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Endocannabinoids Mediate Presynaptic Inhibition of
Glutamatergic Transmission in Rat Ventral Tegmental Area
Dopamine Neurons through Activation of CB1 Receptors
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The endogenous cannabinoid system has been shown to play a crucial role in controlling neuronal excitability and synaptic transmission.
In this study we investigated the effects of a cannabinoid receptor (CB-R) agonist WIN 55,212-2 (WIN) on excitatory synaptic transmis-
sionin the rat ventral tegmental area (VTA). Whole-cell patch clamp recordings were performed from VTA dopamine (DA) neuronsinan
in vitro slice preparation. WIN reduced both NMDA and AMPA EPSCs, as well as miniature EPSCs (mEPSCs), and increased the paired-
pulse ratio, indicating a presynaptic locus of its action. We also found that WIN-induced effects were dose-dependent and mimicked by
the CB1-R agonist HU210. Furthermore, two CB1-R antagonists, AM281 and SR141716A, blocked WIN-induced effects, suggesting that
WIN modulates excitatory synaptic transmission via activation of CB1-Rs. Our additional finding that both AM281 and SR141716A per se
increased NMDA EPSCs suggests that endogenous cannabinoids, released from depolarized postsynaptic neurons, might act retro-
gradely on presynaptic CB1-Rs to suppress glutamate release. Hence, we report that a type of synaptic modulation, previously termed
depolarization-induced suppression of excitation (DSE), is present also in the VTA as a calcium-dependent phenomenon, blocked by
both AM281 and SR141716A, and occluded by WIN. Importantly, DSE was partially blocked by the D,DA antagonist eticlopride and
enhanced by the D,DA agonist quinpirole without changing the presynaptic cannabinoid sensitivity. These results indicate that the two
pathways work in a cooperative manner to release endocannabinoids in the VTA, where they play a role as retrograde messengers for DSE

via CB1-Rs.
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Introduction
Excitatory synaptic input mediated by glutamate is a key compo-
nent in the regulation of DA cell excitability (Overton and Clark,
1997). Ventral tegmental area (VTA) dopamine (DA) neurons
receive glutamate afferents from three primary sources: the me-
dial prefrontal cortex, the pedunculopontine region, and the sub-
thalamic nucleus (Christie et al., 1985; Sesack and Pickel, 1992;
Fallon and Loughlin, 1995; Taber et al., 1995). One role of the
glutamatergic innervation to the VTA is to mediate a switch from
pacemaker-like to burst-firing pattern in DA cells (Gariano and
Groves, 1988; Svensson and Tung, 1989; Johnson et al., 1992;
Murase et al.,, 1993; Zhang et al., 1994). Thus, modulation of
glutamatergic transmission onto VTA DA cells seems to be im-
portant in DA-related functions and disorders (Grace, 1991;
Wise, 1996; Schultz, 1998).

Presynaptic inhibition of glutamate release onto VTA neurons
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is mediated by activation of GABA, adenosine A, (Wu et al,,
1999), metabotropic glutamatergic (mGluR), and muscarinic M;
receptors (Zheng and Johnson, 2003). Interestingly, cannabi-
noids have recently been revealed to mediate presynaptic inhibi-
tion of glutamate release in other brain regions (Shen et al., 1996;
Szabo et al., 2000; Gerdeman and Lovinger, 2001; Huang et al.,
2001; Kreitzer and Regehr, 2001; Huang et al., 2002; Ohno-
Shosaku et al., 2002a,b; Azad et al., 2003), although their role in
the VTA remains elusive.

Exogenous cannabinoids have been demonstrated to mimic
the actions of two major putative endogenous ligands, anandam-
ide (Devane et al, 1992) and 2-arachidonylglycerol (2AG)
(Mechoulam et al., 1995; Sugiura et al., 1995, 1999), which are
produced and released from neurons (Di Marzo et al., 1998; Pio-
melli et al., 2000). Activation of CB-Rs exerts several effects, in-
cluding inhibition of voltage-gated Ca®" channels and activation
of inwardly rectifying K “-channels (Di Marzo et al., 1998; Felder
and Glass, 1998), therefore, endocannabinoids seem to play an
important role in controlling neuronal excitability and synaptic
transmission. Indeed, recent studies have clarified that endoge-
nous cannabinoids act retrogradely onto CB1-Rs in the presyn-
aptic membrane and suppress transmitter release (Kreitzer and
Regehr, 2001; Maejima et al., 2001; Ohno-Shosaku et al., 2001;
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Wilson and Nicoll, 2001; Wilson et al., 2001; Kreitzer et al., 2002;
Brenowitz and Regehr, 2003; Brown et al., 2003; Ohno-Shosaku
et al., 2003; Trettel and Levine, 2003).

CB1-Rs are so far the only cloned CB-R type in the neurons of
the CNS (Matsuda et al., 1990). These receptors have been re-
cently found to be colocalized with tyrosine hydroxylase (TH)-
positive neurons in the midbrain (Wenger et al., 2003), where
high levels of anandamide (Marinelli et al., 2003) and moderate
immunoreactivity for the enzyme fatty acid amidohydrolase
(FAAH), key in the termination of endocannabinoid signaling
(Deutsch et al., 2001), were detected (Romero et al., 2002). Ad-
ditionally, exogenous cannabinoids have extensively been shown
to affect neuronal activity of VTA DA cells (French, 1997; Gessa et
al., 1998; Szabo et al., 2002; Cheer et al., 2003; Patel and Hillard,
2003).

Ergo, we investigated the possibility that cannabinoids might
affect excitatory synaptic transmission onto VTA DA cells.

Materials and Methods

Slice preparation. All experiments followed international guidelines on
the ethical use of animals from the European Communities Council
(EEC) Directive of November 24, 1986 (86/609/EEC).

The preparation of VTA slices was as described previously (Bonci and
Malenka, 1999).

