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Abstract

Background: Decriminalization, legalization and expansion of medical cannabis has led to an
increase in its use and availability of high-potency strains. Cannabis potency is determined by the
concentration of A%-tetrahydrocannabinol (A%-THC), a psychoactive constituent that activates CB1
and CB2 cannabinoid receptors (CB1R, CB2R), and use of high-potency cannabis is associated
with cannabis use disorder (CUD) and increased susceptibility to psychiatric illness. The nucleus
accumbens (NAc) is part of a brain reward circuit affected by A%-THC through modulation of
glutamate afferents arising from corticolimbic brain areas implicated in drug addiction and
psychiatric disorders. Moreover, brain imaging studies show alterations in corticolimbic and NAc
properties in human cannabis users.

Methods: Using /n vitro electrophysiology and optogenetics, we examine how A°-THC alters
corticolimbic input to the NAc in rats.

Results: We find that chronic A%-THC weakens prefrontal cortex glutamate input to the NAc
shell (NAcs) and strengthens input from basolateral amygdala and ventral hippocampus. Further,
whereas chronic A%-THC had no effect on net strength of glutamatergic nput to NAcs arising from
midbrain DA neurons, it alters fundamental properties of these synapses.

Conclusions: Chronic A%-THC shifts control of the NAcs from cortical to limbic input likely

contributing to cognitive and psychiatric dysfunction associated with cannabis use.
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Introduction

Extensive data show that synaptic changes in neural circuits involved in learning and
motivation are associated with behavioral correlates of drug addiction (1, 2). The nucleus
accumbens (NAc) is a focus of these studies because of its central role in motivation and
reward, and because it shows progressive changes in animal addiction models and in human
drug users (3-5). These studies indicate that cellular and synaptic mechanisms that exist to
support NAc plasticity are coopted by abused drugs to confer persistent synaptic changes
underlying compulsive behaviors and addiction (6-8). Thus, withdrawal from
psychostimulants like cocaine can increase NAc medium spiny neuron (MSN) sensitivity to
glutamate (4, 9), leading to development of addictive behavior (10-12). However, in
comparison to extensive data with psychostimulants, the extent to which other drugs alter
glutamate signaling is not well understood.

Cannabis is a psychoactive drug used by an estimated 183 million users worldwide (13), and
its use is increasing in North America because of decriminalization, legalization, and
expansion of medicinal and recreational availability (13). Although often perceived to have
few adverse effects, there is increasing evidence for serious psychiatric effects of cannabis
(14, 15), and an increased potential for chronic abuse (16, 17), that are likely related to high
concentrations of AS-THC found in modern strains (18, 19). Clinically significant symptoms
can lead to the diagnosis of Cannabis Use Disorder (CUD), as recognized in the DSM-5 (20,
21). Moreover, brain imaging in individuals with a CUD diagnosis shows changes in regions
overlapping those in subjects dependent upon other abused drugs (22), and blunted reactivity
of the NAc to psychostimulant challenge (23).

The primary psychoactive constituent of cannabis, A%-THC, activates G-protein-coupled
cannabinoid CB1Rs, and CB2Rs (24-26), and this can increase DA release in the NAc (27,
28); a property shared with other abused drugs (29). The axons of ventral tegmental area
(VTA) DA neurons project to NAc, and many of these co-release glutamate (30, 31),
although the consequences of this are not understood (32, 33). The NAc receives other
glutamate inputs from a corticolimbic network including the medial prefrontal cortex
(mPFC), ventral hippocampus (vHipp), and basolateral amygdala (BLA). These inputs are
integrated by NAc MSNs, and dysfunction within these pathways contributes to drug
addiction and other psychiatric disorders (34—36), and brain imaging studies in chronic
cannabis users show that inputs to the NAc are altered in association with heightened
anxiety and dysregulated cognition (20, 23, 37-41).

Previous studies indicate that A%-THC exposure leads to altered NAc excitatory synaptic
transmission and synaptic plasticity (42, 43), but the source of these afferents was not
identified, and changes in distinct NAc pathways remain unknown. Here, we examined
patterns of altered function in several glutamatergic inputs to the NAc after chronic A%-THC
in rats. We find that chronic A%-THC shifts the strength of glutamatergic activation of NAc
from cortical to sub-cortical limbic sites, and we hypothesize that this contributes to
deleterious effects of cannabis in humans.
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Methods and materials

Animals

Wildtype and THcre male Long-Evans rats were 6 to 8 weeks old when surgery was
performed and 14-17 weeks old at the time of electrophysiologlical recordings.
Experimental procedures were approved by the Animal Care and Use Committee of the
NIDA Intramural Program.

Virus injection

Intracranial injections of ChR2-expressing viral vectors were performed using published
techniques and are described in detail in Supplementary Methods.

AS-THC injection

AS-THC (NIDA Drug Supply), suspended in Tween-80, DMSO and saline (1:2:7) was
injected intraperitoneally (i.p.) at 5 mg/kg/day for 14d. Other groups received either vehicle
injections, the CB1R antagonist AM251 (2mg/kg, i.p.; Tocris) alone, or AM251, 30 min
before each A%-THC injection for 14d.

Electrophysiology

Brain slice preparation and general recording methods were as previously described and are
presented in detail in Supplementary Methods.

Optically elicited EPSCs (0EPSCs) were evoked at 0.033 Hz using 473-nm laser pulses (2
ms duration) collimated through the objective. Picrotoxin (100 uM) blocked GABAp
receptors. Input-output (1-O) relationships between 0EPSC amplitude and laser intensity
(0.2,0.7,1.1, 2.0, 3.3, 5.1, 7.1 mW, measured at the objective) were constructed. To
maintain consistency across slices and brain areas, we used the same injection volume of
ChR2 virus (0.7 ul), the same duration to permit transfection (6-8 weeks), and the same
OEPSC threshold criterion (1-3 mW). Ratios of pairs of o0EPSCs (paired-pulse ratio; PPR)
were collected using two laser stimuli with 20, 50, 75, 100, or 250 ms inter-stimulus
intervals (ISI). The ratio was calculated by averaging 5 consecutive responses and dividing
the peak amplitude of the second oEPSC by the first.

AMPAR/NMDAR ratios were calculated by measuring oEPSCs (having AMPAR and
NMDAR components) at +40 mV, followed by recordings at =70 mV during NMDAR
antagonist (DL-2-Amino-5-phosphonopentanoic acid; DL-AP5; 100 uM) application.
NMDAR-mediated currents were calculated by subtracting oEPSCs recorded in DL-AP5
from currents measured at +40 mV [AMPAR/NMDAR ratio = peak AMPAR oEPSC at -70
mV/EPSC at +40 mV].

