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Summary

Intact endogenous cannabinoid signaling is involved in several aspects of drug addiction. Most
importantly, endocannabinoids exert pronounced influence on primary rewarding effects of abused
drugs, including exogenous cannabis itself, through the regulation of drug-induced increase in
bursting activity of dopaminergic neurons in the ventral tegmental area (VTA). Previous
electrophysiological studies have proposed that these dopaminergic neurons may release
endocannabinoids in an activity-dependent manner to regulate their various synaptic inputs; however
the underlying molecular and anatomical substrates have so far been elusive. To facilitate
understanding of the neurobiological mechanisms involving endocannabinoid signaling in drug
addiction, we carried out detailed analysis of the molecular architecture of the endocannabinoid
system in the VTA. In situ hybridization for sn-1-diacylglycerol lipase-alpha (DGL-a), the
biosynthetic enzyme of the most abundant endocannabinoid, 2-arachidonoylglycerol (2-AG),
revealed that DGL-o was expressed at moderate to high levels by most neurons of the VTA.
Immunostaining for DGL-a resulted in a widespread punctate pattern at the light microscopic level,
whereas high-resolution electron microscopic analysis demonstrated that this pattern is due to
accumulation of the enzyme adjacent to postsynaptic specializations of several distinct
morphological types of glutamatergic and GABAergic synapses. These axon terminal types carried
presynaptic CB4 cannabinoid receptors on the opposite side of DGL-a-containing synapses and
double immunostaining confirmed that DGL-a is present on the plasma membrane of both tyrosine
hydroxylase (TH)-positive (dopaminergic) and TH-negative dendrites. These findings indicate that
retrograde synaptic signaling mediated by 2-AG via CB1, may influence the drug-reward circuitry at
multiple types of synapses in the VTA.
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Introduction

Cannabis is the most commonly used illicit drug worldwide. In parallel with a steady increase
in concentration of A%-tetrahydrocannabinol (A%-THC), its main psychoactive ingredient in the
various cannabis products, prevalence of cannabis abuse is growing and the rate of cannabis
dependence has doubled in the last decade (Anthony et al., 1994; Substance Abuse and Mental
Health Services Administration, 2003). It is generally accepted that its addictive potential can
be explained by a complex modification of the brain’s reward circuitry (Lupica et al., 2004;
Gardner, 2005). One brain area particularly involved in exogenous cannabis effects is the
posterior part of the ventral tegmental area (VTA) in the mesencephalon (Zangen et al.,
2006), where release of the corresponding endogenous cannabinoids has also been shown to
be indispensable for primary rewarding effects of several other drugs of abuse (Lupica and
Riegel, 2005; Maldonado et al., 2006; Cheer et al., 2007). Both A%-THC and other potent
synthetic agonists of the neuronal cannabinoid receptor (CB,) increase the frequency of phasic
dopamine transients in the nucleus accumbens shell in vivo (Chen et al., 1990; Tanda et al.
1997; Cheer et al., 2004) by evoking intense burst firing of mesolimbic dopaminergic neurons
(French, 1997; French et al., 1997; Gessa et al., 1998; Wu and French, 2000). Since
electrophysiological experiments performed in acute brain slices containing the VTA
recapitulated this finding (Cheer et al., 2000), the current notion is that activation of CBq
receptors on local neuronal elements within the VTA is responsible for some of the reward-
relevant aspects of cannabinoid exposure (Lupica et al., 2004). Initially, a disinhibitory
mechanism was suggested to underlie this observation (Cheer et al., 2000; Lupica et al.,
2004) and indeed, perisomatic GABAergic synaptic inputs deriving from sources intrinsic to
the VTA can be blocked by CB; receptor agonists (Szabd et al., 2002). However, further
investigations uncovered a more complex response pattern in the firing activity of VTA neurons
upon cannabinoid administration (Cheer et al., 2003), which can be explained by
endocannabinoid signaling at other synapses formed by glutamatergic and GABAergic
afferents deriving from extrinsic sources (Melis et al., 2004a, 2004b; Riegel and Lupica,
2004). This widespread distribution of cannabinoid signaling is intriguing, however, because
previous radioligand binding and immunocytochemical studies have consistently reported
either a sparse density or a lack of cannabinoid binding sites and CB; receptor distribution in
the VTA (Herkenham et al., 1991b; Mailleux and VVanderhaeghen, 1992; Tsou et al., 1998).

To fill this apparent gap between the anatomical and physiological findings of cannabinoid
signaling in this core reward center of the brain, we carried out high-resolution anatomical
experiments, which revealed that sn-1-diacylglycerol lipase-alpha (DGL-a), a synthetic
enzyme of the endocannabinoid 2-arachidonoylglycerol (2-AG) (Bisogno et al., 2003), is
widely expressed in the VTA and is positioned postsynaptically on the plasma membrane
around glutamatergic and GABAergic synapses. Furthermore, CB1 cannabinoid receptors are
localized presynaptically on both types of axon terminals. Thus, most synapses are equipped
with the key molecular players required for endocannabinoid-mediated synaptic signaling in
the VTA supporting a central role of the endocannabinoid system in diverse addictive
processes.
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Methods

Animal handling

Experiments were carried out according to the guidelines of the institutional ethical code and
the Hungarian Act of Animal Care and Experimentation (1998. XXVIII. Section 243/1998.),
which are in accordance with the National Institutes of Health Guide for Care and Use of
Laboratory Animals (2302/003). Adult male C57BL/6H mice (eight wild type, 50+13 days
old) and C57BL/6J mice (littermates; three wild type and three CB; knockout, 186+15 days
old; described in Zimmer et al., 1999) were used in the present study.

