
Research article

Behavioral effects of two cannabidiol and cannabigerol-rich 
formulas on mice

Marinella Carone 1, Marika Premoli 1, Sara Anna Bonini *, Rozana Latsi , 
Giuseppina Maccarinelli , Maurizio Memo
Department of Molecular and Translational Medicine, University of Brescia, 25123, Brescia, Italy

A R T I C L E  I N F O

Keywords:
Behavior
Phytocannabinoids
Cannabidiol (CBD)
Cannabigerol (CBG)

A B S T R A C T

Cannabis sativa L. produces more than 100 specific bioactive compounds, known as cannabinoids. 
The major non-psychotropic Cannabis constituent is cannabidiol (CBD), which displays beneficial 
properties in a variety of medical conditions. However, the potential therapeutic role of other 
minor phytocannabinoids, such as cannabigerol (CBG), and their use in combination with CBD, 
has remained largely unexplored. In this study, we wanted to assess the in vivo effects of two novel 
non-psychotropic cannabinoid formulas, both containing relatively high percentages of CBD but 
differing mainly for CBG content, hereafter called CBG+ and CBG-formulas. We employed 
different behavioral tests to evaluate the effects of these formulas at three different dosages on 
mice locomotor activity, anxiety-related behaviors, short-term memory and sociability. We found 
that these two formulas display unique behavioral profiles: CBG + formula produced an increase 
in mice locomotor activity and displayed anxiolytic properties, whereas both formulas improved 
spatial short-term memory and social interactions. The results obtained suggest that different 
combinations of phytocannabinoids are able to determine different behavioral effects and high-
light the importance of studying the effects of less known phytocannabinoids (like CBG), which 
used in combination with other phytocannabinoids can change the profile of action of other 
active compounds (such as CBD).

1. Introduction

Cannabis sativa L. (C. sativa) is a herbaceous flowering plant that has been used for millennia for medicinal, therapeutic and rec-
reational purposes. It comprises a variety of chemical constituents, including specific bioactive compounds known as cannabinoids [1]. 
To date, more than 100 cannabinoids have been identified [2]. The two major phytocannabinoids isolated from C. sativa are 
Δ9-tetrahydrocannabinol (Δ9-THC or THC) and cannabidiol (CBD). THC is the predominant psychotropic component of the plant; on 
the contrary, CBD is a non-psychoactive cannabinoid. Cannabinoids are biosynthesized as cannabinoid acids, and later decarboxylated 
into their neutral forms. In particular, alkylation of olivetolic acid with geranyl-pyrophosphate by a prenyltransferase produces 
cannabigerolic acid (CBGA). CBGA generates Δ9-tetrahydrocannabinolic acid (Δ9-THCA) and cannabidiolic acid (CBDA) that are 
precursors of THC and CBD, respectively. CBGA converts also to cannabichromenic acid (CBCA) that is the precursor of another 
phytocannabinoid called cannabichromene (CBC) [3,4].
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CBD, in particular, is known for its non-psychoactive proprieties and its wide range of potential therapeutic applications. CBD 
interacts with the endocannabinoid system (ECS), a complex cell-signaling system involved in regulating various functions like mood, 
pain, immune responses, and homeostasis [5]. CBD has a low affinity for both CB1 and CB2 cannabinoid receptors. Unlike the agonist 
activity displayed by the major psychoactive cannabinoid, Δ9-THC, CBD functions as a negative allosteric modulator, reducing the 
binding efficiency of Δ9-THC and other agonists to these receptors [6]. Additionally, CBD has broader pharmacological targets beyond 
CB receptors, such as TRPV1, involved in pain perception, and serotonin receptors, contributing to its anti-inflammatory, analgesic, 
and anxiolytic properties [7,8]. In recent years, there has been a growing research interest for CBD’s potential therapeutic applications 
for a variety of medical conditions, including complex neurological and psychiatric disorders [9–15], given its anti-inflammatory, 
antioxidant, anti-tumoral, anxiolytic and antidepressant properties and the lack of psychotropic activity [9]. In particular, research 
has been focusing on investigating the potential for this particular class of compounds in treating neurodevelopmental disorders, many 
of which are associated with intellectual disability and significant cognitive and behavioral difficulties. Medical-use CBD (Epidyolex®) 
has been proposed for the treatment of severe behavioral alterations in patients with tuberous sclerosis complex, mucopolysacchar-
idosis type III and Fragile X syndrome, with the objective to address the unmet medical needs for effective treatment of these rare 
genetic conditions using a personalized trial design [16]. A recent systematic review conducted by Parrella and colleagues [17] 
assessed randomized controlled trials on CBD for treating neurodevelopmental disorders, finding preliminary evidence of potential 
benefits. These preliminary findings have been corroborated by other reviews, which provide additional evidence supporting the 
potential efficacy of CBD in neurodevelopmental disorders, though further rigorous studies are still needed to confirm these effects 
definitively [18,19].