The rectification index (RI) was calculated using oEPSCs averaged at —=70mV, OmV, and
+40mV (corrected for a 10 mV junction potential) and normalized to the oEPSC at —70mV.
RI was calculated as the ratio of slope of current-voltage (I-V) relationship at =70 mV and
+40 mV (Rl = [EPSC-70mV/(-70-Erev)]/[EPSC+40mV/(+40-Erev)]). Sensitivity of
OEPSCs to NASPM (N-[3-[[4-[(3-aminopropyl)amino]butyl]amino]propyl]-1-
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naphthaleneacetamide; 50 uM) was determined after a 10 min baseline at =70 mV. Spermine
(0.1 mM) was included in the pipette solution for Rl and NASPM experiments. Laser-
evoked NMDAR currents (60NMDA) were —80mV to +40 mV. During AMPAR (6,7-
Dinitroquinoxaline-2,3-dione; DNQX) and GABA, receptor (picrotoxin) block. Onmda I-V
relationships were measured at holding potentials from —80mV to +40 mV.

DL-AP5, DNQX, NASPM, (5)-3,5-Dihydroxyphenylglycine (DHPG), and AM251 were
purchased from Tocris (Bristol, United Kingdom), and picrotoxin from Sigma-Aldrich (St
Louis, MO, USA). Drug application and data analysis are described in detail in
Supplementary Methods

Chronic A%-THC increased MSN action potential threshold to a small degree, suggesting
some direct effects of A%-THC on neuronal excitability (Fig. S2).

Altered NAcs synaptic transmission following A%-THC treatment

Following ChR2 expression using a CAMKII promoter in wildtype rats (mPFC, vHipp,
BLA), or a cre-driven promoter in THcre transgenic rats (VTA) (Fig. 1A), dense eYFP
fluorescence was observed in NAcs and at the sites of injection (Fig. 1A, Fig. S1). To
facilitate comparisons among inputs to the NAcs we examined the largest oEPSCs that could
be evoked by laser activation of ChR2. In vehicle-injected controls, the maximum oEPSCs
generated by stimulating mPFC, vHipp and BLA NAcs afferents were similar in size (Fig.
1). However, those generated by VTA inputs were significantly smaller (Fig. 1A, 1B).

24 hours after the final AS-THC injection, maximum oEPSCs from vHipp and BLA inputs
were significantly increased (Fig. 1), whereas mPFC-activated oEPSCs were significantly
smaller compared to control (Fig. 1B). Maximum oEPSCs originating from VTA afferents to
NAcs were unchanged following A%-THC injections (Fig. 1B, 1F). The changes in maximum
0EPSCs caused by A%-THC in the mPFC, vHipp, and BLA were prevented by AM251 given
before each A%-THC injection (Fig. 1C—E), whereas AM251 alone had no effect at any of
the NAcs afferents (Fig. 1C—F). Thus, chronic A%-THC differentially altered the strength of
excitatory input to the NAcs, such that cortical (mPFC) input was weakened (Fig. 1B-C),
and limbic (vHipp and BLA) input was strengthened (Fig. 1B, Fig. 1D-E) via actions at
CB1Rs (Fig. 1C-E).

Mechanisms of weakened synaptic transmission at mPFC to NAc synapses following
chronic A%-THC.

We next examined the mechanisms through which chronic A%-THC reduced maximal
mPFC-generated oEPSC in NAcs (Fig. 1). The 1-O curve plotting oEPSCs across a range of
laser intensities was significantly decreased following chronic A%-THC (Fig. 2A). Glutamate
release probability was then measured using oEPSCs evoked by paired-laser stimuli at
varying ISIs. In chronic-vehicle cells o0EPSC2 was smaller than oEPSC1 at all ISls, yielding
a paired-pulse ratio (PPR) < 1.0 (Fig. 2B), which is consistent with the reported high
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probability of glutamate release at Mpfc — NAcs synapses (45, 46). However, the PPR was
significantly increased in cells from AS-THC-treated rats (Fig. 2B), suggesting a decrease in
glutamate release probability. To corroborate this, we measured use-dependent blockade of
oNMDA currents at +40mV (at 15 s intervals) using the NMDA open-channel blocker
MK801 (47, 48). Since the rate of block by MK801 depends on the proportion of NMDA
channels opened by glutamate, ONMDA currents are more quickly inhibited when release
probability is high. Compared to MSNSs recorded in chronic vehicle, or AS-THC + AM251
animals, oONMDA inhibition by MK801 in the AS-THC group required significantly more
laser stimuli to achieve the same degree of inhibition (Fig. 2C), consistent with lower
glutamate release probability. oONMDA 1-V curves showed that the voltage-dependency of
NMDA channels was unaffected by chronic A%-THC at mPFC — NAcs synapses (Fig. 2D).
These data suggest that glutamate release probability was reduced by chronic A%-THC, and
this contributed to weakened mPFC input to NAcs.

The inward rectification of EPSCs at depolarized membrane potentials is observed when
tetrameric AMPA receptors lack the GIuR2 (GIuA2) subunit (49, 50). AMPARSs lacking
GIluR2 also 8 generate larger EPSCs and have higher permeability to Ca2* (49), leading to
their designation as Ca2*-permeable (CP-AMPAR), or Ca2*-impermeable (CI-AMPAR)
AMPA receptors (50-52). The proportions of CP- and CI-AMPARs at central synapses is
influenced by environmental factors and drugs that affect GIuR2 incorporation, and/or
AMPAR number (8, 51, 53, 54). We measured inward rectification of oEPSCs at mPFC —
NAcs synapses using the rectification index (RI, Fig. 2E) and found that it was significantly
smaller in neurons from chronic A%-THC animals, and this was prevented by pre-treatment
with AM251 (Fig. 2E, 2F). Thus, chronic A-THC caused a proportional shift from GluR2-
lacking AMPARSs to GluR2-containing AMPARSs, and this contributed to weakening these
synapses. These results suggest that chronic A%-THC reduced the strength of mPFC —
NAcs glutamate synapses via pre-and postsynaptic mechanisms.

Mechanisms of strengthened vHipp glutamatergic input to NAc following chronic A%-THC

As predicted from larger maximum oEPSCs (Fig. 1), the I-O relationship for the vHipp —
NAcs pathway was significantly increased by chronic A%-THC (Fig. 3A), and this was
prevented by AM251 (Fig. 1D). To determine mechanisms of this change we measured
glutamate release probability using PPR and found that it was altered only at the 75 ms ISI
(Fig. 3B). Also, the activity-dependent block of oONMDA currents by MK801 was
unchanged by chronic A%-THC (Fig. 3C), suggesting a small effect of chronic A%-THC on
glutamate release at these synapses.

