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Abstract

Both the serotonergic and endocannabinoid systems modulate frontocortical glutamate release;
thus they are well positioned to participate in the pathogenesis of psychiatric disorders. With the
help of fluorescent and confocal microscopy, we localized the CB; cannabinoid receptor (CB1R)
in VGLUT1- and 2- (i.e. glutamatergic) and serotonin transporter- (i.e. serotonergic) -positive
fibers and nerve terminals in the mouse and rat frontal cortex.

CB1R activation by the synthetic agonists, WIN55212-2 (1 microM) and R-methanandamide (1
microM) inhibited the simultaneously measured evoked Ca2*-dependent release of [14C]glutamate
and [3H]serotonin from frontocortical nerve terminals of Wistar rats, in a fashion sensitive to the
CB1R antagonists, O-2050 (500 nM) and LY 320135 (5 microM). CB1R agonists also inhibited the
evoked release of [14C]glutamate in C57BL/6J mice in a reversible fashion upon washout.

Interestingly, the evoked release of [14C]glutamate and [3H]serotonin was significantly greater in
the CB1R knockout CD-1 mice. Furthermore, CB1R binding revealed similar frontocortical CB1R
density in the rat and the CD-1 mouse. Still, the evoked release of [3H]serotonin was modulated
by neither CB4R agonists nor antagonists in wild-type CD-1 or C57BL/6J mice.

Altogether, this is the first study to demonstrate functional presynaptic CB41Rs in frontocortical
glutamatergic and serotonergic terminals, revealing species differences.
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1. Introduction

The CB; cannabinoid receptor (CB1R) is a presynaptic metabotropic receptor of high
density in the vertebrate CNS. CB1Rs control the growth, maturation and function of both
inhibitory and excitatory neurons and their synapses in the brain (Harkany et al., 2008;
Mackie et al., 2008). In the post-synaptic dendritic compartments apposing these terminals,
the endocannabinoids, anandamide and 2-arachidonoyl-glycerol (2-AG) are released upon
Ca?* entry and/or metabotropic receptor stimulation, and then quickly traverse the synaptic
cleft to activate presynaptic CB;Rs (Harkany et al., 2008; Di Marzo, 2009; Kano et al.,
2009; Haj-Dahmane and Shen, 2011).

The serotonergic system of the brain primarily originates from the raphe nuclei of the brain
stem which give rise to a robust, mostly non-synaptic innervation diffusely throughout the
brain to control a myriad of physiological functions, including synaptic plasticity, through a
large number of distinct metabotropic serotonin receptors (Geyer and Vollenweider, 2008;
Daubert and Condron, 2010).

Neurological and psychiatric disorders are often associated with long-term impairment of
serotonergic and endocannabinoid control of synaptic plasticity in the prefrontal cortex (van
der Stelt and Di Marzo, 2003; Haller et al., 2007; Kofalvi and Fritzsche, 2008; Daubert and
Condron, 2010; Forbes and Grafman, 2010; Ashton and Moore, 2011). This is partially
rationalized by 1) the highly overlapping distribution pattern of the CB, cannabinoid
receptor (CB4R) and serotonin receptors in the brain (Hermann et al., 2002); by 2) that both
neuromodulator systems control glutamatergic neurotransmission in the prefrontal cortex
(Auclair et al., 2000; Andrade, 2011); and by 3) that both serotonin and endocannabinoids
can shape the connections and the maturation of the neocortical circuitry (Harkany et al.,
2008; Daubert and Condron, 2010). Last but not least, exogenous (botanical and fungal)
activators of both neuromodulator systems, i.e. cannabis and LSD, are popular recreational
drugs with profound effects on mood, memory, thought and perception (O’Connor and Roth,
2005) — processes involving the frontal cortex (Forbes and Grafman, 2010) and subject to
persistent impairment in some psychiatric disorders.

Due to the similarities in their many functions, one might expect the serotonergic and the
endocannabinoid systems to efficiently cross-control the activity of each other. Indeed, it has
been found that CB1R activation can influence the excitability of the raphe nuclei by
modulating their excitatory and inhibitory inputs (Andrade, 2011; Haj-Dahmane and Shen,
2011), or — since CB1Rs have been found in the raphe serotonergic neurons (Héaring et al.,
2007) — by direct inhibition of the excitability of these latter neurons (Tzavara et al., 2003).
CB1Rs can even alter the expression and the function of serotonin receptors (Haj-Dahmane
and Shen, 2011), while serotonin receptor activation my induce endocannabinoid release
(Best and Regehr, 2008).

