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NOCKDOWN OF THE TYPE 2 AND 3 INOSITOL
,4,5-TRISPHOSPHATE RECEPTORS SUPPRESSES

USCARINIC ANTINOCICEPTION IN MICE
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. GALEOTTI,a* A. QUATTRONE,b E. VIVOLI,a

. BARTOLINIa AND C. GHELARDINIa

Department of Preclinical and Clinical Pharmacology, University of
lorence, Viale G. Pieraccini 6, I-50139 Florence, Italy

Laboratory of Magnetic Resonance Center and FiorGen Foundation,
niversity of Florence, Via Sacconi 6, 50019 Florence, Italy

bstract—The involvement of central endoplasmic inositol
,4,5-trisphosphate receptors (IP3R) in muscarinic antinoci-
eption was investigated in the mouse hot plate test. Selec-
ive knockdown of type 1, 2 and 3 IP3R was obtained by
eans of an antisense oligonucleotide (aODN) strategy. A

elective IP3R protein level reduction of approximately 30–
0% produced by aODN administration for each receptor
ubtype investigated was demonstrated by Western blotting
xperiments. I.c.v. pretreatment with an aODN complementary
o the sequence of the type 2 IP3R (0.1–3 nmol per mouse i.c.v.)
revented the antinociception induced by physostigmine
0.15 mg kg�1 s.c.) and oxotremorine (60 �g kg�1 s.c.). Sim-
larly, an aODN against type 3 IP3R (0.1–3 nmol per mouse
.c.v.) antagonized cholinergic antinociception. A shift to the
ight of the physostigmine dose–response curve was obtained
fter anti-type 2 IP3R2 and anti-type 3 IP3R treatments. Con-
ersely, pretreatment with an aODN complementary to the se-
uence of type 1 IP3R (0.1–5 nmol per mouse i.c.v.) did not
odify the antinociception induced by physostigmine and
xotremorine. Mice undergoing treatment with aODNs did not
how any impairment of the locomotor activity, spontaneous
otility and exploratory activity as revealed by the rota-rod

nd hole board tests. These results indicate a selective in-
olvement of type 2 and 3 IP3R in central muscarinic antino-
iception in mice. © 2007 IBRO. Published by Elsevier Ltd. All
ights reserved.

ey words: muscarinic receptor, antinociception, type 1
nositol-1,4,5-trisphosphate receptors, type 2 inositol-1,4,5-
risphosphate receptors, type 3 inositol-1,4,5-trisphosphate
eceptors, intracellular Ca2�

everal literature reports indicate that supraspinal cho-
inergic antinociception induced both directly, through

uscarinic agonists, and indirectly, by enhancing ACh
xtracellular levels through cholinesterase inhibitors, is

Corresponding author. Tel: �39 055 4271312; fax: �39 055 4271280.
-mail address: nicoletta.galeotti@unifi.it (N. Galeotti).
bbreviations: aODN, antisense oligonucleotide; CNS, central ner-
ous system; DAG, diacylglycerol; dODN, degenerate oligonucleotide;
P3R1, type 1 inositol-1,4,5-trisphosphate receptors; IP3R2, type 2
nositol-1,4,5-trisphosphate receptors; IP3R3, type 3 inositol-1,4,5-
risphosphate receptors; PAGE, polyacrylamide gel electrophoresis;
s
BST, phosphate-buffered saline containing 0.1% Tween; PLC, phos-
holipase C; SDS, sodium dodecyl sulfate.
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ediated by M1 receptor stimulation, indicating that M1

uscarinic receptor subtype plays an essential role in
he modulation of pain perception (Bartolini et al., 1992;
wamoto and Marion, 1993; Ghelardini et al., 1996;
aguib and Yaksh, 1997; Ghelardini et al., 2000). More

ecently, intracellular mechanisms involved in supraspi-
al muscarinic antinociception in a condition of acute

hermal nociception in normal animals have been inves-
igated. M1 muscarinic receptors typically couple via the

subunits of the Gq/11 family to activate phospholipase
(PLC) (Caulfield and Birdsall, 1998), and the activa-

ion of PLC results in hydrolysis of phosphatidyl 4,5-
isphosphate and production of inositol-1,4,5 trisphos-
hate (IP3) and diacylglycerol (DAG). The main effect of
AG is to activate protein kinase C; IP3 mediates the

elease of calcium from intracellular stores by binding to
ts receptors (Berridge, 1993). The involvement of re-
eptor-mediated activation of the PLC–IP3 pathway in
he increase in pain threshold produced by administra-
ion of cholinomimetics was directly demonstrated. The
nhibition of the IP3 synthesis by pretreatment with LiCl,
nd the blockade of IP3 receptors (IP3R) by administra-

