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Abstract: Cannabis is still the most widely used illicit drug around the world. While its use has

always been prevalent among adolescents, recent evidence suggests that its consumption is also

increasing among other population groups, such as pregnant women and aged people. Given

the known impact of cannabis on brain development and behavior, it is important to dissect the

possible long-term impact of its use across different age groups, especially on measures of cognitive

performance. Animal models of cannabinoid exposure have represented a fundamental tool to

characterize the long-lasting consequences of cannabinoids on cognitive performance and helped

to identify possible factors that could modulate cannabinoids effects in the long term, such as the

age of exposure and doses administered. This scoping review was systematically conducted using

PubMed and includes papers published from 2015 to December 2021 that examined the effects of

cannabinoids, either natural or synthetic, on cognitive performance in animal models where exposure

occurred in the prenatal period, during adolescence, or in older animals. Overall, available data

clearly point to a crucial role of age in determining the long-term effect of cannabinoid on cognition,

highlighting possible detrimental consequences during brain development (prenatal and adolescent

exposure) and beneficial outcomes in old age. In contrast, despite the recent advances in the field,

it appears difficult to clearly establish a possible role of dosage in the effects of cannabinoids on

cognition, especially when the adolescent period is taken into account.
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1. Introduction

Trends in Cannabis Use across Ages

Cannabis is still one of the most widely used drug worldwide. Almost 4% of the
global population aged between 15 and 64 years used cannabis at least once in the last year,
according to the 2021 World Drug Report [1].

∆9-Tetrahydrocannabinol (THC) is the main intoxicating psychoactive constituent
present in the plant, while cannabidiol (CBD) is the most studied cannabinoid, which is
likely to be devoid of THC-like psychoactive effects. In the past two decades, there have
been rapid advances in cannabis cultivation techniques, particularly in Europe and North
America, which are mainly aimed at achieving a high THC content. Hence, cannabis
potency has increased by as much as four times in several parts of the world [1]. According
to the report, the percentage of THC in cannabis seized increased from around 4% to 16%
between 1995 and 2019 in the United States, while it almost doubled in Europe, from
around 6% to more than 11% between 2002 and 2019 [1]. Daily cannabis use has been
associated with a greater risk of developing psychotic disorders, and the likelihood of such
disorders is greater among those people who use cannabis with a THC content ≥10% on a
daily basis [2].

Prevalence and patterns of cannabis use vary greatly across age groups. In Europe,
cannabis use in the past year among people aged 15–34 was particularly high, at an
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estimated 15% [3]. When only 15- to 24-year-olds are considered, the prevalence of cannabis
use is higher, with 19% having used the drug in the last year. Annual teenage cannabis
use in the United States has remained stable over the last few years, with around 13% of
adolescents aged 12–17 years using cannabis, according to the Substance Abuse and Mental
Health Services Administration [4]. While the number of teens using cannabis has not
changed substantially, the frequency of use is increasing, with more teens using cannabis
daily [1].

Outside of teens, older adults aged ≥65 years currently represent the fastest-growing
population of cannabis users. Cannabis use by individuals aged 65 and older has increased
more than eightfold in recent years, from less than 0.5% in 2006 to 4.2% in 2018 [5]. Multiple
factors, such as reduced restrictions on possession and sale by many states, as well as
the scientific evidence of supposed benefits of cannabis for many conditions which are
predominant among this population, could likely be driving this trend. Although more
population-based research is needed, it seems that the majority of older cannabis users take
cannabis for medical purposes either as self-treatment or as prescribed medicine [6]. In line
with this, older adults tend to select cannabis high in CBD content compared with young
people who tend to select cannabis strains with the highest THC content [6,7].

Recently, an increased prevalence of cannabis use has also been described among
pregnant women. Indeed, when comparing cannabis use among pregnant women in
the United States between 2002 and 2017, data collected revealed that cannabis use has
increased from 3.4% to 7.0% overall, regular daily cannabis use increased from 0.9% to 3.4%
among pregnant women, and cannabis use was more common during the first trimester
than during the second and third [8]. Unfortunately, the real prevalence of cannabis use
among pregnant people in Europe is still difficult to establish, as available data are limited
to single-country analysis [9,10]. Increased prevalence of cannabis use during pregnancy
could be attributed to the changes in attitudes toward cannabis use, which might result
in reductions in the perception of risk of regular cannabis use over time [11]. In addition,
the potential use of cannabis for treating nausea and vomiting and other conditions common
during pregnancy may explain the observed trends. Accordingly, a recent study showed
that pregnant women with nausea and vomiting during pregnancy had nearly 2–4 times
greater odds of prenatal cannabis use [12].

