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A B S T R A C T

Ketamine (KET) is recognized as rapid-acting antidepressant, but its mechanisms of action remain elusive. 
Considering the role of endocannabinoids (eCB) in stress and depression, we investigated if S-KET antidepressant 
effects involve the regulation of the eCB system using an established rat model of depression based on selective 
breeding: the Flinders Sensitive Line (FSL) and their controls, the Flinders Resistant Line (FRL). S-KET (15 mg/ 
kg) effects were assessed in rats exposed to the open field and forced swimming test (FST), followed by analysis of 
the eCB signaling in the rat prefrontal cortex (PFC), a brain region involved in depression neurobiology. Changes 
in eCB receptors and enzymes were assessed at mRNA and protein levels (qPCR and western blot), CB1 binding 
([3H]SR141716A autoradiography) and endocannabinoid content (lipidomics). The results demonstrated that 
the depressive behavior in FSL was negatively correlated with 2-AG levels, which were restored upon acute S- 
KET treatment. Although S-KET decreased CB1 and FAAH gene expression in FSL, there were no significant 
changes at protein levels. [3H]SR141716A binding to CB1 receptors was increased by S-KET and in silico analysis 
suggested that it binds to CB1, CB2, GPR55 and FAAH. Overall, S-KET effects correlated with an increased 
endocannabinoid signaling in the PFC, but systemic treatment with rimonabant failed to block its behavioral 
effects. Altogether, our results indicate that S-KET facilitates eCB signaling in the PFC of FSL. The inability of 
rimonabant to block the antidepressant effect of S-KET highlights the complexity of its interaction with the ECS, 
warranting further investigation into the molecular pathways.
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methyl-4-isoxazole-propionic acid receptors; BDNF, Brain-derived neurotrophic factor; CaMKII, Calmodulin kinase II; CB1, Cannabinoid receptors 1; CB2, Canna
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1. Introduction

Major depressive disorder (MDD) is one of the most prevalent and 
incapacitating psychiatric disorders [1,2]. It has a heterogeneous clin
ical presentation, most likely reflecting the complex interplay between 
polygenic risk factors and exposure to adverse life experiences, such as 
stress [3–5]. The pharmacological treatment of MDD is not optimal due 
to several limitations, including delayed onset of therapeutic effects, low 
remission rates, and high number of patients who are partial responders 
or non-responders [6–10]. Focused targeting of monoaminergic neuro
transmission by classical therapies may contribute to such therapeutic 
limitations, underscoring the importance of exploring the role of other 
neurotransmitter systems in MDD and the antidepressant effect [11].

A paradigm shift for MDD treatment was introduced when rapid and 
sustained antidepressant effects were reported after intravenous Keta
mine (KET) administration in MDD patients, which was consistently 
replicated by other human and animal studies [12–14]. The molecular 
mechanisms behind KET’s rapid antidepressant effect seem to involve 
multiple targets, with a central participation of glutamatergic neuro
transmission [13,15], known to be dysfunctional in MDD [16]. Briefly, 
KET seems to block NMDAR receptors in GABAergic interneurons in the 
prefrontal cortex (PFC), thereby disinhibiting local neuronal firing, 
which subsequently activates post-synaptic AMPAR [17]. AMPAR acti
vation triggers the rapid release of brain-derived neurotrophic factor 
(BDNF) and subsequent tropomyosin-related kinase B (TrkB) activation, 
especially in the medial prefrontal cortex (mPFC) [18,19], restoring the 
dysfunctional neuronal signaling and synaptic plasticity in MDD [20]. 
KET can also regulate serotonin neurotransmission [21,22] and bind to 
TrkB [23], thus revealing a multi-targetd and complex pharmacology 
behind its antidepressant action.

Despite recent evidence suggesting that the rewarding and anti
nociceptive effects of KET involve the endocannabinoid system (ECS)
[24,25], it is not known whether this mechanism is also involved in its 
antidepressant effect. The ECS is comprised of the main endogenous li
gands N-arachidonoyl ethanolamide (AEA) and 2-arachidonoylglycerol 
(2-AG); the cannabinoid receptors, CB1 and CB2, among others (e.g. G 
protein-coupled receptor 55 - GPR55); synthesizing (N-acyl-phosphati
dylethanolamine-hydrolyzing phospholipase D - NAPE-PLD and Diac
ylglycerol lipases - DAGL) and degrading enzymes (Fatty acids amide 
hydrolase - FAAH and Monoacylglycerol lipase - MAGL) [26]. Interest
ingly, lower serum levels of 2-AG and/or AEA have been described in 
depressed patients and in the brain of rodents exposed to stress models 
of depression [27–30]. In line with those observations, genetic and 
pharmacological studies have shown that compromised CB1 signaling 
increases the risk of depression [31–33] and impairs the response to 
monoaminergic antidepressants [30]. Conversely, drugs that increase 
2-AG and/or AEA levels induce antidepressant-like effects in animal 
models [34]. Overall, these studies suggest that the ECS plays a central 
role in MDD neurobiology and in the antidepressant effect [35]. Given 
the critical role of the ECS in regulating neurotransmitter systems 
involved in MDD neurobiology, such as glutamate, GABA and serotonin 
[36], as well as their prominent role in synaptic plasticity [37], we hy
pothesized that the ECS may be involved in the rapid antidepressant 
effect of KET.

Recent evidence indicates that striatal 2-AG and CB1activation are 
involved in the psychostimulant effect of KET in unstressed mice [38]. 
Accordingly, our group reported that the psychostimulant effect of KET 
is reduced in mice with impaired CB1 signaling, but not its behavioral 
effect in the forced swim test [39]. However, this study used only naïve 
animals, thus limiting the translational interpretation of the findings 
[40].

To overcome this knowledge gap and clarify the involvement of the 
ECS in KET’s fast antidepressant effects, we used rats presenting 
depressive phenotype alongside dysfunctions in the cortical ECS: the 
Flinders Sensitive rat Line (FSL) [41]. These animals constitute a well 
validated model of depression based on selective breeding [42]. When 

compared with their controls, the Flinders Resistant Line (FRL), the FSL 
presents abnormal endocrine and emotional responses to stress (e.g. 
increased learned immobility in the Forced Swimming Test - FST), and 
impaired synaptic plasticity in limbic regions, all common features 
observed in depression [43]. The model also presents good predictive 
validity, since their molecular and behavioral phenotype is reversed by 
chronic treatment with monoaminergic antidepressants or by acute KET 
administration [42,44]. Moreover, their selective breeding, initially 
based on the sensibility to anticholinesterase drugs, is consistent with 
observations that the muscarinic acetylcholine antagonists induce rapid 
antidepressant effects [45,46], making these animals ideal for studying 
neurobiological questions [44].

