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Background and purpose: Previous studies have suggested a regulation of 5-hydroxytryptamine (5-HT) neurons by the
endocannabinoid system. The aim of our work was to examine the effect of two CB, receptor antagonists, SR141716A
(rimonabant,  Sanofi-Synthélabo  Recherche, Montpellier, France) and N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251, Tocris Cookson, Bristol, UK), on the firing rate of dorsal raphe
nucleus (DRN) neurons.

Experimental approach: Single-unit extracellular recordings were performed to study the effect of CB; receptor antagonists
in slices of the DRN from rat brain.

Key results: Rimonabant (1 pM) and AM251 (1 pM) decreased the firing rate of about 50% of all the recorded DRN 5-HT cells.
The GABA, receptor antagonist picrotoxin (20 uM) (Sigma) prevented and also reversed the inhibitory effect of rimonabant
(1 uM) and AM251 (1 uM), suggesting that CB; receptors regulate 5-HT neurons through the GABAergic system. However,
the CB;/CB, receptor agonist R-(+)-[2,3-dihydro-5-methyl-3-[(morpholinyl)-methyl]pyrrolol[1,2,3-de]-1,4-benzoxazinyl]-(1-
naphthalenyl) methanone mesylate salt (10 uM) (WIN55212-2, Sigma, St. Louis, MO, USA) failed to change the firing activity
of non-5-HT (presumably GABAergic) neurons in the DRN. The endocannabinoid N-(2-hydroxyethyl)-57,82,11Z,14Z-
eicosatetraenamide (anandamide, Tocris Cookson) (10 uM) also inhibited the firing activity of a number of 5-HT neurons, but
this inhibition was not blocked by rimonabant (1 uM) or AM251 (1 uM), and the stable analogue R-(+) N-(2-hydroxy-
Tmethylethyl)-57,87,11Z,14Z-eicosatetraenamide (methanandamide, Tocris Cookson) (10 uM) did not mimic this effect. The
selective CB; receptor agonist arachidonoyl-2-chloroethylamide (ACEA) (1 uM) only slightly increased the firing rate of DRN
5-HT cells.

Conclusions and implications: These results suggest a tonic/constitutive regulation of DRN 5-HT neurons by the endocan-
nabinoid system, which may occur through a CB; receptor-mediated inhibition of the GABAergic system. The inhibitory effect
of anandamide may be mediated through a CB, receptor-independent mechanism.
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Introduction protein-coupled cannabinoid receptors and several endog-

enous cannabimimetic lipids. Endocannabinoids are involved

The endocannabinoid system, a pharmacological target for the  in the regulation of common brain functions (nociception,

psychoactive components of marijuana, comprises specific Gy,  cognition, reward and others) and include N-(2-

hydroxyethyl)-5Z,87,11Z,14Z-eicosatetraenamide  (ananda-

] mide) as one of the best characterized compounds (Fride and
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plant-derived and synthetic cannabinoids (Howlett etal.,
2002). CB, receptors are present in the basal ganglia, hippoc-
ampus, cerebellum and cerebral cortex, consistent with the
main behavioural effects of cannabinoids (Tsou et al., 1998).

The dorsal raphe nucleus (DRN) expresses CB, receptors,
their mRNA and the catabolic enzyme for anandamide, fatty
acid amide hydrolase (FAAH) (Martin et al., 1995; Tsou et al.,
1998; Egertova efal., 2003; Hiring etal., 2007). This
nucleus not only constitutes the largest grouping of
5-hydroxytryptamine (5-HT) neurons in the rat brain, but also
contains non-5-HT cells such as GABAergic interneurons
(Pifieyro and Blier, 1999). It has been shown that the CB;/CB,
receptor agonist R-(+)-[2,3-dihydro-5-methyl-3-[(morpholinyl)-
methyl|pyrrolol[1,2,3-de]-1,4-benzoxazinyl]-(1-naphthalenyl)
methanone mesylate salt (WIN55212-2, Sigma, St. Louis, MO,
USA) and the FAAH inhibitor [3-(3-carbamoylphenyl)phenyl]
N-cyclohexylcarbamate (URB597) increase the firing activity
of DRN 5-HT neurons in vivo (Gobbi et al., 2005; Bambico et al.,
2007). Activation of the endocannabinoid system also
increases the expression of c-Fos in the DRN (Murillo-
Rodriguez et al., 2007). Projections arising from the DRN to all
the neuroaxes can regulate various functions altered by can-
nabinoids, such as pain, learning/memory, attention and
rewarding behaviour. In fact, several pharmacological effects of
cannabinoids have been postulated to be linked to the regula-
tion of the DRN. First, cannabinoid administration in the DRN
induces antinociception (Martin et al., 1995) and, conversely,
neuropathic pain increases endocannabinoid levels in the
DRN (Palazzo et al., 2006). Second, raising the endocannab-
inoid tone in the rat elicits anxiolytic- and antidepressant-like
effects through a modulation of the DRN (Gobbi et al., 2005;
Braida et al., 2007). Finally, several studies have demonstrated
that cannabinoids modulate the synthesis, release and turn-
over of 5-HT in the projection areas of the DRN (Nakazi et al.,
2000; Egashira et al., 2002; Tzavara et al., 2003; Moranta et al.,
2004; Sagredo et al., 2006).

