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Abstract

Ž . Ž .In human astrocytoma cell lines, substance P SP stimulated interleukin IL -8, IL-6, granulocyte macrophage colony-stimulating
factor and leukemia inhibitory factor protein secretion. These SP effects were blocked by a specific NK1 tachykinin receptor antagonist.
Further, SP stimulation increased the half-life of IL-6 and IL-8 messenger RNAs, suggesting that the synthesis of these cytokines is also
regulated post-transcriptionally. SP-induced cytokine release was inhibited by staurosporine and phorbol 12-myristate 13-acetate
desensitization suggesting protein kinase C involvement. The demonstration that SP affects cytokine production in glioma cells might be
of relevance for the biology of such tumors. q 1998 Elsevier Science B.V.
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1. Introduction

ŽAstrocytes respond to proper stimuli or insults e.g.
cytokines, microbial antigens such as lipopolysaccharide
Ž .. Ž .LPS by releasing a variety of interleukins IL s and

Žchemokines Lieberman et al., 1989; Malipiero et al.,
.1990; Aloisi et al., 1992, 1994 . Cytokines, acting on

microglia, astrocytes, oligodendrocytes, neurons as well as
endothelial and immunerinflammatory cells participate in

Žbrain homeostasis, defence and repair reviewed by Ranso-
.hoff and Beneviste, 1996 . However, abnormal activation

of astrocytes, often linked to cytokine release, has been
suggested to be involved in the development of brain
lesions associated with various central nervous system
Ž . ŽCNS diseases e.g. multiple sclerosis plaques, AIDS,

. Žautoimmune diseases and cerebral tumors reviewed by
Morganti-Kossmann et al., 1992; Eddleston and Mucke,

.1993; Gillespie, 1996 . IL-6, IL-8, IL-1, granulocyte
Ž .macrophage colony-stimulating factor GM-CSF appear

to be produced by malignant glioma cells and have been
Žassociated with increasing tumor progression Gillespie,

.1996 . Moreover, both IL-6 and IL-1 proteins have been
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detected in tumor cyst fluids in patients harboring malig-
Ž .nant gliomas Weller et al., 1991 and IL-6 was also found

Ž .in cerebral spinal fluid of such patients Frei et al., 1992 .
Neurotransmitters or neuropeptides can regulate astro-

Ž .cytic functions reviewed by Mitrovic et al., 1994 . Among
Ž .them, particularly relevant is substance P SP , an ende-

capeptide belonging to the tachykinin family which is the
preferential endogenous ligand for NK1 tachykinin recep-

Ž .tors Otsuka and Toshioka, 1993 . Astrocytes express func-
tional NK1 receptors and SP binding to such receptors

Ž .triggers phospholipase C activation Torrens et al., 1989
followed by several functional responses among which the

Žrelease of cytokines Martin et al., 1992, 1993; Gitter et
al., 1994; Luber-Narod et al., 1994; Palma et al., 1994,

.1995; Cadman et al., 1994 . Interestingly, in human malig-
nant glioma tissue such as astrocytomas and glioblastoma,

Ž .high expression of SP receptors Henning et al., 1995 as
Ž .well as the presence of the SP peptide Allen et al., 1985

has been described.
In this scenario, the relationship between SP, astrocy-

toma and network of cytokines released is worth studying.
Consequently, U373 MG cells which express high levels

Ž .of glial fibrillary acidic protein Lachman et al., 1987 and
Ž .NK1 tachykinin receptors Heuillet et al., 1993 have been

Ž .chosen as an astrocytoma in vitro model to investigate: 1
whether stimulation of the NK1 receptor could up-regulate,
in addition to IL-6, the expression and release of cytokines
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Ž .with neurotrophic andror proinflammatory activities, 2
to study the action of SP on the expression and stability of

Ž . Ž .cytokine messenger RNAs mRNA , and 3 the role of
Ž .protein kinase C PKC as a specific cellular biochemical

pathway in SP signalling. Moreover, other human glioma
cell lines were assayed for IL-6 release induced by SP to
understand whether or not this ability is common in this
type of cerebral tumor.

