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Abstract

Exposure to cannabis impairs cognitive functions reliant on the circuitry of the dorsolateral
prefrontal cortex (DLPFC) and increases the risk of schizophrenia. The actions of cannabis are
mediated via the brain cannabinoid 1 receptor (CB1R), which in rodents is heavily localized to the
axon terminals of cortical GABA basket neurons that contain cholecystokinin (CCK). Differences
in the laminar distribution of CB1R-immunoreactive (IR) axons have been reported between
rodent and monkey neocortex, suggesting that the cell type(s) containing CB1Rs, and the synaptic
targets of CB1R-IR axon terminals, may differ across species; however, neither the relationship of
CB1Rs to CCK-containing interneurons, nor the postsynaptic targets of CB1R and CCK axon
terminals, have been examined in primate DLPFC. Consequently, we compared the distribution
patterns of CB1R- and CCK-IR structures, determined the proportions of CB1R and CCK neurons
that were dual-labeled, and identified the synaptic types and postsynaptic targets of CB1R- and
CCK-IR axon terminals in macaque monkey DLPFC. By light microscopy, CB1R- and CCK-IR
axons exhibited a similar laminar distribution, with their greatest densities in layer 4. Dual-label
fluorescence experiments demonstrated that 91% of CB1R-IR neurons were immunopositive for
CCK, whereas only 51% of CCK-IR neurons were immunopositive for CB1R. By electron
microscopy, all synapses formed by CB1R-IR axon terminals were symmetric, whereas CCK-IR
axon terminals formed both symmetric (88%) and asymmetric (12%) synapses. The primary
postsynaptic target of both CB1R- and CCK-IR axon terminals forming symmetric synapses was
dendritic shafts (81-88%), with the remainder targeting cell bodies or dendritic spines. Thus,
despite species differences in laminar distribution, CB1Rs are principally localized to CCK basket
neuron axons in both rodent neocortex and monkey DLPFC. These axons target the perisomatic
region of pyramidal neurons, providing a potential anatomical substrate for the impaired function
of the DLPFC associated with cannabis use and schizophrenia.

Corresponding author: Stephen M. Eggan, PhD, Department of Psychiatry, University of Pittsburgh, 3811 O’Hara Street, W1651
BST, Pittsburgh, PA 15213, Phone: (412) 624-3934, Fax: (412) 624-9910, eggansm@upmc.edu.

DISCLOSURE/CONFLICTS OF INTEREST

David A. Lewis currently receives investigator-initiated research support from the BMS Foundation, Bristol-Myers Squibb, Curridium
Ltd and Pfizer and in 2007-2009 served as a consultant in the areas of target identification and validation and new compound
development to AstraZeneca, BioLine RX, Bristol-Myers Squibb, Hoffman-Roche, Lilly, Merck, Neurogen and SK Life Science. All
other authors declare that, except for income received from their primary employer, no financial support or compensation has been
received from any individual or corporate entity over the past three years for research or professional service and there are no personal
financial holdings that could be perceived as constituting a potential conflict of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



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

1duasnuey Joyiny vd-HIN

Eggan etal. Page 2

Keywords
Cannabis; GABA; parvalbumin; primate; schizophrenia; working memory

INTRODUCTION

In both humans and animals, exposure to marijuana and other forms of cannabis produces
impairments in cognitive functions including those subserved by the dorsolateral prefrontal
cortex (DLPFC), such as working memory (Winsauer et al., 1999; Schneider and Koch,
2003; D’Souza et al., 2004). In addition, cannabis use, particularly during adolescence,
represents a significant risk factor for the later appearance of schizophrenia (Henquet et al.,
2005; Moore et al., 2007), a disorder characterized by both dysfunction of the DLPFC and
working memory impairments (Lewis et al., 2005). The effects of cannabis are mediated
principally by the cannabinoid 1 receptor (CB1R) (Freund et al., 2003), which in the primate
neocortex is heavily expressed in the DLPFC (Eggan and Lewis, 2007).

In primates, working memory function depends critically on the synaptic connectivity and
patterns of activity within the DLPFC (Goldman-Rakic, 1995). In particular, networks of
interconnected GABA interneurons are essential for the synchronization of neural networks
(Connors and Long, 2004) in the oscillatory patterns required for working memory (Howard
et al., 2003). Consistent with these findings, working memory performance in monkeys is
disrupted by GABA receptor antagonists injected into the DLPFC (Sawaguchi et al., 1988;
Rao et al., 2000).

In the rodent neocortex, CB1Rs are to a minor extent contained in excitatory synapses and
modulate glutamate release (Kawamura et al., 2006; Katona et al., 2006); however, the
CBI1R is most heavily expressed by, and localized to the axon terminals of, the subtype of
GABA basket interneurons that contain the neuropeptide cholecystokinin (CCK) and target
the cell bodies and apical dendrites of pyramidal neurons (Katona et al., 1999; Marsicano
and Lutz, 1999; Bodor et al., 2005). In line with this anatomical localization, activation of
CB1Rs by either exogenous or endogenous cannabinoids inhibits the release of GABA from
CCK terminals and strongly suppresses GABA receptor-mediated inhibitory postsynaptic
currents in pyramidal neurons (Trettel et al., 2004; Galarreta et al., 2004; Bodor et al., 2005).
In the rodent hippocampus, CB1R activation promotes the activation of signaling cascades
that stimulate the translation of proteins involved in neuronal development and long-term
modification of synaptic strength by altering the balance of inhibitory and excitatory tone
(Puighermanal et al., 2009). Furthermore, in the rodent neocortex, CB1R/CCK-containing
neurons are electrically coupled and entrain oscillatory patterns of network activity
(Galarreta et al., 2004; Klausberger et al., 2005; Robbe et al., 2006), which are disrupted
following administration of CB1R agonists (Robbe et al., 2006; Hajos et al., 2008).

