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Stimulation of P2Y, Receptors Causes Anxiolytic-like Effects
in the Rat Elevated Plus-maze: Implications for the
Involvement of P2Y, Receptor-Mediated Nitric Oxide

Production

Holger Kittner*', Heike Franke', Wolfgang Fischer', Nina Schultheis', Ute Kriigel' and Peter llles'
'Rudolf-Boehm-Institute of Pharmacology and Toxicology, University Leipzig, Leipzig, Germany

The widespread and abundant distribution of P2Y receptors in the mammalian brain suggests important functions for these receptors in
the CNS. To study a possible involvement of the P2Y receptors in the regulation of fear and anxiety, the influences of the P2Y, | |»
receptor-specific agonist adenosine 5'-O-(2-thiodiphosphate) (ADPJS), the P2X| 3 receptor agonist o,-methylene ATP (o, fmeATP),
the unspecific P2 receptor antagonist pyridoxalphosphate-6-azopheny 1-2',4’-disulfonic acid (PPADS), and the specific P2Y| receptor
antagonist N°-methyl-2'-deoxyadenosine-3,5'-bisphosphate (MRS 2179) on the elevated plus-maze behavior of the rat were
investigated. All tested compounds were given intracerebroventricularly (0.5 pl). ADPSS (50 and 500 fmol) produced an anxiolytic-like
behavioral profile reflected by an increase of the open arm exploration. The anxiolytic-like effects were antagonized by pretreatment
with PPADS (5pmol) or MRS 2179 (5 pmol). Both compounds caused anxiogenic-like effects when given alone. Furthermore, the
anxiolytic-like effects of ADPSS could be antagonized by pretreatment with the nitric oxide synthase (NOS) inhibitor N™-nitro-L-arginine
methyl ester (W-NAME). In addition, the anxiogenic-like effects of PPADS were reversed by the pretreatment with L-arginine (500 pmol),
which is the natural substrate for NOS, but not by p-arginine (500 pmol), which is not. Immunofluorescence staining revealed the
presence of P2Y, receptors on neurons in different brain regions such as hypothalamus, amygdala, hippocampus and the periaqueductal
gray. Furthermore, the colocalization of P2Y, receptors and neuronal NOS (nNOS) on some neurons in these regions could be
demonstrated. The highest density of P2Y - and nNOS-immunoreactivity was detected in the dorsomedial hypothalamic nucleus. Taken
together, the present results suggest that P2Y| receptors are involved in the modulation of anxiety in the rat. The anxiolytic-like effects

INTRODUCTION

In previous studies, it has been demonstrated that stimula-
tion of P2 receptors, which belong either to the P2X ligand-
gated ion channel family (P2X,_; subtypes) or to the P2Y G
protein-coupled receptor family (P2Y;,46,11,12 Subtypes)
(Ralevic and Burnstock, 1998; Biirnstock, 2001), is involved
in the regulation of locomotion as well as in the expression
of sensitization and reward (Kittner et al, 2001; Kriigel et al,
2001a). It has been shown that the open field behavior after
intra-accumbal injection of the adenosine 5'-triphosphate
(ATP) analog 2-methylthio ATP (2-MeSATP) is character-
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after stimulation of P2Y, receptors seem to be in close connection with the related nitric oxide production.
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ized by an extended period of novelty-induced locomotion
and additionally, after a latency time, by an increased
exploration of the inner open field areas indicating
anxiolytic-like properties of the P2 receptor agonist (Kittner
et al, 1997). The aim of the present study was to clarify
whether P2 receptors are involved in the regulation of fear
and anxiety. For this purpose, the influence of the P2Y, j; 1,
receptor agonist adenosine 5'-O-(2-thiodiphosphate)
(ADPfS), the P2X, ; receptor agonist o,f-methylene ATP
(o,fmeATP), the nonspecific P2 receptor antagonist
pyridoxalphosphate-6-azopheny  1-2',4'-disulfonic  acid
(PPADS), the P2Y, receptor-specific antagonist MRS 2179,
and the combination of the respective agonists and
antagonists on the elevated plus-maze behavior of
rats was investigated after intracerebroventricular (i.c.v.)
injection.

After the stimulation of P2Y; receptors by the physiolo-
gical agonist adenosine 5-diphosphate (ADP) (You et al,
1997) as well as by its analog ADPSS (Malmsjé et al, 1999;
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Rump et al, 1998), an enhanced formation of the free radical
gas nitric oxide (NO) was observed. NO is known to be
synthesized from 1r-arginine and oxygen by NO synthase
(NOS) in the presence of NADPH, and plays a role in
various signal transduction processes in the CNS. Three
distinct isoforms of NOS have been identified: neuronal
NOS (nNOS)—the isoform predominating in neuronal
tissue, inducible NOS (iNOS)—the inducible isoform found
in many cells and tissues, and the endothelial NOS
(eNOS)—the isoform located in vascular endothelial cells
(Alderton et al, 2001). It has been demonstrated that
extracellular ATP 1nduces a rise in cyclic GMP level, which
is caused by Ca’*-activated formation of NOS (Reiser,
1995). Therefore, any interaction between the P2 receptor-
mediated signaling pathway and the NO system is of
particular interest. There is growing evidence that NO is
involved in the regulation of anxiety, although some
controversial results have been reported. On the one hand,
the NOS inhibitor N&-nitro-L-arginine (.--NOARG) abolished
the anxiolytic-like effects of NO (Caton et al, 1994) as well
as of chlordiazepoxide (Quock and Nguyen, 1992), and the
NOS inhibitor N"-nitro-L-arginine methyl ester (.-NAME)
produced anxiogenic-like effects in the rat elevated plus-
maze (Vale et al, 1998). On the other hand, an anxiolytic-
like action of L-NAME has also been reported in the same
model (Volke et al, 1995).

The present study aimed to clarify whether the P2Y,
receptor-mediated effects on anxiety are correlated with an
enhanced availability of NO. Therefore, the influence of 1-
NAME and r-arginine on the P2Y; receptor-mediated effects
on anxiety was studied. To clarify the possibility of a
colocalization of P2Y; receptors and nNOS at the same
neurons as a condition for a direct relation between P2Y,
receptor stimulation and NO release, immunohistochemical
studies were carried out in relevant brain regions, for
example, the hypothalamus, amygdala, hippocampus, and
periaqueductal gray, which are involved in the regulation of
fear and anxiety.

MATERIALS AND METHODS
Animals

Adult male Wistar rats (WIST/Lei) weighing 300-320 g were
used. The animals were housed under standardized
humidity, temperature, and lighting conditions with a 12-
h/12-h light/dark cycle (lights on at 7.00 am) and had free
access to water and food. The animals were housed four or
five per cage before and individually after surgery. The
experiments were approved by the Committee on Animal
Care and Use of the relevant local governmental body
according to the German guidelines (BGBLI p.1105) revised
in 1998. All efforts were made to minimize the number of
animals used and their suffering.