Interestingly, it has been shown that the modulation by cannabinoids of anxiety may be
substantially different between the rat and the mice (Haller et al., 2007). This suggests that
the effect of cannabinoid receptor activation on serotonergic neuromodulation may differ
between the two species.

Altogether, these observations prompt the question if the endocannabinoid system is capable
of presynaptically controlling the serotonergic system in the frontal cortex? In addition, are
there species differences in these interactions?

To answer these, we investigated if CB1Rs are present in serotonin transporter- (SERT-)
positive terminals, using fluorescent and confocal microscopy in the frontal cortex of the rat
and the wild-type and the CB1R knockout mice. We also tested if CB1R activation affects
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stimulation-evoked, Ca2*-dependent serotonin release from frontocortical
synaptoneurosomes of the rat and two mouse strains, to assess 1) ligand selectivity and 2)
putative species differences.

Previously, functional CB1Rs has been reported in frontocortical glutamatergic terminals
(Auclair et al., 2000; Barbara et al., 2003; Lafourcade et al., 2007). Thus, as a positive
control for our immuno- and neurochemical experiments, we proved our assay showing the
presence and functionality of CB4Rs in glutamatergic terminals.

Materials and methods
2.1. Subjects

All studies were conducted in accordance with the principles and procedures outlined in the
EU guidelines (86/609/EEC) and by FELASA, and in accordance with the recommendations
of the NC3Rs Reporting Guidelines Working Group (2010), and were approved by the local
Animal Care Committee of the Institute. Animals were housed in an SPF facility, with 12 h
light on/off cycles and ad libitum access to food and water. Male Wistar rats (180-240 g, 8-
10-week old) and C57BL/6j mice (28-32 g, 8-10-week old) were purchased from Charles-
River (Barcelona, Spain). CB1R null-mutant (knockout) male mice (Ledent et al., 2000 and
their wild-type littermates on CD-1 background were genotyped by tail snips, housed as
detailed above and sacrificed daily in pairs (one WT and one KO), until 16 weeks of age.

2.2. Microscopy sections

Under deep sodium pentobarbital anaesthesia (100 mg/kg body weight, i.p.), male Wistar
rats, CB41R null-mutant mice of the CD-1 strain and their wild-type littermates were
transcardially perfused with fixative (4% paraformaldehyde in 0.1 M phosphate buffer (PB),
pH 7.4). The brains were removed and immersed in the same fixative overnight and then
kept in 30% sucrose in physiological saline (0.9% NaCl) for at least 48 h before sectioning.
Forty micron-thick sections from the mouse brains and 30-m-thick sections from the rat
brains were cut using a Cryostat microtome (Leica) and collected into 0.1 M PBS containing
0.1% sodium azide.

2.3. Immunohistochemistry

Sagittal brain sections containing the frontal cortex of the animals were selected. Whether
rat and mice have a prefrontal cortex and, if yes, what are its borders is contentious (Preuss,
1995; Seamans et al., 2008). Thus, we focused our study on the area identified as frontal
associative cortex in the rat and mouse (Paxinos and Franklin, 1997; Paxinos and Watson,
1998). We will use the term frontal cortex hereafter. Free floating sections were blocked in
10% normal goat serum (Vector Laboratories, CA, USA)/5% BSA/0.3% Triton X-100 for
40 min and incubated overnight in a primary antibody cocktail of L-15 rabbit anti-CB1R
(1:1000; Bodor et al., 2005), and mouse monoclonal [4A2.2] anti-SERT (1:250; Abcam,
UK), or guinea pig polyclonal anti-VGLUTL1 (1:200; Synaptic Systems, Germany), or
guinea pig polyclonal anti-VGLUT2 (1:200; Synaptic Systems). Sections were then washed
in phosphate buffer (PB; 0.1 M) and incubated with a secondary antibody cocktail
containing DyL.ight 594 goat anti-guinea pig or anti-rabbit as well as and DyLight 488 goat
anti-mouse (all at 1:200; Kirkegaard & Perry Laboratories, Inc, USA), for 2 h. After
washing in PB 0.1 M, the sections were mounted and coverslipped using Vectashield
Hardest Mounting Medium (Vector Laboratories). Low magnification images were taken on
a Zeiss Axiovert 200M microscope equipped with AxioVision software and MosaiX
module. Confocal images were taken using a Zeiss LSM510 META confocal microscope.
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2.4. Quality control for CB1R immunoreactivity

