with TGF-g1 at the indicated concentrations for 6 hr, and then the cells
were further incubated with 20 um FK for 3 hr (open circles). The basal
level of NGF-mRINA of the cells without FK and TGF-g1 treatments
is also indicated (solid circle). A typical example of two independent
experiments with similar results is shown for 4-C.
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Figure 10. Comparison of the effects of [L-18 and FK on the levels
of NGF-mRNA in explant culture of sciatic nerve from newborn (4)
and adult () rats and fibroblasts from adult sciatic nerve (C). Nerve
explants and fibroblasts were incubated with /L-1 (60 U/ml), FK (20
um), or ionomycin (/ONO; | pg/ml) or combinations for 3 hr. Each
column gives the absolute amount of NGF-mRNA (pg/explant). The
mean and range (indicated by broken lines) of duplicate samples are
given.

described in endothelial cell culture, where the effects of bFGF
were suppressed by TGF-g (Saksela et al., 1987). The molecular
basis for these differences in NGF-mRNA regulation between
astrocytes and Schwann cells remains to be elucidated. Cis-
acting sequences mediating transcriptional repression by TGF-3
have been identified in the promoter of the transin gene (Kerr
et al., 1990); however, differences in the frans-acting factors
would have to account for cell type specificity.

Mechanism of regulation by adenylate cyclase

As a second approach for analyzing NGF regulation in Schwann
cells, we analyzed the involvement of second messengers. Using
different analogs of FK and cAMP, we have shown that the
major signal transduction pathway leading to an increase in
NGF-mRNA levels in Schwann cells involves activation of ad-
enylate cyclase, whereas PKC activation resulted in decreased
NGF-mRNA levels. This is in contrast to the situation described
for fibroblasts (Wion et al., 1990). Activation of adenylate cy-
clase via the 8,-adrenergic receptor also resulted in augmented
NGF-mRNA levels. This adenylate cyclase—dependent pathway
is not specific for Schwann cells; small increases in NGF-mRNA
occurring after adenylate cyclase activation have also been dem-
onstrated in rat primary astrocytes (Schwartz and Mishler, 1990),
in glioma cells (Dal Toso et al., 1988; Schwartz, 1988), and in
the present study in fibroblasts derived from the sciatic. Al-
though protein kinase inhibitors are not absolutely selective for
specific kinases, considering the exclusive effectiveness of H-8
we propose protein kinase A activation as the next step of the
signaling pathway. FK increases the NGF-mRNA levels in
Schwann cells with kinetics comparable to those in systems
where a relationship between transcriptional activation by cAMP
and increase in steady state mRNA is established (e.g., Sasaki
et al., 1984; Schmid et al., 1987). In agreement with the as-
sumption of transcriptional activation of the NGF gene by FK,
we did not observe any major influence of FK on NGF-mRNA
stability. Preliminary transfection experiments using NGF-pro-
moter/chloramphenicol acetyl transferase (CAT) constructs
showed that CAT activity is inducible by FK, confirming its
action at the transcriptional level (I. Matsuoka, M. Meyer, and
H. Thoenen, unpublished observations). It will be interesting
to see whether a typical cAMP response element (CRE), for
example, as described for the somatostatin gene promoter (for
review, see Montminy et al., 1990) or a different sequence, is
involved. A multiplicity of frans-acting factors involved in
cAMP-mediated transcriptional activation have been identified
(for an overview, see Habener, 1990; Ziff, 1990).

Although cAMP seems to be an essential factor regulating
NGF expression in Schwann cells, the modulatory effects of
Ca?* 1onophore and phorbol ester point to a complex regulation.
It should again be stressed that the potentiating effects of these
drugs were H-8 sensitive and dependent on adenylate cyclase
activation. The molecular basis for these observations may be
found either in posttranslational modifications of {rans-acting
factors (Gonzalez et al., 1989; Sheng et al., 1990; Van Nguyen
etal., 1990) or by effects on upstream elements of the signaling
pathway, such as modification of adenylate cyclase activity (Suz-
denet al., 1985; Rozengurt et al., 1987; Yoshimasa et al., 1987).

