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Abstract
Many motivated and addiction-related behaviors are sustained by activity of both dopamine D1-
and D2-type receptors (D1Rs and D2Rs) as well as CB1 receptors (CB1Rs) in the nucleus
accumbens (NAc). Here, we use in vitro whole-cell patch-clamp electrophysiology to describe an
endocannabinoid (eCB)–dopamine receptor interaction in adult rat NAc core neurons. D1R and
D2R agonists in combination enhanced firing, with no effect of a D1R or D2R agonist alone. This
D1R+D2R-mediated firing increase required CB1Rs, since it was prevented by the CB1R
antagonists AM251 and Rimonabant. The D1R+D2R firing increase also required phospholipase
C (PLC), the major synthesis pathway for the eCB 2-arachidonoylglycerol (2-AG) and one of
several pathways for anandamide. Further, inhibition of 2-AG hydrolysis with the monoglyceride
lipase (MGL) inhibitor JZL184 allowed subthreshold levels of D1R+D2R receptor agonists to
enhance firing, while inhibition of anandamide hydrolysis with the fatty acid amide hydrolase
(FAAH) inhibitors URB597 or AM3506 did not. Filling the postsynaptic neuron with 2-AG
enabled subthreshold D1R+D2R agonists to increase firing, and the 2AG+D1R+D2R increase in
firing was prevented by a CB1R antagonist. Also, the metabotropic glutamate receptor 5
(mGluR5) blocker MPEP prevented the ability of JZL184 to promote subthreshold D1R+D2R
enhancement of firing, while the 2-AG+D1R+D2R increase in firing was not prevented by the
mGluR5 blocker, suggesting that mGluR5s acted upstream of 2-AG production. Thus, our results
taken together are consistent with the hypothesis that NAc core eCBs mediate dopamine receptor
(DAR) enhancement of firing, perhaps providing a cellular mechanism underlying the central role
of NAc core D1Rs, D2Rs, CB1Rs, and mGluR5s during many drug-seeking behaviors.
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Dopamine (DA) receptor (DAR) signaling in VTA target regions such as the nucleus
accumbens (NAc) is known to regulate a number of motivated and addiction-related
behaviors (Di Chiara, 2002; Nicola, 2007; Le Foll et al., 2009). DARs occur in two general
types, D1-type receptors (D1 or D5, termed here D1R) and D2-type receptors (D2, D3, or
D4, termed here D2R) (Le Foll et al., 2009). Interestingly, many behavioral studies suggest
that NAc D1Rs and D2Rs can act in a similar manner to promote a number of motivated and
addiction-related behaviors, including cue control over reward seeking, drug self-
administration, and reinstatement of drug seeking (Hiroi and White, 1991; Hodge et al.,
1997; Nowend et al., 2001; Bachtell et al., 2005; Bari and Pierce, 2005; Ferretti et al., 2005;
Schmidt and Pierce, 2006; Nicola, 2007; Suto et al., 2009), and we previously showed that
co-activation of D1Rs and D2Rs in vitro is required for dopamine enhancement of firing in
the NAc shell (Hopf et al., 2003).

CB1 receptors (CB1Rs) are abundantly expressed in the NAc (Herkenham, 1992; Pickel et
al., 2006), and NAc CB1Rs also mediate many addiction-related behaviors (Hiranita et al.,
2008; Azizi et al., 2009; Morra et al., 2010), including forms of drug self-administration and
reinstatement that also require NAc DARs (Xi et al., 2006; Caillé et al., 2007; Alvarez-
Jaimes et al., 2008; Malinen and Hyytiä, 2008; Orio et al., 2009). However, despite the
potential behavioral importance of NAc DAR/CB1R interactions, very little is known about
the molecular mechanisms that could mediate these comparable effects of DARs and CB1Rs
on behaviors. At a cellular level, NAc/striatal endocannabinoids (eCBs) are known to act as
a retrograde modulator which presynaptically suppresses release of glutamate and GABA
(Hoffman and Lupica, 2001; Robbe et al., 2001; Adermark and Lovinger, 2007; Centonze et
al., 2007), in addition to CB1Rs present postsynaptically on striatal neurons (Köfalvi et al.,
2005; Kearn et al., 2005; Pickel et al., 2006; Ferré et al., 2009). Also, some behavioral
studies have found antagonistic interactions between CB1R and DARs (Giuffrida et al.,
1999; Martín et al., 2008), and cellular studies have suggested antagonistic CB1R/DAR
interactions in the striatum, including CB1R inhibition of PKA stimulation by D1R
(Meschler and Howlett, 2001) and direct CB1R inhibition of D2Rs (Ferré et al., 2009).

Thus, much uncertainty remains about the cellular mechanisms through which CB1Rs and
DARs can positively interact to promote behavior. CB1Rs are activated by eCBs, and the
best studied members of the eCB family are 2-arachidonoylglycerol (2-AG) and anandamide
(AEA) (Placzek et al., 2008; Wang and Ueda, 2008). Here, we examined whether DARs and
CB1Rs might interact to enhance action potential firing of adult rat NAc core neurons. We
focused on the core region of NAc, since it is critical for expression of many types of drug
relapse and other addiction-related behaviors (Kalivas and McFarland, 2003; Everitt and
Robbins, 2005; Nicola, 2007; Di Ciano et al., 2008).

EXPERIMENTAL PROCEDURES
Animals

All procedures were conducted in accordance with the Guide for the Care and Use of
Laboratory Animals, as adopted by the NIH, and with approval of an Institutional Animal
Care and Use Committee. A total of 157 adult, male Wistar rats (~300–400 g) were
individually housed. Animals were maintained on a 12-h light/dark cycle with ad libitum
access to food and water.

