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SUMMARY

Dopamine (DA) transmission mediates numerous as-
pects of behavior. Although DA release is strongly
linked to firing of DA neurons, recent developments
indicate the importance of presynaptic modulation
at striatal dopaminergic terminals. The endocannabi-
noid (eCB) system regulates DA release and is a ca-
nonical gatekeeper of goal-directed behavior. Here
we report that extracellular DA increases induced
by selective optogenetic activation of cholinergic
neurons inthe nucleus accumbens (NAc) are inhibited
by CB1 agonists and eCBs. This modulation requires
CB1 receptors on cortical glutamatergic afferents.
Dopamine increases driven by optogenetic activation
of prefrontal cortex (PFC) terminals in the NAc are
similarly modulated by activation of these CB1 recep-
tors. We further demonstrate that this same popula-
tion of CB1 receptors modulates optical self-stimula-
tion sustained by activation of PFC afferents in the
NAc. These results establish local eCB actions on
PFC terminals within the NAc that inhibit mesolimbic
DA release and constrain reward-driven behavior.

INTRODUCTION

The role of dopamine (DA) in adaptive behaviors such as motiva-
tion, action control, and learning has been extensively studied.
Regulation of DA release at axon terminals is governed by
changes in firing rate of DA neurons. However, new evidence
supporting the relevance of alterations in DA release from termi-
nals in the striatum is emerging (Cachope and Cheer, 2014) with

the interplay between glutamatergic and cholinergic systems
drawing most attention (Cachope et al., 2012; Threlfell et al.,
2012; Zhou et al., 2001). Endogenous cannabinoids (eCBs) are
critical modulators of motivated behaviors, partly through their
actions on rostral dopaminergic projections to the nucleus ac-
cumbens (NAc) (Oleson et al., 2012). However, dopaminergic
neurons do not express cannabinoid type 1 (CB1) receptors (Ju-
lian et al., 2003). Therefore, the actions of eCBs and exogenous
cannabinoids at the level of the dopaminergic cell bodies in the
ventral tegmental area (VTA) are indirect and likely involve disin-
hibition of dopaminergic neurons via decreased GABA release at
CB1-expressing inhibitory afferents (Cheer et al., 2000b; Lupica
et al., 2004; Riegel and Lupica, 2004). This disinhibition likely
produces enhanced phasic DA concentrations in the extracel-
lular space within the NAc (Cheer et al., 2004; Oleson et al.,
2012). On the other hand, it is not clear how CB1 receptors
locally regulate DA release in terminal regions such as the NAc,
due to the large number of convergent neural messengers
involved. The NAc is crucial for the generation of motivated be-
haviors and integrates dopaminergic reinforcement signals
with glutamate-encoded environmental stimuli to produce motor
sequences that underlie goal-directed actions (Floresco, 2015).
Importantly, medium spiny neurons (MSNSs) of the NAc contain
a molecular arrangement consistent with the on-demand pro-
duction of eCBs and retrograde signaling via CB1 receptor acti-
vation (Uchigashima et al., 2007).

Prefrontal glutamatergic afferents to the NAc have long been
theorized to carry information about exteroceptive triggers and
contextual information (Sesack and Grace, 2010), and charac-
terization of the behavioral effects of activating these afferents
has been reported (Britt et al., 2012). However, there is virtually
no information regarding the presynaptic modulation of gluta-
mate release by CB1 receptor activation as it pertains to rapid
DA dynamics within the NAc. Nevertheless, studies demonstrate
that several forms of excitatory synaptic plasticity in the NAc
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(Mato et al., 2005, 2008; Robbe et al., 2002a, 2002b), as well as in
the dorsal striatum, require eCB signaling (Atwood et al., 2014;
Gerdeman et al., 2002; Kreitzer and Malenka, 2005; Ronesi
et al., 2004). These effects have predominantly involved CB1 re-
ceptor activation on glutamatergic terminals impinging upon
MSNs and in some cases require D2 DA (Gerdeman et al.,
2002) or metabotropic glutamate receptor 5 (mGluRs) activation
(Kreitzer and Malenka, 2005).

Another possible target for CB1 receptor modulation of phasic
DA release within the NAc is the cholinergic interneuron (CIN)
population, which exerts a profound influence on DA terminals,
as its selective activation potently increases DA release indepen-
dent of cell bodies in the VTA (Cachope et al., 2012; Threlfell
et al., 2012). Indeed, endogenous acetylcholine (ACh) release
promotes depolarization-induced mobilization of eCBs from
MSNs (Narushima et al., 2007; Narushima et al., 2006). Addition-
ally, NAc CINs co-release glutamate, and the cooperative action
of DA and glutamate generates plastic changes in synaptic
strength that underlie contrast enhancement of cues and action
selection (Cachope et al., 2012; Higley et al., 2011).

To clarify how CB1 receptors within the NAc modulate DA
release independently from cell bodies in the midbrain, we uti-
lized a combination of electron microscopy, immunohistochem-
istry, pharmacology, electrophysiology, electrochemistry, and
optogenetics. We also utilized cre-lox recombination to generate
conditional knockout mouse models to test our hypotheses. We
report that accumbal CB1 receptors are present in prefrontal ter-
minals and that their specific genetic ablation eliminates CB1 re-
ceptor agonist-mediated inhibition of CIN-driven DA release. We
further provide evidence that CIN activation recruits production
of the eCB 2-arachidonoylglycerol (2-AG) to activate CB1 recep-
tors on cortical glutamatergic terminals to modulate DA release.
Critically, 2-AG mobilization influences behavior reinforced by
optical activation of prefrontal cortical terminals in the NAc.
These results uncover the intricate and precise nature of eCB
signaling within different nodes of a common anatomical frame-
work and provide another crucial target for the modulation of
mesolimbic DA release in reinforcement.

RESULTS

CB1 Receptor Activation Modulates DA Release Elicited
by Selective Activation of Cholinergic Interneurons
Previous studies have suggested that cholinergic transmission
can be potently modulated by CB1 receptor activation (Tzavara
etal., 2008) and our published work has shown that selective CIN
excitation enhances DA release in the NAc both in vivo and
in vitro (Cachope et al., 2012). Thus, CB1 receptor activation
may alter ACh release and thus indirectly modify CIN-driven
DA release. To examine this possibility, we monitored the effect
of WIN 55,212-2 (WIN) a CB1 receptor agonist on NAc DA
release triggered by selective optical stimulation of accumbal
CINs (Figures 1A and 1B). First, we replicated our previous find-
ings (Cachope et al., 2012) and determined that in vivo DA
release is triggered by endogenous release of ACh (Figure 1A).
Next, we found that WIN (1.5 mg/kg, i.p.) significantly decreases
CIN-driven DA release in vivo (Figures 1B and 1C; p < 0.05). We
then aimed to further study this phenomenon mechanistically in a

brain slice preparation (Figure 1D). We observed that bath
application of WIN (1 M) significantly decreased DA peak
levels evoked by CIN activation by an average of 42% + 3% rela-
tive to pretreatment levels (p < 0.001; n = 7; Figure 1E), recapit-
ulating the in vivo findings. Pretreatment with the CB1 receptor
antagonist AM251 (3 M) prevented WIN-elicited decreases in
CIN-driven DA release (n = 5; Figures 1D-1F), confirming the
involvement of CB1 receptors in this modulation.

CB1 Receptors Are Not Localized on Cholinergic
Interneurons within the Nucleus Accumbens

The above-described data could be explained most parsimoni-
ously by the presence of CB1 receptors on cholinergic terminals.
Therefore, we used CB1 radioactive antisense riboprobes to
examine the expression of CB1 mRNA in the NAc. We closely in-
spected individual ChAT immunoreactive neurons in the core
and shell portions of the NAc to determine whether ChAT
immunoreactivity co-localized with CB1 mRNA, but did not
observe significant expression of CB1 mRNA in ChAT-express-
ing neurons in any of the NAc sub-fields studied (Figure S1A).
This finding is none too surprising given previous data indi-
cating no CB1 receptor expression in CINs within the NAc (Hoh-
mann and Herkenham, 2000). As a complementary functional
approach to determine if CB1 receptors on cholinergic terminals
contribute to the inhibition of DA release, we generated condi-
tional mutant mice in which CB1 was removed from cholinergic
neurons by crossing CB1""* mice with ChAT::cre mice. We
confirmed that this approach was successful by measuring a
significant decrease in CB1 mRNA in ChAT positive cells of
ChAT cre_CB1""°* mjice within the lateral septum (Figure S2).
Next, we optically evoked CIN-driven DA release in the NAc
and applied WIN (1 M) to the slice. Recordings from
ChAT::cre/CB11°¥M°X mice showed a WIN-induced depression
of CIN-evoked DA release that was indistinguishable from that
observed in ChAT::cre mice, consistent with a lack of CB1 recep-
torexpression on CINs (p <0.0001; n=5; Figure S1B). Therefore,
the regulation of DA release evoked by selective activation of
CINs likely involves CB1 receptors at sites other than CINs
themselves.

