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Abstract
Although the endogenous cannabinoid system modulates a variety of physiological and
pharmacological processes, the specific role of cannabinoid CB1 receptors in the modulation of
glutamatergic neurotransmission and neural plasticity is not well understood. Using whole-cell patch
clamp recording techniques, evoked or spontaneous excitatory postsynaptic currents (eEPSCs or
sEPSCs) were recorded from visualized, layer II/III pyramidal cells in frontal cortical slices from rat
brain. Bath application of the CB1 receptor agonist, WIN 55212-2 (WIN), reduced the amplitude of
NMDA receptor-mediated EPSCs in a concentration-dependent manner. When co-applied with the
specific CB1 antagonists, AM251 or AM281, WIN did not suppress NMDA receptor mediated
EPSCs. WIN also reduced the amplitude of evoked AMPA receptor-mediated EPSCs, an effect that
was also reversed by AM251. Both the frequency and amplitude of spontaneous AMPA receptor-
mediated EPSCs were significantly reduced by WIN. In contrast, WIN reduced the frequency, but
not the amplitude of miniature EPSCs, suggesting that the suppression of glutmatergic activity by
CB1 receptors in the frontal neocortex is mediated by a pre-synaptic mechanism. Taken together,
these data indicate a critical role for endocannabinoid signaling in the regulation of excitatory
synaptic transmission in frontal neocortex, and suggest a possible neuronal mechanism whereby THC
regulates cortical function.
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Introduction
Delta9-tetrahydrocannabinol (THC) exerts its principal biological action via endogenous
cannabinoid receptors, and modulates synaptic transmission (Freund et al., 2003; Alger,
2002). The specific receptors involved in mediation of synaptic activity by THC are CB1
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receptors, which are mainly expressed in the nervous system (Herkenham et al., 1990; Egertova
and Elphick 2000), while CB2 receptors are mainly located on cells in the immune system
(Howlett et al., 2002). In the nervous system, endogenous cannabinoids are released from
postsynaptic neurons upon depolarization, and act in a retrograde fashion to activate CB1
receptors on the presynaptic terminals, thus inhibiting neurotransmitter release (Alger, 2002).
This has recently been demonstrated in the frontal cortex of mice (Lafourcade et al, 2007).

Cannabinoid effects on neuronal function in the frontal neocortex and hippocampus are
hypothesized to underlie the disruptive action of marijuana on higher cognitive processes,
including memory (Ranganathan and D’Souza, 2006). Indeed hippocampal-neocortical
interactions, including frontal lobe interactions, represent a key component of the process of
memory consolidation (Eichenbaum et al, 1998; Fletcher and Henson, 2001; Fletcher et al,
1998a,b). Although the mediation of excitatory synaptic activity by CB1 receptors has been
well studied in the hippocampal formation (Hoffman et al, 2003; Hofman et al, 2006), the role
of CB1 receptors in the inhibition of glutamatergic transmission in the frontal neocortex has
not been extensively studied. The available evidence indicates that CB1 activation suppresses
excitatory neurotransmission by reducing glutamate release or uptake in the cortico-striatal
pathway (Brown et al 2003), and functional CB1 receptors are found on neocortical
glutamatergic neurons (Hill et al, 2007). Furthermore, in mice lacking CB1 receptors on
principal neurons, the CB1 agonist WIN 55212-2 did not reduce glutamatergic synaptic
transmission in the hippocampus, the basolateral amygdala, or the primary somatosensory
cortex (Domenici et al, 2006), providing strong evidence of the existence of CB1 receptors
located on glutamatergic synapses in those regions. Despite the fact that CB1 receptors are
expressed in the frontal cortex, and that this region is involved in memory processes,
cannabinoid modulation of excitatory synaptic input to these cortical layers, especially that
mediated by NMDA receptors, has not been extensively studied. Lafourcade, et al (2007)
studied CB1 receptor modulation of excitatory postsynaptic currents (EPSCs) in layer V and
VI of the mouse prefrontal cortex, showing that CB1 activation reduced evoked EPSCs and
that depressing CB1 function inhibited long term depression (LTD). Other electrophysiological
studies indicate that excitatory synaptic activity can be reduced by activation of CB1 receptors
in some neocortical regions such as layer V pyramidal neurons from the prelimbic area of the
neocortex (Auclair et al, 2000), the visual field of rats (Sjostrom et al 2003), and layer II/III
pyramidal cells in the auditory field of mice (Trettel and Levine, 2002). Thus, the present
experiments were designed to more fully assess the role of CB1 receptors in mediating
excitatory neuronal function within the frontal neocortex of the rat.