ion of the IP3R antagonist heparin, dose dependently
revented physostigmine and oxotremorine antinocicep-

ion (Galeotti et al., 2003).
The receptor that recognizes IP3 was first character-

zed as a protein called P400 that was enriched in normal
erebella (Mikoshiba et al., 1997); two other types of IP3

eceptors were then cloned. The original IP3 receptor was
amed type 1 IP3 receptor (IP3R1), whereas the others
ere named type 2 IP3 receptor (IP3R2) and type 3 IP3

eceptor (IP3R3) (Patel et al., 1999). IP3Rs are recognized
s a protein family of tetrameric ligand-gated Ca2� chan-
els that allow mobilization of intracellular Ca2� stores in
esponse to activation of cell surface receptors linked to
P3 generation (Berridge, 1993). IP3R monomers are large
roteins with a calculated molecular mass of about 300
Da and all three isoforms of IP3R share 60–70% amino
cid similarity (Taylor et al., 1999).

The aim of the present study was to investigate the
ole of type 1, 2 and 3 IP3Rs in the intracellular mech-
nism of muscarinic antinociception at a supraspinal

evel. To this purpose, we inhibited the expression of
ach IP3 receptor subtype by using antisense oligonu-
leotides targeting IP3R mRNA sequences that are
nique in the mouse genome and therefore assured

tringent target selectivity.

ved.
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EXPERIMENTAL PROCEDURES

nimals

ale Swiss albino mice (24–26 g) from Morini (San Polo d’Enza,
taly) were used. Fifteen mice were housed per cage. The cages
ere placed in the experimental room 24 h before the test for
cclimatization. The animals were fed a standard laboratory diet
nd tap water ad libitum and kept at 23�1 °C with a 12-h light/dark
ycle, light at 7 AM. All experiments were carried out in accordance
ith the European Communities Council Directive of 24 November
986 (86/609/EEC) for experimental animal care. All efforts were
ade to minimize the number of animals used and their suffering.

ot plate test

ice were placed inside a stainless-steel container, which was set
hermostatically at 52.5�0.1 °C in a precision water bath from KW
echanical Workshop (Siena, Italy). Reaction times (in seconds)
ere measured with a stopwatch before and 15, 30, 45 and 60 min
fter administration of the analgesic drug. The endpoint used was
he licking of the fore or hind paws. Those mice scoring less than
2 and more than 18 s in the pretest were rejected (30%). An
rbitrary cutoff time of 45 s was adopted. The observers were
naware of the treatments. A total of 12–15 mice per group were
ested.

ota-rod test

he apparatus consisted of a base platform and a rotating rod with
diameter of 3 cm and a nonslippery surface. The rod was placed
t a height of 15 cm from the base. The rod, 30 cm in length, was
ivided into five equal sections by six disks. Thus, up to five mice
ere tested simultaneously on the apparatus, with a rod-rotating
peed of 16 rpm. The integrity of motor coordination was as-
essed on the basis of the number of falls from the rod in 30 s
ccording to Vaught et al. (1985). Those mice scoring less than

hree and more than six falls in the pretest were rejected (20%).
he performance time was measured before (pretest) and 15, 30
nd 45 min after the beginning of the test. A total of 12–15 mice
er group were tested.

ole board test

he hole board test consisted of a 40-cm2 plane with 16 flush-
ounted cylindrical holes (3 cm diameter) distributed four by four

n an equidistant, grid-like manner. Mice were placed on the center
f the board one by one and allowed to move about freely for a
eriod of 5 min each. Two electric eyes, crossing the plane from
idpoint to midpoint of opposite sides, thus dividing the plane into

our equal quadrants, automatically signaled the movement of the
nimal (counts in 5 min) on the surface of the plane (spontaneous
otility). Miniature photoelectric cells in each of the 16 holes

ecorded (counts in 5 min) the exploration of the holes (exploratory
ctivity) by the mice. A total of 12–15 mice per group were tested.

.c.v. injection technique

.c.v. administration was performed under ether anesthesia with
sotonic saline as solvent, as previously described (Galeotti et al.,
003). Briefly, during anesthesia, mice were grasped firmly by the

oose skin behind the head. A hypodermic needle (0.4 mm exter-
al diameter) attached to a 10-�l syringe was inserted perpendic-
larly through the skull and no more than 2 mm into the brain of
he mouse, where 5 �l solution was then administered. The injec-
ion site was 1 mm to the right or left from the midpoint on a line
rawn through to the anterior base of the ears. Injections were
erformed randomly into the right or left ventricle. To ascertain
hat solutions were administered exactly into the cerebral ventri-

le, some mice were injected with 5 �l of diluted 1:10 India ink and a
heir brains were examined macroscopically after sectioning. The
ccuracy of the injection technique was evaluated with 95% of

njections being correct.