Briefly, male Sprague Dawley rats (14-21 d; Harlan Nossan, Italy)
were anesthetized with halothane and killed. A block of tissue containing
the midbrain was rapidly dissected and sliced in the horizontal plane (300
um) with a vibratome (Campden Instruments, Loughborough, UK) in
ice-cold low-Ca*" solution containing (in mm): 126 NaCl, 1.6 KCl, 1.2
NaH,PO,, 1.2 MgCl,, 0.625 CaCl,, 18 NaHCOj;, and 11 glucose. Slices
(three per animal) were transferred to a holding chamber with artificial
CSF (ACSF; 37°C) saturated with 95% O, and 5% CO, containing (in
mM): 126 NaCl, 1.6 KCl, 1.2 NaH,PO,, 1.2 MgCl,, 2.4 CaCl,, 18
NaHCO;, and 11 glucose. Slices were allowed to recover for at least 1 hr
before being placed, as hemislices, in the recording chamber and super-
fused with the ACSF (34-36°C) saturated with 95% O, and 5% CO,.

Whole-cell recording. Cells were visualized with an upright microscope
with infrared illumination (Axioskop FS 2 plus; Zeiss, Oberkochen, Ger-
many), and whole-cell voltage-clamp recordings were made by using an
Axopatch 200B amplifier (Axon Instruments, Foster City, CA). For
BAPTA experiments, EPSC recordings were made with electrodes filled
with a solution containing the following (in mm): 117 Cs methanesulfo-
nic acid, 20 HEPES, 15 Cs,-BAPTA, 0.4 EGTA, 2.8 NaCl, 5 TEA-CI, 2.5
Mg,ATP, and 0.25 Mg,GTP, pH 7.2-7.4, 275-285 mOsm. All other
EPSC recordings were made with electrodes filled with a solution con-
taining the following (in mm): 117 Cs methanesulfonic acid, 20 HEPES,
0.4 EGTA, 2.8 NaCl, 5 TEA-Cl, 2.5 Mg,ATP, and 0.25 Mg,GTP, pH
7.2-7.4,275-285 mOsm. Picrotoxin (100 um) was added to the ACSF for
recording, to block GABA , receptor-mediated IPSCs. Experiments were
begun only after series resistance had stabilized (typically 15-40 M()).
Series and input resistance were monitored continuously on-line witha 5
mV depolarizing step (25 msec). Data were filtered at 2 kHz, digitized at
10 kHz, and collected on-line with acquisition software (pClamp 8.2;
Axon Instruments). DA neurons from the anterior VTA were identified
by the presence of a large I;, current (Johnson and North, 1992) that was
assayed immediately after break-in, using a series of incremental 10 mV
hyperpolarizing steps from a holding potential of =70 mV. A bipolar
stainless steel stimulating electrode (FHC) was placed 100 wm rostral to the
recording electrode and was used to stimulate at a frequency of 0.1 Hz.

NMDA-mediated EPSCs were recorded at +40 mV and measured 20
msec after the stimulation artifact when the EPSC is primarily NMDA-
mediated (Bonci and Malenka, 1999; Ungless et al., 2001; Grillner and
Mercuri, 2002; Ungless et al., 2003). AMPA-mediated EPSCs were re-
corded at —70 mV. The amplitudes of AMPA EPSCs were calculated by
taking a 1 msec window around the peak of the EPSC and comparing this
with the 5 msec window immediately before the stimulation artifact.
Paired stimuli were given with an interstimulus interval of 50 msec, and
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the ratio between the second and the first EPSCs was calculated and
averaged for a 5 min baseline. The depolarizing pulse used to evoke
depolarization-induced suppression of excitation (DSE) was a 500 msec
to 10 sec step to +40 mV from holding potential (—70 mV). The mag-
nitude of DSE was measured as percentage of the mean amplitude of
consecutive EPSCs after depolarization (acquired between 5 and 15 sec
after the end of the pulse) relative to that of five EPSCs before the depo-
larization (Ohno-Shosaku et al., 2002a). The spontaneous miniature
EPSCs (mEPSCs) were collected in the presence of lidocaine (500 um)
and analyzed (120 sweeps for each condition, 1 sec/sweep) using Mini
Analysis program (Synaptosoft, Decatur, GA). To accurately determine
the mEPSC amplitude, only mEPSCs that were >8 pA were accepted for
analysis (rise time <1 msec, decay time <3 msec). The choice of this
cutoff amplitude for acceptance of mEPSCs was made to obtain a high
signal-to-noise ratio. Then, each event was also visually inspected to
prevent noise disturbance of the analysis. The cumulative amplitude and
interevent plots obtained for each cell in control and after WIN applica-
tion were compared using the Kolmogorov—Smirnov (KS) test. All the
numerical data are given as mean = SEM and compared using the Stu-
dent’s ¢ test. Each slice received only a single drug exposure. Drugs were
applied in known concentrations to the superfusion medium.
WIN55,212-2, AM281, AM404, capsazepine, capsaicin, and quinpirole
were purchased from Tocris Cookson (Bristol, UK). Other chemicals
were purchased from Sigma (Milan, Italy). SR141716A was a generous
gift from Sanofi research (Montpellier, France). All the drugs were
dissolved in DMSO. The final concentration of DMSO was <0.01%.

Averaged data from different experiments are presented as mean *
SEM. Statistical significance was assessed using one- or two-way ANOVA
for repeated measures followed either by Dunnett’s or ¢ test, where
appropriate.

Results

The synthetic CB1-R agonist WIN inhibits excitatory synaptic
transmission through a presynaptic mechanism

In the present study we first investigated whether or not CB1-R
activation might affect excitatory synaptic transmission onto
VTA DA cells. Single VTA DA neurons in midbrain hemislices
were recorded in the whole-cell configuration. We first measured
EPSCs recorded from DA neurons in rat midbrain slices at a time
point when the EPSC is purely NMDA-mediated (see Materials
and Methods), while holding the neurons in voltage-clamp at
+40 mV. Bath application of the synthetic CB1-R agonist WIN,
at a concentration of 1 uM (5 min), significantly reduced NMDA
EPSCs (by 50 = 15%, n = 6; one-way ANOVA plus Dunnett’s
test, F(1q100) = 3.618; p < 0.0001) (Fig. 1 A,B). The effect of WIN
was not reversible on washout for 10 min, probably because this
highly lipophilic drug is not readily washed out from the brain
slice. Indeed, most likely because of the strong lipophilicity of
cannabinoid drugs their effects in brain slices are usually not
reversible (Szabo et al., 1998, 2002; Ameri et al., 1999; Auclair et
al., 2000; Vaughan et al., 2000; Huang et al., 2002). Therefore, no
further attempts were made to wash out the effects of WIN.

