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Endocannabinoid-mediated retrograde signaling exerts powerful control over synaptic transmission in many brain areas. However, in
the neocortex, the precise laminar, cellular, and subcellular localization of the type 1 cannabinoid receptor (CB, ) as well as its function has
been elusive. Here we combined multiple immunolabeling with whole-cell recordings to investigate the morpho-functional characteris-
tics of cannabinoid signaling in rat somatosensory cortex.

Immunostaining for CB, revealed axonal and somatic labeling with striking layer specificity: a high density of CB,-positive fibers was
seen in layers II-III, in layer VI, and in upper layer V, whereas other layers had sparse (layer IV) or hardly any (layer I) staining.
Membrane staining for CB, was only found in axon terminals, all of which contained GABA and formed symmetric synapses. Double
immunostaining also revealed that CB,-positive cells formed two neurochemically distinct subpopulations: two-thirds were cholecysto-
kinin positive and one-third expressed calbindin, each subserving specific inhibitory functions in cortical networks.

In addition, cannabinoid sensitivity of GABAergic input showed striking layer specificity, as revealed by both electrophysiological and
anatomical experiments. We found a unique population of large pyramidal neurons in layer VB that received much less perisomatic
innervation from CB,-expressing GABAergic axon terminals and, accordingly, showed no depolarization-induced suppression of inhi-
bition, unlike pyramidal cells in layer II, and a population of small pyramidal cells in layer V. This suggests that inhibitory control of
pyramidal cells involved in intracortical or corticostriatal processing is fine-tuned by activity-dependent endocannabinoid signaling,

whereas inhibition of pyramidal cells relaying cortical information to lower subcortical effector centers often lacks this plasticity.
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Introduction
The anatomical and physiological characteristics of neuronal in-
teractions in neocortical networks show a remarkable time- and
location-dependent specificity (Somogyi et al., 1998; Gupta et al.,
2000). Cell type-specific molecular expression patterns deter-
mine the characteristic physiological properties of these connec-
tions, which ensure the appropriate integration of specific cell
types into complex networks responsible for coherent population
activity patterns (Markram et al., 2004; Toledo-Rodriguez et al.,
2004).

Among the numerous molecular constituents involved in
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shaping diverse synaptic or nonsynaptic interactions, endocan-
nabinoids represent a novel class of signaling molecules that con-
tribute to several forms of short- and long-term synaptic plastic-
ity throughout the brain (for review, see Alger, 2002; Wilson and
Nicoll, 2002; Freund et al., 2003; Diana and Marty, 2004). In the
neocortex, retrograde signaling via endocannabinoids has been
proposed to underlie short-term plasticity of GABAergic syn-
apses (Trettel and Levine, 2003), as shown by the paradigm de-
noted depolarization-induced suppression of inhibition (DSI)
(Pitler and Alger, 1992). Similarly, long-term depression at glu-
tamatergic synapses in both the spike timing-dependent and sub-
threshold postsynaptic depolarization protocols has been sug-
gested to involve endocannabinoids (Sjostrom et al., 2003, 2004).
Considering the significant heterogeneity of interneurons and
principal cell types in the cerebral cortex, as well as their diverse
connectivity patterns (Kawaguchi and Kubota, 1997; Thomson
and Bannister, 2003; Markram et al., 2004), one may ask how
ubiquitous the participation of the endocannabinoid system is in
shaping synaptic communication. Indeed, recent physiological
experiments indicated that, in the neocortex, perisomatic inhibi-
tion was more susceptible to cannabimimetics than dendritic in-
hibition (Trettel et al., 2004), and synapses of fast-spiking, non-
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Table 1. Concentration and combinations of the primary antibodies used in the double-labeling immunofluorescence experiments

Primary antisera

Primary antisera

Rabbit anti-CB, receptor (1:500) This study
Rabbit anti-CB, receptor (1:500) This study
Rabbit anti-CB, receptor (1:500) This study
Rabbit anti-CB, receptor (1:500) This study
Rabbit anti-CB, receptor (1:500) This study
Rabbit anti-CB, receptor (1:500) This study

Rabbit anti-CaBP (1:500)
Rabbit anti-VIP (1:2000)
Rabbit anti-CaBP (1:500)

Baimbridge et al., 1982
Gulyas etal., 1990
Baimbridge et al., 1982

Mouse anti-CCK (1:2000) CURE: Digestive Diseases Research Center,
University of California, Los Angeles, CA

Sigma

Biogenesis, Kingston, NH

Swant, Bellinzona, Switzerland

Swant

Chemicon, Temecula, CA

CURE: Digestive Diseases Research Center

CURE: Digestive Diseases Research Center

Chemicon

Mouse anti-PV (1:1000)
Mouse anti-VIP (1:10000)
Mouse anti-CaBP (1:500)
Mouse anti-CR (1:5000)
Rat anti-SOM (1:200)
Mouse anti-CCK (1:2000)
Mouse anti-CCK (1:2000)
Rat anti-SOM (1:200)

The antibody concentrations used in this experiment, the combinations that were investigated, and the reference for the primary antibodies are shown. The specificity of the rabbit anti-CB, in the cortex was confirmed in this study in (B,

knock-out animals. The specificity of the other antisera was confirmed by the laboratory or company of origin.

accommodating interneurons did not show endocannabinoid-
dependent short-term plasticity (Harkany et al., 2004). These data
suggest that a restricted molecular expression pattern may constrain
cell type- and synapse-specific physiological differences.

Recent progress in studies of the molecular composition of the
endocannabinoid system uncovered a considerable diversity in
signaling molecules, receptors, and their interactions (Freund et
al., 2003; Di Marzo et al., 2004). Nevertheless, gene deletion stud-
ies provided evidence that the CB, cannabinoid receptor is re-
sponsible for most of the behavioral effects of administered can-
nabinoids (Ledent et al., 1999; Zimmer et al., 1999). Using in situ
hybridization and autoradiography, the general distribution of
CB, receptor mRNA (Matsuda et al., 1993) and cannabinoid re-
ceptor binding sites (Herkenham et al., 1991) and its colocaliza-
tion with some interneuron markers (Marsicano and Lutz, 1999)
were described in the neocortex. However, to understand the
functional roles of this receptor, the subcellular and laminar dis-
tribution of the receptor protein should be established at the site
of action, i.e., on the membrane surface. Here we used multiple
high-resolution immunolabeling to answer these questions. In
addition, we performed electrophysiological recordings to verify
the differences predicted by immunolabeling in the effects of
both exogenous and endogenous cannabinoids on the inhibitory
control of functionally distinct principal cell types.