Perfusion and preparation of tissue sections

All mice were perfused transcardially under deep Equithesin anesthesia (including 4.2 g chloral
hydrate, 2.12 g MgSO4*7H,0, 9.97 g Pentobarbital, 39.6 ml concentrated propylene glycol,
and 10 ml abs. ethanol completed to a final volume of 100 ml with distilled H,O; 0.3 ml/100
g, i.p.). Animals were first perfused with 0.9% saline solution for 2 min and then, with
Zamboni’s fixative containing 4% paraformaldehyde (Sigma Aldrich) and 0.05%
glutaraldehyde (EMS) in 0.1 M phosphate buffer (PB; pH = 7.4) for 30 min. After perfusion,
the brain was removed from the skull and coronal sections (40 um thick for in situ hybridization
and 50 pum thick for immunocytochemistry) containing the VTA were cut with a Leica
VTS-1000 vibratome.

In situ hybridization

The synthesis of riboprobe for mouse DGL-a used in the present study was previously
described by Katona et al. (2006). The length of the open reading frame on the DGL-oo mMRNA
is 3135 bp long; the total length of the probe was 1169 bp long, from bases 1967 to 3135 (base
numbering starts from the “A” of the open reading frame). For incubation of the sections, all
solutions used were first treated with 0.1% DEPC for 1 h and then autoclaved. Incubation of
the 40-um-thick brain slices was performed in a free-floating manner in RNase-free sterile
culture wells throughout the entire procedure. First, the sections were washed in PBST
(containing 137 mM NaCl, 2.7 mM KCI, 10 mM NayHPQOy4, 2 mM KH,POy4, and 0.1% Tween
20, pH = 7.4) three times for 20 min. Hybridization was then performed overnight at 65°C in
1 ml of hybridization buffer containing the digoxigenin-labeled riboprobe (2.5 pg/ml).
Hybridization buffer consisted of 50% formamide, 5xXSSC, 1% SDS, 50 pg/ml yeast tRNA,
and 50 pg/ml heparin in DEPC-treated distilled H,O. During the overnight incubation and the
following three washing steps, the sections were continuously incubated on a shaker within a
humid chamber. After incubation, the sections were first washed for 30 min at 65°C in wash
solution 1 (containing 50% formamide, 5x SSC, and 1% SDS in DEPC-treated H,0) and then
twice for 45 min at 65°C in wash solution 2 (containing 50% formamide and 2x SSC in DEPC-
treated H,O). The sections were next washed for 5 min in 0.05 M Tris-buffered saline (TBS)
containing 0.1% Tween-20 (TBST; pH = 7.6), and then blocked in TBST containing 10%
normal goat serum (TBSTN) for 1 h, both at room temperature. Next, sections were incubated
overnight at 4°C with sheep anti-digoxigenin Fab fragment conjugated to alkaline phosphatase
(Roche Molecular Diagnostics) diluted at 1:1,000 in TBSTN. The next day, the sections were
washed three times for 20 min in TBST and then developed with freshly prepared chromogen
solution in a total volume of 10 ml, containing 3.5 pl of 5-bromo-4-chloro-3-indolylphosphate
and 3.5 pl of nitroblue-tetrazolium-chloride dissolved in chromogen buffer (containing 100
mM NaCl, 100 mM Tris-Cl, pH = 9.5, 50 mM MgCl,, 2 mM (—)tetramisole hydrochloride,
and 0.1% Tween 20). The sections were gently rinsed in 1 ml of the above developing solution
in the dark for 4-6 h, and the reaction was stopped using PBST. Finally, the sections were
washed in 0.1 M PB three times for 10 min and mounted in Vectashield (Vector Laboratories)
onto glass slides, and the coverslips were sealed with nail polish. All chemicals were purchased
from Sigma, unless otherwise stated.
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Immunocytochemistry

After slicing and extensive washing in 0.1 M PB (5 times for 10 min), the 50-um-thick sections
were incubated in 30% sucrose overnight, followed by freeze thawing over liquid nitrogen four
times. Afterwards, the sections were processed either for immunoperoxidase, immunogold, or
preembedding immunogold labeling combined with a second immunoperoxidase staining. All
washing steps and dilutions of the antibodies were done in 0.05 M TBS buffer (pH = 7.4). After
extensive washing in TBS (5 times for 10 min), the sections were blocked in 5% normal goat
serum for 45 min and then incubated in the primary antibody for a minimum of 48 h at 4°C.
The following primary antibodies were used in the present study: affinity-purified rabbit anti-
DGL-a polyclonal antibody called “ab-INT” recognizing a 119 amino acids long segment of
the large intracellular loop of human DGL-a protein (residues: 790-908; dilution: 0.3 pg/ml;
Katona et al., 2006); affinity-purified rabbit anti-DGL-a polyclonal antibody called “ab-C42”
recognizing the C-terminal 42 amino acids of the mouse DGL-a protein (residues: 1003-1044;
dilution: 1 pg/ml; Yoshida et al., 2006); affinity-purified guinea pig anti-CB polyclonal
antibody recognizing the C-terminal 31 amino acids of the mouse CB; protein (residues: 443—
473; dilution: 1 pg/ml; Fukudome et al., 2004); ascites fluid of mouse anti-tyrosine hydroxylase
(TH) monoclonal antibody recognizing an epitope in the mid-portion of the rat TH protein
(dilution: 1:8000; Product No: 22941; ImmunoStar). Specificity of the antibodies was
confirmed by the laboratories of origin (see the corresponding papers). Furthermore, the
immunostaining with two DGL-a antibodies revealed identical staining pattern both at the light
and the electron microscopic level, in spite of being raised against different epitopes. The
specificity of the CB1 antibody was also confirmed by the lack of immunostaining in the
CB knockout mice (Zimmer et al., 1999). Immunostaining with the TH antibody visualized
the well characterized catecholaminergic neurons in the brain.

