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Abstract

Tachykinins are excitatory neuropeptides synthesised in neuronal and glial cells of the human central and peripheral
nervous system. They participate in both physiological and certain pathological conditions, i.e. synaptic transmission,
nociception and neuroimmunomodulation. Tachykinins act as excitatory neurotransmitters and/or neuromodulators
and induce DNA synthesis leading to stimulation of cell division and proliferation. Their biological responses are
triggered via the well-established tachykinin receptors NK1, NK2 and NK3 that belong to the G protein-coupled
receptor family (GPCRs).

Substance P is the most important member of the tachykinin family that constitutes the major endogenous ligand for
the NK1 receptor type. The presence of functional NK1 receptors has been documented in malignant brain tumours
of glial origin. It has been evidenced that SP-NK1 receptor communication is involved in glioma development and
progression. It is possible because the tumour cells display SP-mediated autocrine activity, the ability of cytokines
stimulation and MAP kinases activation. It has been suggested that SP receptor antagonists application might be
useful in attempts directed at anti-cancer therapy.
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ding genes of several diverse tachykinins have been
established (Table I).
Tachykinins are produced in neuronal and glial

Family of tachykinin compounds

Tachykinins are neuropeptides widely spread in

various species from low invertebrates to mammals
[55]. The family of these compounds is characterised
by a common and strongly evolutionarily conserved,
specific C-terminal sequence: Phe-X-Gly-Leu-Met-
-NH,. This motif of each tachykinin allows entry to
the important signal transduction pathways and ge-
neration of diverse responses to different external
and internal stimuli. So far the sequences and enco-

cells of the human central and peripheral nervous
system. These substances participate in nociception,
synaptic transmission (as excitatory neurotransmit-
ters) and neuroimmunomodulation. Knockout mice
with SP deficiency demonstrated less depression-
-related behaviour and decrease of anxiety level that
confirmed the significant role of tachykinins in mo-
dulation of emotional responses. It is not a surprising
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Table I. Tachykinins: sequences and encoding genes [48]

Name Sequence Gene (alternative name)
substance P (SP) Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH, TAC-1
(PPT-A or PPT-I);
human chromosome 7
neurokinin A (NKA) His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH, TAC-1
neurokinin B (NKB) Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH, TAC-3
(PPT-B or PPT-II);
human chromosome 12
hemokinin-1 (hHK1) Thr-Gly-Lys-Ala-Ser-GIn-Phe-Phe-Gly-Leu-Met-NH, TAC-4
(human) (PPT-C);
chromosome 17
Endokinin A/B (EKA; EKB) Gly-Lys-Ala-Ser-GIn-Phe-Phe-Gly-Leu-Met-NH, TAC-4
(PPT-C)
C14TKL-1 (chromosome 14 Arg-His-Arg-Thr-Pro-Met-Phe-Tyr-Gly-Leu-Met-NH, ?
tachykinin-like peptide 1)
virokinin (VK) Gly-Ile-Pro-Glu-Leu-Ile-His-Tyr-Thr-Arg-Asn-Ser-Thr-Lys-Lys-Phe-
-Tyr-Gly-Leu-Met-NH,

finding since high levels of SP and its receptor density
have been detected in the limbic system of the brain,
known as a source of emotional behaviour [5,39].

The presence of tachykinins has been documen-
ted also in non-neuronal cells, including endothelial,
muscle and inflammatory cells [28]. Moreover, tachy-
kinin expression was evidenced in different parts of
the mouse female reproductive system [48]. It has
been proved that tachykinins contribute to smooth
muscle contraction (intestinal and airway muscle
cells), control of respiration (in vivo SP administra-
tion causes rise of breathing frequency), cardiova-
scular function and emesis [50]. Substance P (SP) is
also important for wound healing [9].

The well-established substance P (the greatest
attention in the present overview is reserved for
this peptide) is undecapeptide and was identified
in 1971 by Chang (the “P” term of this neuropepti-
de is connected with the powder obtained after the
extraction procedure). This tachykinin is produced
by primary afferent neuronal endings of the central
and peripheral nervous system. The conformation of
SP depends on the environment (type of solvent or
lipids presence). An extended chain structure is ob-
served in water, whereas B-turn conformation is cre-
ated in hydrophobic conditions, i.e. methanol [20].

SP is encoded by the pre-protachykinin A (PPT-A)
gene, consisting of 7 exons. The PPT-A gene arose
from a common ancestral gene (originated by dupli-
cation). The fact that PPT-A also encodes neurokinin
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A, and neuropeptide K and v, strongly supports this
hypothesis. The PPT-A gene transcript may undergo
alternative splicing that gives three distinct products:
aPPT-A (without the 6™ exon), BPPT-A (containing all
seven exons of the PPT-A gene) and yPPT-A (without
the 4" exon) mRNAs. All mentioned mRNAs encode
for the SP precursor sequence, but only a and  PPT-A
mRNAs encode for NKA. Neuropeptide K and NPy are
post-translational derivatives of processed NKA (N-
-terminally extended sequence of neurokinin A). The
PPT-B gene, consisting of 7 exons, encodes for only
NKB. The PPT-C mRNA (transcript derived from TAC4
gene) is a common precursor for hemokinin-1 and
endokinin A, B, C and D [20].

