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Abstract

The reinforcing effects of A’-tetrahydrocannabinol (THC) in rats and monkeys, and the reinforcement-related dopamine-releas-
ing effects of THC in rats, can be attenuated by increasing endogenous levels of kynurenic acid (KYNA) through systemic
administration of the kynurenine 3-monooxygenase inhibitor, Ro 61-8048. KYNA is a negative allosteric modulator of «7
nicotinic acetylcholine receptors («7nAChRs) and is synthesized and released by astroglia, which express functional
«7nAChRs and cannabinoid CBI1 receptors (CB1Rs). Here, we tested whether these presumed KYNA autoreceptors
(¢7nAChRs) and CB1Rs regulate glutamate release. We used in vivo microdialysis and electrophysiology in rats, RNAscope
in situ hybridization in brain slices, and primary culture of rat cortical astrocytes. Acute systemic administration of THC increased
extracellular levels of glutamate in the nucleus accumbens shell (NAcS), ventral tegmental area (VTA), and medial prefrontal
cortex (mPFC). THC also reduced extracellular levels of KYNA in the NAcS. These THC effects were prevented by adminis-
tration of Ro 61-8048 or the CB1R antagonist, rimonabant. THC increased the firing activity of glutamatergic pyramidal neurons
projecting from the mPFC to the NAcS or to the VTA in vivo. These effects were averted by pretreatment with Ro 61-8048.
In vitro, THC elicited glutamate release from cortical astrocytes (on which we demonstrated co-localization of the CB1Rs and
«7nAChR mRNAs), and this effect was prevented by KYNA and rimonabant. These results suggest a key role of astrocytes in
interactions between the endocannabinoid system, kynurenine pathway, and glutamatergic neurotransmission, with ramifications
for the pathophysiology and treatment of psychiatric and neurodegenerative diseases.
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Background

Cannabis, one of the most widely abused drugs in the USA
[1], can produce adverse effects including memory impair-
ment and panic attacks, and has been associated with an en-
hanced incidence of psychosis [2—4]. Chronic use can lead to
dependence and cannabis use disorder, and discontinuation of
chronic use can produce withdrawal symptoms such as anxi-
ety, insomnia, and depressed mood (DSM-5) [5]. The mecha-
nisms involved in the reinforcing and addictive effects of can-
nabis are not as well understood as those of opioids or
psychostimulant drugs [6, 7].

A°-Tetrahydrocannabinol (THC), the primary psychoac-
tive ingredient in marijuana and other cannabis preparations,
increases the activity of mesolimbic dopamine neurons by
stimulating cannabinoid CB1 receptors (CB1Rs) [8, 9]. This
effect is widely believed to be central to the drug’s psychoac-
tive properties, but significant ambiguity remains regarding
the magnitude of the effect and inconsistency between find-
ings from animal and human studies [10]. Cannabinoids also
affect glutamatergic neurotransmission [11-15]. For example,
acute administration of THC raises the extracellular levels of
glutamate in the rat prefrontal cortex in vivo [16], and admin-
istration of the synthetic CB1/CB2R agonist WIN 55,212-2
increases extracellular glutamate in primary cultures of rat
prefrontal cortical neurons [17]. As glutamate can stimulate
mesencephalic or striatal dopamine release by activating glu-
tamate receptors on dopaminergic neuronal dendrites and ter-
minals [18-20], these and other studies suggest that glutamate
may, in fact, play a critical intermediary role in the THC-
induced increase in dopaminergic neurotransmission [10, 21,
22].

The relationship between THC and glutamate may
involve astrocytes, which express functional CBI1Rs
[23, 24]. Activation of these receptors promotes the re-
lease of glutamate [25], which, in turn—and in line
with the concept of the tripartite synapse—modulates
neuronal excitability [26-29]. Moreover, recent evidence
suggests the active participation of kynurenic acid
(KYNA), a neuroactive metabolite of the kynurenine
pathway of tryptophan degradation, which is synthesized
in and released from astrocytes and has multiple links to
glutamatergic neurotransmission [30]. In the mammalian
brain, endogenous KYNA, at concentrations in the
nanomolar range, acts predominantly as a negative allo-
steric modulator of «7 nicotinic acetylcholine receptors
(x7nAChRs) [31-33], which are present both on gluta-
matergic nerve terminals and on astrocytes and can thus
modulate glutamate release [18, 20, 34-37]. Notably, as
«7nAChR inhibition by KYNA depends on several fac-
tors including cell maturation, neuronal type, and recep-
tor location (dendrite vs. soma), some experimental ap-
proaches fail to corroborate the physiological relevance
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of this phenomenon [38—41] (see Albuquerque and
Schwarcz [42] for review). Although KYNA can also
inhibit the obligatory glycineg site of the NMDA recep-
tor [43], this effect does not appear to influence gluta-
mate release since administration of the more potent,
selective NMDA/glycineg receptor antagonist 7-
chlorokynurenic acid does not reduce extracellular glu-
tamate levels in vivo [44].