In the immunoperoxidase staining procedure, after primary antibody incubations, the sections
were treated with either biotinylated goat anti-rabbit 1gG or biotinylated anti-guinea pig 1gG
or biotinylated horse anti-mouse IgG (all three antibodies were diluted at 1:300; Vector
Laboratories) for 2 h. Afterwards, the sections were incubated with avidin biotinylated—
horseradish peroxidase complex (1:500; Elite ABC; Vector Laboratories) for 1.5 h. The
immunoperoxidase reactions were finally developed using 3,3'-diaminobenzidine 4HCI
(DAB) as the chromogen. In the immunogold staining procedure, after the 48 hours incubation
in one of the above mentioned primary antibodies (except the TH antibody), the sections were
further processed in two ways. One method utilized incubation with the corresponding
biotinylated secondary antibodies, followed by incubation with 0.8 nm gold-conjugated
streptavidin overnight at 4°C. Alternatively, sections were incubated with the corresponding
0.8 nm gold-conjugated goat anti-rabbit or 0.8 nm gold-conjugated goat anti-guinea pig
antibody for CB4 or DGL-a, respectively (1:50 dilution; Aurion), overnight at 4°C. The two
methods revealed similar staining quality. Finally, all sections were silver intensified using the
silver enhancement system R-GENT SE-EM according to the kit protocol (Aurion). In the
combined immunogold-immunoperoxidase double-immunostaining experiments, the sections
were first developed according to the immunogold protocol and then a similar procedure was
carried out as described above for the immunoperoxidase staining. Lack of cross-reactivity of
the secondary antibodies in the sequential detection scheme was verified by omission of either
primary antibody, which eliminated labeling by the irrelevant secondary antibody. After
development of the immunocytochemical reaction, all sections regardless of the staining
protocol were treated for electron microscopy with 1% OsO,4 in 0.1 M PB for 20 min, then
dehydrated in an ascending series of ethanol and propylene oxide, and embedded in Durcupan
(ACM; Fluka). During dehydration, the sections were treated with 1% uranyl acetate in 70%
ethanol for 20 min. From sections embedded in Durcupan, areas of interest were reembedded
and resectioned for electron microscopy. Sections were collected on Formvar-coated single-
slot grids, stained with lead citrate, and examined with a Hitachi 7100 electron microscope.
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Results

DGL-a, the biosynthetic enzyme of 2-arachidonoylglycerol is expressed by most neurons in
the ventral tegmental area

Previous biochemical measurements have shown that 2-arachidonoylglycerol (2-AG) is the
most abundant endocannabinoid in the midbrain; its concentration is at least two orders of
magnitude higher than that of anandamide (Bisogno et al., 1999). Moreover, recent
electrophysiological studies have further proposed that 2-AG, but not anandamide may
contribute to short-term plasticity of glutamatergic neurotransmission in the ventral tegmental
area (VTA) (Melisetal., 2004a and 2006). These observations prompted us to examine whether
sn-1-diacylglycerol lipase-alpha (DGL-a), a key enzyme in the biosynthesis of 2-AG in the
brain (Bisogno et al., 2003), is expressed in the VTA. Non-radioactive free-floating in situ
hybridization using a digoxigenin-tagged riboprobe under stringent conditions revealed a
moderate, but widespread expression of DGL-a mMRNA in the mouse midbrain (Fig. 1).
Remarkably, the relative highest density of labeling was observed in the VTA and in the pars
compacta of substantia nigra, two midbrain regions, where most of the dopaminergic cell
bodies were located. The vast majority of VTA neurons showed a moderate or high intensity
of DGL-a labeling (Fig. 1C) suggesting that dopaminergic cells, which represent about 55—
80% of neurons in the VTA (Swanson, 1982; Margolis et al., 2006), express the key enzyme
for 2-AG biosynthesis. In addition, DGL-a expressing cells were also found in the pars
reticulata of substantia nigra and in other midbrain nuclei, although with a lower level of DGL-
a expression (Fig. 1A and C).

DGL-a is localized postsynaptically in the proximity of synaptic specializations formed by
putative glutamatergic and GABAergic axon terminals

To reveal the precise cellular and subcellular distribution of DGL-a protein in the VTA, we
used two polyclonal antibodies raised against two non-overlapping epitopes, the large
intracellular loop (INT) or the C-terminal 42 residues (C42) of the DGL-a protein (Fig. 2)
(Katona et al., 2006;Yoshida et al., 2006). To aid the precise identification of the territory of
A10 dopaminergic cells for further analysis of DGL-o. immunoreactivity, immunoperoxidase
staining for tyrosine hydroxylase (TH) was also carried out in neighboring sections (Fig. 2C).