The increased prevalence of cannabis use among each of these populations should
be approached with caution. Indeed, heavy cannabis use in teens has been frequently
associated with functional and structural brain impairments negatively impacting atten-
tion, processing speed, motor coordination, verbal memory, and executive function [13].
Although these effects may be milder with use of lighter cannabis described in older adults,
this population shows a greater susceptibility to cognitive decline, underscoring the need
to examine factors (i.e., cannabis use) that may exacerbate age-related cognitive decline.
Lastly, attention should be paid to possible detrimental effects of regular cannabis use
during pregnancy on cognitive development and function of the child, which might be
subtle at first and not be detectable for many months or even years after birth.

The increased prevalence of cannabis use reported in these sensitive population sub-
groups highlights the need to examine the effects of cannabis use on cognitive function
across ages.

This review summarizes and critically discusses available studies in animal models
which have dealt with the investigation of chronic cannabinoid exposure during gestation,
during adolescence, or in older animals on measures of cognitive functions. The final aim of
this review was to determine the current extent of the literature and identify gaps in knowl-
edge regarding the effects of cannabinoid use on cognitive function across different ages.

2. Methodology

A scoping review of the literature was systematically conducted using PubMed. Pa-
pers published from 2015 to December 2021 were included if they examined the effects of
cannabinoids, either naturally occurring or synthetic, on cognitive performance in animal
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models where exposure occurred in the prenatal period, during adolescence, or in older
animals. Studies published before 2015 on these topics have been comprehensively and
critically discussed elsewhere [14–17]. Search terms included a combination of the follow-
ing: cannabinoid, THC, adolescen*, pubertal, prenatal, aging, elderly, and cognition. No
additional filters were added to allow for maximum inclusiveness. Studies had to be in
English, and only those examining long-term effects of chronic cannabinoids in animal
models on behavioral outcomes related to cognitive performance were included. Studies
that focused on human populations, employed acute treatments, did not assess cognitive
performance, or conflated cannabinoids with other substances or other underlying suscepti-
bility factors were excluded. Publications in this review did not include letters to the editor,
review articles, or commentaries. Titles, abstracts, and eligible full-text publications were
independently screened and separately evaluated by the authors (E.Z. and T.R.), blind to
each other’s decisions. Disagreements were resolved through consensus following each
review stage.

3. Results

The initial search resulted in 35 results for studies with prenatal exposure, 182 results
for studies in adolescent animal models, and 108 results for studies in the elderly. A review
of each published title and abstract was completed for select studies that were consistent
with the inclusion and exclusion criteria, resulting in the selection of six articles for studies
in animal models of prenatal exposure, 23 articles for studies in adolescent animal models,
and six articles for studies in older models (Figure 1).

–
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Figure 1. Academic database search of published literature between 2015 and December 2021

related to the long-term effects of cannabinoid exposure on cognition in the prenatal period, during

adolescence, and in older animals.

4. Discussion

4.1. Effects of Prenatal Cannabinoid Exposure on Cognition

Knowledge gained in the last 30 years has widely demonstrated that the endocannabi-
noid system is critically involved in brain plasticity and neural cell development, as well
as neuronal differentiation and connectivity [18]. Since the prenatal brain developmental
window is characterized by all these processes aimed at the formation of neuronal cells and
networks, perturbation of the fine regulatory role of the endocannabinoid system through
exposure to exogenous cannabinoids in this very period appears to be detrimental for brain
health [16,19].

Several research groups have used animal models to thoroughly investigate the effect
of prenatal exposure to cannabinoids on the cognitive performance of the offspring during
adolescence or adulthood. Data coming from these studies reveal the presence of subtle but
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still measurable cognitive deficits after in utero cannabinoid exposure. The impairments
have been described in spatial learning and memory, attention tasks, emotional memory,
and short-term memory [17]. More recent papers are also in line with this assessment
(Table 1), reporting alterations in spatial memory [20], short-term memory [21], aver-
sive limbic memory [22], and behavioral flexibility [23] after prenatal THC exposure.
The disruptive effect of prenatal THC was observed independently from the route of ad-
ministration, being present when the drug was given orally [21], parenterally [20,22],
or through vapor [23]. Interestingly, Weimar reported that only the cannabis vapor more
enriched in THC (400 mg/mL vs. 50 mg/mL) was able to induce the flexibility impairment,
suggesting the existence of a dose-dependent effect.