CB1 Receptor Modulation of Cholinergic Interneuron-
Driven DA Release Requires Glutamatergic
Transmission

Our prior work demonstrated that glutamate signaling at AMPA
receptors contributes to CIN-evoked DA release (Cachope
et al., 2012). As CIN-driven DA release is sensitive to CB1 recep-
tor activation and CINs do not express CB1 receptors, we next
tested whether the effect of WIN on CIN-evoked DA involves
an indirect mechanism whereby CB1 receptors dampen gluta-
matergic drive to CINs. We first assessed whether optical activa-
tion of CINs elicited oEPSCs recorded from MSNs. Optical
activation of CINs produced measureable oEPSCs (Figures 2A
and 2B), as seen in previous work (Cachope et al., 2012; Higley
et al., 2011; Threlfell et al., 2012). oEPSC amplitude remained
stable throughout the length of the recordings (Figure 2B;
104% + 4% baseline). Moreover, these oEPSCs appeared to
have two components and a relatively long latency to peak,
consistent with a disynaptic effect (Figure S3A). A 10-min bath
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Figure 1. CB1 Receptor Activation Inhibits DA Release Driven by Selective Activation of Cholinergic Interneurons

(A) Anesthetized preparation for recording CIN-evoked DA release. Light stimulation (473 nm at 20 Hz) was delivered to NAc CINs through an optical fiber placed
at 15 degrees relative to a carbon-fiber FSCV electrode.

(B) Representative in vivo recordings showing that the cannabinoid receptor agonist WIN55,212-2 (WIN) attenuates CIN-evoked DA release. DA was
electrochemically identified based on “cyclic voltammograms” (inset) displaying changes in current (y axis) across the applied potential (x axis, E(V)) and
pseudo-color plots (bottom panel) of serial cyclic voltammograms plotted across time (x axis), displaying changes in current (z axis) across the applied potential
(y axis).

(C) Average (xSEM) CIN-evoked DA release recorded in vivo (top panel) at baseline and following vehicle (Veh, left panel; n = 5) and WIN (right panel; n = 5)
treatment. Time course of peak CIN-driven [DA]o (bottom panel) prior to ( 10 to 0 min) and following VEH or WIN treatment (treatment time: F (g 55 = 2.45,
p = 0.02).
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(legend continued on next page)

Figure 2. CB1 Receptor Modulation of DA
Release Driven by Cholinergic Interneurons
Requires Glutamatergic Transmission

(A-E) CB1 receptor activation decreases the
amplitude of excitatory postsynaptic currents
(EPSCs) elicited by activation of cholinergic in-
terneurons (CINs). Representative traces (A) and
summary data (B and C) demonstrating that
470 nm light stimulation of CINs produced meas-
ureable EPSCs recorded in MSNSs. Light alone
(control) did not produce a decrease in oEPSC
magnitude (n = 5, p > 0.05 versus baseline). The
CB1 receptor agonist, WIN55,212-2 (1 M; WIN)
decreased the magnitude of EPSCs (n = 6;
p < 0.001 versus Control) and this effect was
blocked by the CB1 receptor antagonist AM251
B MAM251; WIN + AM251; n=5; p<0.05 versus
WIN; p > 0.05 versus Control). Representative
traces are the average of the first 10 min (first of
each pair) and the final 10 min (second of each
pair) of recording and statistical analyses were
performed on these same time windows. Scale
bars represent 50 pA, 50 ms. All error bars indicate
SEM. Optically activated CINs elicit a significant
increase in DA release that is decreased in the
presence of the AMPA receptor antagonist, NBQX
(5 M; D and E). Co-application of WIN does not
decrease DA levels further when applied in the
presence of NBQX (D and E).

(F) Gabazine did not significantly modify CIN-
driven DA release in the nucleus accumbens. Blue
rectangles (not to scale) represent time of optical
stimulation.

All data are expressed as mean + SEM.
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application of WIN (1 M) reduced the amplitude of recorded
MSN oEPSCs (Figures 2A-2C; reduction to 74% + 3% baseline).
When AM251 (3 M) was present throughout the recording,
application of WIN no longer decreased MSN oEPSC amplitude
(Figures 2A-2C; 92% + 6% baseline), demonstrating that the
effect of WIN occurs through CB1 receptor activation. To deter-
mine whether AMPA and CB1 receptors share a common neural
substrate underlying the effects of WIN on CIN-driven DA
release, we utilized a combined pharmacological and voltam-
metric approach. To achieve this, we initially activated CINs op-
togenetically and elicited a significant decrease in DA release in
the presence of the AMPA receptor antagonist, NBQX (5 M;

NBQX were recapitulated with the use of

the non-competitive AMPA receptor

antagonist GYKI 52466 (Figure S3B).

Next, we observed that application of

WIN did not decrease DA levels further
when applied in the presence of NBQX (Figure 2D). We also
observed this same effect when NBQX was applied in the pres-
ence of WIN (Figure 2E). This occlusion of the effect of WIN by
NBQX suggests that CB1 receptors are localized upstream of
AMPA effector sites.

Consistent with previous reports (Sidlo et al., 2008), we also
found that DA release evoked by single pulse electrical stimula-
tion was unaffected by WIN (Figures S3C and S3D) in agreement
with a lack of CB1 receptor expression on dopaminergic
terminals within the NAc. Interestingly, AMPA receptors are
similarly uninvolved in DA release induced by single electrical
pulses (Avshalumov et al., 2003). These findings indicate that

(D) Average (+SEM) CIN-driven DA release recorded in vitro following single pulse optical stimulation was similarly decreased by WIN (left panel, n = 7) and the

decrease was blocked by AM251, a CB1 receptor antagonist (right panel, n = 5).
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glutamatergic contributions to DA release and CB1 receptor
modulation of release differ when release is driven by electrical
stimulation versus direct CIN activation. A possible contribution
of GABA to regulation of CIN-evoked DA release was ruled out
because bath application of gabazine, a GABA receptor antag-
onist, (5 M) did not change DA release induced by optical CIN
activation (Figure 2F).

Nicotinic Acetylcholine Receptors Stimulate
Glutamatergic Transmission Presynaptically in the
Nucleus Accumbens

Previous reports suggest that activation of presynaptic 7-con-
taining nAChRs can facilitate glutamate release in the NAc

JiLE L8 S Lk ki W

MSNs mEPSC amplitude

Bl Baseline WN PNU-120506 N PNU-120596 + PNU-282987
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Figure 3. Nicotinic Acetylcholine Receptors
Stimulate Glutamatergic Transmission Pre-
synaptically in the Nucleus Accumbens

(A and B) The effect of pharmacological activation
of 7nAChRs on mEPSCs recorded from MSNsin
C57BL/6J mice was evaluated. Sample traces
showing recordings (A) and summary data (B) for
mEPSC frequency and amplitude following a 5 min
baseline, application of the 7-selective positive
allosteric modulator (PAM) PNU-120596 (10 M),
and additional 5 min of co-application of the
PAM and the 7-selective agonist PNU-282987
(500 nM). Recordings were performed in the
absence or presence of the 7 antagonist meth-
yllycaconitine (MLA, 100 nM). Main effect of PAM/
agonist treatment (F,36) = 8.747, p = 0.0008), a
main effect of antagonist treatment [F1, 18)=5.213,
p = 0.0348], and a significant interaction between
PAM/agonist and antagonist treatments (F 3¢ =
7.745, p = 0.0016) were observed. Post hoc Bon-
ferroni comparisons demonstrated that the com-
bination of PAM and the agonist significantly
increased mEPSC frequency compared to base-
line (174.5% + 21.5%).

(C) Representative traces showing asynchronous
glutamate release.

(D) Asynchronous glutamate release was evoked
by optical stimulation of ChR2-expressing mPFC
terminals. Baseline frequencies and amplitudes
were averaged over the full 5-min period, and PAM
and agonist effects were measured for 3 and 4 min
of each drug application. There was a significant
effect of drug treatment on frequency (F,23) =
10.06, p = 0.0027) but not amplitude (F,23) =
1.441, p = 0.2705).

(E) Optical acetylcholine driven DA release was
significantly inhibited by application of MLA
(10nM) (p < 0.001;t=6.17, df =8; n=9).

All data are expressed as mean + SEM.

+ MLA

+ MLA

hypothesis, we examined the effect of

pharmacological activation of 7 nAChRs

on MEPSCs recorded from MSNs in

C57BL/6J mice. Following a 5-min base-

line recording, the 7-selective positive allosteric modulator
(PAM) PNU-120596 (10 M) was bath applied for 5 min, followed
by an additional 5 min of co-application of the PAM and the
7-selective agonist PNU-282987 (500 nM) (Figure 3A). Record-
ings were performed in the absence or presence ofthe 7 antag-
onist methyllycaconitine (MLA, 100 nM). Two-way repeated-
measures ANOVA analysis of mEPSC frequency revealed a
main effect of PAM/agonist treatment (p < 0.001), a main effect
of antagonist treatment (p < 0.05), and a significant interaction
between PAM/agonist and antagonist treatments (p < 0.01) (Fig-
ure 3B). Post hoc Bonferroni comparisons demonstrated that the
combination of PAM and the agonist significantly increased
mMmEPSC frequency compared with baseline (175% = 22%).
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Moreover, MLA inhibited the effect of the PAM/agonist on
mEPSC frequency (Figures 3A and 3B). We also observed a

small but statistically significant decrease in mEPSC amplitude
that was not inhibited by MLA (Figure 3B). We commonly

Figure 4. Conditional Deletion of CB1 Re-
ceptors on Cortical Glutamate Afferents to
the Nucleus Accumbens Abolishes the
Effect of WIN55,212-2 on Glutamate and
DA Release Driven by Activation of Cholin-
ergic Interneurons