Drugs

All drugs were diluted and applied in artificial cerebrospinal
fluid (aCSF; 126 mM NaCl, 2.5 mM KCI, 1.2 mM NaH,PO,,
1.3mM MgCl,, and 2.4mM CaCly; pH 7.4). ADPSS and
o,fmeATP were obtained from Sigma-Aldrich (Chemie
GmbH, Deisenhofen, Germany). (1.-NAME), 1- and b-
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arginine were purchased from Tocris Cookson Ltd, (Bristol,
UK) and N°-methyl-2'-deoxyadenosine-3,5'-bisphosphate
(MRS 2179) from RBI (Natick, MA, USA).

Surgery and i.c.v. Injections

Rats were anesthetized with a combination of ketamine
hydrochloride (100 mg/kg, i.p.; Ketanest®, Ratiopharm,
Ulm, Germany) and xylazine hydrochloride (5mg/kg, i.p.;
Rompun , Bayer, Leverkusen, Germany). Following place-
ment in a stereotaxic frame, they were implanted with a 24-
gauge guide cannula (bioflow catheters; Vygon, Ecouen,
France). To avoid a permanent injury of the ventricle, the
implanted guide cannula was placed immediately above it.
The stereotaxic coordinates according to Paxinos and
Watson (1986) were: AP=—1mm rostral to bregma,
ML = +1.5mm lateral to the sagittal suture, DV = —2.5 mm
mm below the surface of the hemisphere. The cannula was
embedded in a socket mounted on the skull in dental acrylic
cement (Technovit®™ 3040; Heraeus Kulzer, Wehrheim,
Germany) and additionally fixed by two stainless-steel
screws. After surgery, the animals were treated with benzyl
penicillin  (200.000 IE, im. Retacillin compositum@,
Jenapharm, Jena, Germany) for antibiotic prophylaxis and
were allowed to recover for 6 days by individually housing
before the maze exposure. The individually harbored
animals showed only a slight, but no significant, tendency
to higher anxiety-like behavior in comparison with the
grouped, housed control animals.

The i.c.v. injections were made in freely moving rats,
which were habituated to the injection procedure 2 or 3
days before the beginning of the experiments. Injection
cannulae (26 gauge) connected to 10 ul syringes via PE-20
tubing were inserted into the guide cannula and protruded
1.5mm beyond its end to reach the ventricle. All
compounds were infused in a volume of 0.5 ul over 3 min
using a microinfusion pump (TSE GmbH, Bad Homburg,
Germany). The injection cannula was left in place for an
additional minute after the application to allow diffusion of
the solution. The purinergic agonists ADPfSS and
o,fmeATP, the P2Y,; receptor antagonist MRS 2179 as well
as 1- and p-arginine were administered 5min before the
maze performance. The P2 receptor antagonist PPADS and
L-NAME were injected 15 and 30 min, respectively, before
the start of the maze exposure. Animals that received only
antagonists or agonists got the vehicle as second injection.
For histological evaluation, the animals received an i.c.v.
injection of methylene blue and were killed by decapitation
after completion of the experiments. Only rats showing the
appropriate injection site were used for data analysis.

Elevated Plus-Maze

The elevated plus-maze is a widely used and extensively
validated animal model of anxiety based on the natural
aversion of rodents for open spaces and on the elevation of
the maze (Handley and Mithani, 1984; Pellow et al, 1985).
The apparatus was made of wood with a black rubber
floor. It consisted of two open arms (50 x 10 cm) and two
enclosed arms (50 x 10cm) with walls of 40cm height,
elevated 50 cm above the ground. The arms of the same type
were opposite to each other, connected by an open central



area (10 x 10cm). A camera was mounted vertically above
the maze, and the behavior was scored from a monitor in an
adjacent room. The investigation room was illuminated
with a light intensity of 500lx, resulting in a brightness of
6501x at the open and 2001x at the enclosed arms of the
maze. At the beginning of the experiment, rats were placed
in the center of the maze, facing the enclosed arms, and
were observed for 10 min. Each animal was tested only once.
Eight rats were tested at each dose for each compound. All
tests were carried out between 0800 and 1300 h. The maze
was thoroughly cleaned between each test. An increase in
the percentage of time spent on the open arms (open x 100/
open+enclosed) and in the percentage of open arms entries
(open x 100/total entries) is interpreted as an anxiolytic-like
response (Pellow et al, 1985), whereas the number of entries
into enclosed arms provides a measure of general activity
(File, 1991).

Double Immunofluorescence

The rats were transcardially perfused wunder thio-
pental sodium anesthesia with paraformaldehyde (2%)
in sodium acetate buffer (pH 6.5) followed by parafor-
maldehyde (2%)/glutaraldehyde (0.1%) in sodium
borate buffer (pH 8.5). Serial sections (50 um thick) from
the dorsomedial hypothalamic nucleus, the basomedial
nucleus amygdala, the dorsal hippocampus (Figure 1) as
well as from the periaqueductal gray (not shown)
were obtained by using a vibratome (TSE, Bad Homburg,
Germany) and collected as free-floating slices in 0.1 M Tris
(pH 7.6).

P2Y,-immunofluorescence was performed as previously
described (Franke et al, 2001). Briefly, after washing with
Tris buffered saline (TBS, 0.05M; pH 7.6) and blocking with
5% fetal calf serum (FCS) in TBS, the slices were incubated
in an antibody mixture of rabbit anti-P2Y; receptor
antibody (1:1500, SmithKline Beecham Pharmaceuticals,
Hertord shire, UK) and mouse anti-NOS (NOSI1, 1:1000,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA) with 0.1%
Triton X-100 in 5% FCS in TBS for 48h at 4°C.
Subsequently, the slices were incubated with the two
secondary antibodies Cy3-conjugated goat anti-rabbit IgG
(1:800; Jackson Immuno Research) and Cy2-conjugated
goat anti-mouse IgG (1:400; Jackson Immuno Research,
Baltimore, USA) in 5% FCS in TBS for 2 h. After intensive
washing and mounting on slide glasses, all stained sections
were dehydrated in a series of graded ethanol, processed

Figure | Schematic representation of the dorsomedial hypothalamus
(DMH), the basomedial amygdala (BMA) and the dorsal hippocampus (for
example the CA3 region) of the rat, characterizing the areas in which P2Y
receptor/ nNOS double-labelled cells were found.
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through n-butylacetate, and covered with entellan (Merck,
Darmstadt, Germany). Control experiments were carried
out without primary antibodies.

Confocal Microscopy

The double immunofluorescence was investigated by a
confocal laser scanning microscope (LSM 510, Zeiss,
Oberkochen, Germany) equipped with an argon laser
emitting at 488nm and a helium/neon laser emitting at
543 nm. The two reaction products were distinguished by
their different fluorescence: nNOS by the green Cy2
immunofluorescence and the P2Y, receptor subtype by
the red Cy3 immunofluorescence.