rugs

he following drugs were used: physostigmine hemisulphate, ox-
tremorine methiodide (Sigma, Milan, Italy), and D-amphetamine
De Angeli, Rome, Italy). Other chemicals were of the highest
uality commercially available. Drugs were dissolved in isotonic
NaCl 0.9%) saline solution immediately before use. Drug concen-
rations were prepared so that the necessary dose could be ad-
inistered in a volume of 10 ml kg�1 by s.c. injection. Physostig-
ine was administered at a dose of 0.15 mg/kg, whereas
xotremorine was injected at a dose of 60 �g/kg.

ntisense oligonucleotides

hosphodiester oligonucleotides (ODNs) protected by terminal
hosphorothioate double substitution (capped ODNs) against ex-
nuclease-mediated degradation were purchased from Tib-Mol-
iol (Genoa, Italy). The sequences were as follows: anti-IP3R1,
=-C*T*C GAC ATT TTG TCA GAC* A*T-3=, targeting the mRNA
GenBank NM_010585.2) at positions 329–348; anti-IP3R2, 5=-
*G*G AAG CTG GAC ATT TTG* T*C-3= targeting the mRNA

GenBank NM_019923.3) at positions 41–60; anti- –IP3R3, 5=-
*T*G GAC ATT TCA TTC ATG* G*C-3= targeting the mRNA

GenBank NM_080553.2) at positions 48–67 (* indicates phos-
horothioate residues). A 20-mer fully degenerated ODN (dODN)
=-N*N*N NNN NNN NNN NNN NNN* N*N-3= (where N is G, C, A
r T) was used as a control ODN.ODNs were vehiculated intra-
ellularly by an artificial cationic lipid (DOTAP, Sigma, Milan, Italy)
o enhance both uptake and stability. aODNs or dODNs were
reincubated at 37 °C for 30 min with 13 �M DOTAP and supplied
o mice by i.c.v. injection of 5 �l solution on days 1, 2 and 3.
ehavioral tests were performed on day 4, 24 h after the last i.c.v.

njection of ODNs. Doses and administration schedule of aODNs
ere chosen on the bases of time-course and dose–response
xperiments performed in our laboratory.

reparation of membranes

ouse brains were dissected to separate specific areas. Mouse
erebellum, hippocampus, cortex and striatum were homogenized in
homogenization buffer containing 25 mM Tris–HCl, pH 7.5, 25 mM
aCl, 5 mM EGTA, 2.5 mM EDTA, 2 mM NaPP, 4 mM PNFF, 1 mM
a3VO4, 1 mM phenylmethylsulfonyl fluoride (PMSF), 20 �g/ml

eupeptin, 50 �g/ml aprotinin, and 0.1% sodium dodecyl sulfate
SDS). The homogenate was centrifuged at 9,000�g for 15 min at

°C and the low-speed pellet was discarded. The microsomal
embranes were obtained from the supernatant of the 9,000�g

pin by centrifugation at 100,000�g for 1 h at 4 °C. Microsomes
ere resuspended in homogenization buffer and stored at
80 °C. Protein concentration of the microsomal fraction was
uantified using a protein assay kit (Bio-Rad Laboratories, Milan,
taly).

estern blot analysis

embrane homogenates (30 �g) made from cerebellum, hip-
ocampus, cortex and striatum regions of control and antisense-
reated mice were separated on 6% SDS–polyacrylamide gel
lectrophoresis (PAGE) and transferred onto nitrocellulose mem-
ranes (60 min at 100 V) using standard procedures. Membranes
ere blocked in PBST (phosphate-buffered saline containing
.1% Tween) containing 5% nonfat dry milk for 90 min. Following
ashings, blots were incubated overnight at 4 °C with specific
ntibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA)

gainst IP3R1, IP3R2, IP3R3 or �-actin (1:1000 dilution). After
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eing washed with PBST, the nitrocellulose membrane was
ncubated with rabbit anti-goat horseradish peroxidase-conju-
ated secondary antisera (1:10,000) and left for 1 h at room
emperature. Blots were then extensively washed according to
he manufacturer’s instruction and developed using an en-
anced chemiluminescence detection system (Pierce, Milan,
taly). Exposition and developing time were standardized for all
lots. Densitometric analysis of scanned images was per-
ormed on a Macintosh iMac computer (Apple Computer, Inc.,
upertino, CA, USA) using the public domain NIH Image pro-
ram. Measurements in control samples were assigned a rel-
tive value of 100%.