2. Materials and methods

2.1. Materials

LPS from Escherichia coli 0111:B4, phorbol 12-miri-
Ž .state 13-acetate PMA , a-amanitin, were purchased from

Sigma Chemical Company, St. Louis, MO; staurosporine,
was obtained from Calbiochem, San Diego, CA; SP was
purchased from Calbiochem-Novabiochem AG, Laufelin-
gen, Switzerland; the NK1 receptor antagonist FK 888
Ž 2 wŽ . Ž .N - 4R -4-hydroxy-1- 1-methyl-1H-indol-3-yl carbonyl-

x Ž .L-prolyl -N-methyl-phenylmethyl-L-3- 2-napthyl -alanina-
.mide was synthesized at the Department of Chemistry of

Menarini Ricerche Sud, Pomezia, Italy. Il-1 b was a kind
Žgift from Dr. Francesca Aloisi Istituto Superiore di Sanita,`

.Roma, Italy .

2.2. Culture of human astrocytoma cells

Human astrocytoma cell lines, U373 MG, SNB-19 and
DBTRG-05 MG, were obtained from the American Type

Ž .Culture Collection Rockville, MD . U373 MG cells were
maintained in RPMI 1640 containing 10% heat-inactivated
Ž . Ž .658C, 30 min fetal bovine serum FBS with 5 mM
HEPES, 2 mM L-glutamine, 100 Urml of penicillin and

Ž .100 mgrml of streptomycin FBS medium ; SNB-19 in
Ham’s F10 containing 15% heat-inactivated FBS with 5
mM HEPES, 2 mM L-glutamine, 100 Urml of penicillin
and 100 mgrml of streptomycin and DBTRG-05 MG in
RPMI 1640 containing 10% heat-inactivated FBS with 25
mM HEPES, 2 mM L-glutamine, 100 Urml of penicillin,
100 mgrml of streptomycin, 10 mgrml of adenine, 1
mgrml of adenosine triphosphate, 100 mgrml of L-cystine,
15 mgrml of hypoxanthine, 50 mgrml of L-isoleucine, 50
mgrml L-proline, 100 mgrml of sodium pyruvate and 1

Fig. 1. SP enhances in a concentration-dependent manner IL-6, IL-8, LIF and GM-CSF release from U373 MG cells. U373 MG cells were cultured for 18
h in the presence of SP at the indicated concentrations prior to collection of supernatants for cytokine measurement with specific ELISA kits. The data
represent the increase in cytokines released over the basal levels and are presented as means"S.E.M. of four independent experiments for each cytokine

Ž .assayed. Basal levels: 640"90 pgrml for IL-6; 6099"450 pgrml for IL-8; 20"2 pgrml for LIF and 12"2 pgrml for GM-CSF.
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mgrml of thymidine. All these reagents were purchased
from Gibco Laboratories, Grand Island, NY.

2.3. Detection of IL-6, IL-1b , IL-8, leukemia inhibitory
factor, GM-CSF and tumor necrosis factor a in super-
natants of astrocytoma cells

U373 MG cells were detached by trypsinization, washed
in serum-free RPMI 1640, seeded in FBS medium at
3.5=105 cellsrwell in 24-well culture plates, and allowed
to adhere for 24 h at 378C. Then the culture medium was
removed, the cells were washed three times in serum-free
RPMI 1640, and fresh FBS medium was added. Cells were
cultured for 18 h, unless otherwise indicated, in the pres-
ence or absence of SP. U373 MG cells were cultured in the
presence of various concentrations of SP to perform con-
centration–response curves. When necessary, U373 MG

Žcells were pretreated for 2 h with staurosporine at selected
.concentrations , before adding SP. The NK1 receptor an-

tagonist, FK 888 was co-administered with the stimulants.
Similar experimental procedures were used for SNB-19
and DBTRG-05 MG cells except that stimulation was
performed in their appropriate culture media. In all experi-
mental conditions, cell viability was always greater than
99%, as determined by the Trypan Blue exclusion method.
After the incubation time the supernatants were collected
and spun free of cells and debris. IL-6, IL-1b , IL-8,

Ž .GM-CSF, leukemia inhibitory factor LIF and tumor
Ž .necrosis factor a TNF-a levels were assayed by specific

ŽELISA kits Quantikinee, Research and Diagnostic Sys-
.tem, Minneapolis, MN . Moreover, the presence of human