Curiously enough, a recent paper reported that fetal exposure to the synthetic cannabi-
noid WIN55,212-2 did not induce cognitive deficits in prepubertal and pubertal animals of
both sexes [24], whereas previous studies applying the same protocol of exposure described
impaired cognitive performance in the offspring [25,26].

Cognitive impairments observed after cannabinoid exposure during gestation were
produced by treatments usually spanning from gestation day (GD) 5 to GD 20. However,
memory impairments were also reported when THC was given during a more restrict
period, i.e., from GD 10.5 to GD 17.5 [20], suggesting that this specific developmental
window may represent the predominant prenatal period where the endocannabinoid
system exerts its most delicate neurodevelopmental role. Indeed, CB1 receptor (CB1R)
mRNA and receptor density gradually increase during fetal development starting from
GD11 [27], exactly when neural tube formation occurs [28].

It is worth noting that, in rodents, the period after birth, more precisely the first week,
actually represents the last period of gestation in humans [29]. Cannabinoid exposure of
the rodent offspring through lactation during this period has been described to produce
alterations in the motivational and social behavior of the progeny paralleled by alterations
in prefrontal cortex synaptic function [30]; however, no data are available about their
cognitive performance.

The mechanism through which cannabis may exert its detrimental effects on progeny
cognition likely entails the disruption of the physiological role played by the endocannabi-
noid system during the prenatal sensitive developmental window. Accordingly, since the
endocannabinoid tone is involved in the modulation of axonal growth and guidance, it is
not surprising that THC may disrupt fetal brain connectivity, especially in the hippocampus
and the cortex, the very neuronal networks underpinning memory encoding, cognition,
and executive skills [31]. Moreover, prenatal THC also alters the glutamatergic, GABAergic,
dopaminergic, opioidergic, and serotonergic systems [17,32], as well as cerebral levels of
kynurenic acid, a neuroactive compound that can affect the extracellular levels of major
neurotransmitters critically involved in cognitive processes [21]. A relevant role in complex
cognitive functions is played by hippocampal and cortical GABAergic interneurons that
are essential to coordinate firing of pyramidal neurons. Of note, endocannabinoids during
prenatal brain development seem to be crucial for the proper interneuron placement and
integration into neuronal networks; therefore, THC interference with these finely orches-
trated processes impacts the excitatory/inhibitory balance [19]. Recent support for the
prenatal THC-induced interneuronopathy theory was provided by de Salas-Quiroga and
colleagues [20]. In addition, they demonstrated that the presence of aberrant circuitries
caused by the persistent reduction in cholecystokinin-positive (CCK+) interneurons was
restricted to the male progeny, suggesting the existence of a sex-dependent effect. In-
deed, the long-term interneuronopathy, paralleled by altered hippocampal function and
impaired spatial cognition, was described only in prenatal exposed males. In the same line,
the prenatal THC-induced hyperdopaminergic state was also found to be male-selective [33].
These recent results point toward the necessity to evaluate both sexes when studying the
impact of prenatal THC exposure.

Lastly, in addition to THC, another important component of cannabis is the non-
psychoactive compound CBD, and many women report using CBD oil during pregnancy
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to reduce severe pregnancy-related nausea [34]. Research about the safety profile of CBD
during pregnancy is still in its infancy. Indeed, only one paper has been published
so far about the potential impact of CBD exposure during perinatal development [35].
The authors reported the association of developmental CBD exposure in mice with changes
in the brain methylome and sex-specific effects on anxiety behavior and memory. Specif-
ically, working spatial memory seems to be improved by prenatal CBD in the female
progeny but not affected in males. These observations may be relevant when translated into
humans, in which cannabis exposure always refers to exposure to a mixture of compounds,
the most concentrated being THC and CBD. Accordingly, we can speculate that greater
CBD content leads to less impact on the progeny, at least on cognition, and vice versa.
In the future, further studies are needed with mixed compounds in animal models to better
mimic the effect of cannabis exposure in humans.