Several events take place during the period from
gene to native peptide synthesis. The translation of
mRNA from PPT-A, PPT-B or PPT-C generates prepro-
peptides. Each one possesses a signal sequence lo-
cated at the N-terminus, one or more copies of an
exact neuropeptide and one or several spacer parts.
The signal element is cleaved off, allowing it to pass
into the endoplasmic reticulum. The formed propep-
tide is transported to the Golgi apparatus where the
spacer parts are cut off. Finally the peptides are pac-
ked in secretory granules and shifted along the axon
to the nerve endings [48].

Another tachykinin family member, hemokinin-1
(HK-1), discovered for the first time in mice, plays
a role in haematopoiesis regulation by control of
pre-B cells maturation. However, as has been docu-
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mented on astrocytoma U-251 MG cells expressing
NK1 receptors, hemokinin-1 is also able to interact
with the (seemingly exclusively reserved for SP) NK1
receptor and generate similarly responses, i.e. Ca%
jons mobilization and stimulation of cytokine pro-
duction as SP triggers [2]. Thus HK-1 may participate
not only in processes as its name suggests.

Worth attention is the example of “molecular mi-
micry” concerning virokinin, being a converted deri-
vative of the bovine respiratory syncytial virus (BRSV)
fusion protein. Virus-infected cells release this pepti-
de containing a typical tachykinin sequence that mi-
ght be recognized by the NK1 receptor [65].

Tachykinin receptors and their properties

Tachykinins constitute endogenous ligands for
tachykinin receptors, belonging to the G protein-co-
upled receptor family (GPCRs). So far only three ty-
pes of tachykinin receptors, NK1, NK2 and NK3, have
been identified in comparison to many kinds of its
well-known agonists. Searching for more potentially
existing receptors has failed. Up to now, only some
isoforms have been revealed, for instance full-length
(407 amino acids) and C-terminally truncated (311
amino acids; variant expressed by several glioma cell
lines: U87 MG, T98G and CCF-STTG1) modifications
of human NK1 receptor.

SP, NKA and NKB demonstrate the ability to inte-
ract with each kind of tachykinin receptor. However,
these neuropeptides exhibit distinct preferences for
target binding sites (Table ). The cross-talk between
ligand and receptor type depends on receptor availa-
bility. Any given tachykinin concentration (elevated
level) and low quantities of the rest of the compe-
titive substances also facilitate the interaction with
each receptor [20,52].

Tachykinin receptors have been detected using
autoradiography (analysis of mRNA encoding for
NK1 receptor protein) and immunohistochemistry
[50]. There is a very high sequence homology of ta-

Table Il. Tachykinin preferences for receptors

Tachykinin receptor Affinity Encoding gene
NK1 (neurokinin-1; SPR/ SP>NKA>NKB TACR 1
substance P receptor/)

NK2 (neurokinin-2) NKA>NKB>SP TACR2
NK3 (neurokinin-3) NKB>NKA>SP TACR3
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chykinin receptors between different species (for in-
stance a 92% similarity between human and rat NK1
receptors).

The TACRI gene, encoding for the NK1 receptor,
possesses a 5’ untranslated region. This motif con-
tains a cyclic adenosine monophosphate (cAMP) re-
sponse element binding the protein (CREB)/calcium
response element sequence (neighbouring the TATAA
sequence). The existing element’s role is regulation
of gene transcription (enhancement) in response to
increased level of calcium ions or cAMP [20]. This
important motif enables control of NK1 trafficking:
resensitization rapidly following desensitisation.

Tachykinin NK1 receptor protein consists of seven
transmembrane domains, three extracellular and
three intracellular loops. Carboxy-terminus is direc-
ted to cell cytoplasm. Heterotrimeric G-protein, con-
sisting of o, B, y subunits and GDP, is linked to one
of the intracellular loops. It has been investigated
that many GPCR receptors, i.e. tachykinin receptors,
undergo endocytosis, after binding with appropriate
ligands [24,60,54]. It is documented, using quanti-
tative confocal microscope analysis, that SP may in-
duce endocytosis of the NK1 receptor on myenteric
neurons of the guinea pig ileum. Simultaneously,
NK1 receptor antagonists (i.e. CP-99994, MEN-10581)
are not able to generate the same process that al-
lows maintenance of the membrane internalisation
state of the NK1 receptor [24]. Endogenous ligands
for the GPCR family usually cause receptors’ desen-
sitisation, translocation (together with B-arrestin
1 protein) into endosomes and degradation after its
prolonged activity. As a signal for the beginning of
this process is ubiquitin attaching to lysine residues,
being a component of the receptor protein sequence.
Therefore, chronic exposure to substance P mediates
NK1 receptor downregulation [8].

The involvement of tachykinins in diffe-
rent pathological conditions of CNS

As the name of these substances indicates, ta-
chykinins (gr. tachys means swift) are able to gene-
rate different biochemical pathways aiming at cell
growth acceleration (DNA synthesis induction and
cell proliferation). Following interaction between
tachykinin and appropriate receptor, a subunit dis-
sociates from B and y subunits that activates pho-
spholipase C (PLC) [59]. PLC hydrolyses phosphatidyl
inositol to diacylglycerol (DAG) and inositol 1,4,5-
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-trisphophate (IP,). Formed products play a role as
second messengers. IP, binds to a specific receptor
(InsP_R) located on the surface of the endoplasmic
reticulum, generating Ca?* ions depletion of this sto-
re. DAG leads to translocation of kinase C protein
isozyme (PKCg) from the cytoplasm to the cell mem-
brane, consequently making voltage-gated L-type
Ca* channels open and leading to Ca* ions’ influx
from the extracellular space. A prolonged period of
Ca?* signalling (elevated calcium ion level) promotes
cells growth [16].

