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Differential role of the nitric oxide pathway on A%-THC-
induced central nervous system effects in the mouse
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Abstract

This study investigated whether the nitric oxide pathway was involved in the central effects of A°-tetrahydrocannabinol (A°-THC),
the major psychoactive constituent of cannabis sativa. Body temperature, nociception and locomotion were measured in neuronal
nitric oxide synthase (NNOS) knock-out (KO) mice and wild-type (WT) controls after intraperitoneal application of A>-THC. These
A®-THC-induced effects are known to be mediated through the brain-type cannabinoid receptor 1 (CB1). Therefore, in situ
hybridization (ISH) experiments were performed in the adult murine brain to determine possible changes in CB1 mRNA levels in
nNOS-KO, compared with WT mice, and to reveal brain areas where CB1 and nNOS were coexpressed in the same neurons.
We found that an intraperitoneal injection of 10 mg/kg AS-THC led to the same increase in the hot plate latencies in both
genotypes, suggesting that A°-THC-mediated antinociception does not involve nNOS. In contrast, a significant A°-THC-induced
decrease of body temperature and locomotor activity was only observed in WT, but not in nNOS-KO mice. ISH revealed
significantly lower levels of CB1 mRNA in the ventromedial hypothalamus (VMH) and the caudate putamen (Cpu) of the nNOS-
KO animals, compared with WT mice. Both areas are known to be among the regions involved in cannabinoid-induced
thermoregulation and decrease of locomotion. A numerical evaluation of nNOS/CB1 coexpression showed that approximately half
of the nNOS-positive cells in the dorsolateral Cpu also express low levels of CB1. ISH of adjacent serial sections with CB1 and
nNOS, revealed expression of both transcripts in VMH, suggesting that numerous nNOS-positive cells of VMH coexpress CB1.

Our findings indicate that the nitric oxide pathway is involved in some, but not all of the central effects of A>-THC.

Introduction

A’-tetrahydrocannabinol (A°-THC), the major psychoactive constitu-
ent of cannabis sativa, exhibits a variety of central effects including
hypothermia, antinociception and changes of locomotor activity
(Pertwee, 1997; Felder & Glass, 1998; Ameri, 1999). A°-THC is
known to act on CB1 and CB2 receptors, two subtypes of G-protein-
coupled cannabinoid receptors. CB1 is mainly distributed in the
central nervous system and CB2 in the lymphoid organs (Pertwee,
1997). CB1 mediates A’-THC-induced hotplate analgesia, hypother-
mia and decrease of locomotor activity. These effects of A°-THC
cannot be induced in CB1 receptor knock-out mice (Ledent et al.,
1999; Zimmer et al., 1999), or in animals pretreated with the selective
CBI1 receptor antagonist SR141716A (Lichtman & Martin, 1997;
Welch et al., 1998).

Results of recent studies imply that the cannabinoid system is
likely to interact with several neurotransmitter systems such as the
GABAergic, dopaminergic, opioidergic and glutamatergic system
(Bidaut-Russell & Howlett, 1991; Herkenham et al., 1991; Pertwee &
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Wickens, 1991; Glass & Felder, 1997; Hampson et al., 1998; Ameri,
1999; Manzanares et al., 1999; Piomelli et al., 2000). These systems
are also strongly linked to the nitric oxide (NO) pathway (Bredt &
Snyder, 1994; Herman et al., 1995; East er al., 1996; Liu, 1996;
Jayakumar et al., 1999; Contestabile 2000). NO is produced
intracellularly by three isoforms of nitric oxide synthase (NOS): the
endothelial (eNOS), inducible (iNOS) and neuronal NOS (nNOS)
(Garthwaite & Boulton, 1995; Huang & Lo, 1998; Contestabile,
2000) with the latter being the focus of the present investigation.
nNOS is a calcium/calmodulin-dependent enzyme which was first
found in neurons (Bredt & Snyder, 1994). NO is considered to
participate in a variety of physiological and pathological processes
such as neuronal plasticity and neurotoxicity (Dawson et al., 1998).
In addition, NO is known to be involved in the effects of several
centrally acting anaesthetic and analgesic drugs (Ferreira et al., 1991;
Johns et al., 1992; Tonner et al., 1997).

Various in vitro studies suggest a link between cannabinoid
signalling through cannabinoid receptors and the NO pathway. The
potent CB1 agonist CP-55,940 is able to decrease the release of NO
from endotoxin/cytokine-activated rat microglial cells (Waksman
et al., 1999). In addition, several CB1 agonists were shown to inhibit
K*-induced activation of NOS from primary cerebellar cultures
whereas the cannabinoids had no effect on basal NOS activity
(Hillard et al., 1999). However, most of the in vivo studies analysing
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the interaction of the NO pathway and the cannabinoid system have
been inconclusive so far (Thorat & Bhargava, 1994; Spina er al.,
1998).