Although various effects of cannabinoids on 5-HT neu-
rotransmission have been reported, little direct evidence has
been provided about the endogenous regulation of 5-HT
neurons in the DRN by the endocannabinoid system. There-
fore, the aim of our study was to characterize the effect of
the CB; receptor antagonists SR141716A (rimonabant,
Sanofi-Synthélabo Recherche, Montpellier, France) and
N- (piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-
4-methyl-1H-pyrazole-3-carboxamide (AM251, Tocris Cook-
son, Bristol, UK), and the endocannabinoid anandamide
(Tocris) on the firing activity of DRN 5-HT cells in vitro. For this
purpose, single-unit extracellular recordings of 5-HT and non-
5-HT neurons were performed in the DRN from rat brain slices.

This present work shows that the selective CB, receptor
antagonists rimonabant and AM251 inhibit a proportion of
DRN S5-HT cells by a mechanism that is prevented by the
GABA, receptor antagonist picrotoxin (Sigma).

Methods

Test systems used
Brain slice preparation.  All animal care and experimental pro-
cedures reported in this manuscript were carried out in accor-
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dance with the European Community Council Directive on
‘Protection of Animals Used in Experimental and Other Sci-
entific Purposes’ of 24 November 1986 (86/609/EEC), and all
the efforts were made to minimize animal suffering and to
reduce the number of animals used. Experiments used 202
male Sprague-Dawley (200-300 g) rats. The animals were
housed under standard laboratory conditions (22°C, 12 h
light/dark cycles) with free access to food and water.

The animals were anaesthetized with chloral hydrate
(400 mg-kg' i.p) and then decapitated. The brain was rapidly
removed after death and placed in an ice-cold artificial cere-
brospinal fluid (ACSF) where NaCl was substituted by sucrose
to improve neuronal viability. Coronal brainstem sections of
600 um thickness containing the DRN were cut using a
vibratome and incubated at 33°C in a modified Haas-type
interface chamber continuously superfused with ACSF at a
flow rate of 1.5 mL-min~" (Mendiguren and Pineda, 2007).
The ACSF contained (in mM) NaCl 129, KCI 3, NaH,PO, 1.25,
MgSO, 2, CaCl, 2, NaHCO; 21 and D-glucose 10, and was
equilibrated with 95% O, plus 5% CO, (pH 7.34). A recovery
period of 2 h was allowed before starting electrophysiological
recordings.

Measurements

Extracellular recordings. ~ Single-unit extracellular recordings of
DRN 5-HT neurons were made as previously described (Aghaja-
nian and Lakoski, 1984). The recording electrode, which con-
sisted of an Omegadot glass micropipette WPI, Sarasota, FL,
USA, was pulled and filled with NaCl (0.05 M). The tip was
broken back to a size of 2-5 pm (3-5 MQ). The electrode was
positioned in the DRN, which was identified visually as a dark
area in the ventromedial part of the periaqueductal grey. The
extracellular signal from the electrode was passed through a
high-input impedance amplifier and monitored on an oscillo-
scope and also with an audio unit. Individual neuronal spikes
were isolated from the background noise with a window dis-
criminator, and the firing rate was analysed by means of a
PC-based custom-made programme that generated histogram
bars representing the cumulative number of spikes in consecu-
tive 10 s bins (HFCP®, Cibertec SA, Madrid, Spain).