Tachykinins are responsible for the origin of va-
rious pathological conditions such as inflammatory
bowel syndrome, bronchial asthma, and psychiatric
disorders [49]. It is suspected that tachykinins may
be involved in development of Alzheimer’s disease,
Parkinson syndrome, sclerosis multiplex, anxiety
and sudden infant death. In astrocytes, NK1 receptor
expression normally occurs in their development, but
could appear in mature “reactive” astrocytes, for in-
stance neighbouring degenerated optical nerve [10].

Furthermore, apart from tachykinin involvement
in neurodegenerative aetiology, these neuropeptides
also are not “innocent” taking into consideration
glial-derived tumours, particular glioma develop-
ment and progression.

Role of tachykinins in cancer development

Tachykinins and their receptors are strongly con-
sidered to be involved in development and progres-
sion of various neoplasms.

The most recent investigations have implicated
the crucial role of the PPT-1 gene and neurokinin re-
ceptors in breast cancer development. As it is sup-
posed, the PPT-A gene may also be responsible for
metastasis to bone marrow in advanced stage of the
disease (by increase of SP expression). It is possible
because of the presence of two binding sites for the
Myc protooncogene (promoting proliferation) in the
5’ flanking region in the PPT-1 gene [34,56].

Not only substance P and its cognate NK-1 re-
ceptors are associated with pathways related to cell
proliferation, but also neurokinin A and the NK-2 re-
ceptor demonstrate such capacity [4]. Experiments
made on the oestrogen receptor negative (ER-), but
NK1 and NK2 receptor positive, human breast carci-
noma cell line MDA-MB-231, using antagonists for
NK1 (MEN 11,467) and NK2 (nepadutant: MEN 11,420)
receptors showed the crucial role of these tachykinin
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receptors in cancer cell growth (both antagonists li-
mited the stimulating effect of SP and NKA in vitro).
Additionally, the same tested compounds exhibited
significant cytostatic activity in vivo. Antagonists’
administration at a dose of 5 mg/kg every day for 2
weeks (in a nude mice model with MDA-MB-231 tu-
mour cells xenografted s.c.) inhibited tumour growth
effectively [4].

Tachykinins and the NK1 receptor seem to be
particularly significant in development and progres-
sion of malignant gliomas. Gliomas constitute a he-
terogeneous group of brain tumours, displaying resi-
stance to almost all current anti-cancer approaches:
chemo- or radiotherapy and even to the induction
of apoptosis [27]. According to the WHO classifica-
tion, poorly differentiated GBM displays histological
features characteristic for grade IV tumours: greater
mitotic activity, nuclear atypia and polymorphism,
endothelial proliferation and necrosis [45].

It has been evidenced that gliomas demonstrate
NK1 receptor overexpression. The presence of NK1
tachykinin receptors has been documented in the
human T98G glioblastoma cell line (Fig. 1, personal
observation). Thus, it has been suggested that the
NK1 receptor may be responsible for glioma progres-
sion. In addition, degree of tumour malignancy corre-
lates with increased density of SPR receptor. Elevated
NK1 receptor expression level has been revealed in
malignant tumours in comparison to normal neigh-
bouring brain tissue or benign neoplasms. Henning
et al.,, using autoradiography, have confirmed SPR
presence in 100% (10/10 cases) of glioblastoma biop-
sy specimens, and 75% (9/12) of cases of astrocyto-

Fig. 1. NK1 tachykinin receptor expression in
T98G cell line
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ma. NK1 receptor overexpression was detected also
in 83.3% (10/12) of cases of medullary carcinoma of
the thyroid, 80% (4/5) of cases of ganglioneurobla-
stoma and 50% (8/16) of cases of breast carcinoma
[21]. Independently of tumour grade and type, SPR
expression is observed in blood vessels, with higher
density in arteries than in veins. SP has angiogenic
properties, and thus NK1 receptor presence in ves-
sels probably facilitates tumour vascularization.

Biochemical reactions taking place following NK1
receptor activation, within the downstream agents
cascade, are associated with glioma progression.
Substance P-NK1 receptor dialogue leads to DAG
accumulation that activates enzyme kinase C (PKC).
Kinase C phosphorylates proteins c-Raf-1 and MEK-1,
which stimulates Erkl and Erk2 tyrosine of MAP kina-
ses phosphorylation, transcription early genes c-fos
and c-myc, induction of DNA synthesis and cell proli-
feration [42]. Another kinase that is probably activa-
ted by the NK1 receptor is PKC3. Growth regulation
through that PKC isozyme stimulation was noticed in
human glioma cell line U373 MG [64].

Substance P, besides its mitogenic activity, is also
able to stimulate release of cytokines [47]. Cytokines
are a low-molecular weight soluble class of glycopro-
teins. These agents are involved in communication
between cells, co-ordinate development during em-
bryogenesis, cell growth and maturation, wound he-
aling, immune response and contribute to neoangio-
genesis [13]. Tumour cells can produce and secrete
these molecules constitutively, supporting their own
growth in an autocrine fashion and facilitating meta-
static spread. Cytokines released by malignant cells
also may induce normal cells to synthesise additio-
nal cytokines serving tumour progression [13].