However, most studies have focused on the use of CBD as a stand-alone therapeutic, and research on the potential effects of other 
lesser-known cannabinoids remains insufficient.

C. sativa is source of several minor phytocannabinoids such as cannabigerol (CBG), cannabinol (CBN), cannabichromene (CBC), Δ9- 
tetrahydrocannabivarin (THCV), cannabivarin (CBV) and cannabidivarin (CBDV). The spectrum of their pharmacological properties is 
limited, but recent studies have shed light on their beneficial effects on human health (for a review, see Ref. [15]).

In this work, we wanted to gather evidence on the effect of mixtures of various phytocannabinoids in different proportions. 
Specifically, we wanted to assess whether the behavioral effect of CBD, the major component of these formulations, is modulated by 
coupling it with other cannabinoids. Indeed, at the preclinical level the effects of a CBD-based treatment are well-known, as it has been 
proven to decrease anxiety [20], to improve memory [21], ameliorate autism-like behaviors [22] and to reduce cognitive deficits in rat 
models of Fragile X syndrome [23]. CBD also displays a prosocial effect both in wild-type mice [24] and mouse models of autism 
spectrum disorders [25]. Conversely, while there are some studies that have explored the behavioral effects of non-psychotropic 
Cannabis compound mixtures, the research is still limited and further investigation is needed to fully understand their potential 
impacts. Pioneering studies in this fields have shown how the combination of CBD and THC, rather than the stand-alone use of either of 
these two compounds, is effective in the treatment of conditions such as multiple sclerosis [26,27] and seizures [28]. The investigation 
into the potential use of phytocannabinoid in combination has led to the development of Sativex ®, a herbal formulation containing 
equal parts of CBD and THC, used in the treatment of patients affected by multiple sclerosis [27].

The formulas tested in the present study contain various phytocannabinoids in different ratios (for the formulas’ compositions, see 
Table 1). In particular, the two formulas contain relatively high percentage of CBD and several other phytocannabinoids in smaller 
quantities. The two formulas differ mainly in the CBG content: once contains a low percentage of CBG and the other a relatively high 
percentage. From here on the two formulas will be called CBG- and CBG + formula, respectively. This cannabinoid has recently come 
to light for its beneficial effects in a variety of conditions, such as neurological, metabolic and gastrointestinal diseases [29,30]. Its 
carboxylic acid form (CBGA) derives from the combination of geranyl pyrophosphate and olivetolic acid [30]. Decarboxylation of 
CBGA results in CBG [30]. Growing evidence supports the idea that CBG displays potential therapeutic effects in different pathological 
conditions [31,32]. For instance, studies have shown that CBG (or its derivatives) exerts anti-inflammatory and neuroprotective 
properties both in vitro [33,34] and in vivo [35–39]. CBG operates through a mechanism of action similar to that of CBD, as it binds 
weakly to CB1 and CB2 receptors [40]. Besides inhibiting CB1R, it also antagonizes the 5-HT1A receptor, activates alpha-2 adreno-
ceptors, and modulates endocannabinoid signaling [41]. Moreover, CBG can activate TRPV1 and desensitize it, thereby blocking the 
transmission of pain signals. Additionally, CBG can activate CB2R, but not CB1R, leading to the release of β-endorphin, which 
significantly enhances its antinociceptive effect [42].