Statistics

All results were expressed as means + SEM (n=38). In
experiments using the elevated plus-maze, the percentage of
time spent on the open arms (open x 100/open+enclosed)
and the percentage of open arms entries (open x 100/total
entries) were calculated for each animal. Additionally, the
number of enclosed arm entries was recorded. To evaluate
statistical differences in the elevated plus-maze experi-
ments, one-way analysis of variance (ANOVA) was used
followed by the Student-Newman-Keuls test for multiple
comparisons. A probability level of p <0.05 was considered
to be statistically significant.

RESULTS

Influence of ADP@S on the Rat Elevated Plus-Maze
Behavior

ADPfS had a significant dose-related anxiolytic-like effect,
shown by an increase in the percentage of time spent on the
open arms (F(5,47) =25.6, p<0.001) (Figure 2) and the
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Figure 2 Means 4+ SEM percentage of time spent on the open arms in
the elevated plus-maze of rats. The rats were tested 5min after icv.
administration of ADPf in various doses and |5 min after application of
PPADS in comparison with vehicle (aCSF)-treated controls. **p <0.02,
*44p <0001 compared with vehicle-treated controls, ~*p<0.001
compared with the ADPSS (50 fmol) group, Student—Newman—Keuls test
after one-way ANOVA.
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Table I Mean + SEM Percentage of Entries into Open Arms
and Number of Enclosed Arm Entries made by Rats Tested in the
Elevated Plus-Maze 5min after i.cv. Administration of ADPpS,

o, fmeATP, or MRS 2179, respectively, and 10 min after PPADS

Treatment % Open arm Enclosed
entries arm entries
aCSF 6.1 £ 1.3 167 + 12
ADPSS
5 fmol 169 + 1.7 193 + 1.1
50 fmol 216+ 1.9% 16.6 + 1.5
500 fmol 222 + |.5% 136+ 11"
PPADS 5 pmol 66+ 16" 1544 1.2
PPADS/ADPSS 5 pmol/50 fmol 704 187 145 + I
aCSF 139+ 14 152+ 18
ADPS 50 fmol 182 + |.6* 159 + 2.1
MRS 2179 5 pmol 74+ 2.1% 172 +24
MRS 2179/ADPpS 5 pmol/50 fmol 86+25" 165+ 1.9
aCSF 218+ 14 135+24
o, fmeATP
0.05 nmol 182 +22 [1.6+ 19
0.5 nmol 189+ 1.3 124 +20
5nmol 189+ 12 146 + 14

'h<0.05, ""p<0.00! compared with the respective vehicle-treated control,
*p<0.05 Tp <00l compared with 50 fmol ADPSS, Student-Newman—
Keuls test after one-way ANOVA.

increased percentage number of open arm entries
(F(5,47) =18.5, p<0.05) (Table 1). The anxiolytic-like effect
of 50fmol ADPfS was antagonized by 5pmol PPADS
(p<0.001). PPADS alone produced anxiogenic-like effects,
indicated by a decreased percentage of time spent on open
arms (p<0.001) and number of open arm entries (p <0.01)
(Table 1). None of the drugs had a significant effect on the
number of enclosed arms entries in comparison with the
aCSF control group (F(5,47) =2.5). Significant differences
were found only at 500 fmol ADPfS in comparison with the
lower doses of 5 and 50 fmol of this compound (p <0.05)
(Table 1).

Furthermore, the influence of the P2Y;-receptor antago-
nist MRS 2179 (5pmol) on the effects of 50 fmol ADPSS
was studied. After pretreatment with MRS 2179,
the anxiolytic-like effects of ADPSS (50 fmol) were abol-
ished (F(3,31) =38.2, p<0.001). MRS 2179 (5pmol) alone
exerted anxiogenic-like properties (p<0.001) (Figure 3;
Table 1).

Influence of o,fmeATP on the Rat Elevated Plus-Maze
Behavior

o,fmeATP at all tested doses (0.05, 0.5, and 5 nmol) had no
significant effect on the percentage of time spent on the
open arms (F(3,31) = 0.65, p =0.59) (Figure 4) as well as on
the percentage of entries into the open arms (F(3,31) =2.5,
p=0.084) (Table 1). Furthermore, the ANOVA for the
number of enclosed arm entries revealed no significant
effect of o,fmeATP on the general locomotor activity
(F(3,31) =0.27) (Table 1).
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Figure 3 Means + SEM percentage of time spent on the open arms in
the elevated plus-maze of rats. The rats were tested 5min after i.cv.
administration of ADPSS and |0 min after pretreatment with MRS 2179 in
comparison with vehicle (aCSF)-treated controls. *p <0.05, **#*p <0.001
compared with vehicle-treated controls, ***p<0.001 compared with the
ADPSS group, Student-Newman—Keuls test after one-way ANOVA.

[ aCSF

«,BmeATP (0.05 nmol)
«,3meATP (0.5 nmol)
Bz o, fmeATP (5 nmol)

25

20 |

% time spent on open arms

aCSF a,fme ATP

Figure 4 Means + SEM percentage of time spent on the open arms in
the elevated plus-maze of rats. The rats were tested 5min after icv.
administration of o,fmeATP in various doses in comparison with vehicle
(aCSF)-treated controls.

Influence of .-NAME on the Rat Elevated Plus-Maze
Behavior

As shown in Figure 5, .-NAME (0.05-5nmol) produced a
dose-dependent decrease in the percentage of time spent on
the open arms (F(5,47) =19.2, p<0.001). The decrease in
the percentage of open arms entries reaches statistical
significance at 5nmol 1-NAME (F(5,47) =6.5, p=10.001).
The number of enclosed arm entries was unaltered at all
tested doses (F(5,47) = 1.3, p =0.28) (Table 2). The effects of
L-NAME (0.5 nmol), were abolished by the pretreatment
with L-arginine (0.5nmol), indicating that the anxiogenic-
like effect of L-NAME is caused by a decreased NO
synthesis. 1-Arginine alone (0.5nmol) caused an increase
in the percentage of time spent on the open arms (p <0.05)
(Figure 5).
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Figure 5 Means + SEM percentage of time spent on the open arms in
the elevated plus-maze of rats. The rats were tested 30 min after i.cv.
administration of L-NAME in various doses in comparison with vehicle
(aCSF)-treated controls and 5min after L-arginine (L-ARG) with and
without pretreatment with L-NAME (0.5 nmol). *p<0.05, **p<0.02,
##kp <0001 compared with the vehicle-treated controls, “p<0.05
compared with the L-NAME (0.5 nmol) group, Student-Newman—Keuls
test after one-way ANOVA.
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Figure 6 Means+ SEM percentage of time spent on the open arms in
the elevated plus-maze of rats. The rats were tested 5min after i.cv.
administration of ADPSS or 30min after .L-NAME in comparison with
vehicle (aCSF)-treated controls. ***p<0.001 compared with vehicle-
treated controls, " "p<0.001 compared with the ADPSS group, Student—
Newman—Keuls test after one-way ANOVA.