Slice preparation
Rats were deeply anesthetized with 100 mg/kg pentobarbital administered i.p. and perfused
transcardially with ~30 ml of nearly frozen (~0 °C) modified artificial cerebrospinal fluid
(aCSF) at a rate of ~10 ml/min. The modified aCSF for perfusion contained (in mM): 225
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sucrose, 119 NaCl, 2.5 KCl, 1.0 NaH2PO4, 4.9 MgCl2, 0.1 CaCl2, 26.2 NaHCO3, 1.25
glucose, 3 kynurenic acid, and 1 ascorbate acid. After decapitation with a guillotine, the
brain was removed rapidly, and brain slices were cut in this same modified aCSF. Coronal
slices (275–300 µm) containing the NAc core were prepared using a Leica VT1200S
vibratome (Bannockburn, IL, USA). Slices recovered at 32 °C in carbogen-bubbled aCSF
(126 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 1.2 mM MgCl2, 2.4 mM CaCl2, 18 mM
NaHCO3, 11 mM glucose, with pH 7.2–7.4 and mOsm 302–305) containing 1 mM ascorbic
acid for 30 min to 5 h. During experiments, slices were submerged and continuously
perfused (~2 ml/min) with carbogen-bubbled aCSF warmed to 31–32 °C, and supplemented
with CNQX (10 µM, to block AMPA-type glutamate receptors) and picrotoxin (50 µM, to
block GABA-A receptors); CNQX and picrotoxin isolate the cell from several major sources
of neurotransmitter input whose release is known to be inhibited by DA (Nicola and
Malenka, 1997). For most experiments, drugs were bath applied by adding them to the
aCSF.

Electrophysiology
All experiments were performed using whole-cell recording using visualized infrared-DIC
with 2.5–3.5 MΩ electrodes. Whole-cell patch-clamp experiments were performed with a
potassium methanesulfonate- based internal solution containing (in mM): 130 KOH, 105
methanesulfonic acid, 17 HCl, 20 HEPES, 0.2 EGTA, 2.8 NaCl, with 2.5 mg/ml Mg-ATP,
0.25 mg/ml GTP, pH 7.2–7.4, and 278–287 mOsm. Current pulses were applied and
electrical signals were recorded using Clampex 10 and an Axon 700A patch amplifier (Axon
Instruments, Foster City, CA, USA) in current clamp mode. On breaking into neurons, the
resting membrane potential was between −90 and −80 mV. The membrane potential for each
neuron was set to ~−80 mV during the experiment by DC injection via patch amplifier
(D’Ascenzo et al., 2009).

To measure firing, current pulses were applied using a patch amplifier in current-clamp
mode. A series of seven to eight depolarizing current pulses (300 ms duration, 20 pA apart)
were applied every 30 s, where the minimum current amplitude was set for each cell so that
the first pulse was just subthreshold for spike firing. Depolarizing pulses were alternated
with a 100 pA hyperpolarizing pulse to examine the input resistance. Changes in firing after
8–10 min of exposure to a given compound were determined as the percent change in
number of action potentials (APs) generated relative to baseline, determined at the current
step at baseline with three APs, or four APs if no current steps at baseline had three APs.

Our experiments were restricted to GABAergic medium spiny neurons, which represent
more than 90% of the neurons within the NAc and dorsal striatum, and exhibit specific
firing characteristics, such as slow, repetitive spike firing (Mahon et al., 2000). Other cell
types can be easily distinguished by a large soma (cholinergic neurons) or by very high rates
of firing, a larger fast afterhyperpolarization, and a more depolarized resting membrane
potential (fast-spiking interneuron; Bracci et al., 2002), and are not studied further.

Analysis of spike firing
Firing data for all neurons was analyzed with Clampfit (Axon Instruments, Foster City, CA,
USA) using the same criteria. To calculate percent change in spiking for a given cell, a
current pulse was selected that exhibited three to four spikes at baseline. The same current
pulse was then used for all time points for that cell. Spike firing rates during the 4 min
before addition of the reagent were averaged, and this value was normalized to 100%. We
then determined the percent change in firing versus baseline during the average of 7–9 min
after starting exposure to a given reagent. Thus, even if it is unclear whether a DAR/CB1R-
related change in firing a given cell has reached plateau, we applied consistent criteria for
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analysis in every cell; in general, however, 7–9 min application was sufficient to observe a
plateau level for changes in firing.

Reagents
Drugs were obtained from Sigma (St. Louis, MO, USA), except cannabinoid reagents which
were purchased from Tocris Bioscience (Ellisville, MO, USA). Compounds were dissolved
in Tocrisolve (all cannabinoid reagents) or DMSO, except DNQX and picrotoxin which
were dissolved in water. Compounds were made in aliquots and stored at 4 °C for reagents
in Tocrisolve and −20 °C for others.

Statistics
Statistical significance of changes in spike rate for a particular experimental condition was
determined in comparison with an appropriate control condition. Data were analyzed with
ANOVAs using StatView (SAS Institute Inc., Cary, NC, USA), with Sheffe post hoc tests,
unless otherwise indicated. We should also note that cannabinoid reagents in general did not
by themselves enhance action potential firing, consistent with other studies showing
minimal post-synaptic effect of CB1R activation alone (Hoffman and Lupica, 2001), and
sometimes produced a small decrease in firing (see Fig. 3B, C). Thus, we only present the
statistical significance of the interactions of cannabinoid reagents with DAR agonists. All
data shown are the means±SEM.

RESULTS
Both D1Rs and D2Rs are required to enhance NAc core spike firing

We examined action potential firing of adult rat NAc core medium spiny neurons during
depolarizing current steps, where a series of 300 ms depolarizing and hyperpolarizing
current pulses was applied every 30 s. We previously showed that DA enhances firing in
NAc shell neurons through D1R+D2R co-activation, which may be mediated by G-protein
βγ-subunits released from the Gi/o-linked D2Rs acting in combination with Gαs-like
subunits from D1Rs (Hopf et al., 2003). Here, we observed that co-activation of D1Rs and
D2Rs was required to increase firing in NAc core neurons. Bath application of 10 µM each
of SKF81297 (D1R agonist) and quinpirole (D2R agonist) significantly enhanced firing of
NAc core neurons (Fig. 1A–C; n=21; P<0.01, paired t-test; 23.9±3.9% change in firing).
However, spike firing was not altered by the D1R agonist alone (10 µM; Fig. 1C; n=7;
1.4±4.4% change in firing) or the D2R agonist alone (10 µM; Fig. 1C; n=9; 2.8±6.4%
change in firing) (both P<0.01 vs. D1R+D2R). In all experiments, neurons were held at ~
−80 mV by passage of DC current with the patch amplifier (D’Ascenzo et al., 2009), and
thus changes in firing were not a consequence of depolarization (see also Hopf et al., 2003).
Thus, as seen in the NAc shell of younger rats (Hopf et al., 2003), D1R and D2R agonists
are required in combination to enhance action potential firing in NAc core neurons from
adult rats.