Due to its action on TRPV channels, CBG has been investigated as a potential therapeutic agent in gastrointestinal inflammation and 

Table 1 
Composition of tested non-psychotropic cannabinoid formulas (CBG- and CBG+ formulas). The solvent is 
castor oil.

CBG- formula CBG+ formula

% %

CBD 45.9 37.1
CBG 2.5 16.0
CBC 8.0 6.3
Δ9-THC 0.007 0
others phytocannabinoids 16.3 13.9
solvent 27.29 26.7
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related disorders, such as colitis, with positive outcomes [43,44]. In addition, some research studies have shown that CBG possesses 
analgesic and pain-relieving effects, mediated by agonistic activity on the alpha-2-adrenoreceptor [45–48]. Moreover, CBG has been 
shown to ameliorate neurotoxicity derived by cellular oxidative stress [49] and it has been tested as anti-tumoral agent [50]. In 
addition to this, it has been demonstrated that CBG and CBD, coupled together, display potent neuroprotective and anti-inflammatory 
properties, primarily mediated through the action on the 5-HT1A receptors [49,51]. Despite emerging evidence for CBG as a potential 
anti-inflammatory and neuroprotective drug, research on CBG’s effects on behavior has been neglected.

Considering the abovementioned data, we wanted to investigate the effects of two novel cannabinoid-based formulas in mice after 
acute and sub-chronic treatments, using three increasing dosages. The compounds’ effects were assessed by a battery of different 
behavioral tests that allowed us to evaluate whether the formulas were able to induce alterations in distinctive realms of behavioral 
and cognitive functioning such as locomotor activity, memory, sociability, anxiety and exploratory behavior.

2. Materials and methods

2.1. Animals

All experiments were performed according to European Communities Council Directive guidelines (CEE N◦ 86/609) and all pro-
tocols were approved by the Italian Ministry of Health, Animal care and use Committee of the University of Brescia. Adult male mice 
(B6; 129PF2) aged 3–6 months (body weight 25–35 gr) were used for our experiments. They were housed 2 to 4 per standard cage (15 
cm wide × 35 cm long × 12 cm deep) in a 12 h light/dark cycle (light phase: from 8:00 a.m. to 8:00 p.m.) with food and water available 
ad libitum. Temperature (22 ◦C) and humidity (50 ± 10 %) in the cage were automatically regulated by the Sealsafe Aero System by 
individually ventilated cages with EPA filters (Tecniplast Group, Italy). Animals were obtained in our animal facility from mating mice; 
breeder mice were used only for mating and not for testing. A total of 49 mice were employed for the current study, 7 mice for each of 
the following experimental groups: vehicle (control group), 25 mg/kg of CBG-formula, 50 mg/kg of CBG- formula, 100 mg/kg of CBG- 
formula, 25 mg/kg of CBG+ formula, 50 mg/kg of CBG+ formula, 100 mg/kg of CBG+ formula. Mice were first tested after 1 h of acute 
treatment, and the same mice were tested again after 10 days for sub-chronic treatment tests (see Fig. 1 for a schematic timeline). 
Treatment and tests were performed during the light phase of the circadian cycle.

2.2. Formulas and treatment

CBG- and CBG+ formulas used for behavioral tests were kindly provided by Ukibori (RENACT) from Cyprus. Formulas composition 
is described in details in Table 1. For each formula tested, mice were divided into experimental groups (4 groups, 7 mice each). Control 
group mice were treated with vehicle (~150 μl medium-chain triglyceride oil; Waldo Health, Norderstedt, Germany), and phyto-
cannabinoid formulas treated mice received the following doses: 25 mg/kg, 50 mg/kg or 100 mg/kg of formula. Both vehicle and 