(A-C) Representative traces (A) and experimental
schematic (B) showing injection sites and sum-
mary data (C) demonstrating that treatment with

/ \ |/ sl /’ the CB1 receptor agonist WIN55,212-2 (WIN)

produces a significant decrease in the amplitude
of oEPSCs in brain slices in which CB1 receptor
expression was ablated in cholinergic in-
terneurons (CINs). In mice that received an injec-
tion of a CaMKIl -driven cre-recombinase viral
vector into mPFC, WIN fails toinduce a depression
of oEPSCs. Representative traces are the average
of the first 10 min (first of each pair) and the final
5 min (second of each pair) of recording and sta-
tistical analyses were performed on these same
time windows. Scale bars represent 50 pA, 50 ms.
All error bars indicate SEM.
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observe this small decrease in mMEPSC amplitude over the
course of control mMEPSC recordings in MSNs; therefore, this
result is unlikely to be related to activation of 7 nAChRs. In addi-
tion, to directly assess whether 7 nAChRs can regulate gluta-
mate release onto CINs, we also measured mEPSC frequency
from CINs with the 7 PAM accompanied by the agonist PNU-
282987 and found a significant increase in mEPSC frequency
(Figure S4). Lastly, to further demonstrate that mPFC terminals
contain functional nicotinic receptors, we examined asynchro-
nous glutamate release. Briefly, increased frequency of asyn-
chronous mMEPSCs would indicate a presynaptic effect, most
likely an increase in probability of glutamate release, while a
change in amplitude would indicate a change in postsynaptic
responsiveness. For this experiment, MSNs were recorded in
aCSF containing 0 mM Ca®" and 4 mM Sr**. Asynchronous
glutamate release was evoked by optical stimulation of ChR2-
expressing mPFC terminals (Figures 3C and 3D). Repeated-
measures one-way ANOVA shows significant effect of drug
treatment on frequency (p < 0.01) but not amplitude. Post hoc
Dunnett’s test of frequency shows a significant increase in fre-
quency inthe PAM plus agonist condition compared with control
(138% = 10%), but no effect of PAM alone. Having found that

activation of 7 nAChRs modulates excitatory synaptic trans-
mission through changes in the probability of glutamate release,

we posited that blockade of these receptors could inhibit the
glutamate-dependent component of CIN-evoked DA release.

Time (min)

(D) WIN does not decrease DA release evoked by
CIN activation in CB11°¥"°* gnimals transduced
with the CaMKIl -Cre-rAAV vector in mPFC
(n = 11) but continues to inhibit it in animals
transduced with the control CaMKIl -EGFP-rAAV
(n=4) (F1,13 = 8.851; p < 0.05).

T T T
30 40 50 60

Conditional Deletion of CB1 Receptors on Cortical
Glutamate Afferents to the Nucleus Accumbens Curtails
CB1 Receptor Agonist-Mediated Decreases in
CIN-Evoked DA Release

To better understand the contribution of cortical glutamatergic
afferents to the inhibitory effects of WIN on CIN-evoked DA
release in the NAc, we used the ChAT::cre/CB1"¥1°%X mice
described above. We confirmed that light activation of CINs pro-
duced oEPSCs recorded in MSNs and that treatment with WIN
still elicited a decrease in the amplitude of oEPSCs (78% = 3%
of baseline; in these animals (Figures 4A and 4C). Next, we
used a cre-recombinase-driven approach to delete CB1 recep-
tors in cortical pyramidal projections neurons of ChAT::cre/
CB1"9¥1°X mjce. Specifically, these mice were transduced with
a recombinant AAV vector encoding cre (or EGFP as a control)
under the control of the CaMKIl promoter into the mPFC
(Chiarlone et al., 2014) (Figure 4B). This treatment selectively ab-
lates the CB1 protein on cortical projection neurons, including
those projections to the NAc (Chiarlone et al., 2014). Experi-
ments were initiated at least 7 weeks following transduction to
allow for deletion of CB1. The amplitude of oEPSCs was un-
changed by WIN (100% + 9% of baseline) in brain slices from
ChAT::cre/CB1"oV°* mjce transduced with the CaMKIl -Cre-
rAAV vector in mPFC (Figures 4A-4C). Additionally, WIN no

longer decreased CIN-evoked DA release (n = 11) when animals
were transduced with the CaMKIl -Cre-rAAV vector in mPFC
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tivit% for 7 versys other nACgR subtypes (10 nM, Mogg et al.,
2002) significantly inhibited CIN-driven DA release (p™< 0.001,

Figure 3E). These results suggest that functional nicotinic recep-
tors exist on prefrontal glutamate terminals and augment DA
release.

out st InNNIdItedad VA release In animals transauced witn in

e
controg QFaMKII -EGFP-rAAV vector. (n = 4) (tp < 0.0001; Fig-
ure 4D). These data suggest that optical CIN stimulation recruits

CB1 receptor-expressing glutamatergic afferents that enhance
DA release and that CB1 activation modulates these glutamater-
gic afferents.
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AMPA Receptor Activation on Accumbal DA Terminals
Elicits DA Release

One mechanism that could underlie the above findings would be
that glutamate release from cortical terminals directly depolar-
izes dopaminergic axons. To test this, we initially prepared cor-
onal brain sections for immunohistochemical analysis, which
revealed that the GluA1 and A2 subunits of the AMPA receptor
are clearly detectable within tyrosine hydroxylase (TH)-positive
axons in the NAc (Figure S5A, top). To validate these findings,
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Figure 5. Selective Activation of Excitatory
Prefrontocortical Projections to the Nucleus
Accumbens Enhances DA Release and Is
Modulated by Cortical CB1 Receptors

(A) In the nucleus accumbens, axon terminals (AT,
green outline) co-expressing CB1 (gold particles,
green arrowheads) and VGIuT1 (scattered dark
material) made asymmetric synapses (green ar-
rows) with a dendrite (De, orange outline). Scale
bar represents 200 nm. Bottom panel shows
quantification of the different classes of axon ter-
minals observed.

(B) C57BL/6J mice were transduced with a re-
combinant AAV vector under the control of the
CaMll promoter into the mPFC (AAV1.CamKlla.
hChR2(11134R)-eYFP; blue trace). Single light
pulse activation of mPFC afferents in the nucleus
accumbens elicits DA release (n = 6), which is
prevented by NBQX.

(C) When the CB1 receptor agonist, WIN55,212-2
(WIN) was added to the slice, a marked reduction
in cortically evoked DA release was observed (red
trace, approximately 60%, p < 0.0001; n = 4), an
effect blocked in the presence of the CB1 receptor
antagonist AM251. Blue rectangles (not to scale)
represent time of optical stimulation.

All data are expressed as mean + SEM.

30" washout

This manipulation produced robust levels

of DA release (Figure S5B, left) compared

—— to micro-pressure-applied aCSF (Fig-
i ure S5B, right).

Excitatory Prefrontocortical
Projections to the Nucleus
Accumbens Enhance DA Release
and Are Modulated by Cortical CB1
Receptors

Given the absence of CB1 receptors on
CINs and DA axons, as discussed above,
another site for CB1 regulation of CIN-
evoked DA release could be glutamater-
gic afferents from mPFC. We verified
that CB1 receptors were expressed on mPFC glutamate affer-
ents in the NAc by examining terminals expressing the vesicular
glutamate transporter type | (VGlut1, a protein mainly found on
cortical afferents) using immuno-electron microscopy. Dense
expression of the CB1 receptor was detected in approximately
one quarter of the VGlutl axon terminals (Figure 5A). In light
of our data suggesting that activation of AMPA receptors con-
tributes to DA release (Figure S5B), including a contribution
following CIN activation (Figures 2D and 2E), we sought to deter-

1s
1s



we performed immuno-electron microscopy analysis of accum-
bal tissue and confirmed that AMPA receptors are indeed

located on the longitudinal axis of DA terminals (Figure S5A, bot-
tom). To further determine whether depolarization of DA termi-
nals by AMPA receptor activation is sufficient to induce DA

release, we micro-pressure applied AMPA (100 M) onto
slices from C57BL/6J mice in the presence of TTX (100 nM).
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mine whether this could be achieved by cortically released gluta-
mate as well. Specifically, we transduced C57BL/6J mice with a

recombinant AAV vector expressing ChR2 under the control of

the CaMKIl promoter injected into the mPFC. Seven weeks
after transduction, NAc brain slices were prepared for voltam-
metric recordings. Single light pulse activation of mPFC afferents
in the NAc elicited DA release, which was tetrodotoxin (TTX)

Cell’ress

Figure 6. Raising Tissue Levels of Endoge-
nous Cannabinoids Mimics the Effect of
Full CB1 Receptor Agonism

(A and B) The monoacylglycerol lipase inhibitor
JZL184 (2 M) decreases DA release evoked by
activation of cholinergic interneurons (CINs). Vol-
tammetric average traces showing the effect of 35
perfusion of JZL184 without blocking CB1 re-
ceptors (A; p< 0.001;t=5.246, df=12; n=7) and
pretreating slices with the CB1 receptor antago-
nist AM251 at3 M (B; n = 6).

(C) Average data for JZL184 and AM251
(**p < 0.001).