As the majority of 5-HT neurons in slice preparations is
silent, due to an interruption of the noradrenergic excitatory
input, the o, adrenoceptor agonist phenylephrine (15 uM)
(Research Biochemical International, Madrid, Spain) was
superfused from the beginning of each experiment to drive
the firing activity. DRN 5-HT cells were identified by their
electrophysiological features: a regular discharging pattern, a
slow firing rate and a long-lasting biphasic positive-negative
waveform (2 ms). Non-5-HT neurons were identified by their
electrophysiological properties, such as the fast firing rate, the
irregular pattern of firing and the short-lived spike (<2 ms)
(Aghajanian and Lakoski, 1984; Hajos and Sharp, 1996).
Moreover, pharmacological criteria such as the inhibitory
response to bath application of 5-HT (Sigma) (50-100 uM)
or the S5-HT;x receptor agonist (=*)-8-hydroxy-2-(di-n-
propylamino) tetralin hydrobromide (8-OH-DPAT, Sigma)
(10 nM) were used to confirm the identity of 5-HT cells
(Aghajanian and Lakoski, 1984; Hajos and Sharp, 1996). As
both 5-HT and non-5-HT cells have been recently shown to be



inhibited by 5-HT,s receptor activation (Kirby et al., 2003;
Marinelli et al., 2004), we only considered, as 5-HT neurons,
those cells that fulfilled both electrophysiological and phar-
macological criteria.

Experimental design

To assess the regulation of the DRN by the endocannabinoid
system, we first evaluated the effect of the CB, receptor antago-
nists rimonabant (1 uM) and AM251 (1 uM) on the neuronal
activity of 5-HT cells. To study the involvement of the GABA,
receptor in the effect of rimonabant (1 pM) and AM251 (1 uM)
on DRN S5-HT cells, the GABA, receptor antagonist picrotoxin
(20 uM) was applied in the superfusing solution. To better
explore the role of the endocannabinoid system in the regu-
lation of DRN 5-HT cells, we tested the effect of the endocan-
nabinoid anandamide (10 uM) and its metabolically stable
analogue R-(+) N-(2-hydroxy-1methylethyl)-57,87,11Z,14Z-
eicosatetraenamide (methanandamide, Tocris Cookson)
(10 uM) on the firing activity of DRN 5-HT neurons. To further
analyse the involvement of CB; receptors in this effect, we
superfused the selective CB, receptor agonist arachidonoyl-2-
chloroethylamide (ACEA, Tocris Cookson) (1 uM) and
co-perfused anandamide with the CB; receptor antagonists
rimonabant (1 uM) or AM251 (1 uM). As the DRN is enriched
with local non-5-HT (presumably GABAergic) neurons that
regulate the firing activity of 5-HT neurons (Jolas and Aghaja-
nian, 1997), we also studied the effect of the synthetic CB,/CB,
receptor agonist WINS55212-2 (10 uM) on DRN non-5-HT
neurons. Control assays were carried out with the vehicles at
their maximal concentrations.

Data analysis and statistical procedures

The effect of each cannabinoid administration on the
phenylephrine-driven firing activity was calculated by sub-
tracting the baseline firing rate before drug administration
from the rate value at the time of the peak change (i.e. a
positive value denotes excitation); this value of effect was
then normalized as the percentage of baseline firing rate. To
define the threshold for rate changes to be considered as
‘specific drug responses’, we randomly sampled a number of
DRN 5-HT cells, then applied the vehicles in which drugs were
dissolved [Tocrisolve (Tocris Cookson, Bristol, UK) or dim-
ethyl sulphoxide (DMSO)] and finally calculated the 25th and
the 75th percentile values of the control rate changes.
Changes in the firing rate outside the range of 25th-75th
percentiles of the control group were considered, and the cells
were classified as sensitive (i.e. changes lower than the 25th
percentile value of the control were considered as inhibitions,
whereas those higher than the 75th percentile value were
taken as excitations).

In order to analyse the effect of anandamide on S5-HT-
induced inhibition, concentration-effect curves were con-
structed for 5-HT (1-200 uM) before and after anandamide
(10 uM). Experimental data from each animal were analysed
for the best simple non-linear fit to the logistical three param-
eters equation E = En./{1 + (ECso/A)"}, where E is the effect
(change in the baseline firing rate expressed as percentages)
induced by (A), Ema is the maximum effect, ECs, is the con-
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centration of the drug that produced the 50% of the E,.x, and
n is the slope factor of the concentration-effect curve. ECs
and n were estimated using this analysis, and En.. was fixed to
100% as the maximal inhibition was always reached after
5-HT application.

Data are given as mean = SEM. The firing rates before and
after drug superfusions were compared by the paired Student’s
t-test. Comparisons between data from two independent
groups were carried out by a two-sample (unpaired) Student’s
t-test. To statistically evaluate the sensitivity to cannabinoid
drugs, we compared with control the number of sensitive cells
in each group by the Fischer’s exact test. The computer pro-
grammes GraphPad Prism v. 4.00 (GraphPad Software, San
Diego, CA, USA) and SPSS v. 14.0. for windows (SPSS Inc,
Chicago, IL, USA) were used for statistical evaluation. The
level of significance was considered as P = 0.05.

