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Abstract

Clinical and experimental evidence demonstrates that endocannabinoids play either beneficial or
adverse roles in many neurological and psychiatric disorders. Their medical significance may be
best explained by the emerging concept that endocannabinoids are essential modulators of
synaptic transmission throughout the central nervous system. However, the precise molecular
architecture of the endocannabinoid signaling machinery in the human brain remains elusive. To
address this issue, we investigated the synaptic distribution of metabolic enzymes for the most
abundant endocannabinoid molecule, 2-arachidonoylglycerol (2-AG), in the postmortem human
hippocampus. Immunostaining for diacylglycerol lipase-a (DGL-a.), the main synthesizing
enzyme of 2-AG, resulted in a laminar pattern corresponding to the termination zones of
glutamatergic pathways. The highest density of DGL-a-immunostaining was observed in strata
radiatum and oriens of the cornu ammonis and in the inner third of stratum moleculare of the
dentate gyrus. At higher magnification, DGL-a-immunopositive puncta were distributed
throughout the neuropil outlining the immunonegative main dendrites of pyramidal and granule
cells. Electron microscopic analysis revealed that this pattern was due to the accumulation of
DGL-a in dendritic spine heads. Similar DGL-a-immunostaining pattern was also found in
hippocampi of wild-type, but not of DGL-a knockout mice. Using two independent antibodies
developed against monoacylglycerol lipase (MGL), the predominant enzyme inactivating 2-AG,
immunostaining also revealed a laminar and punctate staining pattern. However, as observed
previously in rodent hippocampus, MGL was enriched in axon terminals instead of postsynaptic
structures at the ultrastructural level. Taken together, these findings demonstrate the post- and
presynaptic segregation of primary enzymes responsible for synthesis and elimination of 2-AG,
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respectively, in the human hippocampus. Thus, molecular architecture of the endocannabinoid
signaling machinery supports retrograde regulation of synaptic activity, and its similar blueprint in
rodents and humans further indicates that 2-AG’s physiological role as a negative feed-back signal
is an evolutionarily conserved feature of excitatory synapses.

Keywords

2-arachidonoylglycerol; diacylglycerol lipase; monoacylglycerol lipase; CB4 cannabinoid
receptor; glutamatergic synapse; hippocampus

Various preparations of the leaves, flowers and resinous extracts of the Cannabis plant have
been consumed for both medical and recreational purposes since antiquity. Extensive
research efforts aiming to explain the widespread therapeutic and behavioral effects evoked
by Cannabis consumption finally led to the discovery of a new messenger system called the
endocannabinoid system. It is composed of the CB1 and CB5 cannabinoid receptors (Devane
et al., 1988; Matsuda et al., 1990; Munro et al., 1993), which are not only targets of the
psychoactive compounds of the Cannabis plant, but more importantly, they are also
activated by two endogenous lipid molecules produced by most cell types in the body
(Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al., 1995; Stella et al., 1997). The
mobilization and elimination of these two endocannabinoid molecules called A-
arachidonoylethanolamine (anandamide) and 2-arachidonoylglycerol (2-AG) are tightly
regulated by surprisingly complex networks of metabolic enzymes and pathways in different
cell types and tissues (Piomelli, 2003; Alexander and Kendall, 2007; Ahn et al., 2008).
Following the clinical failure of brain-penetrating CB4 receptor antagonists as therapeutics
due to adverse psychiatric effects, the identification of novel molecular players regulating
endocannabinoid levels has opened new possibilities, because drugs targeting these enzymes
may have more selective actions (Ahn et al., 2009; Bisogno et al., 2009; Long et al., 2009;
Solorzano et al., 2009). The wide spectrum of human neurological and psychiatric diseases
in which the endocannabinoid system is implicated suggests a vast therapeutic potential
(Mackie, 2006; Pacher et al., 2006; Katona and Freund, 2008). However, to take advantage
of this potential requires full characterization of the enzymes regulating endocannabinoid
signaling in the human brain.

A conceptual framework describing the major aspects of neuronal endocannabinoid
signaling has emerged from the results of numerous animal studies in the last decade. In
contrast to conventional neurotransmitters, endocannabinoids are primarily synthesized and
released by postsynaptic neurons in an on-demand manner (Kreitzer and Regehr, 2001;
Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001), and subsequently activate
presynaptically located CB; cannabinoid receptors, thereby regulating neurotransmitter
release from several types of axon terminals (Freund et al., 2003; Kano et al., 2009). This
retrograde manner of synaptic endocannabinoid signaling is indispensable for various forms
of homo- and heterosynaptic plasticity throughout the central nervous system (Chevaleyre et
al., 2006; Kano et al., 2009), and probably accounts for the extensive involvement of the
endocannabinoid system in brain disorders (Katona and Freund, 2008). Thus, molecular
mechanisms regulating synaptic endocannabinoid signaling may be of pivotal importance in
the therapeutic exploitation of the endocannabinoid system.

Although anandamide is the archetypical endocannabinoid molecule (Devane et al., 1992),
and may tonically control presynaptic CB receptors (Kim and Alger, 2010), most
experimental evidence converge on the notion that 2-AG is the crucial retrograde messenger
mediating on-demand forms of short- and long-term synaptic depression through CBq
activation. Pharmacological inhibition of diacylglycerol lipase, including its alpha isoform
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(DGL-a), the enzyme primarily responsible for 2-AG biosynthesis in adult brain (Bisogno et
al., 2003), prevents retrograde endocannabinoid signaling in various experimental paradigms
throughout the cerebral cortex (Chevaleyre and Castillo, 2003; Straiker and Mackie, 2005;
Edwards et al., 2006, 2008; Lafourcade et al., 2007; Hashimotodani et al., 2008; Kellogg et
al., 2009; Zhang et al., 2009, but see Min et al., 2010). Particularly compelling support for
this concept also derives from the genetic inactivation of DGL-a, which completely
abolishes endocannabinoid-mediated synaptic plasticity, for example in the hippocampus
(Gao et al., 2010; Tanimura et al., 2010). Conversely, pharmacological blockade of
monoacylglycerol lipase (MGL), the enzyme responsible for inactivation of the major
fraction (~85%) of 2-AG in the brain (Dinh et al., 2002; Blankman et al., 2007), prolongs
retrograde endocannabinoid signaling in distinct types of synapses (Makara et al., 2005;
Hashimotodani et al., 2007; Lafourcade et al., 2007; Pan et al., 2009; Straiker et al., 2009;
Straiker and Mackie, 2009; Zhang et al., 2009).