CB1R antagonists prevent the D1R+D2R enhancement of firing
To examine whether the eCB system and CB1R activation were important for the D1R+D2R
enhancement of firing, CB1Rs were blocked with two different antagonists, AM251 (2 µM)
or Rimonabant (3 µM). Thus, after 8 min stable baseline, AM251 was bath applied for 8
min, followed by addition of D1R+D2R agonists (SKF81297 and quinpirole, 10 µM each).
Pretreatment of NAc core neurons with AM251 prevented the D1R+D2R-mediated
enhancement of firing (Fig. 1D, F; n=11; P<0.01; −14.1±5.9% change in firing). AM251
inhibition of the D1R+D2R enhancement of firing suggests a role for the CB1Rs, and thus
we determined whether the D1R+D2R enhancement of firing was also inhibited by a
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structurally-unrelated CB1R antagonist, Rimonabant (also called SR 141716A). As with
AM251, bath application of Rimonabant prevented the D1R+D2R enhancement of firing
(Fig. 1E, F; n=7; P<0.05; −6.9±9.8% change in firing). We should also note that D1R+D2R
actually inhibited firing in the presence of CB1R antagonists, which was significant for
AM251 (P<0.05). Although our results below (Fig. 8) suggest that DARs enhance firing
through action on the slow A-type potassium current, it has also been recognized that DARs
in NAc neurons can act on multiple targets which have divergent effects on firing (see
Greengard et al., 1999; Nicola et al., 2000; and Discussion). Nonetheless, our results suggest
that CB1Rs contribute to DAR enhancement of NAc core firing.

PLC-dependent pathways contribute to D1R+D2R enhancement of firing
To investigate the intracellular pathways through which CB1R and DAR activation could
facilitate NAc core firing, and to gain insight into which eCB mediates the D1R+D2R
enhancement of firing, we first examined the involvement of phospholipase C (PLC). PLC
mediates several eCB synthesis pathways, including the major biosynthetic pathway for 2-
AG and one of the several biosynthetic pathways for AEA (Freund et al., 2003; Placzek et
al., 2008; Wang and Ueda, 2008). We found that the PLC inhibitor U73122 (10 µM, with 30
min pre-exposure and exposure during the recording, Hopf et al., 2003) significantly
prevented the D1R+D2R enhancement of firing in NAc core neurons (Fig. 2; n=11; P<0.01;
2.7±4.1% change in firing). This suggests that PLC-dependent pathways were required for
the D1R+D2R enhancement of NAc core firing, which could constrain the possible
biosynthetic pathways contributing to eCB production.

Inhibition of 2-AG hydrolysis facilitates the DAR enhancement of NAc core firing
Since eCBs and CB1Rs seem to mediate the NAc core D1R+D2R enhancement of firing, we
examined whether inhibition of eCB hydrolysis might facilitate the DAR enhancement of
firing. We hypothesized that inhibition of eCB hydrolysis could promote the ability of
subthreshold concentrations of DAR agonists to enhance firing. In particular, by using
agents that more selectively reduce 2-AG versus AEA hydrolysis, we could perhaps
determine whether 2-AG or AEA contribute to the D1R+D2R enhancement of NAc core
firing. AEA is hydrolyzed by fatty acid amide hydrolase (FAAH), while 2-AG is primarily
hydrolyzed by a monoglyceride lipase (MGL) but also sometimes by FAAH (Deutsch and
Chin, 1993; Dinh et al., 2002; Cravatt and Lichtman, 2003; Long et al., 2009).

Pre-exposure to the selective MGL inhibitor, JZL184 (10 µM; Long et al., 2009) allowed
subthreshold concentrations of DAR agonists (3 µM each of SKF81297 and quinpirole) to
significantly enhance NAc core firing (Fig. 3A, B, H; n=7; P<0.05; 29.4±7.1% change in
firing), while subthreshold DAR agonists did not increase firing in neurons pretreated with
the DMSO control (Fig. 3D, H; n=8; −2.0±7.2% change in firing) or in neurons not pre-
treated with DMSO (Fig. 3E, H; n=6; −5.4±7.2% change in firing). Thus 3 µM of DAR
agonists have no effect on firing in the NAc core, although they can increase firing in the
NAc shell (Hopf et al., 2003). Also, no increases in firing were seen with longer treatment
with JZL184 (JZL) alone (Fig. 3C; n=7; P<0.05 vs. JZL+D1R+D2R; −11.0±6.6% change in
firing), suggesting that the JZL+D1R+D2R increase did not reflect slowly-developing JZL-
mediated changes in firing. Importantly, in contrast to JZL, subthreshold DAR agonists did
not increase firing in neurons pretreated with the FAAH inhibitors URB597 (1 µM;
Adermark and Lovinger, 2007; Fig. 3F, H; n=7; 0.0±8.4% change in firing) or a novel
FAAH inhibitor AM3506 (2 µM; Godlewski et al., 2010; Fig. 3G, H; n=8; −3.0±9.5%
change in firing). Together, these results suggest that 2-AG rather than AEA contributes to
the DAR enhancement of firing. Also, JZL pre-exposure did not enable firing when only a
D1R agonist (10 µM; Fig. 4A, E; n=5; P<0.01 vs. JZL+D1R+D2R; −4.0±4.2% change in
firing) or a D2R agonist (10 µM; Fig. 4B, E; n=5; P<0.01 vs. JZL+D1R+D2R; −10.7±7.7%
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change in firing) was applied, indicating that both D1Rs and D2Rs were required for JZL to
enhance firing. In addition, pretreatment with AM251 blocked the JZL+D1R+D2R
enhancement of NAc core firing (Fig. 4C, E; n=10; P<0.05; 1.1±7.9% change in firing),
suggesting that the ability of JZL to promote DAR enhancement of firing required activation
of CB1Rs. Finally, higher concentrations of D1R and D2R agonists (10 µM of each) also
increased firing in the presence of JZL (Fig. 4D, E; n=10; −27.0±5.6% change in firing), but
this firing increase was not greater than observed with JZL+3 µM DAR agonists or 10 µM
DAR agonists without JZL (P>0.5).

We also examined the change in firing frequency in neurons exposed to JZL+D1R+D2R,
since the firing increase was most consistent in this group. NAcb MSNs show little
accommodation during firing (Hopf et al., 2010), and thus we examined the instantaneous
firing frequency of the first pair of action potentials in the spike train at three different
depolarizing current steps: the current step at which percent change in firing was measured,
and the current step below and above that step. At the lowest current step, firing frequency
changed from 13.6±0.7 Hz at baseline to 17.5±0.8 Hz, a 29.6±4.4% increase. At the
intermediate current step (at which percent change in action potential firing was measured),
firing frequency changed from 17.9±0.8 Hz at baseline to 22.3±1.2 Hz, a 23.9±2.4%
increase. At the higher current step, firing frequency changed from 22.8±1.3 Hz at baseline
to 26.8±1.9 Hz, a 16.9±2.2% increase. Thus, JZL+D1R+ D2R significantly enhanced firing
frequency (P<0.01 by post-hoc at each current step after two-way repeated measures
ANOVA) in addition to the number of action potentials fired.