Materials

ACEA, AM251, anandamide and methanandamide were pur-
chased from Tocris Cookson. Rimonabant was generously
provided by Sanofi-Synthélabo Recherche. Phenylephrine
hydrochloride was obtained from Research Biochemical Inter-
national. 5-HT, WINS55212-2, 8-OH-DPAT and picrotoxin
were purchased from Sigma.

Stock solutions of WIN55212-2, AM251 and rimonabant
were prepared in DMSO, those of ACEA in ethanol, and those
of 5-HT and 8-OH-DPAT in distilled water. Stock solutions
were diluted in ACSF to their final concentration, just before
each application. WIN55212-2 dilutions were made in ACSF
containing 1 g-L! bovine serum albumin to decrease cannab-
inoid adsorption to the superfusion system. The final concen-
trations of DMSO, ethanol and Tocrisolve in the superfusion
fluid were 0.01, 0.01 and 0.07% respectively. Solutions of
methanandamide and anandamide, as provided by Tocris
Cookson (emulsion of Tocrisolve or anhydrous ethanol
5 mg-mL™), were directly added to the ACSF. Picrotoxin and
phenylephrine were also directly dissolved in ACSE.

Results

Effect of the cannabinoid receptor antagonists rimonabant and
AM251 on the firing activity of DRN 5-HT cells

Previous electrophysiological studies have shown that the
FAAH inhibitor URB597 and the CB,/CB, cannabinoid recep-
tor agonist WINS55212-2 stimulate DRN S5-HT cells in vivo
(Gobbi et al., 2005; Bambico et al., 2007). To explore whether
there is a role for the endocannabinoid system in the tonic
regulation of the firing rate of DRN 5-HT cells, we superfused
the selective CB; receptor antagonists rimonabant and
AM251, or the vehicle in which they were dissolved, for at
least 5 min. In 18 recorded cells in which the vehicle was
applied, we observed both excitatory and inhibitory
responses, with a maximal excitation of 49% and a maximal
inhibition of 5%. We used the 25th and 75th percentile values
of the sampled changes caused by the vehicle (-0.5 and 8.5%,
respectively) to establish the limits of the inhibitory and
excitatory effects, respectively, and therefore to discriminate
sensitive from non-sensitive cells (see Table 1 for the averages
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Table 1
5-HT cells

Effects of the CB, receptor antagonists rimonabant and AM251, or the endocannabinoid anandamide on the firing activity of DRN

Inhibitory effect

Excitatory effect

Number of
sensitive/total cells

sensitive cells (%)

Effect in Effect in

sensitive cells (%)

Number of
sensitive/total cells

Antagonists

Vehicle (DMSO 0.01%) 5/18 3.1 £09 5/18 262 7.2

Rimonabant 1 uM 9/21 53.1 = 12.6** 9/21 30.6 = 5.2

AM251 1 uM 6/12 61.7 = 15.1* 5/12 16.6 = 2.4
Endogenous agonists

Vehicle (Tocrisolve 0.07%) 9/34 10.6 = 2.2 9/34 37576

Anandamide 10 uM 24/47% 43.3 = 7.4* 7147 223 £0.7

Data are expressed as mean * SEM of the percentage of inhibition or excitation induced by the drugs or vehicles in sensitive cells (limits: 25th and 75th percentiles

of the vehicle effect).

*P < 0.05, **P < 0.005 compared with the corresponding effect in the vehicle group by the two-sample Student’s t-test.
TP < 0.05 compared with the number of sensitive cells in the vehicle group by the Fischer’s exact test.

5-HT, 5-hydroxytryptamine; AM251,

N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide;

anandamide, N-(2-

hydroxyethyl)-57,87,11Z,14Z-eicosatetraenamide; DMSO, dimethyl sulphoxide; DRN, dorsal raphe nucleus; rimonabant, SR141716A.