Ž .cytokines IL-6, IL-1b , IL-8, GM-CSF, LIF and TNF-a
was checked in FBS medium. None of the above-men-
tioned human cytokines was found in FBS medium even
when FBS was present at 10%. The data were analyzed

Fig. 2. Time-dependent production of cytokines induced by 100 nM of SP in U373 MG astrocytoma cell line. Supernatants were harvested at the time
indicated at the abscissa and assayed for the presence of cytokines with specific ELISA kits. The data represent the means"S.E.M. of three independent
experiments for each cytokine assayed.
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Fig. 3. Inhibition by the NK1 receptor antagonist FK 888 of SP-induced
IL-6, IL-8, GM-CSF and LIF release. U373 MG cells were stimulated
with 100 nM of SP in the presence of FK 888 at the indicated concentra-
tions. After 18 h of culture, the supernatants were harvested and assayed
for the presence of cytokines with specific ELISA kits. The data are
presented as percent of inhibition versus the amount of IL-6, IL-8,
GM-CSF or LIF released in absence of FK 888; the data are the
means"S.E.M. of four independent experiments.

using linear regression of the Microplate Manager Program
Ž .Bio-Rad Lab., Richmond, CA .

2.4. Down-regulation of PKC by prolonged PMA pretreat-
ment

To down-regulate PKC in U373 MG cells by prolonged
PMA pretreatment, PMA concentration and incubation

Ž .time reported by Lee et al. 1992 were chosen. The cells
were seeded in FBS medium containing 10 mM of PMA at
3.5=105 cellsrwell in 24-well culture plates and cultured
for 20 h at 378C. Then the cells were washed five times in
serum-free RPMI 1640 and cultured in FBS medium for an

Žadditional 18 h in the presence, or absence, of SP 100
. Ž .nM or PMA 3 nM , before determination of IL-6 and

IL-8 in the supernatants, as described above. Cell viability
was always greater than 99%, as determined by the Trypan
Blue exclusion method.

2.5. RNA preparation

Two=106 U373 MG cells were seeded in FBS medium
in 25 cm2 flasks and cultured for 24 h. The cells were then
washed, and fresh FBS medium was added in the presence
of 1 mM SP. The cells were cultured for 1, 5, 8, 16, 24
and 48 h before the extraction of RNA. To evaluate the
stability of IL-6 and IL-8 mRNAs, cells were treated or not

Žwith 1 mM SP for 2 h before adding a-amanitin 8
.mgrml , a potent and specific inhibitor of messenger RNA

synthesis. Total RNA was prepared by the method of
Chomzynsky and Sacchi, 1987, by acid guanidium thio-
cyanate–phenol–chloroform extraction using RNAzoleB

Ž .kit Biotecx Lab., Houston, TX .

(2.6. ReÕerse transcriptase-polymerase chain reaction RT-
)PCR

Ž .Reverse transcription of total RNA 1 mgrsample to
ŽcDNA using cloned Murine Leukemia Virus Reverse

. ŽTranscriptase and subsequent amplification using the Ge-
.neAmp PCR process and AmpliTaq DNA polymerase

was performed following the instructions of the manufac-
Žturer of the GeneAmp RNA PCR Kit Perkin-Elmer Roche,

.Branchburg, NJ . The PCR was performed in a Perkin-
Ž .Elmer thermal cycler Perkin-Elmer Cetus, Norwalk, CT

for 23 cycles as follows: denaturation for 40 s at 948C,
annealing for 40 s at 628C, and extension for 1 min at 728C
for IL-6 and b-actin, and for 24 cycles as follows: denatu-

Fig. 4. Kinetics of IL-6 and IL-8 mRNA expression in SP-activated U373
MG cells, as detected by PCR analysis. At the indicated time, cells were
harvested and lysed; total RNA was extracted and reverse transcribed.
The cDNAs obtained were assayed for the presence of specific IL-6 and
IL-8 mRNA by PCR as described in Section 2. Reaction products were
run on 1% agarose gel in the presence of appropriate molecular weight

Ž .markers 1418-009 . b-Actin is the positive transcription control.
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ration for 2 min at 948C, annealing for 2 min at 608C, and
extension for 2 min at 728C for IL-8. Specific RT-PCR
analyses for IL-6 and IL-8 were performed in the linear

Žrange of amplification determined in preliminary experi-
.ments so that the results were quantitative to some extent.

