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achykinin neuropeptides (TKs), which include
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We previously demonstrated that exogenously administered
neurokinin A and neurokinin B, but not substance P,
increased the sensitivity of cultured cerebellar granule neu-
rons (CGNs) to glutamate. In the present study, the presence
of tachykinin neuropeptides in CGNs was tested by confocal-
based immunofluorescence. We found that neurokinin A and
neurokinin B are present in CGNs but absent in astrocytes.
while substance P is abundant in astrocytes but absent in
CGNSs. It is postulated that the different localization of
tachykinin neuropeptides in CGNs and astroglial cells has a
physiological role in the modulation of excitatory transmis-
sion.
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substance P (SP), neurokinin A (NKA), and

neurokinin B (NKB), interact with three dis-
tinct types of surface G-protein-coupled receptors
called respectively, NK1, NK2 and NK3 (Nakanishi
et al.,, 1990; Maggi et al.,, 1993; Mussap et al.,
1993; Buch 1994).TKs are widely distributed both
in the central and peripheral nervous systems of
mammals where they exert a variety of effects in
physiological and pathological conditions (Helke et
al., 1990, Raffa 1998, Stumm et al., 2001, Severini
et al.,, 2002). The distribution of TKs has been
extensively studied by molecular, biochemical, and
immunohistochemical techniques (Tsuchida et al.,
1990). SP and NKA are usually co-expressed and
are found in high concentrations in both the periph-
eral and central nervous systems, whereas NKB is
confined mostly to the central nervous system
(Tsuchida et al., 1990, Otsuka et al., 1993). TKs
have also been demonstrated in the rat cerebellum
where the amount of NKA and NKB is reported to
be three times lower than that of SP (Otsuka et al.,
1993). We have recently demonstrated that NKA
and NKB, but not SP, increase the response of cul-
tured cerebellar granule neurons (CGNs) to the exci-
totoxic action of glutamate, suggesting that the for-
mer exert an upregulating action on the glutamater-
gic system (Severini et al., 2003) and further sug-
gesting that NK2 and NK3 receptor-preferring pep-
tides operate in an autocrine or paracrine fashion. A
glutamate upmodulating function, probably via diffu-
sion transmission, has previously been hypothesized
for TKs acting in rat neocortex (Kaneko et al.,
1998). This hypothesis suggests the presence of these
peptides, and not only of their receptors as previous-
ly reported, in the same cultured CGNs. In order to
evaluate the possible presence of TK neuropeptides in
CGNs, we carried out an investigation by means of
confocal microscopy immunofluorescence analysis.
We found that both NKA and NKB are present in
CGNs while they are absent in the astroglial primary
cultures. On the contrary, the astrocytes contain SP
which is absent in the CGNs.
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Materials and Methods

Neuronal cultures

Cultures enriched in granule neurons were
obtained from dissociated cerebella of 8-day-old
Wistar rats (Charles River, Calco, Italy) (Levi et
al., 1984). Cells were plated in basal medium
Eagle (BME; Life Technologies, Gaithersburg,
MD) supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 25 mM KCI, and 2 mM
glutamine (Life Technologies) and 100uM gen-
tamicin sulfate, on dishes with coverslips (Nunc,
Roskilde, Denmark) coated with poly-L-lysine.
Cells were plated at 2.5 x 10° cells per 35 mm
dish. 1p-Arabinofuranosylcytosine (10 mM) was
added to the culture medium 18-22 hr after plat-
ing to prevent proliferation of non-neuronal cells.
Astroglial primary cultures were prepared as
described for granule cells, with the following
modification: cells were plated at low density
(3x10° cells per 90 mm dish with coverslips) and
cultured in BME supplemented with 10% heat-
inactivated FBS and 5 mM KCI.

Immunofluorescence

CGNs and astroglial cells were fixed and perme-
abilized for NKB with 3.5% formaldehyde, 70%
ethanol and 5% acetic acid for 15 min at room
temperature. For NKA and SP immunofluores-
cence, the neuronal cells were fixed with 4% (w/v
in PBS) paraformaldehyde for 15 min at room
temperature. Fixed cells were washed in PBS, pH
7.4, and permeabilized with 0.2% Triton X-100-
Tris HCI, pH 7.4, for 5 min. The coverslips were
treated with rabbit polyclonal antibodies against
NKB 1:100, N KA 1:100 (Phoenix
Pharmaceuticals, Inc) and goat polyclonal anti-
body anti-SP 1:100 (Santa Cruz Biotechnology) or
with monoclonal antibody to glial fibrillary acid
protein (GFAP) 1:100 (Sigma), a specific marker
for glial cells, for 1 hr at room temperature in a
moist chamber, rinsed in PBS, and stained with
FITC or TRITC conjugated secondary antibodies
(Sigma) for 30 min. In order to assess the speci-
ficity of the antibody employed, rabbit anti-neu-
rokinin B serum was preincubated with 10 ug of
NKB peptide overnight at 4°C before incubation
with CGNs. Alternatively, the rabbit anti-neurokinin
A serum was preincubated with 10 ug of NKA or
NKB peptide overnight at 4°C and the immunoflu-
orescence on neuronal cells was detected.
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Confocal laser scanning microscopy