of excitation and inhibition in sensitive cells). Superfusion
with rimonabant (1 uM) or AM251 (1 uM) induced an inhibi-
tory response in 43 and 50%, respectively, of all the recorded
DRN 5-HT neurons, and an excitatory effect in 43 and 42% of
DRN 5-HT neurons (1 = 21 and n = 12 respectively). However,
only the inhibitory effects induced by these antagonists were
statistically greater than those caused by the vehicle (rimona-
bant: 53 = 13%, P < 0.005; AM251: 62 = 15%, P < 0.05; vs.
vehicle) (Table 1) (Figure 1A,B,D). DRN 5-HT cells responding
with excitations, inhibitions or without a response did not
differ in their anatomical location within the DRN. However,
administration of the selective CB; receptor agonist ACEA
(1 uM, 10 min) induced a slight increase (11 * 4%) in the
firing rate of DRN 5-HT cells (in the presence of the vehicle,
before ACEA: 1.02 + 0.12 Hz; after ACEA: 1.14 = 0.13 Hz; n =
11; P < 0.05) (Figure 1C). Therefore, these results indicate that
CB,; receptor antagonism reduces the firing activity of a
number of DRN 5-HT cells, whereas CB, receptor activation
only slightly increases the activity of these neurons, which
suggests the existence of a tonic/constitutive excitatory regu-
lation of DRN 5-HT cells by the endocannabinoid system.

Involvement of the GABAergic system in the inhibitory effect of
rimonabant and AM251

GABA has been involved in the inhibitory regulation of 5-HT
cells in the DRN (Jolas and Aghajanian, 1997). Therefore, we
examined the involvement of GABA in rimonabant- and
AM251-induced inhibition by superfusing the GABA, recep-
tor antagonist picrotoxin from the beginning of the experi-
ment. The firing rate of DRN 5-HT cells during picrotoxin
(20 uM) application did not differ from that in the control
(firing rate, control: 1.38 = 0.18 Hz, n = 15; picrotoxin: 1.23 *
0.21 Hz, n = 8). In the presence of picrotoxin (20 uM), bath
application of rimonabant (1 uM) or AM251 (1 uM) decreased
the firing activity in 36 and 23%, respectively, of the recorded
DRN 5-HT cells, although the magnitudes of these responses
were about 80% smaller (inhibition, rimonabant: 10 = 5%,
P <0.05; AM251: 12 = 11%, P < 0.05) than in the absence of
picrotoxin (see above) (Figures 1D,2A,B). Furthermore, picro-
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toxin (20 uM) was able to increase the firing rate of DRN 5-HT
neurons, and thus, restore their initial activity in two cells
that had been previously inhibited by AM251 (1 uM) admin-
istration (1 = 2 cells) (Figure 2C). These results indicate that
the inhibitory effect of these two CB, receptor antagonists is
blocked by GABA, receptor antagonism.

It is known that the DRN is enriched with local GABAergic
neurons that regulate the firing activity of 5-HT neurons (Jolas
and Aghajanian, 1997), and recently, the presence of CB,;
receptors has been reported in non-5-HT cells of the DRN
(Héring et al., 2007). Therefore, we examined the effect of the
CB,/CB; receptor agonist WIN55212-2 on the firing activity of
these cells. As illustrated in Figure 2D, superfusion with
WINS55212-2 (10 uM) for 20 min failed to modify the firing
rate of non-5-HT cells (firing rate, before and after
WINS5212-2: 5.65 += 0.94 Hz and 5.06 = 1.07 Hz, respec-
tively; n = 7; paired Student’s t-test, P = 0.22). These data do
not support a modulation of the firing activity of non-5-HT
(presumably GABAergic) neurons by cannabinoid agonists.

Effect of anandamide and methanandamide on the firing activity
of DRN 5-HT cells

To further explore the role of the endocannabinoid system in
the regulation of the firing activity of DRN 5-HT cells, we
superfused the endocannabinoid anandamide or its vehicle
(Tocrisolve) for 10 min. In these assays, the maximal inhibi-
tion of the firing activity induced by the vehicle was 11 = 2%,
whereas the maximal increase of the firing rate was 38 = 8%
(n = 34). As mentioned above, we used the 25th and 75th
percentile values of the sampled changes by the vehicle (-1.5
and 18.5%, respectively) to set the limits of the inhibitory and
excitatory effects respectively (Table 1). Superfusion with
anandamide (10 uM) reduced the firing rate in 51% of the
recorded 5-HT neurons in the DRN (n=47) (Figure 3A), which
was larger than the number of inhibited cells by the vehicle
(P <0.05) (Table 1). Accordingly, the magnitude of the inhibi-
tory effect induced by anandamide in sensitive cells was
stronger (43 = 7%, P < 0.005) than the effect of its vehicle
(Figure 3A,D) (Table 1). Anandamide increased the firing
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which show the inhibition of the firing activity of these neurons by the CB, receptor antagonists SR141716A (rimonabant) (1 uM) (A) or
N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) (1 uM) (B) and the slight increase
of the 5-HT cell firing activity by the selective CB, receptor agonist arachidonoyl-2-chloroethylamide (ACEA) (1 uM) (C). The vertical lines refer
to the integrated firing rate values (spikes per 10s), and the horizontal lines represent the time scale. Drugs were superfused at the
concentration and for the time indicated by the horizontal bars; ACEA was applied in the continuous presence of the vehicle. (D) Bar histograms
showing the inhibition of the firing activity of sensitive cells (mean = SEM) from slices superfused with the vehicle (n = 5), rimonabant (1 uM)
(n=9), rimonabant (1 uM) + picrotoxin (20 uM) (n =5), AM251 (1 uM) (n = 6) and AM251 (1 uM) + picrotoxin (20 uM) (n = 3). *P < 0.05,
**P < 0.005 compared with the vehicle [dimethyl sulphoxide (DMSO)] group, and P < 0.05 compared with the corresponding value in the
absence of picrotoxin by Student’s t-test. Note that both CB; receptor antagonists decrease the firing activity of DRN 5-HT cells, which is