In this study, we used a genetic approach to further characterize the
functional link between A’-THC and the neuronal NO pathway.
Nociception, body temperature, and locomotion were measured, both
in neuronal nitric oxide synthase (nNOS) knock-out (KO; Huang
et al., 1993), and wild-type (WT) control mice after intraperitoneal
application of the drug. In addition, we investigated possible changes
in CB1 mRNA levels in nNOS-KO, as compared with WT mice, as
well as coexpression of CB1 and nNOS using in situ hybridization.

Materials and methods

Animals

Homozygous males with a deficiency in the nNOS gene (KO), and
wild-type male control mice (WT) were used for the study. Targeted
disruption of the nNOS gene is described in Huang et al. (1993). The
genetic background consisted of a combination of the strains 129/Sv
and C57BL/6J, with a predominance of C57BL/6J, as mutants were
backcrossed for three generations into C57BL/6J and then inter-
crossed to obtain experimental animals. As it is known that male
nNOS-KO mice show a markedly increased aggressive behaviour
(Nelson et al., 1995), all animals were housed individually in the
same temperature and humidity-controlled room with a 12 : 12-h
light : dark cycle (light from 0700 to 1900), and with access to food
and water ad libitum. At the time of investigation, the animals were
9-10 weeks-old and had a body weight of 21-26 g. All animals were
drug-naive and were injected only once with A’~THC or vehicle. All
behavioural experiments were performed between 9 : 00 a.m. and
1:00 p.m. All behavioural and molecular investigations were
evaluated with the investigator blind to treatment and mouse
genotype. The experimental protocols were approved by the Ethical
Committee on the Use and Care of Animals (Government of Bavaria,
Germany).

Drugs and chemicals

A°-THC (Sigma, Deisenhofen, Germany) was purchased as a 100-mg/
mL (w/v) solution in 100% ethanol. Immediately before injection, A°-
THC was diluted 1: 100 in 45% B-hydroxy-cyclodextrin (RBI/
Sigma, Deisenhofen, Germany), and stirred for 10 min at 37 °C. As a
vehicle control, 45% [B-hydroxy-cyclodextrin containing 1% ethanol
was used. All drugs were administered intraperitoneally (i.p.) with an
injection volume of 10 mL/kg body weight. For behavioural tests, 10
mice of each genotype received A’-THC or vehicle. In a pilot study
carried out on C57BL/6] mice, using various doses of AQ-THC,
10 mg/kg A°-THC was found to be the lowest dose leading to clear
analgesic and hypothermic effects.

A%-THC-induced effects in vivo

In both genotypes, antinociceptive effects of A>THC were measured
using a hot-plate analgesia meter (Bachofer, Reutlingen, Germany) at
30, 60 and 90 min after injection of the drug or the vehicle. The plate
was heated to 55 + 0.5 °C and the time taken for mice to first show
signs of discomfort (licking or flinching of the paws or jumping on
the plate) was recorded. A cut-off time of 60 s was set to prevent
tissue damage. A°-THC—induced hypothermia was determined using
an infrared thermometer (C-1600, Linear Laboratories, Fremont,
California, USA), which was placed between the forepaws at a
distance of exactly 3 cm. Body temperature was recorded immedi-
ately before, as well as 60 and 120 min after injection of drug or

vehicle. Spontaneous locomotor activity was assessed by an auto-
mated open field system (box size 32 X 32 cm; illumination of 40—
60 lux, MOTION, TSE GmbH, Bad Homburg, Germany). Fifteen
minutes after injection of A°-THC or vehicle, the animals were
individually open-field tested for 30 min. The cumulative horizontal
distance the animals moved within the box was recorded.

In situ hybridization was used to reveal possible differences in CB1
mRNA levels between the two genotypes. Six untreated mice of each
genotype, which had the same age and weight as those tested in
behavioural experiments, were used for in situ hybridization experi-
ments (using a *°S-labelled riboprobe) performed according to
Marsicano & Lutz (1999). After hybridization and stringency washes,
the slide-mounted sections were apposed to autoradiographic films
(Kodak Biomax MR film, Integra Biosciences GmbH, Fernwald,
Germany) for 11 h. Developed films were illuminated with a light
box and sections were scanned as grey scale images with 256 grey
values using a computer-assisted video camera. Mean densities of
the regions of interest were measured using Object-Image 1.62
(N. Vischer, University of Amsterdam, the Netherlands) for
Macintosh with a value of zero reflecting white, and 255 reflecting
black.

For colocalization of CB1 and nNOS, double in sifu hybridization
experiments were performed according to Marsicano & Lutz (1999).
The nNOS template was obtained by a reverse transcriptase-
polymerase chain reaction (RT-PCR) using the 5" primer 5-CCT
GGT GGA GAT TAA CAT TGC-3’ and the 3’ primer 5’-CTG GTA
CTG CAA CTC CTG ATT-3'. The amplification product was
1197 bp and spanned positions 1985-3182 of Genbank accession
number NM008712. The PCR product was cloned in pBluescript KS™
(Stratagene, CA, USA) and the clone was confirmed by sequencing.
Sense and antisense riboprobes were obtained as described in
Marsicano & Lutz (1999), linearizing the plasmid with the restriction
enzyme BamHI and EcoRlI, respectively, and using T3and T7RNA
polymerase to obtain >S-labelled riboprobes. CBland nNOS sense
probes gave no detectable signals.