Materials and Methods

Perfusion and preparation of tissue sections for anatomical experiments.
Adult male Wistar rats (250—300 g; n = 20) and six mice (three wild-type
and three CB, knock-out) (Ledent et al., 1999) were deeply anesthetized
with equitesin (4.2% w/v chloral hydrate, 2.12% w/v MgSO,, 16.2% w/w
Nembutal, 39.6% w/w propylene glycol, and 10% w/w ethanol in H,O;
0.3 ml/100 g, i.p.) and then perfused (n = 13) with Zamboni’s fixative
containing 4% paraformaldehyde, 0.05% glutaraldehyde, and 15% v/v
saturated aqueous solution of picric acid in 0.1 M phosphate buffer (PB),
pH 7.4, and an additional rat was perfused using the same fixative but
with 1% glutaraldehyde. Another four rats were processed for a sequen-
tial low pH/high pH perfusion (Berod et al., 1981) (called Berod’s fixa-
tive), and two more animals were perfused using the same fixative but
with high concentration of glutaraldehyde (1%). Fixatives containing
high concentrations of glutaraldehyde were used to optimize postembed-
ding immunostaining for GABA. Animals were perfused transcardially,
first with 0.9% saline for 2 min, followed by 400 ml of Zamboni’s fixative
for 30 min, or the saline was followed by the first component of Berod’s
fixative, pH 6, for 5 min and the second component of Berod’s fixative for
50 min, pH 8.5. Experiments were performed according to the guidelines
of the Institutional Ethical Codex and the Hungarian Act of Animal Care
and Experimentation (1998, XXVIII, section 243/1998), which is in full
agreement with the regulation of animal experiments in the European
Union. All efforts were made to minimize pain and suffering and to
reduce the number of animals used.

After perfusion, the brain was removed from the skull, and coronal
sections (60 wm thick) containing the somatosensory cortex were cut
with a vibratome. The brain of four animals, three from the Berod’s
fixative group and one from the Zamboni’s fixative group (both with low
glutaraldehyde), were cut with a sliding microtome (20 wm).

Three methods were used to ensure good penetration. Sections used
for electron microscopic analysis were incubated in sucrose (30%) over-
night, followed by freeze thawing over liquid nitrogen three times. The
60-um-thick sections used for double-fluorescence staining were incu-
bated in blocking serum (3% bovine serum albumin) that contained
0.05% Triton X-100. Then, blocks from the two animals, which were cut
with a sliding microtome, were incubated in sucrose overnight before the
cutting and were freeze thawed on the microtome. Finally, sections were
processed for either immunoperoxidase or for immunogold or double-
immunofluorescence staining. All washes and dilutions of antisera were
done in 0.05 M Tris-buffered saline (TBS), pH 7.4.

Immunoperoxidase staining. After extensive washes in PB (three times
for 10 min) and TBS (three times for 10 min), the sections from the rats
and the three wild-type and three knock-out mice were blocked in 3%
bovine serum albumin and incubated in rabbit anti-CB, (1:1000 and
1:5000 for the rat and the mice, respectively) or mouse anti-
cholecystokinin (CCK) (1:5000) for a minimum of 48 h at 4°C (Table 1).
After primary antibody incubations, the sections were treated with bio-
tinylated anti-rabbit or anti-mouse IgG made in goat and then with
avidin biotinylated-horseradish peroxidase complex (ABC) (1:300). Fi-
nally, the immunoperoxidase reaction was developed using 3, 3'-
diaminobenzidine (DAB) as a chromogen. The sections were treated
with 1% OsO, in 0.1 M PB for 45 min, dehydrated in an ascending series
of ethanol and propylene oxide, and embedded in Durcupan (ACM;
Fluka, Buchs, Switzerland). During dehydration, the sections were
treated with 1% uranyl acetate in 70% ethanol for 40 min.

Preembedding immunogold staining for CB, receptor. After extensive
washes in PB (three times for 10 min) and TBS (three times for 10 min),
the sections were blocked in 3% bovine serum albumin. After incubation
in a rabbit antiserum against-CB, (1:1000) antiserum, the sections were
washed extensively in TBS and incubated in 1 nm gold-conjugated IgG (1
nm gold, goat anti-rabbit, 1:100; Aurion, Wageningen, The Netherlands)
overnight at 4°C. After extensive washes in TBS and distilled water, the
sections were silver intensified using the silver enhancement system
(RPN 491; Amersham Biosciences, Little Chalfont, UK). The sections
were treated with 1% OsO, for 2 min, followed by 0.5% OsO, at 4°C for
25 min, both in 0.1 PB. The sections were dehydrated and processed for
electron microscopy as above.

Immunofluorescence colocalization experiments. After extensive washes
in TBS, 20 and 60 um sections were incubated in a blocking solution
containing 3% bovine serum albumin and 0.05% Triton X-100 for the
60-um-thick sections to ensure good penetration. Primary antibodies
against CB,, CCK, parvalbumin (PV), vasoactive intestinal polypeptide
(VIP), somatostatin (SOM), calretinin (CR), and calbindin (CaBP) were
diluted in TBS and applied for 48 h at 4°C (Table 1 contains the pairs of
antibodies and their concentrations that were used in these double-
labeling experiments). As secondary antiserum, Alexa Fluor goat anti-
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Figure1.

Distribution of CB, cannabinoid receptors in the rat somatosensory cortex. A, Inmunostaining of the rat somatosen-
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demonstrated the specificity previously by
showing the lack of immunostaining in the hip-
pocampus (Hajos et al., 2000) of CB, knock-out
mice (Ledent et al., 1999), which has been con-
firmed for the neocortex in the present study
(see Fig. 1C,D).

Electron microscopic studies. From sections
embedded in Durcupan, areas of interest were
reembedded and resectioned for electron mi-
croscopy. Sections were collected on Formvar-
coated single-slot grids, stained with lead ci-
trate, and examined with a Hitachi (Tokyo,
Japan) 7100 electron microscope.

Postembedding immunostaining for GABA.
After preembedding immunoperoxidase stain-
ing for CB,, blocks containing layers II-IIT and
layers V-VI were reembedded from animals
perfused with fixative containing 1% glutaral-
dehyde. Ultrathin sections were cut on an ultra-
microtome and mounted on nickel grids.
Postembedding GABA immunostaining was
performed according to the protocol of Somo-
gyiand Hodgson (1985). Incubations were per-
formed on droplets of solutions in humid Petri
dishes: briefly, 1% periodic acid (H5IO,) for 10
min; wash in distilled water; 2% sodium meta-
periodate (NalO,) for 10 min; wash in distilled
water; three times for 3 min in TBS, pH 7.4; 30
min in 1% ovalbumin dissolved in TBS; two
times 10 min in TBS; 1.5 h in rabbit anti-GABA
antiserum (Hodgson et al., 1985) in TBS con-
taining 1% normal goat serum; two times 10
min wash with TBS; blocking procedure with
1% bovine serum albumin and 0.5% Tween 20
dissolved in Tris buffer, pH 7.4, for 10 min;
1.5 h incubation in colloidal gold conjugated
anti-rabbit IgG (15 nm; 1:20 in the same block-
ing solution; Amersham Biosciences); two
times for 5 min wash in distilled water; 30
min staining with 10% uranyl acetate; wash in
distilled water; staining with lead citrate; and
wash in distilled water. The electron micro-
graphs were taken on a Hitachi 7100 electron
microscope.