In accordance with the moderate DGL-o. mRNA level, immunostaining for the DGL-a. protein
resulted in very faint labeling at low magnification (Fig 2A-B), whereas a punctate
immunostaining pattern was clearly visible throughout the neuropil at higher magnification
(Fig. 2D-E). Importantly, the pattern of immunostaining obtained by both antibodies was
similar both at low and high magnifications (Fig. 2A-B and D-E). This granular staining
pattern showed striking similarities with previous findings obtained in the hippocampus, the
dorsal striatum and cerebellum, where the staining was restricted to dendritic spine heads or
to the bases of spine necks that received excitatory synaptic inputs (Katona et al., 2006; Y oshida
et al., 2006,Uchigashima et al., 2007). This is somewhat surprising as predominantly aspiny
dopaminergic neurons receive most of their excitatory synaptic inputs onto dendritic shafts
(Sesack and Pickel, 1992), in contrast to hippocampal pyramidal, striatal medium spiny and
cerebellar Purkinje neurons. To clarify this issue, we carried out a detailed high-resolution
distribution analysis of DGL-a immunostaining at the electron microscopic level.

Notably, although the DAB precipitate, the end product of the immunoperoxidase staining
procedure is diffusible, in case of the DGL-a immunolabeling it clearly accumulated in
intermediate-sized patches (size range is about 10-100 nm) in a large number of thick (Fig.
3B) and thin dendrites (Fig. 3A and C), instead of filling the entire dendrite as other markers
often do (see for example TH-immunostaining below). Moreover, in most cases, it was
unevenly distributed along the plasma membrane, preferentially found in the neighborhood of
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both asymmetric and symmetric synapses indicating that both types of synapses may contain
DGL-a in the VTA (Fig. 3A-C).

To analyze further this intriguing staining pattern, we carried out silver-enhanced immunogold
staining in the next set of experiments, which enables a higher resolution localization of DGL-
a in relation to the synaptic specializations of glutamatergic and GABAergic boutons (Fig.
3D-G). Immunogold particles representing the precise subcellular localization of DGL-o were
predominantly attached to the intracellular side of the plasma membrane in accordance with
the predicted subcellular position of the epitopes. Importantly, most of these immunogold
particles occurred in proximity to the postsynaptic specializations of both asymmetric and
symmetric synapses, but rarely appeared within the active zone (Fig. 3D-G).

Based on morphological criteria, three main types of axon terminals could be distinguished in
the present study. These formed synapses equipped with postsynaptically positioned DGL-a.
immunolabeling around the synaptic specializations. First, small or medium-sized axon
terminals containing several small round vesicles formed synapses on thin dendritic shafts and
expressed a characteristically thick postsynaptic density (Fig. 3A, C, D and F). These axon
terminals may belong to glutamatergic afferent fibers of the VTA (Sesack and Pickel, 1992;
Carr and Sesack, 2000; Omelchenko and Sesack, 2007). Second, large axon terminals densely
packed with numerous small, round or often ovoid vesicles and frequently containing large
dense core vesicles as well, indicating the presence of neuropeptides, formed synapses mainly
on thick dendritic branches and expressed an erratic postsynaptic density that varied in
thickness from very thin to thick (Fig. 3B and G). These profiles may represent predominantly
GABAergic, but occasionally GABA-negative axon terminals deriving from extrinsic sources
like the nucleus accumbens, and may belong to the well-characterized enkephalin- and
dynorphin-containing axon terminals (Pickel et al., 1993; Sesack and Pickel, 1992 and 1995).
Finally, boutons forming symmetric synapses on all types of somatic and dendritic profiles
and expressing a hardly visible postsynaptic density contained numerous small flattened
vesicles, but were always devoid of large dense core vesicles (Fig. 3C and E). These boutons
may derive from local intrinsic GABAergic interneurons, as well as from various extrinsic
sources (Bayer and Pickel, 1991).

Postsynaptic DGL-a occurs on both dopaminergic and non-dopaminergic dendrites

To elucidate the cellular identity of VTA neurons expressing DGL-a. on their plasma
membrane, DGL-o immunogold labeling was combined with immunoperoxidase staining for
TH, an exclusive marker of dopaminergic neurons in the VTA. Electron microscopic analysis
revealed that DGL-a is present on the plasma membrane of dopaminergic neurons often close
to the edge of putative glutamatergic and GABAergic synapses (Fig. 4A-C), although in this
experiment the synaptic specializations could not be always unequivocally determined due to
the masking effect of the DAB precipitate. It should be noted that several DGL-a-labeled
dendrites were found to be TH-immunonegative indicating that DGL-o may occur on non-
dopaminergic cells as well (data not shown).

Presynaptic CB; cannabinoid receptors are localized on both glutamatergic and GABAergic
axon terminals in the VTA

The widespread perisynaptic distribution of DGL-a on the dendritic arbor of dopaminergic and
non-dopaminergic neurons taken together with extensive electrophysiological evidence
suggest that cannabinoid receptors might be present on both glutamatergic and GABAergic
axon terminals in the VTA (Lupica et al., 2004). Surprisingly though, previous anatomical
studies reported a sparse distribution or a complete lack of CB4 cannabinoid receptors in the
VTA (Herkenham et al., 1991b; Mailleux and VVanderhaeghen, 1992; Tsou et al., 1998). To
resolve this disparity, we used a recently developed polyclonal antibody (Fukudome et al.,
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2004), which has significantly higher sensitivity over previously used antibodies for CB4
receptors (Kawamura et al., 2006; Katona et al., 2006). Immunostaining using this novel
CB; antibody revealed a dense neuropil labeling in the VTA of wild type animals (Fig. 5A-
C), which was absent in the midbrain section from CB1 knockout mice (Fig. 5D). At higher
magnification, punctate labeling was observed in wild type animals with two different sizes of
granules at the light microscopic level (Fig. 5B). Larger puncta were scattered predominantly
around CB1-immunonegative cell bodies and main dendritic trunks, whereas a meshwork of
smaller CB1-immunoreactive profiles were evenly distributed throughout the neuropil (Fig.
5B).