Statistical analysis

Hot plate analgesia and temperature were first analysed using analysis
of variance (ANOVA) with repeated measures, and the genotypes and
therapy as between-subject-factors. In case of significant interactions,
univariate F-tests were performed in order to evaluate significant
differences at the respective time points. Univariate analysis of
variance was used for statistical evaluation of the open field
observations. Results of in situ hybridization of the different brain
regions were evaluated using multivariate analysis of variance. In all
cases, a P-value <0.05 was considered as statistically significant. All
results are shown as mean and standard error of the mean (SEM) of
the absolute values. As the WT mice showed a lower basal activity in
the open field system than the KO mice, A’-THC-induced changes in
locomotor activity were evaluated and expressed as a percentage of
the mean activity of the vehicle-treated group for each genotype.

Results

A°-THC-induced effects in vivo

The effect of A>THC on nociceptive responses to acute pain were
assessed by using the hot plate test, which is considered to involve
mainly supraspinal mechanisms of the nociceptive system. As shown
in Table 1, hot plate latencies after injection of the vehicle did not
differ between the mutant mice and the wild-type controls. Acute
intraperitoneal application of 10 mg/kg A’-THC exerted significant
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TABLE 1. Effect of 10 mg/kg A>-THC (i.p.) on hot plate latencies, body temperature and locomotor activity in nNOS KO and wild-type control mice

Wild-type mice (WT)

Knock-out mice (KO)

Vehicle-group

A°-THC-group

Vehicle-group A°-THC-group

Hot plate latencies (s)

30 min 15.6 = 1.1 223 * 2.2% 14.1 = 0.9 235 = 1.8*

60 min 164 = 1.8 30.5 = 3.9* 20.6 = 1.7 26.6 £ 2.7*

90 min 19.1 £ 19 253 £32 19.0 = 2.3 28.6 = 1.6*%
Body temperature (°C)

basal 31.1 £0.2 312 £ 0.2 309 £ 0.1 30.8 £ 0.2

60 min 315 =02 30.6 = 04 31.7 £ 0.2 312 =03

120 min 320 £ 0.1 30.0 = 0.4* 313 0.2 309 =03
Open field activity (%) 100 = 27 42,5 * 16.8* 100 = 144 82.5 £ 109

Note the similar A>-THC-induced antinociceptive responses in both genotypes in contrast to the lack of A>-THC-induced hypothermia, and decrease of locomotor
activity in the KO in comparison to the WT animals (n = 10 per group). Hot plate test and body temperature data are taken at the indicated time point after
injections and are shown as mean = SEM; *P < 0.05 vs. vehicle. Data of locomotion are expressed as percentage of the moved distance/30 min of the respective

vehicle-treated animals; *P < 0.05 vs. vehicle.

antinociceptive effects, as measured by an increase of hot plate
latencies in both the KO and the WT mice. Significant effects of A’-
THC on latency were observed at all three time points analysed
(Univariate F-tests, P-value <0.05), but there were no differences in
the antinociceptive reactions to A°-THC between the genotypes.
(Wilks multivariate test of significance; effect of treatment:
F534 =9.505, P <0.0001; influence of genotype: F534 =0.151,
P =0.928).

Measurement of body temperature (Table 1) also revealed no
differences in basal values between the genotypes (Wilks multivariate
test of significance; influence of genotype: F, 34 = 0.750; P = 0.480).
However, in contrast to the analgesic effects, a significant A>-THC-
induced hypothermia was only observed in the WT mice (Wilks
multivariate test of significance; effect of treatment: F,34 = 5.87,
P <0.01; effect of type X treatment: F,34 = 3.407, P <0.05).
Locomotor activity was assessed by open field observations. This
test revealed a significantly higher activity of the vehicle-treated KO
mice compared to the vehicle-treated WT controls (Univariate test of
significance, P < 0.01, data not shown). The A°-THC-induced
changes in locomotion were, therefore, evaluated separately in each
genotype and expressed as a percentage of the mean distance moved
by the respective vehicle-treated group. The results in Table 1 show
that injection of 10 mg/kg A°-THC led to a decrease of movement in
both genotypes, but this reduction reached significance only in the
WT animals (Univariate test of significance, P < 0.05).