2-AG-mediated enhancement of firing requires co-activation of D1 and D2 receptors
JZL enhancement of firing when combined with subthreshold DAR agonists suggests that 2-
AG but not AEA may be required for the CB1R/DAR-mediated enhancement of NAc core
firing. Thus, we next examined whether filling the postsynaptic neuron with 2-AG could act
as a CB1R agonist. Following the methods of Adermark and Lovinger (2007), we filled
NAc core neurons with 2-AG (75 µM) and determined whether this could promote a DAR-
mediated increase in firing. Postsynaptic loading with 2-AG enabled subthreshold
concentration (3 µM) of D1R+D2R agonists to significantly enhance firing (Fig. 5A, B, F;
n=10; P<0.01; 25.4±4.1% change in firing), whereas application of a D1R or a D2R agonist
alone in the presence of 2-AG did not increase firing (Fig. 5C, D, F; n=7 for 2-AG+D1R and
n=5 for 2-AG+D2R; P<0.05, 2AG with D1R+D2R vs. 2AG with D1R or D2R; −7.0±4.6%
or −6.7%±12.6% change in firing for 2-AG with D1R or D2R). Also, the 2-AG+DAR
enhancement of firing was prevented by the CB1R blocker AM251 (Fig. 5E, F; n=5;
−11.0±6.1% change in firing). In combination with our JZL results, these data support the
hypothesis that D1R+D2R enhancement of NAc core firing requires the eCB 2-AG and
CB1R activation.

mGluR5 activation provides the 2-AG required for the D1R+D2R firing enhancement
2-AG synthesis through PLC has been linked to the activation of group I metabotropic
glutamate receptors (mGluR) (Jung et al., 2005; Adermark and Lovinger, 2007; Centonze et
al., 2007; Uchigashima et al., 2007). Thus, we found that pre-exposure to mGluR group I
blockers for mGluR5 (MPEP, 10 µM) and mGluR1 (CPCCOEt, 50 µM) in combination
blocked the firing enhancement by JZL+D1R+D2R (Fig. 6A, G; n=5; P<0.01; −15.0±3.9%
change in firing). In addition, the mGluR5 antagonist MPEP (10 µM) prevented the JZL
+D1R+D2R enhancement of firing (Fig. 6C, G; n=5; P<0.05; −5.6±3.8% change in firing),
while the mGluR1 antagonist, CPCCOEt (50 µM) did not prevent the enhancement in firing
(Fig. 6B, G; n=8; P<0.05; 22.0±5.5% change in firing). MPEP also prevented the increase in
firing normally elicited by 10 µM of D1R and D2R agonists in combination (Fig. 6D; n=6;
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P<0.05 vs. no MPEP; −2.5±3.6% change in firing). These results suggest a primary role for
mGluR5s in the eCB/DAR enhancement of NAc core firing.

We next examined whether mGluR5s are required for the enhancement of firing when a
neuron is loaded with 2-AG before DAR agonist application. If mGluR5s only contribute to
DAR enhancement of firing through 2-AG synthesis, then mGluR5 blockers should not
prevent the firing enhancement when cells are directly filled with 2-AG before DAR agonist
application. In fact, MPEP did not block the increase in firing with 2-AG and subthreshold
D1R+D2R agonists (Fig. 6E, G; n=5; P<0.05 vs. 2-AG with D1R or D2R agonist alone;
26.3±5.2% change in firing), suggesting that mGluR5 activation is upstream of 2-AG and
thus is not required when 2-AG is already present.

The neurotransmitter acetylcholine (ACh) and cholinergic receptors (AChR) can regulate
firing activity of striatal neurons (Howe and Surmeier, 1995; Lin et al., 2004; Musella et al.,
2010), and eCBs can modulate the activity of striatal cholinergic neurons (Narushima et al.,
2007; Bonsi et al., 2008). Therefore, we investigated the potential involvement of AChRs in
the eCB/DAR enhancement of NAc core neuron firing. A cocktail containing nicotinic and
muscarinic AChR antagonists (scopolamine: 3 µM; methylly-caconine: 100 nM; dihydro-β-
erythroidine: 1 µM) did not block the enhancement of firing by JZL and subthreshold D1R
+D2R agonists (Fig. 6F; n=6; P<0.05; 25.1±7.2% change in firing). Thus, AChRs do not
contribute to the eCB/DAR-mediated enhancement of firing.

Since mGluR5s are thought to be localized post-synaptically in NAc core neurons
(Shigemoto et al., 1993; Romano et al., 1995), and mGluR5s have been linked to 2-AG
production through PLC (Jung et al., 2005; Adermark and Lovinger, 2007; Centonze et al.,
2007; Uchigashima et al., 2007; current study), we examined whether eCBs from the post-
synaptic neurons under patch could contribute to the CB1R/DAR-mediated firing
enhancement. Evidence suggests that eCB release from neurons involves an eCB transporter
protein (Di Marzo et al., 1994; Gerdeman et al., 2002; Adermark and Lovinger, 2007). Thus,
we followed the methodology described in Gerdeman et al. (2002), where a transporter
inhibitor was loaded postsynaptically into a neuron by inclusion of the drug in the recording
pipette solution; this study showed that eCBs released from the cell under patch-clamp were
required for LTD induction. The authors interpreted their results to indicate that, under
normal conditions, only eCBs released by a given neuron are able to influence the
development of plasticity in that neuron and that, in some cases, eCBs can be considered to
act in an autocrine-like manner.

Loading a neuron with an eCB transporter inhibitor VDM11 (1 µM) (Gerdeman et al., 2002)
by including the inhibitor in the recording pipette blocked the D1R+D2R enhancement of
firing (10 µM each SKF81297 and quin-pirole), while filling neurons with the vehicle
Tocrisolve (1 µM) did not prevent the D1R+D2R increase in firing (Fig. 7; n=5 VDM11,
n=7 vehicle; P<0.05, t-test; −0.6±0.6% or 31.9%±11.5% change in firing for VDM11 or
vehicle). These results suggest that eCBs that might be generated by nearby neurons were
unable to influence firing in the cell under study.

