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ABSTRACT
BACKGROUND: Exposure to D9-tetrahydrocannabinol (THC) is an established risk factor for later-life neuropsychiatric
vulnerability, including mood- and anxiety-related symptoms. The psychotropic effects of THC on affect and anxiogenic
behavioral phenomena are known to target the striatal network, particularly the nucleus accumbens, a neural region
linked to mood and anxiety disorder pathophysiology. THC may increase neuroinflammatory responses via the redox
system and dysregulate inhibitory and excitatory neural balance in various brain circuits, including the striatum. Thus,
interventions that can induce antioxidant effects may counteract the neurodevelopmental impacts of THC exposure.
METHODS: In the current study, we used an established preclinical adolescent rat model to examine the impacts of
adolescent THC exposure on various behavioral, molecular, and neuronal biomarkers associated with increased
mood and anxiety disorder vulnerability. Moreover, we investigated the protective properties of the antioxidant
N-acetylcysteine against THC-related pathology.
RESULTS: We demonstrated that adolescent THC exposure induced long-lasting anxiety- and depressive-like
phenotypes concomitant with differential neuronal and molecular abnormalities in the two subregions of the
nucleus accumbens, the shell and the core. In addition, we report for the first time that N-acetylcysteine can
prevent THC-induced accumbal pathophysiology and associated behavioral abnormalities.
CONCLUSIONS: The preventive effects of this antioxidant intervention highlight the critical role of redox mechanisms
underlying cannabinoid-induced neurodevelopmental pathology and identify a potential intervention strategy for the
prevention and/or reversal of these pathophysiological sequelae.

https://doi.org/10.1016/j.bpsgos.2024.100361
Adolescent cannabis exposure can increase the risk of developing
mood and anxiety disorder symptoms later in life (1–3). D9-tetra-
hydrocannabinol (THC), the psychoactive constituent of cannabis,
is a partial agonist of cannabinoid CB1 receptors and can alter
normal neurophysiological brain maturation through their sus-
tained stimulation. The CB1 receptor system is widely distributed
in the mesocorticolimbic system (4), which highlights the crucial
relevance of these pathways in THC-related pathophysiology. The
nucleus accumbens (Acb) is particularly vulnerable to adolescent
cannabinoid exposure. Imaging studies have revealed morpho-
metric Acb abnormalities in young cannabis users (5). Moreover,
chronic THC exposure in rodents alters Acb neuronal spines and
dendritic branching (6,7), perturbs synaptic strength (8,9), and
dysregulates inhibitory/excitatory synaptic transmission (10).
Adolescent THC exposure also alters intra-Acb transcriptomic
markers associated with reward and impulsivity behaviors (11).

The Acb is a critical integration point for emotional and
reward-related processing and is a common nexus for signaling
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pathways related to both affective disorders and addiction (12).
Nevertheless, the two major Acb subregions, the shell (AcbSh)
and core (AcbC), may differentially contribute to the mechanisms
that underlie these pathologies due to their functional and
anatomical distinctions (13–15). Divergent roles for these regions
have been identified for processing reward-related stimuli (16),
as well as during drug relapse–related behaviors (17–19). How-
ever, how neurodevelopmental cannabinoid exposure may
differentially affect these Acb subregions and related patholog-
ical phenotypes is not well understood.

During neurodevelopment, the brain is highly sensitive to
oxidative stress. Cannabis is known to increase oxidative
stress and increase brain levels of oxidative free radicals
(20,21). Moreover, mood and anxiety disorders are associated
with impaired antioxidant responses and increased oxidative
damage in proteomic, lipidomic, and nucleic acid substrates
(22,23). Nevertheless, the functional intersection between
neurodevelopmental vulnerability and THC-induced oxidative
y of Biological Psychiatry. This is an open access article under the
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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stress as a mechanism for psychiatric risk requires further
investigation.

N-acetylcysteine (NAC) is an acetylated form of the amino
acid L-cysteine that has well-established antioxidant properties
and regulates neurotransmitter balance, neuroinflammatory
processes, and oxidative stress (24). Accordingly, NAC has been
proposed as a potentially effective treatment for various neuro-
psychiatric conditions (24), including substance use disorders
(25–27). For example, NAC has been shown to ameliorate
cannabis cessation in adolescent (28) but not adult (29) partici-
pants with cannabis use disorder. Moreover, NAC treatment
prevented the reinstatement of cannabinoid drug seeking in ro-
dents, potentially via restoration of intra-Acb glutamate (GLUT)
homeostasis (30). Oxidative disturbances are associated with
mood- and anxiety-related pathophysiology (31). However, how
oxidative stress induced by adolescent THC exposure may be
related to Acb-mediated psychiatric risk is not currently known.

Using a translational rodent model of adolescent THC
exposure, we investigated the potential neuroprotective
properties of NAC against THC-induced behavioral patho-
phenotypes and associated molecular adaptations in the
AcbSh versus the AcbC. We report that adolescent THC
induced long-lasting anxiety- and depressive-like phenotypes
concomitant with dissociable molecular and neuronal activity
alterations in the AcbSh versus the AcbC. Remarkably, NAC
administration normalized these THC-induced phenotypes
while preventing dysregulations in metabolomic biomarkers
associated with mood- and anxiety-related pathophysiology.