A previous study from our group first described that FSL animals 
have reduced levels of 2-AG in the prefrontal cortex (PFC), when 
compared to FRL [28], indicating that a dysregulation in the cortical ECS 
could subside the increased vulnerability of FSL to stress. However, the 
previous study used only naïve animals, and it did not investigate if 
antidepressants could reverse the 2-AG deficits in the PFC. Furthermore, 
there is no study reporting if the rapid antidepressant effect of KET in
volves the regulation of the ECS in the PFC. Therefore, FSL stands out as 
the ideal model to investigate that question.

Herein, we investigated the participation of the cortical endo
cannabinoid system in the antidepressant effect induced by the (S)-ke
tamine (S-KET), which is the enantiomer approved for clinical use in 
depressed patients [47,48]. We used an integrative approach that 
combined behavioral evaluations, molecular biology and lipidomic an
alyses, as well as computational predictions of the binding affinity and 
binding mode of KET and its enantiomers to different targets of the ECS. 
Taken together, our results shed light on the possible involvement of the 
ECS in S-KET antidepressant properties. Since S-KET use is limited due to 
considerable side-effects (e.g. increased risk of abuse, psychotomimetic 
effects and dependence) and concerns about its safety and efficacy [49, 
50], our data can offer new perspectives for achieving rapid antide
pressant effects by targeting the ECS.

2. Material and methods

2.1. Animals

Male FSL and their control counterpart FRL (200–390 g, 8–11 weeks 
old) were obtained from breeding colonies kept at the Translational 
Neuropsychiatry Unit (Aarhus University Hospital, Denmark). All rats 
were housed in pairs within standard cages (425 × 266 × 185 mm), 
under conditions of 22 ± 2 ◦C temperature, 60 ± 5 % relative humidity 
with ad libitum access to food and tap water. The rats were kept on a 12- 
hour-light/-dark cycle (lights on at 6 a.m) and the experiments were 
performed in the light period. Enrichment items, such as a stainless-steel 
tunnel shelter, nesting material, and a wooden stick were available to 
the rats throughout the study period. The experimental procedures 
received approval from the Danish National Committee for Ethics in 
Animal Experimentation (Protocol number: 2021–15–0201–01010) and 
were conducted in accordance with the guidelines of the European 
Community Council Directive 2010/63/EU.

2.2. Drugs

S-ketamine hydrochloride (15 mg/kg; Pfizer, Ballerup, Denmark, 
hereafter referred to as S-KET) was diluted in sterile saline (Sal) [51]. 
Rimonabant hydrochloride (RIMO) (1 mg/kg; Sigma-Aldrich, St. Louis, 
MO, USA) was dissolved in cremophor–ethanol–saline (1:1:18, v/v) 
[39]. All drugs were freshly prepared before the experiment, and in
jections were given intraperitoneally (i.p.) in a volume of 1 mL/kg.

2.3. Behavioral tests

The animals were brought from the breeding stable to the 
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experimental rooms and allowed to habituate in their home-cage for at 
least one hour before the start of the behavioral testing. The FSL animals 
were randomly assigned to the different treatments, which were 
randomly distributed along the experimental session (from 8 am to 
12 pm) to avoid circadian influences in the results.

As the experiments were run according to the availability of FSL and 
FRL from the stable, the sample size in the groups is not the same be
tween experimental conditions. However, the sample size is in line with 
previous studies which detected significant differences between FRL and 
FLS (control vs ketamine) [51,52]. The open field test (OFT) and the 
forced swim test (FST) were used to detect phenotypic differences be
tween FSL and FRL rats, as well as treatment effects, considering that 
previous works demonstrated that the acute treatment with S-KET in
duces significant behavioral and molecular effects in FSL that are 
consistent with its antidepressant action [52,53]

2.3.1. Open field test (OFT)
The animals were placed within a 1-square meter arena, where the 

light intensity at the center was maintained at 25–30 lux, and at the 
periphery, it ranged between 10 and 20 lux. During this time, their 
behavior was actively monitored for 10 min, and the total distance 
travelled (meter; m) was measured using EthoVision® XT16 (Noldus 
Information Technology, Wageningen, Netherlands) [54] (Fig. 1A). 
Immediately after, the animals were transported to a neighboring room 
where they were exposed to the forced swim test.

2.3.2. Forced Swim test
We used a well-validated protocol for FSL, as previously described 

[43]. Briefly, each rat was placed in a cylinder (24 cm diameter and 
60 cm height) filled with tap water maintained at 24 ± 1◦C, with the 
water reaching 40 cm in height. To eliminate olfactory cues, the water 
was changed between each session. The session (7 minutes) was recor
ded on video and subsequently, the behaviors of immobility, swimming, 
and struggling were manually evaluated during the first 5 minutes at 
5-second intervals by a blinded experimenter [55] (Fig. 1A). The ani
mals were not pre-exposed to a swim session because FSL present 
increased vulnerability to stress, displaying higher immobility in the FST 
without pre-exposure to a swim session [53,56].

2.4. Experimental design

- Experiment 1: to investigate if S-KET would modulate the ECS in 
animals that present depressive-like behavior, FSL rats received one 
intraperitoneal injection of saline (Sal, 1 mL/Kg) or S-KET (15 mg/kg), 
1 h before the behavioral tests. FRL rats received only saline and were 
used as strain controls to unravel differences in the ECS associated with 
stress vulnerability in the FSL. Since FRL animals are naturally resilient 
to stress and present low immobility in the FST, even in the absence of 
antidepressant treatment [43], this study used only 3 experimental 
groups (FRL-Sal, FSL-Sal and FSL-CBD) to avoid unnecessary use of 
animals and comply with the 3 R principles in animal experimentation 
(https://nc3rs.org.uk/who-we-are/3rs). All 3 groups were run in par
allel and, 1 h after the last injection, the rats were individually placed in 
the OFT for 10 min and then in the FST for 7 minutes, considering strain 
and treatment randomization.

- Experiment 2: to evaluate the participation of CB1 receptors in S- 
KET effects, FSL animals received a first injection (i.p) of vehicle (Veh: 
cremophor-ethanol-saline) or RIMO and, 30 min later, they received a 
second injection (i.p) of Saline or S-KET. One hour after the second in
jection, the animals were subjected to the behavioral tests described 
above. In this experiment, the animals treated with vehicle followed by 
S-KET were subdivided into two groups according to their immobility 
time - low immobility (LI; responder) and high immobility (HI; non- 
responder)- due to the high response variability between animals in 
this. Those animals displaying immobility time below 20 % of the 
average of FSL control group were classified as LI, while those above this 

value were considered HI [57].