Before acquiring high resolution laser scanning images, settings were tested for possible
autofluorescence in a control slice without primary and secondary antibody treatment.
Parameters were set to obtain the representative image seen in Figure S1A of the
Supplemental Material. Next, we observed that slices treated solely with secondary
antibodies (DyLight 488 with DyLight 594) also failed to produce detectable staining
(Figure S1B). In conventional Western blotting, the L-15 antibody recognized a band at ~55
kDa in the RIPA-buffer protein extract from the wild-type but not from the CB4R knockout
mouse cortex (Figure S1C). CB4R staining in the rat and in the wild-type mouse was
virtually the same as with the guinea pig anti-CB;R (1:1000; Frontier Science, Hokkaido,
Japan; licensed by Dr. Masahiko Watanabe) at any resolution tested (Duarte et al., 2011).
No immunostaining was detected in the CB1R knockout mouse brain sections at any
resolution (Figure S1D1).

2.5. Dual-label [3H]serotonin/[}4C]glutamate release assay from frontocortical nerve

terminals

Experiments were carried out as before (Ferreira et al., 2009). The animals were decapitated
under halothane anesthesia, and their brains were quickly removed into ice-cold sucrose
solution (0.32 M, containing 5 mM HEPES, pH 7.4). Two minutes later, frontal cortices
were quickly removed into 2 ml ice-cold sucrose solution, were homogenized instantly with
a Teflon homogenizer, and centrifuged at 5,000 g for 5 min. The supernatant was
centrifuged at 13,000 g for 10 min to obtain the P2 crude synaptosomal fraction.
Synaptosomes were then diluted to 0.5 ml with Krebs’ solution (in mM: NaCl 113, KCI 3,
KH,PO4 1.2, MgS0O,4 1.2, CaCl, 2.5, NaHCO3 25, glucose 10, HEPES 15, pH 7.4, 37°C),
containing reboxetine (30 nM; Tocris Bioscience, UK) and GBR12783 (100 nM; Tocris
Bioscience) to prevent the uptake of [3H]serotonin into noradrenergic and dopaminergic
terminals. All assay medium also contained the MAO-B inhibitor, pargyline (10 M) to
prevent [3H]serotonin degradation, and the glutamate decarboxylase inhibitor,
aminooxyacetic acid (100 M) to prevent [14C]glutamate metabolism. Under these
conditions, synaptosomes were incubated with both hydroxytryptamine 5-[1,2-3H]
creatinine sulfate (American Radiolabeled Chemicals, Inc; Saint Louis, MO 63146 USA;
final concentration, 300 nM) and [14C]-U-glutamate (PerkinElmer, USA; 20 M) for 10
min. A 16-microvolume chamber perfusion setup was filled with the preloaded
synaptosomes which were trapped by layers of Whatman GF/C filters and superfused
continuously at a rate of 0.8 ml/min until the end of the experiment at 37°C. Upon
termination of the 10-min washout, 2-min samples were collected for liquid scintillation
assay, and the filters were also harvested to obtain the total radioactivity content. After
collecting four 2-min samples as baseline, the evoked release of the transmitters was
stimulated once with 4-aminopyridine (4-AP) for 2 min or 3 times with high K* (25 mM, for
1 min) isomolar substitution of NaCl with KCI). Vehicle (0.1% DMSO if agonist was tested
alone and 0.2% DMSO when agonist and antagonist were combined) and drugs were added
4 min before the stimulation. In each experiment, treatments were applied in duplicate (i.e.
eight conditions or treatments in duplicate, each averaged as n = 1). For the single
stimulation experiments with 4-AP, there was an unstimulated vehicle/drug baseline control
that was then subtracted from the results obtained with stimulation to establish the effect of
the stimulation (see Figure 3A,C). In this way we measured pure drug effects on the evoked
release free from both the putative drug/vehicle effect on the baseline and the putative
vehicle effect on the evoked release. In fact, there was neither significant drug/vehicle effect
per se on the baseline or vehicle DMSO effect on the evoked release of either [3H]serotonin
or [14C]glutamate (data not shown). As for the triple high-K* stimulation, we always used
the first peak as an internal control, and the second for testing the drug effect versus the
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vehicle, and the last stimulation was again a control to test if drug effects were persistent or
transient.