Inhibition of kynurenine 3-monooxygenase (KMO), a
key enzyme for the conversion of kynurenine into the
neurotoxin quinolinic acid, shifts kynurenine pathway me-
tabolism toward enhanced KYNA formation [30].
Systemic administration of the KMO inhibitor Ro 61-
8048 increases KYNA levels in the nucleus accumbens
shell (NAcS) and the ventral tegmental area (VTA) in rats
[45]. Notably, even relatively small increases in KYNA
concentrations in the brain reduce cannabinoid-induced
dopamine release in reward-associated brain areas
(NAcS, VTA) and block THC self-administration and
relapse-like reinstatement of THC-seeking behavior in
squirrel monkeys [45]. This suggested that enhancement
of brain KYNA levels might be exploited for the devel-
opment of medications to treat cannabinoid dependence.
Interactions between kynurenine and endocannabinoids
also have possible therapeutic relevance for other patho-
logical conditions, such as psychosis, migraine, and epi-
lepsy, though the mechanisms involved might differ be-
tween distinct pathological states [46].

Using complementary neurochemical and electrophysio-
logical methodologies in vivo and in vitro, the present study
was designed to examine the relationship between THC, glu-
tamate, and KYNA. Our results provide evidence for an in-
volvement of both glutamate and KYNA in the effects of THC
in reward-associated areas of the brain and suggest that astro-
cytic CB1Rs and «7nAChRs may play key roles in these
events.

Materials and Methods
Animals

Male Sprague-Dawley rats (Charles River Laboratories,
Wilmington, MA, USA, or Envigo RMS, San Pietro
Natisone, Udine, Italy), weighing 300-350 g, were pair-
housed. Adult pregnant Sprague-Dawley rats (gestational
age: 2 days) were obtained from Charles River Laboratories,
Calco (Lecco), Italy. All animals were maintained in
temperature- and humidity-controlled facilities. Animals were
kept on a 12-h/12-h light/dark cycle (lights on from 7:00 a.m.)
and had ad libitum access to food and water. All experiments
were conducted during the light phase.
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Drugs

For microdialysis experiments, THC (NIDA Drug Supply
Program, Rockville, MD, USA) was dissolved in 40% (w/v) cy-
clodextrin in saline. For in vivo electrophysiology studies, THC,
obtained in a 20% (v/v) ethanol solution (THC PHARM GmbH,
Frankfurt, Germany), was emulsified in 1% (v/v) Tween 80, dilut-
ed in saline. The kynurenine 3-monooxygenase (KMO) inhibitor
Ro 61-8048 (3,4-dimethoxy-N-[4-(3-nitrophenyl)thiazol-2-
yl]benzenesulfonamide, Sai Advantium Pharma, Hyderabad,
India) was dissolved in vehicle containing 5—6% (v/v) Tween 80
in saline and was administered 40 min before THC. Rimonabant
(5-(4-chlorophenyl)-1-(2,4-dichloro-phenyl)-4-methyl-
N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide, SR141716A,
NIDA Drug Supply Program, Rockville, MD, USA) was dis-
solved in a vehicle containing 2% (v/v) Tween 80, 2% (v/v) etha-
nol, and sterile water and was administered 40 min before THC.
For use in primary astrocyte cultures, the commercially ob-
tained THC solution (1 mg in 1 ml methanol; Sigma-Aldrich)
was diluted in distilled water. The final methanol concentration
ranged between 0.0001% (v/v) and 0.03% (v/v). WIN 55,212-
2, KYNA and rimonabant were purchased from Tocris (Milano,
Italy) and dissolved in dimethyl sulfoxide (DMSO) and distilled
water. The final concentration of DMSO was < 0.01%.
Dulbecco’s modified Eagle’s medium (DMEM), fetal bo-
vine serum (FBS), and phosphate-buffered saline (PBS) solu-
tion were purchased from Gibco, Thermo-Fischer Scientific
(Monza, Italy). Penicillin, streptomycin, poly-L-lysine, and
Triton X-100 were obtained from Sigma-Aldrich (Milan,
Italy). Anti-glial fibrillary acidic protein (GFAP) antibodies
were purchased from Chemicon (Temecula, CA, USA).

In Vivo Microdialysis in Freely Moving Rats

As previously described [47, 48], microdialysis was performed
20-24 h after the implantation of probes in the medial prefrontal
cortex (mPFC; AP: + 3.5 mm from bregma, L: +0.5 from the
midline, V: — 5.0 mm from the dura), the shell of the NAcS (AP:
+2.0 mm, L: £1.1 mm, V: —8.0 mm), or the VTA (AP: —

5.3 mm, L: £0.9 mm, V: — 8.4 mm) [49], at a perfusion rate of
1 pl/min (probe length: NAcS 2 mm, VTA 1 mm, mPFC 4 mmy;
hand-crafted in the lab). Samples were collected every 20 min,
rapidly frozen, and stored at — 80 °C until the day of analysis.
Only data from rats with correct probe placement were included
in the study (n=123). Brains were harvested at the end of the
experiments and cut on a cryostat in consecutive coronal slices
(40 pm) to confirm probe placement. Intraperitoneal (i.p.) injec-
tions of Ro 61-8048 (30 or 100 mg/kg), rimonabant (1 mg/kg), or
the respective vehicles were made 40 min prior to the injection of
THC (3 mg/kg, i.p.). The timelines of the experiments are shown
in Figs. 1a and 2a. Analysis of glutamate and KYNA is described
in detail in “Supplementary Methods.”

In Vivo Electrophysiology

Surgery and recordings were performed as described previously
[50] (n = 44). Details are published in “Supplementary Methods.”