2.5. Molecular analysis

2.5.1. Sample collection and preparation
Immediately after the FST, the animals were taken to a separate room 

and euthanized by decapitation. The PFC was rapidly dissected on 
powdered dry ice, carefully divided into left and right hemispheres, and 
stored at − 80 ◦C until further analysis. The hemispheres of the PFC were 
randomized and half of them were targeted for lipidomic analysis, and 
the other half were processed for RNA extraction and protein isolation 
using PARIS™ kit (Thermo Fisher Scientific, USA), following the man
ufacturer’s instructions.

2.5.2. Real Time quantitative PCR (RT-qPCR)
The RNA was quantified and then converted to cDNA using iScript 

cDNA Synthesis Kit (Bio-Rad). RT-qPCR was performed with iTaq Uni
versal Probes Supermix (Bio-Rad) using a MX3005 qPCR system (Agilent 
Technologies, Glostrup, Denmark). The gene expression of Cnr1, Cnr2, 
Gpr55, Faah, Mgll and Transient receptor potential vanilloid 1 (Trpv1) 
was determined relative to the housekeeping, Hprt, and the fold change 
was calculated using the 2− ΔΔCT threshold cycle method [58]
(Supplementary Table S1).

2.5.3. Western blot analysis
Total protein concentration was assessed using the Pierce BCA Pro

tein Kit (Thermo Scientific) according to the manufacturer’s guidelines. 
The samples were subsequently applied for dual fluorescence western 
blot analysis [59]. Briefly, 12 μL of each aliquot containing 24 μg of total 
protein were loaded into an SDS-polyacrylamide gel (26 wells – NuPAGE 
10 % Bis-Tris Midi Gel – Thermo Scientific). The separated proteins were 
transferred to a 0.2 µM nitrocellulose membrane (Midi format, Bio-Rad) 
using the Bio-Rad Trans-Blot Turbo Transfer System. The membrane was 
blocked in interception blocking buffer (IBB; Licor) for one hour at room 
temperature and then incubated with primary antibody diluted in 
IBB/0.1 % Tween-20 at 4 ◦C overnight: mouse anti-β-actin (1:2000; 
Licor 926–42212), rabbit anti-β-actin (1:2000; Licor 926-42210), rabbit 
anti-CB1 (1:1000; Abcam ab2703), mouse anti-CB2 (1:500, Santa Cruz 
sc-293188), mouse anti-FAAH (1:500, Sigma WH0002166M7). On the 
next day, the membranes were washed in TBS+ 0.1 % Tween-20 (4 time 
for 5 min) and incubated with secondary antibody diluted in IBB solu
tion with TBS + 0.1 % Tween-20 at room temperature for 1 h protected 
from light: Goat anti-rabbit 800CW, Goat anti-mouse 800CW, Goat 
anti-mouse 680RD and Goat anti-rabbit 680RD (1:10000; Licor). The 
membranes were washed four times in TBS with 0.1 % Tween-20 and 
once with TBS buffer for 5 min. The protein levels were assessed using 
Odyssey CLx Scan (Licor) and the results were expressed as percentage 
of control group (FRL-Sal).

2.5.4. Lipidomic analysis – ECS levels
The levels of endocannabinoids, including 2-AG, AEA, Palmitoyl- 

Ethanolamide (PEA), Docosahexaenoyl-Ethanolamide (DHA-EA), 
Oleoyl-Ethanolamide (Oleoyl-EA), Linoleoyl-Ethanolamide (Linoleoyl- 
EA), and Eicosapentaenoyl-Ethanolamide (EPA-EA) were assessed in the 
PFC samples using LC/ESI-MS/MS lipidomic technology [57,60]. For 
sample preparation, aproximately 20 mg of tissue was homogenized in 
citric acid buffer, and then an internal standard was added. The sample 
was extracted twice using ethyl acetate. The combined organic layer was 
evaporated on a heating block at 40 ◦C under a stream of nitrogen. The 
solid residue was resolved in 100 µL 60 % methanol in water. The pre
pared samples were analyzed using an Agilent 1290 HPLC system with a 
binary pump, an autosampler, and a column thermostat with an Agilent 
Poroshell C18 column. The HPLC was coupled with an Agilent 6495 
Triple Quad mass spectrometer with an electrospray ionization source. 
Analysis of ECS was performed with the Multiple Reaction Monitoring in 
positive mode. Data analysis and quantification were performed with 
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Agilent Mass Hunter Software using individual calibration curves for 
each compound (Lipidomix GmbH). The results were expressed as ng/g 
of tissue.

2.5.5. S-KET effects on CB1 receptor binding
Real-time autoradiography was performed to evaluate the specific 

binding of a radiolabeled CB1 antagonist, [3H]SR141716A, to CB1 re
ceptors in brain slices of FRL-Sal and FSL (Sal and S-KET) containing the 
PFC, as previously described [61]. Briefly, each slide contained 4–6 
sequential brain slices, with an additional adjacent slide used to deter
mine non-specific binding. The selection of slides at the PFC level fol
lowed the coordinates outlined in the Paxinos and Watson stereotaxic 
rat brain atlas. The slides were pre-incubated for 20 min in a 50 mM 
Tris-HCL buffer (pH 7.4), and then incubated for 90 min in the same 
buffer containing 0.5 % albumin and 0.5 nM [3 H]SR141716A [Specific 
Activity 1883 GBq/mmol (50.9 Ci/mmol); PerkinElmer]. For the 
non-specific binding assay, adjacent sections were incubated in the same 
solution as used for total binding but supplemented with 3 μM AM251, a 
CB1 receptor antagonist, diluted in DMSO (Tocris Bioscience – #1117). 
Specific binding was determined by subtracting non-specific binding 
(cp/min/mm2) from total binding (cp/min/mm2). All autoradiography 
acquisitions were conducted for 12 hours using a BeaQuant autoradi
ography system (ai4r, France). For the analysis, PFC-specific areas were 
manually drawn in Beamage software (version 3.5.2) (ai4r, Nantes, 
France). The results were expressed as a percentage of the control group 
(FRL-Sal).

2.6. Data analysis

The mean values of individual behavioral and molecular data were 
compared between the rat strains (FRL and FSL) and between FSL groups 
treated with Saline (Sal) and S-KET using Student’s t-test. If the vari
ances between groups were not homogenous, the Mann–Whitney test 
was used instead. One-way ANOVA, followed by Tukey’s post hoc test 
was applied in the experiment using RIMO.

To evaluate possible correlations between the behavioral changes 
and each endocannabinoid, regardless of strain or treatment effects, we 
ran a correlation matrix (two-tailed) with pooled results of all 3 exper
imental groups. To assess treatment effects in the overall endocanna
binoid activity, we created a composite z-score based on the z-score of 
multiple endocannabinoids and immobility time. This approach allowed 
us to integrate the effects of various components into one standardized 
metric (endocannabinoid index), making it easier to compare the overall 
endocannabinoid tone between different treatment groups.