Glioma cells exhibit the ability to produce the fol-
lowing substances: IL-1, IL-6, IL-8, TGF-B, arachidonic
acid (prostaglandin E1 precursor), and cytokines re-
sponsible for gliomas’ autocrine/paracrine activity:
LIF (leukaemia inhibiting factor), GM-CSF (granulo-
cyte/macrophage colony stimulating factor), GDNF
(glial cell line-derived neurotrophic factor). Taurine is
an additional molecule released as a consequence of
NK1 receptor activation.

Glial cell line-derived neurotrophic factor (GDNF)
was found for the first time in a growth medium cul-
tured B49 rat glioma cell line [62]. Tumours of glial
origin express GDNF at concentrations of even over
five times higher than normal brain tissue [62]. This
factor is secreted in greater amounts by high-gra-
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de (for example C6) than low-grade (Hs683) glioma
cell lines. GDNF, added to growth medium, supports
cells migration. It takes place because of GDNF sti-
mulating ability, providing mobilization of mitogen-
-activated protein kinases: c-JUN N-terminal protein
kinase (JKN), extracellular signal- regulated kinases
(ERKs) and p38 MAPK [57].

Granulocyte-macrophage colony stimulating fac-
tor (GM-CSF) is released following SP-mediated PKC
activation. This molecule is responsible for macro-
phage aggregation, observed in malignant gliomas,
and autocrine regulation of growth and migration
[45]. GM-CSF, added to growth medium, triggers tu-
mour cell proliferation. GM-CSF receptor blockage
using antibodies causes mitosis suppression. It has
been proved that many glioma cell lines (e.g. human
glioblastoma T98G) retain the ability of GM-CSF pro-
duction [13].

Leukaemia inhibiting factor (LIF) is a neuropoietin
cytokine responsible for neurogenesis and neuronal
differentiation. This glycoprotein is able to stimulate
glioma proliferation by induction of substance P and
NK1 receptor expression [45]. LIF is produced and rele-
ased by neuronal cells following proinflammatory cy-
tokines appearing, such as IL-1B, which leads to incre-
ased SP production and NK1 receptor formation [7].

Interleukin-1 (IL-1) could provoke glioma cells to
VEGF production; it thus promotes angiogenesis and
provides tumour vascularization [31,61]. The effect is
generated through an autocrine/paracrine mecha-
nism. Under the influence of IL-1, rapid activation
of DAG and cytosolic Ca* influx usually appear in
order to maintain a high level of VEGF, required for
tumour growth.

Interleukin-6 (IL-6) plays an autocrine role in glio-
blastoma cell growth. IL-6 exhibits immunosuppressive
and anti-inflammatory properties. IL-6 receptor activa-
tion leads to proliferation and phenotype changes (cell
shape and GFAP expression) in normal astrocytes.

Another chemokin, interleukin-8 (IL-8), contribu-
tes to glioma progression probably by angiogenesis
stimulation and tumour vascularization. IL-8 presen-
ce constitutes an attribute particularly in the case of
high-grade gliomas [23,44,45].

Tumour growth factor  (TGF-B) is the agent in-
volved in glioma progression [25]. It is secreted by
human malignant gliomas in vitro, and is usually de-
tected in the cerebrospinal fluid of patients suffering
from gliomas. TGF-B displays mitogenic, angiogenic
(through VEGF stimulation) and immunosuppressive
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activities. Animals immunized s.c. with genetically
modified rat C6 glioma cells (demonstrating silenced
expression of TGF-B) have significantly higher chan-
ce of survival [45].

Arachidonic acid is a precursor of prostaglandin
EL This tissue hormone E1 decreases microglia func-
tion, i.e. phagocytosis in response to foreign anti-
gens’ recognition, also those expressed by malignant
cells [45]. But on the other hand, this type of glia
may induce glioma cell growth by secreting IL-1 or by
decline of T cells activity [3].

Taurine is a molecule displaying osmoregulatory
properties (modulation of ion transport) in the CNS
[58]. This amino acid regulates cell volume, contribu-
ting to oedema, commonly observed in tumours and
other pathological states [53].

Interleukin-18 (IL-1B) is an inflammatory cyto-
kine, produced by immunological, gial or neuronal
cells also following SP stimulation (SP-NK1R-me-
diated phosphorylation of p38 MAPK and/or JNK
represents one mechanism leading to activation of
IL-1B). This constitutive process is normally obse-
rved in gliomas. IL-1B plays a fundamental role in
the immune response to various antigens, i.e. those
expressed by malignant cells. Regulation of cytokine
expression (i.e. IL-1B) is governed by nuclear factor
kB (NFxB), a transcriptional agent that is a dimeric
DNA binding protein attaching to a promoter gene
sequence. TACRI gene promoter also possesses pu-
tative NFkB binding sites. It has been documented
that SP as well as IL-1B can cause NFkB induction,
which implicates NFkB involvement in NKIR gene
upregulation. It has been evidenced that U87 MG
glioma cells exposed to IL-1 B exhibited elevated
expression level of NK1 receptors [30]. A similar ef-
fect was observed also by Lai et al. [29]. Incubation
of U87 MG cells with IL-1 B (at a dose of 4 ng/ml)
exhibited radically increased NK1 receptor mRNA
expression (using Real-Time PCR), particularly after
one-hour treatment that confirmed the regulatory
function of this cytokine on enhancement of tachy-
kinin receptor expression.