Results
Images of a layer III pyramidal cell filled with florescent dye before, and immediately after
the establishment of the whole-cell configuration are shown in Figure-1A. In addition, the
morphology of the cortical pyramidal cells was visualized by confocal laser scanning
microscopy. Only one experiment was performed with each slice treated with WIN55212-2.
Pharmacologically isolated NMDA or AMPA receptor-mediated EPSCs were completely
blocked by APV (50 μM) or DNQX (20 μM), respectively, confirming that they were mediated
exclusively by activation of postsynaptic NMDA or AMPA receptors (data not shown).

Activation of CB1 receptors by WIN 55212-2 reduced NMDA receptor-mediated EPSCs
We first tested whether the CB1 receptor agonist, WIN 55122-2, could affect NMDA-mediated
transmission during an evoked synaptic event. An example of the suppression of NMDA
EPSCs by WIN55212-2 is shown in Figure-1B. At a holding potential of −40mV, the recorded
EPSCs were inward currents. Bath application of 1μM WIN55212-2 caused a significant
decrease in amplitude of NMDA EPSCs, which was reduced to 54% of control. This
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suppression generally occurred within 4–7 minutes after bath application of the agonist.
Moreover, WIN55212-2 suppressed NMDA eEPSCs in a concentration-dependent manner as
demonstrated in Figure-1C.

To confirm that CB1 receptors were mediating the inhibition of NMDA eEPSCs observed with
WIN 55212-2, we used two highly specific CB1 antagonists AM251 (n=7) and AM281 (n=6)
in the following experiments. After stable NMDA eEPSCs were isolated, the slices were
superfused with 2μM AM281 in combination with 1μM WIN55212-2. The suppressive effect
of WIN 55212-2 on NMDA EPSCs was blocked by the antagonist and the result is shown in
Figure-2A. Similarly, in the presence of 2μM AM251, WIN 55212-2 failed to attenuate the
peak of NMDA eEPSCs (Figure-2B). The results of these experiments are summarized in
Figure 2C.

WIN55212-2 reduction of evoked AMPA EPSCs
We next assessed the effect of CB1 receptor activation on the fast synaptic component mediated
by AMPA receptors. As illustrated in Figure 3A, 1μM WIN55212-2 reduced the peak of evoked
AMPA receptor-mediated EPSCs by an average of 44.3 ± 3.0% (n=9, p<0.05, Figure 3C). The
effects of WIN55212-2 on AMPA EPSCs were blocked by 2 μM AM251 (Figure 3B). This is
illustrated in Figure 3C. In a separate experiment, we found that bath application of 2μM
AM-251 reversed the WIN-induced suppression of AMPA EPSC amplitude in all four cells
tested (Figure 3D). However, there was no significant difference in the magnitude of the
reduction of NMDA, compared to AMPA receptor-mediated EPSCs by WIN 55212-2 (NMDA
52.9 ± 3.5%, n=8., AMPA 44.3 ± 3.0%, n=9, p> 0.05). These findings indicate that activation
of CB1 receptors by WIN produces a similar inhibitory action on two major components (slow
vs. fast) of excitatory synaptic transmission in the frontal cortex.

WIN55212-2 reduced spontaneous AMPA receptor-mediated EPSCs
We also assessed the effects of WIN55212-2 on the frequency and amplitude of action
potential-dependent, AMPA receptor-mediated EPSCs. A representative example of the
suppression of AMPA receptor-mediated sEPSCs by WIN55212-2 is shown in Figure 4A. In
this example, 1μM WIN55212-2 reduced the mean frequency of sEPSCs to 2.3 ± 0.4Hz from
4.7 ± 0.7Hz. A cumulative probability analysis indicated that there was a significant increase
of the inter-event interval during WIN55212-2 exposure, and the inter-event interval
distribution was shifted to the right (K-S test, p<0.0001, Figure 4B). Furthermore, the mean
amplitude of sEPSCs was decreased from 64.6 ± 5.7pA to 40.4 ± 4.4pA. The cumulative
probability of sEPSC amplitude decreased significantly (K-S test, p<0.001, Figure 4C). Figure
4D illustrates the effects of 1μM WIN55212-2 on AMPA sEPSC frequency and amplitude in
the seven pyramidal cells tested. WIN reduced sEPSC frequency by 52.8 ± 4.8% (n=7, p<0.05)
and sEPSC amplitude by 37.9 ± 2.3% (n=7, p<0.05). These findings suggested that CB1
receptor-mediated signaling could modulate AMPA receptor-mediated fast excitatory synaptic
activity in the frontal cortex.