Fig. 1. Schematic timeline of the treatment and behavioral test. B6; 129PF2 mice were divided into 7 groups (control, 25 mg/kg of CBG- formula, 
50 mg/kg of CBG- formula, 100 mg/kg of CBG- formula, 25 mg/kg of CBG+ formula, 50 mg/kg of CBG+ formula, 100 mg/kg of CBG+ formula). For 
all the groups, behavioral testing of the acute administration took place 1 h after the start of the treatment or vehicle. Mice were then tested for the 
open field, elevated plus maze, Y maze and reciprocal social interaction test. The same mice continued to receive treatment for 10 consecutive days, 
in which they received the abovementioned doses once a day. The tenth day, 1 h after treatment, they were behaviorally tested for the open field 
test, the elevated plus maze test, the Y maze test and the reciprocal social interaction test.
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formulas were administered via oral gavage. Acute treated mice were treated once and then tested; the treatment was then continued 
(sub-chronic treatment) for 10 consecutive days, administering the formula once a day. Behavioral tests were performed within 1 h of 
drug administration, on the acute treatment days and on the last day of the chronic treatment (see Fig. 1).

2.3. Behavioral tests

To assess the behavioral profile resulting from the administration of the two formulas, we utilized a comprehensive battery of 
diverse behavioral tests. These tests were designed to probe various aspects of mice cognition and motor activity across distinct 
domains.

Open field. To evaluate locomotor activity, we performed an open field test according to previous protocols [52,53]. In brief, mice 
were put in the testing room for 10 min before the test to acclimatize to the environment. Afterwards, each mouse was positioned in the 
center of the arena (40 × 40 cm plexiglass) and they were individually video-recorded for 5 min by a video camera vertically mounted 
1.5 m above the arena. EthoVision XT software (version 14.1; Noldus, Wageningen, The Netherlands) was used to automatically track 
distance travelled and average speed.

Elevated plus maze. To assess anxiety-related behaviors, we employed the elevated plus maze (EPM) test as performed in previous 
works [24,54]. Mice were placed at the center point of a platform (5 × 5 cm) from which two open arms (35 × 5 cm) and two closed 
arms (30 × 5 × 15 cm) extend. The apparatus is 50 cm elevated above the floor and each mouse is individually placed in the center 
point of the EPM, with its nose facing one of the open arms. 5 min videos were recorded via a portable camera placed 1.5 m above the 
maze. Behaviors of interest were automatically acquired using EthoVision XT software (version 14.1; Noldus, Wageningen, The 
Netherlands). As an anxiety-related indicator we used open arm exploration, which correlates with low anxiety levels [55]. In 
particular, we evaluated: percentage of entries in open arms = (number of entries into open arms/number of entries into open and 
enclosed arms) ⋅ 100 %; percentage of time spent in open arms = (time spent in open arms/time spent in open and enclosed arms) ⋅ 100 
%.

Y maze. The Y maze test was performed to assess cognitive functioning and working memory abilities in mice [53,56]. The 
apparatus consists of a Y-shaped maze, with three white-colored arms (15 cm height x 8 cm width x 30 cm length) positioned at 120◦

angles between each other. Mice were placed at the extremity of one arm and allowed to explore the maze freely for 5 min. Each trial 
was recorded and automatically analyzed by EthoVision XT software (version 14.1; Noldus, Wageningen, The Netherlands). Number of 
arm entries and alterations were tracked. An entry is defined as the moment the mouse enters an arm with all four limbs; an alteration 
occurs when the mouse consecutively entries all three arms, without revisiting the first arm. These parameters correlate with working 
memory functioning since they show whether the mouse is able to recall arms previously visited.