Widespread distribution of 2-AG in the human brain has recently been revealed (Palkovits et
al., 2008) with a largely overlapping regional pattern to CB receptors based on radioligand
binding and /n situ hybridization experiments (Herkenham et al., 1990; Westlake et al.,
1994; Glass et al., 1997). Further high-resolution immunostaining and electron microscopic
analysis in the human hippocampal formation and neocortex have narrowed down the
presence of CB receptors to GABAergic boutons (Katona et al., 2000; Eggan and Lewis,
2007; Ludanyi et al., 2008; Eggan et al., 2010; Magloczky et al., 2010) and also to
glutamatergic axon terminals (Ludanyi et al., 2008). Together, these findings contribute to
the hypothesis that 2-AG may be a synaptic messenger in the human nervous system.
However, despite their potential therapeutic significance and their prominent mRNA
expression levels in the human hippocampus (Ludanyi et al., 2008), the precise location of
two key enzymes, DGL-a and MGL, known to regulate 2-AG signaling at chemical
synapses in rodents have not yet been investigated in detail in the human brain. The aim of
our study was therefore to uncover the precise molecular organization of the 2-AG signaling
pathway at excitatory synapses in the human hippocampus by using novel antibodies with
confirmed target specificity for DGL-a and MGL, as well as light and high-resolution
electron microscopy.

EXPERIMENTAL PROCEDURES

Human tissue samples

Control hippocampi (/7=5) were kindly provided by the Lenhossék Human Brain Program,
Semmelweis University, Budapest. Control subjects (57+3 years) died suddenly from causes
not directly involving any brain disease, and none of them had a history of any neurological
disorders. The control subjects were processed for autopsy in the Department of Forensic
Medicine of the Semmelweis University Medical School, Budapest, and the brains were
removed 2-5 h after death. Informed consent was obtained for the use of brain tissue and for
access to medical records for research purposes. Tissue was obtained and used in a manner
compliant with the Declaration of Helsinki. All procedures were approved by the Regional
and Institutional Committee of Science and Research Ethics of Scientific Council of Health
(TUKEB 5-1/1996).

After postmortem removal, the hippocampal tissue was immediately dissected into 3- to 4-
mm-thick blocks, and immersed in a fixative containing 4% paraformaldehyde, 0.1%
glutaraldehyde, and 0.2% picric acid in phosphate buffer (PB; pH 7.4; 0.1 M). The blocks
were first rinsed for 6 h at room temperature in the fixative, which was replaced every hour
with a fresh solution. The blocks were then postfixed overnight in the same fixative solution,
but without glutaraldehyde. In the case of one control brain, both the internal carotid and
vertebral arteries were cannulated 4 h after death, and the brain was perfused with
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physiological saline (2 L in 30 min) followed by a fixative solution containing 4%
paraformaldehyde and 0.2% picric acid in PB (5 L in 3.5 h). The hippocampus was removed
after perfusion, and was cut into 3- to 4-mm-thick blocks, and was postfixed in the same
fixative solution overnight. Subsequently, 60-pum-thick coronal sections were prepared from
the blocks with a Leica VTS-1000 Vibratome (Leica Microsystems, Wetzlar, Germany) for
immunohistochemistry.

Mouse tissue samples

Adult male DGL-a knockout mice and wild-type littermates on C57BL/6 background
(Tanimura et al., 2010) for the immunoperoxidase experiment as well as male wild-type
C57BL/6 mice for the immunofluorescence experiment were perfused transcardially under
deep pentobarbital (Phylaxia-Sanofi, Budapest, Hungary) anesthesia first with 0.9% saline
and then with 4% paraformaldehyde dissolved in PB. After perfusion, the brain was
removed from the skull, cut into 3- to 4-mm-thick blocks, and then 50-um-thick coronal
sections were sliced with a Leica VTS-1000 Vibratome for immunohistochemistry. Animal
experiments were approved by the Committee of the Scientific Ethics of Animal Research
(22.1/4027/003/2009), and were carried out according to institutional guidelines of ethical
code and the Hungarian Act of Animal Care and Experimentation (1998. XXVIII. Section
243/1998).

Immunohistochemistry

Immunostaining of the slices was performed as described previously (Ludanyi et al., 2008).
Briefly, after washing in PB (six times for 20 min each), sections were cryoprotected in 10%
sucrose and in 30% sucrose in PB for 15 min and overnight, respectively, then freeze-
thawed four times in an aluminium-foil boat over liquid nitrogen to enhance penetration of
the antibodies without destroying the ultrastructure. Residual sucrose was washed from the
tissue in PB (three times for 15 min) and then endogenous peroxidase activity was blocked
for 10 min by treatment with 1% H,0, dissolved in PB. Subsequently, all washing steps and
antibody dilutions were carried out in Tris-buffered saline (TBS; pH 7.4; 0.05 M). After
extensive washing in TBS (five times for 10 min each), sections were first blocked with 5%
normal goat serum for 45 min, washed in PB for 15 min, and then incubated with the
primary antibody of interest for 48 h. The following polyclonal, affinity-purified primary
antibodies were used in the present study: rabbit anti-DGL-a. (called “DGL-a-INT”; raised
against residues 790-908 of the rat DGL-a protein; 1:1500-1:3000; Katona et al., 2006);
rabbit anti-MGL (called “MGL-mid”; raised against residues 172—-206 of the mouse MGL
protein; 1:500-1:1000; Straiker et al., 2009); and rabbit anti-MGL (called “MGL-NT”;
raised against residues 5-19 of the rat MGL protein; 1:3000; Dinh et al., 2002). The
specificity of the DGL-a-INT antibody was confirmed by the lack of immunostaining in
hippocampal sections derived from DGL-a knockout mice (Fig. 1B, D). The specificity of
the two MGL antibodies was supported by immunostaining in HEK293 cells transiently
expressing a V5 epitope-tagged MGL; by the lack of immunostaining in neurons pre-
incubated with 5 pg/ml of the corresponding immunizing protein; and by the identical
staining pattern in hippocampal sections at the electron microscopic level with the two
antibodies raised against independent epitopes of the MGL protein (Dinh et al., 2002;
Straiker et al., 2009).