To investigate whether postsynaptic properties were altered by A%-THC, we measured the
ratio of AMPA receptor oEPSCs to oNMDA currents. The AMPA/NMDA ratio increased
significantly after chronic A®-THC (Fig. 3D), but this was not prevented by AM251 (Fig.
3D), suggesting that the effect was not mediated by CB1Rs. Since AMPA/NMDA ratios can
reflect changes in either current, we constructed oONMDA 1-O curves and found a significant
reduction at only the highest laser intensity (7.1 mW, Fig. 3E), and an unchanged I-V curve
(Fig. 3F). To determine whether NMDAR subunits were altered, we examined oNMDA
inhibition by the NR2B-subunit (GIuN2B) antagonist, ifenprodil. Ifenprodil inhibited
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oNMDA currents similarly in neurons from all groups (Fig. S3), suggesting that although
NR2B subunits exist at vHipp — NAcs synapses, their contribution to o0NMDA currents not
affected by chronic A%-THC. The data indicate that a small decrease in oONMDA currents at
vHipp — NAcs synapses after chronic A-THC, but this is unlikely to contribute to the
strengthening of this projection.

We next determined the effects of chronic A%-THC on AMPARSs and found a significant
increase in the RI (Fig. 3G). Consistent with this, 0EPSCs from neurons in the AS-THC
group were significantly inhibited by the inhibitor of CP-AMPARs, NASPM (55; Fig. 3H).
The data suggest that the increase in CP-AMPRs likely contributed to strengthening of the
vHipp — NAGcs input by chronic A%-THC.

Mechanisms of strengthened BLA glutamatergic input to NAc following chronic A%-THC.

Consistent with the increase in maximal EPSCs at the BLA — NAcs projection (Fig. 1), the
I-O relationship was significantly increased by chronic A%-THC, and this was prevented by
AM251 (Fig. 4A). However, although PPRs were unchanged (Fig. 4B), suggesting that
glutamate release probability was unaltered, the rate of blockade of oNMDA currents by
MK801 was faster in neurons from the A%-THC treatment group, suggesting an increase in
release probability (Fig. 4C). To reconcile these contradictory findings, we measured
oNMDA properties, and found a significantly smaller 1-O relationship (Fig. 4E), and an
unchanged oONMDA -V curve following chronic A%-THC (Fig. 4F). This suggests that the
number of synaptic NMDARs was reduced, but their voltage-dependence was unchanged by
AS-THC. Therefore, the increased rate of MK801 blockade of oONMDA currents (Fig. 4C)
may have resulted from fewer synaptic NMDARSs, rather than altered glutamate release
probability. Consistent with this, the BLA — NAcs AMPA/NMDA ratio was significantly
increased following chronic A%-THC. However, this was not prevented by pre-treatment with
AM251 (Fig. 4D), perhaps indicating a lack of CB1R involvement.

We next analyzed the RI of AMPA-0EPSCs at BLA — NAcs synapses and found no
significant effect of chronic A%-THC (Fig. 4G). Consistent with the absence of AS-THC
effects on AMPAR subunits, the effect of NASPM on oEPSCs was similar in neurons from
vehicle and A%-THC treated groups (Fig. 4H). Therefore, in the absence of changes in
AMPAR subunits and a decrease in NMDAR number, the data suggest that the strengthened
BLA — NAcs I-O relationship likely occurred via an increase in the number of synaptic
AMPARs following chronic A%-THC.

Homeostatic plasticity at VTA to NAcs synapses following chronic A%-THC exposure

Many midbrain DA neurons co-express tyrosine hydroxylase (TH), and the vesicular
glutamate transporter-2 protein (vGIuT2) (30, 31), and co-release DA and glutamate in NAc
(32, 33). We examined effects of chronic A%-THC on NAcs glutamate release from these
VTA neurons using ChR2 expression in THCre rats. Congruent with the lack of A%-THC
effects on maximum oEPSCs in the VTA — NAcs pathway (Fig. 1B, 1C), the I-O curve was
also unchanged (Fig. 5A). However, despite this apparent absence of effects, PPR curves
were significantly reduced in an AM251-sensitive manner by chronic A%-THC at these
synapses (Fig. 5B), suggesting an increase in glutamate release probability.
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We next found that the Rl for VTA — NAcs AMPA oEPSCs was significantly increased by
chronic A%-THC (Fig. 5C), and this was prevented by AM251 (Fig. 5C), suggesting a shift
from CI-AMPARs to CP-AMPARs. This was confirmed by the significant inhibition of
0EPSCs by NASPM in cells only from the chronic A%-THC group (Fig. 5D), which was
prevented by AM251 co-treatment (Fig. 5D). In contrast to these RI data, AMPA/NMDA
ratios showed no differences among groups. Together, these data suggest that although net
synaptic strength was unaltered by A%-THC at VTA — NAcs glutamate synapses, there was
an increase in both glutamate release probability and the proportion of GluR2-lacking CP-
AMPARs.

Synapse-specific effects of chronic A%-THC on group-I metabotropic glutamate receptor-
mediated long-term depression.

When activated by glutamate or agonists like DHPG, group-I metabotropic glutamate
receptors (MGIuRISs) can initiate long-term depression (LTD) of glutamatergic synaptic
transmission in the NAcs, and this is impaired by A%-THC (34, 42, 43, 56). However, few
studies have investigated mGIuRI-LTD of distinct glutamate NAcs afferents (57-59), and
effects of A%-THC on LTD at individual NAc afferents by is unknown. Therefore, we
examined the effects of chronic A%-THC on mGIuRI-LTD at mPFC, vHipp, BLA, and VTA
NAcs inputs. DHPG (50 uM, 10 min) caused LTD at mPFC, vHipp, and BLA NAcs
afferents following chronic vehicle (Fig. 6A—C), but LTD was not observed at VTA inputs
(Fig. 6D). Following chronic A%-THC, DHPG-LTD was significantly impaired at mPFC and
vHipp NAcs inputs (Fig. 6A, 6B), and this was prevented by AM251 (Fig. 6Ea, 6Eb).
However, DHPG-LTD was not affected by chronic A%-THC at BLA inputs to the NAcs.