Table 1. Summary of studies assessing lasting effects of prenatal cannabinoid exposure on cognition.

Article Species and Sex Dose and Delivery in Dams Age of Behavioral Assessment Outcome

[20]
mice;

males and
females

THC 3 mg/kg;
intraperitoneal injections;

E10.5–E17.5
P60–90

No alterations in the novel
object recognition task;

impaired performance in the
object location

task in male mice only

[21] Wistar rats; males
THC 5 mg/kg;

oral gavage;
E5–E20

P65–90
Impaired short-term memory

in the Y-maze test

[22] Wistar rats; males
THC 2 mg/kg;

subcutaneous injections;
E5–E20

P25–30

No alterations in the novel
object recognition task;

impairments in the
emotional object
recognition test

[23]
Long Evans rats;

males and
females

400 mg/mL cannabis extract
(99.2 mg/mL THC,
4.8 mg/mL CBD,

and 8.4 mg/mL CBN)
or 50 mg/mL cannabis

extract; twice a day
one-hour vapor exposure;

mating and gestation

P80–P110

Impaired behavioral
flexibility in the attentional

set-shifting after 400 mg/mL
cannabis extract in both sexes

[24]
Wistar rats; males

and females

WIN55,212-2
0.5 mg/kg;

subcutaneous injections;
E5–E20

P28–P35 (males)
P22–P28 (females);

P50–60 (males)
P30–P40 (females)

No alterations in the
temporal order memory test
at both periods in both sexes

[35]
mice; males and

females

CBD 20 mg/kg daily;
oral gavage;

from 14 days before mating
through gestation and

lactation

P84
Improved performance in
the Y-maze test in females;

no alterations in males

4.2. Effects of Adolescent Cannabinoid Exposure on Cognition

Adolescence represents a crucial timing of neurodevelopment characterized by key
structural and functional changes that are required for proper behavioral and cognitive
maturation [36]. The adolescent brain is highly plastic and still immature with respect to
the adult one, suggesting a major vulnerability to harmful environmental influences, such
as drug use. As mentioned above, cannabis use is particularly prevalent among adolescents.
The recent legalization in many countries reflects a generalized change in attitudes and
beliefs toward cannabis. In this scenario, providing a reliable and clear scientific evidence
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on possible detrimental consequences of adolescent cannabis use on brain development and
behavior is, therefore, of overwhelming importance. Of particular concern is the potential
influence of cannabis on measures of cognition, given the ongoing maturation of neural
circuits mediating complex cognitive processes during adolescence [37].

Lasting alterations in cognitive functions have been reported in rodents chronically
exposed to cannabinoids during adolescence (Table 3). Impairments in working mem-
ory processes have been observed using object recognition and T-maze tasks in both
male and female rodent models following adolescent but not adult treatment [38–44].
Chronic escalating doses of THC resulted in protracted defects on short-term novel object
recognition memory when exposure occurred during early but not late adolescence [45].
In contrast, no long-term changes were found in hippocampal-dependent object location
task, social recognition memory, and acquisition and reversal in the water T-maze [45].
These data suggest that the specific period of administration might be crucial in deter-
mining possible long-term cognitive changes triggered by THC and that adolescent THC
exposure might have fewer long-term effects on cognitive task related to hippocampal
activity. In line with this, the lack of detrimental effects of chronic THC exposure during
adolescence on hippocampal-dependent pure spatial memory tasks has also been observed
in other studies [46]. Hence, it could be possible that chronic exposure to cannabinoids
during adolescence might have more marked effects on cognitive abilities involving frontal
region functioning. Accordingly, enduring although subtle deficits on cognitive processes
related to flexibility and decision making have been described using attentional set-shifting
tasks and probabilistic reward choice tasks after administration of WIN55,212-2 in male
and female rats [47], suggesting that chronic exposure to synthetic cannabinoids could
adversely affect executive functions into adulthood. In contrast, lasting effects on atten-
tional set-shifting performance were not reported after exposure to escalating low doses
of THC during adolescence in both male and female rats, whereas the same low doses
resulted in impaired spatial memory [48,49]. Long-term deficits in associative learning
memory have also been reported, with rats exposed to THC during adolescence taking
longer to learn a paired-associate learning task when tested in adulthood [50]. The ad-
verse impact of adolescent THC exposure on working memory performance has also been
demonstrated in nonhuman primates. Indeed, repeated THC exposure in adolescent male
rhesus monkeys impaired the reinforcement-related learning processes required for im-
proving performance on spatial working memory tasks [51]. Of note, these deficits were
mitigated by an extended period of continued training [52], suggesting the possibility of
potential interventions for preventing/relieving THC-induced working memory deficits
and promoting protection/recovery of cognitive function. In this context, modulation
of THC-induced cognitive defects by CBD has been recently investigated. Concomitant
administration of THC and CBD in a ratio of 1 to adolescent male mice was shown to pre-
vent the development of cognitive deficits at adulthood [40]. However, protection was not
observed when a higher THC/CBD ratio was administered to adolescent female rats [53].
Similarly, administration of the same THC/CBD ratio failed to prevent deficits on cogni-
tive measure of learning and cognitive flexibility in adolescent nonhuman primates [54].
The discrepant results obtained using different animal models and sexes do not allow
to draw any conclusion on the possible protection mediated by CBD toward long-term
cognitive deficits triggered by adolescent THC. Contrasting results have also been obtained
when investigating the effects of the administration of CBD alone during adolescence on
measures of cognitive performance. Chronic treatment with CBD in adolescent female
rats led to the development of short-term memory deficits into adulthood [53], whereas
no detrimental effects on cognition were reported when CBD was administered during
adolescence to both male and female mice, even at higher doses [55]. These data highlight
a different sensitivity to the effects of CBD on cognition and clearly demonstrate the need
for a more careful investigation of long-term effects of CBD alone and in combination with
THC in the future.
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Table 2. Summary of studies assessing lasting effects of adolescent cannabinoid exposure on cognition.