mmunoprecipitation of IP3R1, IP3R2, IP3R3

mmunoprecipitation was carried out on 1 ml of microsomal
raction containing 100 �g proteins by incubation for 2 h at 4 °C
ith 10 �g of specific antibody against IP3R1, IP3R2 or IP3R3.
ll tubes then received 20 �l of 25% (v/v) Protein G–agarose

Santa Cruz Biotechnology) and incubated for a further 2 h at
°C. Pellets were collected by centrifugation at 1,000�g for 5
in at 4 °C and washed three times with homogenization
uffer. Pellets were finally resuspended in 40 �l electrophoresis
ample buffer and boiled for 5 min, and samples were pro-
essed by SDS–PAGE.

tatistical analysis

ll experimental results are given as the mean�SEM. An analysis
f variance (ANOVA), followed by Fisher’s protected least signif-

cant difference procedure for post hoc comparison, was used to
erify significance between two means. Data were analyzed with
he StatView software for the Macintosh computer. P values of
ess than 0.05 were considered significant.

ig. 1. Effect of pretreatment with anti-IP3R1 (3–5 nmol per mouse i.c.v

n the mouse pain threshold evaluated in the mouse hot plate test. The licking la
ertical lines represent S.E.M.
RESULTS

ffect of anti-IP3R1, anti-IP3R2, and anti-IP3R3
n mouse pain threshold

retreatment with an aODN against IP3R1 (3–5 nmol per
ouse per i.c.v. injection) did not produce any modification
f the mouse pain threshold by comparing licking latency
alues obtained before the beginning of the i.c.v. treatment
nd 24 h after the end of the treatment. Similar results
ere obtained with administration of an aODN against

P3R2 (3 nmol per mouse per i.c.v.) and of an aODN
gainst IP3R3 (3 nmol per mouse per i.c.v.). Comparing

he dODN- and aODN-treated mice, no difference among
he licking latency values was observed (Fig. 1). Higher
oses of anti-IP3R2 and anti-IP3R3 were not investigated
ue to the toxicity induced.

dODN pretreatment did not modify the mouse pain
hreshold in comparison with DOTAP- and saline-treated
nimals and with naive animals (data not shown).

ole of IP3R1, IP3R2, and IP3R3 on muscarinic
ntinociception

retreatment with an aODN against IP3R1 (0.1–5 nmol per
ouse per i.c.v. injection) did not modify the antinocicep-

ive effect produced by physostigmine (0.15 mg kg�1 s.c.)
nd oxotremorine (60 �g kg�1 s.c.) administration (Fig. 2).

n contrast, knockdown of IP3R2 (0.1–3 nmol per mouse
er i.c.v.injection) prevented the physostigmine- and ox-

3R2 (3 nmol per mouse i.c.v.) and anti-IP3R3 (3 nmol per mouse i.c.v.)
.), anti-IP

tency values were recorded 24 h after the end of the ODNs treatments.
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tremorine-induced increase of pain threshold in compar-
son with dODN-treated mice (Fig. 3A). A shift to the right
f the dose–response curve of physostigmine (Fig. 3B)
nd oxotremorine (Fig. 3C) after anti-IP3R2 pretreatment
as observed. Similar results were obtained with anti-

P3R3 pretreatment. Administration of an aODN against
P3R3 (0.1–3 nmol per mouse per i.c.v. injection) pre-
ented physostigmine and oxotremorine antinociception
Fig. 4A). aODN pretreatment shifted the dose–re-
ponse curve of physostigmine (Fig. 4B) and oxotremorine
Fig. 4C) to the right. The antagonistic effect on physostig-
ine antinociception produced by the anti-IP3R2 and anti-

P3R3 treatments disappeared 7 days after the end of the
reatment.

dODN pretreatment did not modify the mouse sensi-
ivity to the physostigmine and oxotremorine antinocicep-
ive effect in comparison with naive, DOTAP- and saline-
reated mice (data not shown).

ffect of treatments on mouse motor coordination
nd spontaneous motility

he aODN, at the highest effective doses, were tested in
rder to assess their effect on mouse behavior. Mice pre-

reated with anti-IP3R1 (5 nmol per mouse i.c.v.), anti-
P R2 (3 nmol per mouse i.c.v.), anti-IP R3 (3 nmol per

ig. 2. Lack of effect of anti-IP3R1 treatment (0.1–5 nmol per mouse
.c.)-induced antinociception in the mouse hot plate test. The licking la
ere administered 72, 48 and 24 h prior to the behavioral tests. V

dODN�saline-treated mice).
3 3

ouse i.c.v.) and dODN (5 nmol per mouse i.c.v.) were w
valuated for motor coordination by use of the rota-rod test
nd for spontaneous mobility and inspection activity by use
f the hole board test. The endurance time, evaluated
efore and 15, 30 and 45 min after the beginning of the
ota-rod test, demonstrated the lack of any impairment in
he motor coordination of animals pretreated with aODNs
n comparison with the dODN group (Fig. 5A). The spon-
aneous mobility as well as the inspection activity of mice,
xpressed as counts in 10 min, was unmodified by pre-
reatment with aODNs in comparison with the dODN
roup. D-Amphetamine, used as positive control, signifi-
antly increased both parameters evaluated (Fig. 5B).
igher doses of the aODNs employed were not investi-
ated because they induced behavioral side effects such
s tremors and convulsions or death.