Statistics. For the quantitative analysis of the
colocalization between CB, receptor-positive
somata and either their CCK or calbindin im-
munoreactivity, we analyzed five rats for both
colocalizations. There was no significant differ-

sory cortex for (B, reveals axonal labeling in all layers with variable densities. The highest density of labeled fibers can be seenin
layers VI, 11-Ill, and VA. The apparently very high level of staining at the bottom of layer VI is primarily attributable to darker
background of well contrasted myelinated fibers leaving the cortex. Analysis shows that this layeris labeled similarly to layer || (see
also Fig. 8). Immunostained axons are sparse in layer VB and layer IV, whereas layer | has only negligible labeling (C). B, Both
synaptic varicosities (small arrows) and preterminal, thin axon segments show strong (B, immunostaining immunostaining, as
seen in the higher-power micrograph of layers Il-IlIl. A large number of varicosities surround the (B,-negative somata of pyra-
midal cells (asterisks in B) in a basket-like manner. CB,-immunoreactive large cell bodies show the characteristics of interneurons

ence between sections and animals (maximum-
likelihood x test, p > 0.05 in each case); there-
fore, all data were pooled. Where the ratio of the
positive and negative cells are given in the text,
we also show the 95% confidence intervals
(CIs) of the ratio in parentheses (Wilson, 1927;
Newcombe, 1998).

(large arrows). €, (B, -immunopositive axons delineate the border between layer | and layers IIIIl in the cortex of wild-type mice,
mice results in a complete lack of labeling, confirming the selectivity

asinthe rat. D, Immunostaining for B, receptorsin (B, ~/~

of the antibody for CB,. Scale bars: A, €, D, 100 um; B, 20 m.

rabbit antiserum was mixed with either the Alexa goat anti-mouse or
goat anti-rat antisera (1:200 for each, 2 h). As a fluorescent secondary
antibody, we have always used Alexa 488 (green) together with Alexa 594
(red). Finally, the sections were dried and covered by Vectashield (Vector
Laboratories Burlingame, CA). We never observed autofluorescence in
this cortical area.

Antibodies. The specificity of each primary and secondary antibody
used in this study has been confirmed by the company or laboratory of
origin (for details, see Table 1). In case of the CB, receptor antibody, we

We also analyzed the distribution of the size
of the cross-sectional area of CCK- positive
(n = 665) and CB,-positive (n = 102) cells in
the somatosensory cortex. From three animals,
all layers of the cortex were included in the sam-
ple, and the cells were included in the sample with the same probability as
their probability of occurrence in the different layers. The cross-sectional
areas of the cell bodies were drawn using camera lucida from immuno-
peroxidase (DAB)-stained sections, and they were analyzed with the NIH
Image program (http://rsb.info.nih.gov/nih-image/). Because there were
no statistically significant differences among animals, data were pooled.
The distribution of the cross-sectional area of CB,-positive cells was
normal (Shapiro-Wilk’s W test, p > 0.1). The distribution of the cross-



6848 - ). Neurosci., July 20, 2005 - 25(29):6845— 6856

sectional area of CCK-positive cells was not
normal (Shapiro-Wilk’s W test, p < 0.01);
rather, it showed a bimodal distribution. Using
a nonlinear estimation model, we tested
whether the bimodal distribution of the cross-
sectional area of CCK-positive cells can effi-
ciently be explained by the sum of two normal
distributions. We found that, by fitting the sum
of two normal curves on the distribution, it can
explain 95% of the variance of the data. There-
fore, on the basis of their cross-sectional area,
we can suppose that CCK-positive cells have at
least two populations in the somatosensory
cortex.

Bodor et al. @ Cannabinoid Receptors in the Rat Somatosensory Cortex

Table 2. Regional and cellular distribution pattern of (B, receptor-positive somata

| 1] v V-vi
Al B, ™ cells (n = 886) n = 14 (2%) n = 567 (64%) n=14(2%) n=1291(33%)
K™ (e (K™ K
(B, (n = 545) n=3 2 n=368 228 n=13 8 n=161 84
(67%) (62%) (62%) (52%)
(aBP™ (aBP™ (aBP™ (aBP™
(B, (n=341) n=11 0 n=199 48 n=1 0 n=130 61
(0%) (24%) (0%) (47%)

The laminar distribution pattern of CB,-positive somata and the two main colocalizing markers (CCK and CaBP) are shown. The first row indicates the relative
number of (B,-positive cells in the different cortical layers; the second and the third rows show the ratio of the colocalization (number of cells, number of
colocalizing cells, and the percentage of the colocalization) with CCK and CaBP, respectively. The columns contain the data from the different layers.

Quantitative analysis of the terminals. We se-
lected four layers for this analysis, layers II, VA,
and VI with high density and layer VB with rel-
atively low density of CB,-positive terminals.
We identified layer II as the upper one-third of
the layers II-III and the distribution of giant
pyramidal cells facilitated the identification of
layer VB. Terminals were photographed from
all layers, and the baskets formed by them were
analyzed in the following way. First, we counted
the number of CB,-positive or PV-positive ele-
ments in the baskets and then calculated the
percentage of CB,-positive elements out of all
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CB;- or PV-positive elements. Somata were vis- o _' & e

ible only when surrounded by large enough Py

numbers of boutons, which introduced some B v s

bias in the sampling of baskets, i.e. those con- e

sisting of larger number of boutons (at least 14) \'\“. 3

were selected. 9 P
There was no significant difference between & ™

the animals in the ratio of the CB,-positive ele-
ments (ytest, p > 0.05 in each case); therefore,
all data were pooled by layers. In the four ana-

lyzed layers (II, VA, VB, and VI), the baskets e b =
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were different based on the ratio of the CB;-
positive terminals they contained. Differences  fjgyre2.  Compartmental distribution of (B, cannabinoid receptors i the cell bodies of interneurons. A~D, (B, cannabinoid

were considered to be significant, when the p
level was under 0.05. All statistical analyses were
performed using the software package Statistica
(StatSoft, Tulsa, OK).

Electrophysiology. Male Wistar rats (15-22 d
old) were deeply anesthetized with isofluorane,

receptorsin cell bodies are restricted to intracellular membrane compartments. Note the lack of labeling on the plasma membrane
(arrowheads in A). In contrast, immunogold particles (arrows in B-D), representing the localization of (B, receptor protein, are
frequently attached to elements of the endosome—lysosome system or multivesicular bodies (thin arrows in A). Some are also
found on the Golgi complex and on the rough endoplasmic reticulum. n, Nucleus. B-D, The silver gold-particles (arrows), labeling
the Cterminus of the (B, receptors, are always located on the outer surface of these organelles, suggesting a transport function to
orfrom the plasma membrane of axons and a correct insertion (C terminus intracellular) of the receptor. Scale bars: A, 1 wm; B-D,

followed by decapitation. After opening the
skull, the brain was quickly removed and im-
mersed into ice-cold (~4°C) modified artificial
CSF (ACSF), which contained the following (in mm): 252 sucrose, 2.5
KCl, 26 NaHCO;, 2 CaCl,, 2 MgCl,, 1.25 NaH,PO,, and 10 glucose.
Coronal slices of the neocortex (350—400 um in thickness) were pre-
pared using a Leica (Nussloch, Germany) VT1000S Vibratome. The
slices were incubated in ACSF (with the same content as above with the
exception that sucrose was replaced with 126 mm NaCl) at room temper-
ature for at least 1 h before recordings. Whole-cell patch-clamp record-
ings were obtained at 22-24°C from pyramidal cells visualized by infra-
red differential interference contrast video microscopy (Axioscope;
Zeiss, Jena, Germany) using a submerged type chamber. Flow rate was
3.8—4 ml/min. To record IPSCs, the ACSF contained 2—3 mwm kynurenic
acid to eliminate ionotropic glutamatergic transmission. Microelec-
trodes were pulled from borosilicate glass capillaries with an inner fila-
ment (1.5 mm outer diameter; 1.12 mm inner diameter; Hilgenberg,
Malsfeld, Germany) using a Sutter Instruments (Novato, CA) P-87 puller
and had resistances of 3—6 M{) when filled with the intracellular solu-
tion. The intracellular solution contained the following (in mm): 60 Cs-
gluconate, 80 CsCl, 1 MgCl,, 3 NaCl, 10 HEPES, 5 QX-314
[2(triethylamino)-N-(2,6-dimethylphenyl) acetamine], 2 Mg-ATP, and
0.3% biocytin, pH 7.2-7.3 adjusted with CsOH (osmolarity, 285-300