Cannabinoid receptor CB1 mRNA expression

Levels of CB1 mRNA were determined using in situ hybridization,
and included those brain areas which are proposed to be involved in
mediating the respective cannabinoid-induced effects (Breivogel &
Childers, 1998; Martin & Lichtman, 1998; Ameri, 1999).
Periaqueductal grey, dorsal raphe, ventroposterolateral thalamus
and amygdala were investigated regarding antinociceptive effects.
The median preoptic area and ventromedial hypothalamus were
evaluated in respect to hypothermia. Caudate putamen, globus
pallidus and substantia nigra were analysed regarding locomotor
activity. Statistical analysis revealed a significant interaction between
the genotype and the mean density values reflecting CB1 mRNA
levels (Wilks multivariate test of significance; effect of genotype:
Fg, =12371.84, P <0.01). A subsequent detailed analysis of the
particular areas showed that there were significantly lower levels of

TABLE 2. Cannabinoid CB; receptor mRNA expression

Area Wild-type mice Knock-out mice
Periaqueductal grey 63.2 £ 55 632 74
Dorsal raphe 38.9 £ 6.5 383 =47
Ventroposterolateral thalamus 10.2 = 3.2 84 24
Amygdala 144.1 = 6.7 128 £ 6
Median preoptic area 107 = 10.7 101 £ 17.8
Ventromedial hypothalamus 151.2 = 10.3 114.8 £ 239 *
Caudate putamen 201 = 8.9 182 = 8.7 *
Globus pallidus 213 £ 3.6 18.0 x 1.4
Substantia nigra 13.8 £ 1.2 15414

Density values of the regions of interest reflecting CB1 mRNA levels in nNOS
knock-out (KO) and wild-type (WT) control mice. Evaluation was made on
the autoradiographic films. Data are shown as mean = SEM; *P < 0.05
between the two genotypes.

CB1 mRNA in the ventromedial hypothalamus, and the caudate
putamen of the KO, in comparison to the WT mice (P < 0.05). No
significant differences between the two genotypes were observed in
either of the other regions (Table 2 and Fig. 1).

Analysis of CB1/nNOS coexpression

A double in situ hybridization study was carried out on forebrain
tissue of wild-type animals to describe the expression of nNOS and
CBI at a single cell level. The murine forebrain contains cells that
express both high and low levels of CB1 mRNA (Matsuda et al.,
1993; Pettit et al., 1998; Tsou et al., 1998; Marsicano & Lutz, 1999).
While cortical areas possess both high and low CB1-expressing cells,
subcortical regions contain mostly low CB1-expressing cells that are
usually densely packed. Cortical areas, such as the hippocampus
(Fig. 2A), neocortex (Fig. 2B), entorhinal cortex or basolateral
amygdala (data not shown) display a very low extent of coexpression
of CB1 with nNOS. Only principal cells in CA1 and CA3 regions of
the hippocampus (Fig. 2A), and a few cells in the basolateral
amygdala (data not shown), express low levels of CB1 together with
low levels of nNOS mRNA. Due to the low levels of CB1 expression
and, thus, to the diffuse appearance of the signals in subcortical areas,
we were not always able to determine single CB1-expressing cells
with the same high precision as in the cortical regions. However, in
the dorsolateral caudate putamen, one of the two regions showing
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altered levels of CB1 mRNA expression in the KO compared to the In the striatum, nNOS is present in scattered cells containing
WT controls, an indicative evaluation of coexpression was possible. generally high levels of mRNA. In comparison, CB1 is expressed at

PAG
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VMH
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low and uniform levels in the majority of medium-spiny neurons of
the dorsolateral caudate putamen (Marsicano & Lutz, 1999). An
approximate numerical evaluation of nNOS/CB1 coexpressing cells
revealed that about 50% of nNOS-positive cells also express low
levels of CB1 mRNA (Fig. 2C). Due to the low levels of both CB1
and nNOS mRNA in the ventromedial hypothalamus, it was not
possible to evaluate numerically the coexpression in this area using
the double in situ technique. However, parallel sections, hybridized
either with radioactive riboprobes for CB1 or nNOS, revealed a
similar pattern of expression in this brain area (Fig. 3). This
observation allowed us to conclude that, in the murine ventromedial
hypothalamus, nNOS-expressing cells also contain CB1 mRNA at a
rather high percentage.

Discussion

The aim of the present study was to investigate whether the nitric
oxide pathway is involved in A°~THC induced analgesia, thermo-
regulation and changes of locomotion. The effects of A>-THC were
examined in mice with targeted disruption of the nNOS gene, in
comparison to their wild-type controls. Unexpectedly, in the mutant
animals, A°-THC still evoked analgesia, whereas the typical effects
on body temperature and locomotion were lacking. The ventromedial
hypothalamus and the caudate putamen of the nNOS KO animals
showed significantly lower levels of CB1 mRNA. In addition, in these
two areas, which are involved in A>~THC—induced thermoregulation
and locomotion, respectively, numerous neurons coexpressed CB1
and nNOS mRNA.