Fluorescently labeled preparations were observed
by a confocal fluorescent imaging system using the
confocal laser scanning microscope LEICATCS 4D
(Leach Instruments, Heidelberg, Germany) supple-
mented with an argon/krypton laser and equipped
with 40x1.00-0.5 and 100x1.3-0.6 oil immersion
lenses. The excitation/emission wavelengths
employed were 488nm/510nm for FITC-labelling,
and 568nm/590nm for TRITC-labelling. In order to
visualize the localization of NKs in both cell body
and neurites, confocal sections were taken at inter-
vals of 0.5um from the middle to the bottom
toward the cells and a 3D reconstruction image of
fluorescent signal was obtained. In double staining
of TKs, confocal sections for both fluorescent sig-
nals were taken simultaneously, the 3D reconstruc-
tion images were recorded, and merged images of
the two signals were obtained using confocal micro-
scope software.

Results

As assessed by confocal microscopy analysis
using polyclonal antibodies directed against NKB,
NKA and SP, a distinct NKB immunoreactivity sig-
nal was clearly evident in the perikaryon of CGNs
while axons and dendrites were barely visible
(Figure 1A). All cultured neurons were positive for
NKB with a typical punctate distribution through-
out the cytoplasm (Figure 1A). No staining was
detectable when a secondary antibody alone was
used (data not shown).

As shown in Figure 1B, preabsorption with NKB
abolished the CGNs staining, demonstrating the
specificity of the rabbit serum. Immunoreactivity to
N KA was analysed using an anti-NKA rabbit poly-
clonal antibody. In this case, an intense staining was
detected in the neuronal cell body and throughout
dendrites and neurites of about 83% of the cell
population (Figure 2A). As for neurokinin B, no
staining was visible when the immunofluorescence
was carried out with the secondary antibody alone
(data not shown). Since selective NKA antibodies
are not commercially available, we used in this
study an antiserum for NKA (100% activity) which
cross-reacts with NKB (80% activity) but not with
SP, as indicated by the manufacturer. After the pre-
absorption of the rabbit anti-NKA serum with NKA
peptide, the staining was only partially reduced,
confirming the weak specificity of the antibody.
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Figure 1. Confocal immunofluorescence of NKB in rat cerebellar granule cells culture. A: after 6 days in vitro, the CGNs were stained
with a rabbit anti-NKB serum , and B: after preincubation of anti-NKB with 10 pg of NKB peptide. Scale bar 20 u; Corner 5 p.The color
bar (bottom) represents increasing fluorescence intensity.
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Figure 2.Confocal immunofluorescence of NKA in rat CGN culture. A: after 6 days in vitro, the CGNs were stained with a rabbit anti-
neurokinin A serum, and B: after and preincubation of anti-NKA with 10 pg NKA peptide and C with 10 pug NKB peptide. Scale bar 20
w; Corner 5 p. The color bar (bottom) represents increasing fluorescence intensity.
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Therefore, the anti-NKA antibody was preincubat-
ed with NKB peptide in order to confirm the
cross-reactivity with this neuropeptide. In this
case, the remaining anti-NKA immunoreactivity
(Figure 2C), was moderately intense with respect
to the control immunofluorescence (Figure 2A),
maintaining a light signal on cell processes and
indicating a NKA localization in cell bodies under
these experimental conditions. To determine the
presence of SP in CGNs, an immunofluorescence
confocal microscopy analysis was performed using
a selective goat polyclonal antibody anti-SP. As
shown in Figure 3A-B, the SP immunoreactivity
was absent despite the use of two different fixa-
tion and permeabilization protocols. As 2-5% of
astroglial cells are normally present in 8-days
postnatal rat cerebellum cultures (Bignami et al.,
1972, Eng et al., 1982), we analysed TKs
immunoreactivity in this cell population by
immunofluorescence. Cultures enriched with
astrocytes were prepared as described in the
Methods, and the immunofluorescence analysis
was carried out employing the same anti-NKB,
anti-NKA and anti-SP antibodies used for TKs
detection in CGNs (Figure 4A1, B1, C1). Double-
immunostaining with these antibodies and with
anti-GFAP (Figure 4A2; B2) showed the absence
of immunoreactivity to NKA and NKB as evi-
denced by merge analysis (Figure 4A3, B3).
On the contrary, when astrocytes were stained
with the same anti-SP goat polyclonal antibody
employed in CGNs, an intense and diffuse signal
was observed (Figure 4C1-C3).