Human IL-6 and IL-8 specific primer pairs were synthe-
sized by Primm s.r.l. Prodotti Immunobiotecnologici, Mi-
lan, Italy, using the sequences published by Ehlers and

Ž . Ž .Smith 1991 and Carre et al. 1991 , respectively. Specific´
primers for b-actin were purchased from CLONTECH
Laboratories, Palo Alto, CA. The reaction product was
visualized by electrophoresis, using 10 ml of the reaction
mixture and 2 ml of loading buffer containing ethidium

Ž .bromide 0.5 mgrml; Sigma, St. Louis, MO ; 1 mg of
Ž . ŽDNA molecular weight marker IV 1418-009 Boehringer

.Mannheim GmbH, Germany , was run in parallel. The gel
was photographed on Polaroid 55 films with the aid of an
ultraviolet illuminator, and the intensity of lanes was quan-

Žtified by laser densitometry TLC Scanner II Camag, Mut-
.tenz, Switzerland by using the CAMAG Evaluation Pro-

Žgram PCrCATS version 3.14 Camag, Muttenz, Switzer-
.land . The amplification reactions of IL-6 and IL-8 mR-

NAs were standardized to the intensity of b-actin.

2.7. Statistical analysis

Statistical analysis of data was performed with Student’s
t-test paired data or two-way ANOVA, as indicated
throughout the text.

3. Results

3.1. SP stimulates IL-6, IL-8, LIF and GM-CSF protein
secretion in U373 MG cells

By using specific ELISA kits, discrete amounts of IL-6
Ž . Ž . Ž640"90 pgrml , IL-8 6099"450 pgrml , LIF 20"2

. Ž .pgrml and GM-CSF 12"2 pgrml were detected in the
supernatants of unstimulated U373 MG cells cultured in

Ž .the presence of 10% FBS ns4 . No IL-1 b and TNF-a
Žwere found in the same supernatants. The addition of SP 1

.nM–10 mM elicited a concentration-dependent increase
Ž .in the secretion of IL-6, IL-8, LIF and GM-CSF Fig. 1 ,

with EC of 10"3 nM, 18"2 nM, 5"1 nM and50

25"6 nM, respectively. IL-1 b and TNF-a were not
Ž .released after SP stimulation ns4, data not shown . The

amount of LIF or GM-CSF protein secreted by U373 MG
was lower than that of IL-6 or IL-8. As shown in Fig. 2,

Ž .Fig. 5. Stability of IL-6 and IL-8 mRNA in U373 MG cells stimulated with SP. Cells were incubated with medium alone or SP 1 mM for 2 h before
Ž . Ž .adding a-amanitin 8 mgrml . At the indicated time h , cells were harvested and lysed; total RNA was extracted and reverse transcribed. The cDNAs

obtained were assayed for the presence of specific IL-6, IL-8 and b-actin mRNA by PCR as described in Section 2. Reaction products were run on 1%
Ž .agarose gel and intensity of lanes was measured by a laser densitometry panel A . In panel B lane intensity is expressed as ratio compared with the

intensity at time 0 and the data are presented as means"S.E.M. of three independent experiments.
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increased levels of IL-6, IL-8, LIF and GM-CSF were
detected in the culture supernatants as early as 3 h after SP
Ž .100 nM stimulation and the responses peaked at 24 h for
IL-8, GM-CSF and LIF and at 16 h for IL-6. The levels of
all cytokine proteins in the culture supernatants of SP

Ž .Fig. 5. continued .

treated U373 MG cells reached a plateau after 48 h. To
reduce secretion of cytokines in unstimulated cells, some
experiments were performed in the presence of 1% FBS.
In such a situation, 0 pgrml of IL-6 and GM-CSF and
1415"148 pgrml of IL-8 were measured in basal condi-
tions, while the stimulatory effect of SP was maintained
ŽIL-6: 2645"16 and 2680"20; IL-8: 28664"477 and
37216"1787; GM-CSF: 107"2 and 210"5, after 100
nM of SP stimulation in presence of 1% and 10% of FBS,

.respectively . Instead, LPS was able to increase IL-6, IL-8
and GM-CSF protein secretion only when the experiments
were performed in the presence of 10% FBS since LPS
response was completely abolished in low serum condition
Ž . Ž .1% FBS data not shown .