Article Species and Sex Dose and Delivery Age Outcome

[38]
Sprague-Dawley rats;

females

THC 2.5–5–10 mg/kg twice
a day;

intraperitoneal injections
P35–P45

Impaired performance in the
T-maze

[39]
Inbred C57Bl/6J and
DBA/2J mice; males

THC 10 mg/kg
intraperitoneal injections

every 72 h
P28–P44

Impaired performance in the
object recognition test

THC 10 mg/kg
intraperitoneal injections

every 72 h
P69–P85

No impairment in the object
recognition test

[40] CD1 mice; males

THC 3 mg/kg, CBD
3 mg/kg, CBD + THC
3 mg/kg each; daily

intraperitoneal injections

P28–P48

Impairment in the object
recognition memory after

THC; counteracted by
concomitant CBD

[41]
Sprague-Dawley rats;

females

THC 2.5–5–10 mg/kg twice a
day; intraperitoneal

injections
P35–P45

Impaired performance in the
object recognition test

[42]
Sprague-Dawley rats;

females

THC 2.5–5–10 mg/kg twice a
day; intraperitoneal

injections
P35–P45

Impaired performance in the
object recognition test

[43]
Sprague-Dawley rats;

males

THC 2.5–5–10 mg/kg twice a
day; intraperitoneal

injections
P35–P45

Impaired performance in the
object recognition test

[44]
Sprague-Dawley rats;

females

THC 2.5–5–10 mg/kg twice a
day; intraperitoneal

injections
P35–P45

Impaired performance in the
object recognition test

[45]
Sprague-Dawley rats;

males

THC 2.5–5–10 mg/kg twice a
day; intraperitoneal

injections
P30–P41

Impaired performance in the
object recognition test

[46] Long-Evans rats; males
THC 3–5–10 mg/kg;

subcutaneous injections
P30–P45

No impairment in the Barnes
maze test

[47]
Long-Evans rats; males

and females
WIN55,212-2 1.2 mg/kg;
intraperitoneal injections

P30–P60
Impairment in the

probabilistic reward choice
task in both sexes

[48]
Sprague-Dawley rats;

males and females

THC 0.3–1–3 mg/kg twice a
day; intraperitoneal

injections
P35–P45

Impaired spatial memory in
the object location task

[49]
Sprague-Dawley rats;

males

THC 0.3–1–3 mg/kg twice a
day; intraperitoneal

injections
P35–P45

Impaired spatial memory in
the Morris water maze

[50] Long-Evans rats; males
THC 2.5–5–10 mg/kg twice a

day;
intraperitoneal injections

P35–P45
Impairment in

paired-associate learning
task

[51] Rhesus monkeys; males
THC 15 to 240 µg/kg

5 days/week for 12 months;
intravenous injections

24–36 months
Impaired the

reinforcement-related
learning processes

[52] Rhesus monkeys; males
THC 15 to 240 µg/kg

5 days/week for 12 months;
intravenous injections

24–36 months

Impaired
reinforcement-related

learning processes were
mitigated after protracted

training
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Table 3. Cont.