In concert, these data from rodent suggest that if CB1Rs are contained in CCK neurons in
the human DLPFC, then alterations in CB1R signaling in schizophrenia could contribute to
the altered cortical circuitry and impaired network oscillations associated with working
memory impairments in the illness. However, rodent-primate species differences appear to
be present in the laminar distribution of CB1R-containing axons in frontal and
somatosensory cortices (Glass et al., 1997; Egertova and Elphick, 2000; Bodor et al., 2005;
Eggan and Lewis, 2007). Furthermore, species-dependent differences in CB1R ligand
binding levels and in the relative sensitivity of GABA suppression to CB1R agonists are
reported across rodents (Hungund and Basavarajappa, 2000; Haller et al., 2007). These
findings raise the possibility that CB1Rs may be expressed by different GABA neuron
populations across different species and that in the primate neocortex CB1R- and CCK-
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containing axon terminals may have different postsynaptic targets from those previously
reported in rodents (Katona et al., 1999; Bodor et al., 2005).

In the primate DLPFC, CB1Rs are preferentially contained in cells and axon terminals that
have morphologic features characteristic of GABA neurons (Eggan and Lewis, 2007);
however, neither the colocalization of CB1Rs and CCK in cortical structures, nor the
synaptic targets of CB1R- and CCK-containing axon terminals have been examined.
Consequently, in this study we used immunocytochemistry and light and electron
microscopy to 1) determine whether CB1R and CCK immunoreactivities are colocalized in
cell bodies and axon terminals; 2) determine the proportions of CB1R- and CCK dual-
labeled neurons; 3) identify the type(s) of synapses formed by, and the synaptic targets of,
CB1R- and CCK-immunoreactive (IR) axon terminals; and 4) determine whether these
targets differ as a function of cortical layer in monkey DLPFC area 46.

EXPERIMENTAL PROCEDURES
Light Microscopy

Animals and Tissue Preparation—For light microscopy studies, four adult (4.3-6.3
kg), male, long-tailed macaque monkeys (Macaca fascicularis) were utilized. Monkeys were
deeply anesthetized with 25 mg/kg ketamine hydrochloride and 30 mg/kg sodium
pentobarbital and then perfused transcardially with ice-cold 1% paraformaldehyde in 0.1 M
phosphate buffer (PB; pH 7.4) followed by 4% paraformaldehyde in PB, as previously
described (Oeth and Lewis, 1993). Brains were immediately removed and coronal blocks
(5-6 mm-thick) were postfixed in phosphate-buffered 4% paraformaldehyde at 4°C for 6
hours. Tissue blocks were subsequently cryoprotected and then stored at —30°C as
previously described (Oeth and Lewis, 1993). We have previously shown that
immunoreactivity for a number of antigens are unaffected by this storage procedure [see
(Cruz et al., 2003)]. Coronal blocks containing DLPFC area 46 from either the left or the
right hemisphere were sectioned at 40 um on a cryostat and every 10t section was stained
for Nissl substance with thionin.

Housing and experimental procedures were conducted in accordance with guidelines set by
the United States Department of Agriculture and the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and with approval of the University of Pittsburgh’s
Institutional Animal Care and Use Committee.

Immunocytochemistry and dual-label immunofluorescence—For standard single-
label immunocytochemistry, free-floating coronal tissue sections containing DLPFC area 46
were processed as previously described (Eggan and Lewis, 2007). Briefly, tissue sections
were immersed in a blocking solution for 30 min to reduce background labeling, and then
incubated at 4°C for 48 hours in blocking solution containing an affinity-purified polyclonal
guinea pig anti-CB1R antibody raised against the entire C-terminus of the rat CB1R (diluted
1:4000; generously provided by Dr. Ken Mackie, Indiana University, Bloomington, IN), or a
monoclonal mouse anti-CCK antibody raised against gastrin (diluted 1:4000; antibody
#9303 provided by the CURE Digestive Diseases Research Center, Antibody/RIA Core, Los
Angeles, CA, NIH Grant DK41301). Sections were then incubated in blocking solutions
containing either biotinylated donkey, anti-guinea pig, or anti-mouse 1gG secondary
antibody (diluted 1:200; Jackson ImmunoResearch, West Grove, PA) and processed with the
avidin-biotin-peroxidase method (Hsu et al., 1981) using the Vectastain Avidin-Biotin Elite
Kit (Vector Laboratories, Burlingame, CA). The immunoperoxidase reaction was visualized
using 3,3'-diaminobenzidine (DAB; 0.005%; Sigma, St. Louis, MO). The DAB reaction
product was stabilized by serial immersion of slide-mounted sections in osmium tetroxide
(0.005%) and thiocarbohydrazide (0.5%) (Lewis et al., 1986). All incubations and washes
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were performed on a shaker at room temperature (RT) except for the primary antibody
incubation.