ffect of aODNs on IP3R1, IP3R2 and IP3R3 protein
evels

ice were treated with the aODNs on days 1, 2 and 3. On
ay 4, 24 h after the last i.c.v. injection, mice were killed
nd the cerebellum, cortex, striatum and hippocampus
ere dissected and examined for the levels of expression
f IP3R1, IP3R2 and IP3R3 in comparison with mice treated
ith dODN. Figure 6A shows a representative immunoblot
here a prominent approximately 260-kDa protein band

n physostigmine (0.15 mg kg�1 s.c.)- and oxotremorine (60 �g kg�1

lues were recorded 30 min after cholinomimetic administration. ODNs
nes represent S.E.M. * P�0.001 in comparison with control group
i.c.v.) o
tency va
as observed, indicating that all three receptor subtypes
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ig. 3. (A) Prevention by an anti-IP3R2 treatment (0.1–3 nmol per mouse i.c.v.) of physostigmine (0.15 mg kg�1 s.c.) and oxotremorine (60 �g kg�1

.c.)-induced antinociception in the mouse hot plate test. The licking latency values were recorded 30 min after cholinomimetic administration. ODNs
ere administered 72, 48 and 24 h prior to the behavioral tests. Vertical lines represent S.E.M. * P�0.001 in comparison with control group

dODN�saline-treated mice); ^ P�0.05 in comparison with dODN�cholinomimetic-treated mice. (B) Shift to the right of the physostigmine dose–
esponse curve by pretreatment with anti-IP3R2 3 nmol per mouse i.c.v. Vertical lines represent S.E.M. * P�0.05, ** P�0.01 in comparison with
ODN� physostigmine-treated mice. (C) Shift to the right of the oxotremorine dose–response curve by pretreatment with anti-IP R2 3 nmol per mouse
3

.c.v. Vertical lines represent S.E.M. * P�0.05, ** P�0.01 in comparison with dODN�oxotremorine-treated mice.



w
T
n

n
p

F
s
w
c
m
w
m with dOD

N. Galeotti et al. / Neuroscience 149 (2007) 409–420414
ere expressed in the above-mentioned cerebral areas.
he dODN did not significantly change the level of immu-

ig. 4. (A) Prevention by an anti-IP3R3 treatment (0.1–3 nmol per mo
.c.)-induced antinociception in the mouse hot plate test. The licking la
ere administered 72, 48 and 24 h prior to the behavioral tests. Verti
ontrol group (dODN�saline-treated mice); ^ P�0.05 in comparison w
ine dose–response curve by pretreatment with anti-IP3R3 3 nmol per
ith dODN�physostigmine-treated mice. (C) Shift to the right of the o
ouse i.c.v. Vertical lines represent S.E.M. ** P�0.01 in comparison
ostaining when compared with that of naive animals (data i
ot shown). A statistically significant reduction of the ex-
ression of IP R1, IP R2 and IP R3 after aODN treatment

) of physostigmine (0.15 mg kg�1 s.c.) and oxotremorine (60 �g kg�1

lues were recorded 30 min after cholinomimetic administration. ODNs
represent standard error of the mean. * P�0.001 in comparison with
�cholinomimetic-treated mice. (B) Shift to the right of the physostig-
.v. Vertical lines represent S.E.M. * P�0.05, ** P�0.01 in comparison

ine dose–response curve by pretreatment with anti-IP3R3 3 nmol per
N�oxotremorine-treated mice.
use i.c.v.
tency va
cal lines
ith dODN
mouse i.c
xotremor
3 3 3

n comparison with mice treated with the corresponding
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ODN was observed in terms of detected protein levels
Fig. 6A). Densitometric analysis of all samples revealed
hat every aODN treatment decreased expression of the
orresponding receptors in all cerebral areas investigated

ig. 5. (A) Lack of effect of anti-IP3R1 (5 nmol per mouse i.c.v.), an
oordination evaluated in the mouse rota rod test test. ODNs were adm
.E.M. (B) Lack of effect of anti-IP3R1 (5 nmol per mouse i.c.v.), anti IP
obility and inspection activity evaluated in the mouse hole board te
dministered 72, 48 and 24 h prior to the behavioral tests. Vertical lin
Fig. 6B). Levels of IP3R1, IP3R2 and IP3R3 protein ex- e
ression returned to normal 7 days after the end of the
ODN treatment (data not shown).