To determine the identity of the immunostained profiles in the punctate pattern, we performed
an electron microscopic analysis (Fig. 6-7). Both immunoperoxidase and immunogold
techniques were utilized and revealed a similar distribution of immunoreactivity. CB1-
immunostaining was restricted to axon terminals and the immunogold technique revealed that
presynaptic CB receptors were located on the plasma membrane of boutons, mainly in
extrasynaptic position. Moreover, immunogold particles representing the precise subcellular
localization of CB4 were always attached to the intracellular side of the plasma membrane as
predicted by the known intracellular localization of the C-terminus epitope further confirming
the validity of these findings.

The same three types of axon terminals identified as presynaptic to DGL-a positive profiles
were found to be CBj-positive. First, smaller axon terminals forming synapses with thick
postsynaptic density were found throughout the VTA (Fig. 6A, C-D). These boutons may
belong to glutamatergic afferents of the VTA (Sesack and Pickel, 1992; Carr and Sesack,
2000; Omelchenko and Sesack, 2007). Second, large terminals containing numerous dense
core vesicles formed both asymmetric (Fig. 7D) and symmetric synapses on thick dendritic
shafts. The presence of dense core vesicles indicates that these axon terminals represent
enkephalin- or dynorphin-positive extrinsic afferents of the VTA (Pickel et al., 1993; Sesack
and Pickel, 1992 and 1995). Finally, CB1-bearing axon terminals with a moderate number of
small flattened and round vesicles, but without large dense core vesicles were also encountered
throughout the VTA. These boutons always formed symmetric synapses (Fig. 7C1-C2) and
may belong to local intrinsic GABAergic neurons (Bayer and Pickel, 1991).

Postsynaptic DGL-a and presynaptic CB4 cannabinoid receptors are colocalized at both
glutamatergic and GABAergic synapses

Retrograde endocannabinoid signaling mediates CB receptor-dependent short-term
depression of both glutamatergic and GABAergic neurotransmission in the VTA (Riegel and
Lupica, 2004; Melis et al., 2004b). The probable synaptic endocannabinoid responsible for this
phenomenon is 2-AG (Melisetal., 2004a and 2006). These findings indicate that the underlying
molecular machinery for retrograde 2-AG signaling might occur together at distinct types of
synapses in the VTA. Indeed, combined double immunostaining confirmed that DGL-a. is
present perisynaptically on the postsynaptic side of both asymmetric and symmetric synapses,
which are formed by CB1-immunoreactive axon terminals (Fig. 8). This observation confirms
that distinct types of synapses are equipped with the basic molecular elements required for
retrograde synaptic 2-AG signaling in the VTA.

Discussion

It is well established that the endocannabinoid system controls the primary rewarding effects
of several drugs of abuse and thus plays a central role in drug addiction (Maldonado et al.,
2006). Most of these drugs increase the burst firing activity of dopaminergic neurons in the
ventral tegmental area (VTA), therefore cannabinoid modulation of the various types of
synaptic afferents of dopaminergic neurons may be a potential neurobiological substrate to
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explain this striking phenomenon (Lupica and Riegel, 2005). In contrast, previous comparative
anatomical studies did not find a widespread presence of cannabinoid receptors or other
molecular elements of the endocannabinoid system in the VTA, although the adjacent
substantia nigra pars reticulata has one of the highest density of cannabinoid receptors in the
brain, which excludes technical reasons for the lack of labeling (Herkenham et al., 1991b;
Mailleux and Vanderhaeghen, 1992; Tsou et al., 1998; Egertova and Elphick, 2000; Julian et
al., 2003).

Here we report anatomical findings that resolve this discrepancy, and provide direct evidence
for the presence of diacylglycerol lipase-alpha (DGL-a), the primary biosynthetic enzyme of
2-arachidonoylglycerol, as well as its target, the CB1 cannabinoid receptor, in several types of
synapses in the VTA. The major findings of the present study are the following: (1) DGL-a
mMRNA is expressed by most neurons in the VTA,; (2) DGL-a protein is concentrated around
the postsynaptic specializations of both glutamatergic and GABAergic synapses on the
dendrites of both dopaminergic and non-dopaminergic cells; (3) axon terminals forming these
synapses are equipped with presynaptic CB4 cannabinoid receptors.

One important implication of the above findings is the central role of 2-AG at multiple synapses
of the ventral tegmental area. A plethora of evidence suggests that 2-AG is the major
endogenous ligand of the neuronal cannabinoid receptor CB1, and this endocannabinoid is
present in the brain at much higher concentrations than its counterpart anandamide (for review
see Sugiura et al., 2006). For example, Bisogno and colleagues found, using biochemical
measurements, 100 times higher levels of 2-AG than anandamide in the mesencephalon
(Bisogno et al., 1999). Beyond its regional distribution, the recent discovery of its biosynthetic
enzyme sn-1-DGL-a paved the way for high-resolution anatomical studies, which can greatly
facilitate the understanding of 2-AG’s role at the cellular and subcellular level as well (Bisogno
etal., 2003). Our present findings along with earlier reports suggest that it is a widely expressed
lipase in the brain (Bisogno et al., 2003; Katona et al., 2006; Yoshida et al., 2006, Uchigashima
etal., 2007). In the VTA, we found that nearly all neurons express DGL-o mMRNA, albeit at a
lower level than principal neurons in the hippocampus (Katona et al., 2006). In accordance
with a recent study, which have calculated that only 55% of the neurons are dopaminergic in
the VTA (Margolis et al., 2006), our double immunostaining experiments confirmed directly
the presence of DGL-a in both tyrosine hydroxylase (TH)-positive dopaminergic and TH-
negative non-dopaminergic neurons. Thus, this ubiquitous distribution of DGL-a indicates that
2-AG may be released from several distinct cells in the VTA to modulate at least three distinct
types of synapses.