Influence of the Pretreatment with .-NAME on the
Anxiolytic-Like Effect of ADP@S

The pretreatment with .-NAME (0.5 nmol) antagonized the
anxiolytic-like effect of ADPfS (50 fmol) with respect to the
percentage of time spent on the open arms (F(3,31) =41.2,
p<0.001) (Figure 6). The percentage of open arm entries
was also decreased by the pretreatment with L-NAME
(F(3,31) =3.48, p=10.029) (Table 2) in comparison with the
aCSF and the ADPfS group. The ANOVA revealed that the
general locomotor activity was not changed in the different
groups (F(3,31) =0.89, p=10.45) (Table 2).
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Table 2 Mean + SEM Percentage of Entries into Open Arms
and Number of Closed Arm Entries Made by Rats Tested in the
Elevated Plus-Maze 30 min after i.cv. Administration of L-NAME,
|0 min after PPADS, and 5 min after ADPfS or L- or b-Arginine

Treatment % Open arm Enclosed arm
entries entries
aCSF 164+ 1.3 146 4+ 0.6
.-NAME
0.05 nmol 3.0 £+ 2.1 1284+ 1.4
0.5 nmol [14+08 149 + I
5.0nmol 67 £+ 19% 1334+ 14
L-NAME/L-Arginine 0.5 nmol/500 pmol [4.1 +22 151+ 19
L-Arginine 500 pmol |74+ 17 |70+ 28
aCSF 175+ 1.5 4.1+ 18
ADPfS 50 fmol 206+ 19 7.1 £22
L-NAME/ADPSS 0.5 nmol/50 fmol 157 4+ 16" 154+ 13
L-NAME 0.5 nmol 146+ 1.7" 143+ 17
aCSF 192+ 14 149 + 2.1
PPADS 5 pmol 88 + 1.7 14.5 + 2.7
PPADS/L-Arginine 5 pmol/500 pmol 2824+ 19" 172429
PPADS/p-Arginine 5 pmol/500 pmol 9.6 +09""" 163+ 20
L-Arginine 500 pmol 232 + 277 156+ 1.7
p-Arginine 500 pmol 173+ 1.7 128 + 1.8

“p<0.05, "p<0.02 compared with the respective vehicle-treated control,
"p<0.05, T"p<0.02 compared with ADPBS (50 fmol) or PPADS (5 pmol),
respectively, Student—-Newman—Keuls test after one-way ANOVA.

Influence of the Pretreatment with - or p-Arginine on
the Anxiogenic-Like Effect of PPADS

The pretreatment with r-arginine (500 pmol) completely
antagonized the anxiogenic-like effect of PPADS (5 pmol)
with respect to the percentage of time spent on the open
arms (F(5,47) =10.5, p =0.006) (Figure 7) as well as to the
open arm entries (F(5,47) =18.6, p<0.001) (Table 2),
whereas the pretreatment with p-arginine was without
influence on the PPADS effect. L-Arginine alone showed
anxiolytic-like properties indicated by an increase of the
percentage of time spent on the open arms (p =0.014) and
the open arm entries (p=0.014). p-Arginine was without
effect on any of the measured parameters in the plus-maze
(p=0.99). The general locomotor activity was not affected
by either of the treatment regimens.

Immunohistochemistry

Immunohistochemical staining revealed the presence of
P2Y, receptors on neurons in relevant brain regions such as
hypothalamus, amygdala, hippocampus, and periaqueductal
gray, which are known to be involved in the regulation of
anxiety and fear. Especially the labeling of the dorsomedial
nucleus of the hypothalamus shows a high density of P2Y;-
immunoreactivity (IR) (Figure 8b and e). A weakly
expressed P2Y; IR was found in the basomedial nucleus
of the amygdala (Figure 8h) and the dorsal hippocampus,
for example in the CA3 region (Figure 8k). In the basolateral
nucleus of the amygdala and the periaqueductal gray, only
scarce P2Y;-IR was detected (data not shown).

The labeling of nNOS reveals a high density in the
dorsomedial hypothalamus (Figure 8a and d). The expres-
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Figure 7 Means 4+ SEM percentage of time spent on the open arms in
the elevated plus-maze of rats. The rats were tested |5min after icv.
administration of PPADS or 5min after .- or p-arginine (-, D-ARG) in
comparison with the vehicle (aCSF)-treated controls. *#p <0.02 compared
with vehicle-treated controls, *p < 0.02 compared with the PPADS group,
Student—Newman—Keuls test after one-way ANOVA.

sion of nNOS-IR in the basomedial nucleus amygdala and
the hippocampal CA3 region (Figure 8g and j) was
considerably lower. The colocalization of P2Y;-IR and
nNOS-IR at various neurons in the studied regions is
documented in Figure 8(f, i, 1).

DISCUSSION

The metabolically stable P2 receptor agonist ADPSS,
preferential for adenine nucleotide-sensitive P2Y,, P2Y,,,
and P2Y,, receptors, produced anxiolytic-like effects in the
rat elevated plus-maze after i.c.v. administration at doses
between 5 and 500 fmol. Both the percentage of time spent
on the open arms and the percentage of open arm entries
were increased by this ADP analog. The highest tested dose
of ADPSS (500fmol) significantly decreased the enclosed
arm entries that were used as an indicator of drug-induced
changes of general locomotor activity. It has been shown
that the effects of compounds on the elevated plus-maze
behavior such as amphetamine were confounded by an
increase of general activity (Dawson et al, 1995). In the
turned around sense, a decreased locomotion could be
responsible for the tendency to a weaker anxiolytic-like
effect after 500 fmol ADPfS in comparison with 50 fmol. An
attenuated locomotor response could be a result of a
predominant activation of presynaptic dopamine D2 auto-
receptors in the nucleus accumbens or the striatum (Hu and
Wang, 1988) after a slightly enhanced dopamine release
induced by the ADP analog. Another explanation could be a
P2 receptor-mediated glutamate release in the same area
(Kriigel et al, 2001b), which is known to reduce locomotor
activity (Schmidt and Kretschmer, 1997). The high potency
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of ADPSS to produce anxiolytic-like effects agrees with
various in vitro studies that documented the high affinity of
ADPfS to bind to rat brain P2Y; receptors (Vohringer et al,
2000). It seems unlikely that P2Y,, P2Y,, or P2Y, receptors
are involved in the ADPf}S response for the tested doses.