WIN55212-2 reduced the frequency of AMPA receptor-mediated mEPSCs
We next tested the effects of WIN on action potential-independent, spontaneous miniature
AMPA EPSCs (mEPSCs). In the presence of 1μM TTX, mEPSCs were isolated from frontal
cortical cells held at a potential of −70mV. Application of 1μM WIN 55212-2 significantly
inhibited mEPSC frequency, as illustrated in the data from a neuron in Figure 5A. Cumulative
analysis of the inter-event interval in this cell showed that WIN shifted the distribution curve
significantly to the right (K-S test, p<0.001, Figure 5B), but had no effect on mEPSCs amplitude
(K-S test p>0.05, Figure 5C). Figure 5D shows the effects of WIN on mEPSC frequency and
amplitude across all neurons tested (n=6). These data strongly suggest that WIN inhibits
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glutamatergic synaptic transmission in frontal pyramidal cells through a presynaptic
mechanism.

Discussion
These experiments were designed to assess the role of CB1 receptor-mediated function in the
modulation of excitatory neurotransmission in the frontal cortex. Our principal findings are (1)
activation of CB1 receptors by WIN55212-2 inhibited NMDA and AMPA-mediated excitatory
synaptic transmission in the frontal cortex, (2) analysis of spontaneous miniature EPSCs
indicates that this inhibition was mediated through a presynaptic mechanism, and (3) temporal
summation mediated by glutamatergic signals in frontal cortex was also altered by activation
of CB1 receptors. Taken together, these findings indicate that cannabinoids act through a
presynaptic mechanism to suppress excitatory synaptic activity in the frontal cortex.

CB1 receptors are expressed in axonal terminals of GABAergic interneurons (Katona et al,
1999; Tsou et al., 1998), and endocannabinoids bind to these presynaptic CB1 receptors and
thereby modulate neurotransmitter release (Wilson and Nicoll, 2002; for reviews see Alger
2002; Howlett, 2005). However, controversy remains about the possible involvement of CB3
receptors (Hajos et al, 2001) in these processes despite the high concentration of CB1 receptors
in multiple neocortical regions (Oropeza et al, 2007; Tsou et al, 1998; Egertová and Elphick,
2000). Further support for the primary involvement of CB1 receptors in the mediation of the
above pharmacological effects is derived from a recent study indicating the existence of CB1
receptors on the terminals of glutamatergic neurons in sensorimotor cortex (Hill et al, 2007).
Monosynaptic EPSCs evoked in layer V pyramidal cells in the frontal cortex of rats are also
potently inhibited by CB1 receptor activation, an effect that is reversed by the CB1 antagonist,
SR141617 (Auclair et al, 2000; Barbara et al, 2003). And, interestingly, WIN 55212-2 does
not reduce evoked, glutamatergic synaptic responses in the cortical layer II principal neurons,
which lack CB1 receptors (Domenici et al, 2006). Thus, there is considerable evidence that
cannabinoids, released from depolarized postsynaptic neocortical neurons, decrease glutamate
release through presynaptic CB1 receptors. The present data are not only consistent with those
findings, but also, to our knowledge, provide the first whole cell assessment of interactions
between the glutamatergic and endocannabinoid systems in layer II/III of the frontal cortex of
rats, pivotal brain regions involved in cognition, associative learning, and drug addiction.