(D) Raising tissue levels of anandamide with
URB597 (1 M), a FAAH inhibitor, similarly
decreased DA release evoked by CINs (p < 0.0001;
t = 8.753, df = 8).

(E) Pretreatment with AM251 (3 M) blocked the
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decrease of DA release induced by URB595.

(F) Average data for URB597 and AM251
(*™p < 0.0001). Blue rectangles (not to scale)
represent time of optical stimulation.

All data are expressed as mean + SEM.
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facilitation of DA release induced by
4 2 nicotinic receptors may occur in
the absence of action potential genera-
tion, similar to what we observed
following pressure application of AMPA.
Of course, this new finding indicates
that the TTX/4-AP procedure did not

vehicle JZL1842uM  JZL184 2uM vehicle URBS597 1uM URBS597 1uM  isolate a truly monosynaptic response
in presence of in presence of  contrary to our initial plans, and additional
AM251 3uM AM251 3uM

sensitive (n = 6; Figures S6A and S6B), suggesting that glutama-
tergic inputs from cortical terminals indeed drive DA release in
the NAc in support of recent work (Kosillo et al., 2016). Applica-
tion of NBQX (56 M) for 10 min significantly decreased DA
release evoked by optogenetic stimulation of PFC afferents
(90%). Following a 30-min washout period, DA signals recovered
(Figure 5B). Previous work suggests that cortically driven DA
release is mediated by activation of CINs (Kosillo et al., 2016).
In an attempt to isolate the effects of ChR2-expressing mPFC
inputs directly to dopaminergic terminals, we added 4-amino-
pyridine (4-AP, 100 M) following TTX (100 nM). TTX prevents
synaptic transmission, and 4-AP is used to allow more efficient
ChR2-mediated depolarization of axonal and presynaptic mem-
branes. This technique has been used in past studies to isolate
monosynaptic responses driven by ChR2 activation (Cruikshank
et al., 2010; Petreanu et al., 2007). Application of TTX for

work is needed to determine the mecha-
nisms underlying the ACh role in PFC-
stimulated release under these conditions. Nonetheless, these
data support the idea that PFC-induced DA release requires
the activity of CINs.

We next aimed to functionally probe the role of CB1
receptors on cortical afferents. To do this, we bath applied
WIN (1 M) and observed a marked reduction of cortically
evoked DA release (approximately 60%; n = 4; Figure 5C,
left). Moreover, the actions of WIN were completely prevented
by addition of the CB1 receptor antagonist AM251 (3 M) (Fig-
ure 5C, right). Therefore, PFC-driven NAc DA release is
modulated presynaptically by CB1 receptors and glutamater-
gic synaptic transmission onto CINs is similarly modulated
through CB1 receptor-mediated regulation as shown in
Figure S7.

Raising Tissue Levels of Endogenous Cannabinoids



6—-12 min blocked selective mPFC terminal ChR2-evoked DA re-
sponses completely. Addition of 4-AP for 6 min (during TTX

application) allowed for laser-evoked responses to recover (Fig-
ures S6C-S6E). Somewhat surprisingly, these responses were
still sensitive to blockade by 4 2-containing nAChR receptor
antagonist (Figures S6D and S6E), consistent with the findings
of Kosillo et al. (2016) in the absence of TTX. Thus, our observa-
tions extend these previous findings by providing evidence that
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Mimics the Effect of WIN55,212-2
Because exogenous activation of CB1 receptors modulates

cortical and glutamate-sensitive CIN-evoked DA release, we
next investigated whether raising tissue levels of eCBs
would elicit inhibitory effects similar to those observed with
WIN. Signaling by the eCB 2-AG, one of the better-
characterized eCBs released from membrane phospholipid pre-
cursors, is metabolically regulated by its degradative enzyme,
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‘ Figure 7. “On-Demand” Synthesis of 2-AG
Occurs following the Delivery of Optical
{ Trains to Cholinergic Interneuron
(A—C) Concentration traces (A) for DA release trig-
‘ gered by single pulse optical stimulation of cholin-
ergic interneurons (CINs), pre-drug (left panel), in
the presence of the CB1 receptor antagonist
AM251 (3 M) (middle panel), and following optical
trains of 30 pulses at 5 Hz in presence of
AM251 (right panel). Optical train stimulation of
CINs increases DA release in presence of AM251
(A and B). The AM251-induced increase in DA
release was completely abolished in the presence
of the diacylglycerol lipase inhibitor, DO-34 (1 M)
(F1,14) = 8.246; p < 0.05; n = 8) (average traces, B,
and time course, C). Blue rectangles (not to scale)
represent time of optical stimulation.
(D) Working model for the role of accumbal CB1
receptors expressed on cortical afferents in the
terminal regulation of phasic DA release. The
cartoon illustrates how glutamatergic and cholin-
ergic transmission drives nucleus accumbens DA

5s

30P_5Hz; AM251

i
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Time (min)
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release and its regulation by activation of CB1 re-
30 40 50

ceptors expressed by mPFC terminals in the nu-
cleus accumbens. For cholinergic interneuron
(CIN)-induced DA release, the first event that oc-
curs is optogenetic depolarization of CINs; this
leads to ACh and glutamate release from this cell
population. Our data show that ACh release (the
main diffusible component of this stimulation) can
directly drive mPFC terminals via activation of
nicotinic receptors. This leads to increased gluta-
mate release that further drives both CINs and
possibly also AMPARs on DA terminals. CIN acti-
vation also leads to DA release via the known
NAChR response on DAergic terminals, and this is
likely boosted by the ACh activation of glutamate

release from mPFC terminals that further drives

CIN activity. The activation of glutamatergic
terminals accounts for the sensitivity of DA release
to CB1 activation (the only cellular location where
CB1 and eCBs could affect this circuit). This sce-
nario also accounts for the observation that
AMPAR antagonists inhibit CIN-induced DA
release, as glutamate released from PFC afferents
likely participates in driving CIN activity (and is likely
to also drive DA release more directly under
experimental conditions different than those from

our in vitro recordings). When DA release is evoked by direct optogenetic PFC terminal activation, the primary target of this stimulation is the CIN population. Here
again, DA release evoked by PFC terminal stimulation is modulated by CB1 receptors located on these terminals.

All data are expressed as mean + SEM.

monoacylglycerol lipase (MAGL). Thus, we used the MAGL in- the NAc. To this end, we used URB597, an inhibitor of fatty acid
hibitor JZL184 (2 M) to raise tissue levels of 2-AG. When amide hydrolase (FAAH) the primary degradative enzyme for
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CIN optical stimulation were reduced by 46% + 8% (p < 0.001;
n =

7; Figures 6A and 6C). When slices were pretreated with
the CB1 receptor antagonist AM251 (3 M) for 45 min and the
antagonist was then bath applied together with JZL184, the
reduction elicited by JZL184 was prevented (Figures 6B and
6C). We next determined whether anandamide, another eCB
released under specific conditions in the striatum (Gerdeman
etal., 2002; Giuffrida etal., 1999; Zhang et al., 2015), would simi-
larly depress DA release caused by optical activation of CINs in

dnandaimidge. AQdition Oor unboJd/ 10 tne DAl decreaseq UlIN-
evoked DA release (Figures 6D and 6F) ina CB1 receptor-depen-

dent fashion (Figures 6E and 6F). These results suggest that eCB
signaling within the NAc has the potential to modulate DA release
evoked by activation of CINs.

“On-Demand” Synthesis of 2-AG Occurs following the
Delivery of Optical Trains to CINs

The results above show that eCBs can potentially limit CIN-
evoked DA release. In our next experiments, we asked whether
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Figure 8. CB1 Receptor Activation Modu-
lates Reinforcement Driven by Cortical
Glutamate Afferents into the Nucleus Ac-
cumbens
(A) Schematic of viral transduction in the prefrontal
cortex (PFC) and optic fiber placement in the
striatum (Str; top, left). Fluorescent tag (eYFP;
green) and DAPI (blue) in the PFC (top, right) and
fibers in the NAc (bottom). LV, lateral ventricle;
NAcC, NAc core; ac, anterior commissure.
(B) Conditional deletion of the CB1 receptor on
PFC afferents potentiated self-stimulation (2-way
repeated-measures ANOVA; session: F254) =
18.57, p < 0.001; group: F(1 84 = 4.90, p < 0.05;
group x session interaction: F7,84)=1.90, p =0.08).
(C) Representative cumulative response records
following eCB manipulations.
(D and E) JZL-attenuated active presses com-
o pared to the prior behavioral session (Pre) when
data are expressed as (D) the number of active
presses (two-way repeated-measures ANOVA;
drug session interaction: F @425 = 5.14,
p < 0.001) and (E) percent change (one-way
ANOVA: F 4, 25y =6.29, p = 0.001). JZL effects were
reversed by AM-251 (AM) and absent following
conditional CB1 receptor deletion. Data are rep-
resented as mean + SEM. **p < 0.001, **p < 0.01
(Tukey’s post hoc test).
(F) The D1 receptor antagonist SCH23390 (SCH,
1 g/0.5 L)and the non-selective nACh receptor
mecamylamine (MEC, 10 g/0.5 L) potently
Pre VEH Pre JZL Pre AM Pre JZL Pre JZL VEH JZL AM JZL JZL attenuate responding in ICSS when injected into
AM cB1™* AM CB1™  the NAc compared to saline (0.5 L).
G (G) Pooled behavioral effects of intracerebral
administration of SCH and mecamylamine versus
saline during ICSS maintained by optical stimula-
tion of cortical terminals in the NAc (one-way
repeated-measures ANOVA: Fgz 12 = 10.80,
p < 0.001. **p < 0.01 versus saline).
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2001 range for CIN-evoked DA release in the