Immunoprecipitation experiments also produced simi-
ar results. Figure 7 illustrates the reduction of protein

and anti-IP3R3 treatment (3 nmol per mouse i.c.v.) on mouse motor
72, 48 and 24 h prior to the behavioral tests. Vertical lines represent

anti-IP3R3 treatment (3 nmol per mouse i.c.v.) on mouse spontaneous
etamine was administered at a dose of 2 mg kg�1 s.c.; ODNs were
ent S.E.M.
ti IP3R2
inistered

3R2 and
st. Amph
xpression induced by anti-IP3R3 in comparison with
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ODN-treated mice, taken as an example (Fig. 7A), as well
s the densitometric analysis for results obtained in all
erebral areas (Fig. 7B).

Immunoblots were reprobed for a protein considered
ot regulated as �-actin and no significant density differ-
nce was revealed for this protein between samples from
he IP3R1, IP3R2 and IP3R3 downregulated brain region
data not shown).

Cross-reactivity of the primary antibodies used was

ig. 6. Reduction of IP3R1, IP3R2 and IP3R3 protein expression in mous
ith corresponding dODN-treated mice. (A) Samples (30 �g protein/lane
ere resolved on 6% SDS–PAGE, transferred to nitrocellulose and p

mmunoreactive protein expressed relative to control. Data are expresse
roup). * P�0.05 versus control.
xcluded. t
DISCUSSION

he present study investigated the role played by type 1, 2
nd 3 IP3R in muscarinic antinociception in a condition of
cute thermal nociception in mice. The importance of the
eceptor-mediated activation of the type 2 and 3 IP3R
soforms to obtain an increase of the pain threshold was
emonstrated.

The specific gene expression knockdown of each of the

um, cortex, hippocampus and striatum by aODN treament in comparison
somal fractions of mouse cerebellum, cortex, hippocampus and striatum
th IP3R1, IP3R2 or IP3R3 antibody. (B) Densitometric quantitation of
ans�S.E.M. of band intensities from each of the four groups (n�7 per
e cerebell
) of micro
robed wi
d as me
hree IP3R subtypes was obtained by an oligonucleotide an-
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ig. 7. (A) Reduction of IP3R3 protein expression in mouse cortex by anti-IP3R3 treament in comparison with dODN-treated mice. Mouse cortex
icrosomal membranes were immunoprecipitated with the specific antibody against IP3R3 and the immunopercipitates, corresponding to 30 �g of
riginal cortex extract, were resolved on 6% SDS–PAGE, transferred to nitrocellulose and probed with IP3R3 antibody. (B) Densitometric quantitation
f immunoreactive protein expressed relative to control. Data are expressed as means�S.E.M. of band intensities from each of the four groups (n�7

er group). * P�0.05 versus control.



t
c
c
m
t
s
u
r
e
t

v
s
r
a
t
l
p
I
t
d
a
a
o
t
g
p
t
t
a
e
i
l
a
t
s
q
h
n
I
l
w
d
c
a
r
t
b
r
i
a
m
M
t
d
(
d
r

I
w

s
p
e
r
2
r
t
a
v
B
M
l
o
s
g
c
a

l
1
w
r
I
a
e
i
p
C
v
m

C
P
p
M
m
K
c
1
t
r
m
v
c
a
i
m
t
r
w
I
u
w
I
o

N. Galeotti et al. / Neuroscience 149 (2007) 409–420418
isense strategy. aODNs are short synthetic DNA segments
omplementary to sequences of an mRNA target; these spe-
ifically bind to targeted mRNA, preventing translation or
ediating mRNA cleavage by RNase H and, therefore,

ransiently inactivate single genes and down-regulating the
ynthesis of the encoded protein. IP3R are widely distrib-
ted in the central nervous system (CNS) and in the pe-
iphery (Vermassen et al., 2004) and, to avoid peripheral
ffects, the aODNs used were administered directly into
he cerebral ventricles.