Discussion

Our study shows that chronic A%-THC disrupts the balance of corticolimbic glutamate input
to the NAcs, weakening PFC inputs, and strengthening those from BLA and vHipp.
Moreover, mGIuRI-LTD was also absent in the mPFC and vHipp pathways to NAcs
following A%-THC. These results suggest that A%-THC alters the interaction among neuronal
pathways involved in regulating NAcs output, likely changing its control over motivation,
cognition and emotion. Most of the effects of chronic A%-THC were prevented by the CB1R
antagonist AM251, suggesting this is the primary molecular site where the
phytocannabinoid acts. However, some A%-THC effects were not prevented by AM251,
suggesting CB2R involvement, heterogeneous responses by D1 receptor (D1R)- and D2R-
expressing MSNS, or other off-site effects (60). Importantly, the dose of A-THC used in our
experiments (5 mg/kg) results in blood concentrations in rodents (50-150 ng/mL) (61)
similar to those measured in human marijuana smokers (62). Also, as we previously reported
that A9-THC is not detectable using LC-MS in rodent brain 1 day after the last of 7 daily
injections (10 mg/kg) (63), it is likely that the amount of brain exposure to AS-THC in our
study approximates that in human marijuana users, and that the present results were
unaffected by residual brain levels of the phytocannabinoid.

The weakening of mPFC input to NAcs following chronic A%-THC involved pre-and
postsynaptic mechanisms, including decreased glutamate release probability and an
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increased proportion of low-conductance, GIuR2 subunit-containing, CI-AMPARS. In
contrast, the strengthening of vHipp glutamatergic input to NAcs occurred postsynaptically,
similar to long-term potentiation described at other synapses (8, 64, 65). Thus, vHipp —
NAcs synapses showed no change in glutamate release probability, an increase in high-
conductance CP-AMPARs, and an increased AMPA/NMDA ratio, which is indicative of
increased AMPAR number or single channel current (7, 66, 67). Similar patterns of AMPAR
changes at NAc afferents (12, 51, 57, 59, 68), and at vHipp — NAcs synapses (69) have
been described after cocaine exposure. Interestingly, vHipp activation increases VTA DA
neuron firing and NAc DA release (70, 71), and cannabinoid-induced enhancement of vHipp
activity is linked to schizophrenia-like behavior in rats (72). Thus, vHipp inputs to NAcs are
vulnerable to strengthening by distinct classes of abused drugs resulting in enhancement of
NAcs DA release to perhaps increase susceptibility to psychiatric disorders and addiction.

In contrast to mPFC and vHipp inputs, alterations in VTA and BLA NAcs afferents by A%-
THC were more complex. Thus, BLA — NAcs input was strengthened and AMPA/NMDA
ratio increased by chronic AS-THC, indicating synaptic potentiation. Although PPRs
indicated that glutamate release probability was unchanged at BLA inputs, MK801 inhibited
oNMDA currents faster following chronic AS-THC, suggesting increased release probability
(47, 48). However, the oONMDA 1-O relationship was reduced without a change in voltage-
sensitivity, suggesting that NMDA receptor numbers decreased at BLA — NAcs synapses
following chronic AS-THC. Since the rate of blockade of oONMDA currents by MK801
depends on the proportion of channels activated by each stimulus (47), the faster block after
AS-THC likely resulted from fewer NMDA receptors, rather than altered glutamate release.
As neither the RI, nor sensitivity to NASPM were changed by chronic A®-THC at BLA —
NACcs synapses, the pattern of results suggest that this pathway was strengthened via an
increase in AMPARSs with no change in subunit composition (9). Moreover, as NMDARs did
not contribute to 0EPSCs at —=70 mV (Fig. 4F), the decrease in NMDARs likely did not
contribute to increased synaptic at BLA — NAcs synapses, although this diminished
NMDAR influence could reduce their contribution to other cellular processes such as
plasticity. The large increase in BLA — NAcs strength caused by chronic A%-THC may
enhance its reported involvement in processing contextual drug-associated cue information
(73).

The discovery of VTA neurons expressing both TH and VGIuT2 suggest DA-glutamate co-
transmission to the NAc (31-33, 74, 75), but the consequences of this remain poorly-
understood (76). We expressed ChR2 in VTA THcre neurons to study the glutamate input to
the NAcs and found that it was much weaker than the other pathways we examined.
Moreover, whereas chronic A%-THC had no effect on the net strength of this input, both
glutamate release probability and the proportion of CP-AMPARSs was increased. We
speculate that a homeostatic rebalancing of AMPAR number occurred to offset increases in
release and CP-AMPARSs (77). However, these changes may have other consequences since
CP-AMPARSs enhance dendritic calcium and this could alter local signaling mechanisms.

Distinct glutamate pathways to the NAc can target the same populations of MSNs, and
mediate different behavioral and physiological responses (78-83). This suggests that
individual MSNs integrate overlapping inputs, and that alterations in this balance can bias

Biol Psychiatry. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hwang and Lupica

Page 9

downstream information flow. The impact of this integration has been demonstrated by
activating these inputs singularly or in combination. Thus, activation of PFC input to NAc
alone does not drive MSN spike activity, but when combined with vHipp activation action
potentials are observed (79). The weakened PFC input to NAc that we observe after AS-THC
would strongly restrict PFC contributions to synaptic integration at MSNs, whereas the
strengthened BLA and vHipp inputs would greatly increase their influence on NAc output.
Given the demonstrated importance of these pathways in addiction and psychiatric disorders,
these A%-THC-mediated changes could contribute to cognitive, emotional and behavioral
issues observed in chronic cannabis users.

The involvement of mGIuRIs in LTD of NAc glutamatergic neurotransmission has been
described using electrical stimulation and selective activation of NAc afferents (43, 53, 56,
57). These studies show that mGIuRI-LTD requires retrograde endocannabinoid activation of
CB1Rs and altered AMPAR function (34, 43, 56, 57, 84). A more recent study showed that
both PFC and medio-dorsal thalamic (MDT) NAcs inputs exhibit mGIuRI-LTD that requires
different one limitation of our study is that we did not differentiate D1 or D2 MSNSs, nor
mGIuRI subtypes, we observed robust mGIuRI-LTD at mPFC, vHipp, and BLA inputs to
NAcs MSNs, and a loss of LTD at mPFC and vHipp afferents after chronic A%-THC.
Therefore, together these data suggest that mGIuRI-LTD differentially occurs at a subset of
NAcs afferents (BLA, mPFC, vHipp, and MDT), and that mGIuRI-LTD is disrupted by
chronic exposure to A%-THC at all but the BLA inputs. The large increase in vHipp pathway
strength after chronic A%-THC would likely enhance its influence on NAc output, whereas
the impaired LTD would render it resistant to subsequent dampening. Given the
hypothesized role for vHipp — NAcs inputs in mediating the contextual salience of drug-
paired environmental stimuli (73), we predict greater vulnerability to these cues in long-term
cannabis users.