Pretreatment with the P2 receptor antagonist PPADS
abolished the ADPfS-induced effects. The anxiogenic-like
effects of PPADS alone suggest that an endogenous ATP
acting at P2 receptors is involved in the regulation of
anxiety and fear. PPADS is a nonselective P2 receptor
antagonist. In addition to the blockade of various P2X
receptors, PPADS also acts as an effective antagonist at the
P2Y, receptor, whereas it is completely ineffective at the
P2Y,; receptor (Communi et al, 1999). PPADS does not
recognize P2Y, receptors up to a concentration of 30 uM
and is also a relatively ineffective antagonist at the uridine
nucleotide-sensitive P2Y, and P2Y¢ receptors (Charlton et
al, 1996; Bogdanov et al, 1998; Dol-Gleizes et al, 1999).
PPADS also fails to block P2Y;, receptor-mediated effects
(Nicholas, 2001). It has been shown that only P2Y receptors
coupled to phospholipase C, but not those negatively
coupled to adenylate cyclase, were inhibited by PPADS
(Boyer et al, 1994). In this view, the anxiolytic-like effect of
ADPfSS appears to be mediated by an activation of
phospholipase C, leading to the production of inositol-
1,4,5-trisphosphate (IP;) and to the mobilization of
intracellular Ca®* resulting in the stimulation of a variety
of signaling Eathways such as protein kinase C, phospho-
lipase A, Ca®*-dependent K'-channels as well as NOS and
subsequent NO formation.

It is thought that neither cell death (Chan and Lin-Shiau,
2001) nor unspecific effects of PPADS such as the inhibition
of ectonucleotidase activity (Windscheif et al, 1995) or the
inhibition of IPs;-induced Ca®** mobilization by a nonspe-
cific mechanism (Vigne et al, 1996) contribute to the
PPADS-mediated effects at the tested dose. Furthermore, it
should be emphasized that in contrast to the P2 receptor
antagonists suramin and reactive blue 2 no direct glutamate
antagonistic properties were found for PPADS (Fréhlich et
al, 1996; Motin and Bennett 1995; Gu et al, 1998). The
anxiolytic-like effects of ADPfS were also abolished after
pretreatment with MRS 2179, which acts as a specific P2Y;
receptor antagonist (Boyer et al, 1998). MRS 2179 alone
produced anxiogenic-like effects similar to those caused by
PPADS, suggesting that the blockade of P2Y; receptors is
mainly involved in mediating the PPADS-induced anxiety.

No effects were observed after i.c.v. administration of
o,fmeATP up to doses of 5 nmol. This ATP analog, which is
resistant to enzymatic degradation (Kennedy and Leff
1995), acts on homomeric P2X; and P2X; receptors as well
as on heteromeric P2X,/P2X; receptors, but it is known to
be inactive at P2Y receptors (Ralevic and Burnstock, 1998;
Norenberg and Illes, 2000). In this view, an involvement of
P2X receptors on the regulation of anxiety appears unlikely,
although it cannot be completely excluded.

The unspecific NOS inhibitor L-NAME produced dose-
dependent anxiogenic-like effects. These results conform
with studies of Vale et al (1998) after intraperitoneal (i.p.)
injection of L-NAME. Anxiogenic-like effects after the
inhibition of NOS were also reported by other authors.
For example, the NOS inhibitor .-NOARG decreased the
exploration of an elevated plus-maze system (De Oliveira et
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Figure 8 Confocal images of double immunofluorescence of the P2Y | receptor subtype and nNOS on cells in different brain regions of the rat under
normal conditions. (a—c) Dorsomedial hypothalamus (DMH), (d—f) dorsomedial hypothalamus (greater magnification), (g—i) basomedial amygdala (BMA),
(1) hippocampus (CAj region). By color coding Cy3 labelling appears as green (P2Y, receptor), whereas immunoreactivity for Cy2 is red (nNOS). Scale

bar: (a—c): 50 um; (d-1): 20 um.

al, 1997) and was able to antagonize the anxiolytic-like
effects of NO (Caton et al, 1994) as well as of chlordiazep-
oxide (Quock and Nguyen, 1992). Anxiogenic-like effects
were also reported after intra-amygdala or intra-hippocam-

pal injection of .-NOARG (Monzon et al, 2001). On the one
hand, eNOS-deficient mice showed an increase in anxiety-
related behavior in the plus-maze in comparison with the
wild-type controls (Frisch et al, 2000). On the other hand,
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anxiolytic-like effects of .-NAME have been reported in the
rat elevated plus-maze after i.p. injections (Volke et al,
1995) as well as after administration into the periaqueductal
gray area (Guimaraes et al, 1994). However, in both studies
the anxiolytic-like response occurred only in a small dose
range at lower doses, whereas at higher doses anxiogenic-
like effects became apparent. In the present study, a weak
but significant anxiolytic effect of r-arginine alone was
observed, whereas other authors failed to show any
anxiolytic effects of L-arginine on the elevated plus-maze
(Yildiz et al, 2000, Volke et al, 1997). Possible reasons for
these incompatible findings may consist in a different basal
tonus of fear in the animals used and in different
application routes.

The discussion of inconsistent results from studies using
the elevated plus-maze had also to consider that there are
different stages of the elevated plus-maze behavior. At first,
a stimulation of anxiety-like behavior may result in a
facilitated passive avoidance response. The animals remain
in the enclosed arms. A more potent stimulation of anxiety-
like behavior may result in a situation in which the animal
is motivated to search for an escape route from the maze
(Kalynchuk et al, 1998). In the present study, the increased
anxiety-like behavior after .-NAME as well as after PPADS
and MRS 2179 administration resulted in a stimulation of
passive avoidance (animals remained in the enclosed arms)
without stimulation of the escape behavior.

To avoid the cardiovascular effects of L-NAME, the
compound was administered into the lateral ventricle (Rees
et al, 1990). It has been shown that the i.c.v. administration
of L-NAME did not cause any alteration of blood pressure
and heart rate (Hamada et al, 1995; Chikada et al, 2000).
Considering the distribution properties of NOS inhibitors
after application into the lateral ventricle (Greenberg et al,
1997; Salter et al, 1995), only regions in close proximity to
the ventricle such as the thalamus, the hypothalamus or the
striatum are possible targets for mediating the anxiogenic-
like effects after L-NAME application.

Although the nNOS is the predominant isoenzyme of NOS
in the neuronal tissue, a contribution of eNOS or iNOS to
the 1-NAME-evoked effects cannot be excluded. The
selective nNOS inhibitor 7-nitroindazole is not an alter-
native to L-NAME in this respect, because of its monoamine
oxidase (MAO)-B inhibitory effects (Castagnoli et al, 1997;
Royland et al, 1999). MAO inhibitors were shown to have
anxiolytic-like properties in the elevated plus-maze (Griebel
et al, 1998).

Pretreatment with the NOS inhibitor 1-NAME not only
led to an expression of enhanced anxiety, but also
completely abolished the anxiolytic-like effects of ADPfS,
suggesting that these effects are in close relation to
enhanced NO formation. Considering the assumption that
NOS is stimulated by an increase of intracellular Ca*", -
NAME acts downstream to the P2 receptor-mediated effects.
In fact, ADPSS did not attenuate the L-NAME-induced
anxiety.