For dual-label immunofluorescence experiments, free floating coronal tissue sections were
pretreated in a blocking solution containing 0.3% Triton X-100, 5% normal goat serum
(NGS) or normal donkey serum (NDS) and normal human serum (NHuS), 1% BSA, 0.1%
glycine, and 0.1% lysine in phosphate buffered saline (PBS; used in all antibody solutions)
at RT for 3 hours to reduce background. Sections were then incubated at 4°C for 48 hours in
the same blocking solution containing the guinea pig anti-CB1R antibody (diluted 1:3000)
or an affinity-purified polyclonal rabbit anti-CB1R antibody raised against the last 15 amino
acid residues of the rat CB1R (diluted 1:5000; generously provided by Dr. Ken Mackie,
Department of Psychological and Brain Sciences and Program in Neuroscience, Indiana
University, Bloomington, IN) and either the monoclonal mouse anti-CCK antibody (diluted
1:2000) or a monoclonal mouse 1gG1 antibody against parvalbumin (PV; diluted 1:8000;
Swant, Bellinzona, Switzerland). Sections were then washed in PBS and incubated for 24
hours in blocking solution containing an anti-rabbit Alexa 488 secondary antibody
(Invitrogen, Carlsbad, CA) to visualize the CB1R antibody and an anti-mouse
indocarbocyanine (Cy3; Jackson) conjugated secondary antibody to visualize the CCK
antibody (both raised in donkey; diluted 1:500). Additional experiments were performed
using an anti-guinea pig Alexa 633 secondary antibody to visualize the CB1R antibody and
an anti-mouse Alexa 488 secondary antibody (both raised in goat; diluted 1:500; Invitrogen)
to visualize the CCK and PV antibodies. Sections were subsequently mounted on gel-coated
slides, and coverslips applied with Vectashield (Vector).

Fluorescent images were collected on an Olympus BX51 microscope fitted with an Olympus
DSU spinning disk confocal (Olympus America Inc., Melville, NY), a Hamamatsu
C4742-98 CCD camera (Hamamatsu Corporation, Bridgewater, NJ), and a Ludl motorized
XYZ stage (LEP Ltd., Hawthorne, NY). Images were captured using a 60X 1.42 NA plan
apochromat N objective or a 40X 1.3 plan fluorite objective. Qualitative images were
deconvolved using Intelligent Imaging Innovations’ constrained iterative algorithm in
Slidebook 4.2 (Denver, CO). Images are projected images of sequential confocal z-plane
sections taken 0.22-0.5 um apart. Semi-quantitative analysis was performed in DLPFC area
46 on non-deconvolved image stacks in Slidebook 4.2 (Denver, CO) by optimally adjusting
background and brightness in the green and red channels for each image stack,
independently marking CB1R- or CCK-IR neurons in either the green (CB1R) or red (CCK)
channel across each z-plane, and then quantifying the number of single- or dual-labeled
neurons in overlay images. Because the levels of CB1R immunoreactivity in cell bodies is
lower than those for CCK, all CB1R-IR neurons were identified first and CCK-IR neurons
were identified second, in order to reduce bias. Two sections from each of three animals
were quantified. Across all animals, a total of 887 CB1R-IR and 1479 CCK-IR neurons
were identified.

Electron Microscopy

Animals and Tissue Preparation—For electron microscopy studies, three additional
adult (3.1-6.2 kg), male, long-tailed macaque monkeys were perfused as described above
except that the perfusate was room temperature 1% paraformaldehyde and 0.05%
glutaraldehyde in 0.1 M PB followed by 4% paraformaldehyde and 0.2% glutaraldehyde in
0.1 M PB as previously reported (Melchitzky et al., 2005). Brains were immediately
removed and coronal blocks (5-mm-thick) were immersed in phosphate buffered 4%
paraformaldehyde at 4°C for 2 hours. Coronal tissue blocks containing DLPFC area 46 were
washed several times in 0.1 M PB and sectioned at 50 um on a vibrating microtome.
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Immunocytochemistry—To improve antigenicity and reduce nonspecific
immunoreactivity, free-floating tissue sections containing DLPFC area 46 were initially
treated with 1% sodium borohydride in 0.1 M PB for 30 min, washed extensively in 0.1 M
PB, and then incubated in a blocking solution containing 0.2% BSA, 0.04% Triton X-100,
3% NDS, and 3% NHuS in 0.01 M PBS for 30 min as previously described (Sesack et al.,
1998). Sections from each animal were subsequently incubated overnight in blocking
solution containing either the rabbit anti-CB1R antibody (diluted 1:5000) or the monoclonal
mouse anti-CCK antibody (diluted 1:2000 or 1:1500). On the following day, sections were
rinsed in PBS and incubated for 1 hour in blocking solution containing either a biotinylated
anti-rabbit or anti-mouse 1gG secondary antibody made in donkey (diluted 1:200; Jackson).
Following rinses in PBS, sections were processed with the avidin-biotin-peroxidase method
and visualized with DAB as described above, postfixed in 2% osmium tetroxide for 1 hour
and embedded in Epon 812 (EM bed 812; Electron Microscopy Sciences, Fort Washington,
PA) as previously described (Sesack et al., 1995).