Observations made in fibroblasts and glioma cells suggest that
synthesis of the immediate early gene product, c-Fos protein,
plays an important role in the regulation of NGF-mRNA (Moc-
chetti et al., 1989; Hengerer et al., 1990). The c-Fos—dependent
transactivation of the NGF gene in fibroblasts is mediated via




an activator protein 1 (AP-1) site located in the first intron of
the NGF gene (Hengerer et al., 1990). However, in Schwann
cells the relationship between the expression of c-Fos protein
and NGF is not established. Conditions that lead to high levels
of expression of c-fos mRNA and AP-1 binding activity (e.g.,
TPA or serum addition; M. Meyer, I. Matsuoko, and H. Thoe-
nen, unpublished observations) in Schwann cells do not result
in increased NGF-mRNA expression (see Results). These ob-
servations may suggest that functional AP-1 complex formed
in Schwann cells after the appropriate stimulation can not, in
contrast to fibroblasts, interact with the intronic AP-1 site of
the NGF gene and/or other components of the transcription
apparatus in a way necessary for transcriptional activation of
the NGF gene. In contrast to astrocytes and fibroblasts, where
cycloheximide had an inhibitory effect on the induction of NGF-
mRNA (Mocchetti et al., 1989; Hengerer et al., 1990; Lindholm
et al., 1990; Wion et al., 1990), cycloheximide added together
with FK increased the NGF-mRNA level in an additive manner
in Schwann cells. This result suggests that de novo synthesis of
transcripticnal activators is not necessary for the effect of FK,
which is consistent with the idea that posttranslational modi-
fication of preexisting CRE-binding factors might be involved
(see reviews; Yamamoto et al., 1988). In contrast, transacti-
vation of genes via AP-1 depends on de novo c-Fos protein
synthesis (Schonthal et al., 1988).

Regulation of intracellular cAMP levels has been shown, at
least in vitro, to be important for Schwann cell proliferation and
differentiation (Raff et al., 1978; see, e.g., Sobue and Pleasure,
1984; Monuki et al., 1989). It is not clear which additional
factors are needed to drive the cells in one direction or the other.
The regulation of NGF-mRNA by cAMP elevation seems to
be more or less independent of additional factors since it re-
quired only a very simple culture medium. Furthermore, it is
interesting to note that cAMP increases NGF-mRNA transient-
ly, whereas its effects on markers of differentiation, such as
galactocerebroside and myelin gene induction, are observed for
extended periods after treatment (Sobue and Pleasure, 1984,
Monuki et al., 1989). It is not clear whether increases in cCAMP
content of Schwann cells occur also in vivo, and molecules re-
sponsible remain to be identified. Neurotransmitters and neu-
ropeptides acting on receptors coupled to adenylate cyclase are
candidates, but their accumulation to effective extracellular con-
centrations after nerve lesion has to be demonstrated. The pres-
ence of CGRP has been demonstrated in spinal motoneurons
and dorsal root ganglion neurons (Rosenfeld et al., 1983; Gibson
etal., 1984; Fontaine et al., 1986; New and Mudge, 1986; Villar
et al., 1989). It is not known at present whether Schwann cells
respond to CGRP by elevation of cAMP as has been demon-
strated for myotubes (Laufer and Changeux, 1987; Villar et al.,
1989).

In conclusion, a wide variety of different cell types, including
several types of glial cells and neurons (for references, see Zafra
et al., 1990), can express NGF. Together with previous inves-
tigations, we have shown here that even in one tissue, namely
the sciatic nerve, different non-neuronal cell types show a sur-
prising multiplicity of mechanisms of NGF regulation. To be
able to exploit the potential therapeutical value of such studies,
the molecular basis for these differences has to be worked out.
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