Antinociceptive effects

A°-THC reduces the Ca”* influx triggered by the activation of NMDA
receptors in rat brain slices (Hampson et al., 1998). A blocking effect
on glutamatergic transmission provides the most simple explanation
for the antinociceptive action of A’>-THC (Zieglginsberger & Télle,
1993; Télle et al., 1996). Current research suggests that the Ca”*
influx, following activation of NMDA receptors, triggers the NO
production in the postsynaptic neuron (Garthwaite, 1991). An
unaltered antinociceptive response to A’-THC in these two different
genotypes is therefore quite unexpected. Several studies indicate that
A°-THC-induced antinociception involves the noradrenergic and the
opioidergic system. Both apparently do not play such a prominent
role in other central effects of A’~THC. The antinociceptive effects of
intravenously applied A’-THC are blocked by intrathecally applied

FIG. 2. Bright-field micrograph of coronal sections from a wild-type murine
brain showing examples of coexpression of CBI1 (red staining) with nNOS
(silver grains), as detected by double ISH in wild-type (WT) mice. All
sections were counterstained with toluidine blue. (A) CA3 area of the
hippocampus, showing coexpression only in the principal cell layer. (B)
Double staining for CB1 and nNOS in the neocortex. Almost no
coexpression is observed. (C) Dorsal caudate putamen. Note the scattered
distribution of nNOS-positive cells and the diffuse staining of CBI1. A
certain fraction of nNOS-expressing cells also contain CB1 transcripts.
Filled arrows, CBl-expressing cells; open arrows, nNOS-expressing cells;
arrowheads, cells coexpressing CB1 and nNOS mRNAs. Scale bars, 20 um.

FiG. 1. Reversed dark-field micrograph of coronal sections showing examples of CBI mRNA levels in different brain areas of nNOS knock-out (KO) in
comparison to wild-type (WT) animals. (A and A’) Periaqueductal grey and dorsal raphe. (B and B’) Median preoptic area. (C and C’) Ventromedial
hypothalamus. (D and D’) Dorsolateral caudate putamen. Note the lower expression of CB1 in VMH and Cpu of nNOS-KO. Abbreviations: 3 V, third
ventricle; Aq, aqueductus; Cpu, caudate putamen; DR, dorsal raphe; MPA, median preoptic area; PAG, periaqueductal grey (DM, dorsomedial; VL,
ventrolateral); VMH, ventromedial hypothalamus. Scale bars, 100 pm.
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FiG. 3. Dark-field micrograph of parallel coronal sections from a wild-type mouse showing the expression of nNOS (A) and CB1 (B) in the ventromedial
hypothalamus. Note the similar distribution pattern of the two transcripts. Abbreviations: 3 V, third ventricle; VMH, ventromedial hypothalamus. Scale bars,

100 pm.

o-noradrenergic antagonists and kappa opioid antagonist. Both
failed to antagonize the cataleptic or hypothermic effects of A>-THC
(Lichtman & Martin, 1991; Martin & Lichtman, 1998). Our present
results also suggest that A’ THC—induced antinociception involves
transmitter systems different from the glutamatergic NMDA/NO
signalling cascade.

Effects on thermoregulation and locomotion

Conflicting results have been reported concerning the role of the NO
pathway in thermoregulation and locomotion (Calignano et al., 1993;
Gourine, 1995; Sandi et al., 1995; Scammell et al., 1996; Johansson
et al., 1997; Simon, 1998). The present study indicates that nNOS is
required for A’-THC-induced decrease of body temperature and
locomotor activity. Moreover, we found that CB1 and nNOS are
coexpressed in the striatum and the VMH. Recent results show that
dopamine D,-like receptors, which are also present in the striatum
and VMH (Weiner et al., 1991), possess a permissive role in
hypothermia induced by A’-THC (Nava et al., 2000). In the latter
report, coadministration of D, antagonists completely abolished the
hypothermic effects of A>-THC, suggesting that costimulation of CB1
and D,-like receptors is necessary for the hypothermic effects of A’-
THC. CB1 and D, receptors are also colocalized in the dorsolateral
caudate putamen (H. Hermann, G. Marsicano & B. Lutz, unpublished
results), and it was shown that their costimulation increases the level
of cAMP in striatal neurons (Glass & Felder, 1997). It remains to be
shown whether such an increase in cAMP, which in turn stimulates
NO production (Inada et al., 1998), could finally exert the
hypothermic and, possibly, also the locomotor effects of A°-THC.
This interpretation of our results, however, appears to be inconsistent
with the report of Thorat & Bhargava (1994). These authors found
that pretreatment of mice with the NOS inhibitor NG-monomethyl-L-
arginine (L-NMMA) neither changed the analgesic nor the hypother-
mic effects of A-THC. An incomplete block of NO production by the
pretreatment with L-NMMA could explain this discrepancy.
However, it is also feasible to assume that a disruption of the
nNOS gene could lead to more profound alterations in signalling
pathways that cannot be achieved by a pharmacological treatment
with an nNOS inhibitor. In line with this assumption, is our
observation that the disruption of the nNOS gene decreased the

CB1 receptor mRNA levels in the striatum and the ventromedial
hypothalamus in the mutant mice.