Article Species and Sex Dose and Delivery Age Outcome

[53]
Sprague-Dawley rats;

females

THC 2.5–5–10 mg/kg twice a
day; intraperitoneal

injections

P35–P45

Impaired performance in the
object recognition test

THC/CBD 3:1 ratio
Impaired performance in the

object recognition test

CBD 5 mg/kg twice a day
Impaired performance in the

object recognition test

[54]
Squirrel monkeys;

males

THC (0.1–1 mg/kg)
for 3 weeks;

daily injections Adolescence; age range
not specified

Impaired discrimination
learning, no effect on
cognitive flexibility.

THC + CBD 1:3
(0.1–1:0.3–3 mg/kg)

for 3 weeks;daily injections

CBD did not modulate THC
effects on cognitive

performance

[55]
C57BL/6J mice; males

and females
CBD 20 mg/kg twice a day;

intraperitoneal injections
P25–P45

No effects on spatial memory
in the Barnes Maze;

improved learning in the
task

[56]
Sprague-Dawley rats;

females

WIN55,212-2
0.0125 mg/kg/infusion;

intravenous
self-administration

(fixed ratio 1)

P34–P59

No lasting deficits in the
object location test and

delayed-match-to-sample
working memory task

[57]
Sprague-Dawley rats;

males

WIN55,212-2
0.0125 mg/kg/infusion;

self-administration
(fixed ratio 1)

P38–P49
No lasting deficits in the
object memory test and

object location test

[58]
Sprague-Dawley rats;

males and females

THC 3–10–30–100
µg/kg/infusion intravenous

self-administration (fixed
ratio 1)

P32–P51

Unaltered performance in
the delayed-match-to-sample

working memory task;
enhanced working

memoryperformance in
males that self-administered

high doses of THC

[59]
Long-Evans rats; males

and females

5.6% THC, 0% cannabidiol
and 0.4% cannabinol;

cannabis smoke
P29–P49

No effects in the novel object
recognition task

THC 2.5–5–10 mg/kg twice a day;
intraperitoneal injections

P35–P45
No effects in the novel object

recognition task

[60] Long-Evans rats; males
5.6% THC, 0% cannabidiol

and 0.4% cannabinol;
cannabis smoke

P29–P49
No effects on cognition (set
shifting, reversal learning,

intertemporal choice)

Long-term effects of adolescent cannabinoid exposure on cognition have recently been
investigated in operant models of THC and cannabinoid self-administration. Adolescent
WIN55,212-2 self-administration resulted in either improvements or no change in adult
working memory performance in both male and female rats [56,57]. Similarly, working
memory performance was unaltered or slightly improved in males only, after adoles-
cent self-administration of THC [58]. Remarkably, studies employing self-administration
paradigms did not highlight any long-term cognitive deficits following adolescent cannabi-
noid exposure, suggesting that volitional control of THC exposure, possibly associated
with exposure to nonintoxicating doses, could have a less detrimental impact on cognitive
performance in the long-term.
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While all the above-cited studies employed systemic injections of cannabinoid ago-
nists, the majority of cannabis use in humans occurs via inhalation, particularly smoking.
However, to date, very few studies have investigated the long-term effects of cannabis or
THC vapor inhalation on measures of cognition in preclinical models. Exposure to cannabis
smoke or ascending doses of THC vapor during adolescence did not affect novel object
recognition memory in rats when assessed at adulthood [59]. Similarly, chronic exposure
to cannabis smoke in adolescent rats did not impact cognitive flexibility in adulthood in
either set-shifting or probabilistic reversal learning tasks [60]. Overall, unlike what has
been widely demonstrated using experimenter administration protocols, cannabinoid expo-
sure under conditions of intravenous and smoke self-administration in adolescent models
seems to have less detrimental effects on cognitive performance in the long term. How-
ever, the absence of cognitive impairments resulting from intravenously self-administered
or smoked cannabinoids should not be manipulated to convey the wrong message that
adolescent cannabis use is harmless, as subjective effects of cannabinoids can greatly differ
among species. Animal models could likely display a different control over drug intake
with respect to humans, making it difficult to establish whether doses that are voluntarily
self-administered by animals could reflect those that are abused by humans.