Importantly, the subcellular distribution of 2-AG’s site of synthesis seems to follow also
common principles in the brain. Previous electron microscopic analysis demonstrated that
DGL-a is present on the plasma membrane, and its level is highest on the head of dendritic
spines in a perisynaptic annulus around the postsynaptic density of glutamatergic synapses in
case of hippocampal pyramidal cells and striatal medium spiny neurons (Katona et al., 2006;
Uchigashima et al., 2007), whereas it is concentrated around the spine neck in case of Purkinje
cells of the cerebellum (Yoshidaetal., 2006). It is noteworthy that although VTA dopaminergic
and non-dopaminergic neurons are generally aspiny and bear only a few spine-like protrusions
called spinules (Grace and Onn, 1989; Steffensen et al., 1998), still, DGL-o immunostaining
showed a punctate distribution in the VTA similarly to other brain areas, where principal
neurons are densely covered with dendritic spines. The granular staining pattern corresponded
to the accumulation of DGL-a adjacent to synapses located on dendritic shafts instead of spine
heads. This striking positioning of DGL-a indicates that 2-AG release and signaling may be
restricted to specific subcellular zones called the perisynaptic domains (Baude et al., 1993),
which monitor the strength of presynaptic activity (e.g. by measuring transmitter spillover) and
ensure synapse-specific feed-back signaling. The phenomenon has been well described in spine
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heads, but has only recently been demonstrated on aspiny dendrites in case of cerebellar stellate
cells (Soler-Llavina and Sabatini, 2006).

The compartmentalization of endocannabinoid signaling is especially intriguing in light of the
current findings that DGL-a is localized perisynaptically at various types of synapses received
by dopaminergic and non-dopaminergic neurons. Moreover, our results have also revealed that
2-AG’s main target, the CB1 cannabinoid receptor occurs presynaptically on the opposite side
of these various types of synapses in the VTA. The direct demonstration of the presence of
CB; receptors on glutamatergic afferents as well as on GABAergic afferents - deriving
probably both from extrinsic sources like the nucleus accumbens and from intrinsic
GABAergic neurons - corroborates several previous electrophysiological findings. CB4
receptors, which are generally presynaptic receptors throughout the central nervous system
(Freund et al., 2003), have been shown to regulate synaptic neurotransmission derived from
local GABAergic interneurons (Cheer et al., 2000; Szabo et al., 2002), from extrinsic
GABAergic afferents (Riegel and Lupica, 2004), and from extrinsic glutamatergic afferents
(Melis et al., 2004a). In contrast to the widespread presynaptic localization, CB receptor
immunolabeling did not reach detection threshold on the somatic and dendritic profiles in the
VTA. Nevertheless, this does not rule out the possibility that CB; receptors may be expressed
by dopaminergic neurons and are targeted to the terminal segments of their axons in the nucleus
accumbens or in the prefrontal cortex, as has been suggested previously (Wenger et al.,
2003; but see contradicting results from Herkenham et al., 1991a; Szahd et al., 1999; Kofalvi
et al., 2005).

Taken together, the findings of the present study suggest that synaptic cannabinoid signaling
has multiple substrates in the drug-reward circuitry of the VTA. At first glance, this
heterogeneous distribution pattern renders the interpretation of the results of pharmacological
treatments that lack any cellular or subcellular (synaptic) resolution more difficult. It may also
hinder the generation of a simple, unifying framework to explain the contribution of
cannabinoids to rewarding effects and drug addiction. However, a potential resolution and
interpretation of these findings may be gained from recent electrophysiological observations
(see for review Lupica and Riegel, 2005). Recently, two laboratories provided independent
evidence that instead of an exclusively depolarization-dependent and spatially unrestricted
release mechanism, endocannabinoids are released from dopaminergic neurons under special
circumstances within certain types of synapses (Melis et al., 2004a, 2004b; Riegel and Lupica,
2004). It implies, very importantly, that instead of dopaminergic neurons non-specifically
releasing endocannabinoids that simultaneously affect both glutamatergic and GABAergic
synaptic inputs (which would not have a significant net alteration of dopaminergic firing
activity), the synapse-specific activation of endocannabinoid release by coincidence of cellular
depolarization and relevant incoming synaptic input seems to be the case in the VTA drug-
reward circuitry. This may provide a more reasonable framework to explain cannabinoid
effects on the activity of dopaminergic neurons, and its contribution to drug addiction (Lupica
et al., 2004; Gardner, 2005). Based on this model, Lupica and Riegel (2005) have proposed
that exclusively those dopaminergic neurons, which encode environmental stimuli with strong
reward salience (Schultz, 1998), may enhance their own burst firing activity by escaping from
tonic GABAergic inhibition using endocannabinoids. It is appealing to note the similarity of
this proposal and the hypothesis by Freund et al. (2003), which suggests that endocannabinoid
release may have a role in the formation of neuronal assemblies in the hippocampus encoding
specific spatial position of the animal during exploration. As CB;-positive GABAergic
interneurons fire coincidentally with the emergence of these neuronal assemblies in the
hippocampus (Klausberger et al., 2005), a key experiment would be to test whether the in
vivo firing pattern of local GABAergic neurons in the VTA ensures the precisely timed tonic
inhibition on dopaminergic neurons to be counteracted by endocannabinoid release upon
environmental stimuli or drug-associated inputs. This similarity in the molecular organization,
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the neural circuitry and the potential physiological significance further suggests that
endocannabinoid signaling may have a conserved fundamental physiological role both at the
synaptic and network level throughout the brain.