The changes in synaptic strength we observe in these NAc afferents may result from the
ability of chronic A%-THC to cause CB1R downregulation, desensitization, and tolerance
(43, 85). However, this implies a role for endocannabinoids in tonically regulating NAc
afferents that is disrupted by chronic A%-THC. Our data argue against this possibility
because changes in the strength of NAcs inputs were not observed following chronic AM251
treatment alone (Fig. 1C-F), and previous studies do not show tonic modulation of NAc
synapses by endocannabinoids. Therefore, we speculate that more widespread changes in
upstream brain networks by chronic A%-THC contributes to the rebalancing of NAc afferents
that we observe.

Implications for cannabis involvement in CUD and psychiatric symptoms

The symptoms defining CUD include altered mood, attention, motivation, cognition, and
self-control. Extensive preclinical and human evidence supports a role for PFC in these
processes, as well as in compulsive drug seeking (86, 87). The extensive connections of PFC
with subcortical structures mediating motivated behavior has inspired hypotheses defining
the PFC as a “top-down” inhibitor of behavior leading to undesired outcomes (86, 88, 89).
Moreover, loss of control of subcortical circuits by PFC is hypothesized to underlie a shift
from purposeful control of action to more habitual, automatic behaviors, regulated by
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emotion and arousal (88). In our study, long-term exposure to A%-THC substantially
weakened mPFC influence on the NAcs and strengthened BLA and vHipp inputs. We
hypothesize that this shift in control of the NAc away from the PFC is involved in the
cognitive and emotional dysregulation found in CUD. Moreover, as there is also strong
evidence for involvement of corticolimbic circuitry in psychotic disorders such as
schizophrenia (80, 90, 91), and there is an elevated risk for psychotic disorders in heavy
cannabis users (16, 18, 20, 92), this disrupted balance of NAc afferents by A%-THC may
contribute to the symptomology of these disorders in the cannabis using population.
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Figure 1. Pathway-specific alteration of NAcs excitatory afferent pathways by chronic AS-THC
A. Representative fluorescence images and corresponding rat brain diagrams of coronal

brain slices showing injection sites of ChR2 viruses in brain regions projecting to the NAcs
(mPFC, medial prefrontal cortex; vHipp, ventral hippocampus; BLA, basolateral amygdala;
VTA, ventral tegmental area). At right are representative averages of maximum excitatory
postsynaptic current traces (0EPSCs) recorded in NAcs neurons and evoked by 473nm light-
activation of ChR2, expressed by afferent axon terminals originating in the brain areas at
left. Gray waveforms were obtained from rats treated with vehicle, whereas green traces are
those obtained from animals chronically treated with A%-THC. B. Mean maximum oEPSCs
in NAcs neurons that were evoked by light-stimulation of ChR2 expressed in axons
originating in each of the brain regions injected with ChR2-AAV. oEPSCs recorded from
both chronic vehicle- and A%-THC-injected rats are shown (Two-way ANOVA interaction,
F3 100 = 16.2, p <0.0001; Bonferroni post-hoc comparisons, * = p < 0.01, ** = p < 0.0001).
C. Maximal light-evoked oEPSCs recorded in the NAcs of rats injected with ChR2 virus in
the mPFC after chronic vehicle, AS-THC, A%-THC preceded by injection of the CB1
antagonist AM251, or AM251 alone (One-way ANOVA, F3 59 = 8.4, p <0.0001; Holm-
Sidak post-hoc comparison of THC vs. THC+AM251, * = p = 0.026). D. Maximal vHipp-
evoked 0EPSCs recorded after chronic vehicle, A%-THC, A%-THC preceded by injection of
the CB1 antagonist AM251, or AM251 alone (One-way ANOVA, F3 0 = 9.8, p < 0.0001;
Holm-Sidak post-hoc comparisons of THC vs. THC+AM251, p = 0.006). E. Maximal BLA-
evoked oEPSCs recorded after chronic vehicle, A%-THC, A%-THC preceded by injection of
the CB1 antagonist AM251, or AM251 alone (One-way ANOVA, F3 45 = 6.1, p < 0.01;
Holm-Sidak post-hoc comparison of THC vs. THC+AM251, * = p = 0.021). F. Maximal
VTA-evoked oEPSCs recorded after chronic vehicle, A-THC, A%-THC preceded by

Biol Psychiatry. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hwang and Lupica

Page 17

injection of the CB1 antagonist AM251, or AM251 alone (One-way ANOVA, F3 6, = 1.02, p
=0.37). Data in C-F illustrate that the effect of chronic A%-THC was significantly prevented
in mPFC, vHipp, and BLA projections to the NAcs when each injection was preceded by an
injection of AM251. Numbers of neurons recorded from number of rats (n/R) in each
experiment = A. mPFC, Veh: 16/11, THC: 18/7; vHipp, Veh: 19/8, THC: 12/7; BLA, Veh:
12, THC: 14; VTA, Veh: 6, THC: 11. B. mPFC, Veh: 16/11, THC: 18/7; vHipp, Veh: 19/8,
THC: 12/7; BLA, Veh: 12, THC: 14; VTA, Veh: 6, THC: 11. C. mPFC, Veh: 16/11, THC:
18/7, THC+AM: 7/5, AM251: 21/6. D. vHipp, Veh: 19/8, THC: 20/7, THC+AM: 11/4,
AM251: 14/5. E. BLA, Veh: 18/7, THC: 14/6, THC+AM: 7/4, AM251: 10/5. F. VTA: \eh;
11/6, THC: 10/6, THC+AM: 32/8, AM251: 17/7.
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Figure 2. Mechanisms underlying weakened mPFC glutamatergic input to NAcs following
chronic A%-THC.