Reciprocal social interaction test (male-female). Male mice are isolated for 48 h prior to the test, according to previous protocols 

Fig. 2. Effects of CBG- and CBG+ formulas on mice locomotor behavior. Open field test was used to evaluated mice locomotor behavior. The effects 
of CBG- and CBG+ formulas on mice distance travelled and speed are reported for acute treatment (up) and for sub-chronic treatment (down). Data 
are expressed as mean ± S.E.M. * = p < 0.05 with one-way ANOVA followed by Dunnett’s multiple comparison test.
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[57]. Individually caged mice were allowed to acclimatize to the testing environment for 10 min. After the environmental habituation, 
mice were exposed to an unfamiliar female subject, matched for age, sex and strain, for 5 min. Females were tested beforehand to check 
their vaginal estrous phase and then the females in estrus distributed evenly between the groups. During this time, pair interactions 
were recorded and subsequently manually analyzed by an operator using the Observer XT software (version 14.1, Noldus, Wage-
ningen, The Netherlands). Behaviors were divided into two major groups: social (anogenital sniffing, body sniffing, nose sniffing, 
contact, following) and non-social (cage exploring, self-grooming, digging, rearing) and for each individual behavior, time spent in the 
activity was evaluated.

2.4. Statistical analysis

All the results are presented as the mean ± S.E.M. All statistical analyses were performed using GraphPad Prism 7 software 
(GraphPad Software, San Diego, CA, USA). The data were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett’s 
multiple comparison test for all behavioral tests. Statistical significance was indicated as * p < 0.05 and **p < 0.01 compared to the 
control (VH).

3. Results

3.1. Acute treatment with CBG+ formula, but not CBG- formula, produces an increase in mice locomotor activity

In order to evaluate the effects of the two cannabinoid mixtures on motility, mice were treated via oral gavage for one day (acute 
treatment) or for 10 consecutive days (sub-chronic treatment), once a day, with increasing dosages of either CBG- or CBG+ formulas 
(25 mg/kg, 50 mg/kg, 100 mg/kg) or vehicle (VH). Performance was evaluated using the open field test. As shown in Fig. 2, CBG- 
formula treatment did not produce any significant effect in mice locomotor activity, both in acute and in sub-chronic administration. 
Indeed, no significant differences emerged in both distance travelled and speed (for results, see Supplementary Table 1) (Fig. 2). On the 
contrary, CBG+ formula induced an overall increase in locomotor activity. After acute treatment, we observed an increase in both total 
distance travelled and speed, that reached statistical significance for the 25 mg/kg and the 100 mg/kg dosages (for results, see 
Supplementary Table 2). Lastly, the sub-chronic treatment with CBG+ induced an overall increase in locomotor activity in comparison 
to vehicle and CBG- formula, although the results did not reach statistical significance either for distance travelled and speed (Fig. 2
and Supplementary Table 2).

The results obtained demonstrate that only the formula with relatively high CBG content affects locomotor behavior increasing 

Fig. 3. Effects of CBG- and CBG+ formulas on mice anxiety. Elevated plus maze test was used to evaluated mice anxious behavior. The effects of 
CBG- and CBG+ formulas on % of open arms entries and % of time spent in open arms are reported for acute treatment (up) and for sub-chronic 
treatment (down). Data are expressed as mean ± S.E.M. * = p < 0.05 and ** = p < 0.01 with one-way ANOVA followed by Dunnett’s multiple 
comparison test.
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distance travelled and speed, suggesting that CBG affects the modulation of motor activity in mice.

3.2. Both acute and sub-chronic treatment with CBG+ formula, but not CBG- formula, ameliorates anxiety behaviors

We analyzed mice performance on the elevated plus maze, a functional and standardized tool to assess anxious behavior. This test 
relies on the rodent’s natural tendency to prefer dark, enclosed spaces (the closed arm) and the innate avoidant behavior towards 
heights and open spaces [55], hence a drug displaying anxiolytic properties would lead to an increase in number of entries in open 
arms and time spent on them.

Regarding the CBG- formula, no significant difference was observed between groups, on both parameters evaluated, either for the 
acute and the sub-chronic treatment (results are shown in Supplementary Table 3) (Fig. 3). On the other hand, both acute and sub- 
chronic treatment with the CBG+ formula displayed a dose-dependent anxiolytic effect in mice, that resulted to be significant in 
the acute-treated 100 mg/kg group and in the sub-chronic treated 50 mg/kg and 100 mg/kg groups (results are shown in Supple-
mentary Table 4) (Fig. 3). The CBG+ formula increased dose-dependently both the open arm entries and the time spent in open arms, 
thus suggesting a significant contribution of CBG in the anxiolytic effect observed treating mice with the compound with high CBG 
content.