The endocannabinoid index was calculated by averaging the z-scores 
of various endocannabinoids (1-AG, 2-AG, 2-AG SUM, AEA, PEA, DHA- 
EA, Oleoyl-EA, Linoleoyl-EA, and EPA-EA). Each z-score derived from 
the formula (FSL data − mean of FRL group)/standard deviation of FRL 
group). The overall endocannabinoid index is then expressed as:

Endocannabinoid index = 1/n
∑n

i=1Zi, where Zi represents the z- 
score of each individual component, and n is the total number of com
ponents included in the index.

Finally, to evaluate if behavioral changes in the FST would reflect 
changes in the endocannabinoid index, we performed a linear regression 
analysis between the normalized immobility time ((FSL − mean of FRL 
group)/standard deviation of FRL group)) and the endocannabinoid 
index. Results were considered statistically significant when p < 0.05. 
All analyses were performed using GraphPad Prism 9.0.

Significant outliers were removed from the statistical analysis 
through GraphPad’ Outlier calculator (Grubbs; Alpha = 0.05) but kept 
in the figure in a highlighted way for transparency of the results. The 
sample size for each experiment was determined based on the avail
ability of rats, which are bred in our animal facility, but are sufficient to 
detect differences between groups, based on previous reports [51,52].

2.7. Computational methods

2.7.1. 3D protein structures
The 3D structures of human CB1, CB2, MAGL and Fatty Acid Binding 

Protein 5 (FABP5) were based on experimental structures available at 
the protein data bank (PDB) [62,63] IDs 5XRA [64], 6KPF [65], 5HZ5 
[66] and 5ZUN [67], respectively. The X-ray structure of CB1 complexed 
to the respective selective agonist AM11542 (EC50 = 3.5 nM) showed a 
resolution of 2.8 Å. The Cryo-EM structure of CB2 complexed to the 
respective selective agonist AM12033 (EC50 = 0.37 nM) presented a 
resolution of 2.9 Å. The X-ray structure of MAGL complexed to the 
noncovalent inhibitor 1-(2′-Chlorobiphenyl-3-yl)-4-[4-(1,3-thiazo
l-2-ylcarbonyl)piperazin-1-yl]pyrrolidin-2-one (named 3 l) (IC50 =

0.64 nM) presented resolution of 1.35 Å. The X-ray structure of FABP5 
complexed with the selective inhibitor 6-Chloro-4-phenyl-2-piperidi
n-1-yl-3-(1H-tetrazol-5-yl)-quinoline (IC50 = 3.6 nM) presented a reso
lution of 1.4 Å. The modelled 3D structures of human FAAH, GPR55 and 
TRPV1 were obtained from the Alphafold protein structure database 
[68] (Uniprot IDs O00519, Q9Y2T6 and Q8NER1, respectively). The 
GPR55 presented a high model confidence with an average per-residue 
model confidence score or (Local Distance Difference Test) pLDDT of 
87.1; FAAH presented a very high model confidence with an average 
pLDDT of 95.37 and TRPV1 presented a high model confidence with an 
average pLDDT of 71.85. For TRPV1, we also build the homo-4-mer 
using the GalaxyHomomer [69,70] web tool, to mimic the tetrameric 
spatial conformation of this channel in the plasmatic cell membranes.

2.7.2. Protein and ligand preparation
The protein structures were prepared using the Protein Preparation 

Wizard tool from Maestro molecular modelling suite from 
Schrödinger©, USA [71]. Briefly, hydrogen atoms were added, and the 
overall structure energy was minimized using the OPLS-2005 force field 
[72]. The ligands were prepared through the LigPrep tool also from 
Maestro suite, correcting protonation, according to Epik, and perform
ing energy minimization under OPLS-2005 force field [73,74]. The grid 
box was prepared using the Receptor Grid Generation tool, and the grids 
were on the residues close to co-crystallized ligand or on the predicted 
binding site, with grid boxes of dimensions 20 × 20 x 20 Å. The protein 
binding sites of CB1, CB2, FABP5 and MAGL were based on their 
co-crystalized ligands. The binding site of FAAH was based on the crystal 
structure of the homologous fatty acid amide hydrolase (PDB 2VYA) 
[75] from Rattus norvegicus, complexed with the selective inhibitor 
PF-750. The TRPV1 binding site was based on electron microscopy 
structure of TRPV1 from Rattus norvegicus (PDB 5IRX) [76] in complex 
with vanilloid receptor agonist Tau-theraphotoxin-Hs1a (referred as 
DkTx). Considering the absence of available highly homologous struc
tures of the G-protein receptor GPR55 with co-crystalized ligands, the 
binding site of this target was predicted using FTsite server as estab
lished previously [77].

2.7.3. In silico calculations and data presentation
The molecular dockings calculations were performed through Glide 

software from Maestro suite, Schrödinger© [78–80], in the 
standard-precision (SP) mode, considering the ligand fully flexible and 
the protein rigid [71]. The resulting ligand-protein complex structures 
were uploaded in the open-source web tool protein-ligand interaction 
profiler (PLIP) for automated detection and visualization of relevant 
non-covalent protein-ligand contacts in uploaded 3D ligand-protein 
structures [81]. Moreover, Visual Molecular Dynamics (VMD) [82]
and Pymol programs were used for the visual inspection of the docking 
poses and to render the 3D images of the ligand-protein complexes.
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3. Results

3.1. Acute treatment with S-KET induces antidepressant-like effect in FSL 
rats

As expected, FSL injected with saline exhibited significantly higher 
immobility time compared to FRL under the same conditions (Student’s 
t-test: t(10) = 5.624). Administration of S-KET reduced immobility in 
FSL animals (Student’s t-test: t(14) = 4.953; p < 0.05; Fig. 1B). Saline- 
injected FSL displayed significantly less swimming time than FRL (Stu
dent’s t-test: t(10) = 8.256) and S-KET increased swimming time in FSL 
(Student’s t-test: t(14) = 2.284; p < 0.05; Fig. 1C). There were no 
observable differences in struggling time between saline-treated FSL and 
FRL (Student’s t-test: t(10) = 0.5698). Nevertheless, S-KET increased 
struggling time in FSL (Student’s t-test: t(14) = 3.712; p < 0.05; 
Fig. 1D). No significant alterations were noted in locomotor activity 
(Student’s t-test: t(10) = 0.07008 and t(14) = 1.486; p > 0.05; Fig. 1E). 
These results support previous findings describing the acute 
antidepressant-like effect of S-KET in FSL animals [55].

