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Adolescent Δ-9-tetrahydrocannabinol exposure induces
differential acute and long-term neuronal and molecular
disturbances in dorsal vs. ventral hippocampal subregions
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Chronic exposure to Δ-9-tetrahydrocannabinol (THC) during adolescence is associated with long-lasting cognitive impairments and
enhanced susceptibility to anxiety and mood disorders. Previous evidence has revealed functional and anatomical dissociations
between the posterior vs. anterior portions of the hippocampal formation, which are classified as the dorsal and ventral regions in
rodents, respectively. Notably, the dorsal hippocampus is critical for cognitive and contextual processing, whereas the ventral
region is critical for affective and emotional processing. While adolescent THC exposure can induce significant morphological
disturbances and glutamatergic signaling abnormalities in the hippocampus, it is not currently understood how the dorsal vs.
ventral hippocampal regions are affected by THC during neurodevelopment. In the present study, we used an integrative
combination of behavioral, molecular, and neural assays in a neurodevelopmental rodent model of adolescent THC exposure. We
report that adolescent THC exposure induces long-lasting memory deficits and anxiety like-behaviors concomitant with a wide
range of differential molecular and neuronal abnormalities in dorsal vs. ventral hippocampal regions. In addition, using matrix-
assisted laser desorption/ionization imaging mass spectrometry (MALDI-IMS), we show for the first time that adolescent THC
exposure induces significant and enduring dysregulation of GABA and glutamate levels in dorsal vs. ventral hippocampus. Finally,
adolescent THC exposure induced dissociable dysregulations of hippocampal glutamatergic signaling, characterized by differential
glutamatergic receptor expression markers, profound alterations in pyramidal neuronal activity and associated oscillatory patterns
in dorsal vs. ventral hippocampal subregions.
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INTRODUCTION
Clinical and preclinical evidence has demonstrated that adoles-
cent cannabis consumption can be associated with long-term
cognitive impairments and increase vulnerability for schizophre-
nia, anxiety and mood disorders, in some individuals [1–4].
Δ-9-tetrahydrocannabinol (THC), the main psychoactive com-

ponent of marijuana, acts as a partial CB1 receptor (CB1R)
agonist, exerting a profound impact on mammalian brain
maturation. Given that CB1Rs critically modulate neuronal
excitability and synaptic communication via multiple complex
signaling mechanisms, dynamically increasing density of CB1Rs
in the prefrontal cortex (PFC), hippocampus (Hipp) and striatum
during adolescent neurodevelopment [5], underscores the
vulnerability of these corticolimbic circuits to cannabis-induced
developmental disturbances. Indeed, considerable evidence
indicated that chronic THC exposure can induce profound
morphological abnormalities in the Hipp similar to those
observed in schizophrenia patients, such as a reduction of gray
matter, volumetric changes [6, 7], and impairments in axonal

connectivity [8]. In addition, preclinical studies demonstrated
long-lasting dysregulation in various hippocampal neurotrans-
mitter signaling and protein expression patterns [9–12], along
with astrocytic activation and pro-inflammatory states [11]
following adolescent THC exposure.
While aberrations in hippocampal functions have been primarily

associated with memory impairments, increasing attention has
been focused on the functional dissociation between the posterior
and anterior hippocampus [13, 14]. These two regions, identified
as dorsal hippocampus (dHipp) and ventral hippocampus (vHipp)
in rodents, are preferentially linked to cognitive memory-related
processing vs. affective processing, respectively [15, 16]. In fact,
several studies demonstrated that lesions of dHipp, but not of
vHipp, impair spatial learning performance [17–21], whereas
lesions of vHipp were associated with impaired conditioned
freezing and anxiety-related behaviors [22–25].
These functional dissociations may reflect their differences in

anatomical and neural connectivity patterns as well as distinctive
functional gene expression profiles [16, 26]. Moreover,
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electrophysiological studies demonstrate higher concentrations of
‘place cells’ in dHipp vs. vHipp, supporting its specialized role in
spatial learning and playing a key role in memory and navigation
processing [27]. In contrast, the vHipp is more strongly connected
with structures mediating fear and anxiety behaviors [15, 16, 22],

like the amygdala, bed nucleus of the stria terminalis (BNST) and
the hypothalamic-pituitary-adrenal (HPA) axis.
Pathological dysregulation of either the dHipp or vHipp is

associated with the emergence of schizophrenia-like symptoms,
such as impairments in prepulse inhibition (PPI) and reduced

M. De Felice et al.

541

Neuropsychopharmacology (2023) 48:540 – 551



latent inhibition (LI) [28–30], as well as alterations in extracellular
dopamine (DA) levels in the nucleus accumbens (NAc) [31]. In
addition, acute hyperstimulation of vHipp CB1Rs has been shown
to disrupt social and anxiety-related behaviors, dysregulate
reward-related processing, and alter DA and non-DAergical neural
activity patterns in mesocorticolimbic pathways [32, 33], all of
which are core schizophrenia-related endophenotypes. We have
previously reported that acute intra-vHipp THC can induce
profound dysregulation of mesolimbic activity states and induce
behavioral phenotypes resembling core schizophrenia-related
affective and cognitive symptoms [32]. However, the effects of
neurodevelopmental THC exposure on these hippocampal phe-
nomena are not well understood.
Using an established rodent model of adolescent THC exposure,

we investigated how chronic cannabinoid exposure during
adolescence may lead to acute and/or long-term pathophysiology
in the hippocampal formation, and whether these effects may
differentially affect dorsal vs. ventral hippocampal regions. We
used an integrative combination of behavioral assays for anxiety
and memory processing, in vivo electrophysiology, MALDI-IMS
and molecular protein expression analyses. We report that
adolescent THC exposure strongly impairs cognitive and affective
processing. Remarkably, we found substantial and significant
differences in terms of how adolescent THC exposure impacts
dorsal vs. ventral hippocampal regions, revealing important new
neuropathological mechanisms that may differentially underlie
cognitive vs. affective symptoms linked to cannabinoid-induced
neurodevelopmental pathologies.