METHODS AND MATERIALS

Male Sprague Dawley rats were obtained on postnatal day 28
from Charles River Laboratories. The adolescent THC treatment
protocol was performed as previously described (32,33). NACwas
administered between postnatal days 35 and 65. Experimental
procedures started in adulthood. The elevated plus maze, novelty-
suppressed feeding, Porsolt forced swimming test, and contex-
tual fear memory conditioning were performed to assess anxiety-
and depressive-like manifestations. Molecular investigations in the
AcbSh/AcbC were performed using matrix-assisted laser
desorption/ionization imaging mass spectrometry (MALDI-IMS)
and Western blotting. Neuronal activity in the AcbSh/AcbC was
examined using in vivo electrophysiology. See Supplement 1 for
details.

Data from different experiments are presented as mean 6
SEM. Statistical analyses were performed using GraphPad
Prism, version 9. Datasets were tested for outliers, and com-
parisons between groups were assessed using 2-way analysis
of variance (ANOVA). Post hoc analyses were calculated using
the 2-stage linear step-up procedure of Benjamini, Krieger, and
Yekutieli for controlling the false discovery rate. The signifi-
cance level was established at p , .05.

RESULTS

NAC Administration Prevents the Development of
Several Anxiety- and Depressive-Like Behaviors
Induced by Adolescent THC

First, we examined the potential neuroprotective properties of
NAC on THC-related pathology using 4 tasks validated for
2 Biological Psychiatry: Global Open Science November 2024; 4:10036
anxiety- and depressive-like behaviors (Figure 1; Table S1 in
Supplement 2).

Elevated Plus Maze. Two-way ANOVA revealed a main
effect of adolescent THC exposure on the number of entries
and time spent in the open arms (Figure 1B, C). Post hoc
comparisons showed that THC- and THC/NAC-treated rats
made fewer entries and spent less time in open arms
compared with vehicle (veh)–treated rats.

Forced Swim Test. Two-way ANOVA revealed a significant
effect of NAC and an interaction between factors on immobility
time (Figure 1E). Post hoc comparisons revealed that adoles-
cent THC exposure increased immobility time compared with
veh, while THC/NAC co-administration prevented this effect.
NAC-treated rats spent less time immobile than veh- and THC-
treated rats, while rats in the THC/NAC group showed lower
immobility than veh-treated rats.

Novelty-Suppressed Feeding. No differences between
groups were observed in the first latency to approach food in
the arena (Figure 1G). However, a significant interaction be-
tween factors was found in the latency to feed (Figure 1H).
Post hoc comparisons revealed that THC-treated rats bit the
food later than veh-treated rats, and this effect was prevented
by THC/NAC co-administration. NAC-treated rats started
feeding later than veh- and THC/NAC-treated rats. Two-way
ANOVA also revealed an interaction between factors in food
consumption during the test (Figure 1I). Post hoc analysis
revealed that the THC/NAC group ate more food than the THC
and NAC groups.

Contextual Fear Conditioning. Two-way ANOVA
revealed a significant effect of THC and an interaction be-
tween factors in freezing time (Figure 1K). Post hoc com-
parisons showed that THC-treated rats spent longer time in
freezing behavior than veh-treated rats, and this effect was
prevented by THC/NAC coadministration. THC-treated rats
also showed increased freezing time compared with NAC-
treated rats. A significant interaction between factors was
observed in the number of rearings and in the time spent in
rearing behavior (Figure 1L, M). Post hoc analysis revealed
that adolescent THC exposure decreased the number of
rearings and the time spent rearing compared with veh.
THC/NAC prevented THC-induced reduction in rearing
events but not in the time spent rearing. NAC-treated rats
showed lower rearing numbers and rearing time than veh-
treated rats.

NAC Administration Normalizes Neurotransmitter
Alterations in the AcbSh Versus the AcbC Induced
by Adolescent THC Exposure