Ionic mechanism of D1R+D2R firing enhancement
To address the ionic mechanism through which DARs enhance NAc core firing, we
examined the effect of α-dendrotoxin (DTX), a slow A-type potassium channel inhibitor
which mediates dopamine enhancement of NAc shell firing (Hopf et al., 2003). As in the
NAc shell, pre-exposure to 0.5 µM DTX enhanced firing alone (44.8±4.8% change in firing)
and occluded the ability of DARs to increase firing (Fig. 8; n=9; 9.0±4.5% change in firing
10 µM D1R+D2R after DTX; P<0.05 vs. no DTX), suggesting that DARs enhance NAc
core firing through inhibition of A-type potassium currents. In addition, as seen in the NAc
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shell, application of glutamate (200 µM) was able to increase firing in the presence of DTX
(Fig. 8; tested in five cells), suggesting that DTX pre-exposure did not prevent DAR firing
enhancement through a ceiling effect on the ability to increase firing.

DISCUSSION
Here, we provide evidence that eCBs mediate the ability of DA receptors to enhance action
potential firing in adult rat NAc core neurons in vitro. D1R and D2R agonists in
combination increased action potential firing, while neither agonist alone modified firing.
This enhancement of NAc core firing required CB1Rs, suggesting a role for eCBs, and also
was mediated by PLC, which mediates several eCB synthesis pathways including the major
pathway for 2-AG. Further, inhibition of 2-AG hydrolysis but not AEA hydrolysis allowed
subthreshold concentrations of D1R and D2R agonists in combination to enhance firing in a
CB1R-dependent manner, suggesting a 2-AG role in the DAR firing increase. Loading the
post-synaptic neuron with 2-AG also allowed subthreshold D1R+D2R to enhance firing.
DAR enhancement of NAc core firing required mGluR5 but not mGluR1 or cholinergic
receptors. Interestingly, the ability of 2-AG to promote the D1R+D2R-mediated firing
increase required CB1Rs but not mGluR5s, suggesting that mGluR5 acted upstream of 2-
AG production. Also, mGluR5 is thought to be post-synaptic in the NAc, and the D1R+D2R
enhancement of firing was blocked by preventing eCB release from the cell under patch-
clamp. Finally, DTX occlusion of the DAR enhancement of firing suggests that the latter
occurred through the A-slow potassium current, as seen in the NAc shell (Hopf et al., 2003).
Taken together, our results suggest that the eCB 2-AG and mGluR5 may play a prominent
role in the D1R+D2R-mediated firing increase in NAc core neurons.

The striatum/NAc has one of the highest concentrations of CB1Rs (Herkenham, 1992;
Pickel et al., 2006). CB1Rs are activated by eCBs, the best studied of which are 2-AG and
AEA. These eCBS generally have different synthesis and degradation pathways, with AEA
hydrolyzed primarily by FAAH, and 2-AG hydrolyzed primarily by MGL (Placzek et al.,
2008; Wang and Ueda, 2008). Here, we found that subthreshold concentrations of DAR
agonists in combination did not increase firing in cells pretreated with the DMSO control or
the FAAH inhibitors URB597 or AM3506. In contrast, subthreshold D1R+D2R activation
enhanced firing after pretreatment with JZL, an MGL inhibitor that would be predicted to
enhance 2-AG levels (Long et al., 2009). Further, 2-AG infusion into a neuron allowed an
increase in firing with D1R+D2R agonists in combination, but not with a D1R agonist or
D2R agonist alone, similar to what was observed after pre-exposure to JZL. eCB hydrolysis
and CB1R blockers and 2-AG had no affect on firing alone. Taken together, these results
suggest that 2-AG mediated activation of CB1Rs, and that CB1R in combination with both
D1R and D2R activation was needed for the DAR enhancement of firing.

We should note that DAR agonists actually inhibited firing in the presence of CB1R
blockers but not other signaling blockers. Although our results suggest that DARs enhanced
firing through a DTX-sensitive potassium current, DARs in striatal neurons are known to be
able to act on multiple targets which could have divergent effects on firing (see Greengard et
al., 1999; Nicola et al., 2000); we speculate that the increase in firing is usually greater than
any DAR-mediated inhibition, but when the signaling pathway that enhances firing is
inhibited, a DAR-dependent but CB1R-independent decrease in firing becomes apparent.
Why DAR-mediated inhibition is not seen with other blockers (e.g. PLC) is unclear,
although there is some indication of DAR agonist inhibition with mGluR antagonists (Fig.
6A, C); thus, our results could indicate that some aspects of the DAR modulation of firing
require, for example, PLC for both excitation and inhibition. In addition, we should note that
washout of DAR/CB1R enhancement of firing is somewhat variable across neurons, which
is consistent with our previous NAc shell studies showing more variable washout under
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whole-cell patch-clamp conditions relative to more robust washout using perforated-patch,
when the intracellular mileau is intact. Finally, we found that the increase in firing was
similar when applying JZL plus subthreshold concentrations of DAR agonists (3 µM) versus
effective concentrations (10 µM) of DAR agonists. This perhaps suggests a ceiling effect in
terms of the ability of DAR/CB1R-activated signaling to enhance firing, which would be
consistent with what we previously observed in the NAc shell where a similar increase in
firing was seen with 10 µM D1/D2 agonists and with forskolin, a very strong activator of
PKA (Hopf et al., 2003). In addition, in the present study, the increase in firing with higher
concentrations of DAR agonists was similar with or without JZL, making experiments with
subthreshold concentrations of DAR agonists necessary to determine the impact of JZL on
firing.