4.3. Effects of Cannabinoid Exposure in Older Animals

Aging is a physiological process that cannot be stopped but needs to be controlled
to achieve healthy aging. Cognitive decline is an integral aspect of aging, and it appears
as a spontaneous and continuous process due to changes occurring in specific brain areas.
In some cases, these changes are magnified by the emergence of neurodegenerative condi-
tions such as Alzheimer’s disease (AD).

Physiological aging appears to be paralleled by changes in the brain endocannabinoid
system [61]. Specifically, in older animals, a decline in the expression and activity of
CB1R has been reported, together with alterations in the levels of synthetic and degrading
enzymes. Interestingly, in CB1 knockout mice, an accelerated cognitive decline, paralleled
by neuronal loss and chronic inflammation, has been described, thus supporting the notion
that CB1R signaling may play a role in the control of the aging process.

According to this hypothesis, the paucity of papers investigating the effect of modu-
lation of the endocannabinoid system in aged rodents seems to suggest that replenishing
the lost endocannabinoid signaling would be beneficial to slowing down the physiological
aging process (Table 4) [62–64]. Low doses of THC have been employed to reach this goal,
i.e., to improve the cognitive performance of aged mice. Interestingly, while Bilkei-
Gorzo [62] and Nidadavolu [63] obtained this result after chronic treatment, Sarne [64]
demonstrated the positive effect of a single ultralow dose of THC (0.002 mg/kg) in aged
female mice that lasted at least 7 weeks. They suggested that a single dose of THC was able
to induce long-lasting structural alterations, likely through the involvement of Sirtuin-1,
a protein deacetylase that was shown to be involved in synaptic plasticity, memory forma-
tion, learning capability, neuronal development, and neuroprotection, and that was found
decreased in old mice [64].

These results are strikingly in contrast with those observed in young rodents, where
chronic THC administration usually impairs cognitive performance, thus suggesting the
existence of an age-dependent effect. In addition, Nidadavolu and colleagues [63] reported
another interesting age-dependent response; while in young mice the co-administration of
a combination of THC and CBD seems to be able to prevent some of the detrimental THC
effect on cognition, in aged mice, this combination did not restore the memory impairment
caused by physiological aging, suggesting that THC alone is more efficacious in the recovery
effect. The inability of a CBD/THC mixture to reduce the cognitive impairment present in
old mice (the wildtype controls) was also observed by Aso et al. [65] when investigating
the CBD/THC effect in a transgenic mouse model of AD. In this context, however, chronic
administration of a combination of THC and CBD resulted effective in improving cognitive
performance disrupted by the presence of β-amyloid, even when administered at advanced
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stages of the disease [65]. The cognitive improvement was paralleled by changes in markers
of synaptic function relevant for the recovery of the imbalance in excitatory vs. inhibitory
neural activity observed in the cortex of aged transgenic mice. Lastly, when administered at
an early symptomatic stage, chronic exposure to the combination of THC and CBD reduced
in a more efficient way the learning impairment and induced a more marked reduction
in gliosis than THC or CBD separately in mice with AD-like pathology [66]. As a whole,
these data suggest that CBD might not be effective in restoring the memory impairment
induced by physiological aging, but could represent an add-on compound whenever in the
presence of intense neurodegeneration, such as during AD progression.

Although the above-cited papers point toward a paramount role of CB1R signaling
in slowing down the age-associated cognitive decline, some recent papers also suggest a
possible involvement of CB2 receptors (CB2R), especially when considering “inflammag-
ing”, which is the idea that aging is associated with a progressive decline in the ability to
cope with stressors and a progressive increase in the whole-body load of proinflammatory
cytokines [67]. In other studies [68,69], the authors explored the beneficial effect of a natural
CB2R agonist, β-caryophyllene, toward age-related cognitive decline in mice. Interestingly,
this compound was able to reverse the deficit in working memory and higher levels of the
inflammatory cytokine IL-23 observed in aged mice [68], as well as the detrimental changes
in astrocytes and DNA oxidation present in the D-galactose animal model of induced
aging [69].