Single-unit activity of PFC neurons (AP: 3.0 mm from
bregma, L: =£0.8—1.0 mm from the midline) located in layers
II-VI (V: 1.0-3.5 mm from the cortical surface) was record-
ed. Electrophysiological characteristics of the recorded cells
corresponded to those attributed to pyramidal neurons [51,
52]. They presented “regular-spiking” or “intrinsically
bursting” activity, the firing rate never exceeded 10 Hz, and
the action potentials were >2 ms wide. PFC output neurons
were identified by antidromic spikes, elicited by VTA (AP: —
6.0 mm from bregma, L: £0.5 mm from the midline; V:
7.5 mm from the cortical surface) or NAcS (AP: 1.0 mm from
bregma; L: £ 1.0 mm from the midline; V: 7.4 mm from the
cortical surface; 20° AP inclination) stimulation.

Single-unit activity of neurons located in the VTA (AP: —
6.0 mm from bregma; L: £0.4-0.6 mm from the midline; V:
7.0-8.0 mm from the cortical surface) was recorded extracellu-
larly (bandpass filter 0.1-10,000 Hz). Dopamine neurons were
isolated and identified according to published criteria [3, 53-55],
i.e., a firing rate <10Hz and > 2.5 ms duration of the action
potential. Bursts were defined as the occurrence of two spikes
at an interspike interval of <80 ms and terminated when the
interspike interval exceeded 160 ms. VTA-NAcS output neurons
were identified by antidromic spikes elicited by NAcS stimula-
tion (AP: 1.5 mm from bregma, L: £+ 1.0 mm from the midline,
V: 7 mm from the cortical surface) on the basis that they were of
fixed latency and collided with spontaneous spikes.

RNAscope In Situ Hybridization Assay

RNA in situ hybridization (ISH) was performed for Cnrl, Rn-
Chrna7, and GFAP. Rats were decapitated (n=15), and the
brain was rapidly removed and frozen in isopentane (kept on
dry ice) for 15 s before being transferred to a sealed bag for
long-term storage at — 80 °C. After equilibrating the tissue in a
cryostat (Leica CM 3050S) at —20 °C for 2 h, 10-um brain
slices of the mPFC were collected at approximately + 3.2 mm
from bregma [49] and mounted directly onto Super Frost Plus
slides (Fisher Scientific, Cat. no. 12-550-15). The slides were
left at —20 °C for 1 h and then stored at — 80 °C. For ISH, a
RNAscope Multiplex Fluorescent Reagent Kit (Advanced
Cell Diagnostics, Newark, CA, USA) was used according to
the user manual for fresh frozen tissue. Details of the proce-
dures are described in “Supplementary Methods.”

Primary Cultures of Cortical Astrocytes

Primary cultures of cortical astrocytes were obtained from rats
on embryonic day 18 (n=32; 4 dams, 8 fetuses from each)
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and cultured as described previously [56], with slight modifi-
cations detailed in “Supplementary Methods.”

Endogenous Extracellular Glutamate Levels
On the day of the experiment, cells were rinsed twice (1 min/
rinse) by replacing the culture medium with a warmed

(37 °C) Krebs-Ringer bicarbonate buffer (mM: NaCl 118.5,
KC14.8,CaCl,2.5,MgS0O,4 1.2, NaHCO3 25, NaH,PO,4 1.2,
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glucose 11; pH 7.4). Thereafter, 200 pl of Krebs-Ringer bi-
carbonate buffer was added, and the solution was maintained
for 40 min. Subsequently, 100 pul was collected, and the re-
maining Krebs-Ringer buffer (300 pul) was discharged. This
procedure was then repeated to collect a total of four consec-
utive fractions. The mean of the first two fractions was used
to define basal endogenous glutamate levels. THC and
KYNA were applied 15 and 40 min, respectively, before the
end ofthe third period. When indicated, the CB1R antagonist
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<« Fig. 1 Effects of the KMO inhibitor Ro 61-8048 on THC-induced chang-
es in the NAcS and in mPFC pyramidal neurons projecting to the NAcS.
a Timeline of the microdialysis and electrophysiology experiments. b Ro
61-8048 (30 or 100 mg/kg, i.p.) reduces the increases in extracellular
glutamate levels induced by THC (3 mg/kg, i.p.) in the NAcS. Results
are expressed as a percentage of basal glutamate levels over time (Veh +
THC 3,n=9; Ro 30+ Veh, n=7; Ro 100 + Veh, n="7; THC 3 + Ro 30,
n=35; THC 3 +Ro 100, n=7). *p <0.05 vs. baseline, *p < 0.05 vs. Veh +
THC 3. ¢ Glutamate levels are expressed as area under the curve (AUC)
over the 180 min following THC or Veh injection; *p < 0.05 vs. Veh +
THC 3. d Representation of the probe placement in the NAcS following
the Paxinos and Watson brain atlas. e Ro 61-8048 (30 mg/kg) reduces the
increases in extracellular glutamate levels induced by THC (3 mg/kg, i.p.)
in mPFC. Ro 61-8048 alone does not significantly affect glutamate levels
in mPFC. Results are expressed as a percentage of basal glutamate levels
over time (Veh+ THC 3, n=5; Ro 30+ Veh, n=5; THC 3+ Ro 30, n=
7). #p < 0.05 vs. baseline, p < 0.05 vs. Veh + THC. f Glutamate levels are
expressed as the area under the curve (AUC) over the 180 min following
THC or Veh injection; *p < 0.05 vs. Veh + THC 3. g Representation of the
probe placement in the mPFC. h Diagram representing stimulation
(NAcS) and recording (mPFC) areas for in vivo electrophysiology exper-
iments. Traces illustrate representative extracellular recordings of mPFC
pyramidal neurons. Identification of the antidromic response induced by
the electrical stimulation of the NAcS in mPFC cell: digital storage oscil-
loscope traces display fixed latency of the antidromic response. i
Pretreatment with Ro 61-8048 (30 mg/kg, i.p.) does not change basal
firing activity of mPFC pyramidal neurons projecting to NAcS (unpaired
t test). j Representative firing rate histograms of mPFC — NAcS neurons
from rats pretreated with Veh (top) or Ro 61-8048 (30 mg/kg, i.p.; bot-
tom) prior to cumulative THC injections (0.3-1.2 mg/kg, i.v.). k Ro 61-
8048 abolishes the THC-induced increase in firing activity of mPFC
pyramidal neurons projecting to the NAcS (Veh + THC, n=6; Ro +
THC, n=06), *p <0.05, **p<0.01, two-way ANOVA and Bonferroni
test. Symbols and bars represent means + SEM in b, ¢, e, f, and k.
Arrows indicate time of injections (b, e, j). Veh = vehicle, Ro=Ro 61-
8048