After primary antibody incubation, human and mouse hippocampal sections were washed
extensively in TBS (three times for 10 min each), then treated first with biotinylated goat
anti-rabbit 1gG (1:300; Vector Laboratories, Burlingame, CA, USA) for 2 h, washed again
three times in TBS, and then incubated with avidin-biotinylated horseradish peroxidase
complex (1:500; Elite-ABC; Vector Laboratories) for 1.5 h. This step was followed again by
washing in TBS (twice for 20 min each) and in Tris buffer (TB, pH 7.6; twice for 20 min
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each), and finally the immunoperoxidase reaction was developed using 3,3-
diaminobenzidine (DAB; 0.3 mg/ml; Sigma, St. Louis, MO, USA) as chromogen and 0.01%
H,0, dissolved in TB. After the development of immunostaining, sections were washed in
PB, treated with 1% OsOg4 in 0.1 M PB for 20 min, dehydrated in ascending series of ethanol
and acetonitrile, and embedded in Durcupan (ACM; Fluka, Buchs, Switzerland). During
dehydration, sections were also treated with 1% uranyl acetate in 70% ethanol for 20 min.
After overnight incubation in Durcupan, the sections were mounted onto glass slides and
coverslips were sealed by polymerization of Durcupan at 56 °C for 48 h. Light microscopic
analysis of immunostaining was carried out with a Nikon Eclipse 80i upright microscope
(Nikon Instruments Europe B.V., Amstelveen, The Netherlands), and light micrographs
were taken with a DS-Fil digital camera (Nikon).

For electron microscopic investigations, selected immunoreactive profiles and regions (from
stratum radiatum of the CA1 subfield and from stratum moleculare of the dentate gyrus)
were photographed and re-embedded for further ultrathin sectioning. Series of consecutive
ultrathin sections (60 nm) were collected on Formvar-coated single-slot grids and
counterstained with lead citrate for 2 min. Electron micrographs were taken at 30,000
50,000x magnifications with a Hitachi 7100 electron microscope (Hitachi High-
Technologies Corporation, Tokyo, Japan).

For immunofluorescence double staining, after freeze-thawing and intense washing, the
sections were first blocked with 5% normal donkey serum for 45 min, and then incubated
with mouse anti-NeuN (1:1000, Millipore, Billerica, MA, USA) and either with rabbit anti-
DGL-a (1:1000), or rabbit anti-MGL (“MGL-mid”, 1:500), or rabbit anti-MGL (“MGL-
NT”, 1:1000) primary antibodies for 48 h. Afterward, the sections were washed again in
TBS three times for 15 min each, then incubated with secondary antibodies Alexa 594-
conjugated goat anti-mouse 1gG (1:400; Invitrogen, Carlsbad, CA, USA) and DyL.ight 488-
conjugated donkey antirabbit 1gG (1:400; Jackson Immuno Research, UK) for 2 h. Excess
secondary antibody was washed out three times in TBS, and three times in 0.1 M PB for 15
min each. Finally, the sections were mounted in Vectashield (Vector Laboratories,
Burlingame, CA, USA) onto glass slides, and the coverslips were sealed with nail polish.
Image acquisition was performed with an inverted Nikon Eclipse Ti-E microscope equipped
with an A1R confocal system (Nikon). Images of double labeling were obtained of a single
focal plane by a 4x objective (NA 0.13) in sequential scanning mode using a four channel
PMT detector.

For the adjustment of digital light and electron micrographs, Adobe Photoshop CS2 (Adobe
Systems, San Jose, CA, USA) was used. In all imaging processes, adjustments (brightness
and contrast) were done in the whole frame and no part of an image was modified separately
in any way.

Distribution of DGL-a in the mouse and human hippocampus

To reveal the site of synthesis of the endocannabinoid 2-AG in the human hippocampus by
determining the localization of its predominant synthesizing enzyme DGL-a (Bisogno et al.,
2003; Gao et al., 2010; Tanimura et al., 2010), we first sought to identify an antibody with
unequivocal specificity for this transmembrane serine hydrolase. Therefore, DGL-a-
immunostaining was performed and compared in hippocampal sections derived from wild-
type or DGL-a knockout mice (Tanimura et al., 2010). Using an affinity-purified antibody
raised against a large intracellular loop on the C-terminus of DGL-a (“DGL-a INT”;
Katona et al., 2006), immunoperoxidase reaction revealed at low magnification that the
general dense distribution of DGL-a-immunostaining followed the topographic arrangement
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of glutamatergic pathways in the wild-type hippocampus (Fig. 1A). In contrast, the
immunoreactive material was almost fully absent in the DGL-a knockout hippocampus
confirming the specificity of the “DGL-a INT” antibody (Fig. 1B, D). At higher
magnification, the differences in staining intensity between the somatic and dendritic layers
(the former receives exclusively GABAergic inputs, whereas the latter also contains
abundant glutamatergic afferents) were even more pronounced (Fig. 1C). While nuclei and
cell bodies in the principal cell layers were largely devoid of DGL-a-immunoreactivity, an
intense punctate staining pattern was observed throughout the neuropil in those layers,
which contain a high density of excitatory synapses in the hippocampus (e.g. in the stratum
radiatum of the CA1 subfield, see Fig. 1C). This was in accordance with the observations we
have reported earlier using this antibody in the hippocampus and in other regions (Katona et
al., 2006; Matyas et al., 2008; Nyilas et al., 2009). On the other hand, this punctate labeling
was largely missing in DGL-a knockout hippocampi (Fig. 1D).