The fact that WIN 55212-2 reduced the frequency, but not the amplitude of TTX-insensitive
mEPSCs in the frontal cortex, strongly suggests that cannabinoid mediated presynaptic
mechanism modulating glutamate release in the frontal cortex and did not alter the postsynaptic
efficacy of released glutamate and did not affect quantal size or probability of spontaneous
release Miniature EPSCs are mediated by action potential-independent, quantal release of
neurotransmitters from presynaptic terminals. Therefore, the observed decrease in the
frequency of mEPSCs is due to the effects of cannabinoid receptor activation on the probability
of quantal release from presynaptic glutamatergic terminals originating from intra- and inter-
cortical sources. Moreover, in these experiments the postsynaptic, voltage-sensitive potassium
A conductance which mediates the postsynaptic effects of cannabinoids (Deadwyler et al.,
1995), was blocked by QX-314 and cesium contained in our internal recording solution, further
indicating a presynaptic mechanism.

The endogenous cannabinoid system is known to suppress both GABAergic and glutamatergic
neurotransmission in multiple CNS regions (Hoffman and Lupica, 2000; Hajos et al, 2000;
Diana et al, 2002; Wilson and Nicoll, 2002), including the hippocampus (Kawamura et al.,
2006), ventral tegmental area (Szabo et al, 2004; Melis et al., 2004), amygdala (Katona et al,
2001; Azad et al., 2003), and cerebellum (Kawamura et al, 2006). The present results are
consistent with, and extend these findings. In the present study, activation of CB1 receptors
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by the exogenous agonist WIN 55212-2 markedly suppressed both NMDA and AMPA
receptor-mediated EPSCs in the frontal neocortex, effects that were blocked by the selective
CB1 receptor antagonists AM251 and AM281, confirming the involvement of CB1 receptors
in modulating excitatory synaptic transmission in the frontal cortex. These results are consistent
with others showing regulation of excitability and synaptic plasticity by endocannabinoids in
other neocortical regions (Fortin et al, 2004). In addition, they support the notion that activation
of CB1 receptors results in presynaptic inhibition of glutamate release in the frontal cortex as
has been observed in several other brain regions (Szabo et al, 2000; Robbe et al, 2001; Azad
et al, 2003; Riegel and Lupica, 2004; Dominici et al, 2006). Furthermore, the magnitude of the
WIN-induced depression of NMDA and AMPA receptor mediated synaptic currents in frontal
cortex appears to be similar at these excitatory synapses. Taken together, these data
demonstrate a broad role for endocannabinoids in the regulation of neuronal activity in the
neocortex. Given the role of pyramidal cells in originating cortico-cortical connections,
cannabinoid induced inhibition of glutamatergic synaptic transmission may provide, in
conjunction with other neurotransmitters and neuromodulators, precise control of functions of
the frontal cortex.

Neocortical cannabinoid-NMDA interactions may have implications for both physiological
and pathological processes. Although NMDA receptors are found in all layers of the neocortex,
they are concentrated in layers II/III. Moreover, precise co-localization of NMDA and CB1
receptors in superficial layer II/III pyramidal cells has been described (Oropeza et al, 2007;
Tsou et al, 1998), suggesting a close interaction between endocannabinoid signaling and
NMDA receptor function in the neocortex. Such an interaction would likely be of great
physiological significance as the excitatory synaptic transmission is critical for maintaining
normal function in local networks. For example, it has been proposed that some
neuropathological processes related to psychiatric disorders, such as schizophrenia, may be
associated with NMDA hypofunction (Olney et al, 1999), and some schizophrenic patients
display a significant increase in CB1 binding in the superficial layers (I and II) of the posterior
cingulate cortex relative to controls (Newell et al, 2006).

Furthermore, involvement of NMDA receptors in the generation of neocortical synaptic
plasticity is likely one neural mechanism underlying the development of addiction. We have
reported that NMDA receptor-mediated EPSCs in the posterior cingulate cortex are potently
suppressed by ethanol (Li et al, 2002b), and other studies have indicated that endocannabinoid
signaling may play critical role in mediating alcohol-seeking behavior in animals (Hungund
et al, 2002). Thus, the physiological significance of neocortical CB1-NMDA interactions may
be multifaceted and include pathology related to both memory and addiction.

In summary, the present study demonstrates that frontal neocortical excitatory synaptic activity
is modulated by activation of CB1 receptors, and provides strong evidence that
endocannabinoid signaling is involved in regulation of synaptic transmission in the frontal
neocortex. By modulating glutamate release from excitatory presynaptic terminals,
endocannabinoids may play a role in shaping the efficiency of synaptic transmission and
plasticity, including plasticity related to memory formation and addiction. These findings also
suggest a potential neuronal mechanism whereby marijuana, and its principal psychoactive
component, regulate cortical and cognitive function.