Therefore, the changes in CB1 expression could also explain the
decreased effects of A>-THC in locomotion and thermoregulation in
the transgenic animals. Anandamide, the principal endogenous ligand
of CB1 (Di Marzo et al., 1998), is rapidly taken up by a high affinity
transporter which can be activated by NO (Maccarrone et al., 1998,
2000). A lack of NO may, thus, increase the extracellular concen-
tration of the endogenous CB1 ligand due to a decreased re-uptake.
There is evidence that high levels of extracellular cannabinoids
downregulate CB1 expression in selected areas such as the caudate
putamen and VMH (Zhuang et al., 1998; Corchero et al., 1999;
Gonzalez et al., 1999). Such decreased levels of CB1 would explain
the reduced responsiveness to A’-THC observed in the present study.

In conclusion, our behavioural and molecular findings indicate that
the NO signalling pathway is involved in A’-THC-induced hypo-
thermia and locomotion but plays a negligible role in A°-THC-
induced antinociception.
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reaction; SEM, standard error of the mean; AQ—THC, Ag—tetrahydrocannabinol;
VMH, ventromedial hypothalamus; w/v, weight per volume; WT, wild-type.

References

Ameri, A. (1999) The effects of cannabinoids on the brain. Prog. Neurobiol.,
58, 315-348.

Bidaut-Russell, M. & Howlett, A.C. (1991) Cannabinoid receptor-regulated
cyclic AMP accumulation in the rat striatum. J. Neurochem., 57,
1769-1773.

Bredt, D.S. & Snyder, S.H. (1994) Nitric oxide: a physiologic messenger
molecule. Annu. Rev. Biochem., 63, 175-195.

Breivogel, C.S. & Childers, S.R. (1998) The functional neuroanatomy of brain
cannabinoid receptors. Neurobiol. Dis., 5, 417-431.

Calignano, A., Persico, P., Mancuso, F. & Sorrentino, L. (1993) Endogenous
nitric oxide modulates morphine-induced changes in locomotion and food
intake in mice. Eur. J. Pharmacol., 231, 415-419.

Contestabile, A. (2000) Roles of NMDA receptor activity and nitric oxide
production in brain development. Brain Res. Rev., 32, 476-509.

Corchero, J., Romero, J., Berrendero, F., Fernandez-Ruiz, J., Ramos, J.A.,
Fuentes, J.A. & Manzanares, J. (1999) Time-dependent differences of
repeated administration with Delta’-tetrahydrocannabinol in proenkephalin
and cannabinoid receptor gene expression and G-protein activation by mu-
opioid and CB1-cannabinoid receptors in the caudate-putamen. Brain Res.
Mol. Brain Res., 67, 148-157.

Dawson, T.M., Sasaki, M., Gonzalez-Zulueta, M. & Dawson, V.L. (1998)
Regulation of nitric oxide synthase and identification of novel nitric oxide
signaling pathways. Prog. Brain Res., 118, 3—12.

Di Marzo, V., Melck, D., Bisogno, T. & Petrocellis, L.
Endocannabinoids: endogenous cannabinoid receptor
neuromodulatory action. Trends Neurosci., 21, 521-528.

East, S.J., Parry-Jones, A. & Brotchie, J.M. (1996) Ionotropic glutamate
receptors and nitric oxide synthesis in the rat striatum. Neuroreport, 8,
71-75.

Felder, C.C. & Glass, M. (1998) Cannabinoid receptors and their endogenous
agonists. Annu. Rev. Pharmacol. Toxicol., 38, 179-200.

Ferreira, S.H., Duarte, I.D. & Lorenzetti, B.B. (1991) The molecular
mechanism of action of peripheral morphine analgesia: stimulation of the
cGMP system via nitric oxide release. Eur. J. Pharmacol., 201, 121-122.

Garthwaite, J. (1991) Glutamate, nitric oxide and cell-cell signalling in the
nervous system. Trends Neurosci., 14, 60-67.

Garthwaite, J. & Boulton, C.L. (1995) Nitric oxide signalling in the central
nervous system. Ann. Rev. Physiol., 57, 683-706.

Glass, M. & Felder, C.C. (1997) Concurrent stimulation of cannabinoid CB1
and dopamine D2 receptors augments cAMP stimulation in striatal neurons:
evidence for a Gy linkage to the CB1 recptor. J. Neurosci., 17, 5327-5333.

Gonzalez, S., Manzanares, J., Berrendero, F., Wenger, T., Corchero, J.,
Bisogno, T., Romero, J., Fuentes, J.A., Di Marzo, V., Ramos, J.A. &
Fernandez-Ruiz, J. (1999) Identification of endocannabinoids and
cannabinoid CB (1) receptor mRNA in the pituitary gland.
Neuroendocrinology, 70, 137-145.

Gourine, A.V. (1995) Pharmacological evidence that nitric oxide can act as an
endogenous antipyretic factor in endotoxin-induced fever in rabbits. Gen.
Pharmacol., 26, 835-841.