NAc (Cachope et al., 2012). Under these
conditions, DA release increased by
45% (p < 0.001; n = 8; Figures 7A, right,
7B, and 7C) relative to train-induced
release in the absence of the antagonist.
Importantly, the increase in DA release
induced by AM251 was completely abolished in the presence
of the DGL inhibitor DO34 (1 M; Ogasawara et al., 2016;
p < 0.05) as depicted in Figure 7C), suggesting that applica-
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eCBs could actively be recruited to shape patterns of CIN-
evoked DA release. 2-AG is the primary eCB that mediates
retrograde synaptic signaling at central synapses (Tanimura



et al., 2010). On-demand 2-AG biosynthesis is catalyzed by

diacylglycerol lipase (DGL ) via calcium- and Ga-protein-
coupled receptor-dependent mechanisms (Tanimura et al.,

2010). Here, we show that AM251 does not modify DA release
in response to single pulse optical stimulation (Figure 7A), sug-
gesting that this pattern of stimulation is not sufficient to pro-
duce 2-AG release. Therefore, to investigate the conditions
better suited for 2-AG mobilization following CIN optical activa-
tion, we incubated slices with or without AM251 (3 M) and
optically activated CINs with 30 pulses delivered at 5 Hz, a
frequency previously shown to be in the preferential pulse

tion of optical trains to CINs, but not stimulation with single
pulses, mobilizes 2-AG to limit CIN-driven DA release (Fig-

ure 7D). Addition of AM251 during train stimulation prevents
activation of CB1, presumably by displacing 2-AG released
during stimulation. The CB1 receptors activated by 2-AG are
almost certainly those on cortical terminals given our evidence
that the receptor is not expressed by other relevant neurons
within the circuit as shown in the diagram on Figure 7D.
Through this indirect mechanism, CB1 blockade ultimately pre-
vents 2-AG actions that would normally inhibit extracellular DA
levels.

2-AG Binding to CB1 Receptors Expressed on mPFC
Terminals in the Nucleus Accumbens Constrains
Reinforcement Sustained by Optical Activation of These
Cortical Axons

It has previously been demonstrated that optical activation of
cortical terminals in the NAc reinforces instrumental behavior
(Brittet al., 2012). Here, we assessed whether CB1 receptors in-
fluence reinforcement driven by mPFC glutamate afferentsin the
NAc. Specifically, we measured self-stimulation induced by op-
togenetic activation of ChR2-expressing accumbal mPFC axons
(Figure 8A; Britt et al., 2012) and its sensitivity to eCBs, DA, and
nNACh receptor manipulations. We observed robust self-stimula-
tion behavior (Figure 8B) as previously described (Britt et al.,
2012). Conditional knockout of the CB1 receptor on PFC affer-
ents potentiated self-stimulation compared to controls, support-
ing the idea that eCB signaling can modulate functional effects of
PFC activation in vivo (Figure 8B and Figure S8). Conversely,
self-stimulation was attenuated by increasing tissue levels of
the eCB 2-AG by inhibiting its degradation with JZL184
(18 mg/kg, i.p.). Moreover, the effects of JZL184 were reversed
by co-administration of AM251, which did not have any effects
per se at the relatively low dose we used (0.75 mg/kg. i.p.,
Figures 8C-8E). The effects of JZL184 were abolished in mice
lacking CB1 receptors on PFC terminals (Figures 8C-8E), an ef-
fect that cannot be explained by an indiscriminate higher rate of
lever pressing in animals with an ablation of CB1 receptors on
PFC terminals (Figure S8). Altogether, these data suggest that
this population of receptors mediates the pharmacological ef-
fects of JZL. Next, we demonstrate a link between self-stimula-
tion of cortical terminals in the NAc and D1 receptors as shown
previously by our group and others; namely, a decrease in the
vigor of self-stimulation behavior induced by a D1-like receptor
antagonist (Figure 8; Nowend et al., 2001; Yun et al., 2004; Cheer
et al., 2007). D1 receptors were targeted, with a D1 antagonist
(SCH 23390), because of their low-affinity state, which would
be primarily tuned to the phasic, high concentration release of
DA, documented here in vitro and in vivo (also see Cachope
et al., 2012). Finally, behavior was also potently disrupted
when the non-selective nACh receptor antagonist mecamyl-
amine was infused bilaterally into the NAc at a concentration
devoid of locomotor confounds (Collins et al., 2016), supporting
an important role for these receptors on PFC-driven instrumental
behavior, a finding that aligns with observations from our in vitro
experiments and our prior work (Cachope et al., 2012).

DISCUSSION
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CB1 receptor activation does not inhibit DA release following sin-
gle pulse electrical stimulation as shown by others and by us
here (Sidlo et al., 2008; Szabo et al.,, 1999). Additionally,
GABAergic transmission does not appear to contribute to the
CIN-driven DA release, ruling out a role for the other major
CB1-expressing neuronal subtype in striatum (i.e., the parvalbu-
min-positive fast-spiking interneurons and the MSNs them-
selves). Our results show a previously unseen level of specificity
for actions of CB1 receptors in the terminal modulation of DA
release and of behavior reinforced by specific activation of
cortical glutamate terminals in the NAc (Figure 7D). These find-
ings extend earlier work showing that CB1 receptors are
powerful modulators of striatal DA release and motivated
behavior due to their indirect disinhibitory actions on dopami-
nergic neurons in the midbrain (Cheer et al.,, 2000a, 2004;
Lupica et al., 2004; Riegel and Lupica, 2004; Wallmichrath and
Szabo, 2002).

The different neural substrates involved in DA release evoked
by a single electrical versus optical pulse stimulation may be
numerous, but differential involvement of glutamatergic synaptic
transmission appears to be crucial to the explanation of our find-
ings. Glutamate receptor antagonists have no effect on single
pulse electrical stimulus-induced DA release (Avshalumov
et al., 2003). Threlfell et al. showed no effect of an NMDA recep-
tor antagonist plus a low concentration of an AMPA receptor
antagonist on CIN-evoked DA release in dorsal striatum except
when CINs are activated by thalamic inputs (Threlfell et al.,
2012). In the NAc, antagonists of AMPA and NMDA ionotropic
glutamate receptors inhibit DA release following CIN activation
(Cachope etal., 2012). This discrepancy could be due to regional
differences although a detailed pharmacological characteriza-
tion of the involvement of all ionotropic glutamate receptors in
DA release in both regions is warranted. Accordingly, we
observed that optical CIN activation produces EPSCs in
MSNs, responses regulated by CB1 receptors. Additionally,
cortical glutamate drive onto CINs themselves is also regulated
presynaptically by CB1 receptors. Glutamate release can be
stimulated directly by activation of PFC afferents or indirectly
through activation of 7 nAChRs on PFC terminals. The released
glutamate could regulate DA release in at least two ways. It is
known that cortical activation stimulates CINs and this enhances
DA release through activation of nAChRs (Kosillo et al., 2016).
This appears to be the predominant mechanism by which opto-
genetic PFC activation increases DA release given the sensitivity
of this process to nAChR blockade (Figure S6; Kosillo et al.,
2016). The AMPA receptors that we find on DA terminals may



Here we show that activation of CB1 receptors on cortical termi-
nals decreases DA release evoked by CIN activation in vivo and
in brain slices. Itis unlikely that this reduction is due to decreased
probability of ACh release involving activation of CB1 receptors
present on cholinergic terminals, because our own data as well
as that of others (Hohmann and Herkenham, 2000) demonstrate
that CB1 mRNA is not expressed by CINs in the NAc and thus
CB1 receptors do not directly modulate ACh release. Dopami-
nergic terminals do not express CB1 receptors (Julian et al.,
2003), and thus these neurons are not the site of the CB1 recep-
tor-mediated effects reported here. Consistent with this idea,

also contribute to glutamatergically driven DA release, although
it remains to be determined”undér which circumstances they

play a role. When CINs are activated optogenetically, glutamate
release driven by ACh could act directly on AMPARSs located on
DA terminals, although this will have to be determined in future
studies. The other possibility is that glutamate released following
CIN stimulation and subsequent 7 nAChR activation feeds back
onto CINs to further enhance ACh release. This scenario,
although admittedly complicated, cannot be ruled out at this
time. Importantly, the finding that AMPA receptor blockade oc-
cludes the effects of WIN on CIN-evoked release is consistent
with our results showing that CB1 receptors act by decreasing
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glutamate release and subsequent AMPA receptor activation.
This process may involve AMPA receptors on CINs as well as
those receptors on dopaminergic terminals (Kaiser and Wonna-
cott, 2000; Kendrick et al., 1996; Smolders et al., 1996). Thus,
CB1 receptors on glutamatergic afferents modulate DA release
only under conditions where these afferents are activated and
glutamate contributes to DA release. Together, these data lead
us to propose that CB1 receptors on cortical glutamatergic ter-
minals modulate DA release via mechanisms upstream of
AMPA effector sites.