The reduction of NMDA EPSCs amplitude observed could be
explained by either a presynaptic effect on glutamate release, a
postsynaptic change of the NMDA receptors, or a combination of
these. We, therefore, decided to bath apply WIN and measure
AMPA-mediated EPSCs while holding the cells at =70 mV. As
shown in Figure 1C, WIN caused a significant decrease of AMPA
EPSCs (by 60 = 8%, n = 7; one-way ANOVA plus Dunnett’s test
F19,120) = 26.204; p < 0.0001), and increased the paired-pulse
ratio (from EPSC2/EPSC1 = 1.07 * 0.2 to EPSC2/EPSC1 =
2.06 * 0.5 before and after WIN, respectively; n = 7; t test, t =
4.86, p < 0.0005) (Fig. 1 D). Because changes in transmitter re-
lease have been reported to generally affect the paired-pulse ratio
in several brain regions (Mennerick and Zorumski, 1995; De-
banne et al., 1996; Salin et al., 1996), including the VTA (Bonci
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Figure1.  WINinduces inhibition of glutamatergic synaptic transmission in rat anterior VTA
DA cell. A, Atypical whole-cell patch clamp recording showing that bath application of the (B-R
agonist WIN 55,2122 (WIN; 1 wm) inhibits NMDA EPSCs amplitude (n = 6;p << 0.0001) when
cells are held at +40 mV. Representative traces are shown in the inset. The inset shows single
NMDA EPSC from a typical experiment, before (black line) and during (dashed line) superfusion
of WIN. Calibration: 100 pA, 10 msec. B, WIN reduces NMDA EPSCs amplitude (n = 6; p <
0.0001), when cells are held at +40 mV. All data are normalized to the respective baseline (5
min of baseline). Black bars show time of superfusion of WIN. SEM bars are smaller than symbols
insome cases. The inset shows 10-trace averages of NMDA EPSCs before (black line) and during
(dashed line) application of WIN. Calibration: 100 pA, 20 msec. , WIN reduces AMPA EPSC
amplitude (n = 7; p < 0.0001) when cells are held at —70 mV. All data are normalized to the
respective baseline (5 min of baseline). Black bars show time of superfusion of WIN. SEM bars
are smaller than symbolsin some cases. Representative traces of AMPA EPSCs before and during
application of WIN are shown in the inset. Calibration: 100 pA, 20 msec. D, WIN enhances the
paired-pulse ratio of AMPA EPSCs (from EPSC2/EPSCT = 1.07 == 0.2 to EPSC2/EPSC1 = 2.06
0.5; n = 7; p < 0.0005). The left-hand graph plots the paired-pulse ratio for each of the
experiments in Chefore (basal) and after (WIN) the application of WIN, whereas the right-hand
graph plots the averaged paired-pulse ratio in a bar graph form. Representative traces are
shown in the inset. Calibration: 100 pA, 20 msec.

and Williams, 1997; Manzoni and Williams, 1999; Melis et al.,
2002), these results suggest that WIN might reduce glutamate
release at a presynaptic site. To further test this possibility, we
examined spontaneous AMPA mEPSCs. Figure 2, A and B, shows
that the frequency of mEPSCs was significantly reduced after bath
application of WIN (basal: 1.19 = 0.3 Hz; n = 5; WIN: 0.4 = 0.1
Hz; n = 5; t test, t = 5.58; p < 0.001) without affecting their
amplitude, with mean amplitudes of 15.86 = 1.1 and 14.99 *
0.88 pA before and after WIN application, respectively (Fig.
2A,C) (t test, t = 1.43; p > 0.1). A decreased frequency but not
amplitude of mEPSCs is generally thought to reflect a presynaptic
decrease in probability of transmitter release (Katz, 1971). There-
fore, these results indicate that WIN inhibits both NMDA and
AMPA EPSCs by reducing the probability of glutamate release
from the presynaptic terminals.
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Figure 2.  WIN reduces mEPSCs frequency without affecting the amplitude. A, Representa-
tive consecutive 1 sec sweeps from a cell in which mEPSCs were recorded before (left) and after
5 min of application of WIN (right) are shown in the top panel. The running average histogram
of mEPSC frequency showing the time course of the decrease produced by WIN (left), and the
summary graph histogram (right) of the effect induced by WIN on mEPSCs frequency (from
1.19 £ 0.3-0.4 = 0.1Hz; n = 5; p < 0.001) and amplitude (basal: 15.86 == 1.1 pA; WIN:
14.99 = 0.88 pA) are shown in the bottom panel. Calibration: 20 pA, 150 msec. B, Cumulative
distribution plot of mEPSC interevent intervals of a single neuron (154 events) shows a de-
creased frequency after 5 min of superfusion with WIN (dashed line, 40 events) compared with
the baseline (black line). C; On the contrary, mEPSC amplitude distribution was unchanged
(dashed line) when compared with the baseline (black line).

CB1-Rs mediate WIN-induced effect on glutamatergic
synaptic transmission

The decrease of both NMDA and AMPA EPSCs produced by
WIN was concentration-dependent over the concentration range
100 nm to 3 uM (Fig. 3A) (n = 5-7). In addition, its effect was
mimicked by the structurally dissimilar CB1-R agonist HU210
(100 nm to 3 um, n = 5; NMDA EPSCs: one-way ANOVA,
Fo9) = 255.21, p < 0.0001; AMPA EPSCs: one-way ANOVA,
F10) = 273.78, p < 0.0001) (Fig. 3B). The statistical analysis
revealed that HU210 was more potent than WIN in reducing
NMDA EPSCs (one-way ANOVA plus Bonferroni’s test, 100 nm:
p<0.01,¢=3.06; 1 um: p < 0.05, t = 2.57; 1 puntz p < 0.001, £ =
4.65), whereas no difference between the two CB1-R agonists was
found on AMPA EPSCs. These observations raised the possibility
that the decrease in glutamatergic transmission could be due to
activation of CB1-Rs.