The influence of the pretreatment with r- and p-arginine
on the PPADS-mediated effect was also investigated in this
study. When PPADS pretreated rats obtained r-arginine, the
anxiogenic-like influence of PPADS on the elevated plus-
maze behavior was abolished, while by the treatment with p-
arginine the PPADS-mediated effect remained unchanged.
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In summary, the results of these experiments demonstrate
that NO is involved in mediating the behavioral effects of
P2Y, receptor stimulation. Confirming this possibility, the
blockade of the P2 receptors by PPADS may lead to a
decrease of the NO release, an effect that is synergistic with
the action of NOS inhibitors. Further evidence for a close
relationship between P2 receptors and NO production is
given by a study of Liu et al (2000), which shows that
pretreatment of astrocytes with P2 receptor antagonists
including PPADS results in a down regulation of inter-
leukin-1f-stimulated NOS expression.

The present immunohistochemical data show a distribu-
tion of the P2Y, receptors in the rat brain, which agrees well
with that observed in human brain (Moore et al, 2000).
From CNS areas known to be involved in the regulation of
anxiety and fear, the highest density of P2Y;-IR was found
in the area of the dorsomedial hypothalamus. Moreover, a
considerable part of the neurons in this hypothalamic
nucleus showed a coexpression of P2Y, receptor- and
nNOS-IR. The dorsomedial hypothalamus is associated with
various physiological functions such as the regulation of
anxiety and the modulation of food intake (Vanhatalo and
Soinila, 1998; Shekhar and Keim, 1997). For example, the
blockade of GABA, receptors in the dorsomedial hypotha-
lamus increases corticosterone and ACTH plasma levels
(Keim and Shekhar, 1996), whereas lesion of this nucleus
causes anxiolytic-like effects (Inglefield et al, 1994). In the
present study, immunohistochemical staining has demon-
strated that P2Y, receptors and nNOS are colocalized in a
population of neurons in the dorsomedial hypothalamus.
Therefore, it is conceivable that this area is at least one
possible site of action participating in the P2Y, receptor-
mediated effects on fear and anxiety. This assumption is
supported by preliminary experiments with infusion of
ADPfS (50 fmol) directly into the dorsomedial hypothala-
mus. The ADPfS-treated animals showed a significant
decrease in anxiety, but no changes in locomotor activity (H
Kittner, unpublished observation).

An inhibition of the dorsomedial hypothalamus after
stimulation of P2Y; receptors may be mediated by an
activation of the NO-cyclic GMP pathway, followed by an
opening of ATP-sensitive K™ channels. P2Y;- and nNOS-IR
was found to a lesser extent in the basomedial amygdala and
the dorsal hippocampus.

Although only a small number of neurons showing P2Y;-
and nNOS-IR was found in the basolateral amygdala and the
periaqueductal gray, we cannot reliably exclude an involve-
ment of these structures in the elevated plus-maze behavior.
It has been shown that NO release, for example, only from
few non-noradrenergic neurons in the locus coeruleus may
influence a large population of noradrenergic neurons,
which in turn may control the neuronal activity in various
brain regions (Xu et al, 1998). Nevertheless, it seems
unlikely that the basomedial amygdala and the dorsal
hippocampus considerably participate in the ADPfS-
induced anxiolytic-like response because the basomedial
amygdala is mainly involved in mediating feeding and social
behavior as well as emotion-related learning (Petrovich et
al, 1996). The dorsal hippocampus does not seem to play an
important role in controlling the behavior during the first
exposure to the plus-maze system (Treit and Menard 1997;
File et al, 1998, 2000).



In conclusion, the results of the present study reveal that
P2Y, receptors are involved in the modulation of anxiety.
The anxiolytic-like effects after stimulation of the P2Y,
receptor seem to be in close relationship with the ensuing
formation of NO.

ACKNOWLEDGEMENTS

We gratefully acknowledge the excellent technical assistance
of Mrs M Noack, Mrs K Krause and Mrs M Henschke.
Furthermore, we thank J Grosche (Department of Neuro-
physiology, Paul-Flechsig-Institute of Brain Research, Uni-
versity of Leipzig) for performing the confocal laser
scanning microscopy and D Moore (Department of
Neurobiology, The Babraham Institute, Cambridge and
SmithKline Beecham Pharmaceuticals, UK) for the P2Y,
receptor antibody. This work was supported by the
Deutsche Forschungsgemeinschaft (KI 677/2-2) and by the
Interdisciplinary Centre for Clinical Research at the
University of Leipzig, Project Z10).

REFERENCES

Alderton WK, Cooper CE, Knowles RG (2001). Nitric oxide
synthases: structure, function and inhibition. Biochem ] 357:
593-615.

Bogdanov YD, Wildman SS, Clements MP, King BF, Burnstock G
(1998). Molecular cloning and characterization of rat P2Y4
nucleotide receptor. Br | Pharmacol 124: 428-430.

Boyer JL, Mohanram A, Camaioni E, Jacobson KA, Harden TK
(1998). Competitive and selective antagonism of P2Y, receptors
by N°-methyl 2'-deoxyadenosine 3',5'-bisphosphate. Br J Phar-
macol 124: 1-3.

Boyer JL, Zohn IE, Jacobson KA, Harden TK (1994). Differential
effects of P2-purinoceptor antagonists on phospholipase C- and
adenylyl cyclase-coupled P2Y-purinoceptors. Br J Pharmacol
113: 614-620.

Biirnstock G (2001). Purine-mediated signalling in pain and
visceral perception. Trends Pharmacol Sci 22: 182-188.

Castagnoli K, Palmer S, Anderson A, Bueters T, Castagnoli Jr N
(1997). The neuronal nitric oxide synthase inhibitor 7-nitroin-
dazole also inhibits the monoamine oxidase-B-catalyzed oxida-
tion of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Chem Res
Toxicol 10: 364-368.

Caton PW, Tousman SA, Quock RM (1994). Involvement of nitric
oxide in nitrous oxide anxiolysis in the elevated plus-maze.
Pharmacol Biochem Behav 48: 689-692.

Chan CF, Lin-Shiau SY (2001). Suramin prevents cerebellar
granule cell-death induced by dequalinium. Neurochem Int 38:
135-143.

Charlton SJ, Brown CA, Weisman GA, Turner JT, Erb L, Boarder
MR (1996). PPADS and suramin as antagonists at cloned P2Y-
and P2U-purinoceptors. Br | Pharmacol 118: 704-710.

Chikada N, Imaki T, Seki T, Harada S, Nakajima K, Yoshimoto T et
al (2000). Distribution of c-fos mRNA in the brain following
intracerebroventricular injection of nitric oxide (NO)-releasing
compounds: possible role of NO in central cardiovascular
regulation. | Neuroendocrinol 12: 1112-1123.

Communi D, Robaye B, Boeynaems JM (1999). Pharmacological
characterization of the human P2Y,; receptor. Br J Pharmacol
128: 1199-1206.