We performed MALDI-IMS in Acb tissue samples to further
investigate the neuroprotective properties of NAC at the
metabolomic level (Figure 2; Table S2 in Supplement 2). Two-
way ANOVA of GLUT levels in the AcbSh revealed a main ef-
fect of NAC (Figure 2C). Post hoc comparisons showed that
adolescent THC exposure increased GLUT levels compared
with veh, while this effect was prevented by THC/NAC
1 www.sobp.org/GOS
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Figure 1. Effects of NAC on anxiety- and depressive-like manifestations induced by THC exposure during adolescence. (A) Schematic representation of the
elevated plus maze apparatus. (B, C) THC-treated rats made fewer entries and spent less time in the open arms of the apparatus. NAC administration did not
prevent these effects (veh, n = 13; THC, n = 13; NAC, n = 11; THC/NAC, n = 12). (D) Schematic representation of the forced swimming test apparatus. (E) NAC
administration prevented the increased immobility induced by chronic THC exposure (veh, n = 14; THC, n = 16; NAC, n = 12; THC/NAC, n = 12). (F) Schematic
representation of the novelty-suppressed feeding test. (G)No differences between groups were observed in the latency to approach the food during the task. (H)
THC-treated rats exhibited a longer latency to start feeding during the test, while NAC administration normalized this effect. (I) The rats exposed to THC and NAC
consumed more food than the THC- and NAC-treated groups (veh, n = 13; THC, n = 13; NAC, n = 10; THC/NAC, n = 10). (J) Schematic representation of the
contextual fear conditioning box. (K–M) Chronic THC exposure induced an increase in freezing time while reducing the number of rearings and the time spent on
rearingbehavior.NACadministrationprevented theTHC-relatedeffects on freezing andnumberof rearingsbutwas ineffective in restoring the rearingbehavior time
(veh, n = 12; THC, n = 13; NAC, n = 10; THC/NAC, n = 8). *p , .05, **p, .01, ***p , .001. NAC, N-acetylcysteine; THC, D9-tetrahydrocannabinol; veh, vehicle.
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coadministration. THC-treated rats had higher GLUT levels
than NAC-treated rats. Analysis of arginine (Arg) levels in the
AcbSh showed a significant interaction between factors
Biological Psychiatry: Globa
(Figure 2D). Post hoc comparisons revealed that Arg levels
were reduced in the AcbSh of THC-treated rats, while this was
prevented by THC/NAC coadministration. The THC/NAC
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Figure 2. Effects of NAC on THC-induced dysregulations of neurotransmitter levels. (A) MALDI-IMS images of a representative rat brain section including
AcbSh and AcbC from each group. (B) Representative localizations of the AcbSh and AcbC on rat brain coronal sections adapted from (76). The numbers
indicate the distance from bregma. (C, D) Adolescent THC exposure increased GLUT levels (m/z = 146.95; veh, n = 14; THC, n = 12; NAC, n = 14; THC/NAC,
n = 12) and decreased ARG levels (m/z = 213.30; veh, n = 14; THC, n = 10; NAC, n = 14; THC/NAC, n = 11) in AcbSh, while the concomitant administration of
NAC prevented these THC-related dysregulations. (E) NAA concentrations (m/z = 198.13; veh, n = 14; THC, n = 12; NAC, n = 14; THC/NAC, n = 12) in the
AcbSh were reduced by administration of NAC. (F, G) No differences between groups were observed in GABA (m/z = 353.16; veh, n = 16; THC, n = 16; NAC,
n = 16; THC/NAC, n = 16) and HVA (m/z = 450.17; veh, n = 16; THC, n = 14; NAC, n = 15; THC/NAC, n = 15) relative quantifications in the AcbSh. (H)
Administration of NAC alone reduced GLUT levels (m/z = 146.95; veh, n = 14; THC, n = 14; NAC, n = 14; THC/NAC, n = 14) in the AcbC compared with the veh
and THC groups. (I) ARG concentration (m/z = 213.30; veh, n = 14; THC, n = 13; NAC, n = 14; THC/NAC, n = 14) in the AcbC was higher in the THC/NAC group
than the NAC- and THC-treated rats. (J) No differences between groups were detected in NAA levels (m/z = 198.13; veh, n = 14; THC, n = 14; NAC, n = 14;
THC/NAC, n = 14) in the AcbC. (K, L) Both adolescent THC exposure and NAC administration decreased GABA levels (m/z = 353.16; veh, n = 16; THC, n = 14;
NAC, n = 16; THC/NAC, n = 16) and HVA levels (m/z = 450.17; veh, n = 16; THC, n = 13; NAC, n = 15; THC/NAC, n = 15) in AcbC. *p, .05, **p, .01, ***p, .001.
AcbC, nucleus accumbens core; AcbSh, nucleus accumbens shell; ARG, arginine; GABA, gamma-aminobutyric acid; GLUT, glutamate; HVA, homovanillic
acid; MALDI-IMS, matrix-assisted laser desorption/ionization imaging mass spectrometry; NAA, N-acetylaspartate; NAC, N-acetylcysteine; THC, D9-tetra-
hydrocannabinol; veh, vehicle.
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group exhibited higher levels of Arg than the NAC group. Two-
way ANOVA of N-acetylaspartate (NAA) levels in the AcbSh
revealed a main effect of NAC treatment (Figure 2E). Post hoc
4 Biological Psychiatry: Global Open Science November 2024; 4:10036
comparisons showed that NAA levels in THC/NAC group were
lower than in the veh and THC groups. NAC-exposed rats
exhibited reduced levels of NAA compared with THC-exposed
1 www.sobp.org/GOS
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rats. No differences between groups were detected in AcbSh
levels of GABA (gamma-aminobutyric acid) (Figure 2F) and
HVA (homovanillic acid) (Figure 2G).

In the AcbC, analysis of GLUT levels revealed a main effect
of NAC (Figure 2H). Post hoc comparisons showed that the
NAC group had lower GLUT levels than the veh and THC
groups. Two-way ANOVA of Arg relative quantification in the
AcbC showed a significant interaction between factors
(Figure 2I). Post hoc analysis revealed that THC/NAC coex-
posure increased Arg levels compared with THC and NAC
exposure. Statistical analysis of NAA levels in the AcbC
revealed a main effect of NAC treatment (Figure 2J). However,
no differences between groups were found in the post hoc
analysis. Analysis of AcbC GABA levels revealed main effects
of NAC and THC (Figure 2K). Post hoc comparisons showed
that GABA levels were reduced in THC-treated rats compared
with veh-treated rats. The NAC and THC/NAC groups also had
lower GABA levels than the veh group. Lastly, the THC/NAC
groups showed decreased GABA levels compared with the
THC and NAC groups. Analysis of HVA levels in the AcbC
revealed main effects of NAC, THC, and interaction between
factors (Figure 2L). Post hoc comparisons showed that AcbC
HVA levels were decreased following THC, NAC, and THC/NAC
exposure compared with veh. Additional biomarkers are pre-
sented in Table S2 in Supplement 2.