Next, we tested the antagonist AM281, whose potency and
selectivity for CB1-R has been demonstrated (Gatley et al., 1998).
Coapplication of AM281 (500 nm) with WIN (1 um) abolished
WIN-induced inhibition of both NMDA and AMPA EPSCs (n =
5 for each experimental group, two-way ANOVA, F(, ,o, = 14.75;
p = 0.0004) (Fig. 3C,E). We then tested the effect of another
CB1-R antagonist, SR141716A, at a concentration of 1 um (5
min). This low concentration was chosen because previous re-
ports have shown that this drug can act as an inhibitor of vanilloid
receptor (VR1)-mediated signaling at higher (>2.5 um) concen-
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Figure 3.  (annabinoid-induced inhibition of glutamatergic synaptic transmission involves
activation of (B1-Rs. A, Concentration—response relationship for percentage decrease in AMPA
(open circles) and NMDA (closed circles) EPSCs size produced by WIN (0.1-3 wum). Each point
shows the mean == SEM of responses of different neurons (n = 5-7). B, Concentration—
response relationship for percentage decrease in AMPA (open circles) and NMDA (closed circles)
EPSCs amplitude produced by HU210 (0.1-3 yum). Each point shows the mean == SEM of re-
sponses of different neurons (n = 5). C, Coapplication of WIN with the selective (B1-R antag-
onist AM281 (500 nm) abolishes WIN-induced effect on NMDA EPSCs (n = 5; p < 0.001). D,
Coapplication of WIN with the (B1-R antagonist SR141716A (SR; 1 wm) readily blocked the
WIN-induced inhibition of NMDA EPSCs (n = 8; p = 0.001). £, Coapplication of WIN with the
selective (B1-R antagonist AM281 (500 nm) abolishes WIN-induced effect on AMPAEPSCs (n =
5;p <<0.001). £, Coapplication of WIN with the CB1-Rantagonist SR141716A (SR; T um) readily
prevented the WIN-induced inhibition of AMPA EPSCs (n = 5; p = 0.001). All data are normal-
ized to the respective baseline (5 min of baseline). Black bars show the time of superfusion of the
drugs.

trations (White and Hiley, 1998; Chaytor et al., 1999; Zygmunt et
al., 1999; De Petrocellis et al., 2001). SR141716A readily antago-
nized the inhibition of both NMDA and AMPA EPSCs induced
by WIN (n = 8; two-way ANOVA, F(, 4y = 11.54; p = 0.001)
(Fig. 3D,F). Taken altogether, these results indicate that activa-
tion of CB1-Rs is responsible for WIN-induced effects on gluta-
matergic transmission in the VTA.

Endocannabinoids modulate excitatory

synaptic transmission

Interestingly, both AM281 (500 nm) and SR141716A (1 um) per
se significantly increased NMDA EPSCs (Fig. 4A,B). In fact,
AM281 increased NMDA EPSCs by 42 = 7% above basal (one-
way ANOVA plus Dunnett’s, F(;g 190y = 19.583; p < 0.005; 1 = 6)
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(Fig. 4A), and SR141716A produced an increment of 35 + 10%
above basal (one-way ANOVA plus Dunnett’s, F(,g 140, = 19.583;
p < 0.0001; n = 8) (Fig. 4B). These data suggest that there is a
tonic activation of CBI-R that is blocked by the antagonists. In
fact, our observation that neither AM281 nor SR141716A per se
affected AMPA EPSCs (data not shown) raised the possibility that
when DA cells are depolarized (by holding them at +40 mV)
CB1-Rs might be tonically active. Eventually, this phenomenon
could be ascribed to endocannabinoids produced and released
from depolarized postsynaptic DA neurons, as described in other
brain regions (Kreitzer and Regehr, 2001; Maejima et al., 2001;
Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001; Wilson et
al., 2001; Kreitzer et al., 2002; Ohno-Shosaku et al., 2002b; Bre-
nowitz and Regehr, 2003; Brown et al., 2003). Because the syn-
thesis of endocannabinoids is normally balanced by a fast uptake,
which keeps their extracellular levels below those required for
CBI1-R activation (Beltramo et al., 1997; Piomelli et al., 1999), we
decided to test our hypothesis using AM404, an endocannabi-
noid reuptake inhibitor, to allow them to reach sufficient concen-
trations in the slice. Because AM404 also acts as a VR1 agonist
(Smartand Jerman, 2000), we coapplied AM404 (10 um) with the
selective VR1 antagonist capsazepine (CPZ; 10 uMm). As shown in
Figure 4C, CPZ (10 uM, 5 min) produced a significant decrease of
NMDA EPSCs on its own (by 35 = 16%, n = 5; one-way ANOVA
plus Dunnett’s, F;q g9y = 3.11; p = 0.0002), thus supporting the
previously reported existence of an endogenous vanilloid tone
within the VTA (Marinelli et al., 2003). Nevertheless, coapplica-
tion of AM404 with CPZ further decreased NMDA EPSCs (up to
70 * 5.2% of baseline, n = 5; two-way ANOVA; F(, ,,, = 14.44;
p = 0.0005) (Fig. 4C), thus strengthening the hypothesis that
endocannabinoids might be produced and released during depo-
larization of DA cells, and act retrogradely onto presynaptic
CB1-Rs to reduce glutamate release. If that is the case, then one
would expect that direct application of an endocannabinoid
could produce depression of glutamatergic transmission. To test
this possibility, we examined the effects of R1-methanandamide
(mAEA), the synthetic analog of anandamide that has higher
stability to amidase activity (Romero et al., 1996). Unexpectedly,
mAEA (2 pM, 5 min) did not significantly affect the NMDA
EPSCs amplitude (n = 5; one-way ANOVA, p > 0.1) (Fig. 4D).
However, several investigators have provided evidence that anan-
damide, at concentrations similar or higher than those required
to activate CB1-Rs, also functions as an agonist at VR1 (Zygmunt
etal., 1999; Maccarrone et al., 2000; Smart et al., 2000; Ross et al.,
2001). Therefore, to isolate the CB1-R mediated effects of mAEA,
we decided to antagonize the VR1-mediated. Not surprisingly,
when mAEA was coapplied with CPZ (10 uM) the NMDA EPSCs
amplitude decreased up to 32 = 0.4% of baseline (n = 5; two-way
ANOVA, F 14 49y = 16.65; p = 0.0002) (Fig. 4 E). This latter result,
together with the effect produced by VR1 antagonist CPZ on its
own (Fig. 4C), is consistent with an increased glutamatergic
transmission mediated by activation of VRI in the midbrain
(Marinelli et al., 2003). In fact, superfusion of the selective VR1
agonist capsaicin (CPS; 1 uM for 5 min) induced a robust increase
of NMDA EPSCs (by 92 = 27%, n = 5; one-way ANOVA plus
Dunnett’s, F(jo 40y = 13.857; p < 0.0001) (Fig. 4F), that was pre-
vented by coapplication of CPZ (10 um; 1 = 5; two-way ANOVA,
Fiya0) = 2132 p < 0.0001) (Fig. 4F).