0.25 .

mOsm). All recorded cells were post hoc anatomically identified using
immunoperoxidase reaction. IPSCs were measured at a holding potential
of —60 mV. Access resistances (between 4 and 15 M(), compensated
70-75%) were frequently monitored and remained constant (+20%)
during the period of analysis. Using a Supertech (Pécs, Hungary) timer
and isolator, electrical stimulation at 0.1 Hz was delivered in the close
vicinity of the recorded neuron via a theta glass pipette (Sutter Instru-
ments) containing ACSF. Signals were recorded with a Multiclamp 700A
amplifier (Axon Instruments, Union City, CA), filtered at 2 kHz, digi-
tized at 5-10 kHz (PCI-6024E analog-to-digital board; National Instru-
ments, Austin, TX), and analyzed off-line with the EVAN program
(courtesy of Prof. I. Mody, University of California, Los Angeles, Los
Angeles, CA). WIN 55,212-2 [R-(+)-(2,3-dihydro-5-methyl-3-[(4-
morpholinyl)methyl]pyrol[1,2,3-de]-1,4-benzoxazin-6-yl)(1-naphtha-
lenyl) methanone monomethanesulfonate] was dissolved in 0.1 M HCl to
give a 10 mM stock solution. Adding 0.1 M HCl to the ACSF caused a small
decrement in the pH (0.1-0.15), but, to ensure that this pH change
causes no effect on the reduction of IPSCs, we added the same amount of
HCI into the control solution. Spontaneous IPSCs (sIPSCs) were re-
corded in the presence of 5 um carbachol. IPSC charges were calculated
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Figure 3.

(in D, in bouton 1). Scale bars: A-E, 0.25 pm.

within a second time window. In the analysis, a 10 s control period before
the depolarization step was compared with an interval of the same length
beginning at the DSI peak or after 2 s of the pulse end. To estimate the
changes of IPSC charge in a given cell, data from at least three DSIs were
averaged. The depolarization pulse used to evoke DSI was a 1 s step from
a holding potential of —60 to 0 mV applied every 1-2 min. Student’s
paired t test was used to compare changes, and p < 0.01 was considered
significant. Data are presented as mean * SEM. All drugs were obtained
from Sigma (St. Louis, MO).

Results

Immunostaining using a purified antibody against the C termi-
nus of the CB, cannabinoid receptor showed a striking layer-

Presynaptic localization of (B, on inhibitory axon terminals in rat somatosensory cortex. A-F, In layers Il-IllI,
silver-intensified gold particles (thin arrows) representing the localization of (B, -immunoreactivity are found on boutons (b, and
b,) but not on dendrites or somata. The antibody directed against the intracellular C-terminal portion of (B, labels the intracellular
side of the membrane of the terminals. B-D, Serial sections cut from b, forming two symmetrical synapses (thick arrow), one on
asoma (s) and the other on a dendritic shaft (d). This dendritic shaft also receives two asymmetrical synapses (arrowheads) from
(B,-negative, presumably excitatory, axon terminals (asterisk). E, F, High-power electron micrographs show serial sections cut
from a second bouton (b,). This axon terminal also forms a symmetrical synapse (thick arrow) on the same cell body (s) as b, and
is densely covered by gold particles (thin arrow). The (B,-immunoreactive axon terminals frequently contain dense-core vesicles
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specific pattern and visualized selected
neuronal profiles in the adult rat somato-
sensory cortex (Fig. 1). Immunostaining
in the somatosensory cortex of wild-type
mice was similar to the rat (Fig. 1C),
whereas no labeling was observed in CB,;
knock-out mice (Fig. 1 D), demonstrating
the specificity of the antibody.

The most conspicuous feature of CB,
immunostaining was the dense axon label-
ing with a characteristic laminar pattern.
We found a dense meshwork of axons in
layers II-IIT and in the upper half of layer V
(layer VA), as well as in layer VI. In con-
trast, immunostained axons distributed
sparsely in layer IV and in layer VB (Fig.
1A). The drop of labeling in layer IV coin-
cides with lower CB, receptor binding in
this layer reported previously (Herken-
ham et al., 1991). Hardly any staining was
found in layer I. The relatively dense band
of layer VA extended somewhat into lower
layer IV. The distribution and morpholog-
ical features of CB,-immunopositive so-
mata suggested that CB; might be ex-
pressed by GABAergic interneurons (Fig.
1B). CB;-positive cells were sparse, scat-
tered among the CB,-negative principal
cells (Fig. 1B,C). The distribution of la-
beled somata also showed a layer-specific
pattern. CB,-positive cell bodies were
found mostly in layers II-1IT (64%; CI, 61—
67%), somewhat less in layers V-VI (33%;
CI, 30-36%), and hardly any in layer I and
layer IV (n = 886 from 5 rats) (for details,
see Table 2).

Subcellular localization of CB, receptors
in the somatosensory cortex
The immunostaining pattern visible at the
light microscopic level, i.e., the dense la-
beling of CB, -positive axon collaterals and
lack of CB,-positive dendrites, suggested
that the functional localization site of CB,
was predominantly presynaptic. To test
this prediction, we examined the localiza-
tion of CB, at the electron microscopic
level using the preembedding immuno-
gold technique. In CB,-positive cell bod-
ies, the immunogold particles represent-
ing the precise localization of CB, were
found on the membrane of cytoplasmic compartments but never
on the plasma membrane (Fig. 2). Several immunogold particles
were associated with the surface of the elements of the endo-
some-lysosome system and multivesicular bodies (Fig. 2B-D),
and some were found on the Golgi complex and endoplasmic
reticulum. The immunogold particles were always located on the
cytoplasmic side of the membrane of these organelles, in accor-
dance with the fact that the antibody was raised against the C
terminus of the receptor.