MATERIALS AND METHODS
Animals and housing
Male Sprague-Dawley rats were obtained at postnatal day (PND) 28 from
Charles River Laboratories (Quebec, Canada). Rats were pair-housed in
controlled conditions (constant temperature and humidity, 12 h light/dark
cycle) with free access to food and water. All procedures and protocols
were approved by appropriate Governmental and Institutional guidelines.

Adolescent THC exposure protocol
THC (Cayman Chemical) was dissolved in ethanol, cremophor, and saline
(1:1:18). Ethanol was evaporated using nitrogen gas to remove it from the
final THC solution. Our adolescent THC exposure protocol has been
previously shown to induce profound pathological phenotypes during
adolescent neurodevelopment [34–36]. Rats were treated twice daily from
postnatal day (PND) 35 to 45 with escalating doses of THC (2.5 mg/kg; PND
35-37; 5 mg/kg; PND 38-41; 10 mg/kg, PND 42-45) or vehicle. This
increasing dosing schedule was chosen to overcome the potential
development of tolerance to THC. Experimental procedures started after
a 30-day-drug free washout period (PND 75). A subset of rats’ brains for
matrix-assisted laser desorption/ionization imaging mass spectrometry
(MALDI-IMS) was collected at PND 45, 2 h after the last THC injection. See
Fig. 1a for a schematic representation of the experimental procedures.

Behavioral tasks
Open field (OF). OF apparatus was used to assess locomotion and anxiety.
The test details are described in Supplementary Materials.

Light–Dark box (LD). LD test measures anxiety level, based upon the
innate aversion of rodents to brightly illuminated environments. The test
was carried out as previously described [34, 36]. See Supplementary
Materials for details.

Object-location (OL). OL is a validated memory task to assess spatial
memory and discrimination. See Supplementary Materials for details.

Object-in-context (OIC). OIC test is used to assess rodents’ ability to recognize
a familiar object in a novel context. See Supplementary Materials for details.

Western blots
Rats received an overdose of sodium pentobarbital (240mg/kg, i.p.,
EuthanylTM) and brains were removed and flash frozen. The methods used
to carry out protein analyses in dHipp/vHipp are described in detail
in Supplementary Materials.

In vivo electrophysiology
In vivo single-unit recordings of putative dHipp/vHipp glutamatergic
neurons were performed on urethane anesthetized (1.4 g/kg, i.p.) rats. The
methods used to perform in vivo electrophysiology are described in detail
in Supplementary Materials.

Matrix-assisted laser desorption/ionization imaging mass
spectrometry (MALDI-IMS)
Brains from vehicle and THC-treated rats at PND 45 and PND 75were randomly
paired, and relative quantification of GABA and glutamate levels were
examined. The methods used to perform MALDI-IMS are based on previously
published paper [37], and described in detail in Supplementary Materials.

Statistical analysis
Experimental data are presented as mean ± SEM. Statistical analyses were
performed using GraphPad Prism 9 (San Diego, CA, USA). All datasets were
tested for outliers. In vivo electrophysiology and behavioral datasets were
tested for normality using D’Agostino–Pearson normality test (significance
level set to P < 0.05). Western blots and MALDI-IMS datasets were tested
for normality using Kolmogorov–Smirnov normality tests (significance level
set to P < 0.05). Comparisons between groups were determined using two-
way ANOVA or three-way ANOVA followed by Fisher’s least significant
difference (LSD) test. Mann–Whitney U test or Student’s t-test were used
for non-normally or normally distributed samples, respectively. MALDI-IMS
data were analyzed using one-sample t-test. The significance level was
established at P < 0.05. Effect sizes are reported using Cohen’s d test or
partial eta squared, where appropriate.

RESULTS
Adolescent THC exposure induces long-lasting anxiety-like
phenotypes
THC exposure during adolescence can lead to affective dysregula-
tion, including increased anxiety [34]. Therefore, we first evaluated
anxiety-like behaviors using the LD test. Statistical analysis
revealed that THC-exposed rats showed a longer latency to re-
emerge from the dark to the light environment compared to
vehicle controls (U= 81.50; P= 0.0406; d= 0.75; Fig. 1c). No
differences between groups were observed in the time spent in
the light (t(30)= 0.88; P= 0.3858; Fig. 1d) or dark (t(30)= 0.88;