3.2. S-KET effects in the gene expression and protein levels of components 
of the ECS in the PFC

To investigate if the antidepressant-like effects of S-KET could be 
associated with rapid changes in the expression of genes coding for 
proteins of the ECS, we evaluated the transcript levels of the main re
ceptors involved in endocannabinoid signaling, CB1, CB2, GPR55 and 
TRPV1. No significant differences were detected in the transcript levels 
of receptors between FSL and FRL animals, although a tendency towards 
increased GPR55 gene expression was detected in FSL animals (Mann- 
Whitney test: U= 5; p = 0.07; Fig. 2C). S-KET significantly decreased the 

gene expression of CB1 (Student’s t-test: t(14) = 2.146; p < 0.05; 
Fig. 2A), but did not affect the gene expression of other receptors 
investigated (CB2: Mann-Whitney test: U= 24,5; GPR55: Mann-Whitney 
test: U=14; TRPV1: t(14) = 1.533; p > 0.05; Fig. 2B-D). The enzymes 
FAAH and MAGL, responsible for synthesizing the main endocannabi
noids AEA and 2-AG, were also evaluated. FAAH gene expression was 
increased in FSL animals (Student’s t-test: t(10) = 2.234; p < 0.05; 
Fig. 2E), which was attenuated by S-KET (Student’s t-test: t(14) = 2.062; 
p = 0.058; Fig. 2E). No differences were observed between the strains or 
treatments for MAGL transcripts (Student’s t-test: t(9) = 0.432; t(13) =
0.087; p > 0.05; Fig. 2F).

We subsequently assessed protein levels of CB1, CB2 and FAHH, 
based on their relevance for endocannabinoid signaling, and on the gene 
expression changes (Fig. 2). The western blot data demonstrated that 
there was no significant difference in CB1 and CB2 levels in the PFC of 
FSL and FRL animals (CB1: Mann-Whitney test: U=18; CB2: Student’s t- 
test: t(10) = 0.0057; p > 0.05) and no effect of S-KET treatment either 
(CB1: Student’s t-test: t(14) = 0.1176; CB2: Student’s t-test: t(14) =
0.1571; p > 0.05; Fig. 3A-B). Similarly, no difference was observed be
tween the strains (Student’s t-test: t(10) = 0.5360; p > 0.05) and 
treatments in FAAH levels (Student’s t-test: t(14) = 1.216; p > 0.05; 
Fig. 3C).

3.3. S-KET increases specific binding to CB1 receptors in the PFC of FSL

There were no differences between FSL and FRL animals in the 
binding of [3H]SR141716A to CB1 receptors (Mann-Whitney test: 
U=18; p > 0.05). However, S-KET increased the specific binding of [3H] 
SR141716A to CB1 in FSL by 15.78 % compared to FSL-Sal (Student’s t- 
test: t(11) = 2.124; p = 0.057; Fig. 3D).

Fig. 1. Effect of the acute treatment with S-KET in FSL rats in the FST and OFT. (A) Schematic diagram of experimental design. (B) Immobility time; (C) swimming 
time; (D) struggling time in FST, and (E) travelled distance in OFT. Data represent the mean ± SEM. *p < 0.05 from FRL Veh group, #p < 0.05 from FSL Veh group 
(Student’s t-test); n = 6–10/group.
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3.4. S-KET effects on endocannabinoid levels in the PFC

In addition to investigating the effects of S-KET on the main targets of 
the ECS, we also evaluated how it regulates endocannabinoid levels in 
the PFC. The lipidomic analysis demonstrated that 2-AG+ 1-AG levels 
(2-AG SUM) are decreased in the PFC of FSL-Sal compared to FRL-Sal 
(Student’s t-test: t(10) = 4.194; p < 0.05), in agreement with our pre
vious publication using naive animals [28]. Treatment with S-KET 
induced a trend in restoring the levels of 2-AG SUM in FSL animals 
(Student’s t-test: t(14) = 1.876; p = 0.08; Fig. 4A). Similar results were 
observed for isolated 2-AG levels (FSL vs FRL: Student’s t-test: t(10) =
1.932; p = 0.082; FSL-S-KET vs FLS-Sal: Student’s t-test: t(14) = 1.979; 
p = 0.067; Supplementary Figure S1B). No differences were observed in 
1-AG levels between the strains (FSL vs FRL: Student’s t-test: t(10) =
0.2778; FSL-S-KET vs FSL-Sal: Student’s t-test: t(14) = 0.7712; p > 0.05; 
Supplementary Figure S1A).

A tendency towards decreased PEA levels was observed in FSL ani
mals (Student’s t-test: t(10) = 2.187; p = 0.053) which remained unaf
fected by S-KET (Student’s t-test: t(14) = 0.1087; p > 0.05; Fig. 4C). 
Linoleyl-EA was slightly increased in FSL animals (Mann-Whitney test: 
U= 7; p = 0.093), which was attenuated by S-KET (Mann-Whitney test: 
U=12; p = 0.087; Fig. 4F). There was no difference in AEA, DHA-EA, 
Oleoyl-EA, and EPA-EA levels between strains (AEA: Student’s t-test: t 
(10) = 0.2167; DHA-EA: Student’s t-test: t(10) = 0.2240; Oleoyl-EA: 
Student’s t-test: t(10) = 0.0672; EPA-EA: Student’s t-test: t(10) =
0.5423; p > 0.05) or treatment (AEA: Student’s t-test: t(14) = 0.2427; 
DHA-EA: Student’s t-test: t(14) = 0.5813; Oleoyl-EA: Student’s t-test: t 
(14) = 0.4323; EPA-EA: Student’s t-test: t(14) = 0.7174; p > 0.05; 
Fig. 4B, D and E and Supplementary S1C).

To identify possible associations between behavioral changes and 

specific endocannabinoids, regardless of the strain or treatment, we 
performed a correlation analysis[83]. As expected, the specific corre
lation analysis showed a negative association between immobility and 
active behaviors: swimming (r: − 0.703; p < 0.05) and struggling (r: 
− 0.526; p < 0.05). Immobility also significantly correlated with 2-AG 
SUM (r: − 0.291; p < 0.05) and with Linoleyl-EA levels (r: 0.425; 
p < 0.05). Moreover, swimming was positively correlated with 2-AG 
SUM (r: 0.532; p < 0.05) and PEA levels (r: 0.456; p < 0.05). No sig
nificant correlation was observed between endocannabinoid levels and 
struggling behavior (Fig. 5A and Supplementary Table S2).