Because some studies have shown that AMPA receptor
blockade actually enhances DA release evoked by electrical
stimulation under specific conditions (Avshalumov et al., 2003),
a provocative thought arises. If AMPA receptor blockade only in-
hibits CIN or mPFC-driven release of DA as shown in the present
study, this implies that electrical stimulation recruits additional
DA release mechanisms that are not AMPA receptor dependent.
This idea is consistent with a recent study demonstrating that
AMPA receptor blockade does not affect DA release induced
by direct stimulation of VTA afferents (Zhang et al., 2015). Thus,
direct activation of at least some dopaminergic terminals may
bypass sensitivity to AMPA receptor activation (Zhang et al.,
2015). It is also possible that electrical stimulation activates glu-
tamatergic transmissionto a degree that 7-type nAChRs cannot
further influence release. Nevertheless, our findings are most
consistent with the idea that CIN activation primarily evokes
ACh release, which likely depolarizes nearby CB1 receptor-
expressing glutamatergic terminals via volume transmission (Ca-
chope and Cheer, 2014). Our finding that activation of 7-type
NAChRs increases the frequency of glutamatergic mEPSCs as
well as mPFC afferent-specific asynchronous glutamate release
in the NAc is aligned with this hypothesis. Modulation of
glutamate release by 7 nAChRs is also supported by previous
studies showing that nAChRs on glutamate terminals powerfully
enhance glutamate neurotransmission in NAc synaptosomes
and slices (Jones et al., 2001; Kaiser and Wonnacott, 2000;
Zhang and Warren, 2002). Single pulse optical CIN activation,
as opposed to electrical stimulation, may depolarize CB1 (and
nicotinic) receptor-expressing glutamatergic terminals, and
glutamate released from these afferents activates AMPA recep-
tors on CINs (and probably on DA terminals) to facilitate DA
release (in addition to their direct depolarization by 2-expressing
nicotinic receptors [Cachope et al., 2012; Threlfell et al., 2012]).
Another possibility is that ACh has a tonic effect on glutamate

mechanistic link between transduction at D2 receptors and
anandamide synthesis has yet to be established. However,
and in agreement with the ability of CB1 receptors to respond
to both eCBs (Mathur and Lovinger, 2012), we observed that
pharmacological elevation of 2-AG or anandamide mimic the
inhibitory effects of WIN on CIN-evoked DA release in the NAc.
We further provide evidence that 2-AG is released “on demand”
following optical trains but not single pulse stimulation of CINs.
Prevention of AM251-induced facilitation of DA release by
blockade of 2-AG synthesis indicates that 2-AG is mobilized
following sustained CIN depolarization and limits dopaminergic
output. Given the sampling rate of FSCV, it may not be possible
to precisely determine when the AM251 effect begins. However,
it is known that eCB release can occur within hundreds of
milliseconds (Heinbockel et al., 2005). Therefore, optical trains
that mimic the physiological activity of CINs are likely to initiate
the production of 2-AG (possibly by MSNs but other sources
cannot be ruled out); this “on demand’” mobilization of 2-AG
can be followed by retrograde signaling onto CB1 receptors pre-
sent on cortical glutamatergic terminals to lessen glutamate
release probability and thus decrease overall CIN-evoked DA
release. Unfortunately, due to the lack of specific anandamide
synthesis inhibitors, it remains to be determined whether optical
trains similarly mobilize this eCB.

Prefrontocortical glutamatergic afferents to the NAc are crit-
ical for the integration of contextual information related to the
pursuit of rewards (Floresco, 2015). Moreover, this interface
has been extensively studied with regard to eCB-mediated
changes in synaptic plasticity, where CB1 receptor activation
decreases strength of glutamatergic synapses onto accumbal
MSNs (Robbe et al., 2002a, 2002b). The findings that WIN-
mediated effects on CIN-evoked changes in MSN synaptic
excitation and DA release are dramatically diminished in ani-
mals with a conditional deletion of CB1 receptors specifically
in this projection, suggest that cholinergic and dopaminergic
signals are more subtly intertwined than previously thought.
Indeed, eCB tone may be a key activity-dependent mediator
of release from terminals within these micro-circuits. Our
behavioral results suggest that this is the case, at least when
behavior is reinforced by optical activation of cortical terminals
in the NAc (Britt et al., 2012). A key observation is that, under
these circumstances, raising 2-AG levels shows an effect that
is opposite to what we previously described for motivated
behavior driven by stimulation of the midbrain (Oleson et al.,

P~ N 4 N\
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The eCBs anandamide and 2-AG are mobilized by receptor
activation and depolarization of MSNs and they change synaptic
strength depending on the particular signal necessary for eCB
production (Hashimotodani et al., 2013). In particular, 2-AG syn-
thesis is thought to arise mainly from activation of postsynaptic
G/11-coupled receptors such as group | metabotropic gluta-
mate receptors and M1/M3 muscarinic cholinergic receptors
that recruit the activity of several phospholipases that produce
diacylglycerol, the precursor for 2-AG (Narushima et al., 2007;
Uchigashima et al., 2007). On the other hand, anandamide
biosynthesis has been linked to D2 receptor activation (Gerde-
man et al., 2002; Giuffrida et al., 1999), although the precise

CellPress

U lZ), 1IN Strong support orf tne alferent rmecnanisimng or action
for 2-AG; e.g., inhibition of cortically driven excitation in the

NAc versus disinhibition of DA neuron cell bodies in the
midbrain. These opposite effects of JZL184 are likely to occur
due to the different substrates utilized by 2-AG (i.e., activation
of CB1 receptors on glutamate terminals in NAc versus CB1 re-
ceptors on GABA terminals in the VTA). We further show that
behavior maintained by optical stimulation of PFC terminals in
the NAc is reliant upon DA D1 (Yun et al., 2004; Cheer et al.,
2007) and nicotinic receptors (Crespo et al., 2008; Feduccia
et al., 2014), suggesting that it may recruit, at least in part,
the mechanisms uncovered in our in vitro experiments for its
maintenance. It is notable that nicotinic receptor blockade
can, under different experimental conditions, enhance behavior
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as well as phasic DA concentrations in the NAc (Collins et al.,
2016), thereby highlighting a precise level of influence of these
neurotransmitters that is critically dependent on the neural
mechanisms that motivate instrumental behavior. Thus, a
possible function of eCB signaling at PFC to NAc synapses
when cholinergic activity is elevated, for example when rewards
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-ChAT EMD Millipore Cat# ab144P, RRID: AB_2079751

Mouse monoclonal anti-TH EMD Millipore Cat# MAB318, RRID: AB_2201528

Rabbit polyclonal anti-GluR1 Frontier Institute Cat# GIluA1-Rb-Af690, RRID: AB_2571752

Rabbit polyclonal anti-GluR2 Frontier Institute Cat# GluR2C-Rb-Af1050, RRID:
AB_2201528

Rabbit polyclonal anti-CB1 Frontier Institute Cat# CB1-Rb-Af380, RRID: AB_2571591

Guinea pig polyclonal anti-VGIuT1 Frontier Institute Cat# VGIuT1-GP-Af570, RRID:
AB_2571618

Alexa Fluor-488-rabbit Jackson Immunoresearch Cat#711-545-152, RRID: AB_2313584

Alexa Fluor-594-mouse Jackson Immunoresearch Cat# 715-585-150, RRID: AB_2340854

Anti-rabbit-lg coupled to 1.4-nm gold Nanoprobes Cat# 2003

Bacterial and Virus Strains

AAV1.CamKlla.hChR2(H134R)-eYFP.WPRE.hGH Penn Vector Core Addgene26969P

rAAV hybrid serotype 1/2 rAAV plasmid CamkP-EGFP Universidad Complutense, Madrid Virus 8 Guzman lab

rAAV hybrid serotype 1/2 rAAV plasmid CamkP-CRE Universidad Complutense, Madrid Virus 9 Guzman lab

AAV5.EF1.DIO.hChR2(H134R)-eYFP.WPRE.hGH Penn Vector Core Addgene20298P

Chemicals, Peptides, and Recombinant Proteins

PNU 120596 Tocris Bioscience Cat#2498; CAS: 501925-31-1

PNU 282987 Tocris Bioscience Cat#2303; CAS: 123464-89-1

Picrotoxin Sigma-Aldrich P1675; CAS: 124-87-8

[35S]- and [33P]-labeled single-stranded antisense NIDA N/A

or sense of CB1 receptor probes

R(+)-SCH-23390 hydrochloride Sigma-Aldrich 125941-87-9

Mecamylamine Sigma-Aldrich 826-39-1

JZL-184 Cayman 13158

AM-251 Cayman 71670

WIN55-212-2 Sigma-Aldrich W102-25MG

URB597 Cayman CAS 546141-08-6



Methyllycaconitine Sigma-Aldrich 112825-05-5

D034 Laboratory of Dr. Benjamin Cravatt N/A

WIN 55,212-2 Tocris 131543-23-2

Experimental Models: Organisms/Strains

Mouse: C57BL/6J Jackson Laboratories Cat#000664; RRID: IMSR_JAX:000664
Mouse: Ai14: Gt(ROSA)26Sortm14(CAG- Jackson Laboratories Cat#007914; RRID: IMSR_JAX:007914
tdTomato)Hze

Mouse: CB1fox/flox NIAAA N/A

Mouse: Chat::cre Jackson Laboratories Cat#006410; RRID: IMSR_JAX:006410
Software and Algorithms