Fig. 1 Long-lasting effects of adolescent THC exposure on anxiety and memory. a Experimental timeline including the number of subjects
used for each procedure. b Schematic representation of light–dark box apparatus for anxiety test. c Adolescent THC-treated rats re-emerged
later from the dark environment than vehicle group (n= 16 for both groups), while the time spent in the light and dark environments (d, e) as
well as the number of entries in both sides (f, g) were similar between vehicle- and THC-treated rats. h Representative open-field activity traces
for vehicle- and THC-exposed rats. i–l Both groups (veh vs. THC: n= 16 vs. 14) exhibited larger locomotor activity and higher rearing behavior
in the outer zone vs. the inner zone of the OF arena at any of the timepoints examined, however in the first 5 min of the test, THC-treated rats
spent less time in the inner zone of the arena (m) and did less transitions between inner vs. outer zones (n) compared to their vehicle
counterparts. o Schematic protocol representation for object location test. p THC-treated rats exhibited spatial memory impairments after 5-h
delay but not after 1 h delay, when compared to their vehicle counterparts (n= 16 for both groups). q Schematic protocol representation for
object in context test. r Adolescent THC exposure altered rats’ ability to recognize a familiar object in a novel context (veh vs. THC: n= 14 vs.
13). Mann–Whitney U test, Student’s t test, two-way or three-way ANOVAs, *P < 0.05, **P < 0.01, ***P < 0.001.
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P= 0.3863; Fig. 1e) environments, as well as in the number of
entries (light side: t(30)= 1.08; P= 0.2900; Fig. 1f; dark side:
t(30)= 1.38; P= 0.1784; Fig. 1g). We next examined motor activity
and thigmotaxis index in the OF test. Three-way ANOVA repeated
measures analysis of the distance traveled in the apparatus

revealed significant effects of zone (F(1,28)= 186; P < 0.0001;
ηp

2= 0.869; Fig. 1i), time (F(2,56)= 46.57; P < 0.0001; ηp
2= 0.625;

Fig. 1i) and interaction zone x time (F(2,56)= 4.04; P= 0.0229;
ηp

2= 0.126; Fig. 1i). Post hoc comparisons demonstrated that both
vehicle and THC-treated rats had greater locomotory activity in

Fig. 2 Long-term effects of THC treatment during adolescence on selected markers in dHipp and vHipp. a–f, insets on the left side of the
bar graphs, Representative western blots for NMDA2AR, NMDA2BR, mGluR2/3, GAD67, D1R, D2R and mTOR in dHipp. a, right, Densitometry
analysis revealed a reduction in NMDA2AR and NMDA2BR levels induced by adolescent THC exposure, but not in their ratio of NMDA2A/
NMDA2B (n= 7 for both groups). b–f, right, No differences were observed between groups in mGluR2/3 (veh vs. THC: n= 6 vs. 7), GAD67
(n= 7 for both groups), D1R (n= 7 for both groups), D2R (n= 7 for both groups) and mTOR (n= 7 for both groups) expression. g–n, insets on
the left side of the bar graphs, Representative western blots for NMDA2AR, NMDA2BR, mGluR2/3, GAD67, D1R, D2R and mTOR in vHipp (left).
g, h, right, Adolescent THC treatment induced a long-lasting increase in NMDA2BR (veh vs. THC: n= 7 vs. 8) and mGluR2/3 (veh vs. THC: n= 7
vs. 9) levels, but not in NMDA2AR or in the ratio of NMDA2A/NMDA2B (veh vs. THC: n= 6 vs. 8 for both). i–n, right, Chronic THC treatment did
not affect GAD67 (n= 9 for both groups), D1R (veh vs. THC: n= 5 vs. 7), D2R (veh vs. THC: n= 6 vs. 5) and mTOR (n= 6 for both groups)
expression. Mann–Whitney U test or Student’s t test, *P < 0.05, **P < 0.01.
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the outer zone compared to the inner zone of the arena at all the
time points examined (P < 0.0001 for all; Fig. 1i), while no
differences were observed between groups (veh vs. THC:
P > 0.05 for all zones and time points; Fig. 1I). Accordingly,
three-way ANOVA analysis of rearing behavior revealed a main
effect of zone (F(1,28)= 169.6; P < 0.0001; ηp

2= 0.858; Fig. 1l), time
(F(2,56)= 107.1; P < 0.0001; ηp

2= 0.793; Fig. 1l) and their interaction
(zone x time: F(2,56)= 11.91; P < 0.0001; ηp

2= 0.298; Fig. 1l). Post
hoc analyses revealed that both groups showed a higher rearing
behavior in the outer zone of the arena vs. the inner zone at each
time point examined (P < 0.0001 for all; Fig. 1l). No differences
were found between vehicle and THC-treated rats (P > 0.05 for all
zones and time points; Fig. 1l). Notably, time-specific thigmotaxis
behaviors (i.e., wall-hugging) were observed in THC-treated rats.
Statistical analysis of the time spent in the inner zone of the open
field arena revealed a significant main effect of time
(F(2,56)= 27.96; P < 0.0001; ηp

2= 0.500; two-way ANOVA; Fig. 1m)
and treatment (F(1,28)= 4.40; P= 0451; ηp

2= 0.136; two-way
ANOVA; Fig. 1m). Post hoc comparisons revealed that the THC-
treated rats spent significantly less time in the inner zone of the
arena compared their vehicle counterpart only in the first 5 min of
the test (P= 0.0096; Fig. 1m). In addition, analysis of the number
of entries in the inner vs. outer zones of the arena revealed a main
effect of time (F(2,56)= 39.61; P < 0.0001; ηp

2= 0.586; three-way
ANOVA; Fig. 1n) and interaction of time x treatment (F(2,56)= 3.75;
P= 0.0296; ηp

2= 0.118; three-way ANOVA; Fig. 1n). Post hoc

comparisons demonstrated the THC-treated rats did significantly
less transitions compared to their vehicle counterparts exclusively
on the first 5 min of the test (veh vs. THC entries in inner:
P= 0.0066; veh vs. THC entries in outer: P= 0.0069; Fig. 1n).