Taken altogether, these results suggest that endocannabi-
noids, produced and released during depolarization, retro-
gradely diffuse toward the presynaptic terminal where they
would modulate glutamate release, through activation of
either CB1-R or VRI.
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Figure4. Endocannabinoids modulate excitatory synaptic transmission in rat anterior VTA.
A, Superfusion of AM281 (500 nm) by itself produces a significant increase of NMDA EPSCs (n =
6; p << 0.005). All data are normalized to the respective baseline (5 min of baseline). Black bars
show the time of superfusion of the drug. The inset shows 10-trace averages of NMDA EPSCs
before (black line) and during application of AM281 (gray line). Calibration: 100 pA, 20 msec. B,
Bath application of SR (1 um) per se significantly increased NMDA EPSCs (n = 8; p << 0.0001).
All data are normalized to the respective baseline (5 min of baseline). Black bars show the time
of superfusion of the drug. SEM bars are smaller than symbols in some cases. The inset shows
representative traces of NMDA EPSCs before (black line) and during application of SR (gray line).
Calibration: 100 pA, 20 msec. G, Bath application of the selective VR1 antagonist capsazepine
(CPZ; 10 pum, open circles) produced a significant decrease of NMDA EPSCs on its own (n = 5;
p = 0.0002). Coapplication (closed circles) of the endocannabinoid reuptake inhibitor AM404
(10 pum) with CPZ further decreased NMDA EPSCs (n = 5; p = 0.0005). All data are normalized
to the respective baseline (5 min of baseline). Black bars show the time of superfusion of the
drugs. The inset shows 10-trace averages of NMDA EPSCs before (black line) and during appli-
cation of CPZ (dashed line) and CPZ with AM404 (gray line). Calibration: 100 pA, 20 msec. D,
Superfusion of methanandamide (mAEA; 2 um) did not significantly affect NMDA EPSCs (n = 5;
p > 0.05). All data are normalized to the respective baseline (5 min of baseline). Black bars
show the time of superfusion of the drug. The inset shows 10-trace averages of NMDA EPSCs
before (black line) and during application of mAEA (gray line). Calibration: 100 pA, 20 msec. £,
Coapplication of mAEA (2 um) with CPZ (10 um) significantly decreased NMDA EPSCs (n = 5;
p < 0.0002). All data are normalized to the respective baseline (5 min of baseline). Black bars
show the time of superfusion of the drugs. SEM bars are smaller than symbolsin some cases. The
inset shows representative traces of NMDA EPSCs before (black line) and during application of
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Endocannabinoids mediate suppression of excitatory
synaptic transmission
Endocannabinoids have been reported to account for a type of
modulation, termed depolarization-induced suppression of ex-
citation (DSE), in other brain regions (Kreitzer and Regehr, 2001;
Maejima et al., 2001; Kreitzer et al., 2002; Ohno-Shosaku et al.,
2002b; Brenowitz and Regehr, 2003; Brown et al., 2003). DSE is a
transient reduction in presynaptic glutamate release after
postsynaptic depolarization that reduces neuronal excitability by
allowing the target neurons to regulate the strength of afferent
excitation. Therefore, we then examined whether depolarization
of the postsynaptic neuron could induce DSE in rat anterior VTA.
The DA neuron was depolarized for 10 sec from —70 to +40
mV under voltage-clamp mode. The subsequent EPSCs were
transiently suppressed, indicating that the depolarizing step ef-
fectively induced DSE (28.6 = 6% of basal, n = 5; t test, t = 24.57;
p <0.0001) (Fig. 5A,B). Furthermore, the increased paired-pulse
ratio occurred during DSE (from EPSC2/EPSC1 = 1.1 £ 0.2 to
EPSC2/EPSC1 = 1.7 = 0.2 before and after DSE, respectively;
n = 5; ttest, t = 2.12; p < 0.05) (Fig. 5C) is consistent with a
decreased probability of transmitter release. Subsequently, we
examined whether DSE was mediated by an endocannabinoid.
Pretreatment of slices with either AM281 (500 nm) or SR141716A
(1 uM) blocked DSE in the VTA, because in their presence the
depolarizing voltage pulse (from —70 to +40 mV; 10 sec) caused
no significant suppression of EPSCs (being 107.3 = 9 and 84.7 =
8% of baseline in the presence of AM281 and SR141716A respec-
tively; n = 5 for each condition; ¢ test, r = 16.019; p < 0.0001)
(Figs. 5D, 6C). In addition, activation of CB1-Rs by pretreating
the slices with WIN (1 uMm, 5 min) occluded DSE, being the EPSCs
amplitude after the depolarizing pulse 114.7 = 15% of baseline
(n = 5;ttest, t = 5.678; p = 0.0005) (Figs. 5E, 6C). These results
indicate that also in the VTA DSE is mediated by endocannabi-
noids released from depolarized postsynaptic neurons and sup-
presses the excitatory synaptic transmission mainly through ac-
tivation of CB1-Rs. These findings are also supported by the
strong correlation between the magnitudes of AM404-induced
inhibition and DSE when data are fit by linear regression (* =
0.98; n = 5) (Fig. 5F). Therefore, the most likely explanation for
the observed DSE appears to be that depolarization of DA cells
affected presynaptic function via retrograde signaling.