The most prominent localization of gold particles at the elec-
tron microscopic level was found on axon terminals forming
symmetrical synapses (Fig. 3). These CB,-positive axon terminals
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Figure4. Presynapticlocalization of (B, on GABA-positive axon terminals in rat somatosen-
sory cortex. A-C, Electron micrographs of (B,-immunoreactive boutons (visualized by immu-
noperoxidase staining using the DAB precipitate) forming symmetrical synapses (thick arrows)
on (B,-negative pyramidal cell dendrites (d, in A-C). Postembedding immunogold staining
performed on these ultrathin sections demonstrates that all (B, -positive boutons are immuno-
reactive for GABA (see accumulation of colloidal gold particles over the mitochondria of DAB-
labeled boutons; particles are accumulated over mitochondria attributable to the fixation
method used). Axon terminals that form asymmetrical synapses (arrowhead) on dendritic
spines were always negative for both GABA and (B,. These correspond to glutamatergic
boutons and can be used to indicate the level of background staining for GABA. Scale bars:
A-(C,0.2 um.

targeted cell bodies and dendrites of putative pyramidal neurons
(Fig. 3E,F), as well as dendrites of putative interneurons (Fig.
3B-D). The boutons contained numerous gold particles localized
on the intracellular surface of the plasma membrane in confor-
mity with the intracellular localization of the C terminus of the
CB, receptor. Although symmetrical synapses are usually indic-
ative of GABAergic synapses, we sought to provide direct evi-
dence. Using a combination of preembedding immunoperoxi-
dase labeling for CB, and postembedding immunogold labeling
for GABA revealed that all CB,-positive axon terminals were
GABA positive (Fig. 4). An analysis of 180 CB,-positive axon
terminals followed through serial sections was performed in lay-
ers II-III (n = 100 boutons from 3 animals) and in layers V-VI
(n = 80 boutons from 2 animals). Here, all CB,-immunoreactive
boutons proved to be unequivocally GABA positive in both lay-
ers. In addition, we also found numerous GABA-positive but
CB,-negative axon terminals, indicating that not all GABAergic
cell types carry presynaptic CB, receptors on their axon terminals
(Fig. 4C).

Cellular expression pattern of CB, receptors in the
somatosensory cortex

To determine which of the many cortical interneuron subtypes
express CB; receptors, we performed double-immunofluo-
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rescence experiments for CB, and for several neurochemical
markers of cortical interneurons, namely, CCK, PV, VIP, SOM,
CR, and CaBP.

Colocalization of CB, with CCK

The degree of colocalization between CB, and CCK was high in
the somatosensory cortex (Fig. 5A, B). In layers II-1I1, 62% (CI,
57-67%) of CB,-positive cells expressed CCK, whereas in layers
V-VI this percentage was 52% (CI, 44—60%; n = 545 cells from
5 animals) (Table 2). In layer I and IV, in which there were only a
few cells, the ratio seemed to be similar. In the other direction, of
200 CCK-positive somata, collected from all layers, altogether 66
were positive for CB; (33%; CI, 27-40%; n = 200 cells from 2
animals).

CCK-immunoreactive neurons in the frontal cortex were clas-
sified as two separate groups based on soma size (Kubota and
Kawaguchi, 1997). Indeed, two distinct CCK-positive cell popu-
lations could be distinguished in the somatosensory cortex as well
(Fig. 5B,). Comparison of CB, content in the large and small
CCK-immunoreactive neurons revealed that only large CCK-
positive cells contained the receptor, whereas none of the small
CCK-positive neurons expressed CB, (Fig. 5B).

Quantitative morphological analysis of CB,- and CCK-positive
cell bodies

Separation of soma size based exclusively on visual inspection can
be misleading because of subjective factors. Therefore, we per-
formed quantitative morphological analysis to estimate the size
of CCK- and CB,-immunoreactive neurons. The cross-sectional
area of the CB;- and CCK-positive cells was drawn by camera
lucida from the light microscope and then measured with the
NIH Image analyzer program. Data were pooled from three ani-
mals and are shown in Figure 6. We established that CCK-
positive cells form two subpopulations based on the size of their
cross-sectional area, and we calculated their ratio from the area of
the two fitted normal distributions. The large cells, the cross-
sectional area of which is 155 = 47 um? (mean * SD) represent
42% (CI, 38—46%) of all CCK-positive neurons. This ratio is
similar to the ratio of the CCK-positive cells containing CB, (see
above). The cross-sectional area of the smaller cells was 77 *= 17
wm?and formed 58% (CI, 54—62%) of all CCK-positive neurons
(Fig. 6). Remarkably, the size of the CB,-containing cell bodies
(181 = 36 um?) overlapped with the large CCK-positive group
but not with the small CCK-containing cells (Fig. 6).

Colocalization of CB, with CaBP suggests the existence of a second
CB, receptor-positive interneuron subtype

The second neurochemical marker that showed colocalization
with CB, was CaBP (Fig. 5C). Altogether 24% (CI, 18-31%) and
47% (CI, 38-56%) of the CB,-positive cells express CaBP in
layers II-11I and in layers V-VI, respectively (n = 341 cells from 5
animals) (Table 2). Because some pyramidal neurons also express
CaBP, the colocalization ratio between CaBP and CB, in inter-
neurons was impossible to determine unequivocally. Conversely,
colocalization of CB, receptors with two different neurochemical
markers (CCK and CaBP) raised the question whether these
markers define the same population of neurons or whether they
dissect the CB,-immunoreactive neurons into two nonoverlap-
ping subsets. Double-immunofluorescence staining for CCK and
CaBP showed a nearly complete lack of colocalization in the so-
matosensory cortex: of 261 CCK-positive cells, only seven were
positive for CaBP (3%; n = 2 animals) (Fig. 6 D; Table 3), as
shown previously in the frontal cortex (Kubota and Kawaguchi,
1997).
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Figure 5.

throughout as to align profiles. Scale bars: A-D, 50 m.

Table 3. Ratio of the interneuron types showing low level or no colocalization
with (B,

Interneuron markers showing low level/lack of colocalization with (B,

VIP (n = 360) (B,-positive, 12 (3%)
(B, (n = 230) VIP-positive, 12 (5%)
SOM (n = 100) (B,-positive, 0

(B, (n = 100) SOM-positive, 0

PV (n = 100) (B,-positive, 0

(B, (n = 100) PV-positive, 0

(R (n=100) (B,-positive, 0

(B, (n = 100) CR-positive, 0

This table shows colocalization of (B, with VIP, SOM, PV, and CR. In rows, n indicates the number of the cells, which
are positive for the first marker, whereas the second number indicates the number of cells with colocalization of the
first and the second marker. In the parentheses, the ratio of the colocalization is presented as a percentage.

(B, receptors are expressed by two neurochemically distinct subpopulations of interneurons in the rat somatosen-
sory cortex. A;—A;, B,—B;, (CK/(B, double-labeled cells are shown by the thick arrows. On the overlay, they appear in yellow (CCK
immunostaining in A; and B;; (B, immunostaining in A, and B,; the overlay in A; and B;). The arrowheads show cells that are
positive only for CCK, and the thin arrow points to a (B, -positive cell devoid of CCK. Two CCK-positive cells are shownin B,, a large
(thick arrow) and a small (arrowhead), but only the large one expresses (B, (B,). €;—C;, CaBP/(B, double-fluorescence immu-
nostaining. CaBP is the other marker expressed by CB,-positive cells. In layers I-Ill, in addition to interneurons, pyramidal cells
also weakly express CaBP (€, asterisk). Of the two CB,-positive cells, just the upper one expresses CaBP (C;, C,, thick arrow); this
cellis yellow on the overlay (C, thick arrow). The other (B,-positive cell does not express CaBP; hence, we can see only its outline
inC; (thin arrow). D;~D;, (CK- and CaBP-immunoreactive cells do not overlap in rat somatosensory cortex. Three CCK-containing
cells are shown in D, (arrowhead), but none of them is visible in the CaBP-staining (D,, arrowhead). The capillaries (c) are used
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Colocalization of CB, with other
neurochemical markers

To further identify interneuron subtypes
that express CB,, we performed double-
immunofluorescence staining for other
neurochemical markers as well (Fig. 7).
Previously, CaBP- and SOM-positive cells
were shown to represent highly overlap-
ping populations (Kawaguchi and Kubota,
1997). However, we found that all SOM-
positive cells were negative for CB, and
vice versa (n = 100 cells in both cases;
n = 2 animals) (Fig. 7B), excluding the
possibility that the CaBP/SOM double-
labeled cells correspond to the CaBP/
CB,-positive cell population. On the
contrary, we conclude that CB, is
present only in those CaBP cells that lack
SOM.