THC exposure during adolescence induces long-term memory
impairments
Chronic THC is linked to lasting memory deficits and alterations in
hippocampal function [38]. Thus, using the OL memory task we
investigated the effects of adolescent THC exposure on spatial
memory after 1-h and 5-h-delay. Two-way ANOVA revealed a
significant effect of adolescent THC exposure (F(1,60)= 6.26;
P= 0.0151; ηp

2= 0.095; Fig. 1p). Post hoc analyses revealed that
THC-exposed rats exhibited significant impairments in the recogni-
tion of the object in the novel location after 5 h compared to their
vehicle counterparts (P= 0.0201; Fig. 1p). We next assessed rats’
ability to associate an object with the context where it had been
previously encountered. Adolescent THC exposure strongly reduced
the object/context discrimination index compared to vehicle
counterparts (t(25)= 3.05; P= 0.0054; d= 1.18; Fig. 1r).

Adolescent THC exposure induces long-lasting molecular
changes in dHipp and vHipp
We next investigated protein expression levels in dHipp and vHipp
of selected molecular biomarkers known to be associated with
neurodevelopmental THC exposure and neuropsychiatric

Fig. 3 Effects of adolescent THC exposure on dHipp and vHipp pyramidal spontaneous electrical activity. a Traces and rate histograms of
representative dHipp glutamatergic cells recorded from vehicle and THC group. b, c THC-treated rats showed a reduction in the firing rate
(veh vs. THC: n= 41 cells/8 rats vs. 55 cells/13 rats) and bursting activity (veh vs. THC: n= 33 cells/8 rats vs. 35 cells/13 rats) in of pyramidal
neurons in dHipp. d Traces and rate histograms of representative vHipp glutamatergic cells recorded from vehicle and THC group. e, f No
differences were observed between groups in the firing rate (veh vs. THC: n= 45 cells/9 rats vs. 68 cells/9 rats) and bursting activity (veh vs.
THC: n= 23 cells/9 rats vs. 34 cells/9 rats) of pyramidal neurons in vHipp. Mann–Whitney U test, *P < 0.05, **P < 0.01.
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Fig. 4 Effects of THC treatment during adolescence on spontaneous dHipp and vHipp theta (4–7 Hz) and beta (14–30 Hz) oscillations.
a Representative spectrogram of a 5-min recording in dHipp. b Average normalized LFP power spectra in dHipp of vehicle and THC groups.
c, d THC exposure during adolescence did not affect the theta waves in dHipp, while it significantly enhanced the beta oscillations (veh vs.
THC: n= 28 recording site/5 rats vs. 35 cells/9 rats). e Representative spectrogram of a 5-min recording in vHipp. f Average normalized LFP
power spectra in vHipp of vehicle and THC groups. g, h The THC-treated group exhibited an increase in theta oscillations and a decrease in
beta oscillation (veh vs. THC: n= 11 recording site/4 rats vs. 31 cells/4 rats). Student’s t test or Mann–Whitney U test, *P < 0.05.
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disorders. Western blot analysis in dHipp revealed that THC
exposure during adolescence induced a significant decrease in
NMDA2BR (t(12)= 2.29; P= 0.0406; d= 1.23; Fig. 2a) and
NMDA2AR (t(12)= 3.27; P= 0.0067; d= 1.75; Fig. 2a), while no
difference were observed in the ratio of NMDA2AR/NMDA2BR
(t(12)= 2.02; P= 0.0666; Fig. 2a). No significant changes were
observed in mGluR2/3 (t(11)= 0.71; P= 0.4930; Fig. 2b), GAD67
(t(12)= 2.01; P= 0.0672; Fig. 2c), dopamine receptors (D1R:
t(12)= 0.25; P= 0.8082; D2R: t(12)= 0.03; P= 0.9756; Fig. 2d, e) or
mTOR levels (p-mTOR: U= 12; P= 0.1282; t-mTOR: t(12)= 0.67;
P= 0.5157; p-mTOR/t-mTOR: t(12)= 1.40; P= 0.1876; Fig. 2f). In
contrast, analysis in vHipp revealed that adolescent THC exposure
significantly increased NMDA2BR (t(13)= 2.17; P= 0.0495; d= 1.13;
Fig. 2g) and mGluR2/3 (t(14)= 2.16; P= 0.0488; d= 1.15; Fig. 2h),
but did not alter NMDA2AR (t(12)= 1.66; P= 0.1228; Fig. 2g) or the
ratio of NMDA2AR/NMDA2BR (t(12)= 1.75; P= 0.1063; Fig. 2g). No
differences were observed in GAD67 (t(16)= 0.55; P= 0.5872; Fig. 2i),
dopamine receptor expression levels (D1R: U= 11; P= 0.3434; D2R:
t(9)= 0.23; P= 0.8262 Fig. 2l, m) or mTOR expression levels (p-mTOR:
t(10)= 0.81; P= 0.4376; t-mTOR: t(10)= 1.15; P= 0.2752; p-mTOR/t-
mTOR: t(10)= 0.14; P= 0.8910; Fig. 2n).