A. Input-output (I-O) curves showing relationship between laser power, activating ChR2 in
mPFC axons projecting to NAcs, and 0EPSC amplitudes after chronic vehicle or AS-THC
injections. Representative mean 0EPSCs are shown at 5 laser intensities in neurons from
vehicle (gray traces) and AS-THC-injected (green traces) rats. The strength of mPFC
glutamate input to NAcs neurons was significantly smaller following chronic AS-THC (** =
F1g342 = 9.2, p < 0.0001, intensity x treatment interaction, two-way repeated measures
ANOVA).B. Mean paired-pulse ratios (PPR) of mPFC-evoked oEPSCs at different inter-
stimulus (laser pulse) intervals (1S1) in NAc neurons from chronic A%-THC- and vehicle
injected rats. Mean representative traces from individual cells in both groups are shown
above. The PPR was significantly increased by chronic A%-THC treatment (** = F12208 =
3.9, p <0.0001, ISI x treatment interaction, two-way repeated measures ANOVA). Note that
paired oEPSCs overlapped at the 20 ms ISI, thereby yielding a ratio = 0. C. The rate of the
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progressive, activity-dependent, block of ChR2-evoked NMDA receptor oEPSCs by
MK801, is significantly slower following chronic A%-THC in the mPFC — NAcs pathway
(time-constant of oONMDA current reduction in MK801: chronic vehicle = 23.4 stimuli, 95%
confidence interval = 22.2 — 24.5 stimuli, n = 8, gray; chronic AS-THC = 32.5 stimuli, 95%
confidence interval = 30.9 — 34.2 stimuli, n = 8, green), and this was prevented by co-
injection with the cannabinoid antagonist AM251 (chronic A%-THC + AM251 = 24.0
stimuli, 95% confidence interval = 22.8 — 25.4 stimuli, n = 4, blue). Exponential decay time
constants (t) were obtained by curve fitting (dashed lines). Representative oNMDA
waveforms from each group obtained before MK801 application (control, C), and at 30 and
140 stimuli are shown above. Note the smaller reduction of the oONMDA current at 30
stimuli in the cell from the chronic A%-THC treated animal compared to the other groups.
Recordings were performed in the presence of DNQX, a kainate/ AMPA receptor antagonist,
and picrotoxin, a GABA, CI~ channel blocker. D. Lack of chronic A%-THC effect on the
voltage-dependence of oONMDA currents. Representative mean traces obtained from chronic
vehicle (gray) and AS-THC-treated (green) cells are shown above. E. Chronic A%-THC
causes a reduction in inward rectification of ChR2-evoked AMPA receptor-mediated
synaptic currents at mPFC — NAcs synapses. Shown are representative current-voltage (I-
V) relationships and mean waveforms of AMPA oEPSCs evoked by activation of ChR2 in
the mPFC — NAcs pathway at 3 different membrane voltages (Vm = -70, 0, and +40) from
each group (chronic vehicle, gray, chronic A%-THC, green, and chronic A°-THC + AM251,
blue). A hypothetical slope = 1.0 is indicated by a dashed line. F. Mean rectification index
(RI = absolute AMPA current measured at =70 mV divided by that measured at +40 mV) for
all cells in each group. The cells from chronic A%-THC-treated animals showed a significant
reduction in rectification index compared to chronic vehicle-, or chronic A%-THC + AM251-
treated rats (F3 44 = 5.6, p < 0.001, one-way ANOVA, ** = p < 0.001, * = p < 0.05, Holm-
Sidak post-hoc comparison, respectively). Number of neurons/number of rats: A. \eh:
16/11, THC: 18/ 6 B. Veh: 12/11, THC: 15/6. C. \eh: 8/6, THC: 8/5, THC+AM: 4/4. D.
Veh: 9/6, THC: 7/5. F. Veh: 13/6, THC: 13/5, THC+AM: 7/4.
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Figure 3. Mechanlsms underlying strengthened vHipp glutamatergic input to NAcs following
chronic A%-THC.

A. 0EPSC I-0 curves evoked by ChR2 activation of vHipp axons projecting to NAcs, after
chronic vehicle or A%-THC injections. Representative mean 0EPSCs are shown at 5 laser
intensities in neurons from vehicle (gray traces) and A%-THC-injected (green traces) rats.
The strength of vHipp glutamate input to NAcs neurons was significantly increased
following chronic A%-THC (** = F18.336 = 5.6, p < 0.0001, intensity x treatment interaction,
two-way repeated measures ANOVA). B. Mean PPR of vHipp-evoked 0EPSCs at different
inter-laser pulse intervals (ISI) in NAc neurons from chronic A%-THC- and vehicle injected
rats. Mean representative traces from individual cells in both groups are shown above. The
PPR was significantly decreased by chronic A%-THC treatment only at the 75ms ISI (* =
F4100 = 4.5, p=0.002, ISI X treatment interaction, two-way repeated measures ANOVA, p =
0.016, Holm-Sidak post-hoc comparison). Note that paired oEPSCs overlapped at the 20 ms
ISI, thereby yielding a ratio = 0. C. The rate of block of ChR2-evoked NMDA receptor
0EPSCs by MK801, was not significantly altered by chronic A%-THC in the vHipp — NAcs
pathway (time-constant of oONMDA current block by MK801: chronic vehicle = 30.7 stimuli,
95% confidence interval = 29.4 — 32.2.5 stimuli, n = 8, gray; chronic A%-THC = 28.8 stimuli,
95% confidence interval = 27.5 — 30.2 stimuli, n = 8, green; chronic A%-THC + AM251 =
25.1 stimuli, 95% confidence interval = 23.9 — 26.3 stimuli, n = 4, blue). Exponential decay
time constants (t) were obtained by best fit (dashed lines). Representative oONMDA
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waveforms from each group obtained before MK801 application (control, C), and at 30 and
140 stimuli are shown above. D. AMPA/NMDA ratios show potentiated transmission at
vHipp — NAcs synapses. Left, representative mean waveforms of laser-evoked oEPSCs
collected at =70 mV (solid line) and +40 mV (dashed line) holding potentials from chronic
vehicle (gray), chronic A%-THC (green), or chronic A%-THC + AM251 (blue) groups.
AMPA/NMDA = peak AMPA response at =70 mV divided by the peak NMDA response at
+40 mV. Right, AMPA/NMDA ratio group means (+s.e.m.). * = p <0.01, F3 6 = 5.28, 1-
way ANOVA and Holm-Sidak post-hoc comparison). E. 1-O curves of vHipp ChR2-evoked
oNMDA currents in neurons from chronic vehicle, chronic A%-THC, and chronic A%-THC +
AM251 treated rats. Representative mean oNMDA wave forms are shown above for each
condition. o0NMDA currents were significantly smaller following chronic A%-THC at only
one laser intensity (F12 204 = 2.062, drug x power interaction, p < 0.05, 2-way repeated
measures ANOVA; * = p < 0.05, Holm-Sidak’s post-hoc test). F. Lack of chronic A%-THC
effect on the voltage-dependence of oNMDA currents. Representative mean traces from cells
in chronic vehicle (gray), A%-THC-treated (green), and A°-THC + AM251 groups are shown
above. G. Chronic A%-THC increased inward rectification of ChR2-evoked AMPA receptor
OEPSCs at vHipp —NAcs synapses. Ga. Representative I-V relationships and mean AMPA
0EPSCs evoked by ChR2 in the vHipp — NAcs pathway at holding potentials of 70, 0, and
+40 from each of the 3 groups (chronic vehicle, gray, chronic A%-THC, green, and chronic
A%-THC + AM251, blue). A hypothetical slope = 1.0 is indicated by a dashed line. Gb.
Mean oEPSC RI in each group. The cells from chronic A%-THC-treated animals showed a
significantly increased Rl compared to chronic vehicle-, or chronic A%-THC + AM251-
treated rats (F3 g6 = 4.54, p < 0.01, 1-way ANOVA, * = p < 0.05, Holm-Sidak post-hoc
comparison). H. Mean time course of the polyamine, GluR2-lacking AMPA receptor
blocker NASPM on oEPSCs evoked by ChR2-activation of vHipp inputs to NAcs neurons.
Mean wave forms shown above indicate peak effect of NASPM (solid line), compared to
baseline (dashed line) in representative cells from chronic vehicle (gray) or chronic AS-THC-
treated (green) animals. NASPM caused a significant inhibition of cEPSCs only from
neurons obtained from chronic A%-THC-treated rats (F2,20=4.8,* =p<0.05, 1-way
ANOVA and Holm-Sidak’s post-hoc test). Number of neurons/Rats: A. Veh: 19/8, THC:
17/7 B. Veh: 10/8, THC: 17/7 C. Veh:7/5, THC: 4/4 D. Veh: 15/7, THC: 22/7, THC+AM:
13/4 E. Veh: 17/5, THC: 11/4, THC+AM: 10/4 Gb. Veh: 17/8, THC: 24/6, THC+AM: 13/4
H. Veh: 6/5, THC: 10/6.
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Figure 4. Mechanisms underlying strengthened BLA glutamatergic input to NAcs following
chronic A%-THC.