Administration of an aODN against type 2 IP3R pre-
ented the antinociception induced by physostigmine and
hifted the physostigmine dose–response curve to the
ight. Similarly, the selective knockdown of the type 3 IP3R
ntagonized physostigmine-induced increase of the pain
hreshold and shifted the dose–response curve of the cho-
inomimetic drug to the right. Moreover, the inhibition of
hysostigmine antinociception by anti-IP3R2 and anti-

P3R3 antisense oligonucleotides disappeared 7 days after
he last i.c.v. injection, indicating a lack of irreversible
amage or toxicity on cerebral structures caused by the
ntisense oligonucleotides. Pretreatment with anti-IP3R2
nd anti-IP3R3 antisense oligonucleotides in the absence
f coadministration of cholinomimetic drugs did not modify
he pain threshold, demonstrating the lack of any hyperal-
esic effect by the aODN treatment itself. Therefore, the
revention of physostigmine antinociception cannot be at-
ributable to a direct effect on the pain threshold induced by
he antisense oligonucleotides. Furthermore, the degener-
ted oligonucleotide, used as control for the unspecific
ffects attributable to the administration of nucleic acids

rrespective of their specific sequence, did not modify cho-
inergic antinociception in comparison with naive or saline-
nd vector-i.c.v. injected mice. This observation ruled out
he possibility that the antagonism exerted by the anti-
ense oligonucleotides may have resulted from a se-
uence-independent action on cerebral structures. This
ypothesis was further supported by results of the immu-
oblotting and immunoprecipitation, where the levels of
P3R2 and IP3R3 in microsomes prepared from cerebel-
um, hippocampus, cortex and striatum of animals treated
ith the corresponding aODN in comparison with the
ODN-treated mice were determined. A selective de-
rease of IP3R2 and IP3R3 protein levels in all cerebral
reas investigated was demonstrated, suggesting that the
esults obtained were related to a selective knockdown of
ype 2 and 3 IP3 receptors. Nonspecific effects produced
y aODN treatments can, therefore, be excluded. These
esults suggest that both type 2 and 3 IP3R subtypes are
nvolved in muscarinic antinociception. These data confirm
nd extend previous results indicating that supraspinal
uscarinic antinociception requires the activation of the

1 receptor subtype (Ghelardini et al., 2000), which, in
urn, activates the PLC–IP3 pathway, leading to the pro-
uction of IP3 and consequent interaction with IP3R
Galeotti et al., 2003). Furthermore, microdialysis studies
emonstrated that the local infusion of carbachol, musca-

ine and acetylcholine in the rat hippocampus increases t
P3 levels, an effect that was fully prevented by coinfusion
ith the M1 antagonist pirenzepine (Minisclou et al., 1994).

The involvement of the M2 and M4 muscarinic receptor
ubtypes in the induction of spinal antinociception was also
ostulated by using pharmacological antagonists (Gillbert
t al., 1989) and by generating M2 and M4 muscarinic
eceptor knockout mice (Gomeza et al., 2001; Chen et al.,
005). Other reports suggest a role of M2 and M4 musca-
inic receptors in the induction of supraspinal antinocicep-
ion using muscarinic receptor knockout mice (Duttaroy et
l., 2002). The M2–M4 receptors are preferentially coupled
ia Gi proteins to inhibit adenylate cyclase (Caulfield and
irdsall 1998). Expression studies revealed that the cloned

2 and M4 receptors also stimulate PLC, although with
ower efficiency than the PLC stimulation observed by M1

r M3 receptors (Ashkenazi et al., 1987). It is reasonable to
uppose that supraspinal muscarinic antinociception, re-
ardless of the receptor subtype involved (M1 or M2/M4),
ould lead to the activation of the same intracellular met-
bolic event, the activation of IP3R.

Although type 2 IP3R is present in many tissues, high
evels are found in spinal cord and glial cells (Sharp et al.,
999). At the subcellular level, it is found in the cell body as
ell as in processes but is excluded from the nuclear

egion (Sheppard et al., 1997; Simpson et al., 1997). Type 3
P3R is found in the kidney, gastrointestinal tract, pancre-
tic islets (Nathanson et al., 1994; Taylor et al., 1999; Patel
t al., 1999). It is also detected in some neurons, especially

n neuron terminals (Sharp et al., 1999). However, the
hysiological role of these two receptor subtypes in the
NS was not clearly elucidated. The present results pro-
ide the first evidence for a role of type 2 and 3 IP3R in the
odulation of pain perception at a supraspinal level.