rimonabant was added 20 min before THC. Pharmacological
agents were not present during the fourth collection period
(see Fig. 4f for a schematic representation of the experimen-
tal design). The effects of the treatments on endogenous ex-
tracellular glutamate levels were expressed as a percentage of
basal values.

In this study, glutamate was quantified using a modified
HPLC method [17], involving pre-column derivatization.
To this end, o-phthalaldehyde/[3-mercaptoethanol (1:1, v/
v) was added to each sample, and 25 pl was then applied
to a reverse-phase HPLC column (Chromsep 5 C;g column
5 wm; 100 x 3 mm, Superchrom, Milan, Italy). The mobile
phase (flow rate: 0.75 ml/min) consisted of 0.1 M sodium
acetate, 10% methanol, and 2.5% tetrahydrofuran, pH 6.5.
In the eluate, glutamate was detected fluorimetrically
(Shimadzu RF-551, Tokyo, Japan), using excitation and
emission wavelengths of 370 and 450 nm, respectively.
The retention time of glutamate was approximately
3.5 min. The limit of detection (LOD) was 30 fmoles.
Validation parameters are described in the “Supplementary
Methods.”

Statistical Analyses

In vivo microdialysis data were not adjusted for recovery from
the dialysis probe. Basal values were calculated as the mean of
three consecutive samples (differing by no more than 15%)
collected immediately preceding the drug treatment. Data
were expressed as a percentage of basal values and were an-
alyzed using one-way ANOVA or two-way mixed analysis
(with treatment as a fixed effect and time as a repeated mea-
sure) using Proc Mixed (SAS Institute, Cary, NC, USA).
When appropriate, post hoc analysis was performed using
Tukey’s multiple comparisons test.

For in vivo electrophysiology, drug-induced changes in
firing rate and regularity were calculated by averaging the
effects of the drugs for the 2-min period following drug ad-
ministration and comparing them to the mean of the pre-drug
baseline. Statistical significance was assessed using two-way
ANOVA for repeated measures, or one-way ANOVA, or
Student’s ¢ test when appropriate, using GraphPad PrismS5.
Post hoc multiple comparisons were made using the
Bonferroni correction.

Data obtained from astrocyte cultures were analyzed using
GraphPad Prism5. Statistical analysis was carried out by
ANOVA followed by the Newman-Keuls test for multiple
comparisons.

The assumptions of statistical tests used in the analyses
were verified by examining residuals for deviations from nor-
mality. All results are expressed as means + S.E.M. p <0.05
was the accepted level of significance in all experiments.

Results

Effects of Ro 61-8048 on THC-Induced Changes
in Extracellular Glutamate Levels in the NAcS
and in the mPFC

Basal levels of extracellular glutamate in the NAcS were 0.73
+0.05 uM. Administration of 3 mg/kg of THC (i.p.), a dose
known to elevate extracellular levels of dopamine in reward-
associated brain areas in rats [57], significantly increased ex-
tracellular glutamate, with a maximal effect observed after
80 min (Fig. 1b; treatment X time interaction: F(36,257)=
3.58, p<0.01). Pretreatment with 30 or 100 mg/kg of Ro
61-8048 dose-dependently counteracted the glutamate-
releasing effects of THC (Fig. 1b). When given alone, Ro
61-8048 did not affect glutamate levels in the NAcS at a dose
of 30 mg/kg, whereas 100 mg/kg produced a modest reduction
in extracellular glutamate 60 and 80 min after administration
of the KMO inhibitor (Fig. 1b). Figure Ic illustrates the cal-
culated areas under the curves (AUC; F(4,30)=16.39, p<
0.01), and Fig. 1d illustrates the probe placement in the NAcS.
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Fig.2 Effects of Ro 61-8048 on THC-induced changes in the VTA and in
mPFC pyramidal neurons projecting to the VTA, and in dopaminergic
cell projecting from the VTA to the NAcS. a Timeline of the microdial-
ysis and electrophysiology experiments. b Ro 61-8048 (30 or 100 mg/kg,
i.p.) reduces the increases in extracellular glutamate levels produced by
THC (3 mg/kg, i.p.) in the VTA. Results are expressed as a percentage of
basal glutamate levels over time (Veh + THC 3, n=10; Ro 30 + Veh, n =
8; Ro 100+ Veh, n=6; THC 3 +Ro 30, n=5; THC 3 +Ro 100, n=6).
*p <0.05 vs. baseline, #p <0.05 vs. Veh + THC 3. ¢ Glutamate levels are
expressed as area under the curve (AUC) over the 180 min following
THC or Veh injection; *p <0.05 vs. Veh + THC 3. d Representation of
the probe placement in the NAcS following the Paxinos and Watson brain
atlas. e Diagram representing stimulation (VTA) and recording (mPFC)
areas for in vivo electrophysiology experiments. f Pretreatment with Ro
61-8048 does not change basal firing activity of mPFC pyramidal neu-
rons projecting to the VTA (unpaired ¢ test). g Representative firing rate
histograms of mPFC — VTA neurons from rats pretreated with Veh (top)
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(mg/kg i.v., cumulative doses)