Substance P also provides NFkB activation in lung
epithelial cells exhibiting NK1 receptor expression.
Increased TACRI expression is often observed in pa-
thological states of lungs (inflammation or respira-
tory syncytial virus infection). Functional NK1 recep-
tor triggers a Gq protein response that generates an
events cascade identified as the Ras/Raf/Erk signal
pathway, involved in NFkB activation and inflamma-
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tory cytokine production. Inhibition of any molecule
of this signal transduction trail (Ras, Raf, MEK-1 pro-
teins), using pharmacological agents, prevents NFxB
activation. Thus, the mechanism underlying NF«kB
activation and consequently proinflammatory factor
gene expression evidences tachykinins’ involvement
in inflammation propagation [63].

Furthermore, IL-1 B is also responsible for tumour
angiogenesis. IL-1B contributes to VEGF production,
usually secreted by malignant gliomas. Secretion of
this angiogenic agent is especially high in U87MG,
U373MG and T98G glioma cell lines. IL-1B receptor
antagonists efficiently inhibit VEGF synthesis in
U373 MG. An antagonist of the NK1 receptor (who-
se activation stimulates IL-1p production) also might
break this additional track through which gliomas
augment (via angiogenesis) their own growth.

Tachykinin receptor antagonists — their
properties and clinical implications

Investigations in vitro or in vivo suggest that bloc-
kage of NK1 receptor activity, interrupting pathways
related to mitogenesis, might be successfully done
using selective antagonists [35]. An experiment car-
ried out on a nude mice model (with glioma cells he-
terotransplanted subcutaneously) showed that NK1
receptor antagonists effectively inhibited tumour
growth [37,45]. Until now, only one NK1 receptor an-
tagonist (termed aprepitant) has been accepted for
clinical usage by Food and Drugs Administration (sin-
ce 2003). This compound serves as an anti-emetic
remedy in chemotherapy.

So far a great amount of tachykinin receptor an-
tagonists have been studied in different experimen-
tal models of pathological conditions [20]. A variety
of their biological properties has been suggested:

a) anti-emetic

- L-754 0303 (aprepriant) prevents patients’ eme-
sis after cisplatin treatment in chemotherapy
[40]. It is used currently as an anti-nausea drug
[18,41].

- Tests carried out on ferrets indicate that
CP99994, as a full receptor NK1 antagonist, pre-
vents vomiting effectively [26]. CP99994 also
attenuates emesis in copper sulphate gastric-
-irritated dogs [1].

b) anti-inflammatory

- It is evidenced that CP96345 (as a non-peptide

SP antagonist), added in medium cultured hu-
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man astroglioma cells (U87 MG) and primary rat
astrocytes, blocks SP-induced Ca? increased le-
vel leading to IL-1B release. IL-1 B is able to en-
hance NK1 receptor expression (at mRNA and
protein level) in vitro. Thus NK1 receptor antago-
nists might be a useful tool in anti-inflammatory
disease treatment of the CNS [19].

- SR140333, another NK1 receptor antagonist, exhi-
bits anti-inflammatory properties in experimen-
tal autoimmune encephalomyelitis in mice. The
data received by Reinke et al. [51] pointed out
an additional therapeutic approach in multiple
sclerosis treatment using this SP antagonist.
SR140333 also triggers colitis reduction after fo-
calischaemia in rats [12]. It has been proved that
this SP antagonist has a beneficial effect in sup-
pression of food allergy symptom [33].

¢) cytostatic (potential novel antitumour drugs)

- GR71251, a selective NK1 receptor antagonist, di-
splays growth inhibition of human skin fibrobla-
sts cultured in vitro [32].

- L733,060 demonstrates not only anti-inflamma-
tory and analgesic properties, but also antitu-
moural activity against the human SKN-BE(2)
neuroblastoma, COLO 679, COLO 858, MEL HO
melanoma, WERI-Rb-1 and Y-79 retinoblastoma
cell lines by blocking NK1 receptors. Growth sup-
pression was documented on the basis of expe-
riments in vitro and in vivo using small cell lung
cancer and U373 MG glioma as material [14]. An-
tiproliferative ability of L-732138 was documen-
ted on a GAMG glioma cell line [14].

d) analgetic

- Administration of FK888, a selective NK-1 recep-
tor antagonist, results in significant reduction of
pain in mice treated with phorbol 12-myristate
13-acetate (PMA) — activator of protein kinase C
(PKC) [15]. It is known that PKC participates in
nociception through phosphorylation of various
agents involved in pain transmission.

- CP99994 reduces post-operative pain after den-
tal extraction in humans [11].

- RP67580 also annuls the nociceptive effect in
mice and rats induced by phenylbenzoquinone
and formalin administration [17].

e) other properties

- FR113680 treatment in case of airway constriction
and oedema in guinea pigs results in inhibition
of this response after SP-mediated neurokinin-1
receptor activation [38].
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- RP67580, another SP antagonist, is able to inhibit
plasmatic extravasation in rats (after SP-stimula-
ted NK1 receptor activation) [17].

- GR205171 diminishes the effect of mechanically
induced arthritis in rats [6].