DSE in VTA DA neurons

DSE has been previously shown to be sensitive to the duration of
depolarization (Ohno-Shosaku et al., 2002b). We, therefore, ex-
amined DSE induced by voltage steps of varying durations (0.5, 1,
3,and 5 sec; n = 7 per each pulse) (Fig. 6 A,B). As shown in Figure
6, A and B, a 5 sec depolarization induced significant DSE (EPSCs
amplitude after the depolarizing pulse was 73.8 = 6% of baseline;
n = 6; t test, t = 4.14; p = 0.001), whereas depolarization of
shorter duration did not. Subsequently, to investigate the role of
postsynaptic Ca>" in triggering the release of endocannabinoids,
we loaded DA cells with the membrane permeant Ca** chelator
BAPTA (15 mm). Under these conditions, in eight of nine cells

<«

mAEA with CPZ (gray line). Calibration: 100 pA, 20 msec. £, The VRT agonist capsaicin (CPS; 1
jum, open circles) induces a robust increase of NMDA EPSCs (n = 5; p << 0.0001), that was
prevented by coapplication of CPZ (10 wm; n = 5; p << 0.0007; closed circles). All data are
normalized to the respective baseline (5 min of baseline). Black bars show the time of superfu-
sion of the drugs. SEM bars are smaller than symbols in some cases. The inset shows represen-
tative traces of NMDA EPSCs before (black line) and during application of CPS (dashed line) and
(CPS with CPZ (gray line). Calibration: 100 pA, 20 msec.
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Figure5. Endocannabinoids mediate depolarization-induced suppression of excitatory syn-

aptic transmission in rat anterior VTA. A, DSE protocol. Under voltage-clamp mode, a 10 sec
voltage step (from —70 to +40 mV) was applied to induce transient suppression of EPSCs.
Representative traces for each condition from a single experiment are shown. B, Transient
suppression of EPSCs induced by depolarization of VTA DA neuron (n = 5;p << 0.0001). The VTA
DA neurons were depolarized from —70to +40 mV for 10 secunder voltage-clamp mode. Each
point is the average of the mean EPSCs for the 10 sec period from five different cells. ¢, DSE
increases paired-pulse ratio of AMPA EPSCs (n = 5; p << 0.05). The left-hand graph plots the
paired-pulse ratio for each of the experiments in B before (basal) and 5—15 sec after (DSE) the
depolarizing step, whereas the right-hand graph plots the averaged paired-pulse ratio in a bar
graph form. D, In the presence of either AM281 (500 nm, open triangles) or SR (1 wm, closed
circles) the depolarizing voltage pulse caused no changes of EPSCs size (n = 5 for each condi-
tion; p < 0.0001). The VTA DA neurons were depolarized from —70 to +40 mV for 10 sec
under voltage-clamp mode. Each point is the average of the mean EPSCs for the 10 sec period
from five different cells for each condition. £, Time course of the transient suppression of EPSCs
induced by depolarization of VTA DA neuron (n = 5; p << 0.0001; open circles) and occlusion of
DSEinduced by WIN (n = 5; p = 0.0005; closed squares). In the presence of WIN (1 wum; closed
squares) the depolarizing voltage pulse caused no changes of EPSCs (n = 5; p = 0.0005). The
VTA DA neurons were depolarized from —70to +40mV for 10 sec under voltage-clamp mode.
Each pointis the average of the mean EPSCs for the 10 sec period from five different cells for each
condition. F, The magnitude of EPSCs inhibition induced by DSE is plotted as a function of the
inhibition induced by AM404 for the five cellsin Band Figure 3¢, respectively. The data are fit by
linear regression with r? =098 ( p < 0.001).

the DSE was abolished (being 100.1 * 18% of baseline, n = 9; ¢
test, t = 2.835; p < 0.001) (Fig. 6C), strongly suggesting that the
induction of DSE requires a postsynaptic rise in intracellular
Ca**. Endocannabinoid signaling has been shown to be facili-
tated by classical neurotransmitters in different brain regions
(Maejima et al., 2001; Varma et al., 2001; Ohno-Shosaku et al.,
2002a, 2003). Because dendrites of VTA DA cells release DA in an
activity dependent manner (Rice et al., 1997; Jaffe et al., 1998),
which activates D,DA autoreceptors, we tested DSE sensitivity to
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eticlopride on DSE. The graph plots individual data obtained before (control) and during appli-
cation of eticlopride. DSE was induced by 10 sec depolarization.

the D,DA antagonist eticlopride (100 nm). As shown in Figure 6,
C and D, DSE was significantly suppressed by eticlopride (being
77.5 = 5.2% of baseline, n = 9; t test, t = 3.936; p = 0.0013),
suggesting a modulatory function of DA in DSE. Furthermore,
application of the D,DA agonist quinpirole (0.1-1 uMm) did not
affect EPSCs (n = 5) (Fig. 74; see also Thomas et al., 2000 for a
similar effect of quinpirole on AMPA EPSCs at 10 uM), but en-
hanced the 3 sec DSE in a dose-dependent manner (n = 5 for each
concentration; quinpirole 1 uM vs 3 sec DSE: t = 3.184, p =
0.012) (Fig. 7A,B). The effect of 3 sec depolarization in the pres-
ence of 0.3 umM quinpirole was almost equivalent to that of 5 sec
depolarization without quinpirole (n = 5; t = 0.011; p = 0.99)
(Fig. 7B). In addition, the CB1-R antagonist AM281 (500 nMm)
suppressed the 3 sec DSE in the presence of 1 uM quinpirole (n =
7) (Fig. 7A,B). In fact, DSE induced by a depolarizing pulse (3 sec)
in the presence of both AM281 and quinpirole significantly dif-
fers from that induced in the presence of quinpirole alone (t =
4.95; p = 0.0006), but not from the control (t = 1.38; p = 0.19),
thus suggesting that activation of D,DA receptors might induce
the release of endocannabinoids that act retrogradely onto
CB1-Rs.