Hampson, A.J., Bornheim, L.M., Scanziani, M., Yost, C.S., Gray, T., Hansen,
B.M., Leonoudakis, D.J. & Bickler, P.E. (1998) Dual effects of anandamide
on NMDA receptor-mediated responses and neurotransmission. J.
Neurochem., 70, 671-676.

Herkenham, M., Lynn, A.B., de Costa, B.R. & Richfield, E.K. (1991)
Neuronal localization of cannabinoid receptors in basal ganglia of the rat.
Brain Res., 547, 267-274.

Herman, B.H., Vocci, F. & Bridge, P. (1995) The effects of NMDA receptor
antagonists and nitric oxide synthase inhibitors on opioid tolerance and
withdrawal. Medication development issues for opiate addiction.
Neuropsychopharmacology, 13, 269-293.

Hillard, C.J., Muthian, S. & Kearn, C.S. (1999) Effects of CB1 cannabinoid
receptor activation on cerebellar granule cell nitric oxide synthase activity.
FEBS Lett., 459, 277-281.

Huang, P.L., Dawson, T.M., Bredt, D.S., Snyder, S.H. & Fishman, M.C.
(1993) Targeted disruption of the neuronal nitric oxide synthase gene. Cell,
75, 1273-1286.

Huang, P.L. & Lo, E.H. (1998) Genetic analysis of NOS isoforms using nNOS
and eNOS knockout animals. Prog. Brain Res., 118, 13-25.

Inada, H., Shindo, H., Tawata, M. & Onaya, T. (1998) cAMP regulates nitric

(1998)
ligands with

Effects of A>~THC in nNOS-KO mice 567

oxide production and ouabain sensitive Na+, K+-ATPase activity in SH-
SY5Y human neuroblastoma cells. Diabetologia, 41, 1451-1458.

Jayakumar, A.R., Sujatha, R., Paul, V., Asokan, C., Govindasamy, S. &
Jayakumar, R. (1999) Role of nitric oxide on GABA, glutamic acid,
activities of GABA-T and GAD in rat brain cerebral cortex. Brain Res., 837,
229-235.

Johansson, C., Jackson, D.M. & Svensson, L. (1997) Nitric oxide synthase
inhibition blocks phencyclidine-induced behavioural effects on prepulse
inhibition and locomotor activity in the rat. Psychopharmacology, 131,
167-173.

Johns, R.A., Moscicki, J.C. & Di Fazio, C.A. (1992) Nitric oxide synthase
inhibitor dose-dependently and reversibly reduces the threshold for
halothane anesthesia. A role for nitric oxide in mediating consciousness?
Anesthesiology, 77, 779-784.

Ledent, C., Valverde, O., Cossu, G., Petitet, F., Aubert, J.F., Beslot, F.,
Bohme, G.A., Imperato, A., Pedrazzini, T., Roques, B.P., Vassart, G.,
Fratta, W. & Parmentier, M. (1999) Unresponsiveness to cannabinoids and
reduced addictive effects of opiates in CB; receptor knockout mice.
Science, 283, 401-404.

Lichtman, A.H. & Martin, B.R. (1991) Cannabinoid induced antinociception is
mediated by a spinal o2 noradrenergic mechanism. Brain Res., 559,
309-314.

Lichtman, A.H. & Martin, B.R. (1997) The selective cannabinoid antagonist
SR 141716A blocks cannabinoid-induced antinociception in rats.
Pharmacol. Biochem. Behav., 57, 7-12.

Liu, Y. (1996) Nitric oxide influences dopaminergic processes. Adv.
Neuroimmunol., 6, 259-264.

Maccarrone, M., Bari, M., Lorenzon, T., Bisogno, T. & Di Marzo, V. (2000)
Anadamide uptake by human endothelial cells and its regulation by nitric
oxide. J. Biol. Chem., 18, 13484-13492.

Maccarrone, M., van der Stelt, M., Rossi, A., Veldink, G.A., Vliegenthart,
J.F.G. & Finazzi Agro, A. (1998) Anandamide hydrolysis by human cells in
culture and brain. J. Biol. Chem., 273, 32332-32339.

Manzanares, J., Corchero, J., Romero, J., Fernandez-Ruiz, J.J., Ramos, J. A. &
Fuentes, J.A. (1999) Pharmacological and biochemical interactions between
opioids and cannabinoids. Trends Pharmacol. Sci., 20, 287-294.

Marsicano, G. & Lutz, B. (1999) Expression of the cannabinoid receptor CB1
in distinct neuronal subpopulations in the adult mouse forebrain. Eur. J.
Neurosci., 11, 4213-4225.

Martin, B.R. & Lichtman, A.H. (1998) Cannabinoid transmission and pain
perception. Neurobiol. Dis., 5, 447-461.

Matsuda, L.A., Bonner, T.I. & Lolait, S.J. (1993) Localization of cannabinoid
receptor mRNA in rat brain. J. Comp. Neurol., 327, 535-550.

Nava, F., Carta, G. & Gessa, G.L. (2000) Permissive role of dopamine D2
receptors in the hypothermia induced by A’-tetrahydrocannabinol in rats.
Pharmacol. Biochem. Behayv., 66, 183—-187.