It is necessary to mention that peptide or non-
-peptide NK-1R antagonists’ concerning glioma the-
rapy should fulfil distinct criteria such as easy blood-
-barrier overcoming and low neurotoxicity. Attempts
are directed at obtaining more selectivity and effecti-
veness, to avoid species-related heterogeneity (diffe-
rences in potency between various organisms) and
to facilitate oral bioavailability.

The current knowledge evidences the important
role of tachykinins in modulation of physiological
and pathological conditions and gives opportunities
to develop advanced experimental and therapeutic
strategies, particularly regarding malignant gliomas.

References

1. Andrews PL, Kovacs M, Watson JW. The anti-emetic action of
the neurokinin(1) receptor antagonist CP-99,994 does not requ-
ire the presence of the area postrema in the dog. Neurosci Lett
2001; 314: 102-104.

2.Berger A, Paige CJ. Hemokinin-1 has Substance P-like function in
U-251 MG astrocytoma cells: a pharmacological and functional
study. ) Neuroimmunol 2005; 164: 48-56.

3. Bettinger I, Thanos S, Paulus W. Microglia promote glioma mi-
gration. Acta Neuropathol (Berl) 2002; 103: 351-355.

4. Bigioni M, Benzo A, Irrissuto C, Maggi CA, Goso C. Role of NK-1
and NK-2 tachykinin receptor antagonism on the growth of hu-
man breast carcinoma cell line MDA- MB-231. Anticancer Drugs
2005; 16: 1083-1089.

5. Bilkei-Gorzo A, Zimmer A. Mutagenesis and knockout models:
NK1 and substance P Handb Exp Pharmacol 2005; 169: 143-162.

6. Binder W, Scott C, Walker JS. Involvement of substance P in the
anti-inflammatory effects of the peripherally selective kappa-
-opioid asimadoline and the NK1 antagonist GR205171. Eur
J Neurosci 1999; 11: 2065-2072.

7. Hu CP, Feng JT, Tang YL, Zhu JQ, Lin MJ, Yu ME. LIF upregulates
expression of NK-1R in NHBE cells. Mediators Inflamm 2006; Ar-
ticle ID 84829, pp. 1-8.

8. Cottrell GS, Padilla B, Pikios S, Roosterman D, Steinhoff M, Geh-
ringer D, Grady EF, Bunnett NW. Ubiquitin-dependent down-
-regulation of the neurokinin-1 receptor. J Biol Chem 2006; 281:
27773-27783.

9. Delgado AV, McManus AT, Chambers JP Exogenous administra-
tion of Substance P enhances wound healing in a novel skin-in-
jury model. Exp Biol Med (Maywood) 2005; 230: 271-280.

10. Deschepper CF. Peptide receptors on astrocytes. Front Neuroen-
docrinol 1998; 19: 20-46.

105



Marzena tazarczyk, Ewa Matyja, Andrzej Lipkowski

11. Dionne RA, Max MB, Gordon SM, Parada S, Sang C, Gracely RH,
Sethna NF, MaclLean DB. The substance P receptor antagonist
CP-99,994 reduces acute postoperative pain. Clin Pharmacol
Ther 1998; 64: 562-568.

12. Di Sebastiano P, Grossi L, Di Mola FF, Angelucci D, Friess H, Ma-
rzio L, Innocenti P, Buchler MW. SR140333, a substance P recep-
tor antagonist, influences morphological and motor changes in
rat experimental colitis. Dig Dis Sci 1999; 44: 439-444.

13. Dunlop RJ, Campbell CW. Cytokines and advanced cancer. ) Pain
Symptom Manage 2000; 20: 214-232.

14. Esteban F, Munoz M, Gonzalez-Moles MA, Rosso M. A role for
substance P in cancer promotion and progression: a mecha-
nism to counteract intracellular death signals following onco-
gene activation or DNA damage. Cancer Metastasis Rev 2006;
25:137-145.

15. Ferreira J, Triches KM, Medeiros R, Calixto JB. Mechanisms invo-
lved in the nociception produced by peripheral protein kinase c
activation in mice. Pain 2005; 117: 171-181.

16. Galiano M, Gasparre G, Lippe C, Cassano G. Calcium response
after stimulation by substance P of U373 MG cells: inhibition of
store-operated calcium entry by protein kinase C. Cell Calcium
2004; 35: 123-130.

17. Garret C, Carruette A, Fardin V, Moussaoui S, Peyronel JF, Blan-
chard JC, Laduron PM. RP 67580, a potent and selective substan-
ce P non-peptide antagonist. C R Acad Sci Il 1992; 314: 199-204.

18. Girish C, Manikandan S. Aprepitant: a substance P antagonist
for chemotherapy induced nausea and vomiting. Indian J Can-
cer 2007; 44: 25-30.

19. Guo CJ, Douglas SD, Gao Z, Wolf BA, Grinspan J, Lai JP, Riedel E,
Ho WZ. Interleukin-1beta upregulates functional expression of
neurokinin-1 receptor (NK-1R) via NF-kappaB in astrocytes. Glia
2004; 48: 259-266.

20. Harrison S, Geppetti P Substance P Int ) Biochem Cell Biol 2001;
33: 555-576.

21. Hennig IM, Laissue JA, Horisberger U, Reubi JC. Substance-P
receptors in human primary neoplasms: tumoral and vascular
localization. Int J Cancer 1995; 61: 786-792.