THC exposure during adolescence differentially disrupts
neuronal activity patterns in dHipp vs. vHipp
Dysregulation of intra-Hipp inhibitory/excitatory signaling sub-
strates have been previously reported in schizophrenia [39, 40].

Thus, we investigated the long-term effects of adolescent THC
exposure on spontaneous pyramidal neural activity in both, dHipp
and vHipp. Statistical analysis revealed that THC-treated rats
exhibited a significant decrease in the firing frequency of dHipp
glutamatergic cells (U= 765; P= 0.0069; d= 0.65; Fig. 3b). More-
over, examination of bursting cells pointed out a THC-induced
reduction in bursting rate (U= 405.5; P= 0.0341; d= 0.53; Fig. 3c).
On the other hand, no changes were observed in vHipp firing
frequency (U= 1354; P= 0.3040; Fig. 3e) or bursting rate (U= 305;
P= 0.1641; Fig. 3f).
Subsequently, we investigated dHipp and vHipp oscillation

patterns. LFP analyses revealed that adolescent THC exposure
induced an increase in theta power in vHipp (t(40)= 2.28;
P= 0.0282; d= 0.88; Fig. 4g) but not in dHipp (U= 468;
P= 0.7678; Fig. 4c). Moreover, THC-treated rats exhibited higher
beta power in dHipp (t(61)= 2.16; P= 0.0343; d= 0.56; Fig. 4d),
while it was decreased in vHipp (U= 88; P= 0.0174; d= 0.98;
Fig. 4h). No differences between groups were observed in the
other oscillatory bands examined in this study (data not shown).

Chronic adolescent THC profoundly alters neurotransmitter
levels in dHipp and vHipp
Given our above-described results showing profound alterations
in glutamatergic networks, we next performed MALDI-IMS relative
quantification and spatial distribution of GABA and glutamate
neurotransmitters in dHipp and vHipp at adolescence and

Fig. 5 Short- vs. long-term effects of adolescent THC exposure on neurotransmitters levels in dHipp and vHipp. a MALDI-IMS images of
representative vehicle and THC sections at PND 45 and 75. Representative ion-mass spectra in dHipp (b, f) and vHipp (d, h) of vehicle and THC
groups at PND 45 (b, d) and 75 (f, h) for [GABA+ K]+ at m/z 142 (top) and [glutamic acid+ K]+ at m/z 186 (bottom). c MALDI-IMS relative
quantification revealed a short-term reduction in GABA and glutamate levels (n= 6 for both groups and neurotransmitters) in dHipp of THC-
exposed rat. e GABA levels were decreased in vHipp, while no differences were observed in glutamate (n= 6 for both groups and
neurotransmitters). g MALDI-IMS relative quantification revealed a long-lasting reduction in GABA, but not glutamate levels (n= 8 for both
groups and neurotransmitters), in dHipp of rats exposed to THC during adolescence. i No differences were observed in GABA and glutamate
levels (n= 8 for both groups and neurotransmitters) in vHipp. One-sample t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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adulthood. The results of MALDI-IMS relative quantification in
adolescent brains (PND 45) revealed that THC exposure signifi-
cantly reduced GABA (t(5)= 5.94; P= 0.0019; d= 3.43; Fig. 5b, c)
and glutamate (t(5)= 5.08; P= 0.0038; d= 2.93; Fig. 5b, c) levels in
dHipp, while only GABA (t(5)= 10.07; P= 0.0002; d= 5.81; Fig. 5d,
e), but not glutamate levels (t(5)= 0.31; P= 0.7698; Fig. 5d, e), were
decreased in vHipp. Interestingly, decreased dHipp GABA levels
persisted into adulthood (PND 75) (t(7)= 4.84; P= 0.0019; d= 2.42;
Fig. 5f, g), while other changes observed at PND 45 dissipated over
time (dHipp glutamate: t(7)= 1.87; P= 0.1030; Fig. 5f, g; vHipp
GABA: (t(7)= 2.08; P= 0.0764; Fig. 5h, i; vHipp glutamate:
t(7)= 1.17; P= 0.2788; Fig. 5h, i).