or Ro 61-8048 (30 mg/kg, i.p.; bottom) prior to cumulative THC (0.3—
1.2 mg/kg) i.v. injections. h Pretreatment with Ro 61-8048 abolished
THC-induced increase in firing activity of mPFC pyramidal neurons
projecting to the VTA (Veh+ THC, n=6; Ro+THC, n=>5), *p<0.05,
two-way ANOVA and Bonferroni test. i Diagram representing stimula-
tion (NAcS) and recording (VTA) areas in the rat brain for dopamine
neuron in vivo electrophysiology recordings. j Pretreatment with Ro
61-8048 does not change basal firing activity of mPFC pyramidal neu-
rons projecting to VTA (unpaired ¢ test). k Representative firing rate
histograms of dopamine VTA — NAcS neurons from rats pretreated with
Veh (top) or Ro 61-8048 (30 mg/kg, i.p.; bottom) prior to cumulative
THC injections (0.3-0.6 mg/kg, i.v.). I Pretreatment with Ro 61-8048
abolishes THC-induced increase in firing activity of dopamine cells
projecting to the NAcS (Veh+ THC, n=12; Ro+THC, n=9), **p<
0.01, two-way ANOVA and Bonferroni test. Symbols and bars represent
means £ SEM in b, ¢, h, and I. Arrows indicate time of injections (b, g, k).
Veh = vehicle, Ro=Ro 61-8048
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Basal levels of extracellular glutamate in the mPFC were
1.75+0.36 uM. In agreement with the study of Pistis and
colleagues [16], which had reported an increase in extracellu-
lar glutamate levels in the PFC following an i.v. application of
THC (1 mg/kg), i.p. administration of THC (3 mg/kg) signif-
icantly increased extracellular glutamate levels (Fig. le; effect
of group: F(2,13)=7.92, p<0.01; effect of time: F(9,117)=
3.02, p<0.01; Fig. 1f; AUC: F(2,13)=7.42, p<0.01). In
contrast to the NAcS (Fig. 1b), however, statistical signifi-
cance of this effect was not reached until 140 min after the
THC injection, and glutamate levels continued to rise up to
180 min. Pretreatment with 30 mg/kg of Ro 61-8048
prevented the THC-induced effect on extracellular glutamate
at the 180 min time point (Fig. 1e, f). When applied alone, Ro
61-8048 (30 mg/kg) did not influence glutamate levels in the
mPFC (Fig. le, f). Figure 1g illustrates the probe placement in
the mPFC.

Effects of Ro 61-8048 on THC-Induced Changes
in the Firing Rate of mPFC — NAcS Neurons

Based on the biochemical data described above, we next
examined the effects of THC on mPFC cells that were
antidromically identified as output neurons projecting to
the NAcS (Fig. 1h) by electrophysiological means. As il-
lustrated in Fig. 1j, k, THC (cumulative 0.3-2.4 mg/kg,
i.v.) produced a dose-dependent increase in the firing rate
of mPFC — NAcS neurons in vivo (one-way ANOVA for
repeated measures, F(4,20) =4.44, p <0.05). This effect
was prevented by i.p. pretreatment with 30 mg/kg of Ro
61-8048 (repeated measures one-way ANOVA, F(4,20) =
1.22, p<0.05; dose-response curves analyzed with two-
way ANOVA for repeated measures F(2,40)=6.01, p<
0.05), with no changes in the basal firing rate (Fig. 1i;
unpaired ¢ test z,, =0.28, p>0.05).

THC-Induced Changes in Extracellular Glutamate
Levels in the VTA: Effect of Ro 61-8048

Basal levels of extracellular glutamate in the VTA were
0.83 £0.05 pM. Administration of 3 mg/kg THC (i.p.) sig-
nificantly increased the extracellular levels of glutamate
(Fig. 2b; treatment x time interaction, £(36,269)=3.81, p
<0.01; Fig. 2¢; AUC: F(4,31)=16.22, p<0.01). As in the
NAcS (Fig. 1b), the maximal effect was observed after
80 min. Pretreatment with 30 or 100 mg/kg of Ro 61-8048
(i.p.) dose-dependently prevented this effect of THC (Fig.
2b, c). Only the higher dose of Ro 61-8048 (100 mg/kg)
significantly decreased basal extracellular glutamate levels
40-100 min after administration (Fig. 2b, c). Figure 2d il-
lustrates the probe placement in the VTA.