To evaluate if such correlations derived primarily from treatment or 
strain effects, we performed new correlation analysis considering each 
group separately (FSL-Sal and FSL-S-KET). In FSL-S-KET groups, the 
higher the immobility, the lower the levels of AEA (r: − 0.775; p < 0.05), 
PEA (r: − 0.774; p < 0.05), DHA-EA (r: − 0.715; p < 0.05) and Oleoyl-EA 
(r: − 0.727; p < 0.05)(Fig. 5C and Supplementary Table S2). Interest
ingly, the linear regression analysis evaluating S-KET effects in the 
endocannabinoid index showed that the changes in the immobility were 
significantly correlated with changes in the endocannabinoid tone 
(R2=0.84, p < 0.05) (Fig. 5D).

3.5. S-KET effects upon administration of Rimonabant

Since S-KET affected CB1 availability (Fig. 3D) and endocannabinoid 
levels (Fig. 4), we evaluated if pre-treatment with RIMO, a CB1 antag
onist/inverse agonist [84], could interfere with S-KET-induced behav
ioral effects. One-way ANOVA revealed a significant difference between 
treatments (F2,17=8.365, p < 0.0015), but without significant differ
ences between S-KET and vehicle group (p > 0.05, Tukey). However, a 
significant effect was observed when S-KET was co-administered with 

Fig. 2. Effect of the acute treatment with S-KET on the expression of candidate genes in the PFC of Flinders rats. Gene expression levels of (A) CB1 (Cnr1); (B) CB2 
(Cnr2); (C) GPR55 (Gpr55); (D) TRPV1 (Trpv1); (E) FAAH (Faah) and (F) MAGL (Mgll) relative to Hprt1. Data represent the mean ± SEM. *p < 0.05 from FRL Veh 
group, #p < 0.05 from FSL Veh group (Student’s t-test and Mann-Whitney test); n = 5–10/group. Significant outliers were removed from the statistical analysis and 
are represented by red dots.
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RIMO (p < 0.05, Tukey; Supplementary Figure S1D). To avoid con
founding factors due to the lack of a robust effect of S-KET, we further 
analyzed the data dividing the animals into responders and 
non-responders. The same results were observed for the animals treated 
with RIMO followed by S-KET (F3,16 = 12.49; p < 0.05; One-way 
ANOVA followed by Tukey’s test; Fig. 6B). There was no difference 
between the immobility time of animals that responded to S-KET (Veh-LI 
+ S-KET) and those previously treated with rimonabant (RIMO + S-KET) 
(F3,16 = 12.49; p > 0.05; One-way ANOVA followed by Tukey’s test; 
Fig. 6B). There was also no difference in the travelled distance (F3,16 =

2.372; p > 0.05; One-way ANOVA followed by Tukey’s test; Fig. 6C).

3.6. In silico calculations of S-KET effects on molecules of the ECS

Considering that S-KET upregulated endocannabinoids and CB1 
binding in FSL animals, but its behavioral effects were not blocked by 
RIMO, we explored the possibility that S-KET could target other com
ponents of the ECS. To investigate the binding affinity, ligand efficiency 
and molecular interactions performed by S-KET and its metabolites in 
different targets of the ECS, we performed docking calculations of S- 
KET, S-norketamine (S-NORK) and (2S,6S)-hydroxynorketamine 
((2S,6S)-HNK) against CB1, CB2, MAGL, FAAH, GPR55, TRPV1 and 
FABP5 (see Table 1 and Supplementary Table S3). As a comparison, the 
known ligands of each target were also submitted to docking calcula
tions. Docking score predicts the binding affinity of a compound in the 
target binding site, while ligand efficiency (LE)[85,86] normalizes the 
binding affinity with respect to number of heavy atoms (n). The more 

negative a docking score, the more favorable the ligand-protein binding 
interaction. LE = (ΔG)⁄n. LE value for oral drugs or hits ≥ 0.3 Kcal 
mol− 1⋅non-hydrogen atom− 1 indicates a satisfactory result [86]

The best docking score and LE results for S-KET were observed for 
FAAH, CB1, CB2 and GPR55 targets (Table 1). For all these targets, S- 
KET binds efficiently, exhibiting favorable LE values ≥ 0.3 Kcal 
mol− 1⋅non-hydrogen atom− 1. While for the (2S,6S)-HNK metabolite, the 
FAAH, CB2, MAGL and GPR55 targets presented the best docking scores 
and LE results (Supplementary Table S3). For S-NORK, the FAAH, CBR2 
and GPR55 targets showed the best results (Supplementary Table S3). 
The FAAH, CB2 and GPR55 targets presented satisfactory binding af
finity predictions for both S-KET and metabolites. In Fig. 7, we show the 
predicted binding mode of S-KET against the targets CB1 (A), CB2 (B), 
GPR55 (C), FAAH (D), MAGL (E) and FABP5 (F), highlighting the main 
interactions with the binding site residues. The predicted binding modes 
for (2S,6S)-HNK and S-NORK are presented in Supplementary Figures S2 
and S3.

In docking calculations, S-KET interacts with FAAH residues through 
hydrogen bond interactions with Gln273 and Cys269 and through hy
drophobic interactions with Met191, Phe192, Ile 238, Val270 and 
Phe388 (Fig. 7A), presenting a docking score of − 8.17 Kcal mol− 1 and 
ligand efficiency of 0.51 Kcal mol− 1⋅non-hydrogen atom− 1 (Table 1). 
Similarly, we performed docking calculations for a non-covalent inhib
itor 8 (1-{(3S)-1-[4-(1-benzofuran-2-yl)pyrimidin-2-yl]piperidin-3-yl}- 
3-ethyl-1,3-dihydro-2H-benzimidazol-2-one) (IC50 = 10 nM) to allow a 
comparison with S-KET and its metabolites, it showed a docking score of 
− 9.75 Kcal mol-1 and ligand efficiency of 0.37 Kcal mol-1⋅non-hydrogen 

Fig. 3. Effect of the acute treatment with S-KET on the protein levels and specific binding to CB1 receptors in PFC of Flinders rats. Representative Western Blotting 
bands and bar graphs of the individual proteins normalized by β-actin and represented by % of control (FRL Veh) of (A) CB1; (B) CB2; and (C) FAAH. (D) Repre
sentative autoradiograms and quantification of the specific binding of the CB1 receptor antagonist, [3H]SR141716A, to CB1 receptors represented by % of control 
(FRL Veh). Data represent the mean ± SEM. (Student’s t-test and Mann-Whitney test); n = 5–10/group.
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atom-1. This known ligand (inhibitor 8) presented π-stacking in
teractions with Trp531 and hydrophobic interactions with Ile238, 
Phe381 and Thr488 residues. S-KET and the non-covalent inhibitor 8 
presented some similar interactions on the FAAH binding site.