Experimental Procedure
Cortical slice preparation

Frontal cortical slices were prepared from male, Sprague-Dawley rats (PD15–25). The animals
were handled and housed according to the guidelines of the National Institutes of Health
Committee on Laboratory Animal Resources. All experimental procedures and protocols were
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approved by the Animal Care and Use Committees of Duke University and the Durham VA
Medical Center. The rats were anesthetized with isoflurane and decapitated. The brains were
quickly removed from the skulls and placed in a cold (4°C) standard artificial cerebrospinal
fluid (aCSF) containing (in mM) 120 NaCl, 3.3 KCl, 1.23 NaH2PO4, 26 NaHCO3, 1.2
MgSO4, 1.8 CaCl2 and 10 D-Glucose at pH 7.3, previously saturated with 95%O2/5%CO2.
Frontal cortical slices (300μm thickness) were cut on a vibratome (100PLUS, Sectioning
System, Ted Pella, Inc., Redding CA) and incubated in a holding chamber containing aCSF
continuously bubbled with 95% O2/5% CO2 at room temperature (20–24°C).

Patch pipettes were pulled from borosilicate glass capillary tubing (1.5mm O.D., 1.05 mm I.D.,
World Precision Instruments, Sarasota, FL) on a Flaming-Brown horizontal microelectrode
puller (Model P-97, Sutter Instrument Co, Novato, CA). The pipettes were filled with an
intracellular solution containing (in mM) 130 Cs-gluconate, 7 CsCl, 10 HEPES, 4 Mg-ATP,
0.5 Tris-GTP (pH=7.25). The quaternary lidocaine derivative QX-314 (4mM) (Sigma
Chemical Co., St Louis, MO) was also included to suppress fast sodium currents and
GABAB receptor-mediated currents. In some experiments, fluorescence dye Alexa Fluor-568
(50–80 μM, Molecular Probes, Carlsbad, CA) was also included in the internal solution.
Osmolarity was adjusted to 285 mOsm. The pipette resistances were in the range of 4–7Mohm.

After one hour of incubation in the holding chamber, slices were transferred into a submersion
recording chamber and secured in place with a bent piece of platinum wire resting on the top
of the slice. The chamber temperature was maintained at 34°C during recording. Whole cell
voltage patch clamp recordings were made from the visualized pyramidal cells in frontal cortex
layer II/III. Individual cells were visualized on an upright Zeiss microscope equipped with an
infrared differential interference contrast optics (IR-DIC) and a 40X water immersion objective
(Zeiss, Oberkochen, Germany), and were confirmed real-time by examining the images of the
recorded pyramidal cell filled with fluorescent dye. After the establishment of the whole-cell
recording configuration, stable long lasting tight-seal recordings were achieved in most cases.
Evoked, NMDA receptor-mediated EPSCs (eEPSCs) were recorded using an Axopatch 200B
amplifier (Molecular Devices, Union City, CA). Output current signals were DC-coupled to a
digital storage oscilloscope (TDS 2014, Tektronix, Inc., Beaverton, OR). Series resistance was
monitored throughout the recording period and cells were not used if the series resistance
changed by more than 20%. The digitized data were also acquired and stored using Strathclyde
Electrophysiology Software, Whole Cell Program (WINWCP) (Courtesy of Dr. John
Dempster) with an interface (BNC-2090, National Instruments, Austin, TX) to a PC-computer.
Additionally, real–time measurements of the amplitude of NMDA-EPSCs were performed and
displayed simultaneously on the second PC computer using a custom-written program
developed with Labview (Version 6i, National Instrument) by Dr. Maeng-Hee Kang-Park in
our laboratory.