3.3. Both CBG- and CBG+ formulas, administered acutely, produce dose-dependent improvement in mice spatial memory

We assessed changes in cognitive functioning employing the Y maze, a commonly used test to evaluate spatial working memory in 
rodents. The performance is based on the mouse’s capacity to remember which arm has not been visited previously and its innate 
disposition to explore unknown areas of the maze, thus the tendency to enter a novel arm each time [56]. Regarding the CBG- formula, 
a significant increase in arm alternation was observed in the 100 mg/kg treated compared to vehicle-treated mice, and only in the 
acute treatment (results are shown in Supplementary Table 5) (data are reported in Fig. 4). This increase in spatial memory, was not 
maintained in CBG-formula chronically treated mice (Supplementary Table 5).

For the CBG+ formula, Fig. 4 displays a significant dose-dependent positive effect on short-term spatial memory, as indicated by the 
number of arms alternation in the acutely administered 50 mg/kg group and 100 mg/kg groups compared to the vehicle-treated group 
(data are shown in Supplementary Table 6). This effect was no more present after sub-chronic administrations (Supplementary 
Table 6). These results show that both CBG- and CBG+ formulas produce a significant improvement in learning and memory, measured 
as short-term working memory, as indicated by the alternation pattern in exploring the different arms of the maze. This effect was not 

Fig. 4. Effects of CBG- and CBG+ formulas on mice short-term memory. Y-maze test was used to evaluated mice short-term working memory. The 
effects of CBG- and CBG+ formulas on number of arm entries and arm alternation are reported for acute treatment (up) and for sub-chronic 
treatment (down). Data are expressed as mean ± S.E.M. * = p < 0.05 and ** = p < 0.01 with one-way ANOVA followed by Dunnett’s multiple 
comparison test.
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maintained after repeated administrations.

3.4. Both formulas produce an increase in social activity in a dose-dependent manner

Lastly, we checked for a possible effect of the two formulas on social behavior in mice. Since it is known that CBD alone displays a 
prosocial effect in rodents [24,58], we wanted to assess if this effect is modulated by the presence of CBG.

We found that social behavior is significantly improved in mice treated with the CBG- formula. In male mice, spontaneous 
interaction with unfamiliar females was significantly increased and, conversely, time spent in non-social activities was decreased. We 
found this effect to be dose-dependent, and it was observed both in acute treatment and after 10 days formula administration 
(Supplementary Table 7), as reported in Fig. 5.

Treatment with CBG+ also displayed a prosocial effect compared to the vehicle group, in acute but not in sub-chronic treatment 
(Supplementary Table 8) (Fig. 5).

4. Discussion

The potential use of phytocannabinoids as therapeutic agents is a topic of great interest in the pharmacological field and, in 
particular, in neuropharmacology. Attention has focused, above all, on some, already partially well-characterized phytocannabinoids 
and which are present in greater quantities in C. sativa, such as cannabidiol (CBD). However, much work still remains to be done to 
understand the contribution of minor phytocannabinoids. The relevance of these compounds in the field of biomedical research has 
been neglected, leaving a gap in our understanding of how the consumption of C. sativa (and its derivatives) impacts biological, 
cognitive and behavioral dimensions. Phytocannabinoids have great potential in the therapeutic field and the studies conducted so far 
have also shown a good safety profile. For example, focusing on CBD, one of the best characterized C. Sativa components, its use as 
therapeutic agent has been recently demonstrated for a broad range of conditions, such as inflammation, epilepsy, cancer, neurode-
generative disease and others [14,15], with a safe profile both in humans and animals [47,48]. In recent years, preliminary studies 
have tried to shed light on the therapeutic benefits of cannabigerol (CBG), the parent molecule of THC and CBD. It has been noted that 
CBG acts against neuroinflammation in a rodent model of multiple sclerosis [38] and is effective in ameliorating conditions in other 
diseases characterized by inflammation, such as colitis [43] and psoriasis [59]. Much less is known about CBG effect on behavior. A 
first, preliminary survey of patients using CBG-rich cannabis preparations has reported self-assessed positive effects on conditions such 
as pain, depression and insomnia [47], but its potential effect coupled with other cannabinoids contained in C. sativa preparations is 
still uncertain. Recent reports have demonstrated that CBG administered in combination with CBD could have a positive effect on 
neuroinflammation associated to neurodegenerative disorders such as amyotrophic lateral sclerosis in an in vitro model [60]. However, 