DISCUSSION
Clinical and preclinical evidence has demonstrated that adoles-
cent THC exposure can lead to long-lasting cognitive impairments
and psychiatric-like endophenotypes, concomitant with a wide
array of neural maladaptations [1–3, 34, 35]. The present study
examined the effects of adolescent THC exposure on
hippocampal-dependent cognitive functions and affective beha-
viors with specific molecular and electrophysiological measures,
targeting distinct subdivisions of the hippocampal formation. We
hypothesized that chronic THC exposure during adolescence will
induce selective and dissociable abnormalities in the dorsal vs.
ventral portions of the hippocampus, which might underlie THC-
induced cognitive and emotional processing behaviors respec-
tively associated with these two distinct subregions.
In line with previous findings [34, 36, 41, 42], we observed an

enduring increase in anxiety-like behaviors following adolescent
THC exposure. Moreover, THC-treated rats exhibited significant
impairments in spatial memory and discrimination performance,
core features of chronic THC exposure reported in humans and
rodents [43–45]. Notably, we report that adolescent THC exposure
impacts the ability to discriminate the novel location of an object
after 5 h, but not after 1 h. Although these results are in contrast
with previous studies which reported spatial memory impairments
already after a 1-h-delay [9, 10], the differences in THC dosing
regimens as well as in OL protocols may account for this
discrepancy.
The roles of the hippocampus in spatial and discrimination

learning and memory are well established. In particular, lesions of
the entire hippocampal formation in rodents were found to
selectively impact both object location and context-specific
memory processing [46, 47]. In contract, adolescent THC exposure
has been associated with long-lasting dysregulation in hippocam-
pal plasticity, neurotransmitter signaling, and neurogenesis [9–12].
Importantly, THC-induced cognitive impairments observed in the
present study were associated with anatomically dissociable
abnormalities in the hippocampal formation at the molecular,
neuronal and circuit level.
Although the hippocampal formation is generally considered to

represent a monolithic memory processing region, emerging
evidence has revealed the anatomically heterogeneous nature of
the region and specialized functions. Indeed, remarkable differ-
ences between the posterior/dorsal and anterior/ventral portions
of the hippocampus have been observed [16, 26], with several
preclinical investigations highlighting the neural connections of
dHipp→ cortical pathways being more specialized for learning
and memory functions vs. the vHipp→ sub-cortical pathways (e.g.,
mesolimbic, amygdala targets) being more specialized for
processing anxiety and affective-related information
[15, 17, 18, 21, 22]. Nevertheless, the neurochemical and neuronal
mechanisms underlying these hippocampal specializations are not
entirely understood.
Such functional and anatomical dissociations in the hippocam-

pus have been largely explored for the purpose of increasing
knowledge about the multidimensional nature of neuropsychiatric

disorders. Indeed, investigations across the longitudinal axis of the
hippocampal formation have revealed that, in an early stage of
psychosis, some structural abnormalities firstly occur in the
anterior portion of the hippocampus [48], and are negatively
correlated with the positive symptoms of schizophrenia [49]. In
addition, functional dissociations between these two hippocampal
subregions have been reported in spatial memory processing,
indicating decreased activity of the posterior hippocampus and
hyperactivity of the anterior portion in schizophrenia [14]. Lastly,
analysis of the brain proteome in the anterior vs. posterior
hippocampus of schizophrenia subjects revealed that molecular
abnormalities were more pathological in the anterior subregions,
and were associated with dysfunctions in glutamate and GABA
neurotransmission [50].
Imbalances between excitatory and inhibitory substrates within

the hippocampal formation are commonly reported in clinical and
preclinical studies examining schizophrenia-like neuropathology
[51–53]. Specifically, alterations in the expression of the NMDA2BR
and mGluR2/3 are linked to schizophrenia-related phenotypes and
affective and cognitive processing abnormalities [54–57]. In the
present study, molecular analyses in the dHipp and vHipp
revealed long-term THC-induced dissociable effects in glutama-
tergic receptor expression patterns. In particular, NMDA2AR and
NMDA2BR expression were decreased in dHipp, while NMDA2BR
was increased in vHipp, concomitant with a higher expression of
mGluR2/3. The glutamatergic system has been found to undergo
important changes and rearrangements throughout brain devel-
opment, with NMDARs playing a crucial role [58]. Notably, the
widespread distribution of NMDARs in both hippocampal
pyramidal cells and interneurons highlights the complexity of
the glutamatergic system and paves the way for various potential
mechanisms underlying our results. For example, it has been
demonstrated that either pharmacological inactivation of gluta-
matergic system in dHipp or activation in vHipp leads to
disruption of prepulse inhibition, a common schizophrenia-
related phenotype [59, 60]. Moreover, dysregulation of NMDARs
expression in dHipp and vHipp has been reported following
chronic stress exposure [61]. Therefore, it is plausible that
adolescent THC exposure induces a pathophysiological develop-
ment of the glutamatergic system in dHipp/vHipp, leading to
abnormal communication patterns between efferent/afferent
pathways and pathological affective and cognition phenotypes.
In addition, hypo-functionality of NMDARs has been previously
associated with memory and learning deficits [62], whereas their
overactivity has been related to anxiety-like behaviors [63]. In
particular, while intra-dHipp infusions of NMDAR antagonists have
been shown to strongly disrupt memory processing [64], they had
no effects on anxiety-related behaviors [65], which were instead
observed following intra-vHipp administration [65]. These findings
are concordant with our results showing a reduction in NMDAR
expression in dHipp vs. the increase in vHipp following adolescent
THC treatment and associated THC-induced memory impairments
and anxiety-like behaviors, respectively.
In contrast to our previously reported findings of adolescent