In conclusion, our findings reveal that multiple substrates for synaptic cannabinoid signaling
exist in the VTA. Importantly, they all share a unifying principle in the molecular and
anatomical organization of the endocannabinoid system, which involves a synthetic enzyme,
DGL-a and a receptor, CB; on the postsynaptic and presynaptic sides of the synapses,
respectively.
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DGL-a. mRNA is expressed by most neurons at moderate to high levels in the ventral tegmental
area. A-B) In situ hybridization using an antisense riboprobe (AS) against the mouse DGL-a.
MRNA sequence visualizes numerous neurons in the mouse mesencephalon. Note that a
relatively high expression level is found in the ventral midbrain, i.e. in the substantia nigra pars
compacta (SNC) and in the ventral tegmental area (VTA), where most dopaminergic neuron
cell bodies are located. Neurons in the substantia nigra pars reticulata (SNR) express lower
levels of DGL-a mRNA. In contrast, in situ hybridization with the sense riboprobes (S) of the
corresponding DGL-a sequence did not result in any labeling, confirming the specificity of the
reaction in A. C-D) Higher magnification view of the framed area in A demonstrates that
nearly all cells show moderate to high expression levels of DGL-a mMRNA. The presence of
labeling in most neurons indicates that both dopaminergic and non-dopaminergic neurons
express the 2-AG synthesizing enzyme. In the corresponding control staining, cells are
completely negative in D (higher magnification of the framed area in B). Abbreviations: Aq,
aqueduct (Sylvius); cp, cerebral peduncle, basal part; EW, Edinger-Westphal nucleus; IP,
interpeduncular nuclei; MGN, medial geniculate nucleus; ml, lemniscus medialis; PAG,
periaqueductal gray nucleus; RN, red nucleus. Scale bars: A-B, 500 um; C-D, 100 um.
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Localization of DGL-a protein in the mouse ventral tegmental area. A-B) Two antibodies were
raised against two, non-overlapping segments of DGL-a. The abbreviation ‘INT’ refers to an
antibody recognizing a large intracellular loop (A and D), while the *C42” antibody was raised
against the last 42 amino acids of the C-terminal tail of DGL-a (B and E). Both antibodies
revealed a similar faint labeling in the ventral tegmental area, where A10 dopaminergic neurons
are located as outlined by the tyrosine hydroxylase (TH)-staining in C. Remarkably, the
characteristic punctate staining pattern appears only at higher magnification in D-E). Note that
cell bodies (s) are largely devoid of DGL-a immunostaining, in contrast to the neuropil of the
framed area in A-B. The identical labeling pattern of the two antibodies supports the specificity
of the antibodies. Abbreviations: IP, interpeduncular nuclei; ml, lemniscus medialis; SN,
substantia nigra; VTA, ventral tegmental area. Scale bars: A-C, 200 um; D-E, 20 pum.
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Fig. 3.

DGL-a is localized on the plasma membrane adjacent to asymmetric and symmetric synapses.
A-C) The electron dense DAB end product of the immunoperoxidase reaction (encircled by
arrowheads) depicts the concentrated presence of DGL-a in thin (A and C) as well as in thick
(B) dendrites (d) of neurons in the ventral tegmental area. Note that despite the diffusible nature
of the DAB end product, in most cases it does not fill the entire dendritic profile, but is
concentrated adjacent to the plasma membrane and in close proximity to asymmetric (double
arrowheads in A and C) and symmetric synapses (double arrows in B and C). Boutons (b)
forming these synapses are immunonegative and represent several morphological types (for
details on morphological criteria and corresponding literature see Results). In A, a small,
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possibly glutamatergic axon terminal (b) containing only a few clear round vesicles forms a
synapse with a pronounced postsynaptic specialization. In B, a large bouton (b) tightly packed
with small vesicles and also containing dense core vesicles (one is labeled by an open
arrowhead) forms a synapse with a thin postsynaptic specialization. This axon terminal is likely
to be a GABAergic afferent from extrinsic sources such as the nucleus accumbens and contains
neuropeptides like enkephalin or dynorphin. In C, the upper bouton (b) is morphologically
similar to the glutamatergic one presented in A and forms a synapse with a prominent
postsynaptic density (double arrowhead). In contrast, the lower axon terminal (b) contains only
a few vesicles, often with a flattened shape, lacks dense core vesicles and most importantly
forms a symmetric synapse typical of GABAergic axons (double arrow). This type of bouton
may represent GABAergic axon terminals deriving from local intrinsic GABAergic cells. D-
G) High-resolution preembedding immunogold staining demonstrates that gold particles
(arrows) representing the precise subcellular localization of DGL-a are always attached to the
intracellular surface of the plasma membrane of dendrites (d) adjacent to asymmetric (in D)
and symmetric (in E-G) synapses formed by all three, morphologically distinct axon terminal
types (b): small axon terminal containing small round vesicles and with a pronounced
postsynaptic density (double arrowhead; “probable extrinsic glutamatergic type” in D); axon
terminal containing flattened vesicles forming clear symmetric synapses (double arrows;
“probable intrinsic GABAergic type” in E); axon terminal containing tightly packed synaptic
vesicles along with dense core vesicles (open arrows) and giving rise to synaptic specialization
with a very thin postsynaptic density (double arrows; “probable extrinsic GABAergic”; in F-
G). Scale bars: A-G, 0.5um.
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A S

Fig. 4.