Therefore, in the next set of experiments, we incubated hippocampal sections derived from
human subjects together with hippocampal sections derived from wild-type C57BL/6 mice
using the “DGL-a INT” antibody. At low magnification, immunofluorescence staining for
DGL-a was unevenly distributed throughout the human hippocampal formation (Fig. 2D).
This pattern followed the laminar organization of the hippocampus and was found to be
largely similar in mice (Fig. 2A, D). At higher magnification, the highest density of DGL-a.-
immunoperoxidase reactivity was observed in the strata oriens and radiatum of the cornu
ammonis (CA1-CA3) subfields, and in the inner molecular layer of the dentate gyrus (Fig.
3A, C), whereas somewhat weaker, but still significant density of DGL-a-immunoreactivity
was found in the strata pyramidale and lacunosum-moleculare of the cornu ammonis and in
the outer two-third of the stratum moleculare (Fig. 3A—C). Somata of pyramidal cells and
dentate gyrus granule cells contained only very low amount of DGL-a-immunolabeling. At
even higher magnification, the punctate staining pattern also showed striking similarities
with the pattern observed in wild-type mice (Figs. 1C and 3B, D). This widespread granular
pattern of DGL-a-immunoreactivity was visible throughout the hippocampal formation, but
its distribution varied with regard to given subcellular profiles. For example, in the stratum
radiatum of the CA1 subfield, DGL-a-positive granules were distributed along the main
trunk of the apical dendrites of pyramidal cells, whereas the trunk itself was devoid of
immunostaining (Fig. 3B). Similarly, apical and possibly oblique dendrites of granule cells
also appeared to be outlined on their surface by dense DGL-a-immunolabeling (Fig. 3D).

Ultrastructural localization of DGL-a is largely confined to dendritic spine heads in the
mouse and human hippocampus

To reveal the precise subcellular position of DGL-a in principal cells of the human
hippocampus, we first tested the specificity of the “DGL-a INT” antibody at the
ultrastructural level (Fig. 4A, B). Hippocampal sections from mice with different genotypes
(wild-type and DGL-a knockout) were processed together within the same incubation wells
to ensure identical treatment throughout the imunostaining procedure. Further high-
resolution electron microscopic analysis in samples taken from the stratum radiatum of the
CAL subfield of wild-type hippocampus revealed that DGL-a-immunoreactivity was
predominantly concentrated in dendritic spine heads receiving asymmetric, putative
excitatory synapses, in accordance with previous findings (Katona et al., 2006; Yoshida et
al., 2006) (Fig. 4A). Altogether, at least ~24% of dendritic spine heads were unequivocally
positive for DGL-a immunoreactivity in our wild-type random samples (57 spines out of
238); this ratio should be treated as a conservative estimation restricted by epitope
accessibility. In contrast, under identical staining condition, only two out of 201 spine heads
(~1%) contained weak immunoperoxidase reaction end product in sections taken from the

Neuroscience. Author manuscript; available in PMC 2013 June 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ludanyi et al.

Page 7

DGL-a knockout mouse (Fig. 4B), indicating the low level of background in this
immunostaining experiment.

To determine whether in the human hippocampus the same subcellular domain, namely the
postsynaptic spine head, corresponds to the punctate staining pattern observed at the light
microscopic level, hippocampal sections from human subjects (/=5) with DGL-a.-
immunostaining were also processed for further electron microscopic analysis. Two regions
were selected for detailed investigations, the stratum radiatum of the CA1 region (Fig. 4C1—
C,) and the inner third of the stratum moleculare of the dentate gyrus (Fig. 4D1-D5). In both
regions, the DAB end product of the immunoperoxidase staining procedure, representing the
subcellular position of DGL-a, was concentrated in dendritic spine heads protruding from
DGL-a-immunonegative dendritic shafts. Because the majority of hippocampal GABAergic
interneurons, including for example basket cells are aspiny, therefore the widespread
occurrence of DGL-a in this characteristic subcellular compartment also reveals that
principal cells express this enzyme in the human hippocampus. Notably, the DAB
precipitate was consistently present within the spine heads through consecutive ultrathin
sections. In contrast to this high concentration of DGL-a in dendritic spines, intensity of
DGL-a-immunoreactivity did not reach the detection threshold in other subcellular profiles
like excitatory and inhibitory axon terminals, or glial processes in the human hippocampus
(Fig. 4C1-Dy).

Taken together, these data ultimately confirm previous findings (Katona et al., 2006;
Yoshida et al., 2006) that DGL-a. accumulates postsynaptically in dendritic spines of
principal cells in the mouse hippocampus and suggest that this 2-AG-synthesizing enzyme
has a conserved function in the regulation of retrograde endocannabinoid signaling based on
its entirely similar postsynaptic localization at excitatory synapses in the mouse and human
hippocampus.

Distribution of MGL in the human hippocampus

If the enzyme responsible for 2-AG biogenesis is postsynaptically located (see above),
whereas its receptor is presynaptically positioned (Ludanyi et al., 2008), then the next
important question is where the 2-AG signal is terminated at excitatory synapses in the
human hippocampus. Because MGL knockout mice have not yet become available to use as
specificity controls, we employed two independent antibodies recognizing different epitopes
of the MGL protein to characterize the regional distribution and subcellular localization of
2-AG’s principal hydrolyzing enzyme, MGL (Dinh et al., 2002; Blankman et al., 2007;
Straiker et al., 2009) in the human hippocampal formation.