Sampling Regions and Procedures—~For each animal and each primary antibody
condition, separate trapezoid blocks from two tissue sections were cut from layers 2-
superficial 3 (2-3s) and layer 4 in DLPFC area 46 (Fig. 1A). Trapezoid blocks were
sectioned on a Reichert ultramicrotome (Nussloch, Germany) at 80 nm and two to four
ultrathin sections were serially collected on 200- or 400-mesh copper grids and
counterstained with uranyl acetate and lead citrate. For each trapezoid block 1-2 grids,
separated by at least 10 grids, were examined on a FEI Morgagni transmission microscope
(Hillsboro, OR). One section per grid was arbitrarily chosen as the starting point for analysis
and within each selected section all CB1R- or CCK-labeled structures were captured and
stored for later analysis. All labeled axon terminals were identified, photographed at
X22,000, and classified according to their synaptic specialization and appositional or
postsynaptic target.

Identification of Neuronal and Synaptic Elements—Neuronal elements encountered
in electron micrographs were identified according to previous descriptions (Peters et al.,
1991). Axon terminals were identified by the presence of small vesicles and often contained
mitochondria. Axon terminals forming asymmetric synapses (Gray’s type I) were
distinguished by the widening and parallel spacing of apposed plasmalemmal surfaces and
small round synaptic vesicles. In addition, asymmetric synapses were identified by the
presence of a prominent postsynaptic density. In contrast, axon terminals forming symmetric
synapses (Gray’s type 1) were identified by the presence of intercleft filaments,
pleomorphic small synaptic vesicles, and a thin postsynaptic density. The presence of a
nucleus identified somata. Dendritic shafts were identified by the presence of postsynaptic
specializations, mitochondria, microtubules, and neurofilaments. Dendritic spines were
characterized by the absence of both organelles and microtubules.

Antibody Specificity

The specificity of the rabbit anti-CB1R antibody has been previously demonstrated by
several lines of evidence including preadsorption experiments and Western blot analysis
(Eggan and Lewis, 2007). In addition, we tested the specificity of the rabbit anti-CB1R
antibody in fixed tissue from CB1R knockout mice (generously provided by Nestor
Barrezueta, Bristol Myers-Squibb); CB1R immunoreactivity was completely absent in
CB1R knockout mice (Supplementary Fig. S1). Although CB1R immunoreactivity has been
observed in both asymmetric, excitatory synapses and symmetric, inhibitory synapses in the
neocortex (Kawamura et al., 2006; Katona et al., 2006), the antibody utilized in the present
study exclusively labels symmetric, inhibitory synapses by electron microscopy in both the
rodent hippocampus (Katona et al., 1999; Hajos et al., 2000) and monkey DLPFC (Eggan
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and Lewis, 2007), probably because the level of CB1Rs in excitatory terminals is below the
threshold of detectability (Katona et al., 2006; Eggan and Lewis, 2007). Hence, the findings
of this study relate specifically to CB1R immunoreactivity in inhibitory neurons and axon
terminals. The specificity of the guinea pig anti-CB1R antibody has also been confirmed by
testing in tissue from CB1R knockout mice (K. Mackie, Department of Psychological and
Brain Sciences and Program in Neuroscience, Indiana University, personal communication).
The mouse monoclonal anti-CCK antibody was raised against gastrin, but recognizes CCK
due to a homologous terminal pentapeptide shared by gastrin and CCK. Gastrin is not
present in the neocortex (Rehfeld, 1978; Geola et al., 1981); thus, only CCK was detected in
this study. The specificity of the anti-CCK antibody has been demonstrated by its high
affinity for the CCK peptide (Kovacs et al., 1989), by preadsorption experiments in monkey
tissue (Oeth and Lewis, 1990), and by experiments in which an excess of antigen added to
the incubation serum produced no labeling (Hefft and Jonas, 2005). The specificity of the
PV antibody has been previously demonstrated (Celio et al., 1988) and has been used in
multiple studies (DeFelipe et al., 1999; Cruz et al., 2003).

Statistical Analyses

Individual 2x3 or 2x2 42 analyses were performed to compare laminar differences in the
relative proportions of postsynaptic targets of CB1R or CCK-IR axon terminals forming
symmetric synapses. Individual 2x3 or 2x2 y2 analyses were also performed to compare the
differences in the relative proportions of postsynaptic targets of CB1R and CCK-IR
postsynaptic targets within layers.

Photography

RESULTS

Brightfield photomicrographs were obtained with a Zeiss Axiocam camera. Digital electron
micrographs images were captured using an AMT XP-60 digital camera (Danvers, MA).
Brightfield photomontages and digital electron micrographs were assembled, and the
brightness and contrast were adjusted in Adobe Photoshop. Immunofluorescent images were
obtained and assembled as described earlier.

General Observations

The localization and laminar distribution patterns of immunoreactivity produced by the
guinea pig anti-CB1R and mouse anti-CCK antibodies were identical to those previously
described in the monkey DLPFC (Fig. 1) (Oeth and Lewis, 1993;Eggan and Lewis, 2007).
Comparison of CB1R and CCK immunoreactivities revealed very similar patterns of labeled
structures and laminar distributions. Both CB1R- and CCK-IR neurons had either a
vertically oriented oval cell body or a large multipolar somal morphology (Fig. 2A, C) and
were present in highest number in layers 2-3s (Fig. 1). However, the density of CB1R-IR
neurons was relatively lower compared to the density of CCK-IR neurons (Fig. 1B, C).
CB1R- and CCK-IR axons exhibited a distinctive laminar innervation pattern with layers 4
and 6 containing dense bands of axons and varicosities (Fig. 1). CB1R- and CCK-IR axons
were observed to form “baskets” around unlabeled cell bodies (Fig. 2B, D). However, in
contrast to CB1R-IR axons, the densities of CCK-IR axons and varicosities were relatively
lower in each cortical layer (Fig. 1B, C), and the intervaricose segments were less distinct
(Fig. 2). Thus, while CB1R-IR axons and varicosities resembled “pearls on a string,” CCK-
IR profiles had a punctate appearance (Fig. 2).
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Analysis of dual-labeled tissue