Fig. 5. Effects of CBG- and CBG+ formulas on mice social behavior. Reciprocal interaction test was used to evaluated mice sociability. The effects of 
CBG- and CBG+ formulas on time spent in social activities and time spent in non-social activities are reported for acute treatment (up) and for sub- 
chronic treatment (down). Data are expressed as mean ± S.E.M. * = p < 0.05 with one-way ANOVA followed by Dunnett’s multiple comparison test.
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the literature available concerning the effects on behavior and cognitive domains of preclinical models is scarce.
The purpose of this study was to characterize the behavioral effects of two novel non-psychotropic cannabinoid formulas, both 

containing relatively high percentages of CBD but differing mainly for CBG content, for this reason called CBG- and CBG+ formulas. To 
study this, the two formulas were tested in vivo, on wild type adult male mice, following oral administration. After acute or sub-chronic 
administration, a series of standardized behavioral tests were performed in different areas of interest (locomotor activity, anxiety, 
cognition and sociability). The results obtained from the various behavioral tests performed show that, changing the amount of CBG 
contained in the two formulas, we observe a completely different behavioral profile. In fact, following acute formulas administration, 
we observed that CBG- formula induced a significant increase in short-term working memory and also in social interaction; no sig-
nificant effects were registered on both anxiety and motility. The acutely-administered CBG+ formula in addition to maintaining the 
beneficial effects induced by the CBG- formula, i.e. an improvement in cognitive performance and social interaction, it provoked novel 
behavioral effects, also inducing an anxiolytic effect and increased motility. Concerning sub-chronic administration, the situation is 
more complex. In fact, the results obtained show that the CBG- formula produced significant effects only in increasing social inter-
action; the CBG+ formula instead caused positive effects only on anxiety, maintaining its anxiolytic effects even in chronic admin-
istration. This result is in line with what Mendiguren et al. [61] found administering CBG in Sprague-Dawley rats. The authors report 
that a single 10 mg/kg dose via intraperitoneal injection had an anxiolytic effect, acting via the serotonergic pathway. Indeed, the 
anxiolytic effect could be explained by the CBG’s action on 5-HT1A receptor, for which it is a moderately potent antagonist [62]. 
Similarly, Zagzoog et al. [45] previously reported that CBG (10 mg/kg) displayed an anxiolytic effect in mice, assessed via the increase 
in time spent in the central area of the open field test arena. However, contrary to these results, Zhou et al. [63] reported that acutely 
administered CBG (1–60 mg/kg) did not ameliorate stress-provoked anxiety-related behaviors. Additionally, it is to note that the 
differences seen between the behavioral results from the acute and sub-chronic treatment could be attributed to a pharmacodynamic 
tolerance mechanism. Chronic in vivo treatment with cannabinoids induces substantial tolerance to their physiological and behavioral 
effects, which has been linked to a significant reduction in the ability of cannabinoid receptors to couple with G-proteins in the brain. 
The extent of these effects varies across different brain regions and is often, though not always, associated with a decrease in 
cannabinoid receptor binding. While the exact relationship between receptor desensitization and tolerance remains unclear, these 
mechanisms likely contribute to the diminished response to cannabinoid agonists and the development of tolerance [64] which could 
possibly explain the behavioral differences between the two treatments.