Immunofluorescence staining for MGL using two different antibodies recognizing
independent epitopes of the MGL protein (see Experimental Procedures) resulted in a
comparable distribution pattern, although the general density of staining was stronger for the
antibody “MGL-mid” in human hippocampal sections (Fig. 2B, E vs. C, F). Notably, as with
the DGL-a-immunostaining, the distribution pattern of MGL mirrored the laminar structure
of the hippocampal formation and was found to be similar in mouse and human hippocampi
(Fig. 2B, C, E, F). At higher magnification, the stratum oriens showed the strongest density
of MGL-immunoperoxidase reactivity in the cornu ammonis (Fig. 5A), but profound
staining was also observed in strata pyramidale and radiatum (Fig. 5A, B). This pattern of
expression in the three subfields of the cornu ammonis (CA1, CA2, and CA3) was very
similar. Immunoperoxidase labeling for MGL was also found in the hilus and in the stratum
moleculare of the dentate gyrus (Fig. 5C), with a somewhat stronger MGL-
immunoreactivity visible in the outer two-thirds of the dentate molecular layer (Fig. 5C, D).
Interestingly, this latter intensity pattern was in contrast with the distribution of DGL-a,
which was more abundant in the inner third of the dentate molecular layer (note Figs. 3C
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and 5C). At even higher magnification, cell bodies of pyramidal cells and granule cells were
only weakly or not at all MGL-positive. Moreover, apical dendrites of pyramidal and
granule cells were also largely devoid of immunolabeling for MGL (Fig. 5B, D). On the
other hand, the neuropil among these dendrites and throughout the dendritic layers contained
a dense, punctate MGL-positive staining. These varicosities were small, distributed with
different densities in distinct layers and were often arranged in an array-like manner (Fig.
5D), reminiscent of the DGL-a-immunoreactivity pattern at the light microscopic level (Fig.
3B, D).

MGL is abundant in axon terminals forming asymmetric synapses in the human
hippocampus

To test the prediction that the comparable dotted immunostaining pattern for DGL-a and
MGL is due to the similar subcellular compartmentalization of these two enzymes with
opposing functions in the metabolism of 2-AG, we performed a high-resolution electron
microscopic analysis of MGL-immunostaining in the human hippocampal formation. The
same regions were selected for detailed investigations as for DGL-a., the stratum radiatum
of the CAL region (Fig. 6A1—B>) and the inner third of stratum moleculare of the dentate
gyrus (Fig. 6C1—D>).

Importantly, both antibodies revealed an identical staining pattern at the ultrastructural level.
In addition, no differences in MGL-immunostaining were observed between strata radiatum
and moleculare. At asymmetric, presumably glutamatergic synapses, MGL-
immunoreactivity was restricted to presynaptic axon terminals, in contrast to the
postsynaptic localization of DGL-a.. These MGL-positive boutons terminated most often on
dendritic spine heads, but occasionally dendritic shafts were also present among their
postsynaptic targets. The DAB end product indicating the presence of the MGL protein was
predominantly found in the central part of the axon terminals often close to synaptic vesicles
and to active zone release sites (e.g. note by in Fig. 6A, and b, in Fig. 6D5), and could be
consistently followed through consecutive ultrathin sections of the same terminals (Fig. 6).
Besides the immunolabeling in axon terminals, MGL-immunoreactivity also appeared in
thin axonal segments that could be often identified as preterminal axons through serial
sections. In contrast to axonal profiles, consistent MGL-immunoreactivity confirmed with
both antibodies remained under detection thresholds at postsynaptic sides, dendritic shafts,
cell bodies and in glial processes.

Taken together, the abundance of MGL in axon terminals indicates that the majority of
postsynaptically released 2-AG is inactivated presynaptically, close to its target, the CB;
cannabinoid receptor. Moreover, together with similar findings in the rodent hippocampus
(Gulyas et al., 2004), these data also suggest that the entire molecular architecture of
retrograde 2-AG signaling at excitatory synapses is evolutionarily conserved across species.

DISCUSSION

Despite the compelling association of impaired endocannabinoid signaling with several
neurological and psychiatric disorders (Pacher et al., 2006; Murray et al., 2007; Katona and
Freund, 2008), our knowledge regarding the molecular architecture of endocannabinoid
system in the human brain is still limited. In the present study, we provide evidence that (i)
the enzymatic machinery responsible for the metabolism of the endocannabinoid 2-AG is
also present in the human brain; (ii) its distribution follows the topographic layout of
excitatory, glutamatergic pathways in the human hippocampal formation; (iii) and finally, its
enzymes are restricted to complementary subcellular compartments at excitatory synapses.
DGL-a, the key serine hydrolase in the biosynthesis of 2-AG (Bisogno et al., 2003; Gao et
al., 2010; Tanimura et al., 2010) is found postsynaptically. In contrast, MGL, the primary
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serine hydrolase responsible for hydrolyzing 2-AG (Dinh et al., 2002; Blankman et al.,
2007) is localized presynaptically. Together with the presynaptic position of CB;
cannabinoid receptors on glutamatergic axon terminals in the human hippocampus (Ludanyi
et al., 2008), these data suggest that the molecular architecture of 2-AG signaling underlies
2-AG’s postulated function as a retrograde synaptic messenger. Moreover, these findings
also indicate that retrograde 2-AG signaling is an evolutionarily conserved feature of
hippocampal excitatory synapses and its similar organization in rodents and humans may
help to offer plausible strategies for human medical research based on experimental findings
obtained in rodents.