THC-induced dysregulation of excitatory/inhibitory balance in the
rodent PFC [35], in the present study, we did not observe any
difference in GAD67 expression between vehicle vs. THC-treated
rats, in either dHipp or vHipp regions. Although to our knowledge,
no study has quantified hippocampal GAD67 levels following
adolescent THC exposure, previous investigations in the hippo-
campus of schizophrenia patients did not reveal any alterations in
GAD67 expression [66]. Moreover, electrophysiological analyses in
hippocampus demonstrated that THC effects on GABA release are
not mediated by changes in GABAA receptors or in GABA uptake
[67], suggesting that the role of intra-hippocampal GAD67
expression might be functionally secondary compared to other
signaling pathways. Furthermore, while mTOR expression in the
PFC was significantly affected by adolescent THC exposure [34],
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hippocampal mTOR levels were found unaltered. Similar results
have been reported in a rodent model of schizophrenia as well as
following adolescent stress exposure [68, 69]. In both conditions,
changes in hippocampal mTOR expression were not detected or
limited to a selective region of the hippocampus. Lastly, in line
with previous findings in a neurodevelopmental rodent model of
schizophrenia [70], adolescent THC exposure did not alter D1R and
D2R expression levels in the hippocampus, suggesting that
dopaminergic signaling mechanisms are unlikely to contribute
to the behavioral deficits reported in the present study.
Concomitant with decreased NMDAR expression, we also

observed that chronic THC exposure caused significant reductions
in the firing and bursting activity states of dHipp glutamatergic
neurons. Hypoactivity in the posterior hippocampus has been
previously observed in schizophrenia patients during a recogni-
tion test [14], highlighting the crucial involvement of this structure
in processing spatial information. However, the mechanisms
underlying region-specific effects of glutamatergic transmission
in the hippocampus remain unclear. The progressive down-
regulation of the glutamatergic system that we observed in the
dHipp might result from some neuro-adaptative process during
development in response to overactive glutamatergic drive
induced by THC during adolescent neurodevelopment. Alterna-
tively, the reduction in firing rate might be linked to astrocytic
dysfunction, which has been shown to impact the neural activity
states of hippocampal pyramidal cells [71]. Notably, adolescent
THC exposure leads to reduced GFAP levels in hippocampus,
including dorsal and ventral regions [72], with intra-dHipp GFAP
levels selectively associated with spatial memory deficits [73].
Thus, adolescent THC exposure may selectively affect glial cells in
dHipp inducing a reduction in pyramidal neuron activity and in
turn, lead to the cognitive impairments reported in the present
study. Indeed, it has been previously reported that acute
administration of cannabinoids attenuates both firing and
bursting activity of hippocampal neurons [74] and induces
behavioral memory impairments [75].
In direct contrast, adolescent THC exposure did not affect either

the firing rate or bursting activity states of pyramidal cells
recorded in the vHipp. These findings are inconsistent with
previous reports demonstrating hyperactivity of the anterior
hippocampus in schizophrenia subjects [14] and observed in the
rodent vHipp using the methyazoxymethanol acetate (MAM)
neurodevelopmental model of schizophrenia [76]. Nevertheless, a
recent study demonstrated that administration of a mGluR2/3
agonist normalized the enhanced vHipp glutamatergic activity
induced by MAM [77], pointing out the crucial role of mGluR2/3
dysregulation in the pathophysiology of schizophrenia-related
neurodevelopmental disorders. Thus, one possibility is that the
THC-induced increase in mGluR2/3 expression levels in vHipp
observed in the present study (Fig. 2h), may serve as a
developmental compensatory mechanism to restore glutamater-
gic homeostasis, and preventing excitotoxic increases in hippo-
campal glutamate signaling. Future studies are required to more
fully explore these questions.
Aberrant hippocampal oscillatory states have been previously

reported in various neuropsychiatric disorders and following
chronic cannabinoid exposure [78, 79]. In the present study, we
report for the first time that adolescent THC exposure augmented
beta wave activity in dHipp whilst significantly attenuated beta
activity in the vHipp. Interestingly, elevated beta oscillation states
in schizophrenia subjects have been associated with poorer
performance in memory and learning tasks [80], thus alterations of
beta oscillatory in dHipp may underlie our observed THC-related
memory impairments, highlighting the role of the dHipp in these
cognitive functions. In addition, the observed opposing THC-
induced alterations in dHipp/vHipp beta oscillations may be
related to the concomitant opposing levels of NMDA2BR
expression in the dHipp vs. vHipp, respectively, with significantly

decreased levels in dHipp vs. increased levels in the vHipp. Indeed,
excessive beta wave activity has been reported in patients with
anti-NMDAR encephalitis, a neurological disease in which anti-
bodies are produced against NMDARs [81], whereas acute
administration of a NMDAR positive allosteric modulator has
been reported to decrease beta oscillatory states [82]. Concomi-
tant with the reduction in beta waves, we also reported an
increase in theta oscillatory power selectively in vHipp. This
region-specific effect might be a result of the theta rhythm
spectrum analyzed in our study, as we selectively examined Type-
2 theta oscillations (frequencies: 4–7 Hz). Interestingly, investiga-
tions in the human hippocampus have demonstrated that theta
waves propagate along a posterior-to-anterior axis, with slow
theta oscillations, comparable to Type-2 theta oscillations in
rodents, being more prevalent in the anterior portion of the
hippocampus [83]. In addition, theta oscillations in vHipp are
associated with elevated anxiety, and persistent theta wave
hyperactivity has been observed following chronic stress exposure
[84]. Thus, our hyper-theta wave phenotypes selectively detected
in the vHipp may underlie our observed anxiogenic behavioral
phenotypes following adolescent THC exposure. Although we
have previously reported that adolescent THC exposure induces
persistent disruptions in gamma band oscillations in the PFC [36],
we did not observe such alterations in the hippocampal formation.
The lack of changes in hippocampal GAD67 observed in the
present study might potentially explain these results. Indeed, THC
exposure during adolescence has been found to significantly
decrease the expression levels of GAD67 in PFC, inducing
persistent GABAergic hypofunction, which in turn causes an
increase in pyramidal firing frequency and abnormalities in
gamma oscillations [35]. Nevertheless, it is plausible that our
THC-induced hippocampal oscillatory phenotypes are functionally
linked to PFC oscillatory dysregulation. In particular, given the
important interconnectivity in the vHipp-PFC network, the
alterations in vHipp theta waves might exert a control onto the
cortical gamma network [85, 86]. Future studies are required to
investigate these possibilities.
Using neurotransmitter selective MALDI imaging, we observed