When the wild-type (WT) and CB;1R KO mice were tested, one mouse of each strain was
used simultaneously in the same experiment, i.e. 1 WT for 8 of the 16 channels and 1 KO
for the other 8 channels.

The [*4C] and [3H] content of each samples were counted by a dual-label protocol using a
Tricarb B-counter (PerkinElmer), and DPM values were expressed as fractional release (FR
%), 7.e. the percent of actual content in the effluent as a function of the total synaptosomal
content.

2.6. CB1R density measurement in frontocortical membranes of the rat and the CD-1
mouse with [3H]SR141716A binding

Membrane preparation was carried out according to Hartshorne and Catterall (1984), with
slight modifications. Experiments were carried out with membrane preparations obtained
from 4 rats and 4 WT and 4 CB1R KO mice in quintuplicates. CB1R binding with the
selective CB4R antagonist/inverse agonist, [SH]SR141716A (American Radiolabeled
Chemicals) was carried out with slight modifications to our previous protocol (Duarte et al.,
2007). Membrane pellets were resuspended in 2 ml of ice-cold assay solution [Trish/HCI (50
mM), MgCl, (3 mM), CaCl, (1 nM), EDTA (2 mM) and protease inhibitor cocktail (Sigma,
Saint Louis, Missouri, USA), pH = 7.4]. One uniplicate was made from 100 p.I of assay
solution containing AM251 (3 x 1 M) or its vehicle DMSO (3 x 0.1%), plus 100 .l
[3H]SR141716A (3 x 0.955 + 0.086 nM) solution, and 100 p.l of membrane suspension (3 x
0.1 mg protein). Hence, the final concentration of each constituent decreased to 1/3.
Reactions were left at ambient temperature in Eppendorf tubes under agitation for 30 min,
and then the reaction mixture was resuspended in 10 ml ice-cold assay solution in glass
tubes and rapidly vacuum-filtered onto GF/B filters (Whatman, Sigma). Glass tubes were
rinsed onto these filters once again. Filters were then collected into 20 ml scintillation vials,
in 3 ml scintillation liquid, and counts were measured in two consecutive days until reaching
stable DMP values. Protein quantity were determined with the BCA method for the different
samples, and the specific binding values were expressed as fmole/mg protein.

2.7. Chemicals not listed above

WIN55212-2 mesylate and 4-aminopyridine were purchased from AscentScientific (UK).
HEPES, sucrose, aminooxyacetic acid, tetrahydrolipstatin and pargyline were obtained from
Sigma. R-methanandamide, O-2050, GBR12783, LY 320135, and reboxetine mesylate were
bought from Tocris Bioscience, UK. Non-water soluble substances were dissolved or
reconstituted in DMSO (except R-methanandamide which came as an ethanol solution) and
stored at — 20 °C until use.

2.7. Data treatment

All data represent mean + SEM of n = 4 observations (at least 6 animals in the release
experiments and 4 animals for the binding experiment). Statistical significance was
calculated on the raw data using repeated measures ANOVA with Bonferroni’s post-test for
selected groups of data for the release and the binding experiments. Data then was
normalized to everyday controls to visually enhance effect amplitudes. A p < 0.05 was
accepted as significant difference.
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3. Results

3.1. Immunohistochemistry

The intensity of CB1R staining varied across cortical layers of the rat and mice: layers 1l-Ill,
Va and VI stained strongly with the CB1R antisera, intercalated with low (layers IV and Vb)
or no CB4R staining (layer I) (Figure 1A1-C1, mouse, D1 rat). The serotonin transporter
SERT and the vesicular glutamate transporter type-1 (VGLUT1) homogenously stained all
layers of the cortex in the mouse (Figure 1A2,B2) and the rat (figure not shown), while
VGLUT?2 staining was complementary to CB;R-positive layers both in the mouse (Figure
1C2,3) and the rat (Figure 1D2,3), i.e. in layers IV and to a smaller extent, in layer Vb.

At the highest resolution of confocal microscopy, CB1R immunoreactivity revealed fiber-
like and punctate-like structures, i.e. probable axons and nerve terminals. SERT, and
VGLUT1 immunoreactivities, marking putative serotonergic and glutamatergic fibres and
terminals, were found in co-localization with CB1R immunoreactivity (Figures 2A-D) both
in the mouse and the rat. Since VGLUT2-positive glutamatergic terminals have low density
in CB4R-rich fields, only occasional co-localization was detected (figure not shown).