Postsynaptic origin of 2-AG at glutamatergic synapses of the human hippocampus

An important implication of the present findings is the central role of DGL-a and 2-AG in
the regulation of excitatory synaptic communication in the human hippocampus.
Immunostaining for DGL-a at the light microscopic level resulted in an abundant punctate
staining throughout the neuropil, which delineated the layered structure of the human
hippocampal formation. On the other hand, characteristic profiles, like cell bodies and major
dendritic trunks were weakly or not at all labeled. The granular pattern and its uneven,
layered distribution suggest that DGL-a. has a compartmentalized distribution at the
subcellular level. The intense staining and its overlap with glutamatergic afferent pathways
indicate that this compartment may be the glutamatergic synapse. Indeed, further electron
microscopic examination revealed that DGL-a is exclusively found in postsynaptic spine
heads receiving asymmetric, presumably excitatory glutamatergic synapses. This
characteristic postsynaptic position was found both in stratum radiatum of the CA1 subfield
and in stratum moleculare of the dentate gyrus. On the other hand, dendritic shafts from
which these DGL-a-containing spines protrude, axon terminals and glial profiles were not
consistently labeled suggesting that even if these subcellular domains hold low, at present
undetectable, levels of the DGL-a enzyme, the majority of 2-AG biosynthesis occurs
postsynaptically at glutamatergic synapses in the human hippocampal formation.

This peculiar subcellular position of DGL-a highlights its key function in the initiation of
synaptic endocannabinoid signaling, whose human occurrence has been postulated based on
numerous animal studies, but has never been demonstrated in human nervous tissue before.
Using electron microscopy, a series of recent neuroanatomical findings reported a very
similar postsynaptically compartmentalized distribution of DGL-a. in several brain areas in
rodents, for example in the prefrontal cortex (Lafourcade et al., 2007), in the hippocampus
(Katona et al., 2006; Yoshida et al., 2006), in the striatum (Uchigashima et al., 2007), in the
ventral tegmental area (Matyas et al., 2008), in the cerebellum (Yoshida et al., 2006), in the
auditory brainstem (Zhao et al., 2009) and even in the dorsal horn of the spinal cord (Nyilas
et al., 2009). Thus, we propose that the matching postsynaptic localization of DGL-a in the
human hippocampus and in many rodent brain areas indicates that DGL-a. is an
evolutionarily conserved component of excitatory synapses and thereby its synaptic
functions established in animal experiments can be extrapolated to the human brain as well.

What may be the synaptic function, which necessitates principal neurons to target DGL-a so
precisely into dendritic spine heads? DGL-a synthesizes 2-AG from diacylglycerol, the
common second messenger produced upon Gg/11-coupled receptor activation and
phospholipase C-p (PLC-B) activity (Stella et al., 1997; Bisogno et al., 2003). The most
abundant Gg11-coupled receptor and PLC-B-type enzyme in hippocampal dendritic spine
heads is the metabotropic glutamate receptor type 5 (mGIuRs) and PLC-f1, respectively
(Lujan et al., 1996; Fukaya et al., 2008), and indeed, activation of mGluR5 leads to
endocannabinoid-mediated retrograde synaptic suppression (Hashimotodani et al., 2005),
and the elevation of 2-AG levels through PLC-B1 and DGL-a activity (Jung et al., 2005,
2007). Because 2-AG inhibits glutamate release from excitatory nerve terminals in
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hippocampal neurons (Straiker and Mackie, 2005; Bhaskaran and Smith, 2010), this
negative feed-back pathway operating as a “synaptic circuit-breaker” may have a pivotal
functional significance in controlling network excitability during neuronal insults leading to
excitotoxicity (Katona and Freund, 2008).

Although the medical importance of such a protective messenger system is obvious, it is not
yet clear if the same molecular machinery is functional at excitatory synapses of human
neurons as well. The postsynaptic accumulation of DGL-a at excitatory synapses in human
hippocampal samples described in the present study along with evidence that mGIuRs is
also present postsynaptically at excitatory synapses both in the human hippocampus (Tang
et al., 2001) and in primate cortical areas (Muly et al., 2003) underlies this notion, though
similar data are not yet available for PLC-Bs in humans. Interestingly, an independent
structural support derives from the striking similarity in the density of DGL-a and mGIluRs-
immunostaining in relation to given hippocampal layers. For example, in the dentate gyrus,
higher concentration of DGL-a was found in the inner third of the molecular layer than in
the outer two-thirds of stratum moleculare both in rodents and in humans (see Fig. 3C in the
present study), underlying the observation that excitatory inputs of granule cells received
from mossy cells may be more tightly controlled by endocannabinoids than afferents from
the entorhinal cortex (Chiu and Castillo, 2008). Similarly to DGL-a distribution, the density
of mGluRs-immunostaining is more pronounced in the inner molecular layer both in rodents
(Shigemoto et al., 1997) and in humans (Blumcke et al., 1996). Finally, among
glutamatergic terminal types, the concentration of CB receptors is also highest in those
arborizing in the inner molecular layer (Katona et al., 2006; Kawamura et al., 2006; Monory
et al., 2006; Ludanyi et al., 2008). Whether this intensity difference reflects the higher
density of excitatory synapses in the inner molecular layer both in rodents (Kaneko et al.,
2002), and in humans (van der Hel et al., 2009) or it is due to synapse-specific variations in
the regulation of synaptic 2-AG signaling needs to be established in further experiments.
Nevertheless, the weaker density of MGL-immunostaining (see Fig. 5C) in the inner
molecular layer indicating reduced capacity for 2-AG inactivation by MGL at mossy cell
synapses gives some indirect support for the latter possibility and emphasizes that the
termination of 2-AG signaling may be specifically regulated in the human hippocampus as
well.