( )3.2. SP induces cytokine s release through actiÕation of
NK1 receptors

IL-8, GM-CSF and LIF protein secretion induced by SP
in U373 MG cells was mediated through activation of the
NK1 receptor, as previously described for IL-6 release
Ž .Gitter et al., 1994; Palma et al., 1994 . In fact, the specific

ŽNK1 receptor antagonist, FK 888 Fujii et al., 1992;
.Rosenkilde et al., 1994 , inhibited the responses triggered

Žby 100 nM of SP in a concentration-related manner Fig.
. Ž .3 . Ki s were 50"5 nM; 13"2 nM; 16"2 nM and50

11"4 nM for IL-6, IL-8, GM-CSF and LIF, respectively
Ž .ns4 . FK 888 did not affect either basal or LPS-induced

Žcytokine secretion, even at the highest dose tested ns4,
.data not shown .

3.3. IL-6 and IL-8 gene expression is increased in SP-
actiÕated U373 MG cells: effects of SP on IL-6 and IL-8
mRNA stability

Specific RT-PCR analysis was performed to determine
if the increase in IL-8 and IL-6 protein secretion was due
to an enhancement of their genic expression. As shown in
Fig. 4, the increase in IL-6 and IL-8 mRNAs over the

Ž .basal levels after SP stimulation 1 mM was evident
already at 1 h which was also the peak of SP responses.
The amount of IL-6 mRNA started to decrease at 5 h and
both cytokine mRNAs did not return to basal levels before
48 h. SP did not alter b-actin mRNA expression, demon-
strating the specificity of its effects on IL-6 and IL-8 gene
transcription. The role of SP in regulating cytokine mRNA
half-life was examined by stimulating U373 MG cells with
SP for 2 h and then adding a-amanitin at a concentration
Ž .8 mgrml which blocked transcription. Assessment of
mRNA decay by RT-PCR revealed that both IL-6 and IL-8
mRNAs in unstimulated U373 MG cultured in the pres-
ence of 10% FBS decayed with a relatively long half-life

Žof several hours 5 h and 30 min and 8 h for IL-6 and IL-8,
. Ž .respectively Fig. 5 . However, these mRNA half-lives

Žwere strongly augmented after SP stimulation 11 h and
. Ž .)12 h for IL-6 and IL-8, respectively Fig. 5 .
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Fig. 6. Effects of the PKC inhibitor, staurosporine, on cytokine release
induced by SP in U373 MG cells. U373 MG cells were pretreated for 2 h
with staurosporine at the indicated concentration and then stimulated with
100 nM of SP for 18 h. Supernatants were harvested and assayed for the
presence of IL-8, LIF and GM-CSF with specific ELISA kits. The data
are presented as percent of response where 100% of response is the
stimulation obtained with SP in absence of staurosporine, and are pre-
sented as means"S.E.M. of four independent experiments.

3.4. InÕolÕement of PKC in SP-induced U373 MG cytokine
release

Since we previously reported that IL-6 release induced
by SP in U373 MG cells was blocked by the PKC inhibitor
staurosporine and greatly reduced after PKC deprivation
suggesting the involvement of PKC in such response
Ž .Palma et al., 1995 , we performed experiments to under-
stand if the same biochemical pathway of signalling was
common for all these cytokines secreted. As shown in Fig.

Ž .6, staurosporine 100–600 nM also reduced, in a concen-
tration-related manner, IL-8, LIF and GM-CSF release

Ž .induced by 100 nM of SP, with IC s of 208"5 nM,50
Ž .124"9 and 120"7 nM, respectively ns4 . On the

contrary, staurosporine did not affect the basal release of
Ž .IL-8, LIF and GM-CSF ns4, data not shown .

Ž .Moreover, while a low concentration 3 nM of the
PKC activator PMA induced IL-8, LIF and GM-CSF

Ž .release by U373 MG cells Fig. 7 , the prolonged exposure
Ž . Ž .20 h with a high concentration of PMA 10 mM deter-

Žmined the down-regulation of PKC Lee et al., 1992;
.Palma et al., 1995 . PKC deprivation abolished the subse-

quent IL-8, LIF and GM-CSF protein secretion induced by
3 nM of PMA, and markedly inhibited cytokine release

Ž .stimulated by 100 nM of SP Fig. 7 .