CB1R and CCK labeling was frequently colocalized in axons and varicosities (Fig. 3D-F);
however, both CB1R and CCK single-labeled axons and axon varicosities were also
observed. CB1R/CCK-IR axons frequently formed perisomatic arrays around unlabeled cell
bodies. In layers 2—-3, most CB1R-IR neurons were also CCK-IR (Fig. 3A-C); however,
many CCK-IR neurons were CB1R immunonegative. Across all monkeys counted, a mean
(xSD) 90.6 * 3.7% of CB1R-IR neurons were CCK-IR, whereas only 50.7 + 14.6% of CCK-
IR cells were CB1R-IR.

In contrast, CB1R immunoreactivity was never observed in PV labeled structures
(Supplementary Fig. S2). Even at the border of layers 3 and 4, where the density of both
CB1R- and PV-IR axons is highest in monkey area 46, axons and varicosities were always
single-labeled for either CB1R or PV (Supplementary Fig. S2). However, CB1R- and PV-IR
single-labeled axons did form perisomatic arrays around the same unlabeled cell bodies
(Supplementary Fig. S2).

Synapses formed by, and postsynaptic targets of, CB1R- or CCK-IR axon terminals

Of 111 CB1R-IR axon terminals with an identifiable synaptic specialization, all formed
classic symmetric synapses; 98% were onto small or large unlabeled dendritic shafts (Fig.
4A, D), dendritic spines (Fig. 4C), or somata. Some dendritic shafts that were contacted by
CB1R-IR axon terminals exhibited morphologic characteristics of interneuron dendrites,
such as a varicose shape and a high density of synapses (data not shown) (McGuire et al.,
1991; Smiley and Goldman-Rakic, 1993); however, most contacted dendritic shafts were cut
in cross-section, precluding the identification of the neuron type of origin. In addition, a
small number (2%) of CB1R-IR axon terminals formed symmetric synapses onto CB1R-IR
dendrites (Fig 4B). Occasionally, CB1R-IR axons were found to form multiple appositions
around unlabeled pyramidal cell bodies (Fig. 4E).

Of 95 CCK-IR axon terminals with identifiable synaptic specializations, 88% formed
symmetric synapses that targeted large or small unlabeled dendritic shafts (Fig. 5A, B),
dendritic spines (Fig. 5C), or somata (Fig. 5D). Some dendritic shafts contacted by CCK-IR
axon terminals were varicose in shape and received other synaptic inputs (Fig. 6A, B),
consistent with an origin from non-pyramidal neurons. The remaining 12% of CCK-IR axon
terminals formed classic asymmetric synapses primarily onto spines (Fig. 6B) and to a lesser
extent onto unlabeled dendritic shafts (Fig. 6A).

Laminar analysis of CB1R or CCK-IR axon terminal postsynaptic targets

No significant laminar differences were present in the postsynaptic targets of CB1R-IR
terminals that had an identifiable synaptic specialization (y~ = 2.34, P = 0.311, df = 2; Table
1). In both layers 2-3s and layer 4, the majority of symmetric synapses were onto dendritic
shafts (88% and 87%, respectively; Table 1). In addition, the smaller proportions of
symmetric synapses onto dendritic spines and somata were similar in both layers (Table 1).
Consistent with these observations, most CB1R-IR appositions (n = 340; axon terminals
without identifiable synapses, but that would presumably form a synapse in another plane of
section) were with dendritic shafts in both layer 2-3s (90%) and layer 4 (85%), with smaller
proportions associated with spines (7% in layer 2-3s; 5% in layer 4) and somata (3% in
layer 2-3s; 10% in layer 4).

CCK-IR terminals showed no significant differences in postsynaptic targets by layer (y- =
2.54, P =0.280, df = 2; Table 1). The major postsynaptic target of CCK-IR axon terminals
forming symmetric synapses was dendritic shafts in both layers 2—-3s (81%) and layer 4
(83%). Likewise, CCK-IR axon terminal appositions (n = 185) were also predominantly
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with dendritic shafts in both layer 2-3s (90%) and layer 4 (85%), with smaller proportions
associated with spines (9% in both layers 2—3s and 4) and somata (6% in layer 2-3s; 8% in
layer 4).

The postsynaptic targets of CB1R- and CCK-IR symmetric synapses did not significantly
differ in layer 4 (x2 = 0.56, P = 0.755, df = 2; Table 1). In contrast, the postsynaptic targets
of CB1R- and CCK-IR symmetric synapses in layers 2—3s were significantly different (x- =
6.93, P = 0.031, df = 2; Table 1), apparently due primarily to a larger proportion of CCK-IR
symmetric synapses targeting somata (11%) than CB1R-IR symmetric synapses (0%).