3.2. Functional assays

CB¢R activation decreases presynaptic transmitter release by inhibiting various Ca2*
channels (Twitchell et al., 1997), thus one needs a robust Ca2*-dependent release assay,
such as the 4-AP or the high-K* stimulation-evoked transmitter release assay to reliably
assess CB1R function. To avoid polysynaptic effects and interference with the uptake
systems, a synaptoneurosome preparation allows characterizing presynaptic functional
neuromodulator receptors such as the CB{R (Kd&falvi et al., 2005).

Thus, first we optimized the simultaneously measured 4-AP-evoked [1*C]glutamate (Figure
3A,B) and [3H]serotonin (Figure 3C,D) release from rat frontocortical synaptosomes. We
chose stimulation with 4-AP at the concentration of 300 LM based on the peak amplitude
(Figure 3A,C) and reasonable Ca2*-dependency (Figure 3B,D). Notably, we used 100 nM
Ca?* combined with 10 mM MgCl, instead of the total omission of Ca?* to preserve
membrane integrity and to diminish Na* entry through open voltage-gated CaZ* channels in
the “low calcium” condition.

The synthetic CB4R agonist, WIN55212-2 (1 M) inhibited the evoked release of
[14C]glutamate by 35.0 + 4.7% (n = 8; p < 0.05) and that of [3H]serotonin by 17.4 + 5.3% (n
=8; p < 0.05) (Figure 3B,D). The evoked release of both [14C]glutamate and [3*H]serotonin
was not affected by WIN55212-2 under “low calcium” condition (n = 6, p > 0.05 for both,
Figure 3B,D).

Both the low-potency CB1R inverse agonist, LY320135 (5 M) and the highly potent and
selective neutral CB4R antagonist, O-2050 (1 M) abolished the effect of WIN55212-2 on
the evoked release of [3H]serotonin (Figure 3B). O-2050 in the same experiments also
prevented the inhibitory action of WIN55212-2 on the evoked release of [14C]glutamate
(Figure 3B). However, LY 320135 itself had a 21.8 + 8.2% inhibitory action alone, which is
probably due to its weak muscarinic agonist activity (Felder et al., 1998). Although the
inhibitory action of WIN55212-2 was largely decreased by LY 320135 it still remained
statistically significant versus LY 320135 alone (Figure 3B).

The amplitude of the evoked [**C]glutamate release was 14.6 +7.7 greater (n = 15, p =
0.008) in the CB1R KO mice than in the wild-type (WT of the CD-1 strain) (Figure 3B).
Additionally, WIN55212-2 (1 wM; n = 9) and the metabolically stable endocannabinoid
analogue R-methanandamide (RMAEA; 1 uM; n = 7) inhibited the evoked [14C]glutamate
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release both in the CD-1 and the C57bl/6 WT mice which effect was absent in the CB;R KO
mouse on the CD-1 strain (Figure 3B).

The evoked release of [3H]serotonin was 11.3 = 3.7% (n = 15; p = 0.009) greater in the
CB1R KO mouse. However and to our greatest surprise, neither WIN55212-2 nor RmAEA
inhibited of evoked release of [3H]serotonin in the CD-1 or the C57bl/6 WT mice.

These data brings about several different explanations:

1. CBjRs are tonically negatively coupled to the release of glutamate and serotonin in
the synaptosomes of CD-1 mice, and there is no room for further inhibition by
exogenous ligands on the release of serotonin the mice; and/or

2. stimulation with 4-AP does not recruit CB;R-coupled Ca2* channels in the
serotonergic terminals in the mice; and/or

there is a difference in cortical CB41R density between the rat and the mouse; and/or

4. adevelopmental alteration appears in the CB1R knockout resulting in a generally
increased release probability.

To test the first hypothesis, we measured the evoked release of both neurotransmitters from
the synaptosomes of the C57BL/6J strain under the blockade of the CB1Rs by O-2050 (0.5
M). 0-2050 failed to affect the evoked release of [14C]glutamate (102.4 + 2.7% of CTRL;
n = 6; p = 0.42) and [3H]serotonin (102.2 + 7.5% of CTRL: n = 6; p = 0.78). Similarly, the
other CB4R antagonist LY320135 (5 .M) and the endocannabinoid synthesis inhibitor,
tetrahydrolipstatin (10 uM) both failed to change the evoked release of [14C]glutamate and
[3H]serotonin in the CD-1 WT mice (n = 3, data not shown).