3.5. SP potentiates LPS-induced cytokine release by U373
MG

The microbial antigen LPS is able to trigger the release
of IL-6 through a calmodulin-dependent biochemical path-

Žway different from that involved in SP response Palma et
.al., 1995 . Therefore, we investigated the interaction be-

Fig. 7. Effects of SP and PMA on IL-8, GM-CSF and LIF release from
U373 MG cells after prolonged PMA pretreatment. Before stimulation

Ž . Ž .with PMA 3 nM or SP 100 nM for 24 h, U373 MG cells were exposed
Ž . Žto chronic PMA pretreatment 10 mM, 20 h; dotted bars or not open

.bars . Supernatants were harvested and assayed for the presence of IL-8,
GM-CSF and LIF with specific ELISA kits. The data represent the
increase in cytokines released over the basal level and are presented as

Ž)means"S.E.M. of three independent experiments. P -0.01; Student’s
.t-test, paired data.
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Table 1
Interactions between SP and LPS in inducing cytokine release from U373
MG cells

LPS

SP 0 1 10 100

IL-6
a0 392"10 1913"104 9333"338

1 1028"21 5556"268 10798"286
10 2135"85 7887"404 11636"58

100 3980"15 10798"286 14682"255

IL-8
a0 4774"37 25395"236 111205"124

1 9209"116 38995"1732 153863"4208
10 31986"1146 82714"2186 165380"1385

100 43857"1545 107856"1443 185793"4312

GM-CSF
a0 14"1 74"3 749"16 1650"5

100 234"8 702"14 2531"1 4766"24

LIF
a0 47"1 293"3 1366"46 1910"25

1 129"5 574"15 1659"4 2234"82
10 197"4 67"23 1753"36 2355"62

100 255"2 857"8 1930"32 2504"2

Ž . Ž .U373 MG cells were stimulated with SP nM or LPS ngrml at the
indicated concentrations or with combinations of these stimuli. After 18 h
of incubation, supernatants were harvested and assayed for the presence
of the indicated cytokines.
a Each value, expressed in pgrml, is the mean"S.E.M. of three indepen-
dent experiments. Interactions between SP and LPS is statistically signifi-

Ž .cant P -0.001; analysis of variance, 2-way ANOVA in all groups of
cytokines assayed.

tween these two stimuli in inducing the secretion of the
whole panel of cytokines. U373 MG cells were stimulated
with various concentrations of SP and LPS and with
combinations of both. As shown in Table 1, SP and LPS
potentiated each other in inducing release of IL-6, IL-8,
LIF and GM-CSF. The interactions between SP and LPS

Žwere statistically significant P-0.001, analysis of vari-
.ance 2-way ANOVA , and their combinatory effects were

greatly superior to their addition and therefore considered
Žsynergic in nature for the lowest concentration of LPS 1

.ngrml in IL-6, IL-8 and LIF protein secretion while for
GM-CSF release synergism was present at all concentra-

Ž .tions tested. At high LPS concentrations 10–100 ngrml ,
only an additive effect was found for IL-6, IL-8 and LIF
release.

3.6. Release of IL-6 induced by SP in SNB-19 and DB-
TRG-05 MG cells

To investigate whether or not the ability of SP in
modulating cytokine release is common in human glioma
tumors and not only restricted to the U373 MG cell lines,
two additional astrocytoma cell lines, SNB-19 and DB-
TRG-05 MG, were assayed for SP-induction of IL-6 pro-

duction. Similarly to U373 MG cells, SNB-19 cells re-
sponded to SP stimulation by increasing, in a concentra-
tion-dependent manner, the basal level secretion of IL-6
Ž . Ž .901"13 pgrml with an IC s3"0.5 nM Fig. 8A .50

DBTRG-05 MG cells, that did not spontaneously produce
IL-6, were not able to release this cytokine after SP

Ž .stimulation. However, when IL-1b 100 Urml activation
Žmade DBTRG-05 MG cells able to secrete IL-6 686"20

.pgrml , SP potentiated, in a concentration-dependent man-
Ž .ner, the inducing effect of IL-1b Fig. 8B . The ability of

SP in modulating IL-6 release was completely blocked by
Ž . ŽFK 888 1 mM in both cell lines 2990"59 pgrml vs

888"40 pgrml in the absence and presence of FK 888
for SNB-19 cells stimulated with SP 100 nM; and 1105"