Mini Analysis Synaptosoft N/A

Clampex/Clampfit 10.3 Molecular Devices N/A

Demon EChem Software Custom N/A
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CONTACT FOR REAGENTS AND RESOURCE SHARING

Further information and requests for reagents and resources should be directed to, and will be fulfilled by the Lead Contact, Dr. David
Lovinger (lovindav@mail.nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Group housed (4 per cage) in a 12 hr cycle adult male ChAT-IRES-Cre mice, B6;129S6-Chattm1(cre)Lowl/J (Jackson Laboratory,
ME), weighing an average of 27 g were used unless otherwise stated. Animals were housed in a temperature-controlled vivarium
(24 C) and fed regular laboratory chow with ad libitum access to water. These animals were also used to generate a selective
knockout of the CB1 receptor (CB1R) from cholinergic neurons. First, CB{"°* were obtained from the Fisher’s Lane Animal Center
maintained by the NIAAA-NIH. CB11°¥M°X mjce have the endogenous Cnr1 gene, which encodes for the CB1 receptor protein, re-
placed with a version that has exon 2 flanked on both sides by one pair of loxP sites. Next, homozygous ChAT::Cre mice were mated
with C57BL/6J mice to generate heterozygous ChAT::Cre mice (ChAT/cre). ChAT*::cre mice were then mated with CB119¢f°% | re-

sulting in a 1:1 ratio of ChAT"::cre CB17/"*: ChAT"* CB1""°* pups. The generated ChAT"::creCB1*"°* animals were crossed with

CB171o¥MoX mice, resulting in a 1:1:1:1 ratio of the following genotypes: ChAT”*CB1*+°%; ChAT"::cre/CB1*/M°%; ChAT+*/CB1Mo¥/flox

and ChAT":Cre/CB1"°¥"°% This mating scheme was continued, as both required breeder genotypes (ChAT::Cre/CB1*"°* and

CB171°¥M°X) are produced via this mating scheme. ChAT*::Cre/CB1"°¥°* were used as experimental mice. After surgery, mice
were single housed in a room under a 12-hr light/dark cycle and food/water continued to be available ad libitum.

To enable whole cell patch recordings from CINs, ChAT ::cre mice were crossed with Ai14 mice (Jackson Laboratory), which ex-
press the fluorescent reporter TdTomato under the control of Cre recombinase. Male C57BL/6J mice (10-15 weeks old, Jackson
Laboratory) were used for experiments in which ChR2 was expressed in mPFC projections and for miniature EPSC (mEPSC) record-
ings. All experiments and procedures were approved by the University of Maryland School of Medicine’s Institutional Animal Care
and Use Committee protocols and the NIH Guide for the Care and Use of animals.

METHOD DETAILS

Stereotaxic virus injection

Mice were positioned in a stereotaxic frame under anesthesia with isoflurane (3% induction, 2% maintenance). AAV-EIF1a-DIO-
hChR2-EYFP was injected bilaterally (300 nl/side) into the NAc (+ 1.2 anteroposterior, + 1.2 mediolateral and 3.8 dorsoventral, relative
to bregma) using a Hamilton 800 series syringe. For some experiments mice were additionally transfected with a recombinant AAV

vector encoding cre (or EGFP as a control) under the control of the CaMKIl promoter into the mPFC (+ 1.9 anteroposterior, + 0.5
mediolateral and 2.5 dorsoventral).

optical stimulation and fast-scan cyclic voltammetry
At least 4-8 weeks after virus injection (AAV-EIF1a-DIO-hChR2-EYFP), ChAT::Cre mice were anaesthetized with urethane
(1.5 g/kg i.p.) and placed in an stereotaxic frame. A glass-encased cylindrical carbon fiber (Goodfellow, PA) (7 m diameter, 150-



200 rr*el)éoosed Ien(?th) was aimed to the NAc (AP +1.0mm; L +1.2 mm;V 3.7-4.2 mm). The optical fiber was lowered with a lateral
angle o (AP +1.0; L'+2.2 mm; V 3.8 mm). DA was evoked with optical stimulation’triggered with 20 pulses at 20 Hz trains.

optical stimulation and fast-scan cyclic voltammetry

At least 4-8 weeks after virus injection, mice brain slices were prepared (Cachope et al., 2012). Expression of ChR2-eYFP was always
verified by YFP visualization using an epifluorescence microscope (Olympus MVX10) for each slice before recording. A glass-en-
cased cylindrical carbon fiber (Goodfellow, PA) (7 m diameter, 100-130 m exposed length) was placed into the NAc at a location
expressing eYFP. For the majority of experiments performed for this study, optical stimulation was delivered by placing an optical
fiber (105 m core diameter, 0.22 NA (Thorlabs, NJ) in apposition to the brain slice. Optical stimulations are represented on the figures
as blue rectangles, depicting the time of application. When electrical stimulation was applied; stimuli were delivered by a constant
current isolated stimulator (A-M Systems, WA) through a bipolar tungsten electrode in contact with the slice. Extracellular DA release
was monitored by FSCV by applying a triangular input waveform from 0.4V to +1.2V and backto 0.4V (versus an Ag/AgClI refer-
ence electrode immersed in the bath solution) through the carbon fiber electrode. Cyclic voltammograms were acquired at 100 ms
intervals. Ten cyclic voltammograms recorded before stimulation were averaged and subtracted from post-stimulus voltammograms
to measure changes in DA levels using Demon acquisition and analysis program (Yorgason et al., 2011).

Electrophysiology
Mouse brain slices were transferred to a recording chamber and placed on an elevated nylon mesh platform. Artificial cerebral spinal
fluid (@CSF: 124 mM NaCl, 4.5 mM KCI, 2 mM CaC}, 1 mM MgCl,, 26 mM NaHCOs, 1.2 mM NaH,PO, and 10 mM glucose, raised to

320-330 mOsm with sucrose) was superfused across the slices at a rate of 1-2 mL min’' at 29-32 C. Whole-cell, voltage-clamp
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recordings of excitatory postsynaptic currents (EPSCs) from medium spiny neurons (MSNSs) or CINs were carried out using a Multi-
clamp 700A amplifier (Axon Instruments). Slices were visualized on an Olympus BX50W microscope (Olympus Corporation of Amer-
ica) using a 40x/0.80 n.a. water-immersion objective for localizing cells for whole-cell recordings. Recording pipettes of 2.0-4.0 M
were filled with a CsMeS03-based solution of 300-315 mOsm containing 120 mM CsMeSQ, 5 mM NaCl, 10 mM TEA-CI, 10 mM
HEPES, 5 mM lidocaine bromide, 1.1 mM EGTA, 0.3 mM Na-GTP and 4 mM Mg-ATP. Picrotoxin (50 M) was added to the aCSF

for recordings to isolate excitatory transmission. For mEPSC recordings, tetrodotoxin (TTX, 0.5 M) was also included in the
aCSF. MSNs were identified based on their capacitance and membrane resistance. CINs were identified by online visualization of

cre-dependent TdTomato expression. Cells were heldat 60 mV throughout the course of the experiments. Optically evoked EPSCs
(0EPSCs) in MSNs or CINs were elicited in brain slices using 470-nm blue light (5-ms exposure time) delivered via field illumination
using a High-Power LED Source (LED4D067, Thor Labs). Light intensity was adjusted to produce a maximal oEPSC amplitude of
400 pA (< 100 mW). oEPSCs were evoked once per minute. Asynchronous EPSC (aEPSC) events were recorded in aCSF in which
Ca”* was replaced with 4 mM Sr2+, and were analyzed between 50 and 450 ms following the onset of the light pulse. For mEPSC and
aEPSC experiments, baselines were recorded for five minutes, followed by sequential five-minute drug applications. Baseline fre-
quencies and amplitudes were averaged over the full 5-minute period, and drug effects were measured for minutes 3 and 4 of
each drug application.

hybridization and ChAT immunolabeling

Three ChAT::cre mice were anesthetized with chloral hydrate (35 mg/100 g) and perfused transcardially with 4% (W/V) paraformal-
dehyde (PF) in 0.1 M phosphate buffer (PB), pH 7.3. Brains were left in 4% PF for 2 hr at 4 C, rinsed with PB and transferred sequen-
tially to 12%, 14% and 18% sucrose solutions in PB. Coronal serial sections of 20 m in thickness were prepared.
in situ

Coronal free-floating sections were processed as described previously (Morales and Wang 2002; Wang and Morales 2008). Sections
were hybridized for 16 hr at 55 C in hybridization buffer containing [35S]- and [33P]-labeled single-stranded antisense or sense of rat
CB1 receptor probes at 20 107 cpm/ml. Sections were treated with4 g/ml RNase A at 37 C for 1 hr, washed with 1 x SSC, 50%
formamide at 55 C for 1 hr, and with 0.1 x SSC at 68 C for 1 hr. After the last SSC wash, sections were rinsed with PB and incubated
for 1 hr in PB supplemented with 4% bovine serum albumin and 0.3% Triton X-100. This was followed by the overnight incubation
at 4 C with an anti-ChAT goat antibody (1:50). After rinsing 3 10 min in PB, sections were processed with an ABC kit (Vector
Laboratories, Burlingame, CA). The material was incubated for 1 hr at room temperature in a 1:200 dilution of the biotinylated
secondary antibody, rinsed with PB, and incubated with avidin-biotinylated horseradish peroxidase for 1 hr. Sections were rinsed
and the peroxidase reaction was then developed with 0.05% 3, 3 diaminobenzidine-4 HCI (DAB) and 0.03% hydrogen peroxide
(H202). Free-floating sections were mounted on coated slides. Slides were exposed in the dark at 4C for four weeks prior to
development.