Presynaptic inactivation of 2-AG at glutamatergic synapses of the human hippocampus

We provide anatomical evidence that MGL, the main degrading enzyme of 2-AG has a
widespread distribution in the human hippocampal formation. The nature of MGL-
immunoreactivity was comparable to DGL-a-immunostaining at the light microscopic level,
with the profuse punctate labeling covering the neuropil and outlining the laminar structure
of the hippocampus. Electron microscopic analysis uncovered that this compartmentalized
staining pattern is due to the accumulation of immunolabeling at excitatory synapses.
However, in striking contrast to the postsynaptically localized DGL-a enzyme, MGL was
present presynaptically in glutamatergic axon terminals. This anatomical observation is in
agreement with previous findings obtained in the rodent hippocampus (Gulyas et al., 2004;
Straiker et al., 2009), and it is also supported by recent physiological experiments
demonstrating that MGL limits the duration of synaptic depression at hippocampal
excitatory synapses (Pan et al., 2009; Straiker et al., 2009). In addition, although further
immunohistochemical studies using antibodies with higher sensitivity may reveal that MGL
is not fully restricted to glutamatergic synapses, the present findings indicate that the highest
concentration of MGL protein is likely located in excitatory boutons in the human
hippocampus.

MGL is the major degradative enzyme of 2-AG in the mouse brain. It is estimated that
approximately 85% of the brain’s 2-AG hydrolysis activity is accounted for this serine
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hydrolase (Blankman et al., 2007). Its widespread distribution in excitatory axon terminals
in the human hippocampus suggests that MGL may also play a similarly important role in 2-
AG hydrolysis in the human brain. Together with our previous findings demonstrating the
ubiquitous presence of CB; cannabinoid receptors on the same excitatory terminals
(Ludanyi et al., 2008), these data collectively corroborate that MGL is the key enzyme
terminating synaptic 2-AG signaling after activation of presynaptic CB receptors in the
human hippocampal formation.

Given that acute /7 vivo administration of JLZ184, the most potent selective inhibitor of
MGL currently available, replicates nearly all of the characteristic behavioral effects of A®-
tetrahydrocannabinol (A°-THC) by protecting endogenously released 2-AG from
degradation (Long et al., 2009), it is conceivable to hypothesize that JLZ184 may have a
similar effect on the human brain based on the similar neuroanatomical localization of MGL
in rodents and humans. Therefore, although MGL inhibitors hold great therapeutic potential
in several medical applications (Saario and Laitinen, 2007), their predicted psychoactive
side effects based on their cannabimimetic properties in animals (Long et al., 2009), should
be taken into consideration when pondering the use of these compounds in humans.

CONCLUSION

These findings reveal the complementary post- and presynaptic segregation of DGL-a and
MGL, the serine hydrolases primarily responsible for synthesis and elimination of 2-AG,
respectively, in the human hippocampal formation. This synaptic distribution ideally
supports retrograde regulation of neurotransmitter release by 2-AG via presynaptic CBq
receptors. Moreover, its similarity in rodents and humans implies that the 2-AG signaling
pathway may be an ancient, conserved trait of excitatory synapses.
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PB phosphate buffer

PLC-B phospholipase C-p
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2-AG 2-arachidonoylglycerol
AS-THC A%-tetrahydrocannabinol.
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Fig. 1.

Confirmation of the specificity of the “DGL-a-INT” antibody in DGL-a knockout mice.
(A) Immunostaining in wild-type mice using an antibody raised against a 118 residue-long
intracellular segment of the DGL-a protein visualizes the layered structure of the
hippocampus. The dendritic layers contain high density of DGL-a immunoreactivity,
whereas the somatic layers stand out as DGL-a immunonegative. (B) In contrast,
immunostaining in the hippocampus of a DGL-a knockout mouse shows no similar
immunoreactive profiles, demonstrating antibody specificity. The sections presented in (A)
and (B) were incubated in parallel throughout the immunostaining and dehydration
procedures to ensure unequivocal comparison. Note the similar intensity of dark tone in the
white matter generated by osmification, which confirms identical treatment. Open boxes
denote the positions of corresponding insets in the CA1 subfield (C in A, D in B). (C) At
higher magnification, immunoreactivity for DGL-a covers the stratum radiatum in wild-type
mice. The characteristic punctate staining outlines the major apical trunk of pyramidal cell
dendrites, which along with pyramidal cell somata are largely devoid of DGL-a
immunoreactivity. (D) The dense DGL-a immunopositive staining in the neuropil is absent
in the hippocampus of DGL-a knockout mice. Abbreviations: rad, stratum radiatum; pyr,
stratum pyramidale. Scale bars: (A-B) 500 pm; (C-D, shown in D) 20 um.
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Fig. 2.

Comparable topographical distribution of 2-AG metabolizing enzymes in the mouse and
human hippocampus. (A—C) Double immunofluorescence staining in the mouse
hippocampus shows the laminar organization of DGL-a and MGL, responsible for
generation and degradation of the endocannabinoid 2-AG, respectively (green). The cell
bodies of neurons are visualized by NeuN staining (red) to highlight the pyramidal and
granule cell layers. (D-F) A similar staining pattern is apparent in the human hippocampal
formation. Note the laminar organization of the staining pattern for both enzymes indicating
the spatial association of 2-AG metabolism with glutamatergic excitatory pathways. “MGL-
mid” and “MGL-NT” indicates two distinct primary antibodies raised against different
epitopes on the MGL protein. “MGL-mid” gives rise to denser immunostaining in the
human hippocampus, whereas “MGL-NT” results in somewhat stronger staining in the
mouse hippocampus. Nevertheless, both antibodies reveal comparable overall distribution of
MGL in the mouse and human hippocampal formation. Abbreviations: o, stratum oriens; p,
stratum pyramidale; r, stratum radiatum; Im, stratum lacunosum-moleculare; m, stratum
moleculare; g, stratum granulosum; h, hilus. Scale bars: (A) 0.5 mm also applies to (B-C);
(D) 1 mm also applies to (E-F).
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Fig. 3.