Dawson GR, Crawford SP, Collinson N, Iversen SD, Tricklebank
MD (1995). Evidence that the anxiolytic-like effects of chlor-
diazepoxide on the elevated plus maze are confounded by

P2Y, receptors and anxiolytic-like effects
H Kittner et al

0g

increases in locomotor activity. Psychopharmacology (Berl) 118:
316-323.

De Oliveira CL, Del Bel EA, Guimaraes FS (1997). Effects of
L-NOARG on plus-maze performance in rats. Pharmacol
Biochem Behav 56: 55-59.

Dol-Gleizes F, Mares AM, Savi P, Herbert JM (1999). Relaxant
effect of 2-methyl-thio-adenosine diphosphate on rat thoracic
aorta: effect of clopidogrel. Eur ] Pharmacol 367: 247-253.

File SE (1991). The biological basis of anxiety. In: Meltzer, Y,
Nerozzi, D (eds). Current Practices and Future Developments in
the Pharmacotherapy of Mental Disorders. Excerpta Medica:
Amsterdam. pp 159-166.

File SE, Gonzalez LE, Andrews N (1998). Endogenous acetylcholine
in the dorsal hippocampus reduces anxiety through actions on
nicotinic and muscarinicl receptors. Behav Neurosci 112: 352-
359.

File SE, Kenny PJ, Cheeta S (2000). The role of the dorsal
hippocampal serotonergic and cholinergic systems in the
modulation of anxiety. Pharmacol Biochem Behav 66: 65-72.

Franke H, Kriigel U, Schmidt R, Grosche J, Reichenbach A, Illes P
(2001). P2 receptor involved in astrogliosis in vivo. Br ]
Pharmacol 134: 1180-1189.

Frisch C, Dere E, Silva MA, Godecke A, Schrader J, Huston JP
(2000). Superior water maze performance and increase in fear-
related behavior in the endothelial nitric oxide synthase-
deficient mouse together with monoamine changes in cerebel-
lum and ventral striatum. J Neurosci 20: 6694-6700.

Frohlich R, Boehm S, Illes P (1996). Pharmacological characteriza-
tion of P2 purinoceptor types in rat locus coeruleus neurons. Eur
J Pharmacol 315: 255-261.

Greenberg JH, Hamada J, Rysman K (1997). Distribution
of N(omega)-nitro-r-arginine following topical and intra-
cerebroventricular administration in the rat. Neurosci Lett 229:
1-4.

Griebel G, Curet O, Perrault G, Sanger DJ (1998). Behavioral effects
of phenelzine in an experimental model for screening anxiolytic
and anti-panic drugs: correlation with changes in monoamine-
oxidase activity and monoamine levels. Neuropharmacology 37:
927-935.

Gu JG, Bardoni R, Magherini PC, MacDermott AB (1998). Effects of
the P2-purinoceptor antagonists suramin and pyridoxal-phos-
phate-6-azophenyl-2,4’-disulfonic acid on glutamatergic synap-
tic transmission in rat dorsal horn neurons of the spinal cord.
Neurosci Lett 253: 167-170.

Guimaraes FS, de Aguiar JC, Del Bel EA, Ballejo G (1994).
Anxiolytic effect of nitric oxide synthase inhibitors microin-
jected into the dorsal central grey. Neuroreport 5: 1929-1932.

Hamada J, Greenberg JH, Croul S, Dawson TM, Reivich M (1995).
Effects of central inhibition of nitric oxide synthase on focal
cerebral ischemia in rats. J Cereb Blood Flow Metab 15: 779-786.

Handley SL, Mithani S (1984). Effects of alpha-adrenoceptor
agonists and antagonists in a maze-exploration model of 'fear’-
motivated behaviour. Naunyn-Schmiedebergs Arch Pharmacol
327: 1-5.

Hu XT, Wang RY (1988). Disinhibition of nucleus acc-
umbens neurons by the dopamine D2 receptor agonist
LY 141865: prevented by 6-OHDA pretreatment. Brain Res 444:
389-393.

Inglefield JR, Schwarzkopf SB, Kellogg CK (1994). Alterations
in behavioral responses to stressors following excitotoxin
lesions of dorsomedial hypothalamic regions. Brain Res 633:
151-161.

Kalynchuk LE, Pinel JP, Treit D, Barnes SJ, McEachern JC, Kippin
TE (1998). Persistence of the interictal emotionality produced by
long-term amygdala kindling in rats. Neuroscience 85: 1311-
1319.

Keim SR, Shekhar A (1996). The effects of GABAA receptor
blockade in the dorsomedial hypothalamic nucleus on cortico-

Neuropsychopharmacology

443



P2Y, receptors and anxiolytic-like effects
H Kittner et al

444

trophin (ACTH) and corticosterone secretion in male rats. Brain
Res 739: 46-51.

Kennedy C, Leff P (1995). How should P2X purinoceptors
be classified pharmacologically? Trends Pharmacol Sci 16:
168-174.

Kittner H, Kriigel U, Illes P (1997). 2-Methylthio ATP (2-MeSATP)
enhances dopaminergic mechanisms in the mesolimbic meso-
cortical system of the rat: an in vivo study. Naunyn-Schmiede-
bergs Arch Pharmacol 356(Suppl. 1), R52.

Kittner H, Kriigel U, Illes P (2001). The purinergic P2 receptor
antagonist  pyridoxalphosphate-6-azophenyl-2'4'-disulphonic
acid prevents both the acute locomotor effects of amphetamine
and the behavioural sensitization caused by repeated ampheta-
mine injections in rats. Neuroscience 102: 241-243.

Kriigel U, Kittner H, Franke H, Illes P (2001a). Stimulation of P2
receptors in the ventral tegmental area enhances dopaminergic
mechanisms in vivo. Neuropharmacology 40: 1084-1093.

Kriigel U, Regenthal R, Kittner H, Illes P (2001b). P2 receptor
stimulation facilitates glutamate release in the nucleus accum-
bens. In: Elsner, N, Kreutzberg, GW (ed.). G. Thieme Verlag,
Stuttgart. p 64.

Liu JS, John GR, Sikora A, Lee SC, Brosnan CF (2000). Modulation
of interleukin-1f and tumor necrosis factor alpha signaling by
P2 purinergic receptors in human fetal astrocytes. ] Neurosci 20:
5292-5299.

Malmsjé M, Erlinge D, Hogestatt ED, Zygmunt PM (1999).
Endothelial P2Y receptors induce hyperpolarisation of vascular
smooth muscle by release of endothelium-derived hyperpolaris-
ing factor. Eur | Pharmacol 364: 169-173.

Monzon ME, Varas MM, De Barioglio SR (2001). Anxiogenesis
induced by nitric oxide synthase inhibition and anxiolytic effect
of melanin-concentrating hormone (MCH) in rat brain. Peptides
22: 1043-1047.