Effects of Ro 61-8048 on THC-Induced Changes
in the Firing Rate of mPFC — VTA and VTA — NAcS
Neurons

To examine the physiological significance of the microdialysis
results illustrated in Fig. 2b, ¢, we studied efferents from the
mPFC to the VTA (Fig. 2e) and efferents from the VTA to the
NAcS (Fig. 2i) electrophysiologically. Cumulative i.v. admin-
istration of THC (0.3-2.4 and 0.3—1.2 mg/kg, respectively)
dose-dependently increased the firing rate of both projection
neurons (Fig. 2g, h, k, 1). Pretreatment with 30 mg/kg of Ro
61-8048 abolished the THC-induced increases in firing rate of
mPFC neurons projecting to the VTA (Fig. 2g, h; two-way
ANOVA for repeated measures F(2,44) =4.04, p <0.05),
without changes in basal activity (Fig. 2f; unpaired ¢ test
151 =0.55, p>0.05). The same treatment also prevented the
effects of THC on VTA dopamine cells that were antidromi-
cally identified as projecting to the NAcS (Fig. 2k, 1; two-way
ANOVA for repeated measures F(2,44)=4.03, p<0.05).
Here, too, pretreatment with Ro 61-8048 did not alter basal
firing activity (Fig. 2j; unpaired ¢ test #,9=1.33, p > 0.05).

Effects of Rimonabant on THC-Induced Changes
in the Extracellular Levels of Glutamate and KYNA
in the NAcS

In separate rats, we tested the effects of the CB1R antagonist
rimonabant on extracellular glutamate and KYNA levels in
the NAcS. Confirming the results shown in Fig. 1b, systemic
administration of THC (3 mg/kg, i.p.) significantly increased
the extracellular concentration of glutamate (basal levels:
1.56 +0.06 uM) (Fig. 3a; treatment x time interaction,
F(18,125)=3.47, p<0.01; Fig. 3b; AUC: F(2,14)=28.41,
p <0.01). Measured in the same microdialysis samples, extra-
cellular concentrations of KYNA were reduced compared to
basal levels (2.15 £0.07 nM), with a maximal effect observed
80 min after the administration of THC (Fig. 3c; treatment x
time interaction, F(18,144)=2.26, p <0.01; Fig. 3d; AUC:
F(2,16)=18.58, p<0.01).

Pretreatment with rimonabant (1 mg/kg, i.p.) abolished the
THC-induced glutamate overflow but did not alter glutamate
levels when given alone (Fig. 3a, b). Pretreatment with
rimonabant (1 mg/kg) also prevented the effect of THC on
KYNA levels, again without affecting endogenous levels of
the metabolite on its own (Fig. 3c, d).

Co-localization of CB1R and a7nAChR mRNA in Rat
Cortical Astrocytes

We used an ultrasensitive RNAscope ISH method to detect
low densities of CBIR and «7nAChR mRNA expression in
rat cortical astrocytes in the mPFC. First, we validated our
hybridization method using control probes. The positive
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Fig. 3 Effects of rimonabant on THC-induced changes in the
extracellular levels of glutamate and KYNA in the NAcS of rats. a, b
Rimonabant (1 mg/kg, i.p.) reduces the increase in extracellular glutamate
levels produced by THC (3 mg/kg, i.p.) in the NAcS. ¢, d Rimonabant
reverses the THC-induced decrease in extracellular KYNA levels in the
NACcS. Results are expressed as a percentage of basal glutamate (a) or
KYNA (c¢) levels over time (a, glutamate levels: Veh + THC 3, n = 6; Rim

controls produced strong fluorescent signals in the mPFC of
rats (Fig. 4a; Supplementary Figure S1a—d top panels), where-
as the negative control probe generated no fluorescence
(Supplementary Figure Sla—d bottom panels). Then, using
customized RNAscope probes, we showed the co-existence
of both CB1Rs and «7nAChRs in cortical astrocytes.
Representative pictures of GFAP/CB1R/x7nAChR triple la-
beling by RNAscope in situ hybridization are shown in Fig.
4b—e, respectively (top at x20, bottom at X63 magnification).

Effects of Rimonabant and KYNA on THC-Induced
Extracellular Glutamate Levels in Astrocyte Cultures