blocked by picrotoxin.

activity in 15% of all the recorded DRN 5-HT cells, but the
percentage of cells excited and the magnitude of the excita-
tory effect were not different from those in the vehicle group
(Table 1). However, in the continuous presence of rimonabant
(1 uM), anandamide (10 uM) caused an inhibition in 33% of
all the recorded DRN 5-HT cells; paradoxically, this effect was
greater than that in the absence of the antagonist (ananda-
mide inhibition during rimonabant superfusion: 76 = 12%,
n=3; P <0.05) (Figure 3C,D). Likewise, AM251 (1 uM) failed
to modify the number of sensitive cells or the magnitude of
the inhibitory effect of anandamide (10 uM) (data not
shown). In order to further understand the mechanism of the
inhibition induced by anandamide in the DRN, we applied
methanandamide (10 uM), which is a more selective com-
pound for CB, receptors and is metabolically more stable than
anandamide. Superfusion with methanandamide (10 uM) did
not change the firing rate of DRN 5-HT neurons in any of the
recorded cells (before methanandamide: 1.45 *+ 0.15 Hz; after
methanandamide: 1.48 = 0.16 Hz; n = 12) (Figure 3B). Taken
together, these results suggest that anandamide inhibits DRN
5-HT cells by a mechanism other than interaction with CB;
receptors.

It has been shown that anandamide potentiates certain
5-HT;, receptor-mediated effects of 5-HT (Boger et al., 1998).

Therefore, we explored the possible regulation of 5-HT;a
receptors by constructing concentration-effect curves for
5-HT (1-200 uM) in the absence and in the presence of anan-
damide (10 uM). As expected, superfusion with several con-
centrations of 5-HT (1-200 uM) inhibited the firing activity of
DRN 5-HT cells in a concentration-dependent manner
(Figure 4A) (Emax = 100%; ECso = 46.4 = 17.2 uM; n = 6). As
shown in Figure 4B, superfusion with anandamide (10 uM)
failed to change the potency (ECs) or the efficacy (Enma) of
5-HT to inhibit DRN 5-HT neurons (in the presence of anan-
damide, Ena.x = 100%; ECso = 36.8 = 14.8 uM; n = 6).

Discussion and conclusions

The present work was carried out to investigate the role of the
endocannabinoid system in the tonic regulation of the firing
activity of DRN neurons. Our results revealed that the selec-
tive CB, receptor antagonists rimonabant and AM251 inhib-
ited a proportion of DRN 5-HT cells by a mechanism that was
prevented and also reversed by the GABA, receptor antagonist
picrotoxin. The study also showed that anandamide inhibited
a number of DRN 5-HT cells. However, this effect was not
prevented by rimonabant or AM251, and methanandamide, a
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Figure 2 (A,B) Representative examples of firing rate recordings from two 5-hydroxytryptamine (5-HT) neurons in the dorsal raphe nucleus
(DRN), which depict the effect of SR141716A (rimonabant) (1 uM) (A) and N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1H-pyrazole-3-carboxamide (AM251) (1 uM) (B) in the presence of picrotoxin (20 uM). Note the lack of effect of both rimonabant and
AM251 on the firing rate of DRN 5-HT cells in the presence of picrotoxin. (C) Representative example of a firing rate recording from a DRN
5-HT neuron, showing that picrotoxin (20 uM) reversed the inhibitory effect induced by AM251 (1 uM). (D) Representative example of a firing
rate recording from a DRN non-5-HT neuron, showing the lack of effect of R-(+)-[2, 3-dihydro-5-methyl-3-[(morpholinyl)-methyl]pyrrolol[1,2,3-
de]-1,4-benzoxazinyl]-(1-naphthalenyl) methanone mesylate salt (WIN55212-2) (10 uM). The vertical lines refer to the integrated firing rate
values (spikes per 10 s), and the horizontal lines represent the time scale. Drugs were bath applied at the concentration and for the time

indicated by the horizontal bars.

more stable CB; selective compound, did not affect the firing
activity of DRN 5-HT cells. The selective CB; receptor agonist
ACEA only slightly increased the firing rate of DRN 5-HT
neurons.