Moore D, Chambers J, Waldvogel H, Faull R, Emson P (2000).
Regional and cellular distribution of the P2Y;, purinergic
receptor in the human brain: striking neuronal localisation. J
Comp Neurol 421: 374-384.

Motin L, Bennett MR (1995). Effect of P2-purinoceptor antagonists
on glutamatergic transmission in the rat hippocampus. Br J
Pharmacol 115: 1276-1280.

Nicholas RA (2001). Identification of the P2Y;, receptor: a novel
member of the P2Y family of receptors activated by extracellular
nucleotides. Mol Pharmacol 60: 416-420.

Norenberg W, Illes P (2000). Neuronal P2X receptors: localisation
and functional properties. Naunyn-Schmiedebergs Arch Pharma-
col 362: 324-339.

Paxinos G, Watson CH (1986). The Rat Brain in Stereotaxic
Coordinates. Academic Press: New York.

Pellow S, Chopin P, File SE, Briley M (1985). Validation of
open: closed arm entries in an elevated plus-maze as a measure
of anxiety in the rat. ] Neurosci Methods 14: 149-167.

Petrovich GD, Risold PY, Swanson LW (1996). Organization of
projections from the basomedial nucleus of the amygdala: a
PHAL study in the rat. J] Comp Neurol 374: 387-420.

Quock RM, Nguyen E (1992). Possible involvement of nitric oxide
in chlordiazepoxide-induced anxiolysis in mice. Life Sci 51:
PL255-PL260.

Ralevic V, Burnstock G (1998). Receptors for purines and
pyrimidines. Pharmacol Rev 50: 413-492.

Rees DD, Palmer RM, Schulz R, Hodson HF, Moncada S
(1990). Characterization of three inhibitors of endothelial
nitric oxide synthase in vitro and in vivo. Br | Pharmacol 101:
746-752.

Neuropsychopharmacology

Reiser G (1995). Ca(2+)- and nitric oxide-dependent stimulation of
cyclic GMP synthesis in neuronal cell line induced by P2-
purinergic/pyrimidinergic receptor. ] Neurochem 64: 61-68.

Royland JE, Delfani K, Langston JW, Janson AM, Di Monte DA
(1999). 7-Nitroindazole prevents 1-methyl-4-phenyl-1,2,3, 6-
tetrahydropyridine-induced ATP loss in the mouse striatum.
Brain Res 839: 41-48.

Rump LC, Oberhauser V, von Kiigelgen I (1998). Purinoceptors
mediate renal vasodilation by nitric oxide dependent and
independent mechanisms. Kidney Int 54: 473-481.

Salter M, Duffy C, Garthwaite ], Strijbos PJ (1995). Substantial
regional and hemispheric differences in brain nitric oxide
synthase (NOS) inhibition following intracerebroventricular
administration of N omega-nitro-r-arginine (1-NA) and its
methyl ester (.-NAME). Neuropharmacology 34: 639-649.

Schmidt WJ, Kretschmer BD (1997). Behavioural pharmacology of
glutamate receptors in the basal ganglia. Neurosci Biobehav 21:
381-392.

Shekhar A, Keim SR (1997). The circumventricular organs form a
potential neural pathway for lactate sensitivity: implications for
panic disorder. ] Neurosci 17: 9726-9735.

Treit D, Menard ] (1997). Dissociations among the anxiolytic
effects of septal, hippocampal, and amygdaloid lesions. Behav
Neurosci 111: 653-658.

Vale AL, Green S, Montgomery AM, Shafi S (1998). The nitric
oxide synthesis inhibitor L-NAME produces anxiogenic-like
effects in the rat elevated plus-maze test, but not in the social
interaction test. J Psychopharmacol 12: 268-272.

Vanhatalo S, Soinila S (1998). Serotonin is not synthesized, but
specifically transported in the neurons of the hypothalamic
dorsomedial nucleus. Eur | Neurosci 10: 1930-1935.

Vigne P, Pacaud P, Urbach V, Feolde E, Breittmayer JP, Frelin C
(1996). The effect of PPADS as an antagonist of inositol (1,4,5)
trisphosphate induced intracellular calcium mobilization. Br |
Pharmacol 119: 360-364.

Vohringer C, Schifer R, Reiser G (2000). A chimeric rat brain P2Y,
receptor tagged with green-fluorescent protein: high-affinity
ligand recognition of adenosine diphosphates and triphosphates
and selectivity identical to that of the wild-type receptor.
Biochem Pharmacol 59: 791-800.

Volke V, Koks S, Vasar E, Bourin M, Bradwejn J, Mannisto PT
(1995). Inhibition of nitric oxide synthase causes anxiolytic-like
behaviour in an elevated plus-maze. Neuroreport 6: 1413-1416.

Volke V, Soosaar A, Koks S, Bourin M, Mannisto PT, Vasar E
(1997). 7-Nitroindazole, a nitric oxide synthase inhibitor, has
anxiolytic-like properties in exploratory models of anxiety.
Psychopharmacology (Berl) 131: 399-405.

Windscheif U, Pfaff O, Ziganshin AU, Hoyle CH, Baumert HG,
Mutschler E et al (1995). Inhibitory action of PPADS on relaxant
responses to adenine nucleotides or electrical field stimulation in
guinea-pig taenia coli and rat duodenum. Br J Pharmacol 115:
1509-1517.

Xu ZQ, de Vente J, Steinbusch H, Grillner S, Hokfelt T (1998). The
NO-cGMP pathway in the rat locus coeruleus: electrophysiolo-
gical, immunohistochemical and in situ hybridization studies.
Eur ] Neurosci 10: 3508-3516.

Yildiz F, Ulak G, Erden BF, Gacar N (2000). Anxiolytic-like effects
of 7-nitroindazole in the rat plus-maze test. Pharmacol Biochem
Behav 65: 199-202.

YouJ, Johnson TD, Childres WF, Bryan Jr RM (1997). Endothelial-
mediated dilations of rat middle cerebral arteries by ATP and
ADP. Am ] Physiol 273: H1472-H1477.



	Stimulation of P2Y1 Receptors Causes Anxiolytic-like Effects in the Rat Elevated Plus-maze: Implications for the Involvement of P2Y1 Receptor-Mediated Nitric Oxide Production
	INTRODUCTION
	MATERIALS AND METHODS
	Animals
	Drugs
	Surgery and i.c.v. Injections
	Elevated Plus-Maze
	Double Immunofluorescence
	Confocal Microscopy
	Statistics

	RESULTS
	Influence of ADPβS on the Rat Elevated Plus-Maze Behavior
	Influence of α,βmeATP on the Rat Elevated Plus-Maze Behavior
	Influence of L-NAME on the Rat Elevated Plus-Maze Behavior
	Influence of the Pretreatment with L-NAME on the Anxiolytic-Like Effect of ADPβS
	Influence of the Pretreatment with L- or D-Arginine on the Anxiogenic-Like Effect of PPADS
	Immunohistochemistry

	DISCUSSION
	Acknowledgements
	References