22. Hu CP, Feng JT, Tang YL, Zhu JQ, Lin MJ, Yu ME. LIF upregulates
expression of NKIR in NHBE cells. Mediators Inflamm 2006; 5:
84829-84831.

23. Hu DE, Hori Y, Fan TR Interleukin-8 stimulates angiogenesis in
rats. Inflammation 1993; 17: 135-143.

24. Jenkinson KM, Southwell BR, Furness JB. Two affinities for a sin-
gle antagonist at the neuronal NK1 tachykinin receptor: eviden-
ce from quantitation of receptor endocytosis. Br J Pharmacol
1999; 126: 131-136.

25. Jennings MT, Pietenpol JA. The role of transforming growth fac-
tor beta in glioma progression. J Neurooncol 1998; 36: 123-140.

26. Kan KK, Rudd JA, Wai MK. Differential action of anti-emetic
drugs on defecation and emesis induced by prostaglandin E2 in
the ferret. Eur ) Pharmacol 2006; 544: 153-159.

27. Kettenmann H, Ransom BR (eds.). Neuroglia. 2nd ed. Oxford
University Press 2005.

28. Khawaja AM, Rogers DF. Tachykinins: receptor to effector. Int
J Biochem Cell Biol 1996; 28: 721-738.

29. LaiJP, Douglas SD, Wang YJ, Ho WZ. Real-time reverse transcrip-
tion-PCR quantitation of substance P receptor (NK-1R) mRNA.
Clin Diagn Lab Immunol 2005; 12: 537-541.

106

30. Lieb K, Fiebich BL, Berger M, Bauer J, Schulze-Osthoff K. The
neuropeptide substance P activates transcription factor NF-kap-
pa B and kappa B-dependent gene expression in human astro-
cytoma cells. J Immunol 1997; 159: 4952-4958.

31. Martin FC, Charles AC, Sanderson MJ, Merrill JE. Substance P sti-
mulates IL-1 production by astrocytes via intracellular calcium.
Brain Res 1992; 599: 13-18.

32. Morbidelli L, Maggi CA, Ziche M. Effect of selective tachykinin
receptor antagonists on the growth of human skin fibroblasts.
Neuropeptides 1993; 24: 335-341.

33. Moriarty D, Goldhill J, Selve N, O’'Donoghue DP, Baird AW. Hu-
man colonic anti-secretory activity of the potent NK(1) antago-
nist, SR140333: assessment of potential anti-diarrhoeal activity
in food allergy and inflammatory bowel disease. Br J Pharmacol
2001; 133: 1346-1354.

34. Mukerji I, Ramkissoon SH, Reddy KK, Rameshwar P Autocrine
proliferation of neuroblastoma cells is partly mediated through
neurokinin receptors: relevance to bone marrow metastasis.
J Neurooncol 2005; 71: 91-98.

35. Munoz M, Rosso M, Covenas R, Soult JA. Antitumoral action of
neurokinina-1 receptor antagonists in human brain cancer cell
lines. In: Young AV (ed.). Brain Cancer: Therapy and Surgical Inte-
rventions. Nova Science Publishers Inc. 2006; Chapter IlI. pp. 1-32.

36. Munoz M, Rosso M, Perez A, Covenas R, Rosso R, Zamarriego
C, Piruat JI. The NK1 receptor is involved in the antitumoural ac-
tion of L-733,060 and in the mitogenic action of substance P
on neuroblastoma and glioma cell lines. Neuropeptides 2005;
39:427-432.

37. Munoz M, Rosso M, Perez A, Covenas R, Rosso R, Zamarriego C,
Soult JA, Montero I. Antitumoral action of the neurokinin-1-re-
ceptor antagonist L-733,060 and mitogenic action of substance
P on human retinoblastoma cell lines. Invest Ophthalmol Vis Sci
2005; 46: 2567-2570.

38. Murai M, Morimoto H, Maeda Y, Fujii T. Effects of the tripep-
tide substance P antagonist, FR113680, on airway constriction
and airway edema induced by neurokinins in guinea-pigs. Eur
J Pharmacol 1992; 217: 23-29.

39. Musazzi L, Perez J, Hunt SP, Racagni G, Popoli M. Changes in
signaling pathways regulating neuroplasticity induced by neu-
rokinin 1 receptor knockout. Eur J Neurosci 2005; 21: 1370-1378.

40. Navari RM, Reinhardt RR, Gralla RJ, Kris MG, Hesketh PJ, Khoja-
steh A, Kindler H, Grote TH, Pendergrass K, Grunberg SM, Cari-
des AD, Gertz BJ. Reduction of cisplatin-induced emesis by a se-
lective neurokinin-1-receptor antagonist. L-754,030 Antiemetic
Trials Group. N EnglJ) Med 1999; 340: 190-195.

41. Osorio-Sanchez JA, Karapetis C, Koczwara B. Efficacy of apre-
pitant in management of chemotherapy-induced nausea and
vomiting. Intern Med J 2007; 37: 247-250.

42. Otsuka M, Yoshioka K. Neurotransmitter functions of mamma-
lian tachykinins. Physiol Rev 1993; 73: 229-308.

43. Palma C, Bigioni M, Irrissuto C, Nardelli F, Maggi CA, Manzini
S. Anti-tumour activity of tachykinin NK1 receptor antagonists
on human glioma U373 MG xenograft. Br J Cancer 2000; 82:
480-487.