In a previous mapping report, the neu-
ropeptide VIP and the calcium-binding
protein CR were found to colocalize with
CCK in GABAergic interneurons in the
frontal cortex (Kubota and Kawaguchi,
1997). Nevertheless, of 230 CB,-positive
cells, only 12 (5%) were positive for VIP,
and, of 360 VIP-positive cells, only 12
(3%) were positive for CB, (n = 3 ani-
mals) (Fig. 7A; Table 3). Likewise, none of
the CB,-positive cells were found to be CR
immunoreactive and vice versa (n = 100
cells in both cases; n = 2 animals) (Fig. 7C;
Table 3).

Layer- and cell type-specific
complementary distribution of CB,

and PV

A major marker for neocortical GABAer-
gic interneurons responsible for periso-
matic inhibition is the calcium-binding
protein PV (Celio, 1986). However, we did
not find colocalization between CB, and
PV (n = 100 cells in both cases; n = 2
animals) (Fig. 7D).

Furthermore, closer inspection of
double-immunofluorescence staining re-
vealed that CB,- and PV-immunoreactive
axons were enriched in alternate layersin a
complementary manner (Fig. 8A). The
difference in the density of fiber meshwork was striking even
between sublayers, although the alternate pattern for the axons
was not mutually exclusive (Fig. 8). Layer I was essentially devoid
of axons of both types. The highest density of PV-positive axons
was found in layers IV and VB, whereas the density of CB,-
postive axons was very low in these layers. The most conspicuous
difference in density was found in layers IV and VA. In layer IV,
CB, -postive axons were strikingly sparse, in contrast to PV-positive
fibers, which formed an extensive network throughout the width of
the layer. In layer VA, the density difference was the opposite. In
layers IT and V1, both fiber types reached high densities.

This striking density difference between cortical layers led us
to the question whether individual pyramidal cells receive differ-
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Figure6. Distribution and morphological analysis of CCK- and CB, receptor-positive somata.
Based on their size, two CCK-positive cell populations can be separated. In the somatosensory
cortex, only the large cells contain (B, receptors. The estimated size of the two populations of
(CK-positive cells according to their cross-sectional areais 77 = 17 um? (mean = SD) for the
small group and 155 = 47 pum* for the large CCK-positive subpopulation. Remarkably, the
calculated size of the B, receptor-containing cell bodies (181 = 36 .um %) overlapped with the
large but not with the small CCK-positive cell population.

ent ratios of perisomatic input from CB, - and PV-positive axons.
To answer this question, we analyzed in detail the double-
immunofluorescence stainings for PV and CB,. In layers II-1II,
VA, and VI, immunonegative cell bodies (most of which likely
corresponded to pyramidal neurons) were
encircled by both PV- and CB,-positive
terminals (Fig. 8 B). In remarkable con-
trast, large pyramidal cells in layer VB were
surrounded almost exclusively by PV-
positive terminals (Fig. 8C).

To quantify this observation, we
counted the number of CB,-positive and
PV-positive terminals in baskets in layers
I1, VA, VB, and VI (Fig. 9). Then we deter-
mined and compared the proportion of
the CB,-positive elements on single cells
(percentage of CB,-positive elements in a
basket out of all CB;- or PV-positive ele-
ments within a basket) among different
layers. The median of the ratio in layer II
was 30%, 33% in layer VA, 3% in layer VB,
and 39% in layer VI. Statistical tests
(Kruskall-Wallis test, post hoc Siegel and
Castellan comparisons of mean ranks for
all groups) confirmed that the difference
in the ratio of inputs in layer VB compared
with layers II, VA, and VI was significant
and layers II and VI were also different,
whereas the other comparisons showed no
difference. The significantly lower level of
CB,-positive terminals in layer VB was
remarkable (Fig. 9). The maximum val-
ues of the ratios show that the highest
CB, occurrence is in layer VI, in contrast
to layer VB, in which CB,-positive ter-
minals were rarely seen in perisomatic
baskets around the large pyramidal cells.

Figure7.
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Activation of CB, cannabinoid receptors by exogenous or
endogenous ligands differently alters inhibitory synaptic
transmission in layer II and layer VB pyramidal cells
According to our anatomical observations, the perisomatic re-
gion of layer IT pyramidal cells was innervated by CB,-immuno-
positive as well as CB,-immunonegative (or PV-positive) axon
terminals. In contrast, a large proportion of layer VB pyramidal
cells were surrounded mostly by PV-expressing axon terminals.
Other pyramidal cells, mostly those with small soma size in the
same layer, as well as in layer VA, received mixed innervation. To
confirm the physiological significance of these immunocyto-
chemical data, we first investigated the cannabinoid sensitivity of
IPSCs in layers IT and VB pyramidal cells (Fig. 10). These currents
were evoked by focal electrical stimulation in the close vicinity of
the pyramidal cell somata in the presence of 2—3 mm kynurenic
acid, an ionotropic glutamate receptor blocker. Bath application
of 1 um WIN 55,212-2, a cannabinoid receptor agonist, signifi-
cantly suppressed the amplitude of evoked IPSCs compared with
control in all but one layer II pyramidal cells (67.9 = 4.9% of
control; n = 11) (Fig. 104, C). In contrast, WIN 55,212-2 caused
a significant reduction in the IPSC amplitude only in 7 of 17
pyramidal cells in layer VB (Fig. 10D), whereas in remaining
cells, there was no change after the drug application (Fig. 10B).
After pooling data from layer VB neurons, the effect of WIN
55,212-2 (86.8 * 3.4%; n = 17) was significantly different from
those obtained in layer II pyramidal cells ( p = 0.003, Student’s
unpaired test). Using Fisher’s exact test, we compared the differ-
ence in the proportion of cells sensitive for the CB, receptor
agonist in layers II and VB and found a significant difference

(B, receptor is not expressed by other interneuron subpopulations. VIP/CB, (row A), SOM/CB, (row B), CR/CB, (row
(), and PV/(B, (row D) double-immunofluorescence staining in the somatosensory cortex showed the lack of colocalization
between these neurochemical markers and (B, receptor. The arrowheads show the cells that are positive only for the first marker,
whereas the thin arrows show the (B, receptor-positive cells. The capillaries (c) are used as landmarks. Scale bars: A-D, 50 pm.
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Figure8. Comparison of (B, and PVimmunostaining in the rat somatosensory cortex. A,—A;, PV/CB, receptor double-immunostained section of rat somatosensory cortex. Note that the laminar
density of the labeled axons is essentially complementary in the two immunostainings (B, €). In layers Il-IlI, the PV- and the (B, -positive terminals occurred in a similar density around the pyramidal
cell somata (asterisks in B), although PV staining becomes more dense from layer Il toward layer Ill, whereas CB1 staining becomes more sparse. In contrast, in layers IV and VB, the density of the
PV-positive boutons was high (particularly around large pyramids in VB, see asterisk in €), whereas low levels of (B, receptor expression were seen. In layer VA, the opposite was found: higher (B,

expression was coupled to lower levels of PV. Scale bars: 4, 100 .em; B, €, 10 um.