NAC Administration Restores Several THC-Related
Molecular Abnormalities in the AcbSh and AcbC

We examined proteomic profiles in the AcbSh and AcbC,
focusing on an array of protein markers associated with THC
exposure and affective disturbances (Figures 3 and 4; Table S3
in Supplement 2). Western blotting analysis of mTOR (mecha-
nistic target of rapamycin) levels in the AcbSh revealed a main
effect of NAC on phosphorylated mTOR (p-mTOR) and total
mTOR (t-mTOR), but no changes were found in the p-mTOR:t-
mTOR ratio (Figure 3A). Post hoc comparisons showed that NAC
administration increased the expression levels of p-mTOR and t-
mTOR compared with veh. Protein analysis of AcbSh Akt-
Thr308 did not reveal any changes in p-Akt, while a significant
effect of NAC and an interaction between factors was found for
t-Akt (Figure 3B). Post hoc comparisons showed that NAC
administration increased t-Akt levels compared with veh, THC,
and THC/NAC. A main effect of NAC was observed on the p-
Akt:t-Akt ratio (Figure 3B). Post hoc comparisons showed that
THC exposure increased the p-Akt:t-Akt ratio in the AcbSh
compared with the NAC and THC/NAC groups. Two-way
ANOVA of D1 receptor (D1R) expression levels in the AcbSh
revealed a significant interaction between factors (Figure 3C).
Post hoc comparisons showed that D1R levels were increased
following NAC administration compared with veh, THC, and
THC/NAC. Analysis of D2R expression levels in the AcbSh
showed a main effect of NAC (Figure 3D). Post hoc comparisons
revealed that THC/NAC coexposure decreased D2R expression
levels compared with veh. Protein analysis of GAD65 in the
AcbSh revealed a significant interaction between factors
(Figure 3E). Post hoc comparisons revealed that GAD65
expression levels were significantly increased following THC
exposure, and this effect was prevented by THC/NAC coad-
ministration. THC/NAC rats exhibited lower GAD65 levels than
NAC rats. Western blotting analysis of BDNF (brain-derived
Biological Psychiatry: Globa
neurotrophic factor) expression levels in the AcbSh revealed a
main effect of NAC and an interaction between factors
(Figure 3F). Post hoc comparisons showed that the NAC group
exhibited higher BDNF levels in the AcbSh than the veh, THC,
and THC/NAC groups. Protein analysis of AcbSh mGluR2/3
(metabotropic glutamate receptor 2/3) revealed a significant ef-
fect of THC and an interaction between factors (Figure 3G). Post
hoc comparisons showed that NAC administration increased
mGluR2/3 expression levels compared with THC and THC/NAC.
Two-way ANOVA of p-ERK1 (extracellular signal-regulated ki-
nase 1) in the AcbSh revealed a main effect of NAC (Figure 3H).
Post hoc comparisons showed that NAC and THC/NAC
administration increased p-ERK1 compared with veh and THC.
A significant interaction between factors was observed for t-
ERK1 (Figure 3H). Post hoc comparisons showed that THC/NAC
rats exhibited lower t-ERK1 levels than NAC group rats. No ef-
fects were found on the p-ERK1:t-ERK1 ratio (Figure 3H). Lastly,
protein analysis of p-ERK2 in the AcbSh revealed a main effect
of NAC (Figure 3H); however, no changes between groups were
found in the post hoc test. Two-way ANOVA of t-ERK2 showed
a significant effect of NAC and an interaction between factors
(Figure 3H). Post hoc comparisons showed that THC exposure
increased t-ERK2 levels compared with veh, and this effect was
prevented by THC/NAC administration. t-ERK2 levels in THC
rats were also higher than in NAC group rats. No changes were
observed in the p-ERK2:t-ERK2 ratio (Figure 3H).

In the AcbC, a 2-way ANOVA comparing mTOR expression
levels revealed a main effect of NAC on t-mTOR (Figure 4A). Post
hoc comparisons showed that THC exposure reduced t-mTOR
levels in the AcbC compared with veh, which was prevented by
THC/NAC coadministration. Moreover, THC-treated rats exhibi-
ted lower t-mTOR levels than NAC-treated rats. No effects were
observed on p-mTOR or on the p-mTOR:t-mTOR ratio
(Figure 4A). Protein analysis of GAD65 showed a main effect of
NAC (Figure 4E). Post hoc comparisons revealed that THC/NAC
administration reduced GAD65 levels compared with veh. A 2-
way ANOVA of p-ERK1 in the AcbC revealed main effects of
NAC and THC (Figure 4H). Post hoc comparisons revealed that
THC/NAC administration increased p-ERK1 levels compared
with veh. No changes between groups were observed in t-ERK1
and in the p-ERK1:t-ERK1 ratio (Figure 4H). Protein analysis of
AcbC p-ERK2 showed a main effect of THC (Figure 4H). Post
hoc comparisons revealed that THC/NAC administration
increased p-ERK2 expression compared with veh and NAC.
While t-ERK2 expression in the AcbC was not affected by
adolescent treatments, analysis of the p-ERK2:t-ERK2 ratio
revealed a significant interaction between factors (Figure 4H).
Post hoc comparisons showed that THC/NAC administration
increased the p-ERK2:t-ERK2 ratio in the AcbC compared with
veh, THC, and NAC. No significant differences were found in the
levels of Akt-Thr308 (Figure 4B), D1R (Figure 4C), D2R
(Figure 4D), BDNF (Figure 4F), and mGluR2/3 (Figure 4G).