Dopaminergic neurons express DGL-a in the mouse ventral tegmental area. A) A dendrite of
a dopaminergic neuron identified by tyrosine hydroxylase (TH)-immunostaining (dtR) is
immunolabeled for DGL-a indicated by the presence of silver intensified immunogold particles
(arrows) on the plasma membrane. Remarkably, immunogold particles are predominantly
present at the perisynaptic annulus of synaptic specializations (arrowheads) formed by
immunonegative axon terminals (b). B-C) DGL-a (arrows) is also present in small diameter
TH-positive dendrites (dty) receiving synaptic contacts (arrowheads) from unlabeled boutons
(b). Scale bars: A-C, 0.5um.
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Fig. 5.

Distribution of the CB cannabinoid receptors in the ventral tegmental area. A) Moderately
dense CB1-immunolabeling is found in the ventral tegmental area (VTA) containing the A10
dopaminergic cell in the midbrain. Note that the other dopaminergic midbrain nucleus, the
substantia nigra pars compacta (SNC) has much weaker labeling, whereas the adjacent
substantia nigra pars reticulata (SNR) has a very high density of CB1-immunostaining. B) High
magnification view of the framed area in A reveals a punctate staining pattern for CB4 with
two different sizes of granules: large ones (marked by arrows) are mainly present around the
cell bodies of CB1-immunonegative neurons (s), whereas the smaller ones (depicted by
arrowheads) are widely distributed throughout the neuropil. C-D) The specificity of the CB;
antibody was tested using littermate wild type (WT) and knockout (KO) mice. Note that the
neuropil staining for CB1 is present only in sections from the WT animals (C), and is completely
absent in KO mice (D), which confirms the selectivity of the antibody. Abbreviations: APT,
anterior pretectal nucleus; cp, cerebral peduncle, basal part; fr, fasciculus retroflexus; MGN,
medial geniculate nucleus; ml, lemniscus medialis; RN, red nucleus. Scale bars: A, 500 pm;
B, 20 pm; C-D, 200 um.
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Fig. 6.

CB; cannabinoid receptors are located presynaptically on glutamatergic axon terminals in the
ventral tegmental area. A-B) The punctate immunostaining for CB1 observed at the light
microscopic level in Fig. 5. partly corresponds to boutons (bcgy) giving rise to asymmetric
synapses (double arrowheads) terminating on large (d in A) and small diameter (d in B) CB1-
immunonegative dendrites. C-E2) shows weak but consistent labeling for CB; with
immunogold particles (depicted by arrows) in axon terminals (bcgy). D and E1-E2) Two CB1-
positive axon terminals (bcg) labeled with immunogold particles (arrows) in panel C are
shown at higher magnification. These boutons form asymmetrical synapses with a robust
postsynaptic density (double arrowheads) on immunonegative dendrites (d). E1-2 present two
consecutive sections of the lower axon terminal in C (bcg1-E1-2). Note that all immunogold
particles (arrows) representing the localization site of the CB receptors are attached to the
intracellular surface of the plasma membrane in the axon terminals. Unlabeled axon terminal
is indicated by ”b”. Scale bars: A-E2, 0.2um.
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Fig. 7.

CB; cannabinoid receptors are located presynaptically on GABAergic axon terminals in the
ventral tegmental area. A-B) Immunoperoxidase (DAB) staining for CB, shows that CB; is
also present on axon terminals (bcgy) forming symmetric synapses (double arrows) on
immunonegative thick proximal dendrites (d) — corresponding probably to the large-sized
granules observed in the light microscopic image in Fig. 5. C1-2) Two consecutive sections
demonstrate that CB receptors labeled with immunogold particles (arrows) are present
presynaptically on putative intrinsic GABAergic axon terminals (bcgy) giving rise to
symmetric synapses (double arrows). D shows another CB1-positive bouton (bcg1) giving rise
to GABAergic, symmetric synaptic contact onto an unlabeled dendrite (d). However this axon
terminal differs from the one depicted in panel C1-C2, because it contains a large dense core
vesicle (open arrow) and it is densely packed with small, often flattened synaptic vesicles.
Scale bars: A-D, 0.2um.
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Fig. 8.

Colocalization of postsynaptic DGL-a enzymes and presynaptic CB receptors at both
glutamatergic and GABAergic synapses. A—B) High-power electron micrographs confirm that
DGL-a, the synthesizing enzyme for the endocannabinoid 2-AG, and CB; cannabinoid
receptor, the molecular target of 2-AG are colocalized at the same synapses. Combination of
preembedding immunogold labeling for DGL-a and immunoperoxidase staining for CB1
reveals the postsynaptic position of this enzyme (arrows; dpg() and presynaptic localization
of the receptor (DAB; bcgy). This molecular architecture of the endocannabinoid system is
present at both glutamatergic (asymmetric synaptic specialization; double arrowheads; in A

Neuropharmacology. Author manuscript; available in PMC 2009 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Matyas et al.

Page 23

and GABAergic (symmetric synaptic specialization; double arrows; in B) synapses. Scale bars:
A-B, 0.2 um.
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