Type 1 IP3R is the major neuronal type of IP3R in the
NS, which is predominantly concentrated in cerebellar
urkinje cells, cerebral cortex, the CA1 region of the hip-
ocampus, basal ganglia and thalamus (Ross et al., 1992;
ikoshiba 1997). The role of IP3R1 at the CNS level was
ainly investigated by means of IP3R1-deficient mice.
nockout animals showed epilepsy and were deficient in the
erebella long-term depression (Matsumoto and Nagata
999). Later, a role for the type 1 IP3R in the modulation of
he pain threshold was postulated, because disruption of this
eceptor prevents morphine-induced antinociception in the
ouse (Aoki et al., 2003). Despite this evidence, our obser-

ations do not provide evidence for a major role of IP3R1 in
holinergic antinociception. Pretreatment with an aODN
gainst type 1 IP3R did not modify the antinociception

nduced by physostigmine, suggesting a lack of involve-
ent of this receptor subtype in muscarinic antinocicep-

ion. In DT40 cells stably transfected with M1 muscarinic
eceptor M1-induced calcium mobilization was unaffected
hen type 1 IP3R was deleted. Loss of both type 1 and 2

P3R significantly inhibited intracellular Ca2� increase
pon carbachol stimulation, whereas Ca2� mobilization
as eliminated completely only in cells deficient in all three

P3R subtypes (Suguwara et al., 1997). The lack of antag-
nism by the anti-IP R1 aODN on cholinergic antinocicep-
3

ion as a consequence of inefficient knockdown of the
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P3R1 protein by the antisense treatment can be ruled out
ecause Western blotting and immunoprecipitation exper-

ments revealed a reduction of the IP3R1 protein levels not
nly in the cerebellum, the cerebral area where IP3R1 is
ighly expressed, but also in the cortex, hippocampus and
triatum of mice pretreated with the highest doses inves-
igated of the anti-IP3R1 ODN.

Physostigmine, acting as a cholinesterase inhibitor,
roduces an increase of the ACh levels, which, in turn, can
ctivate both muscarinic and nicotinic receptors. It has
een reported that nicotinic antinociception depends on an

ncrease of the intracellular calcium contents. However,
he nicotinic component appears not to be involved in the
hysostigmine-induced increase of pain threshold. Phy-
ostigmine antinociception is prevented by atropine and

1-selective antagonists, as well as by antisense inhibition
f M1 receptors, whereas it is unmodified by nicotinic an-

agonists, indicating that nicotinic receptors appear not to
e involved in the physostigmine-induced increase of the
ain threshold (Gillberg et al., 1990; Ghelardini et al., 2000;
oon et al., 2003).

Furthermore, anti-IP3R2 and anti-IP3R3 ODNs under
ur experimental conditions prevented not only physostig-
ine antinociception but also the increase of the pain

hreshold induced by the muscarinic agonist oxotremorine,
uggesting that IP3R activation is necessary to induce
uscarinic antinociception.

Receptor-mediated activation of the muscarinic system
an induce several side effects. Cholinomimetic drugs can
roduce the typical cholinergic sympthomatology (tremors,
ialorrhea, diarrhea, lacrimation, etc.). Cytosolic Ca2� reg-
lates numerous neuronal functions (Berridge 1998) and,
herefore, a variation of intracellular Ca2� content can
nduce behavioral side effects. aODN effects were tested
efore the hot plate test was performed to ensure that
reatments did not alter the normal locomotor activity,
pontaneous mobility and inspection activity of the mice.
n influence of the substances used on spontaneous mo-
ility was excluded using the hole board test. Not only
odified spontaneous mobility but also altered motor co-
rdination could lead to a misinterpretation of the results
btained. A rota rod test was therefore performed and any
lteration of the motor activity induced by aODN adminis-
ration at the highest doses used was excluded. The re-
ults of the rota rod and hole board tests were of particular
elevance because it was observed that mice lacking type

inositol 1,4,5-trisphosphate receptor showed severe
taxia (Matsumoto et al., 1996) and motor discoordination
Ogura et al., 2001). This discrepancy can be explained by
aking into account that the antisense strategy, in compar-
son with knockout animals, permits, by modulating the
egree of inhibition of expression of the target protein, the
cquisition of a phenotypic effect without severe toxicity.
oreover, compensatory effects taking place during
ouse development, which can mask important pheno-

ypic effects, are avoided. It should also be noted that
igher doses of both cholinomimetics and anti-IP3R could
ot be investigated because they induced signs of toxicity

tremors, convulsions, etc.) in animals. The induction of
oxicity can also be considered an indication not only of the
iffusion of these compounds in the brain, but also of the
onsequent reaching of key targets by using the adminis-
ration schedule employed in the present study.

Seen as a whole, our data evidence that the selec-
ive activation of type 2 and 3 IP3 receptors is required in
he induction of cholinergic supraspinal antinociception
n mice in a condition of acute thermal nociception. Fur-
hermore, the lack of a prominent role of the type 1 IP3

eceptor in the increase of pain threshold induced by phy-
ostigmine was also demonstrated. An understanding of
he cellular events involved in muscarinic antinociception
ay help develop selective and safe therapeutical ap-
roaches for pain relief.
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