We chose the synthetic CB, receptor antagonists rimona-
bant and AM251 in view of their selectivity and affinity at CB,
receptors (i.e. 150- to 300-fold more selective for CB,; than CB,
receptors) and their ability to block the effects mediated by
CB, receptors in vivo and in vitro (Howlett et al., 2002). In the
present study, we found that rimonabant and AM251 inhib-
ited the firing rate in about a half of all the recorded DRN
5-HT cells. The fact that two separate CB, receptor antagonists

British Journal of Pharmacology (2009) 158 1579-1587

inhibit the firing activity of DRN 5-HT cells argues against the
involvement of non-specific mechanisms such as the block-
ade of voltage-sensitive Na® channels or vanilloid receptor
antagonism (Pertwee, 2005). Moreover, non-CB, receptor
mechanisms have been described to occur in vitro at higher
concentrations than those used in our study (>1 uM) (De
Petrocellis et al., 2001; Liao et al., 2004). Given that the CB,
receptor agonist ACEA slightly increased the firing rate of
DRN 5-HT cells in vitro (see above) and the CB,/CB, receptor
agonist WINS5212-2 stimulates the firing activity of these
neurons in vivo (Bambico et al., 2007), we can speculate that
the inhibitory effect of rimonabant and AM251 on DRN 5-HT
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three sensitive 5-hydroxytryptamine (5-HT) neurons in the dorsal raphe

nucleus (DRN), illustrating the inhibitory effect of N-(2-hydroxyethyl)-57,87,11Z,14Z-eicosatetraenamide (anandamide) (10 uM) (A), the lack
of effect of R-(+) N-(2-hydroxy-1methylethyl)-57,87,11Z,14Z-eicosatetraenamide (methanandamide) (10 uM) (B) and the effect of ananda-
mide (10 uM) in the presence of SR141716A (rimonabant) (1 uM) (C) on the firing activity. The vertical lines refer to the integrated firing rate
values (spikes per 10 s), and the horizontal lines represent the time scale. Drugs were superfused at the concentration and for the time shown
by the horizontal bars. (D) Bar histograms showing the inhibition of the firing activity in sensitive 5-HT cells (mean * SEM) in slices superfused
with the vehicle (n=9), anandamide (10 uM) (n = 24) and anandamide (10 pM) + rimonabant (1 uM) (n = 3). *P < 0.05, **P < 0.005 compared
with the vehicle group by a two-sample (unpaired) Student’s t-test. Note that anandamide decreased the firing activity of DRN 5-HT cells but
methanandamide failed to change this activity (paired Student’s t-test, P = 0.41). The inhibitory effect of anandamide was not blocked by

rimonabant.

cells results from disruption of an excitatory endogenous/
constitutive tonus of CB; cannabinoid receptors on S5-HT
cells.

Cannabinoids regulate GABA and glutamate release in
various brain regions via presynaptic CB, receptors (Howlett
et al., 2002; Szabo and Schlicker, 2005). A major subpopula-
tion of non-5-HT cells in the DRN is GABAergic (Pifieyro and
Blier, 1999), which regulates the firing activity of 5-HT cells
(Jolas and Aghajanian, 1997). A recent in situ hybridization
study has reported the presence of CB; receptor mRNA in
DRN non-5-HT (purportedly GABAergic) cells (Haring et al.,
2007). In our study, superfusion with the GABA, receptor
antagonist picrotoxin prevented the inhibitory effect of
rimonabant and AM251 on DRN 5-HT cells. Moreover, picro-
toxin was able to fully reverse the inhibition of the firing
activity induced by AM251 (1 uM) in DRN S5-HT neurons.
These results suggest that the CB, receptor antagonist-induced
effect may be indirectly mediated by GABA release and GABA,
receptors. However, in our study, the synthetic CB,/CB, recep-
tor agonist WINS55212-2 failed to alter the discharging activity
of non-5-HT (presumably GABAergic) cells. This observation
would not support a direct modulation of GABAergic neurons
by cannabinoids at somatodendritic levels. One possibility
that should be further explored is that cannabinoid antago-
nists inhibit 5-HT neurons by acting at GABAergic terminals,

so that CB; receptor antagonists would relieve the tonic
inhibitory regulation exerted by presynaptic CB, receptors on
GABA release. In agreement, Egashira et al. (2002) have pos-
tulated that CB, receptors affect 5-HT neurotransmission
through regulation of the GABAergic system. However, our
results do not rule out the possibility that somatodendritic
CB1 receptors on GABAergic neurons could be occluded by
high concentrations of endocannabinoids, which would
prevent the effect of WIN55212-2 on these cells. Additionally,
glutamate-related mechanisms may be involved in the stimu-
latory effect of cannabinoids on DRN 5-HT cells in vivo, as
suggested by Bambico ef al. (2007).