The enhancement of DSE could be attributable to either an
increased sensitivity of presynaptic CB1-Rs or facilitation of en-
docannabinoids release from the postsynaptic neurons. To test
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the former possibility, we examined whether quinpirole affected
the sensitivity of EPSCs to WIN. Quinpirole (1 um) did not affect
WIN-induced decrease of EPSCs (0.1-3 puMm; n = 5; p > 0.05)
(Fig. 7C), indicating that quinpirole enhances DSE mainly by
facilitating the release of endocannabinoids. Because our electro-
physiological technique does not allow to measure the released
endocannabinoids directly, we attempted to indirectly estimate
the relative number of CB1-Rs activated by endocannabinoids
before and during bath application of quinpirole as the equiva-
lent amount of CB1-Rs activated by WIN (Ohno-Shosaku et al.,
2002a, 2003). As shown in Figure 7D, the magnitudes of suppres-
sion of EPSCs induced by either quinpirole (quin, 1 um) or DSE
(depol, 3 sec) are estimated to be equivalent to those induced by
0.01 uM WIN. In the presence of quinpirole, depolarization (quin
plus depol 3 sec) further suppressed the EPSCs to 52.2% of base-
line, and the estimated value is equivalent to 0.3 um WIN. If
quinpirole and depolarization produce endocannabinoids
through independent mechanisms, the number of CB1-Rs acti-
vated by endocannabinoids during depolarization plus quinpi-
role should be the algebraic sum of the estimated values for quin-
pirole and depolarization alone. However, the estimated value is
~15-times higher than the algebraic sum (0.02 uMm), indicating
that activation of D,DA receptors significantly enhances the
depolarization-induced release of endocannabinoids.

Discussion
The major finding of the present study is that depolarization of
postsynaptic DA neurons within the VTA induces a Ca**-
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dependent transient release of endocannabinoids that act retro-
gradely and inhibit glutamatergic release from the presynaptic
terminals, and that the effect is dependent on activation of CB1-
Rs. We also provide evidence for the action of DA as a potent
enhancer of endocannabinoid release from VTA DA cells. This
enhancement would be ascribed to DA released from somato-
dendritic regions in an activity-dependent manner (when the
postsynaptic cells are depolarized) and activating D,DA recep-
tors located on the soma.

Several observations support our conclusion that DSE can be
initiated postsynaptically by depolarization and expressed pre-
synaptically as a suppression of glutamate release also in the VTA.
First, cannabinoids and DSE both act on presynaptic targets. In
fact, here we observe that WIN effects on both NMDA and AMPA
EPSCs are entirely presynaptic. Moreover, these effects were in-
deed ascribed to CB1-R activation, because two CB1-R antago-
nists, SR141716A and the potent and selective AM281, blocked
them. Additionally, WIN effects on both NMDA and AMPA
EPSCs were dose-dependent and mimicked by another CB1-R
agonist, HU210. The observation that HU210 was more potent
than WIN on NMDA EPSCs, but not AMPA EPSCs, might sug-
gest that discrete CB1-R subtypes can be activated during the
different experimental conditions used to record NMDA and
AMPA EPSCs. Nonetheless, a similar decrease in presynaptic glu-
tamate release because of activation of CB1-Rs is in agreement
with several other reports in different brain regions (Shen et al.,
1996; Szabo et al., 2000; Gerdeman and Lovinger, 2001; Huang et
al., 2001; Kreitzer and Regehr, 2001; Huang et al., 2002; Ohno-
Shosaku et al., 2002b; Azad et al., 2003). Second, the maximum
effect of DSE (10 sec) and that of WIN (1 uM) on EPSCs are
quantitatively very close, being 61.4 * 7% and 60.6 = 8%, respec-
tively. Third, WIN occluded the DSE, suggesting a common tar-
get for both WIN and the endogenous retrograde signal. Fourth,
the blockade of CB1-Rs with the two antagonists, AM281 and
SR141716A, abolishes DSE, while having no effect on AMPA
EPSCs. Fifth, the inhibitor of endocannabinoid reuptake AM404
inhibited EPSCs. Last, the strong correlation between the extents
of the inhibition produced by AM404 and that produced by DSE
(Fig. 5F) supports the possibility that most, if not all, of the
AM404-sensitive excitatory afferents to DA neurons in the ante-
rior VT'A would be suppressed by depolarization.

The conclusion that endocannabinoids might account for
DSE in the VTA is in agreement with their involvement in a
similar form of transient inhibition of excitatory synaptic cur-
rents in the cerebellum (Kreitzer and Regehr, 2001, 2002; Bre-
nowitz and Regehr, 2003; Brown et al., 2003) and the hippocam-
pus (Ohno-Shosaku et al., 2002b; Chen et al., 2003). The question
arises, however, of the compatibility with the traditional anatom-
ical and immunohistochemical studies, which do not report
CBI1-Rs within the VTA (Herkenham et al., 1991; Matsuda et al.,
1993). One possibility might be that since the receptor is likely to
be presynaptic it could be synthesized in another brain region and
transported to the presynaptic terminal in the VTA by axonal
transport. In support with this hypothesis, CB1-R mRNA has
been found in those brain regions that send glutamatergic affer-
ents to the VTA, such as prefrontal cortex, subthalamic nucleus,
pedunculopontine nucleus, and amygdala (Matsuda et al., 1993).
On the other hand, the presence of endocannabinoids within the
VTA would justify the colocalization of CB1-Rs and the DA neu-
ronal marker, TH, recently reported (Wenger et al., 2003). Based
on our experimental results we conclude that the CBI-R is the
one activated by WIN, and responsible for DSE. Additionally, the
observations that mAEA per se does not significantly affect
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NMDA EPSCs, and CPZ by itself inhibits NMDA EPSCs, indicate
a tonic role of VR1 in facilitating, rather than inhibiting, excita-
tory transmission in the midbrain (Marinelli et al., 2003). There-
fore, the resulting ineffectiveness shown by mAEA per se would
support the idea that AEA, along with its role as endocannabi-
noid, might also function as an endovanilloid in the VTA as well.
These data would argue against the possibility that AM404-
induced effects on NMDA ESPCs can be explained by its in vitro
affinity for VR1. As a result, taken together with the notion that
AM404 does not directly activate CB1-Rs in vitro (Beltramo et al.,
1997; Beltramo and Piomelli, 2000), we tend to rule out the pos-
sibility that AM404 would activate VR1 rather than augment sev-
eral other effects of endocannabinoids. Thus, a more plausible
interpretation of the available data are that AM404, by inhibiting
endocannabinoid clearance, might cause these lipids to accumu-
late outside cells and activate local CB1-Rs.