One may assume that the 4-AP stimulation does not activate those Ca* channels in
serotonergic terminals which are coupled to neurotransmitter release in the mice. Thus, we
determined the effect of WIN55212-2 on the transmitter release evoked by the triple high-
K* (25 mM) stimulation in the C57BL/6J. The three stimuli evoked repeatable release of
[14C]glutamate (Figure 4A) and of [3H]serotonin (figure not shown). Interestingly, and as
expected, the first 1-min high-K* stimulation evoked greater [14C]glutamate release (Slkcl,
7.27 £ 0.44 FR%, n = 6 in octuplicate) than the 2-min 4-AP stimulation in the other
experiments (S14ap, 3.83 £ 0.35 FR%, n = 6, p < 0.001). Oddly enough, the converse
occurred for the evoked release of [3H]serotonin (Slkc), 4.34 + 0.32 FR%, n =6 in
octuplicate) vs. (S1gap, 9.97 + 1.23 FR%, n = 6, p < 0.001).

WIN55212-2 (1 M) or the vehicle DMSO (0.1%) was added 4 min before the second
stimulus (S2) and continued until the end of S2. WIN55212-2 inhibited the evoked
[14C]glutamate (Figure 4A,B) but not [3H]serotonin (Figure 4B) release. After the 8-min
washout period, this inhibitory action of WIN55212-2 on glutamate release was no longer
present. The inhibitory action of WIN55212-2 was also prevented by the co-administration
of the CB1R antagonist, O-2050.

Finally, we measured frontocortical CB1R density with the help of the CB1R antagonist/
inverse agonist [3H]SR141716A as radioligand and another CB4R antagonist/inverse
agonist, AM251 (1 M) to displace specific binding. While AM251 failed to displace the
radioligand in the CB1R KO mice it displaced equal amount of [3H]SR141716A both in the
rat and the CB1R KO mouse frontocortical membrane preparations (Figure 5), indicating the
lack of density differences.
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4. Discussion

Previous studies reported bidirectional interactions between the endocannabinoid and the
serotonergic systems, involving various direct and indirect mechanisms and brain areas (for
review see Haj-Dahmane and Shen, 2011). To our knowledge, this study is the first showing
the presence of presynaptic functional CB1Rs in serotonergic nerve terminals of the rat
frontal cortex. We showed here that CB4R activation decreases the Ca?*-dependent release
of [3H]serotonin from frontocortical nerve terminals of the rat. Previous electrophysiological
studies have found that CB4R activation inhibits some glutamatergic transmission in the
frontal cortex of the rat and mouse (Auclair et al., 2000; Barbara et al., 2003; Lafourcade et
al., 2007). Interestingly, it was never mapped in the frontal cortex if CB{Rs are present in
VGLUT1- or VGLUT2-positive terminals, or both. We found co-localization mostly
between VGLUT1 and CB;R, because glutamatergic fibers of subcortical origin containing
VGLUT?2 terminate in fields poorly innervated with CB1R-posive fibres. A recent study
however found CB;R mRNA in subcortical VLGUT2-positive nuclei and tracts
(Hrabovszky et al., 2012) indicating that certain VGLUT2-positive terminals may be subject
to endocannabinoid control.

Importantly, the distribution of CB1R immunoreactivity in the sagittal slices both at low and
high resolution was essentially the same as in previous reports using either autoradiography
(Herkenham et al., 1991) or immunohistochemistry with light microscopy (Tsou et al.,
1998) and fluorescent/confocal microscopy (Bodor et al., 2005). Although the anatomical
description of the endocannabinoid system follows a generally consistent pattern throughout
studies and assays, this is not quite true for the physiology and pharmacology. In fact, it is
more the exception than the rule when cannabinoid pharmacology is consistent across
species; due to the increasing number of potential cannabinoid receptors and issues of ligand
selectivity (Kofalvi et al., 2008). The neutral CB1R antagonist, O-2050 abolished the effect
of WIN55212-2 without having an effect per se on serotonin or glutamate release. The
CB1R inverse agonist, LY320135 did the same for the release of serotonin, but already
inhibited per se the release of glutamate and competitively antagonized the effect of
WIN55212-2. This latter finding might be the result of LY320135 binding to muscarinic and
serotonin receptors in the low micromolar range (Felder et al., 1998).