26 pgrml vs 656"13 pgrml in the absence and presence
of FK 888 for DBTRG-05 MG cells stimulated with IL-1b

Fig. 8. SP enhances in a concentration-dependent manner IL-6 release
Ž . Ž .from SNB-19 A or DBTRG-05 MG B cells. SNB-19 cells were

cultured for 18 h in the presence of SP at the indicated concentrations;
Ž .DBTRG-05 MG were treated with IL-1b 100 Urml in the absence or

presence of increasing concentrations of SP for 18 h; IL-6 was deter-
mined in culture supernatants by a specific ELISA kit. The data represent
the amount of cytokine released and are presented as means"S.E.M. of
three independent experiments.
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100 Urml and SP 100 nM. These data indicate that such
SP responses both in SNB-19 and DBTRG-05 MG cells
are mediated through activation of the NK1 receptors.

4. Discussion

The neuropeptide SP can act on human glioma cell lines
activating or modulating important responses such as se-
cretion of soluble mediators. In fact, according to the
previous data obtained on the human anaplastic astrocy-

Žtoma cells U373 MG Gitter et al., 1994; Cadman et al.,
.1994; Palma et al., 1994, 1995 , SP was able to amplify

the secretion of IL-6 in two additional astrocytoma cell
lines, SNB-19 and DBTRG-05 MG. These cell lines ex-

Ž .press NK1 receptors Palma, unpublished observations
which mediated SP-triggered IL-6 release as demonstrated
by the blockade with the NK1 receptor antagonist FK 888.

In U373 MG cells the release of several immunomodu-
latory cytokines such as IL-8, LIF and GM-CSF was also
detected after SP stimulation. The range of effective SP

Ž .concentrations 1 nM–10 mM was the same for all the
above cytokines. Time-dependent experiments showed
similar kinetics for IL-6, IL-8, LIF and GM-CSF produc-
tion with an early release at 3 h and a plateau at 24 h
which was maintained until 48 h. IL-1b and TNF-a ,
which are able to trigger IL-6, IL-8 and colony-stimulating

Žfactor release in U373 MG cells Kasahara et al., 1991;
.Tweardy et al., 1991; Gitter et al., 1994 , were not de-

tected in the supernatants of SP-stimulated cells suggesting
that SP-triggered cytokine release is not autocrine-media-
ted by these pro-inflammatory cytokines. Although we
could not detect IL-1b in the supernatant of U373 MG

Ž .even after LPS stimulation data not shown , this failure in
protein secretion may be due to post-transcriptional events

Ž .since Willis and Nisen 1995 showed that LPS induced
IL-1b mRNA accumulation in the same cell line.

Similarly to IL-6, also SP-triggered IL-8, LIF and GM-
CSF release occurred through activation of NK1 receptors
as demonstrated by the inhibition with FK 888. The main
effector mechanism coupled to the activation of NK1
receptor in U373 MG cells is stimulation of phospholipase
C leading to inositol phosphate and 1,2-diacylglycerol

Ž .formation Lee et al., 1992 . In turn 1,2-diacylglycerol
activates PKC which seems to be responsible for IL-8, LIF
and GM-CSF protein secretion, as previously shown for

Ž .IL-6 Palma et al., 1995 . In fact, SP-induced release of
these cytokines was inhibited in a concentration-dependent
manner by the microbial anti-fungal alkaloid staurosporine
and by the PKC down-regulation by long exposure to
PMA. However at this stage, we cannot completely rule
out that other signal transduction pathways may participate
in such SP responses. In fact, staurosporine may also affect

Ž .tyrosine kinase activity Nakano et al., 1987 . Neverthe-
less, the demonstration that SP may affect cytokine pro-
duction through PKC in malignant gliomas is of relevance

to the potential role of PKC inhibitors in tumor treatments.
In fact, PKC inhibitors can control growth and invasion of

Žmalignant glioma both in vitro and in vivo studies Pollack
.et al., 1996; Uhm et al., 1996 .

Interestingly, the experiments performed using combi-
nations of SP and LPS showed that SP can potentiate the
bacterial stimulus responses. These data may indicate a
potential SP ability in modulating astrocytoma cytokine
release already triggered by other stimuli and mediated

Žthrough different signalling pathways e.g. calmodulin-de-
. Ž .pendent mechanism Palma et al., 1995 .