Nelson, R.J., Demas, G.E., Huang, P.L., Fishman, M.C., Dawson, T.M. &
Snyder, S.H. (1995) Behavioural abnormalities in male mice lacking
neuronal nitric oxide synthase. Nature, 378, 383-386.

Pertwee, R. (1997) Pharmacology of canabinoid CB1 and CB2 receptors.
Pharmacol. Ther., 74, 129-180.

Pertwee, R.G. & Wickens, A.P. (1991) Enhancement by chlordiazepoxide of
catalepsy induced in rats by intravenous or intrapallidal injections of
enantiomeric cannabinoids. Neuropharmacology, 30, 237-244.

Pettit, D.A., Harrison, M.P., Olson, J.M., Spencer, R.F. & Cabral, G.A. (1998)
Immunohistochemical localization of the neural cannabinoid receptor in rat
brain. J. Neurosci. Res., 51, 391-402.

Piomelli, D., Giuffrida, A., Calignano, A. & Rodriguez De Fonseca, F. (2000)
The endocannabinoid system as a target for therapeutic drugs. Trends
Pharmacol. Sci., 21, 218-224.

Sandi, C., Venero, C. & Guaza, C. (1995) Decreased spontaneous motor
activity and startle response in nitric oxide synthase inhibitor-treated rats.
Eur. J. Pharmacol., 277, 89-97.

Scammell, T.E., Elmquist, J.K. & Saper, C.B. (1996) Inhibition of nitric oxide
synthase produces hypothermia and depresses lipopolysaccharide fever. Am.
J. Physiol., 27, 333-338.

Simon, E. (1998) Nitric oxide as a peripheral and central mediator in
temperature regulation. Amino Acids, 14, 87-93.

Spina, E., Trovati, A., Parolaro, D. & Giagnoni, G. (1998) A role of nitric
oxide in WIN 55,212-2 tolerance in mice. Eur. J. Pharmacol., 343,
157-163.

Thorat, S.N. & Bhargava, H.N. (1994) Effects of NMDA receptor blockade
and nitric oxide synthase inhibition of the acute and chronic actions of A’-
tetrahydrocannabinol in mice. Brain Res., 667, 77-82.

Tolle, T.R., Berthele, A., Schadrack, J. & Zieglginsberger, W. (1996)

© 2001 Federation of European Neuroscience Societies, European Journal of Neuroscience, 13, 561-568



568 S. C. Azad et al.

Involvement of glutamatergic neurotransmission and protein kinase C in
spinal plasticity and the development of chronic pain. Prog. Brain Res., 110,
193-206.

Tonner, P.H., Scholz, J., Lamberz, L., Schlamp, N. & Schulte am Esch, J.
(1997) Inhibition of nitrc oxide synthase decreases anesthetic requirements
of intravenous anesthetics in Xenopus laevis. Anesthesiology, 87,
1479-1485.

Tsou, K., Brown, S., Sanudo-Pena, M.C., Mackie, K. & Walker, J.M. (1998)
Immunohistochemical distribution of cannabinoid CB1 receptors in the rat
central nervous system. Neuroscience, 83, 393—411.

Waksman, Y., Olson, J.M., Carlisle, S.J. & Cabral, G.A. (1999) The central
cannabinoid receptor (CB1) mediates inhibition of nitric oxide production
by rat microglial cells. J. Pharmacol. Exp. Ther., 288, 1357-1366.

Weiner, D.M., Levey, A.L, Sunahara, R.K., Niznik, H.B., O’Dowd, B.F.,

Seeman, P. & Brann, M.R. (1991) D1 and D2 dopamine receptor mRNA in
rat brain. Proc. Natl Acad. Sci. U S A, 88, 1859-1863.

Welch, S.P., Huffman, JW. & Lowe, J. (1998) Differential blockade of the
antinociceptive effects of centrally administered cannabinoids by SR
141716A. J. Pharmacol. Exp. Ther., 286, 1301-1308.

Zhuang, S., Kittler, J., Grigorenko, E.V., Kirby, M.T., Sim, L.J., Hampson,
R.E., Childers, S.R. & Deadwyler, S.A. (1998) Effects of long-term
exposure to A>-THC on expression of cannabinoid receptor (CB1) mRNA in
different rat brain regions. Brain Res. Mol. Brain Res., 62, 141-149.

Zieglginsberger, W. & Tolle, T.R. (1993) The pharmacology of pain
signalling. Curr. Opin. Neurobiol., 3, 611-618.

Zimmer, A., Zimmer, A.M., Hohmann, A.G., Herkenham, M. & Bonner, T.I.
(1999) Increased mortality, hypoactivity, and hypoalgesia in cannabinoid
CBI1 receptor knockout mice. Proc. Natl Acad. Sci., 96, 5780-5785.

© 2001 Federation of European Neuroscience Societies, European Journal of Neuroscience, 13, 561-568