short and long-term alterations in the levels of GABA and
glutamate in both the dHipp and vHipp of THC-exposed
adolescent and adult rats. Remarkably, we observed profound
THC-induced neurotransmitter downregulation that occurred in
adolescence immediately following THC exposure and that
persisted into adulthood, with more pronounced pathophysiolo-
gical effects observed in the dHipp. Although the mechanisms
underlying these effects are not yet clearly elucidated, cannabi-
noids have been found to acutely inhibit GABA and glutamate
release in the hippocampus [87, 88], likely driven by their agonistic
activity on CB1 presynaptic receptors and consequent inhibitory
modulation of N- and P/Q-type calcium channel [89]. Notably,
reductions in dHipp glutamate and vHipp GABA levels were
observed immediately after adolescent THC exposure but not later
in life, suggesting that these dysregulation patterns may normal-
ize over time. Alternatively, such short-term observations of
neurotransmitter alterations may represent an acute effect of
residual THC or its metabolites in the system [90], sampled at this
particular time point.
In contrast, we observed significant reductions in dHipp GABA

concentration persisting into adulthood. Low GABA levels have
previously been observed in subjects with cognitive impairments
[91], while regulated hippocampal GABA concentrations are
required for normal associative learning processing [92]. Thus,
the observed selective decreases in dHipp GABA levels may
underlie the memory impairments reported in this study.
Although these reductions in GABA levels may appear incon-
sistent with the hypo-glutamatergic states we observed in dHipp,
the sustained stimulation of the endocannabinoid system via THC
exposure during adolescence may impact the normal homeostatic
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balance between these inhibitory/excitatory substrates. In addi-
tion, MALDI-IMS enables the relative quantification of total
neurotransmitter levels, which may reflect not only local release
patterns, but also the sum effects of afferent inputs to these
regions. Indeed, recent evidence has shown long-range inhibitory
projections from PFC to dHipp that can modulate hippocampal
activity states [93]. Since we have previously demonstrated that
adolescent THC exposure induces profound reductions in PFC
GABAergic neurotransmission [35, 94], but does not interfere with
hippocampal GAD67 (Fig. 2c,i) one possibility is that our observed
THC-induced decreases in dHipp GABA levels may result from
dysregulated PFC→dHipp inhibitory control mechanisms, impact-
ing dHipp neural activity states and cognitive performance. Future
studies are required to investigate these possibilities.
There are several caveats to the present study. First, our

investigations were limited to male rats and thus cannot speak to
potential sex differences related to cannabis exposure during
adolescence. Second, to precisely control for cannabinoid
exposure, THC was administered intraperitoneally which, unlike
human cannabis smoking behaviors, may not reflect translational
levels of THC exposure experiences in the human context. Third,
the dosing regimen used in the present study is designed to
mimic heavy marijuana consumption, given that our doses (2.5–5
and 10mg/kg) are approximately the translational equivalent of
one, two or four cannabis cigarettes, respectively [35]. Currently,
such a dosing protocol translates to a limited sample population,
given that only ~17% of 16 year-old youth reported having
consumed cannabis frequently over the past 30 days [95]. Of
those, 54% reported using cannabis daily, 20% twice daily, and
11% five or more times a day [95]. Regardless, frequent cannabis
use is increasingly common among youth and is associated with a
wide range of potentially detrimental outcomes [96]. While these
precise experimental administration protocols are important for
control in preclinical studies, human cannabis consumption
patterns during adolescence may vary widely and have differential
impacts on individuals due to pre-existing genetic and/or
physiological phenotypes.
In conclusion, we demonstrate that sustained THC exposure

during adolescence can cause profound and dissociable patho-
physiological impacts on the dorsal vs. ventral regions of the
hippocampal formation which may account for the differential
impacts on cognitive and affective phenotypes linked to these
distinct neural regions. In addition, using MALDI imaging, we
report for the first time that adolescent THC exposure can induce
both acute and long-term disruptions in GABA and glutamate
signaling directly in these hippocampal subregions. Together,
these findings have important implications for understanding the
respective impacts of neurodevelopmental cannabinoid exposure
on hippocampal subregions and identifying several novel
molecular and neuronal biomarkers that may lead to long-term
neuropsychiatric risks following chronic adolescent cannabis
consumption.
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