NAC Prevents THC-Induced Neuronal
Dysregulations in the AcbSh and AcbC

We investigated the impact of adolescent THC and NAC
administration on neural activity of putative medium spiny
neurons and oscillation patterns in the AcbSh versus the AcbC
(Figure 5; Table S4 in Supplement 2). No group differences
were observed in the firing frequency of AcbSh medium spiny
l Open Science November 2024; 4:100361 www.sobp.org/GOS 5
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Figure 3. Effect of NAC on molecular adaptations induced by THC in the AcbSh. (A–H) Insets on the top of the bar graphs are representative Western blots for
p-mTOR, t-mTOR, p-Akt (Thr308), t-Akt, D1R, D2R, GAD65, BDNF, mGluR2/3, p-ERK1/2, and t-ERK1/2 in AcbSh. (A) p-mTOR and t-mTOR expression levels
were increased by NAC administration (veh, n = 6; THC, n = 6; NAC, n = 4; THC/NAC, n = 4). (B) The NAC group showed higher t-Akt levels than the veh, THC, and
THC/NAC groups, while the p-Akt:t-Akt ratio was decreased following NAC and THC/NAC compared with THC (veh, n = 6; THC, n = 6; NAC, n = 4; THC/NAC, n =
4). (C) D1R expression was increased by NAC administration (veh, n = 6; THC, n = 6; NAC, n = 4; THC/NAC, n = 4). (D) THC/NAC induced a reduction in D2R level
(veh, n = 6; THC, n = 6; NAC, n = 4; THC/NAC; n = 4). (E) Adolescent THC exposure increased GAD65 levels, while the concomitant administration of THC and
NAC prevented this effect (veh, n = 6; THC, n = 6; NAC, n = 4; THC/NAC, n = 4). (F) BDNF expression was increased by NAC administration (veh, n = 6; THC, n = 5;
NAC, n = 4; THC/NAC, n = 4). (G) The NAC group showed higher mGluR2/3 levels than the THC and THC/NAC groups (veh, n = 5; THC, n = 6; NAC, n = 4; THC/
NAC, n = 3). (H) p-ERK1 expression levels were increased by NAC administration, while t-ERK1 was reduced by THC/NAC compared with the NAC group.
Moreover, adolescent THC exposure increased t-ERK2 levels, while the concomitant administration of THC and NAC prevented this effect (veh, n = 6; THC, n = 6;
NAC, n = 4; THC/NAC, n = 4). *p, .05, **p, .01, ***p, .001. AcbSh, nucleus accumbens shell; BDNF, brain-derived neurotrophic factor; D1R, D1 receptor; D2R,
D2 receptor; ERK, extracellular signal-regulated kinase; mGluR, metabotropic glutamate receptor; mTOR, mechanistic target of rapamycin; NAA, N-acetylas-
partate; NAC, N-acetylcysteine; p, phosphorylated; THC, D9-tetrahydrocannabinol; t, total; veh, vehicle.
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Figure 4. Effect of NAC on molecular adaptations induced by THC in the AcbC. (A–H) Insets on the top of the bar graphs are representative Western blots for p-
mTOR, t-mTOR, p-Akt (Thr308), t-Akt, D1R, D2R, GAD65, BDNF, mGluR2/3, p-ERK1/2 and t-ERK1/2 in AcbC. (A) Adolescent THC exposure decreased t-mTOR
expression levels, while the concomitant administration of THC and NAC prevented this dysregulation (veh, n = 7; THC, n = 6; NAC, n = 7; THC/NAC, n = 6). No
differences between groups were observed in p-mTOR (veh, n = 6; THC, n = 6; NAC, n = 6; THC/NAC, n = 6) and p-mTOR:t-mTOR ratio (veh, n = 6; THC, n = 6; NAC,
n = 5; THC/NAC, n = 5). (B–D)No effects were found in the expression levels of p-Akt (veh, n = 7; THC, n = 6; NAC, n = 7; THC/NAC, n = 7), t-Akt (veh, n = 7; THC, n =
7; NAC, n = 6; THC/NAC, n = 6), p-Akt:t-Akt ratio (veh, n = 7; THC, n = 6; NAC, n = 7; THC/NAC, n = 7), D1R (veh, n = 6; THC, n = 6; NAC, n = 7; THC/NAC, n = 7), and
D2R (veh, n = 7; THC, n = 7; NAC, n = 6; THC/NAC, n = 6). (E) GAD65 levels were reduced by NAC administration (veh, n = 7; THC, n = 7; NAC, n = 7; THC/NAC, n =
7). (F, G) No differences between groups were observed in the expression of BDNF (veh, n = 7; THC, n = 6; NAC, n = 7; THC/NAC, n = 6) and mGluR2/3 (veh, n = 7;
THC, n = 6; NAC, n = 7; THC/NAC, n = 7). (H) Concomitant administration of THC and NAC increased the levels of pERK1 (veh, n = 7; THC, n = 7; NAC, n = 7; THC/
NAC, n = 7), p-ERK2 (veh, n = 7; THC, n = 7; NAC, n = 7; THC/NAC, n = 7), and p-ERK2:t-ERK2 ratio (veh, n = 7; THC, n = 6; NAC, n = 7; THC/NAC, n = 7). No
changes were found in t-ERK1 (veh, n = 7; THC, n = 6; NAC, n = 6; THC/NAC, n = 7), t-ERK2 (veh, n = 7; THC, n = 6; NAC, n = 6; THC/NAC, n = 7), and
p-ERK1:t-ERK1 (veh, n = 7; THC, n = 6; NAC, n = 6; THC/NAC, n = 7). *p, .05. AcbC, nucleus accumbens core; BDNF, brain-derived neurotrophic factor; D1R, D1

receptor; D2R, D2 receptor; ERK, extracellular signal-regulated kinase; mGluR, metabotropic glutamate receptor; mTOR, mechanistic target of rapamycin; NAA, N-
acetylaspartate; NAC, N-acetylcysteine; p, phosphorylated; THC, D9-tetrahydrocannabinol; t, total; veh, vehicle.
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neurons (Figure 5B). However, a significant interaction be-
tween factors was found for the firing frequency of AcbC
medium spiny neuron cells (Figure 5D). Post hoc comparisons
revealed that NAC-treated rats exhibited a reduced firing rate
compared with veh-, THC-, and THC/NAC-treated rats.