(p = 0.002). When we plotted the magnitude of the WIN
55,212-2 effect as a function of whole-cell capacitance (approxi-
mated by the value obtained from the capacitance compensa-
tion), there was a relationship between these two values (r = 0.64;
p < 0.001), indicating that pyramidal cells with larger cell bodies
tend to receive WIN 55,212-2-insensitive IPSCs (Fig. 10C).

In the next set of experiments, we asked whether similar dif-
ferences could be found in endocannabinoid signaling. To ad-
dress this question, we investigated the presence and magnitude
of DSI (Fig. 11), a phenomenon that is thought to be mediated by
endocannabinoids (Wilson and Nicoll, 2002). Macroscopically,
after 1 s depolarization, sIPSCs recorded in the postsynaptic cells
were transiently suppressed for tens of seconds. In the presence of
kynurenic acid, both inhibitory synaptic transmission and endo-
cannabinoid signaling was enhanced by a cholinergic agonist,
carbachol (5 um), to reduce the possibility of occurrence of false-
negative results in DSI (Kim et al., 2002). In all but one layer II
pyramidal cells, depolarization caused a significant reduction in
the sIPSC charge compared with control (51.9 = 7.7% of control;
n=7;p <0.001) (Fig. 11 A), similar to previous results (Trettel
and Levine, 2002). In layer VA neurons, a significant DSI has
been observed in eight of nine pyramidal cells (45.4 * 9.5%; n =
9; p < 0.001) (Fig. 11B). In layer VB pyramidal cells, however,
only 5 of 15 neurons showed significant DSI (Fig. 11 D), whereas

no change in the IPSC charge was noticed in the remaining 10
neurons (Fig. 11C). The magnitude of DSI in layer VB pyramidal
cells was 75.8 *+ 6.8% (n = 15). Similar to the WIN 55,212-2
effect, DSI was more robust in those pyramidal cells that have
smaller whole-cell capacitance regardless of their location (r =
0.69; p < 0.001) (Fig. 11E). According to the maximum-
likelihood x? test, there is a significant correlation between the
proportion of cells showing DSI and their localization in all three
layers tested ( p = 0.015).

Thus, in layer VB, a lower percentage of cells showed canna-
binoid sensitivity compared with those neurons found in layers II
and VA. In summary, these pharmacological and physiological
results verified that layer VB pyramidal cells with large somata are
distinct from pyramidal cells in layers II and VA with regard to
the cannabinoid sensitivity of their perisomatic inhibitory input.

Discussion

The main findings of the present study are the following: (1) CB,
receptors are expressed by two distinct subpopulations of inter-
neurons in the rat somatosensory cortex; (2) functional CB; re-
ceptors are located presynaptically on GABA-positive axon ter-
minals; (3) large amounts of CB, receptors are localized in the
membrane of multivesicular bodies and lysosomes in the perinu-
clear cytoplasm of the same subset of interneurons; and (4) strik-
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The ratio of CB1-positive perisomatic boutons in four cortical layers
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Figure9. Ratio of CB,-positive terminals in baskets around pyramidal cell bodies, located in
layers II, VA, VB, and VI. The graph shows the percentages of (B,-positive elements out of all
(B,- or PV-positive perisomatic boutons in the baskets in layers II, VA, VB, and VI around
presumed pyramidal cell somata. Note the large variability of the percentages of (B,-positive
terminals within the layer. The lowest percentages of (B, -positive axon terminals were found in
baskets in layer VB, and it was significantly different from the other layers; in addition, layer VI
was also significantly different from layer Il. The number of PV-positive terminals was higher in
baskets in all examined layers.

ing differences in the susceptibility of pyramidal cells of different
cortical layers to endocannabinoid signaling were found, which
correlated well with CB, expression.

CB, receptors are expressed by at least two different
interneuron subpopulations in the rat somatosensory cortex
Cortical interneurons form functionally distinct types as deter-
mined by their laminar distribution, neurochemical characteris-
tics, receptor expression patterns, and physiological properties
(Cauli et al., 1997; Kawaguchi and Kubota, 1997; Somogyi et al.,
1998; Kawaguchi, 2001).

In the neocortex, CCK-positive interneurons form at least two
subpopulations according to their size, morphology, and neuro-
chemical marker content (Kawaguchi and Kubota, 1997; Kubota
and Kawaguchi, 1997). In the present study, we showed that only
CCK-expressing interneurons with large cell bodies expressed
CB, receptors. Similarly, large CCK-positive cells were found to
express CB, receptors in both the basolateral amygdala (Katona
et al., 2001; McDonald and Mascagni, 2001) and hippocampus
(Katona et al., 1999). These cells, innervating primarily the peri-
somatic region of principal neurons, are in a position to control
network activity patterns (Kawaguchi, 2001; Freund, 2003; Ga-
larreta et al., 2004), because they can effectively control the spike
timing of large cell ensembles (Cobb et al., 1995; Miles et al.,
1996).

Besides the large CCK-positive cells, a subset of interneurons
containing CaBP was also identified to express CB, receptors in
the neocortex, similar to the hippocampus (Marsicano and Lutz,
1999; Tsou et al., 1999) and amygdala (Marsicano and Lutz,
1999). The ratio of CB;-immunoreactive CCK- and CaBP-
containing interneurons, which form nonoverlapping popula-
tions (Kawaguchi and Kubota, 1997; Kubota and Kawaguchi,
1997; present study), was different between layers. In layers II-III,
the CCK-positive subpopulation was dominant, whereas in layer
V-VI, these two types were equally represented. The lack of co-
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Figure 10.  IPSCs recorded in pyramidal cells (PCs) from layer Il and layer VB of somatosen-
sory cortex show different sensitivity to a cannabinoid receptor agonist, WIN 55,212-2 (WIN). A,
In layer Il pyramidal cells, bath-applied WIN 55,212-2 (1 pm) significantly reduces the ampli-
tude of IPSCs evoked by focal electrical stimulation in the close vicinity of cell bodies. B, Evoked
IPSCs in the majority of layer VB pyramidal cells (59%) are not changed after application of the
cannabinoid agonist. , The magnitude of the reduction of evoked IPSCs after application of WIN
55,212-2 is plotted as a function of the whole-cell capacitance (obtained from the whole-cell
capacitance compensation), showing a tendency that neurons with larger somata receive only
cannabinoid-insensitive IPSCs (layer Il PCs, triangles; layer VB PCs, circles). D, The amplitude of
IPSCsinaminority of layer VB pyramidal cells was significantly suppressed by WIN 55,212-2. All
data points on the plots of the IPSC amplitude represent a mean == SEM of six consecutive
events recorded with the whole-cell patch-clamp technique. Insets are averaged recordings of
six consecutive IPSCs at the labeled time points. Calibration: A, B, D, insets, 100 pA, 20 ms.