DISCUSSION

The results of this study demonstrate that in macaque monkey DLPFC area 46 1) the
morphology and the laminar distributions of CB1R- and CCK-IR neurons and axons are
very similar; 2) CB1R and CCK labeling is colocalized in neurons, axons, and axon
terminals, although structures single-labeled for each protein are also present; 3) Most
CB1R-IR neurons are CCK-IR, whereas only half of CCK-IR neurons are CB1R-IR; 4)
CB1R-IR axon terminals exclusively form symmetric synapses, whereas CCK-IR axon
terminals form both symmetric and asymmetric synapses; 5) The majority of both CB1R-
and CCK-IR axon terminals forming symmetric synapses contact dendritic shafts; and 6)
The synaptic targets of CB1R- and CCK-IR axon terminals are similar in layer 4, but
different in layers 2-3s, where CCK-IR terminals are more likely to contact cell bodies and
less likely to contact spines than are CB1R-IR terminals.

Sources of CB1R and CCK-IR axon terminals

In the rodent, it is well established that CB1Rs are predominantly expressed by, and
localized to the terminals of, a subset of CCK-containing GABA basket neurons. However,
comparison of findings across primate and rodent studies reveal differences in the laminar
distribution of CB1R-IR axons in frontal and somatosensory cortices (Katona et al., 1999;
Bodor et al., 2005). For example, in rat frontal cortex CB1R-IR axons are most dense in
layers 2-3 and 6 and least dense in layer 4 (Egertova and Elphick, 2000), whereas layer 4
contains the highest density of CB1R-IR axons in monkey and human prefrontal cortex
(Eggan and Lewis, 2007). Furthermore, the rat somatosensory cortex contains a dense band
of CB1R-IR axons in layer 5A, bordered by sparse axon labeling in layers 4 and 5B (Bodor
et al., 2005). In contrast, in the monkey primary somatosensory cortex the density of axons
is relatively similar across layers 2—-3 and 5-6, with sparse axonal labeling in layer 4 (Eggan
and Lewis, 2007). These findings indicate that within homologous cortical regions, primates
and rodents differ in the laminar distribution of CB1R-IR axons, suggesting that CB1Rs may
be expressed by different GABA neuron populations across species that have different
postsynaptic targets.

However, the findings of this study, consistent with those in the rodent, indicate that the
source of the axons immunoreactive for CB1Rs is most likely intrinsic CCK inhibitory
basket interneurons. This idea is supported by the presence of CB1R and CCK labeling in
somata and terminals with the morphological features of GABA neurons and the
colocalization of CB1R and CCK labeling in neurons across layers 2-3. Indeed, the
proportions of CB1R and CCK neurons that were dual-labeled in this study are similar to
those reported in the rodent neocortex (Marsicano and Lutz, 1999; Bodor et al., 2005). In
both the monkey and human DLPFC, layers 2—-3 contain the highest density of CB1R and
CCK immunoreactive and mRNA-expressing neurons (Hendry et al., 1983; Eggan et al.,
2008; Hashimoto et al., 2008), whereas the highest densities of CB1R- and CCK-IR axons
and terminals are present in layer 4. This difference in the laminar distribution of
immunoreactive neurons and axons may be explained by previous studies in monkey
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DLPFC demonstrating that the axons of CCK-containing neurons in layers 2—3 project
radially into, and collateralize within, layer 4 (Lund and Lewis, 1993). Thus, the presence of
interneurons in superficial layers that express both CB1Rs and CCK could account for the
colocalization of these proteins and the similar postsynaptic targets of CB1R- and CCK-IR
axon terminals in layer 4.

In the rodent neocortex, two distinct populations of CCK-containing cells have been
identified: Small bipolar CCK-IR neurons often contain calretinin (CR), whereas large,
multipolar CCK-IR neurons lack this calcium binding protein (Kubota and Kawaguchi,
1997). In addition, CB1R-IR neurons in the rat cortex contain either CCK or the calcium
binding protein calbindin (Bodor et al., 2005). Based upon these findings, the CCK-positive,
CB1R-negative axons and terminals observed in the monkey DLPFC in this study likely
arise from CR-containing GABA neurons, whereas the CCK-negative, CB1R-positive axons
and terminals likely arise from calbindin-containing GABA neurons. CCK/CR-containing
and CB1R/calbindin-containing neurons could be the source the of CCK-IR or CB1R-IR
inhibitory synaptic inputs to dendritic spines or shafts of pyramidal neurons or to dendrites
of GABA interneurons and thus might serve to influence incoming excitatory input to
pyramidal neurons as well as mediating overall network disinhibition (Zaitsev et al., 2005).
In addition, CB1R-IR terminals were also found to synapse onto CB1R-IR dendrites, which
could serve to regulate other CB1R-IR neurons or may allow CB1R-IR neurons to self-
inhibit themselves through autaptic synapses (Bacci et al., 2004). These different sources of
CB1R- and CCK-IR axons remain to be determined in the monkey DLPFC, but may account
for the single-labeled CB1R and CCK neuron populations and for the different synaptic
targets of CB1R- and CCK-IR axons in layers 2—3s.