Electrical stimulation and isolation of NMDA and AMPA receptor-mediated EPSCs
In the presence of the GABAA receptor antagonist, picrotoxin (75μM), and the a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptor antagonist, 6,7-
dinitroquinoxaline-2,3-dione (DNQX)(20μM), NMDA receptor-mediated EPSCs were
evoked at a holding potential of −40mV by electrical stimulation through a monopolar tungsten
electrode (A-M systems, Inc., Carlsborg, WA) placed 50~70μm from the soma of the recorded
pyramidal cells located in layer II/III of the frontal neocortical slices. AMPA receptor-mediated
eEPSCs were isolated at a holding potential of −70mV in the presence of picrotoxin (75μM)
and the NMDA receptor antagonist, D-(−)-2-amino-5-phosphonovaleric acid (APV)(50μM).
The stimulus threshold was first determined by increasing the intensity of constant current
rectangular wave pulses generated by an isolated stimulator (Grass S88, Grass Instrument CO,
Quincy, MA) until detectable responses occurred. Next, constant current rectangular stimulus
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pulses, 50% higher than threshold intensity, with duration of 0.1ms and inter-stimulus interval
of 0.033Hz, were applied and eEPSCs were recorded for 50 to 70 minutes to allow for
completion of the experimental protocols.

Spontaneous AMPA receptor-mediated EPSCs (sEPSCs) were recorded at a holding potential
of −70mV in the presence of picrotoxin (70μM) and the NMDA receptor antagonist, APV
(50μM). Action potential-independent miniature EPSCs (mEPSCs) were isolated at a holding
potential of −70mV in the presence of picrotoxin (70μM), APV (50μM), and tetrodotoxin
(TTX)(1.0μM).

Histological identification of pyramidal neurons
After recording, the pyramidal cells were filled with Alexa Fluor 568 hydrazide (50–80 μM,
Invitrogen, Carlsbad, CA) to reveal their morphological characteristics. The florescence filled
slices were fixed with 4% paraformaldehyde for 20–30 minutes, and rinsed three times using
a 0.2 M phosphate buffer. The slices were then mounted on gelatin-coated slides with Prolong
Gold Antifade (Invitrogen). Fluorescence images were then examined with a Leica confocal
laser scanning microscope (TCS SP5, Leica Microsystems, Inc., Exton, PA).

Drug application
All drugs were bath applied. CB1 agonists and antagonists were first dissolved in dimethyl
sulfoxide (DSMO) and then diluted in the bath solution to the designed concentration. TTX,
DNQX and Picrotoxin were purchased from Sigma (Sigma Chemical Co., St Louis, MO). APV
was from ACROS (Geel, Belgium). WIN 55122-2 ((R)-(+)-[2,3-Dihydro-5-methyl-3-(4-
morpholinylmethyl) pyrrolo[1,2,3-de)-1,4-benzoxazin-6-yl]-1-napthalenylmethanone, and
AM 251 (N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-
pyrazole-3-carboxamide), AM 281 (1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-4-
morpholinyl-1H-pyrazole-3-carboxamide) were purchased from Tocris (Tocris, Cookson,
UK). SR 141716 (N-(piperidin-1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1H-pyrazole-3-carboxamide) was obtained from National Institute of Mental Health
Chemical Synthesis and Drug Supply Program.