We also found a role for mGluR5 in the D1R+D2R and DAR/CB1R enhancement of NAc
core firing. Group I mGluRs, primarily mGluR5 but also mGluR1, have been linked to PLC
and eCB production in the striatum (Jung et al., 2005; Kreitzer and Malenka, 2005;
Adermark and Lovinger, 2007; Centonze et al., 2007; Uchigashima et al., 2007).
Importantly, mGluR5s are postsynaptic in NAc/striatum medium spiny neurons (Shigemoto
et al., 1993; Romano et al., 1995), and striatal mGluR5 activation has been linked to
synthesis of 2-AG but not AEA (Maccarrone et al., 2008), consistent with our data
suggesting a role for 2-AG. Also, 2-AG can be generated through PLC and subsequent
action of DAG lipase-α (Bisogno et al., 2003), and group I mGluRs, PLC, and DAG lipase-
α may be enriched together around spines in the striatum (Nakamura et al., 2004; Mitrano
and Smith, 2007; Uchigashima et al., 2007), and mGluRs and PLC involved in eCB
synthesis are not required at a stage where eCBs have been already produced (Piomelli,
2003). Also, we found no role for mGluR1, even though it is present postsynaptically in the
NAc (Mitrano and Smith, 2007). Although the mechanism leading to mGluR5 activation
remains unclear, mGluR5 and mGluR1 can exist in a constitutively active state even in the
absence of an agonist (Ango et al., 2001); alternately, mGluRs could be activated by
tonically released glutamate, perhaps from glia (Reissner and Kalivas, 2010). In this regard,
eCBs are considered to be synthesized and released extracellularly on demand (Placzek et
al., 2008; Wang and Ueda, 2008), but tonic CB1R activation both in vitro and in vivo has
been reported (Gifford and Ashby, 1996; Zhou and Shearman, 2004; but see Sperlágh et al.,
2009). It would be interesting in future experiments to examine the impact of modulators of
glial metabolism and glutamate transporter activity in order to address the possibility of
tonic glutamate levels activating mGluR5s. Finally, we should note that our 2-AG+D1R
+D2R effects on firing are more modest than those seen with JZL+D1R+D2R. Nonetheless,
these 2-AG/DAR results exhibited a similar pharmacological pattern as JZL/DARs (blocked
by CB1R antagonists, requiring D1R and D2R agonists in combination) and thus our 2-AG
experiments support the hypothesis that 2-AG mediates the DAR/CB1R enhancement of
NAc core firing.

Many studies of eCB function have examined the ability of striatal eCBs to act as a
retrograde modulator which presynaptically suppresses release of glutamate and GABA
(Hoffman and Lupica, 2001; Robbe et al., 2001; Adermark and Lovinger, 2007; Centonze et
al., 2007). For example, D2Rs and group I mGluRs acting through eCBs can work in concert
to depress striatal glutamatergic transmission (Kreitzer and Malenka, 2005; Yin and
Lovinger, 2006). It has also been suggested that CB1Rs can enhance striatal DA release,
although mixed results have been reported (Gardner, 2005; Sidló et al., 2008; Sperlágh et al.,
2009). Here, we have added picrotoxin to block GABA-A receptors and CNQX to block
AMPA receptors. Also, mGluR5 seems to contribute upstream of eCB production. Thus,
eCB effects on presynaptic release of GABA or glutamate could have little role. Also, our
previous studies in the NAcb shell found that DAR excitation was not inhibited by
preventing neurotransmitter release with calcium channel blockers or tetrodotoxin (TTX)
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(Hopf et al., 2003). Instead, results from several studies suggest that eCBs could also act on
post-synaptic CB1Rs that have been observed in striatal neurons (Köfalvi et al., 2005; Pickel
et al., 2006). For example, CB1Rs can form postsynaptic heteromers with D2Rs (Ferré et al.,
2009), and, interestingly, this association allows these receptors to activate the cAMP
system (Glass and Felder, 1997; Kearn et al., 2005); our previous work has shown a role for
PKA in the D1R+D2R-mediated enhancement of NAc shell firing (Hopf et al., 2003). We
should also note that some cellular studies find antagonistic CB1R/DAR interactions in the
striatum, including CB1R inhibition of PKA stimulation by D1R (Meschler and Howlett,
2001) and direct CB1R inhibition of D2Rs (Ferré et al., 2009), similar to behavioral studies
showing antagonistic CB1R/DAR interactions (Giuffrida et al., 1999; Martín et al., 2008).
Although our results do not conclusively demonstrate the localization of the CB1R required
for the DAR effects, they do suggest that post-synaptic 2-AG from the neuron under patch-
clamp, perhaps a product of mGluR5 activity, was required for the CB1R/DAR
enhancement of firing.

Our studies also do not directly address whether the D1R+D2R enhancement of NAc core
firing involves D1Rs and D2Rs on the same or different neurons. It is widely considered that
D1Rs and D2Rs are segregated into direct- and indirect-pathway striatal neurons,
respectively, with little co-expression (Gerfen, 2004; Surmeier et al., 2007), and thus D1R/
D2R interactions would occur between neurons (e.g. Jones et al., 2001). Recent BAC-
transgenic mouse studies elegantly demonstrate that direct- and indirect-pathway neurons
have mutually exclusive afferent projections, as well as different physiological properties
(Kreitzer and Malenka, 2007; Surmeier et al., 2007; Cepeda et al., 2008). However, rat
(Kawaguchi et al., 1990; Tripathi et al., 2010) and primate (Lévesque and Parent, 2005;
Nadjar et al., 2006) direct-pathway neurons also project to pallidal areas typically thought to
be targets only for indirect-pathway neurons, perhaps suggesting some species differences.
For example, several studies have used acutely dissociated rat striatal neurons, where inter-
cellular interactions are minimal, to show that isolated neurons can respond
electrophysiologically to both D1R and D2R agonists (Surmeier et al., 1995, 1996;
Waszczak et al., 1998; Zhang et al., 1998; Flores-Hernández et al., 2002; Hu et al., 2005).
Some rat antibody and in situ studies have also suggested co-localization of D1Rs and D2Rs
(Ariano et al., 1992; Surmeier et al., 1995) or peptides associated with direct- and indirect-
pathway neurons (Furuta et al., 2002; cf. Lévesque and Parent, 2005), with greater co-
localization in the NAc compared with dorsal striatum (Furuta et al., 2002; Perreault et al.,
2010). Accumbens D1R/D2R heteromers acting via PLC have also been reported (Perreault
et al., 2010). Also, mouse indirect pathway dorsal striatal neurons have greater basal firing
than direct pathway neurons (e.g. Kreitzer and Malenka, 2007), while rat dorsal striatal
neurons do not show evidence of two populations of basal firing (Hopf et al., 2010).
Although this remains an area of considerable controversy, we speculate that there may be
species differences in the amount of D1R/D2R overlap, where rat striatal neurons may
contain a preponderance of one type of DAR, but possess some functional receptors of both
types. For example, segregation of these rarer receptors into microdomains (Ferré et al.,
2009; Perreault et al., 2010) could allow physiological action of these receptors. Although it
is very difficult to definitively address whether the D1R+D2R enhancement of firing occurs
through D1Rs and D2Rs on the same or different neurons (or even glia) in the intact slice,
our results identify a novel interaction whereby the mGluR5, 2-AG, and CB1Rs mediate
DAR enhancement of NAc core firing.