RT-PCR data show that SP activation regulates IL-6
and IL-8 production also at the post-transcriptional level;
in fact, the half-lives of the transcripts of these two genes
were significantly augmented. Moreover, because the in-
crease of IL-6 and IL-8 mRNAs triggered by SP was
already evident after 1 h of stimulation, the neuropeptide
likely also affects cytokine gene transcription. To confirm
RT-PCR using a data linear measure of mRNA decay, we

Žperformed Northern blot analysis cDNA probe for human
IL-6 gene was kindly provided by Dr. Carlo Toniatti,

.IRBM, Pomezia, Italy . RT-PCR technique and Northern
blotting pointed out a similar longer half-life of IL-6

Ž .mRNA after SP stimulation data not shown . However,
the latter analysis was not sensitive enough to detect IL-6
mRNA in unstimulated U373 MG cells, as already de-

Ž .scribed by Lieb et al. 1996 .
Ž .Henning et al. 1995 showed that the presence of NK1

receptors is very common in brain tumor tissues. They
found that 9 out of 12 astrocytomas and 10 out of 10
glioblastoma examined were positive for SP receptors,
with an increasing percentage of NK1 expression in tu-
mors possessing the most malignant phenotype. The SP
receptor density in these types of tumors was higher than
in the normal surrounding brain. Moreover, SP peptide

Žwas detected in some primary astrocytomas Allen et al.,
.1985 and a glial-cell-line-derived neurotrophic factor en-

Žhanced biosynthesis of SP in striatal neurons Humpel et
.al., 1996 , suggesting an SP receptor autocrine stimulation

Ž .system in brain tumors. If the mechanism s described for
glioma cell lines were also operative in vivo, SP, via
cytokine release, could strongly affect the inflammatory,
immune and trophic responses associated with human
gliomas, thus modulating their tumoral progression. In
fact, GM-CSF enhances survival and effector functions of

Žmature granulocytes and monocytes Cannistra and Griffin,
.1988; Nicola, 1989 and stimulates proliferation and

Ž .phagocytosis of microglia Giulian and Ingeman, 1988 .
Ž .Moreover, Wood and Morantz 1979 have demonstrated

that malignant gliomas are replete with macrophage. IL-8
is a potent chemotatic and activating factor for neutrophils
Ž .Baggiolini et al., 1989 , but it also activates basophils, T

Ž .lymphocytes and monocytes Oppenheim et al., 1991 . On
the contrary, LIF, a member of the neuropoietin cytokine
family, affects survival and differentiation of motor neu-

Žrons Satoh et al., 1988; Hama et al., 1991; Murphy et al.,
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. Ž1991; Richards et al., 1992 and oligodendrocytes Barres
.et al., 1993 . IL-6 may have immunoregulatory as well as

Žneurotrophic properties Satoh et al., 1988; Frei et al.,
.1989; Hama et al., 1991 . Moreover, its ability to stimulate

growth of a glioblastoma cell line in an autocrine fashion
Ž .has been reported Munoz-Fernandez and Fresno, 1993 . It

is intriguing that IL-6 protein has been detected in tumor
cystic fluid as well as in cerebral spinal fluid of patients

Žharboring malignant gliomas Weller et al., 1991; Frei et
.al., 1992 . Cytokines released by human malignant glial

cells may also function in autocrine or paracrine mecha-
nisms to promote the proliferation and neovascularization
of these tumors.

In conclusion, we present evidence that SP, through
activation of specific NK1 receptors, triggers a cascade of
cellular responses, also at transcriptional level, eventually

Ž .leading to a massive and long-lasting release of cytokine s .
This response to SP is not only restricted to the human
astrocytoma cell lines investigated, since also in human
fetal astrocytes stimulated with IL-1b , the NK1 receptor

Žactivation leads to an increase in IL-6 secretion Palma et
.al., 1997 , suggesting a physiopathological role for SP in

modulating release of soluble mediators from astrocytes. If
these mechanisms are also activatable in vivo in astrocy-
toma cells, the SP triggering of NK1 receptors expressed

Žor overexpressed in human malignant glioma Henning et
.al., 1995 could play a role in modulating glioma re-

sponses that would be important in the progression of such
tumors.
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