Significant differences were observed following analyses of
local field potential oscillation patterns in the AcbSh versus the
AcbC. An interaction between factors was found for AcbSh
delta wave power (Figure 5G). Post hoc comparisons showed
that adolescent THC decreased delta oscillations compared
with veh, and this effect was prevented by THC/NAC coex-
posure. Moreover, THC/NAC-treated rats exhibited higher
delta oscillations than rats in the NAC group. Analyses of beta
waves in the AcbSh revealed main effects of NAC, THC, and
an interaction between factors (Figure 5H). Post hoc compar-
isons showed increased beta oscillations in THC-treated rats
compared with veh-treated rats, while THC/NAC coadminis-
tration prevented this effect. The THC group exhibited higher
beta waves than the NAC group. Similarly, analyses of low
gamma waves in the AcbSh revealed main effects of NAC,
THC, and an interaction between factors (Figure 5I). Post hoc
comparisons showed that adolescent THC exposure
increased low gamma oscillations compared with veh, and this
effect was prevented by THC/NAC coadministration. Also,
THC-treated rats exhibited higher low gamma waves than
NAC-treated rats. Two-way ANOVA revealed a main effect of
NAC on AcbSh high gamma oscillations (Figure 5J). Post hoc
comparisons revealed that NAC- and THC/NAC-treated rats
had significantly lower high gamma waves than veh-treated
rats. The THC/NAC group showed significantly reduced high
gamma oscillations compared with the THC-treated group.

In the AcbC, no differences between groups were observed
in delta oscillations (Figure 5L). Analyses of beta waves in the
AcbC revealed a main effect of NAC (Figure 5M). Post hoc
comparisons showed that beta oscillations were reduced in
NAC-treated rats compared with veh- and THC-treated rats. A
main effect of NAC was also found on low and high gamma
oscillations (Figure 5N, O). Post hoc comparisons showed that
NAC administration decreased low gamma waves compared
with veh and THC administration. THC/NAC-treated rats
exhibited lower low gamma oscillations than veh-treated rats.
Post hoc comparisons of high gamma waves revealed a sig-
nificant reduction following NAC and THC/NAC administration
compared with veh administration. No differences were found
=

Figure 5. Effects of NAC on neuronal and oscillatory patterns induced by ado
histograms of putative GABA cells in the AcbSh and AcbC recorded from each gro
of AcbSh GABA neurons (veh, n = 32 cells/9 rats; THC, n = 49 cells/15 rats; NAC,
NAC alone decreased the firing rate of GABA neurons in the AcbC (veh, n = 46 ce
44 cells/8 rats). (E) Representative spectrogram of a 5-minute recording. (F, K) A
THC exposure reduced delta waves in the AcbSh, while this effect was prevented
sites/8 rats; THC, n = 25 recording sites/9 rats; NAC, n = 33 recording sites/8 rat
higher AcbSh beta and low gamma oscillations than the veh group, and these effe
THC, n = 25 recording sites/9 rats; NAC, n = 33 recording sites/8 rats; THC/NAC
waves in the AchSh (veh, n = 20 recording sites/8 rats; THC, n = 25 recording sites
6 rats). (L) No differences between groups were found in delta oscillations in the A
NAC, n = 41 recording sites/7 rats; THC/NAC, n = 30 recording sites/7 rats). (M–O
the AcbC (veh, n = 41 recording sites/15 rats; THC, n = 32 recording sites/11 rats;
*p, .05, **p, .01, ***p, .001. AcbC, nucleus accumbens core; AcbSh, nucleus a
NAC, N-acetylcysteine; THC, D9-tetrahydrocannabinol; veh, vehicle.
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in alpha and theta oscillations in the AcbSh or AcbC (data not
shown).
DISCUSSION

Neurodevelopmental THC exposure induces long-lasting
neuropsychiatric disorders and dysregulations in several
brain regions. Although still limited, interventions during
adolescence have been found to restore THC-related cognitive
deficits, anxiety, and depressive-like manifestations (34–36).

Emerging evidence points to convergent roles of oxidative
stress and cannabinoid-induced pathophysiology underlying
the etiology of mood and anxiety disorders (20,22). The Acb is
a critical neural nexus not only for THC-related neuropsychi-
atric effects (37,38) but also for mood- and anxiety-related
psychopathology (12). This study demonstrates that concur-
rent administration of the antioxidant NAC can prevent
behavioral, neuronal, and molecular pathophenotypes induced
by adolescent THC exposure and identifies selective vulnera-
bilities in the AcbSh versus the AcbC in these phenomena.