One of the best characterized endocannabinoids activating
the CB; receptor in the brain is anandamide (Fride and
Mechoulam, 2003). The DRN has been shown to contain
anandamide and the FAAH, the enzyme responsible for its
degradation (Egertova et al., 2003; Palazzo et al., 2006). In our
experiments, anandamide induced an inhibition of DRN
5-HT cells, although this effect was not dependent upon CB;
receptor activation because rimonabant and AM251 did not
block it. The fact that the metabolically stable CB, receptor
agonist methanandamide (Thakur etal., 2005) failed to
inhibit DRN 5-HT cells further suggests that the inhibitory
effect of anandamide may be mediated by non-CB, receptor
mechanisms (e.g. cationic channels or non-CB,/CB, receptors;
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Figure 4 (A,B) Representative examples of firing rate recordings
from two dorsal raphe nucleus 5-hydroxytryptamine (5-HT) neurons,
which illustrate the inhibitory effect of several concentrations of 5-HT
(1-200 uM) in the absence (A) and in the presence (B) of N-(2-
hydroxyethyl)-57,87,11Z,14Z-eicosatetraenamide (anandamide)
(10 uM). The vertical lines refer to the integrated firing rate values
(spikes per 10 s), and the horizontal lines represent the time scale.
Drugs were superfused at the concentration and for the time indi-
cated by the horizontal bars. Note that anandamide did not change
the inhibitory effect of 5-HT.

Di Marzo et al., 2002; Nicholson et al., 2003) or by a degrada-
tion product (i.e. arachidonic acid or a further metabolite).
Furthermore, the slight effect of ACEA on DRN 5-HT cells seen
in our in vitro study (see above) and the lack of effect of the
CB,/CB; receptor agonist WIN55212-2 previously reported in
slice preparations (Haj-Dahmane and Shen, 2005) point out
that the endocannabinoid system may be maximally acti-
vated in the DRN in vitro. It has been shown that anandamide
potentiates 5-HT;, receptor-mediated effects (Boger etal.,
1998). However, we can rule out a direct enhancement of
5-HTa receptors by anandamide in the DRN as it failed to
change the concentration-effect curves for 5-HT.

In conclusion, the present work demonstrates that the CB;
receptor antagonists rimonabant and AM251 reduce the firing
activity of a proportion of DRN 5-HT cells in vitro through a
mechanism blocked by the GABA, receptor antagonist picro-
toxin. The CB; receptor agonist ACEA only slightly activates
DRN 5-HT neurons. The endocannabinoid anandamide
inhibits the firing activity of DRN 5-HT cells, but this effect is
unlikely to be mediated by CB, receptors or 5-HT,, receptors.
Our data suggest that CB, receptor antagonists may prevent
the tonic/constitutive inhibition of the GABAergic transmis-
sion by an endocannabinoid system, thereby enhancing the
inhibitory control of GABA on 5-HT neurons. The presence of
an endocannabinoid system in the DRN may potentially
explain certain behavioural effects elicited by cannabinoids,
such as hypothermia, analgesia, impairment of memory, cata-
lepsy and anxiety-related responses, which have been all
shown to be mediated by the 5-HT system (Martin et al., 1995;
Malone and Taylor, 2001; Egashira et al., 2002; 2006; Witkin
et al., 2005). However, the endocannabinoid responsible for
the regulation of DRN 5-HT cells remains to be identified.
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Indeed, as rimonabant and AM251 have been shown to be
inverse agonists, we cannot state at the moment whether an
endocannabinoid plays a role in the DRN or, alternatively,
CB, receptors are constitutively active in this nucleus. Finally,
our study does not preclude the possibility that the endocan-
nabinoid system could also modulate in vivo the 5-HT neu-
rotransmission outside the DRN by a local activation of
presynaptic inhibitory CB,; receptors onto 5-HT nerve termi-
nals (Nakazi et al., 2000; Egashira et al., 2002; Moranta et al.,
2004; Sagredo etal.,, 2006) or glutamatergic terminals
(Bambico et al., 2007).
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