In contrast to our findings of CB1R immunoreactivity exclusively in terminals forming
symmetric synapses, two recent studies using a well-characterized anti-CB1R antibody
raised against the C-terminus (amino acid residues 443-473) of the rat CB1R reported
asymmetric synapses formed by CB1R-IR axon terminals in the rat hippocampus,
suggesting that CB1Rs are also located in excitatory terminals that release glutamate
(Kawamura et al., 2006; Katona et al., 2006). Because this CB1R antibody and the ones
used in the present study both meet the “gold standard” of antibody specificity (Saper and
Sawchenko, 2003; Saper, 2005), the differences in findings across studies are more likely to
represent differences in antibody sensitivity than specificity. Consistent with this
interpretation, use of semi-quantitative immunogold electron microscopy (Kawamura et al.,
2006), revealed that the density of CB1Rs is 20- to 30-fold higher in inhibitory terminals
than in excitatory terminals in both the hippocampus and cerebellum. Furthermore, at the
light microscopic level, hippocampal layers that contain the axon arbors of excitatory CA3
pyramidal neurons exhibit the lowest density of axons labeled by the antibody used in the
present study in both the rodent (Katona et al., 1999; Hajos et al., 2000) and monkey (Eggan
and Lewis, 2007), whereas these layers are densely labeled using the antibody observed to
label asymmetric synapses in the rodent (Kawamura et al., 2006; Katona et al., 2006).

Together these data suggest that many of the axon terminals containing both CB1Rs and
CCK are likely to arise from a subset of GABA-containing basket neurons that innervate the
cell bodies and proximal dendrites of pyramidal neurons. This interpretation is supported by
the dual-label immunofluorescence data demonstrating that CB1R/CCK-containing
terminals frequently surrounded the perisomatic region of cells. It might be argued that the
small percentage of synapses onto somata observed by electron microscopy is inconsistent
with this idea since, in the hippocampus, up to 70-80% of terminals from basket neurons
target the perisomatic region [defined as the axon initial segment, soma and the first 100 um
of proximal dendrites (see (Freund and Katona, 2007)]. However, in the neocortex this
region receives only 20-30% of basket cell synapses (Kisvarday et al., 1985; Freund and
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Katona, 2007), and electron microscopic reconstructions of cortical basket cells revealed
that 35-50% of their synapses target dendritic shafts (Kisvarday et al., 1985). Furthermore,
in the monkey and rodent neocortex the number of small, bipolar, presumably dendrite-
targeting CCK neurons outnumber large, multipolar, CCK basket neurons (Hendry et al.,
1983; Kubota and Kawaguchi, 1997), and the terminals of calbindin-positive, CCK-negative
neurons, some of which express CB1R (Bodor et al., 2005), primarily target dendrites
(Kawaguchi and Kubota, 1998; Zaitsev et al., 2005). Thus, given that we analyzed the
targets of all CB1R- and CCK-IR terminals, independent of their neurons of origin, the
percentage of synapses onto somata and dendrites would be expected to be less than 20%
and greater than 50%, respectively, compared to the expected results if only synapses from
basket neurons had been analyzed. Therefore, the frequency of synaptic targets reported in
this study is consistent with the idea that axon terminals containing both CB1Rs and CCK
arise from basket interneurons.

Functional Significance

Perisomatic inputs from CB1R-containing basket neurons are positioned to powerfully
regulate pyramidal neuron output by suppressing presynaptic GABA release and reducing
GABA receptor-mediated inhibitory postsynaptic currents in pyramidal neurons (Trettel et
al., 2004; Galarreta et al., 2004; Bodor et al., 2005). Thus, these data suggest a mechanism
by which inhibition from CB1R/CCK-IR neurons may serve to regulate network activity
that supports working memory. In the rodent neocortex, CB1R/CCK-containing neurons are
chemically and electrically coupled (Galarreta et al., 2004) and entrain oscillatory patterns
of rhythmic activity (Klausberger et al., 2005; Robbe et al., 2006). Furthermore, the
application of CB1R agonists disrupts the power of gamma oscillations in the hippocampus,
entorhinal cortex, and prefrontal cortex following administration of CB1R agonists,
presumably by disrupting the synchronous firing of pyramidal neurons (Robbe et al., 2006;
Hajos et al., 2008). Recent evidence suggests that CB1R/CCK-containing neurons regulate
the activity of PV-containing neurons (Foldy et al., 2007; Karson et al., 2008; Karson et al.,
2009), which also provide perisomatic inputs to pyramidal cells and play an integral role in
entraining gamma oscillations (Lewis et al., 2005); thus, CB1R/CCK-IR neurons may
regulate gamma oscillations by acting as a molecular switch that can determine the source
and strength of perisomatic inhibition onto pyramidal cells (Foldy et al., 2007). In the human
DLPFC, the power of gamma band ocillations increases with, and in proportion to,
increasing working memory load (Howard et al., 2003). Therefore, the ability of CB1R
activation to disrupt gamma oscillations may be a contributing mechanism by which the
systemic administration of cannabinoids disrupts the ability to perform working memory
tasks in both humans and animals (Winsauer et al., 1999; Schneider and Koch, 2003;
D’Souza et al., 2004).