44. Palma C, Goso C, Manzini S. Different susceptibility to neuroki-
nin 1 receptor antagonists of substance P and septide-induced
interleukin-6 release from U373 MG human astrocytoma cell
line. Neurosci Lett 1994; 171: 221-224.

Folia Neuropathologica 2007; 45/3



45. Palma C, Maggi CA. The role of tachykinins via NK1 receptors in
progression of human gliomas. Life Sci 2000; 67: 985-1001.

46. Palma C, Nardelli F, Manzini S. Correlation between binding
characteristics and functional antagonism in human glioma
cells by tachykinin NK1 receptor antagonists. Eur J Pharmacol
1999; 374: 435-443.

47. Palma C, Nardelli F, Manzini S, Maggi CA. Substance P activa-
tes responses correlated with tumour growth in human glioma
cell lines bearing tachykinin NK1 receptors. Br J Cancer 1999; 79:
236-243.

48. Pennefather JN, Lecci A, Candenas ML, Patak E, Pinto FM, Maggi
CA. Tachykinins and tachykinin receptors: a growing family. Life
Sci 2004; 74: 1445-1463.

49, Pinto FM, Almeida TA, Hernandez M, Devillier P, Advenier C,
Candenas ML mRNA expression of tachykinins and tachykinin
receptors in different human tissues. Eur J Pharmacol 2004;
494:233-239.

50. Quartara L, Maggi CA. The tachykinin NK1 receptor. Part II: Di-
stribution and pathophysiological roles. Neuropeptides 1998;
32:1-49.

51. Reinke EK, Johnson M), Ling C, Karman J, Lee J, Weinstock JV,
Sandor M, Fabry Z. Substance P receptor mediated maintenan-
ce of chronic inflammation in EAE. J Neuroimmunol 2006; 180:
117-125.

52.Saria A. The tachykinin NK1 receptor in the brain: pharmacology
and putative functions. Eur J Pharmacol 1999; 375: 51-60.

53. Schaffer S, Takahashi K, Azuma J. Role of osmoregulation in the
actions of taurine. Amino Acids 2000; 19: 527-546.

54. Schulz S, Stumm R, Rocken C, Mawrin C, Schulz S. Immuno-
localization of full-length NK1 tachykinin receptors in human
tumors. J Histochem Cytochem 2006; 54: 1015-1020.

55. Severini C, Improta G, Falconieri-Erspamer G, Salvadori S, Er-
spamer V. The tachykinin peptide family. Pharmacol Rev 2002;
54:285-322.

56. Singh AS, Caplan A, Corcoran KE, Fernandez JS, Preziosi M, Ra-
meshwar P Oncogenic and metastatic properties of preprota-

Folia Neuropathologica 2007; 45/3

Substance P and its receptors

chykinin-I and neurokinin-1 genes. Vascul Pharmacol 2006; 45:
235-242.

57. Song H, Moon A. Glial cell-derived neurotrophic factor (GDNF)
promotes low-grade Hs683 glioma cell migration through JNK,
ERK-1/2 and p38 MAPK signaling pathways. Neurosci Res 2006;
56: 29-38.

58. Tchoumkeu-Nzouessa GC, Rebel G. Characterization of taurine
transport in human glioma GL15 cell line: regulation by protein
kinase C. Neuropharmacology 1996; 35: 37-44.

59. Torrens Y, Daguet De Montety MC, el Etr M, Beaujouan JC, Glo-
winski J. Tachykinin receptors of the NK1 type (substance P) co-
upled positively to phospholipase C on cortical astrocytes from
the newborn mouse in primary culture. ] Neurochem 1989; 52:
1913-1918.

60. Tsao P, Cao T, von Zastrow M. Role of endocytosis in mediating
downregulation of G protein-coupled receptors. Trends Pharma-
col Sci 2001; 22: 91-96.

61. Valter MM, Wiestler OD, Pietsche T. Differential control of VEGF
synthesis and secretion in human glioma cells by IL-1 and EGF.
Int ) Dev Neurosci 1999; 17: 565-577.

62. Wiesenhofer B, Stockhammer G, Kostron H, Maier H, Hinter-
huber H, Humpel C. Glial cell line-derived neurotrophic factor
(GDNF) and its receptor (GFR-alpha 1) are strongly expressed in
human gliomas. Acta Neuropathol (Berl) 2000; 99: 131-137.

63. Williams R, Zou X, Hoyle GW. Tachykinin-1 receptor stimulates
proinflammatory gene expression in lung epithelial cells thro-
ugh activation of NF-kappaB via a G(g)-dependent pathway. Am
J Physiol Lung Cell Mol Physiol 2007; 292: L430-L437.

64. Yamaguchi K, Richardson MD, Bigner DD, Kwatra MM. Signal
transduction through substance P receptor in human gliobla-
stoma cells: roles for Src and PKCdelta. Cancer Chemother Phar-
macol 2005; 56: 585-593.

65. Zimmer G, Rohn M, McGregor GP, Schemann M, Conzelmann
KK, Herrler G. Virokinin, a bioactive peptide of the tachykinin
family, is released from the fusion protein of bovine respiratory
syncytial virus. J Biol Chem 2003; 278: 46854-46861.

107