Given the critical role of the ventral striatum in affective
processing, we focused our molecular and electrophysiolog-
ical analyses on the AcbSh and AcbC regions. These areas
show anatomical and functional dissociations (39,40). For
example, the AcbSh and the AcbC play differential roles in
Pavlovian conditioning (41), fear processing (42), and re-
sponses to drugs of abuse (43,44). THC exposure can induce
many neuropsychiatric affective and cognitive disturbances
directly in the Acb (37,38,45). Region-specific effects in DFosB
induction markers have been observed following chronic THC
exposure (46). Interestingly, NAC has been shown to prevent
accumbal disruptions in various signaling pathways, including
GLUT, following chronic cocaine exposure in rats (47) and
blocks amphetamine-induced locomotor sensitization in mice
(48). This is consistent with our MALDI-IMS findings showing
that THC/NAC coexposure prevented elevated intra-AcbSh
GLUT levels.

Consistent with previous reports (49,50), we found that
adolescent THC exposure induced a region-specific increase
in AcbSh GLUT. Regulation of AcbSh GLUT is the result of
both local release and inputs from surrounding areas, such
as the ventral hippocampus (vHipp) and prefrontal cortex.
Interestingly, optogenetic stimulation of the vHipp/AcbSh
GLUTergic pathway promotes depressive-like behaviors (51),
lescent THC exposure in the AcbS vs. the AcbC. (A, C) Representative rate
up. (B, D) No differences between groups were found in the firing frequency
n = 27 cells/8 rats; THC/NAC, n = 27 cells/5 rats), while the administration of
lls/16 rats; THC, n = 55 cells/15 rats; NAC, n = 44 cells/6 rats; THC/NAC, n =
verage normalized LFP power spectra in AcbSh and AcbC. (G) Adolescent
by the concomitant administration of THC and NAC (veh, n = 20 recording

s; THC/NAC, n = 19 recording sites/6 rats). (H, I) THC-treated rats exhibited
cts were prevented by NAC administration (veh, n = 20 recording sites/8 rats;
, n = 19 recording sites/6 rats). (J) NAC administration reduced high gamma
/9 rats; NAC, n = 33 recording sites/8 rats; THC/NAC, n = 19 recording sites/
cbC (veh, n = 41 recording sites/15 rats; THC, n = 32 recording sites/11 rats;
) NAC administration decreased beta, low gamma, and high gamma waves in
NAC, n = 41 recording sites/7 rats; THC/NAC, n = 30 recording sites/7 rats).
ccumbens shell; GABA, gamma-aminobutyric acid; LFP, local field potential;
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suggesting that overstimulation of GLUT drive into the AcbSh
may underlie the depressive-like manifestations observed in
this study. Although a previous report did not reveal changes in
spontaneous firing frequency of vHipp pyramidal neurons
following adolescent THC exposure, we observed THC-
induced increases in mGluR2/3 and GluN2B vHipp expres-
sion (32), demonstrating long-term GLUTergic dysregulation.
We have also previously reported cortical hyperactivity
following adolescent THC exposure (33,52) and that pharma-
cological prefrontal cortex inhibition normalizes THC-induced
neurodevelopmental cognitive and affective disturbances
(52). The current findings suggest that NAC may normalize
AcbSh GLUTergic abnormalities by reducing local GLUT
release (53). NAC modulates extracellular GLUT levels via in-
teractions with the cystine/GLUT antiporter system xc

2,
thereby causing activation of extrasynaptic mGluR2/3 re-
ceptors (54–56) and in turn decreasing neuronal GLUT release
(57). Moreover, by increasing cysteine levels, NAC regulates
levels of glutathione, leading to a reduction in circulating
GLUT. Consistent with this, a previous study reported that
higher levels of glutathione limited the hyperglutamatergic
state in the dorsal anterior cingulate cortex of participants with
a first episode of psychosis (58). NAC also modulates the
activity of the GLUT transporter type I, which is primarily
responsible for GLUT uptake (59). By restoring glutamatergic
homeostasis, NAC might prevent the development of the THC-
induced depressive phenotypes. Further investigations are
needed to relate these mechanisms more directly to the
observed behavioral phenotypes.

We report several novel effects of NAC treatment on THC-
induced striatal oxidative stress markers. First, adolescent
THC strongly increased GLUT levels in the AcbSh and elevated
oscillatory power in beta and gamma waveforms, consistent
with a local excitotoxic phenotype and with studies that have
shown profound dysregulation of striatal GLUT signaling in
depressive disorders (60). Remarkably, NAC treatment was
able to completely prevent this elevation in local AcbSh GLUT,
consistent with its known antioxidant role in regulating aber-
rant GLUTergic pathways in psychiatric conditions (57) and
in vitro models of GLUT-induced cellular toxicity, where it can
reduce reactive oxidative stress responses (61). Arg is syn-
thesized from glutamine, GLUT, and proline via the intestinal-
renal axis and is a conditionally essential amino acid that has
powerful antioxidant properties (62). In the current study,
adolescent THC exposure caused a significant loss of Arg in
the AcbSh, and this effect was effectively prevented by NAC
treatment. Consistent with our observed behavioral pheno-
types, decreased Arg levels are strongly correlated with
depressive disorders (63), and Arg supplementation has been
shown to reduce anxiety levels in human subjects (64). Given
the crucial role of Arg in redox processes and its antioxidant
properties (62), the observed reductions in Arg levels in the
current study may result from THC-induced oxidative stress,
which was prevented by THC/NAC administration. This
mechanism may in turn prevent the development of anxiety-
and depressive-like behavioral manifestations. Beyond its
profound protective effects against THC, we found that the
combination of THC/NAC increased basal Arg levels
compared with NAC alone in both the AcbSh and AcbC,
10 Biological Psychiatry: Global Open Science November 2024; 4:1003
suggesting a potential synergy between THC and NAC in
regulating striatal Arg levels.