Given this data from the literature, there are no conclusive indication about CBG’s precise effects and mechanism of action on 
rodent behavior, but it is possible to speculate that the anxiolytic effects observed after CBG administration, along with its reported 
anti-inflammatory effects, are likely mediated via mechanisms unrelated to cannabinoid signaling [45], such as the PPARγ pathway 
[37], α2-adrenoceptor [65], 5HT1A receptors [62,63], and transient receptor potential (TRP) channels [65]. Regarding possible 
mechanisms of action through which CBD may exert its effects on behavior, research has specifically highlighted the role of the 
oxytocin pathway in enhancing social behavior, a process that appears to be influenced by the endocannabinoid system [66]. Our 
previous work [58] demonstrated that mice treated with Cannabis sativa oil, containing different types of phytocannabinoids and in 
particular CBD, exhibited increased social behavior compared to controls, an effect that was diminished when co-treated with an 
oxytocin antagonist. Additionally, Cannabis sativa oil treatment resulted in elevated oxytocin mRNA levels in the hypothalamus and a 
reduction in oxytocin receptor mRNA, suggesting a down-regulation mechanism triggered by robust oxytocin release and receptor 
activation. This mechanism may explain the behavioral effects observed with the compounds tested in this study, although further 
research is needed to specifically test this hypothesis.

The previous literature and the data obtained in this study suggest that CBG may play an important role in the modulation of 
behaviors such as locomotor activity, anxiety, memory and sociability. However, the present study reports some limitations that must 
be addressed. The main consideration needing to be acknowledged regards the composition of the CBG- and CBG+ formulas. Indeed, 
the formulas used in the present study are constituted by a mixture of phytocannabinoids – namely CBG, CBD and minor proportions of 
other cannabinoids, such as CBC – aside from terpenes and flavonoids. We cannot rule out the hypothesis that the unique behavioral 
profiles that emerged following the administration of the two formulas could be attributed to the synergistic action of the various 
phytocannabinoids and other compounds present in the mixture, albeit in smaller quantities. In this regard, some authors report the 
existence of an “entourage effect” – namely, a synergistic action of phytocannabinoids and the numerous terpenes present in the 
C. sativa plant, that would lead to different biological effects than the ones provoked by the use of phytocannabinoids alone [24,67]. In 
addition, it is worth mentioning that the formulas used present a non-negligible amount of cannabichromene (CBC) (8.0 % and 6.3 % of 
total mixture of CBG- and CBG+ formula, respectively), a major C. sativa phytocompound displaying potent biological effects [15]. 
Indeed, it has been shown that CBC displays anti-depressant like properties that could contribute to the antidepressant effect associated 
with Cannabis intake [68]. Moreover, CBC has been found to have a positive effect on mice adult neural stem/progenitor cells, that 
could be related to the CBC’s known anti-inflammatory effect [69,70], acting via inhibition of glial cells to promote neurogenesis [71]. 
These findings show that CBC display a profound effect on the central nervous system, and its possible mechanism of action and 
biological effects should be addressed to further clarify the role of this phytocannabinoids in C. sativa-based extracts.

Lastly, this study serves as an initial exploration into the behavioral effects of various cannabinoid formulations, focusing exclu-
sively on male animals to prevent estrous cycle-related behavioral fluctuations from confounding the results. While this approach helps 
ensure consistency in the initial data, it also limits the generalizability of the findings, as it overlooks potential sex-specific responses. 
Addressing this limitation in future studies by including female mice is essential for a more comprehensive understanding of 
cannabinoid effects across both sexes.
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5. Conclusions

In conclusion, the study reported here underlines the importance of deepening knowledge on the possible effects of minor phy-
tocannabinoids, used both alone and in combination, for a potential future therapeutic use. Further evaluations are needed to assess 
the effects of phytocannabinoids combinations on preclinical models. Our observations advocate for further research on the use of 
C. sativa’s different compounds, as the combination of distinct cannabinoids could lead to the development of new multi-targeted drugs 
with unique pharmacological profiles that could be tailored for different patient’s specific needs.
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