In conclusion, despite research on cannabinoid effects in elderly still being in its
infancy, results obtained so far clearly suggest that low-dose treatment with THC could
be a potential strategy to slow down or even reverse age-dependent cognitive decline.
The mechanisms of this positive outcome could be associated with activation of both CB1R
and CB2R, likely under-stimulated in the elderly brain due to age-dependent changes in
the endocannabinoid system.

Table 4. Summary of studies assessing effects of cannabinoid exposure on cognition in aged animals.

Article Species and Sex Dose and Delivery Age Behavioral Outcome

[62]
C57BL6/J mice;

males

THC (3 mg/kg/day);
Alzet minipumps implanted

subcutaneously with a delivery of
28 days

12 and 18 months

Improved performance in the Morris
water maze, the novel object location

recognition task and the partner
recognition task

[63]
C57BL6/J mice;

males

THC (1 mg/kg/day), or a 1:1
mixture of

THC and CBD (THC/CBD,
1 mg/kg/day each);

Alzet minipumps implanted
subcutaneously with a delivery of

28 days

18 months

1 mg/kg/day THC dose improved
spatial learning in the Morris water

maze;1:1 combination of
THC and CBD had no effect

[64]
Institute of

Cancer Research mice;
females

THC 0.002 mg/kg; single
intraperitoneal injection

24 months
Better performance in 6 different

behavioral assays of various
aspects of memory and learning

[65]
AβPP/PS1 transgenic

mice;
males

THC 0.75 mg/kg + CBD
0.75 mg/kg; intraperitoneal

injections once a day for
5 weeks

12 months
Reduced memory impairment in the

two-object recognition test in a V-maze

[68]
Swiss-Webster mice;

males

β-caryophyllene 100 and
178 mg/kg; intraperitoneal

injections 3 days a week for one
week

12 months
Improved performance in the Y-maze

task

[69] BALB/c mice; males
β-caryophyllene 10 mg/kg; oral

administration for 4 weeks

12 weeks
(ageing induced by

8 weeks of treatment with
D-galactose)

No effect on cognitive flexibility in the
Morris water maze test
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5. Conclusions

Animal models of cannabinoid exposure represent a unique tool to characterize the
long-lasting behavioral consequences of cannabinoids on cognitive performance, and to
identify possible factors that could modulate cannabinoids effects in the long term. Indeed,
very different results can be obtained on the basis of the different cannabinoid used, doses,
animal models, strains, and sexes, as well as the cognitive tasks employed. However,
the most striking factor in predicting the outcome of cannabinoid use seems to be age.
Indeed, what is detrimental during brain development (prenatal and adolescent exposure)
has been reported to be beneficial in old age. This might be related to the decline in
endocannabinoid tone observed in aging. It is well known that the endocannabinoid
system works as a buffer system to maintain homeostasis in the brain; thus, its decline may
have a negative impact on brain health, accelerating the aging process. In contrast, despite
the recent advances in the field, it appears difficult to clearly establish a possible role of
dosage in the effects of cannabinoids on cognition, particularly when administration occurs
during the adolescent period. Indeed, cannabinoids administered during adolescence can
have long-term effects on specific cognitive tasks; however, the appearance and persistence
of such effects vary greatly depending on the paradigm of administration and behavioral
task used, making it impossible to draw any definitive conclusion.

Future Directions

Despite the increasing use of cannabis among pregnant women and older people,
there are currently few studies that have specifically investigated the long-term effect of
cannabinoids when administered in these specific stages, if compared to the extensive
investigations carried out in animal models of adolescent exposure. Future investigations
are, therefore, needed to explore more thoroughly the possible consequences of cannabis
consumption within these populations, especially using operant models of cannabinoid
exposure, such as self-administration paradigms and vapor inhalation. In addition, given
the paucity of studies, future research should also be aimed at better dissecting possible
long-term effects of CBD, either alone or in combination with THC, on cognitive perfor-
mance, especially when administered at early stages of brain development. Concerning
adolescent exposure to cannabinoids and its impact on cognition, additional studies should
be carried out to provide a scientific explanation for the discrepant findings that have been
reported when comparing the effects of passive experimenter administration protocols with
intravenously self-administered or inhaled cannabinoids. Unlike what has been reported
during developmental phases, the positive effects of cannabinoids on cognition observed
in older animals suggest the need for further studies employing more suitable formulations
and routes of administration in light of a possible therapeutic exploitation of cannabinoids
in this specific population.
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