Basal extracellular glutamate levels in primary cultures of rat
cortical astrocytes were 0.24 +0.02 uM and remained essen-
tially stable over the 160-min duration of the experiment (Fig.
4f shows the experimental design, and Fig. 4g shows
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and K'YNA levels are also expressed as areas under the curve (AUC) over
the 180 min following THC or Veh injection (b, d). *p <0.05 vs. Veh +
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representative photograph of astrocytes in culture). Addition
of 1 uM (but not 30 or 300 nM) THC to the medium during
the third collection period significantly (p <0.01) increased
extracellular glutamate levels (Fig. 4h). Rimonabant
(100 nM), added to the medium 20 min before THC
(1 pM), prevented the THC-induced glutamate increase. By
itself, rimonabant did not influence extracellular glutamate
levels (Fig. 41). We also analyzed the effects of THC on basal
extracellular glutamate levels in the presence of KYNA.
Although addition of KYNA (10 nM, 100 nM, or 1 uM) alone
did not modify extracellular glutamate (Fig. 4j), KYNA
(100 nM) prevented the THC (1 uM)-induced glutamate in-
crease (Fig. 4k). KYNA (10 nM) was ineffective (Fig. 4k).
Similar to THC, WIN 55,212-2 (300 nM and 1 uM) sig-
nificantly (p <0.05 and p <0.01, respectively) increased
basal extracellular glutamate levels. WIN 55,212-2 was in-
effective at lower concentrations (1, 10, and 100 nM;
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Fig.4 Expression of CB1Rs and «7nAchRs on rat cortical astrocytes and
effects of THC and KYNA on extracellular glutamate levels in primary
cultures of rat cortical astrocytes. RNAscope Multiplex Fluorescent
Assay was performed on brain slices from adult Sprague-Dawley rats to
assess the expression of CB1Rs and a7nAchRs and the results show that
both receptors co-localize in GFAP-expressing cells. a Representation of
the whole brain in DAPI and mPFC target area. b (Top) RNAscope for
GFAP probes (green); nuclei are stained with DAPI (blue). b (Bottom)
Magnified image of the cells shown at the top. ¢ (Top) RNAscope for
CBIR (red) probes; nuclei are stained with DAPI (blue). ¢ (Bottom)
Magnified image of the cells shown at the top. d (Top) RNAscope for
«7nACh receptor (white) probes; nuclei are stained with DAPI (blue). d
(Bottom) Magnified image of the cells shown at the top. e (Top)
Multiplex RNAscope for GFAP, CBIRs, and «7nAChRs showing co-
localization (merge). e (Bottom) Magnified image of the cells shown at
the top. f Design of experiments using primary cultures of cortical
astrocytes: four consecutive fractions were collected every 40 min.

Supplementary Figure S2a). The addition of KYNA (10 nM,
100 nM, and 1 uM) prevented the WIN 55,212-2-induced
increase in extracellular glutamate levels (Supplementary
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THC and KYNA were applied 15 and 40 min, respectively, before the
end of the third fraction. Rimonabant was added 35 min before the end of
the third fraction (i.e., 20 min before THC). g Representative fluorescence
photomicrograph of GFAP immunoreactivity: astrocytes were stained
with anti-GFAP antibody and observed in sample field under
fluorescent microscope (magnification x40). h Effect of THC (30 nM,
300 nM, and 1 uM) on glutamate levels. **p < 0.01 significantly different
from control, THC 30 and 300 nM. i Effect of rimonabant (100 nM) alone
and in combination with THC (1 uM) on glutamate levels. **p <0.01
significantly different from control, Rim 100 nM and Rim 100 nM + THC
1 uM. j Effect of KYNA (10 nM, 100 nM, and 1 uM) on glutamate
levels. k Effect of THC (1 uM) alone and in the presence of KYNA
(10 and 100 nM) on glutamate levels. **p < 0.01 significantly different
from control and KYNA 100 nM + THC 1 uM. The results are expressed
as percentage of basal glutamate levels, as calculated by the means of the
two fractions collected prior to the treatment. Bars represent mean + SEM
(n=20-30). Newman-Keuls test. Rim = Rimonabant

Figure S2b, ¢). KYNA did not influence the effects of lower
concentrations of WIN 55,212-2 on glutamate levels
(Supplementary Figure S2d—f).
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Discussion

The current study yielded several major findings. First, we
showed that systemic administration of THC increases extra-
cellular glutamate levels in reward-related brain areas (NAcS,
VTA, and mPFC) of freely moving rats and enhances excit-
ability of pyramidal neurons originating in the mPFC and
projecting to the NAcS and the VTA, as well as of VTA
dopaminergic cells projecting to the NAcS. These effects were
prevented by the systemic administration of the KMO inhib-
itor Ro 61-8048, which enhances the extracellular levels of
KYNA, a negative allosteric modulator of the ®7nAChRs, in
the brain [45]. Second, we found that systemic THC adminis-
tration decreases extracellular KYNA levels in the NAcS. In
the NAcS, both effects—THC-induced increase of glutamate
levels and decrease of KYNA levels—were CB1R-depen-
dent. Exposure to THC also increased extracellular glutamate
levels in cultured astrocyte preparations, and this effect was
prevented by adding exogenous KYNA or the CBIR antago-
nist rimonabant. Finally, by using RNAscope in situ hybridi-
zation, we showed that x7nAChR and CB1R mRNAs are co-
localized on rat cortical astrocytes in the mPFC. Together,
these results support the hypothesis that activation of
reward-related brain circuits by THC might be, at least in part,
mediated by increases in glutamate neurotransmission that
involve astrocytes.