The neurotransmitter ACh plays a prominent role in regulating the activity of striatal
projection neurons. For example, postsynaptic M1 mAChR activation in striatal neurons
reduces GABA release via 2-AG (Narushima et al., 2007; Uchigashima et al., 2007). Our
data, however, suggest that AChRs are not involved with the eCB/DAR-mediated
enhancement of firing, since increased firing was observed even after pre-exposure to
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nicotinic and muscarinic AChR antagonists. In this regard, mGluR5, PLC, and DAG lipase
are localized in striatal spines, while M1 mAChRs are excluded from this association
(Uchigashima et al., 2007). In addition, studies suggest an opposite role for CB1Rs and
nAChRs in the NAc core during methamphetamine reinstatement (Hiranita et al., 2008).

We found that DTX occluded the ability of D1R/D2R agonists to enhance firing, suggesting
that, as seen in the NAc shell (Hopf et al., 2003), the slow A-type potassium current
mediates the dopaminergic enhancement of NAc core firing. In addition, the CB1R/DAR
increase in firing was not accompanied by a change in input resistance (Table 1), suggesting
that DAR activation did not enhance firing by modulating ion channels active at the resting
membrane potential. Also, although we found no DAR/CB1R-associated change in input
resistance (Table 1), other studies have shown a dopamine receptor-mediated depolarization
in the NAc (Podda et al., 2010) and NAc shell (Hopf et al., 2003) which was associated with
a change in input resistance in Podda et al. (2010) although not in Hopf et al. (2003). Here,
we applied DC current to maintain the resting potential near ~−80 mV throughout the
experiment, which would obviate any effects of depolarization on firing. In addition, our
experiments here were performed in adult rats, while the studies of Podda et al. (2010) were
performed in very young (p13–p17) mice; the complement of ion channels as well as other
aspects of electrophysiology and morphology can be quite different between juvenile and
adult animals (Tepper et al., 1998; Butler et al., 1998; Colwell et al., 1998; Partridge et al.,
2000). We should also note that activation of mGluR5s can enhance NAc spike firing in
very young mice through increasing persistent sodium currents (D’Ascenzo et al., 2009),
and low concentrations of the sodium channel blocker TTX prevent the mGluR5
enhancement of firing (D’Ascenzo et al., 2009). However, we find that low TTX
concentrations produce a small but significant depolarization of the action potential
threshold and a decrease in the action potential amplitude in striatal neurons (Hopf et al.,
2010), as predicted for changes in sodium channel function (Zhang et al., 1998), but the
CB1R/DAR enhancement of firing occurred without any change in action potential
threshold or amplitude (Table 1). Finally, a number of electrophysiology studies have
examined the impact of D1R and D2R agonists on NAc/striatal firing in vitro, with mixed
results (Nicola et al., 2000). However, nearly all such studies have been performed in
adolescent (p30–p50) animals (Zhang et al., 1998; Hu et al., 2005; Perez et al., 2006; but see
Uchimura and North, 1990), in contrast to the adult animals used here.

Our in vitro results suggest that the D1R+D2R enhancement of NAc core firing was
mediated through mGluR5, eCBs, and CB1Rs, and we are particularly interested in the
possible behavioral importance of the mGluR5/eCB/DAR interaction. The only behavior we
are aware of where D1Rs, D2Rs, CB1Rs, and mGluR5 in the NAc core have all been tested
is ethanol self-administration, and all these receptors support ethanol intake (Hodge et al.,
1997; Caillé et al., 2007; Malinen and Hyytiä, 2008; Besheer et al., 2010). In addition,
alcohol self-administration is not altered by systemic inhibition of AEA hydrolysis with
URB597 (Cippitelli et al., 2008), in concordance with our in vitro results that 2-AG rather
than AEA contributes to the DAR/CB1R enhancement of NAc core firing. Further, D1R
+D2R enhancement of firing in NAc shell neurons in vitro involves Gβγ subunits (Hopf et
al., 2003), and increased NAc core levels of AGS3, a promoter of Gβγ-dependent signaling,
facilitates motivation for ethanol (Bowers et al., 2008), while NAc Gβγ subunit inhibition
reduces ethanol self-administration (Yao et al., 2002). Other addiction-related behaviors are
also regulated by NAc CB1Rs and DARs. For example, reinstatement for heroin is promoted
by NAc core CB1Rs (Caillé et al., 2007; Alvarez-Jaimes et al., 2008) and D1Rs (Bossert et
al., 2007), cocaine-primed reinstatement for cocaine is regulated by NAc D1Rs and D2Rs
(Schmidt et al., 2006) and mGluR5s (Kumaresan et al., 2009), and NAc CB1Rs mediate
both cocaine reinstatement (Xi et al., 2006) and self-administration under long access (Orio
et al., 2009). Although these results suggest that CB1R/DAR interactions through the
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mechanisms described here could contribute to addiction-related behaviors, there are also
NAc-dependent behaviors where D1Rs and D2Rs can have different or no contribution,
including some aspects of drug seeking and impulsivity (McFarland and Kalivas, 2001;
Goto and Grace, 2005; Pezze et al., 2007; Haluk and Floresco, 2009).

ECBs modulate many diverse biological targets in the central nervous system, and therefore
play a critical role in addiction as well as the pathophysiology of severe neurological
disorders such Parkinson’s disease (Gubellini et al., 2002), Huntington’s disease (Centonze
et al., 2005), dystonia (Richter and Löscher, 2002). Pharmacological intervention in this
system may allow us to identify new therapeutic routes for several neurological disorders
while eliminating undesirable side effects associated with cannabis. The result from this
study may be useful in identifying novel signaling interactions that could represent
translational targets for treating addiction, drug-related behavior or other diseases.
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Abbreviations

2-AG 2-arachidonoylglycerol

Ach acetylcholine

AChR cholinergic receptor

aCSF artificial cerebrospinal fluid

AEA anandamide

AP action potential

CB1R CB1 receptor

DA dopamine

DAR dopamine receptor

DTX α-dendrotoxin

D1R D1-type receptor (D1 or D5 receptor)

D2R D2-type receptor (D2, D3, or D4 receptor)

eCB endocannabinoid

FAAH fatty acid amide hydrolase

JZL JZL184

MGL monoglyceride lipase

mGluR metabotropic glutamate receptor;