Discussion

We have recently demonstrated that only NK2
and NK3 receptor-preferring TKs, such as NKA and
NKB can increase the glutamate response of CGNs
while NK1 receptor selective agonists (such as SP)
do not affect their response to glutamate, suggest-
ing a TKs up-regulating action on this system
(Severini et al., 2003). While the presence of TKs
has been demonstrated by molecular, biochemical
and immunohistochemical techniques in the intact
rat cerebellum (Otsuka et al., 1993), no data are
available at present on the distribution of such pep-
tides in cultured CGNs. In this study, we demon-
strate by immunofluorescence techniques the pres-
ence of TKs in cerebellar cultures. We found that, in
CGNs, only NKB and NKA but not SP are present,
while in cerebellar astrocytes only SP is detectable.
This different cellular distribution was obtained
using the same anti-TKs antibodies and different
fixation and permeabilization protocols. In CGNs,
while NKB immunoreactivity was confined to the
perikaryon of 100% of neurons tested, NKA
showed an intense staining both in the neuronal cell
body and in neurites of 83% of the population. As
described above, the staining performed with the
anti-NKA antibody indicates a strong cross-reac-
tivity with NKB peptide, but after anti-NKA anti-
body pre-incubation with NKB peptide, we observed
only a residual fluorescent signal on cell bodies and
cell processes. In all experiments performed on
CGNs, we observed only a NKB localization in the
neuronal cell body, whereas the NKA signal also

SUBSTANCE P

Figure 3. Confocal immunofluores-
cence of SP in rat CGN culture. A and
B: after 6 DIV, the CGNs were stained
with a goat polyclonal anti-SP anti-
body using procedures as described in
the text. Two representive immunoflu-
orescence images are shown.
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Figure 4. Confocal immunofluorescence of TKs in astroglial cell culture. A1,B1 and -C1: cultures enriched in astrocytes (see Materials
and Methods) were stained with anti-NKB anti-NKA and SP, respectively, and A2, B2 and C2: with a monoclonal antibody to GFAP. A3,
B3 and C3: merge analysis with anti-GFAP, shows a yellow signal only for SP.

depicted cell processes. Previous report have shown
that the NKA and NKB precursors prepro-
tachykinins A and B, were present in rat cerebral
cortex, and the immunoreactivity was observed
mainly in the cell body of cortical neurons (Kaneko
et al.,, 1998). However, it has been reported that
terminals containing TKs often lack synaptic struc-
tures, suggesting a non-synaptic model of release
and sites of transmitter action in addition to synap-
tic models (Kaneko et al., 1998; Otsuka et al.,
1993). In addition, in vivo studies in rats have

shown the possibility that TKs, released by the cell
body may act as local growth factors, increasing
the number of synapses between the Purkinje cells
and the parallel fibers (Baloyannis et al.,, 2000).
The present data, demonstrating the presence of
NKA and NKB in CGNs, reinforce the hypothesis
that TKs can exert a physiological function in vivo,
as shown by exogenously administered NKA and
N KB, which increase the sensitivity of rat CGNs to
glutamate (Severini et al.,, 2003). On the other
hand, SP immunoreactivity was present only in
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astroglial cells, whereas NKA and NKB immunore-
activity was not detectable. Moreover, we identified
the presence of NKB and NKA immunoreactivity in
the cerebellar microglia (data not shown), indicat-
ing that these cells are probably a source of TKs
other than SP, as recently reported (Lai et al.,
2000). The role of such a reciprocal localization of
TKs in CGNs, astroglia and microglia might be
related to an autocrine or paracrine modulation of
excitatory transmission affecting a variety of phys-
iological and pathological conditions, as indicated
by evidence suggesting intrinsic neuroprotective
and neurodegenerative properties of these neu-
ropeptides (Raffa, 1998). In conclusion, in addition
to the neuropharmacological characterization of
TK neuropeptides in cultured CGNs (Severini et al.,
2003), this work characterizes these TKs immuno-
histochemically in the cultured CGNs
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