Although the present results provide compelling evidence
for THC-induced increases in extracellular glutamate in
dopamine-innervated brain areas, they differ from previous
in vitro findings, which showed that cannabinoids decrease
the release of glutamate in striatal and hippocampal slices, as
well as in hippocampal cultures, of rats [12, 58—60]. These
results could be reconciled by assuming that, in vivo, the
mPFC is a predominant locus of action of the effects of sys-
temically administered THC. In fact, we previously demon-
strated that systemically applied THC causes glutamate re-
lease in the mPFC [16], explaining both the activation of cor-
tical pyramidal neurons projecting to the NAcS and the VTA,
and the glutamate release in these brain areas seen in the pres-
ent study. Furthermore, our results indicate that the CB1R
agonist-induced increase in extracellular glutamate levels in
these brain regions in vivo is mainly glia-dependent and not of
synaptic origin. Thus, we speculate that systemically applied
THC may exert qualitatively distinct, opposing effects on glial
and synaptic glutamate, resulting in increased and reduced
extracellular levels of the neurotransmitter, respectively.
Consequently, the net effect and function of the drug might
vary significantly between different brain areas. For example,
cannabinoid-induced glutamate deficits in the hippocampus
could be related to the deleterious effects of marijuana on
memory and learning in humans and animals [3, 61, 62]. In
contrast, a preferential increase in glutamate release would
predominate in reward-related, dopamine-innervated areas
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and could be mostly responsible for glutamate-dependent do-
pamine-releasing and reinforcing effects of cannabinoids, as
we have hypothesized [45].

We previously showed that systemic administration of the
KMO inhibitor Ro 61-8048 in rats rapidly increases KYNA
levels in the NAcS and the VTA, and that this effect is asso-
ciated with a reduction in cannabinoid-induced dopamine re-
lease in both areas [45]. Interestingly, Ro 61-8048 also de-
creased the motivation to self-administer cannabinoids and
prevented relapse-like reinstatement of cannabinoid seeking
in rats and monkeys [45]. These pharmacological effects of
Ro 61-8048 were shown to be dependent on the role of
KYNA as a negative allosteric modulator of the «7nAChR
[33, 45]. Here we demonstrated that Ro 61-8048 can also
effectively block THC-induced glutamate release in the rat
NAcS, VTA, and mPFC, and prevent the THC-induced in-
crease in firing rate of pyramidal neurons projecting from
the mPFC to the NAcS and VTA. Notably, the effect of
THC on glutamate release in the NAcS was also blocked by
rimonabant. As activation of CB1Rs on astrocytes stimulates,
whereas activation of these receptors on glutamatergic nerve
terminals inhibits, glutamate release [13, 63], the present re-
sults suggest that more than one mechanism plays a role in this
context. Thus, astrocytic CB1Rs, as well as «7nAChRs, may
be preferentially involved in mediating the effects of THC on
glutamate and, secondarily, in the regulation of dopamine re-
lease and the reinforcing properties of THC [18-20, 64].
Notably, in the mPFC, THC-induced glutamate release from
astrocytes may act in tandem with reduced GABAergic inhi-
bition to activate pyramidal neurons [14, 16].

This possible central role of astrocytes was tested more
directly using primary astrocyte cultures of rat cerebral cortex.
In this in vitro preparation, exposure to THC was found to
concentration-dependently increase extracellular glutamate
levels. This effect was prevented by adding either rimonabant
or a low (nanomolar) concentration of KYNA to the incuba-
tion medium, supporting the hypothesis that the effect is me-
diated by both CB1Rs and «7nAChRs. As KYNA is synthe-
sized in, and released from, astrocytes [30, 32], the functional
relationships between THC, KYNA, and glutamate described
in the present study may therefore involve feedback effects of
endogenous KYNA on astrocytic x7nAChRs [65, 66].

The connection between cannabinoids, glutamate, and
KYNA deserves further consideration in view of the high
co-morbidity of cannabis abuse and psychiatric illnesses such
as psychotic disorders [67—70]. In fact, cannabis use is signif-
icantly more prevalent in persons with psychosis than in the
general population [71], and cannabis intoxication can lead to
acute transient psychotic episodes and produce short-term ex-
acerbations of pre-existing psychotic symptoms [72—74]. On
the other hand, cannabis use can reduce negative affective
symptoms in patients with an established psychotic disorder
[75, 76]. This clinical insight is in agreement with the
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observation, in rats, that activation of CB1Rs by the synthetic
cannabinoid agonist CP55,940, or by inhibiting the degrada-
tion of the endocannabinoid anandamide, ameliorates
phencyclidine-induced social withdrawal [77], a behavioral
correlate of the negative symptoms of schizophrenia [78]. Of
note, the improvement of negative symptoms in schizophrenia
by THC would be mechanistically in line with an attenuation
of glutamate hypofunction and a reduction of the excessive
levels of KYNA, which are both seen in the brain of persons
with schizophrenia [79-83].

In summary, the present study revealed that both KYNA
and glutamate participate in the effects of THC in reward-
related brain areas. While the responsible cellular and molec-
ular mechanisms and sequence of the events described in this
paper clearly need to be investigated further, astrocytic CB1Rs
and o«7nAChRs in the mPFC (and possibly also in the NAcS
and VTA) appear to play substantive roles in these effects. In
addition to resolving apparent inconsistencies between respec-
tive studies in rodents and humans regarding the effects of
THC on glutamate and dopamine levels [10, 21], future ex-
periments should use genetically modified animals (e.g., con-
ditional knock-out mice lacking CB1R or «7nAChR expres-
sion in astrocytes) to elucidate the mechanisms by which
CB1Rs control glutamate and KYNA release from astrocytes,
and to clarify the specific role of «7nAChRs in this scenario.
In turn, these studies could lead to new therapeutic approaches
for the treatment of cannabis use disorders and could also
provide new tools for dissecting the mechanisms that underlie
the therapeutic and abuse-related effects of cannabinoids.
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