localization between CCK and CaBP suggests the existence of at
least two populations of CB,-containing interneurons in the so-
matosensory cortex. Together, the fact that the sum of the per-
cental values of the CCK- and the CaBP-positive CB,-containing
cells was close to 100% within these layers (86 and 99% in layers
[I-1IT and layers V=VI, respectively) (Table 2) and that no other
interneuron marker was substantially colocalized with CB,, it can
be concluded that no other major CB,-positive subpopulations
exist in the rat somatosensory cortex. Interneurons containing
CaBP are known to belong to dendrite-targeting inhibitory cells
in the hippocampus and likely also in the neocortex (Gulyas and
Freund, 1996; Kawaguchi and Kubota, 1997; Thomson and Ban-
nister, 2003). These GABAergic cells could regulate the efficacy
and/or plasticity of excitatory inputs arriving onto principal cells
(Miles et al., 1996). Because CCK and CaBP are expressed in
separate populations of neocortical interneurons (Kawaguchi
and Kubota, 1997; Kubota and Kawaguchi, 1997), endocannabi-
noids could modulate at least two functionally distinct types of
inhibition, one that primarily deals with population synchrony
(perisomatic inhibition) and another controlling input plasticity
(dendritic inhibition).
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Figure11.  Presence of DSI s different in layer Il and layer VB pyramidal cells (PCs). 4, B, DSI

is observed in the vast majority of layers Il and VA pyramidal cells, as indicated by the transient
reduction of sIPSCs (depicted as downward deflections from the baseline) after a 1-2 s depo-
larization of the postsynaptic neuron (marked with the square pulse). €, In contrast, no DSI
occurs after depolarization in two-thirds of layer VB pyramidal cells. D, However, in one-third of
layer VB pyramidal cells, the magnitude of DSI is similar to that measured in layers Il or VA
pyramidal cells. E, Relationship between the whole-cell capacitance and the magnitude of DSI,
showing that neurons with larger soma tend to have no DSI (layer Il PCs, triangles; layer VA PCs,
squares; layer VB PCs, circles). Calibration: A-D, 50 pA, 5s.

Selective control of inhibitory input by CB, receptors in the
somatosensory cortex

Using electron microscopy, we showed that CB, receptors are
exclusively found on axons of GABAergic neurons or in their
perinuclear cytoplasm, similar to the hippocampus or basolateral
amygdala (Katona etal., 1999, 2000, 2001; Hajos et al., 2000). The
immunopositive axons likely originate from local circuit neurons
expressing CB;. Supporting this idea, a recent study showed that
intracellularly labeled CB,-positive cells in layers II-III had axons
that arborized mainly in these superficial layers but also projected
to deeper parts (Galarreta et al., 2004). The activation of CB,
receptors located at inhibitory synapses has been shown to regu-
late GABA release, for instance, during DSI. According to current
knowledge, repetitive firing of principal cells triggers the synthe-
sis of endocannabinoids that bind to CB, receptors expressed at
presynaptic GABAergic terminals causing suppression of inhibi-
tion (Wilson and Nicoll, 2002). Endocannabinoid-mediated ret-
rograde signaling may allow strongly excited cells to partly escape
inhibitory control, which could facilitate potentiation of its exci-
tatory input (Carlson et al., 2002). Initially, DSI was described in
the cerebellum (Llano et al., 1991) as well as in the hippocampus
(Pitler and Alger, 1992), and only recently in the superficial layers
of the neocortex (Trettel and Levine, 2003). Our electrophysio-
logical recordings uncovered that endocannabinoid-mediated
signaling was not uniformly present in all cortical principal cells. DSI
was missing from a significant fraction of pyramidal cells located in
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layer VB but was readily detectable in the superficial layers, similar to
previous observations (Trettel and Levine, 2003). Furthermore, a
large part of electrically evoked IPSCs recorded from pyramidal cells
of layer VB, but not layer II, were insensitive to a cannabinoid ago-
nist, confirming the results of our DSI experiments.

Two functionally distinct inhibitory cell types innervating the
perisomatic domain of pyramidal neurons are present in cortical
circuitries: PV-containing and CCK/CB,-positive interneurons
(Freund, 2003). Double-labeling experiments revealed that pyra-
midal cells could differ in the composition of their perisomatic
inhibition in a layer-specific manner. Whereas pyramidal cells in
layers IT and VI and partly in layer VA were covered by both PV-
and CB,-expressing axon terminals, a significant number of large
pyramidal cells in layer VB were decorated only with boutons im-
munopositive for PV but not for CB,, which is in line with our
physiological data. Thus, both electrophysiological and anatomical
results showed that there is a pyramidal cell population in layer VB
that is not innervated by CB,-expressing terminals; therefore, their
GABAergic input escapes control via endocannabinoids.

In addition to the presynaptic location of CB, receptors, im-
munostaining found in the somata of interneurons was restricted
to the endoplasmic reticulum, Golgi apparatus, multivesicular
bodies, or the endosome-lysosome system, indicating that the
antibodies specific for this receptor recognized both the newly
synthesized and transported proteins. A recent study in the neo-
cortex showed that high-frequency firing of CCK-positive inter-
neurons results in a long-lasting decrease of their membrane po-
tential and probability of firing (Bacci et al., 2004). This effect was
blocked by a CB, antagonist, suggesting the involvement of en-
docannabinoid signaling. However, our electron microscopic in-
vestigations revealed no CB, receptors on the soma-dendritic
membrane surface of CCK-positive interneurons. Thus, the
long-lasting inhibition of firing of CCK-expressing cells might be
mediated via different cannabinoid-sensitive receptors or CBI
receptors at a very low density. An especially intriguing alterna-
tive is that CB, receptors in multivesicular bodies or the endo-
some-lysosome system could mediate this effect, generating sec-
ond messengers intracellularly.

Possible function of CB, receptor activation in the neocortex
The majority of corticocortical connections originate from pyra-
midal cells located in superficial layers that receive both
cannabinoid-sensitive and -insensitive inhibitory afferents.
Thus, intracortical communication is under the control of
activity-dependent modulation of neuronal firing by endocan-
nabinoids, adding further plasticity to the system. In contrast,
pyramidal cells located in layer VB give rise to subcortical projec-
tions to the brainstem, spinal cord, and midbrain (Wise and
Jones, 1977). Importantly, this extracortical information flow
seems to lack endocannabinoid-mediated regulation. One may
speculate that activity-dependent fine-tuning of plasticity that
allows the formation of functional assemblies of cortical neurons
is required primarily for those circuits that are responsible for
encoding of information. Even layer VA pyramidal cells, some of
which project to the striatum and the thalamus (Wise and Jones,
1977), were shown recently to markedly differ from layer VB and
play a unique role in intracortical processing of sensory informa-
tion (Schubert et al., 2005). Conversely, members of the effector
circuits (including layer VB), forwarding cortical instructions
downstream to subcortical centers, need to be more rigid to faith-
fully execute this task. Activity-dependent endocannabinoid sig-
naling may thus be required for information processing by intra-
cortical circuits but not for subcortical output.
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