Previous studies reported that endocannabinoids are synthe-
sized “on demand” in stimulated neurons and released, generally
inaCa?" -dependent manner (Di Marzo et al., 1998; Mechoulam
et al., 1998; Piomelli et al., 2000). Consistently, we observed that
DSE, in the VTA, is dependent on intracellular Ca?", because it
was completely abolished when BAPTA was perfused into the
intracellular compartment. The role of postsynaptic Ca** in trig-
gering the release of endocannabinoids is also in agreement with
the induction of DSE in other brain regions (Kreitzer and Regehr,
2001; Maejima et al., 2001; Ohno-Shosaku et al., 2002b; Breno-
witz and Regehr, 2003; Brown et al., 2003).

Other recent studies directly and indirectly support our find-
ings and the presence of endocannabinoids within the VTA (Bel-
tramo et al., 2000; Romero et al., 2002; Marinelli et al., 2003).
Indeed, moderate immunoreactivity for the enzyme FAAH has
been shown in the midbrain (Romero et al., 2002). In addition,
relatively high levels of the endocannabinoid anandamide were
found in this region (Di Marzo et al., 2000; Marinelli et al., 2003).
Moreover, the effects of AM404 were also studied in juvenile
spontaneously hypertensive rats (Beltramo et al., 2000), which
are hyperactive and show a number of attention deficits linked to
alterations in mesocorticolimbic DA transmission, as well as DA
receptor expression. In these rats, inhibition of endocannabinoid
reuptake alleviated certain symptoms of DA dysfunction (Bel-
tramo et al., 2000), probably by inducing a phasic inhibition of
mesocorticolimbic DA activity (A. G. Sadile, personal communi-
cation). Thus, an additional role for DSE might be to limit the
synaptic drive onto VTA DA cells and prevent pathological
overexcitation.

In agreement with a similar form of cooperation between de-
polarization and activation of postsynaptic mGluR1 (Maejima et
al,, 2001; Varma et al., 2001; Ohno-Shosaku et al., 2002a; Brown
et al., 2003) or M1/M3 receptors (Ohno-Shosaku et al., 2003) in
different brain regions, we here provided evidence for the role of
somatodendritic DA as a potent enhancer of endocannabinoid
signaling. In fact, once depolarized VTA DA neurons would re-
lease a large amount of endocannabinoids as a result of coopera-
tive actions of intracellular Ca** and D,DA receptor activity. The
resultant DSE would be larger than the DSE without D,DA re-
ceptor activation, and application of eticlopride decrease DSE,
which appears as a partial blockade of DSE on first analysis. Our
current hypothesis is that elevation of intracellular Ca** and
activation of D,DA receptors could initiate a common intracel-
lular cascade for endocannabinoid production. One possible can-
didate is the phospholipase C (PLC) signaling. In fact, micromo-
lar concentrations of Ca>" have been reported to potentiate PLC
(Ryuetal., 1987) with a resultant production of IP3 (Okubo et al.,
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2001), key in the production of 2AG (Stella et al., 1997). On the
other hand, activation of D,DA receptors could lead to produc-
tion of diacylglicerol (DAG) via PLCP that is then converted to
2AG by DAG lipase (Stellaetal., 1997). The present results lead us
to speculate that PLC would be activated in a cooperative manner
by D,DA receptor activation and depolarization-induced eleva-
tion of intracellular Ca®”", and that 2AG would mainly mediate
DSE in the anterior VTA. However, at this stage we cannot rule
out a contribution by anandamide, because of the high levels
found in this region (Marinelli et al., 2003). Independently of the
underlying mechanisms, this is the first evidence, to our knowl-
edge, that DA acts as a modulator of DSE. However, we cannot
exclude that endocannabinoid production could be facilitated by
activation of other postsynaptic Gq/II receptors, such as I
mGluRs or M3/M5 receptors.

The physiological significance of endocannabinoids signaling
in the anterior VTA might be ultimately reflected in the activity of
DA cells. Indeed, glutamatergic afferents to the VTA are thought
to be important in regulating DA neuronal activity (Johnson et
al., 1992; Overton and Clark, 1997), especially in mediating the
switch from pacemaker-like to burst-firing pattern (Gariano and
Groves, 1988; Svensson and Tung, 1989; Johnson et al., 1992;
Murase et al., 1993; Zhang et al., 1994). Furthermore, the ability
of DA cells to fire bursts of action potentials is thought to play a
critical role in the phasic release of DA. Recent advances in DA
sensors have enabled demonstrations of enhanced DA release at
the terminals concurrent with phasic electrical activity at cell
bodies, accompanying rewarding or alerting stimuli (Wightman
and Robinson, 2002).

Thus, the activity-dependent release of endocannabinoids
from VTA DA neurons might transiently suppress afferent exci-
tation, via CB1-Rs, to a degree that would promote the coupling
of inhibitory inputs and shape input integration as well as dis-
charge pattern. In the end, by modulating glutamatergic afferents
onto anterior VTA DA cells, endocannabinoids might contribute
to the dynamic equilibrium existing between phasic and tonic DA
release, which is considered to be responsible for the behaviorally
relevant activation of the DA system (Schultz, 1997, 1998).
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