Light microscopic localization of DGL-a in the human hippocampus. (A) Light micrograph
of DGL-a immunoperoxidase reactivity in the CAL subfield of the cornu ammonis using the
“DGL-a-INT” antibody. The highest density of immunostaining is located in the strata
oriens (ori.) and radiatum (rad.), whereas staining intensity is somewhat weaker in the strata
lacunosum-moleculare (I-m.) and pyramidale (pyr.). Besides the specific DGL-a
immunoreactivity, lipofuscin granules in the cell bodies of pyramidal cells are also observed
occasionally, but its relation to DGL-a protein was not considered, because these pigment
granules are known to accumulate in neuronal somata during aging. (B) At higher
magnification, the main apical dendrites of CA1 pyramidal cells at the border of stratum
pyramidale and stratum radiatum appear to be DGL-a immunonegative and are contoured
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by an intense dotted staining in the neuropil (arrowheads). (C) In the dentate gyrus, the
highest density of DGL-a immunostaining is visible in the inner third of stratum moleculare
(i.mol.), where the mossy cells, a glutamatergic interneuron type of the dentate gyrus
terminate. Modest staining is observable in the outer two-thirds of stratum moleculare
(0.mol), whereas immunolabelling was weak in stratum granulosum (gr.). (D) At higher
magnification, immunonegative dendrites of granule cells are surrounded by widespread
punctate DGL-a immunoreactivity (arrowheads) in inner third of the stratum moleculare of
dentate gyrus. Open boxes denote the positions of corresponding insets (B in A, D in C).
Asterisks in (C-D) depicts the same capillary used as landmark. Scale bars: (A) 200 um; (B,
D) 20 pm; (C) 50 pm.
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Fig. 4.

DGL-a is localized in dendritic spines in the mouse and human hippocampus. (A)
Immunoperoxidase reaction performed on hippocampal sections derived from wild-type
mice reveals that DGL-a is present in numerous dendritic spine heads (s1—Sy) receiving
asymmetric synapses (arrowheads) in the stratum radiatum of the CA1 subfield. These
DGL-a immunopositive spines protrude from DGL-a immunonegative dendritic shafts (d).
Other subcellular profiles like excitatory axon terminals (b;—b5) or other dendritic spines
(asterisk) are also DGL-a immunonegative, which reflects that this enzyme is either absent
or its level is under detection threshold in these compartments. (B) In hippocampal sections
derived from DGL-a knockout animals, dendritic spines (asterisks) as well as other
subcellular profiles (e.g. dendritic shafts depicted by “d”) are all devoid of DGL-a
immunoreactivity confirming the specificity of the antibody for DGL-a.. (C1—C») Serial
high-resolution electron micrographs of DGL-a immunoreactivity in the stratum radiatum
of the CA1 region in the human hippocampus. The black immunoreaction end-product
DAB, representing the localization site of DGL-a, is accumulated in the dendritic spine
heads (s1—s,) of CA1 pyramidal neurons. In contrast, DGL-a immunoreactivity levels did
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not reach detection threshold in presynaptic axon terminals (b;—b,) forming asymmetric
synapses (arrowheads) on the spine heads. (D1—D>) Similar situation is found in the inner
third of stratum moleculare of the human dentate gyrus. The striking targeting of DGL-a to
the postsynaptic side of excitatory synapses (arrowheads) is highlighted by the dense
labeling in spine heads (s1—S,), which are derived from DGL-a immunonegative dendritic
shafts (d) of granule cells. Other subcellular domains, e.g. axon terminals (b;—b,) are also
devoid of DGL-a.. Scale bars: (A, B, D) 500 nm, (D,) also applies to (Cy, Cy, D1).
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Fig. 5.

Light microscopic localization of MGL in the human hippocampus. (A) Light micrograph of
immunoperoxidase staining for MGL in the CA1 subfield of the cornu ammonis shows that
the highest density of MGL-immunoreactivity using the “MGL-mid” antibody is located in
the stratum oriens (ori.), but significant levels of immunostaining is also apparent in strata
pyramidale (pyr.), radiatum (rad.) and lacunosum-moleculare (I-m.). (B) At higher
magnification, the abundant neuropil staining becomes visible, e.g. in the stratum radiatum
of CAL region (depicted here). The characteristic MGL-immunopositive granules
(arrowheads) decorate MGL-immunonegative apical dendrites of pyramidal cells. (C) In the
dentate gyrus, MGL-immunostaining was observed predominantly in the outer two thirds of
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the stratum moleculare (0.mol.), whereas it was weaker in the inner third of stratum
moleculare (i. mol.), stratum granulosum (gr.) and in the hilus. Somata of granule cells
(similarly to somata of pyramidal cells in A) are hardly or not at all labeled by MGL
immunostaining. (D) At higher magnification, the punctate neuropil staining is present
throughout the stratum moleculare of the dentate gyrus. MGL-immunonegative dendrites are
frequently outlined by the characteristic MGL-containing varicosities often arranged in an
array-like manner. Open boxes denote the positions of corresponding insets (B in A, D in
C). Asterisks in (C-D) depicts the same capillary used as landmark. Scale bars: (A) 200 pm;
(B, D) 20 pm; (C) 100 pm.
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Fig. 6.
MGL is located presynaptically on glutamatergic axon terminals in the human hippocampus.

(A1—D5) At the electron microscopic level, immunostaining with two independent
antibodies raised against different epitopes of the MGL protein reveals the abundance of
MGL in axon terminals forming asymmetric, presumably excitatory synapses (arrowheads).
The antibody “MGL-mid” is used in (A1—A5) and in (C1—C,), whereas the antibody “MGL-
NT” is used in (B1—B>) and in (D1—D5). Series of consecutive ultrathin sections show that
the black DAB end product fills the intracellular side of the boutons (b,—b,, all images are
two consecutive sections) indicating high levels of MGL enzyme in these axon terminals.
Importantly, MGL-immunoreactivity levels did not reach detection threshold in spine heads,
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in dendritic or in glial processes, and in cell bodies. The illustrated boutons are derived from
the stratum radiatum in the CA1 region (b;—b, in A1—A, and B1-B>), and from the outer
two thirds of stratum moleculare in the dentate gyrus (b1—b, in C4—C, and D1-D5). Scale
bars: (shown in Ay, By, Co, D) 500 nm, (also applies to A1, Bq, Cq, D1, respectively).
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