Fluorescence microscopy and image analysis for immunodetection of AMPA receptors on DA terminals
Fixed mouse coronal brain sections (40 m) were incubated for 1 hrin PB supplemented with 4% BSA and 0.3% Triton X-100. Sec-
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dilution) + mouse-anti-TH (MABS18; EMD Illpore 1:1000 dilution); or rabbit-anti-GIuR2 (GIuRZC Rb -Af286; Frontier Institute,

1:500 dilution) + mouse-anti-TH (MAB318; EMD Millipore, 1:1000 dllutlon) overnight at 4C. Fluorescent |mages were collected
with Olympus FV1000 Confocal System (Olympus, Center Valley, PA).

Electron microscopy

Vibratome brain sections were rinsed with 0.1 M PB (pH 7.3), incubated with 1% (w/v) sodium borohydride in PB for 30 min to inac-
tivate free aldehyde groups, rinsed in PB, and then incubated with blocking solution [1% (v/v) normal goat serum (NGS), 4% (w/v) BSA
in PB supplemented with 0.02% (w/v) saponin] for 30 min. Sections were incubated with primary antibodies rabbit-anti-CB1 (1:200,
CB1-Rb-Af380, Frontier Institute) + guinea pig-anti-VGIuT1 (1:400, VGIuT1-GP-Af570, Frontier Institute). Sections were rinsed and
incubated overnight at 4 C in the corresponding secondary antibodies: biotinylated goat-anti-guinea pig (VGIuT1 detection) +
anti-rabbit-IgG coupled to 1.4-nm gold (2003; 1:100 dilution, CB1 detection). Next, sections were processed with an ABC kit, fixed
with 0.5% (v/v) osmium tetroxide, and contrasted in 1% (w/v) uranyl acetate. Sections were dehydrated and flat embedded in Dur-
cupan ACM epoxy resin (EMS). Sections were examined and photographed using a Tecnai G 12 transmission electron microscope

(Fei). Specificity of primary antibodies has been previous described (Zhang et al., 2015).

Behavioral experiments

Male C57BL/6J mice (n = 7) were transduced with a recombinant AAV vector under the control of the CaMKIl alpha promoter

(AAV1.CamKIl .hChR2(11134R)-eYFP; 500 nl) bilaterally into the mPFC. CB1"""** (n = 7) transduced with a recombinant AAV vector
expressing Cre recombinase under the control of the CaMKIl promoter (AAV1.CamKIl .4.Cre.SV40; 300 nl) along with a Cre-depen-
dent ChR2 vector (AAV5.EF1a.DIO.hChR2(H134R)-eYFP.WPRE.hGH; 200 nl) bilaterally into the mPFC as described above. Optical
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fibers (105 m core diameter, 0.22 NA; Thorlabs, NJ) were implanted bilaterally into the NAc 5-6 weeks following viral transduction.
Stereotaxic coordinates for the mPFC and NAc are relative to bregma as follows: mPFC, +1.9 anterioposterior, + 0.5 mediolateral,
2.5 dorsoventral; NAc, +1.2 anterioposterior, + 1.2 mediolateral, 3.8 dorsoventral. Mice were tested for optogenetic intracranial

self-stimulation (ICSS) of CamKIl -expressing inputs to the NAc 1 week following fiber implants.

For self-stimulation experiments, mice were placed in operant chambers (21.6 chm x 17.8 cm x 14 cm; Med Associates, St Albans,
VT) equipped with retractable active and inactive levers. An LED light above the lever indicated the active lever. Active lever presses
produced 30, 5 ms light pulses delivered at 30 Hz. Inactive lever presses were recorded but had no programmed consequence. Ses-
sions lasted 30 min. Light was delivered by a diode-pumped solid-state laser (473 nm, 150 mW) coupled to 62.5 m core, 0.22 NA
optical fiber (Thor Labs), and was split with a fused optical coupler. Light output was 10 mW per split fiber.

For self-stimulation experiments, mice were treated with vehicle, AM251 (0.75 mg/kg), JZL184 (18 mg/kg), or JZL (18 mg/kg) +
AM251 (0.75 mg/kg). Injections were administered intraperitoneally and assigned using a Latin square design with a minimum of

3 days between treatments. Pretreatment times were 30 min for AM251 and vehicle, and 120 min for JZL (Long et al., 2009). Drugs
were prepared in a 1:1:18 vehicle consisting of emulphor, ethanol, and saline, respectively. For ICSS and local pharmacology exper-
iments, a 26-gauge guide cannula was coupled to an optical fiber (Jennings et al., 2013) and implanted bilaterally in the NAc. Saline
(0.5 1),SCH23390(1 ¢g/0.5 Il)yormecamylamine(10 g/0.5 |)wereinfused atarate of0.25 I/min.Cannulae were left inplace foran
additional 2 min to allow drug diffusion. Subjects were placed in the behavioral chamber 10 min later. Drug concentrations were cho-
sen based on studies that have previously demonstrated a lack of non-specific locomotor impairments (Nowend et al., 2001; Yun

et al., 2004; Collins et al., 2016).

QUANTIFICATION AND STATISTICAL ANALYSIS

Animals were randomly allocated to experimental or control groups and coded key of all specimens was used when possible to blind
investigators performing the experiments until data analysis was completed. The primary end of point for each experiment was pro-
spectively assessed and mice that did not survive until this primary end point were not included data analysis. Appropriate parametric
statistics were utilized to test our hypotheses. If the data did not meet the assumptions of the intended parametric test (normality,
heterogeneity of variance tests) appropriate non-parametric tests were implemented used. Power analysis assumptions were:
power =0.9; alpha =0.5; two-tailed and an expected difference 50% greater than the observed standard deviation. Unless otherwise
indicated, 2-way ANOVA followed by Bonferroni corrections was performed using Prism (GraphPad Software, CA) for analysis of vol-
tammetry recordings as in Cachope et al. (2012). Measurements of EPSCs were made using pClamp software (Molecular Devices).
Graphs and statistical analyses were generated using GraphPad Prism 4.0 software (Hearne Scientific Software). EPSC data are re-
ported as percent of baseline (mean + SEM). Percent baseline measurements of EPSCs reported in the text are the average of the
time window (from 31 to 40 min for 40-min recordings in Figures 5C and 5D, and for 26-30 min for 30-min recordings in Figures 6B and
6C). mEPSC frequency and amplitude were analyzed using Mini Analysis (Synaptosoft). mEPSC data are reported for 2 min windows



during baseline and drug recordings. Two-way repeated-measures ANOVA followed by post hoc Bonferroni tests were performed on
MEPSC data. Statistical analyses were performed on these same time windows. N values for all figures represent numbers of re-

corded cells; only one cell was used from each slice, and at least two animals were used for each experimental group. No statistical
methods were used to pre-determine sample sizes, but our sample sizes are similar to those reported previously (Atwood et al.,
2014). Comparisons of treatments and controls were performed using Student’s t tests and one-way ANOVA with Tukey’s multiple
comparisons post-test.

Data analysis for immunohistochemistry

Single and double-labeled neurons were observed within each traced region at high power (20X objective lens). Double-labeled ma-
terial was analyzed under bright field and by using epiluminescence to increase the contrast of silver grains (neither dark-field nor
bright field optics allow clear visualization of silver grains when co-localized with high concentration of immunoproducts). A cell
was considered to express transcripts encoding CB1 receptor when its soma contained concentric aggregates of silver particles
above background levels. A neuron was considered to express ChAT immunoreactivity (IR) when its soma was clearly labeled
as brown.

Ultrastructural analysis of brain tissue

Serial ultrathin sections of the nucleus accumbens (bregma 2.76 mm to 0.96 mm) from 4 male ChAT::cre mice. Synaptic contacts
were classified according to their morphology and immunolabel, and photographed at a magnification of 6,800-13,000 . The
morphological criteria used for identification and classification of cellular components observed in these thin sections were as pre-
viously described (Peters et al., 1991). Type | synapses, here referred as asymmetric synapses, were defined by the presence of
contiguous synaptic vesicles in the presynaptic AT and a thick postsynaptic density (PSD) greater than 40 nm (Peters et al.,
1991). Type Il synapses, here referred as symmetric synapses, were defined by the presence of contiguous synaptic vesicles in
the presynaptic AT and a thin PSD (Peters et al., 1991). Serial sections were obtained to determine the type of synapse. In the serial
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sections, a terminal containing greater than five immunogold particles were considered as an immunopositive terminal. Pictures
were adjusted to match contrast and brightness by using Adobe Photoshop (Adobe Systems). This experiment was successfully
repeated three times. Electron microscopy and confocal analysis quantification occurred blindly. No statistical methods were
used to predetermine sample sizes but our sample sizes are similar to those reported in previous publications (Zhang et al.,
2015). Behavioral data used Shapiro-Wilk normality tests and 1 or 2-way ANOVA followed by Scheffe and Bonferroni corrections.
Alpha was set at 0.05.
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