Cortical pyramidal neurons receive convergent perisomatic input from PV-containing basket
and chandelier neurons and CB1R/CCK-containing basket neurons. In the hippocampus
these convergent sources of perisomatic inhibition play specific roles in shaping network
activity. For example, CB1R/CCK-containing and PV-containing neurons fire at different
phases of network oscillations (Klausberger et al., 2005), generate temporally distinct
epochs of somatic inhibition (Glickfeld and Scanziani, 2006), and play complementary roles
in regulating gamma band oscillations (Hajos et al., 2000). In the monkey DLPFC, markers
of the functional properties of PV-containing neurons undergo substantial changes during
postnatal development, especially during adolescence (Cruz et al., 2003), that are thought to
reflect maturational changes in the regulation of pyramidal cell output. Because stimulation
of the CB1R strongly suppresses GABA input to pyramidal neurons from CCK-containing
basket neurons, cannabis use during adolescence may alter the balance between the CB1R/
CCK-containing and PV-containing inhibitory inputs to the perisomatic region of DLPFC
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pyramidal neurons (Foldy et al., 2007; Karson et al., 2008; Karson et al., 2009). This
imbalance during a sensitive period may disrupt the developmental trajectories of these
GABA inputs (Chattopadhyaya et al., 2007), perhaps through the activity-dependent
stimulation of the mammalian target of rapamycin (mTOR) pathway, which is known to
induce the translation of proteins involved in neuronal development and long-term
modification of synaptic strength and that has recently been demonstrated to be induced by
CBI1R activation (Puighermanal et al., 2009). Thus, over activation of CB1R by exogenous
cannabinoids could produce persistent circuitry alterations that impair the mechanisms of
neural synchrony required for the maturation of working memory performance, and perhaps
explaining why cannabis use during adolescence is associated with an increased liability for
schizophrenia (Murray et al., 2007).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Brightfield photomicrographs of immunoreactivity produced by the guinea pig anti-CB1R

and mouse anti-CCK antibodies in area 46 of monkey DLPFC. Both CB1R (B) and CCK
(C) antibodies labeled numerous fibers that were thin, rich in varicosities, and distributed
with similar laminar patterns. Both CB1R and CCK-labeled neurons were most frequently
present in layers 2 and superficial 3 (B, C). In panels A, B, and C numbers and hash marks
to the left indicate the positions of the cortical layers, and the dashed lines denote the layer
6-white matter (WM) border determined from adjacent Nissl sections (A). The trapezoids in
panel B show the approximate laminar location of blocks examined for electron microscopy.
Scale bar =300 um and applies to all panels.

Neuroscience. Author manuscript; available in PMC 2011 September 15.



Eggan et al. Page 17

Figure 2.
Morphology and distinct innervation pattern CB1R and CCK-IR neurons and axon

terminals. CB1R- (A) and CCK-IR (C) neurons were often large and multipolar in shape.
Some CB1R- (B) and CCK-IR (D) axons formed “baskets” surrounding unlabeled cell
bodies. Cells in A and C and “baskets” in B and D were located in layers 2-superficial 3.
Scale bar = 10 um and applies to all panels.
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Figure 3.

Fluorescent photomicrographs of CB1R and CCK immunoreactivity in area 46 of monkey
DLPFC. (A) CB1R-IR neuron labeled with Alexa 488 (green). (B) CCK-IR neuron labeled
with Cy3 (red). (C) Overlay of panels A and B showing the colocalization (yellow) of CB1R
and CCK in the same cell. (D) CB1R-IR axon and varicosities labeled with Alexa 488
(green). (E) axon and varicosities labeled with Cy3 (red). (F) Overlay of panels D and E
showing the colocalization (yellow) of CB1R and CCK in the same axon and varicosities.
Scale bar = 10 um and applies to all panels.
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Figure 4.

Electron micrographs of CB1R-IR axon terminals forming symmetric synapses in area 46 of
monkey DLPFC. CB1R-IR axon terminals (CB1Rt) form symmetric synapses (arrows) onto
small (A) and large (D) unlabeled dendritic shafts (ud). (B) CB1Rt forms a symmetric
synapse (arrow) onto a CB1R-IR dendritic shaft (CB1Rd). Reaction product in dendrites
(asterisk) was associated with microtubules. (C) A CB1t forms a symmetric synapse onto an
unlabeled dendritic spine (us). (E) Low power electron micrograph demonstrating a CB1R-
IR axon forming “basket-like” appositions (white arrows) around an unlabeled cell body (ad
= apical dendrite, n = nucleus). Scale bars = 500 nm in A-D and 2 um in E.
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Figure 5.
Electron micrographs of CCK-IR axon terminals forming symmetric synapses in area 46 of

monkey DLPFC. (A, B) A CCK-IR axon terminal (CCKt) forms a symmetric synapse
(arrow) onto an unlabeled dendritic shaft (ud). Note that the dendritic shafts are varicose in
shape and receive a synaptic input from another, unlabeled axon terminal (ut; arrow), which
are morphologic characteristics of GABA neuron dendrites. (C) A CCKt forms a symmetric
synapse onto a dendritic unlabeled spine (us). (D) A CCKt forms a symmetric synapse
(arrow) onto an unlabeled soma (n = nucleus). Scale bars = 500 nm in all panels.
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Comparison of the synaptic targets of CB1R- and CCK-IR axon terminals forming symmetric synapses in
layers 2-superficial 3 and layer 4 of monkey DLPFC area 46.

Dendritic Shafts
Layers 2-superficial 3

Number (%) of CB1R-IR axon terminals 49 (88%)

Number (%) of CCK-IR axon terminals 21 (81%)
Layer 4
Number (%) CB1R-IR axon terminals 48 (87%)

Number (%) CCK-IR axon terminals 48 (83%)

Somata

0 (0%)

3 (11%)

2 (4%)

2 (3%)

Dendritic Spines

7 (12%)

2 (8%)

5 (9%)

8 (14%)

Statistical Results

=693
p=0.031

=056
p=0.755
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