Statistical Analyses
Evoked EPSCs were analyzed off-line using Mini Analysis software 6.0.3 (Synaptosoft,
Decatur GA) or Clampfit 9.2 (Molecular Devices, Union City, CA). The frequency and
amplitude of AMPA receptor-mediated sEPSCs were calculated and analyzed using Mini
Analysis programs, followed by visual inspection of recorded traces to corroborate the
accuracy of measurements. Cumulative probability distributions were compared statistically
using the Kolmogolov-Smirnov test. We used Student’s t-tests or ANOVA with repeated
measures, as appropriate, to generate statistical inferences for grouped data sets.
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Figure 1.
Activation of CB1 receptors inhibits NMDA EPSCs in cortical pyramidal cells in a dose-
dependent manner.
(A) Photomicrographs showing a layer III pyramidal cell in the bright field (A1), and under
DIC (A2). A3 shows the same cell revealed with florescent dye two minutes after whole-cell
configuration was established. A4 shows detailed morphology of the same cell using laser
scanning confocal microscopy. Scale bar: 10μm.
(B) Upper panel, average traces of NMDA EPSCs were isolated from a cell held at −40mV.
1μM WIN 55212-2 reduced the peaks of NMDA-EPSCs. Scale bar: 100ms/50pA. Lower panel:
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Time course of WIN55212-2 induced inhibition of the amplitude of NMDA EPSCs recorded
from the same cell.
(C) WIN 55212-2 induced a dose-dependent inhibition of the mean amplitude of NMDA
EPSCs (0.5 μM, n=6) and 1μM, n=8) (p<0.05).
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Figure 2.
Selective CB1 receptor antagonists prevent WIN-induced inhibition of NMDA EPSCs
(A) The CB1 receptor antagonist AM281 (2μM) blocked the inhibitory effect of WIN on
NMDA EPSCs. Time course of the amplitude of NMDA EPSCs recorded from the same cell
shown in lower panel. Scale bar 100ms/50pA.
(B) The CB1 receptor antagonist AM215 (2μM) also abolished WIN-induced inhibition of
NMDA EPSCs. Time course of the amplitude of NMDA EPSCs recorded from the same cell
shown in lower panel. Scale bar: 100ms/50pA.
(C) Bar graph showing the average percent inhibition of NMDA EPSCs by 1μM WIN alone
(n=8; unpaired t-test, p<0.05), or in the presence of AM281 (2μM, n=6) or AM251 (2μM, n=7).
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Figure 3.
Activation of CB1 receptors inhibits AMPA EPSCs in cortical pyramidal cells.
(A) Upper panel, average traces of AMPA EPSCs isolated from a cell held at −40mV are
shown. 1μM WIN 55212-2 reduced the amplitude of NMDA-EPSCs. Scale bar: 100ms/50pA.
Inset: Scale bar: 20ms/50pA. Lower panel: Time course of WIN 55212-2 induced inhibition
of the amplitude of AMPA EPSCs recorded from the same cell.
(B) Upper panel, average traces of AMPA EPSCs isolated from a cell held at −70mV. 1μM
WIN 55212-2 reduced the amplitude of NMDA-EPSCs, and this effect was abolished by
AM251 (2μM) Scale bar: 100ms/50pA. Lower panel: Time course of the amplitude of AMPA
EPSCs recorded from the same cell.
(C) Bar graph showing the effects of AM251 (2μM) on WIN 55212-2 induced inhibition of
AMPA EPSCs (n=4; paired t-test, p<0.05).
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(D) Bar graph showing WIN 55212-2 induced inhibition of the mean amplitude of AMPA
EPSCs (1μM, n=9; paired t-test, p<0.05). Activation of CB1 receptors by 1μM WIN55212-2
inhibits NMDA and AMPA EPSCs to comparable degrees (unpaired t-test, p>0.05).
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Figure 4.
Activation of CB1 receptors inhibits spontaneous AMPA-EPSCs in cortical pyramidal cells.
(A) Representative traces of spontaneous AMPA EPSCs were isolated from a cortical cell held
at −70mV in the presence of picrotoxin (75μM) and APV (50μM) before, and during bath
application of 1μM WIN 55212-2. Scale Bar: 500ms/80pA.
(B) Cumulative probability analysis of the distribution of inter-event intervals between sEPSCs
before, and after bath application of 1.0μM WIN 55212-2 (K-S test, p<0.0001).
(C) Cumulative probability analysis of sEPSC amplitude before, and after bath application of
1.0μM WIN 55212-2 (K-S test, p<0.001).
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(D) Bar graph showing the average percent inhibition of sIPSCs by 1.0μM WIN 55212-2 (n=7;
paired t-test, p<0.05).
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Figure 5.
WIN reduced the frequency of AMPA receptor mediated mEPSCs.
(A) Spontaneous mEPSCs were recorded from a cortical pyramidal neuron held at −70mV in
the presence of 1.0μM TTX. Bath application of 1.0μM WIN55212-2 reduced the frequency
of AMPA receptor mediated mEPSCs. Scale bar: 200ms/30pA.
(B) Cumulative probability analysis of the inter-event interval distribution of mEPSCs before,
and after bath application of 1.0μM WIN 55212-2 (K-S test, p<0.0001).
(C) Cumulative probability analysis of sEPSC amplitude before, and after bath application of
1.0μM WIN 55212-2 (K-S test, p>0.05).
(D) Bar graph showing the average percent inhibition by 1.0μM WIN 55212-2 of the frequency
(n=6; paired t-test, p<0.05) and amplitude of sIPSCs (n=6; paired t-test, p>0.05).
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