In contrast, CB1R agonists did not affect serotonin release either in the CD-1 or the C57BL/
6 WT mice. This was not because of already constitutively active CB1Rs leaving no further
room for modulation by exogenous ligands: Both nerve terminal types in the rat and the
mice strains were free from an endogenous cannabinoid tone since O-2050, LY320135 and
tetrahydrolipstatin did not augment the evoked release — as one would expect in superfused
synaptosomes.

The contrasting observations in the mice are not likely a result of failing to activate CB1R-
coupled CaZ* channels either, and additionally, no difference in frontocortical CB4R density
was observed between species. Intriguingly, the genetic ablation of the CB1R stepped up the
evoked glutamate and serotonin release in the CD-1 KO mice. This we can not explain with
anything else but a developmental alteration resulting in greater response to stimuli. In
concert with this, increased glutamatergic excitotoxicity is observed in the forebrain CB1R
knockout mice (Marsicano et al., 2003).

Currently it is not known if CB4Rs fail to presynaptically control release of serotonin in
mice, or if these receptors need additional /n situ circumstances (e.g. an activation of another
receptor) to function, or if they are chronically negatively coupled to serotonin release in
mice. But then again, understanding that the majority of serotonergic terminals are actually
varicosities and the serotonergic communication is rather non-synaptic, the origin and
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identity of endocannabinoids acting at these terminals/varicosities are not expected to be the
same as for a glutamatergic synapse. We assume that, at least in the rat, the origin of
endocannabinoids to activate CB1Rs in serotonergic varicosities might occur in an autocrine
manner. Importantly, /n7 vivo data suggests that presynaptic CB1Rs can inhibit medial
frontocortical serotonin release, as assessed by microdialysis (Tzavara et al., 2003).
Additionally, the serotonergic neurons of the raphe nuclei (the origin of the serotonergic
fibers throughout the brain) express CB1R mRNA (Haring et al., 2007) and
endocannabinoid release machinery (Haj-Dahmane and Shen, 2009). Thus, theoretically the
necessary components are present allowing a serotonergic neuron to release
endocannabinoids and activate its own CB4Rs.

The difference between the rat and mouse does not come as a full surprise knowing that
there are overt differences even among mouse substrains in behavioral assays that involve
the serotonergic system (Matsuo et al., 2010). Furthermore, there are considerable
differences among rodent species, including the rat and the mouse in the pharmacology and
function of their serotonergic system (Limberger et al., 1991; Ferndndez-Guasti et al., 1992;
Takahashi et al., 2001; Setola and Roth, 2005).

Interestingly, Haller and co-workers have shown that the effect of WIN55212-2 is
anxiogenic in the Wistar rats and anxiolytic in the CD-1 mice (Haller et al., 2007). Since
anxiety is a paradigm heavily relying on serotonergic neuromodulation (Takahashi et al.,
2001; Haller et al., 2007; Durant et al., 2010) it might be predicted from the results of Haller
and co-workers that CB1R activation will inhibit serotonin release in rats but not in CD-1
mice.

Of note, endocannabinoids do not necessarily need to activate putative CB4Rs in raphe
serotonergic neurons (and in their terminals) to inhibit serotonergic activity:
Endocannabinoids acting at presynaptic CB1Rs in excitatory afferents of other neurons can
indirectly inhibit the activity of serotonergic neurons. For instance, Haj-Dahmane and Shen
(2009) showed that glutamate induces endocannabinoid release from dorsal raphe
serotonergic neurons, which in turn decreases further glutamate release. This process is
termed depolarization-induced inhibition of excitation or DSE. Thus, CB4R activation
decreases the excitatory input of serotonergic neurons and thereby indirectly decreases
serotonin release in the brain. Notably, local glutamate release onto serotonergic fibers
(Balazsa et al., 2008) can be also suppressed by CB4R activation which further contributes
to indirect inhibition of serotonergic activity by endocannabinoids. Such an indirect
mechanism could have also contributed to the inhibition by CB1Rs of the electrically
stimulated [3H]serotonin release from cortical slices (Nakazi et al., 2000). Balazsa et al.
(2008) elegantly showed that NMDA channel blockade is necessary to reveal CB1R-
mediated direct inhibition of depolarization-induced [3H]serotonin release in the
hippocampal slice.