The molecular docking of S-KET with the CB1 binding site suggests 
that S-KET interacts through π-stacking interactions with Phe174 and 
His178 residues; as well as hydrophobic interactions with Phe170, 
Leu193, Val196, Phe268 and Phe379 (Fig. 7B), resulting in a docking 
score of − 7.62 Kcal mol− 1 and ligand efficiency of 0.47 Kcal mol− 1⋅non- 
hydrogen atom− 1. Comparatively, the selective CB1 agonist AM11542 
which is the co-crystalized ligand of CB1 receptor (PDB ID 5XRA) mainly 
performs hydrophobic and aromatic interactions with residues from 
extracellular loop 2 (ECL2), helices III, V, VI and VII. The tricyclic 
tetrahydrocannabinol ring system of AM11542 made π-stacking in
teractions with Phe268 (ECL2), Phe177, Phe189 and Phe379 residues, 
and the phenolic hydroxyl made hydrogen bond with Ser383 [87] res
idue. The redocking result for AM11542 presented a docking score of 
− 11.8 Kcal mol− 1, ligand efficiency of 0.42 Kcal mol− 1⋅non-hydrogen 
atom− 1 ligand efficiency of 0.42 Kcal mol-1⋅non-hydrogen atom-1 and 
root mean square deviation (RMSD) of 0.58 Å, indicating that our 
docking protocol was able to reproduce the experimental binding mode 
of AM11542 in CB1.

S-KET interacts with CB2 through a hydrogen bond with Thr114 and 
hydrophobic interactions with Phe87, Ile110, Phe183, Leu191, Trp194 
and Val261 residues (Fig. 7C), with a docking score of − 7.46 Kcal mol− 1 

and ligand efficiency of 0.48 Kcal mol− 1⋅non-hydrogen atom− 1. The 
selective agonist of CB2 AM12033 (Ki = 0.37 nM for CB2) which is the 
co-crystalized ligand of CB2 receptor and interacts through H-bond with 
Ser285 and hydrophobic interactions with Phe91, Phe94, Val113, 
Thr114, Phe117, Phe183, Pro184, Trp194, Trp258 and Val261 residues, 
resulting in a docking score of − 10.55 Kcal mol− 1, RMSD of 0.80 Å and 

ligand efficiency of 0.36 Kcal mol− 1⋅non-hydrogen atom− 1.
The docking calculations for GPR55 suggested that S-KET binds 

through π-cation interaction with Phe12 and hydrophobic interactions 
with Ile257, Phe268, Phe269 and Leu270 (Fig. 7D), with a docking score 
and ligand efficiency results of − 7.41 Kcal mol− 1 and 0.46 Kcal 
mol− 1⋅non-hydrogen atom− 1, respectively (Table 1). Also, we performed 
docking calculations for a selective GPR55 agonist ML184 (EC50 =

250 nM) to allow a comparison standard with S-KET and it leads to a 
docking score of − 8.91 Kcal/mol and ligand efficiency of 0.27 Kcal 
mol− 1⋅non-hydrogen atom− 1. ML184 binds via hydrophobic in
teractions with Ile257, Ile266, Phe269 and Leu272. S-KET and the 
ML184 agonist shared similar interactions in the GPR55 binding site.

S-KET interacts with MAGL mainly through hydrophobic in
teractions with Met123, Leu148, Ala151, Leu205 and Ile179 residues 
(Fig. 7E), with a docking score and ligand efficiency values of − 6.72 
Kcal mol− 1 and 0.42 Kcal mol− 1⋅non-hydrogen atom− 1, respectively 
(Table 1). In the crystal structure of MAGL in complex with the inhibitor 
3 l, the pyrrolidinone oxygen makes hydrogen bonds with the catalytic 
Ser122, Ala51 and Met123 residues; the o-chloro substitution interacts 
with Ile179; the thiazolyl carbonyl makes hydrogen bond with the 
Arg57, Glu53 and His272 residues, sharing some similar interactions 
with S-KET docking pose. The redocking calculations for the inhibitor 3 l 
presented a docking score of − 15.08 Kcal mol− 1, RMSD of 0.20 Å and 
ligand efficiency of 0.47 Kcal mol− 1⋅non-hydrogen atom− 1.

The docking with S-KET and the FABP5 binding site suggest that S- 
KET made π-stacking interactions with Phe19 residue; as well H-bond 
with Thr56 and with water molecules (Fig. 7F), resulting in a docking 
score of − 6.60 Kcal mol− 1 and ligand efficiency of 0.41 Kcal mol− 1⋅non- 
hydrogen atom− 1. In the crystal structure of FABP5 in complex with the 
RO6806051 inhibitor (Ki = 86 nM), the tetrazole ring interacts with 
Arg129, Tyr131 or through water mediated hydrogen bonds, π-stacking 

Fig. 4. Effect of the acute treatment with S-KET on ECs levels in PFC of Flinders rats. Levels of (A) 2-AG SUM; (B) AEA; (C) Palmitoyl-EA – PEA; (D) 
Docosahexaenoyl-EA – DHA-EA; (E) Oleoyl-EA and (F) Linoleoyl-EA represented by ng/g of PFC tissue. Data represent the mean ± SEM. *p < 0.05 from FRL Veh 
group (Student’s t-test and Mann-Whitney test); n = 6–9/group. Significant outliers were removed from the statistical analysis and are represented by red dots.
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with Phe19 and hydrophobic interaction with Ala39, Pro41, Thr56, 
Ala78 and Ile107. The redocking calculations for the inhibitor 
RO6806051 presented a docking score of − 10.72 Kcal mol− 1 and ligand 
efficiency of 0.38 Kcal mol− 1⋅non-hydrogen atom− 1.

The docking score and LE results for the TRPV1 target were not 
satisfactory for any ligand (see Supplementary Table S3). The docking 
score of S-KET (-4.33 Kcal mol− 1) and its metabolites were higher than 
the docking score of TRPV1 antagonist A784168 (-4.68 Kcal mol− 1) and 
LE < 0.3 Kcal mol− 1⋅non-hydrogen atom− 1, suggesting that this is not a 
promising target.

4. Discussion

In the present study, we investigated the involvement of the ECS in 
the rapid antidepressant effect induced by S-KET in an animal model of 
depression based on selective breeding. Our findings revealed, for the 
first time, that S-KET rapidly restores the deficit in 2-AG levels in the PFC 
of FSL, in association with the reversal of their depression-like behavior. 
Although S-KET did not significantly interfere with the levels of proteins 
associated with the ECS, it increased the binding potential of CB1. 
Moreover, the antidepressant effects of S-KET in FSL were highly 

correlated with its ability to increase the endocannabinoid tone in their 
PFC, suggesting that an overall facilitation of endocannabinoid- 
mediated signaling may be part of its mechanism of action. However, 
the lack of effect of RIMO on S-KET treated groups indicates more 
complex interactions with the ECS, which are supported by our 
computational analysis showing promising binding affinity of S-KET and 
its metabolite (2S,6S)-HNK in several components of the ECS, notably 
CB1, CB2, GPR55 and FAAH.