A. 0EPSC I-0 curves evoked by ChR2 activation of BLA axons projecting to NAcs, after
chronic vehicle, A%-THC, or A%-THC + AM251 injections. Representative mean oEPSCs are
shown at 5 laser intensities in neurons from vehicle (gray traces), AS-THC (green traces), or
AS-THC + AM-251-injected (blue traces) rats. The strength of BLA glutamate input to NAcs
neurons was significantly increased following chronic A%-THC and this was prevented by
AM251 (** = F1g 392 = 2.6, p < 0.001, intensity x treatment interaction, 2-way repeated
measures ANOVA). B. Mean PPR of BLA-evoked oEPSCs at different inter-laser pulse
intervals (1S1) in NAc neurons from chronic A%-THC- and vehicle injected rats. Mean
representative traces from individual cells in both groups are shown above. The PPR was not
significantly altered by chronic AS-THC (* = F12255 = 0.3, p = 0.98, ISI X treatment
interaction, 2-way repeated measures ANOVA). Note that paired oEPSCs overlapped at the
20 ms ISl, thereby yielding a ratio = 0. C. The rate of block of ChR2-evoked oNMDA
receptor oEPSCs by MK801, was significantly faster following chronic A%-THC in the BLA
— NACcs pathway (time-constant of oNMDA block by MK801: chronic vehicle = 34.3
stimuli, 95% confidence interval = 32.2-36.8 stimuli, n = 8 neurons, gray line; chronic A®-
THC = 27.9 stimuli, 95% confidence interval = 26.1-29.9 stimuli, n = 8, green line).
Exponential decay time constants (t) were obtained by best fit (dashed lines). Representative
oNMDA waveforms from each group obtained before MK801 application (control, C), and
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at 30 and 140 stimuli are shown above. D. AMPA/NMDA ratios show potentiated
transmission at BLA — NAcs synapses. Left, representative mean waveforms of laser-
evoked 0EPSCs collected at =70 mV (solid line) and +40 mV (dashed line) holding
potentials from chronic vehicle (gray), chronic A°-THC (green), or chronic A%-THC +
AM251 (blue) groups. AMPA/NMDA = peak AMPA response at =70 mV divided by the
peak NMDA response at +40 mV. Right, AMPA/NMDA ration group means (£ s.e.m.). ** =
p <0.01, F2 47 = 5.8, one-way ANOVA and Holm-Sidak post-hoc comparison). E. I-O
curves of ChR2-evoked oNMDA currents at BLA — NAcs synapses in neurons from
chronic vehicle, and chronic A%-THC treated rats. Representative mean oONMDA wave forms
are shown above for each condition. The treatment x laser power interaction was significant
(Fs,70 = 6.66, p <0.0001, 2-way repeated measures ANOVA; ** = p < 0.01, Holm-Sidak
comparison), indicating a decrease in ONMDA current amplitude after chronic A%-THC. F.
Lack of chronic A%-THC effect on the voltage-dependence of oONMDA currents.
Representative mean traces from cells in chronic vehicle (gray), and A%-THC-treated (green)
groups are shown above. G. A°-THC does not change inward rectification of ChR2-evoked
AMPA receptor oEPSCs at BLA — NAcs synapses. Ga. Representative -V relationships
and mean AMPA oEPSCs evoked by ChR2 in the BLA — NAcs pathway at holding
potentials of —70, 0, and +40 from each of the 3 groups (chronic vehicle, gray, chronic A°-
THC, green, and chronic A%-THC + AM251, blue). A hypothetical slope = 1.0 is indicated
by a dashed line. Gb. Mean oEPSC RI in each group. The cells from chronic A%-THC-
treated animals showed no significant change in RI compared to chronic vehicle-treated rats
(F2.44 = 2.4, p=0.10, 1-way ANOVA). H. Mean time course of NASPM, on oEPSCs
evoked by ChR2-activation of BLA inputs to NAcs neurons. Mean wave forms shown above
indicate peak effect of NASPM (solid line), compared to baseline (dashed line) in
representative cells from chronic vehicle (gray) or chronic A%-THC-treated (green) animals.
The effect of NASPM on BLA — NAcs 0EPSCs was not different between chronic vehicle
and chronic A%-THC groups (F2,20 = 1.6, p = 0.23, 1-way ANOVA and Holm-Sidak’s post-
hoc test). Number of cells/Rats: A. Veh: 23/9, THC: 16/8, THC+AM: 11/6. B. Veh: 20/9,
THC: 16/8. C. Veh: 8/7, THC: 8/5. D. Veh: 17/8, THC: 17/7, THC+AM: 16/6. E. Veh: 9/7,
THC: 7/5 F. Veh: 5/5, THC: 7/5 Gb. Veh: 19/8, THC: 18/7, THC+AM: 10/6 H. \eh: 9/6,
THC: 10/7.
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Figure 5. Homeostatic changes in VTA dopaminergic neuron glutamate input to NAcs following
chronic A%-THC.