Altogether, the interaction between the endocannabinoid and serotonergic neuromodulator
systems is multifaceted, and an imbalance in one of them would affect the other. This
explains why the two systems are so intricately involved in several physiological and
pathological mechanisms. To better understand psychiatric disorders (Forbes and Grafman),
additional efforts dissecting the complex interaction between serotonin and
endocannabinoids inside and outside the frontal cortex are needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Low magnification (5%) fluorescent microscope images showing the distribution of the
CB1R immunoreactivity in sagittal frontocortical sections of the mouse (panels A1-C1) and
the rat (panel D1). Among the cortical layers (indicated in panel D3), layers II-I1l, Va and
VI stained for CB1Rs with the greatest intensity. Scale bars represent 1 mm.
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Figure 2.
CBjR is present in VGLUT1-positive (glutamatergic) terminals in the mouse (A, A1-3) and

the rat (B, B1-3) frontal cortex. These data serve as positive control and Supplemental
Figure S1 as negative control. CB4R is also detected in SERT-positive (serotonergic)
frontocortical terminals in the mouse (C, C1-3) and the rat (D, D1-3). Confocal microscopy
images were taken with a 63x/1.40 ApoChromat objective, at 1 and 3x zoom and at 1024
dpi resolution. Co-localization was always verified in the respective orthogonal projections
of the 380 nm-thick optical sections of the Z-stack images. Small rectangles mark the zones
in images (A-D, 1x zoom) which are further magnified (3x zoomed) and cropped, resulting
in images A1-3 - D1-3. Scale bars represent 20 pm (AD) and 2.5 oM (A1-3 - D1-3).
White arrows point to co-localization.
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Figure 3.

(A,C) Release diagrams showing the time-course of the release of [14C]glutamate and
[H]serotonin. (B) The synthetic non-selective CB4R agonist, WIN55212-2 (1 wM; hatched
bars) and an anandamide analogue and selective CB1R agonists, R-methanandamide
(RmAEA; 1 uM; checkerboard bars) both diminish the simultaneously measured 4-AP-
(300 M) evoked release of [14C]glutamate both in the rat and the CD-1 wild-type (WT)
mice and in the C57BL/6 (WT) mice, but not in the CD-1 CB4R knockout (KO) mice. As
expected, the effect of WIN55212-2 was sensitive to the CB41R antagonists/inverse agonists,
LY320135 (5 pM) and 0-2050 (1 M) in the rat. (D) In contrast, the evoked release of
[3H]serotonin was sensitive to WIN55212-2 only in the rat, and this effect of WIN55212-2
was also prevented by the CB1R antagonists/inverse agonists. In neither of the two mouse
strains WIN55212-2 and RmAEA inhibited the evoked release of [3H]serotonin, suggesting
species differences. The evoked release of both neurotransmitters was strongly Ca2*-
dependent, which was measured employing 100 nM Ca2* combined with 10 mM MgCls.
The Ca?*-independent fraction of the evoked release was already insensitive to CB;R
activation. N = 6, * p < 0.05; * p < 0.01; ***p < 0.001. Interestingly, the evoked release of
[24C]glutamate and [3H]serotonin under control condition was greater in the CB4R global
knockout mice. N = 15, * p < 0.05.
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Figure 4.

To test if the lack of cannabinoid effect on serotonin release in mice is associated with 4-AP
stimulation, we performed a triple high-K*- (25 mM) stimulation paradigm. WIN55212-2 (1
wM; hatched bars) inhibited the second stimulus-evoked release of [14C]glutamate in a
reversible manner (i.e., the 3™ peak, S3 was no longer significantly smaller than the S;
control peak), and sensitive to the selective CB4R antagonists, O-2050 (1 .M). However,
WIN55212-2 did not affect the high-K*-evoked release of [3H]serotonin (B) in the C57BL/6
mice. N =6, * p < 0.05.

Neurochem Int. Author manuscript; available in PMC 2013 July 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Ferreira et al.

[°’H]SR141716A binding

(fmol/mg protein)

Page 18

(] |
| |
60- * %% * %%

LN N
T.2.?

rat

CB, KO

Figureb.

CB1R hinding experiments reveal no different frontocortical CB{R density between the rat
and the CD-1 mouse (n = 4 animals of each type in quintuplicate). A ~100 g protein
quantity of Wistar rats, CD-1 WT and KO mice, respectively, was incubated with ~1 nM
[3H]SR141716A, in the presence of the CB4R antagonist/inverse agonist AM251 (1 M) or
its vehicle, DMSO (0.1%). There was no specific binding found in the CB1R KO mice. N =
4, ***p < 0.001 vs. KO.
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