NAc nucleus accumbens

PLC phospholipase C

TTX tetrodotoxin
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Fig. 1.
D1R+D2R agonists in combination enhance firing of NAc core neurons through CB1Rs. (A,
B) Representative traces (A) and time course data (B) showing that exposure to D1R+D2R
agonists (10 µM each of SKF-81297, D1R agonist, and quinpirole, D2R agonist) in
combination enhanced firing of NAc core neurons. (C) D1R agonist alone or D2R agonist
alone did not increase firing. (D–F) Time course and grouped data showing that the CB1R
antagonists AM251 (D, F) and Rimonabant (E, F) prevented the D1R+D2R firing increase.
D1+D2 data in (F) are the same as in (C). Rimon, Rimonabant. * P<0.05 vs. D1R or D2R
alone.
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Fig. 2.
PLC-dependent pathways are needed for D1R+D2R enhancement of firing. (A, B) Time
course (A) and grouped data (B) showing that the PLC antagonist U73122 prevented the
D1R+D2R (10 µM of each) mediated increase in firing. D1R+D2R data same as in Fig. 1. *
P<0.05 vs. D1R+D2R.
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Fig. 3.
Subthreshold concentrations of D1R+D2R agonists (3 µM each) enhance firing in the
presence of a 2-AG hydrolysis inhibitor. (A, B) Example traces (A) and time course
experiments (B) showing that pre-exposure to the MGL inhibitor JZL184 allowed
subthreshold levels of D1R+D2R agonists (3 µM each of SKF82597 and quinpirole) to
enhance firing. (C) Prolonged exposure to JZL had no effect on firing. (D) Pre-exposure to
the vehicle DMSO (0.1%) did not allow a DAR-mediated increase in firing. (E) 3 µM each
of D1R and D2R agonists in combination were subthreshold for firing enhancement. (F, G)
FAAH inhibitors URB597 (F) and AM3506 (G) did not promote the DAR-mediated firing
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enhancement. (H) Grouped data. JZL, JZL184; URB, URB597. * P<0.05 JZL vs. other
groups.
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Fig. 4.
JZL promotion of the DAR firing increase requires D1Rs, D2Rs, and CB1Rs. (A, B) Time
course experiments showing that JZL did not allow a D1R agonist alone (A, 10 µM) or a
D2R agonist alone (B, 10 µM) to promote firing. (C) JZL facilitation of subthreshold D1R
+D2R enhancement of firing (3 µM each, see Fig. 3B) required CB1Rs. (D) DAR agonist
(10 µM each) enhancement of firing in the presence of JZL. (E) Grouped data. JZL
+subthreshold D1R+D2R agonists data same as in Fig. 3. Ags, agonists; JZL, JZL184. *
P<0.05 vs. JZL+subthreshold DAR agonists.
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Fig. 5.
Postsynaptic 2-AG promotes D1R+D2R enhancement of firing through CB1Rs. (A, B)
Example traces (A) and time course experiments (B) showing that filling a post synaptic
neuron with 2-AG allowed subthreshold doses of D1R+D2R agonists to increase firing. (C,
D) Filling the postsynaptic neuron with 2-AG did not allow a D1R agonist (C, 10 µM) or
D2R agonist (D, 10 µM) alone to enhance firing. (E) The 2-AG+D1R+D2R increase in
firing required CB1Rs. (F) Grouped data. * P<0.05 2-AG+D1R+D2R vs. other groups.
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Fig. 6.
Group I mGluR activation is required for the DAR-mediated firing increase. (A) The JZL
+D1R+D2R (3 µM each) firing increase was prevented by a cocktail of the mGluR1
antagonist CPCCOET and the mGluR5 antagonist MPEP. (B, C) The mGluR1 antagonist
did not prevent the DAR (3 µM each) firing increase (B), while the mGluR5 antagonist did
prevent the firing increase (C). (D) MPEP prevented the enhancement of firing by 10 µM
each of the D1R and D2R agonists. (E) The mGluR5 antagonist did not prevent the 2-AG
+D1R+D2R (3 µM each of DAR agonist) enhancement of firing, suggesting that mGluR5s
are upstream of 2-AG. (F) The JZL+DAR-mediated enhancement of firing (3 µM of each
DAR agonist) was not prevented by a cocktail containing antagonists for both nicotinic
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(methyllycaconitine; dihydro-β-erythroidine) and muscurinic ACh receptors (scopolamine).
(G) Grouped data. JZL+D1R+D2R data same as in Fig. 3. JZL, JZL184; CPC, CPCCOET. *
P<0.05 change in firing vs. appropriate control groups.
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Fig. 7.
The eCBs needed for the D1R+D2R enhancement of NAc core firing are synthesized within
the cell under patch-clamp. (A, B) Time course (A) and grouped data (B) showing that
postsynaptic loading of a neuron with the eCB transporter inhibitor VDM11 prevented the
D1R+D2R enhancement of firing, while filling the neuron with the Tocrisolve vehicle had
no effect. * P<0.05 vehicle vs. VDM11.
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Fig. 8.
(A) Examples and (B) grouped data showing that inhibition of the slow A-type potassium
current with α-dendrotoxin (DTX) significantly occluded the D1R+D2R enhancement of
NAc core firing. DTX (0.5 µM) pre-exposure occluded the ability of 10 µM D1R+D2R
agonists to enhance firing, as previously observed in the NAc shell (Hopf et al., 2003). (B)
This was not due to a ceiling effect, as glutamate exposure (200 µM in the presence of
DNQX which blocks AMPA receptors) was able to enhance firing in the presence of DTX
(Hopf et al., 2003).
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Table 1

Increased firing with JZL/D1/D2 was not accompanied by a change in the action potential threshold or
amplitude (suggesting no changes in sodium channel function) or input resistance (suggesting no changes in
ion channels such as inwardly rectifying potassium channel and potassium leak channels that are active at the
resting potential). Data are taken 8 min after addition of JZL, or 8 min after addition of D1R and D2R agonists
in the presence of JZL

Baseline Post-JZL JZL+D1R+D2R

Action potential threshold (mV) −45.54±1.53 −45.64±1.58 −46.35±1.87

Action potential amplitude (mV) 79.43±2.13 79.04±2.61 77.85±2.94

Input resistance (MΩ) 63.17±6.21 62.87±5.53 63.83±6.45

JZL, JZL184.

All F<1 and P>0.1.
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