A. Glutamate oEPSC I-O curves evoked by ChR2 activation of axons from THCre-positive
VTA neurons projecting to NAcs, after chronic vehicle, or A%-THC injections.
Representative mean oEPSCs are shown at 5 laser intensities in neurons from vehicle (gray
traces), or A%-THC (green traces) injected THCre rats. The strength of glutamate input to
NAcs neurons from the VTA was not significantly altered by chronic A®-THC (F357=.9,p
= 0.11, intensity x treatment interaction, 2-way repeated measures ANOVA). B. Mean PPR
of VTA THCre neuron-evoked oEPSCs at different 1SIs in NAc neurons from chronic
vehicle, A%-THC, and A%-THC+AM251-injected rats. Mean representative traces from
individual cells in both groups are shown above. The PPR was significantly reduced by
chronic A%-THC (** = F12328 = 5.3, p < 0.001, ISI x treatment interaction, 2-way repeated
measures ANOVA with Holm-Sidak post-hoc test), and this was prevented by concomitant
treatment with AM251 (p = 0.45, compared to vehicle). C. A%-THC increases inward
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rectification of ChR2-evoked AMPA receptor oEPSCs at VTA — NAcs synapses. Ca.
Representative I-V relationships and mean AMPA oEPSCs evoked by ChR2 in the VTA —
NAcs pathway at holding potentials of =70, 0, and +40 from each of the 3 groups (chronic
vehicle, gray, A%-THC, green, and A%-THC + AM251, blue). A hypothetical slope = 1.0 is
indicated by a dashed line. Cb. Mean oEPSC RI in each group. The cells from chronic A®-
THC-treated animals showed a significant increase in Rl compared to chronic vehicle-
treated rats (F3 g3 = 3.9, p < 0.01, 1-way ANOVA; * = p < 0.05, Holm-Sidak post-hoc test),
and this was prevented by AM251 pre-treatment (p = 0.78, compared to vehicle). D. Mean
time course of the polyamine, GluR2-lacking AMPA receptor blocker, NASPM, on 0EPSCs
evoked by ChR2-activation of VTA glutamate inputs to NAcs neurons. Mean wave forms
shown above indicate peak effect of NASPM (solid line), compared to baseline (dashed line)
in representative cells from chronic vehicle (gray) or chronic AS-THC-treated (green)
animals. NASPM significantly reduced VTA—NAcs oEPSCs, compared to chronic vehicle,
and this was prevented by AM251 (F; 57 = 1.4, p < 0.0001, 1-way ANOVA; * = p < 0.001,
Holm-Sidak post-hoc test). E. AMPA/NMDA ratios at VTA—NACS synapses were
unaltered by A%-THC (F2,66 = 0.74, p = 0.49; 1-way ANOVA). Left, representative mean
waveforms of laser-evoked 0EPSCs collected at =70 mV (solid line) and +40 mV (dashed
line) holding potentials from chronic vehicle (gray), chronic A%-THC (green), or chronic A%-
THC + AM251 (blue) groups. AMPA/NMDA = peak AMPA response at =70 mV divided by
the peak NMDA response at +40 mV. Right, AMPA/NMDA ratio group means (z s.e.m.).
Number of cells/Rats: A. Veh: 11/6, THC: 10/6. B. Veh: 25/10, THC: 15/12, THC+AM:
30/8. Ch. Veh: 18/10, THC: 31/12, THC+AM: 24/8. D. Veh: 13/10, THC: 30/12, THC+AM:
8/7. E. Veh: 18/10, THC: 27/12, THC+AM: 24/8.
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Figure 6. Chronic A%-THC differentially alters mGluRI-induced synaptic plasticity distinct NAcs
glutamate afferents.

A-D. Effects of a 10 min application of the mGIuRI agonist, DHPG, on 0EPSCs evoked via
ChR2-activation of glutamate afferents to the NAcs. Shown for each brain region is a mean
time-course of the oEPSCs, normalized to 100 % of control, for the chronic A%-THC and
vehicle groups (below) and representative averaged waveforms from individual cells from
each group (above). In each instance, control mean oEPSCs collected before DHPG
application are indicated by black dashed lines, whereas 0EPSCs averaged from individual
sweeps, collected from minute 35 to minute 42, are indicated by solid lines in neurons from
vehicle- (gray) or AS-THC-treated (green) animals. A. Effects of DHPG on mPFC afferents
to NAcs (* = p < 0.001, repeated measures ANOVA, Fyg 260 = 2.7, time vs. treatment
interaction). B. Effects of DHPG on 0EPSCs evoked by ChR2-activation of vHipp glutamate
afferents to the NAcs (** = p < 0.0001, repeated measures ANOVA, F2q 260 = 13.2, time vs.
treatment interaction). C. Effects of DHPG on oEPSCs evoked by ChR2-activation of BLA
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glutamate afferents to the NAcs shows that DHPG-LTD was significant compared to
baseline in all groups (one-way ANOVA, F3 29 = 5.1, p = 0.009; # = p < 0.05, Newman-
Keuls post-hoc test), but there was no difference in LTD among groups. D. Effects of DHPG
on 0EPSCs evoked by ChR2-activation of VTA THCre neuron glutamate afferents to the
NAcs (time vs. treatment interaction not significant, repeated measures ANOVA, Fyg 260 =
1.4,). E. Summary of DHPG effect on normalized 0EPSCs, evoked by ChR2-activation of
afferents arising from mPFC (a), vHipp (b), BLA (c), and the VTA (d) for the chronic
vehicle (Veh), chronic A%-THC, and chronic A%-THC + AM251 (THC+AM) groups. * = p <
0.05, ** = p < 0.0001, 1-way ANOVA with Holm-Sidak post-hoc comparison. # = p < 0.05,
1-way ANOVA with Newman-Keuls post-hoc. Number of neurons/Rat per group: A. Veh:
7/6, THC: 8/5. B. Veh: 8/5, THC: 7/5. C. \eh: 5/5, THC: 6/5. D. Veh: 7/6, THC: 9/6. Ea.
Veh: 7/6, THC: 8/5, THC+AM: 8/5. Eb. Veh: 8/5, THC: 7/5, THC+AM: 5/4. Ec. Veh: 6/5,
THC: 5/5, THC+AM: 6/5. Ed. Veh: 7/6, THC: 8/6, THC+AM: 7/5.
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