NAA is an intermediate metabolite and is found at high
concentrations in the brain. It has been proposed that NAA
may serve as an available pool of metabolic precursors for
GLUT production (65). Given our finding that NAC adminis-
tration counteracted THC-induced GLUT elevations, one
possibility is that the observed decreases in striatal NAA levels
with both NAC alone and THC/NAC treatment suggest that
NAA forms an integral part of the NAC neuroprotective
pathway against hyper-GLUTergic activity. Interestingly, THC
alone had no impact on NAA levels compared with vehicle
controls, suggesting that NAC specifically was affecting local
NAA metabolism. Together, these impacts of NAC on THC-
induced pathophysiology identify novel roles for these
metabolomic markers in cannabis-induced neuro-
developmental risk pathways.

Striatal oscillatory patterns are well-established markers for
mood and anxiety disorders. For example, beta waves have
been associated with anxiety processing, with higher levels
being linked to states of heightened anxiety (66). Consistent
with our behavioral phenotypes, NAC prevented THC-induced
anxiogenic effects and blunted increased striatal beta power
compared with vehicle controls. Similar effects were observed
in the low gamma range. Increased gamma power has been
linked to heightened anxiety (67) and increased sensitivity to
negative emotional stimuli (68). This is also consistent with our
previous behavioral findings showing increased sensitivity to
associative fear memory in THC-exposed rats, an effect that,
remarkably, was prevented by NAC treatment.

Local proteomic analyses in the AcbSh and AcbC revealed
several potential protective molecular mechanisms induced by
NAC. Among these, analyses of ERK1/2 revealed that
adolescent THC significantly increased t-ERK2 levels in the
AcbSh, and this effect was entirely prevented by NAC. ERK
signaling abnormalities have been observed in several brain
regions following acute or chronic THC exposure (69,70). Thus,
NAC may exert its protective properties through modulation of
THC-induced ERK signaling dysregulation. NAC was previously
reported to inhibit ERK activation by reducing oxidative stress
(71). Notably, we observed some differences in ERK expression
between the AcbSh and the AcbC, highlighting an overall NAC-
induced decrease of ERK levels in the AcbSh and an increase in
the AcbC. As previously reported, these two subregions are
functionally dissociated, and therefore ERK signaling may
differently modulate their roles. For example, it has previously
been reported that the shell and core portions of the Acb are
differentially involved in fear processing, which is mediated by
mGluR1 and ERK/MAPK (mitogen-activated protein kinase)
signaling selectively in the AcbSh but not in the AcbC (42).

We also observed that adolescent THC exposure induced a
long-lasting increase in GAD65 expression levels in the AcbSh,
and the concomitant administration of THC and NAC was
protective against these abnormalities. GAD65 plays a crucial
role in maintaining the excitatory/inhibitory balance, regulating
the conversion from GLUT to GABA. Therefore, the observed
increase in AcbSh GLUT levels might have been related to
upregulation of GAD65 expression as a local compensatory
mechanism for maintaining GLUT/GABA homeostasis.
61 www.sobp.org/GOS
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Lastly, NAC administration prevented THC-induced re-
ductions in mTOR selectively in the AcbC, which is an estab-
lished biomarker for depressive- and anxiety-related disorders
(72,73). Thus, NAC is capable of blocking THC-induced defi-
cits in local mTOR expression, which may partially account for
its neuroprotective effects.

In the AcbSh, we also observed that NAC alone increased
BDNF and D1R levels. It has been shown that NAC exerts its
therapeutic properties through multiple mechanisms,
increasing cystine-glutamate antiporter activity, reducing in-
flammatory cytokines levels, and protecting against oxidative
stress (74). These NAC-related effects may converge to pro-
mote cell survival and BDNF synthesis (74). Therefore, the
increased BDNF levels observed in this study might have
resulted from a complex interplay between several NAC-
related mechanisms. Increasing cystine-glutamate antiporter
activity, NAC has also been reported to modulate the activity of
the mGluRs and facilitate dopamine release. This could
potentially underlie the observed increase in D1R expression in
the current study (74). Moreover, NAC-induced upregulation of
D1R and BDNF expression may be interconnected. It has been
reported that pharmacological D1R activation can enhance
BDNF expression in hippocampal and striatal tissue slices (75).
Further studies are required to fully explore the underlying
mechanisms associated with these phenomena.

Conclusions

In summary, antioxidant treatment with NAC can powerfully
prevent multiple behavioral, neuronal, and molecular patho-
physiological effects associated with adolescent THC expo-
sure through modulation of several biomarker pathways
associated with oxidative stress mechanisms in the AcbSh or
AcbC. The current studies relied exclusively on male rat co-
horts, and while previous reports have suggested greater
vulnerability of the male adolescent brain to THC, it will be
important to extend these analyses to also include female rat
cohorts to determine whether there are sex differences in the
observed phenomena. Regardless, our study provides several
novel discoveries that link the impacts of cannabinoid-induced
striatal pathophysiology on markers for affective dysregulation,
which is a concerning risk factor for chronic adolescent
cannabis use. Importantly, the current findings suggest that
antioxidant interventions may serve as a potential pharmaco-
therapeutic approach to the prevention of neurodevelopmental
disorders induced by cannabis exposure.
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