FSL animals, known for their heightened susceptibility to stress and 
depressive-like behaviors, are considered valuable experimental tools 
for studying depression neurobiology [43]. As described by others, we 
observed that control FSL display increased immobility and decreased 
swimming in the FST when compared to their FRL counterparts, con
firming their depressive-like endophenotype when exposed to an acute 
stressor [41]. S-KET rapidly reduced the immobility time and increased 
active behaviors (swimming and struggling) in the FST, corroborating 
previous studies showing that it induces rapid behavioral effects in FSL 
rats [41,88]. Importantly, S-KET effects in the FST were not due to 
changes in locomotor activity, as no differences between groups were 
observed in the OFT.

A previous study from our group detected reduced 2-AG levels in the 

Fig. 5. Correlation of endocannabinoid levels with behavioral changes in the FST. A) Correlation of specific endocannabinoids with behavior regardless of the 
animalś experimental group (FRL, FSL-Sal and FSL-S-KET). (B) and (C) The behavioral data was correlated with endocannabinoids in FSL-Sal and FSL-S-KET rats, 
respectively, to identify possible changes associated with the drug effect. (D) Correlation of the endocannabinoid index (composite z-score of endocannabinoid 
changes) with the normalized immobility in FSL-S-KET reflecting significant effects of S-KET in the endocannabinoid tone. Red and blue denoted negative and 
positive correlation, respectively. Results of the correlation analysis expressed according to Pearson’s correlation coefficient. Darker squares represent p < 0.05. For 
complete statistical analyses see Supplementary Table S2.
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PFC of naïve FSL, suggesting that impaired endocannabinoid signaling 
in the PFC could be an intermediate molecular endophenotype linking 
the increased vulnerability of FSL to stress [28]. The result of the present 
study adds to our previous findings by demonstrating that 2-AG levels in 
the PFC of FSL were negatively correlated with the depressive behavior 
in the FST (correlation matrix, Fig. 5A).

Under uncontrollable stress, the PFC typically exerts a top-down 
control over other limbic brain regions involved with the negative 
emotional consequences of stress, such as the basolateral amygdala 
(BLA) [89]. Cortical 2-AG plays a central role in this regulation by 
inhibiting the release of excitatory neurotransmitters in the PFC-BLA 
pathway, thereby dampening the negative emotional consequences 
induced by stress [89]. Therefore, compromised 2-AG signaling in the 

PFC would allow the disinhibition of this pathway and the translation of 
exaggerated stress responses into affective consequences, such as anxi
ety and depression [89]. In this scenario, the reduced levels of 2-AG in 
FSL could be part of a molecular endophenotype linking a previously 
described PFC dysregulation in FSL with their increased vulnerability to 
acute stress [90–93], which were reversed by S-KET. Noteworthy, other 
studies using different rodent models have reported contrary findings, 
which could reflect particularities of the species and strains used, as well 
as aspects of controllability and duration of the stress protocol used [94, 
95].

AEA levels were unaltered in the PFC of FSL and FRL rats in our 
study, as described in naïve FSL/FRL [28]. Since reduced levels of AEA 
were observed in the hippocampus of naïve FSL rats [28], it is possible 
that the regulation of this endocannabinoid in other brain regions could 
contribute to their increased vulnerability to stress and the antidepres
sant effect of S-KET. Curiously, even though we did not observe signif
icant differences between groups when comparing the average of AEA in 
treated and untreated groups, we did find a significant correlation of the 
antidepressant effect of S-KET with the levels of AEA in the PFC of FSL 
rats. Noteworthy, in other rodent models, stress decreased cortical AEA 
levels in the PFC and AEA direct administration into the PFC triggered 
antidepressant-like effects in the FST via local CB1 receptors [96,97]. 
Altogether, this may reflect the a selective regulation of main endo
cannabinoids in the brain, depending on the stress (nature, duration) 
and the neurobiological differences between species/strains that ac
count for their specific emotional responses to stress and treatment [98, 
99].

In addition to the classical ECS, our study screened, for the first time, 
changes in the levels of several other ECS in FRL and FSL, such as: 1-AG, 
PEA, Linoleyl-EA, DHA-EA, Oleoyl-EA, and EPA-EA. We observed a 
reduction in PEA levels in FSL-Sal, and a trend towards an increase in 
Linoleyl-EA when compared to FRL-Sal. A previous study demonstrated 
that there is a correlation between PEA and Linoleyl-EA blood plasma 
levels and the emotional response of healthy individuals [100]. In pre
clinical studies, treatment with PEA attenuated the depressive and 
cognitive deficits observed in different animal models of depression 
[101,102]. Accordingly, our analysis detected a correlation between 
PEA and swimming in FST. Altogether these results suggest a possible 

Fig. 6. Impact of the CB1 antagonist on acute treatment with S-KET in FSL rats submitted to FST and OFT. (A) Schematic diagram of the experimental design. (B) 
Immobility time in the FST; and (C) travelled distance in the OFT. The animals treated with Vehicle followed by S-KET were divided into two groups according to the 
immobility time: low immobility (LI; responder) and high immobility (HI; non-responder). Data represent the mean ± SEM. *p < 0.05 from FSL Veh+Sal group (One- 
way ANOVA followed by Tukey’s post hoc); n = 3–6/group.

Table 1 
Computational binding affinity prediction of S-KET in endocannabinoid system 
protein targets.

Target Ligand Docking score 
(Kcal mol¡1)

Ligand efficiency (Kcal 
mol¡1⋅non-hydrogen 
atom¡1)

FAAH S-KET ¡8.17 0.51
FAAH FAAH antagonist 

(JNJ1661010)
− 9.75 0.37

CB1 S-KET ¡7.62 0.47
CB1 CB1 agonist 

(AM11542)
− 11.84 0.42

CB2 S-KET ¡7.46 0.46
CB2 CB2 agonist 

(AM12033)
− 10.54 0.36

MAGL S-KET ¡6.72 0.42
MAGL MAGL inhibitor (3 l) − 15.08 0.47
GPR55 S-KET ¡7.41 0.46
GPR55 GPR55 agonist 

(ML184)
− 8.91 0.27

FABP5 S-KET ¡6.60 0.41
FABP5 FAPB5 antagonist 

(RO6806051)
− 10.72 0.38

Abbreviations: CB1: cannabinoid receptor 1; CB2: cannabinoid receptor 2; 
MAGL: monoacylglycerol lipase; FAAH: fatty acid amide hydrolase; GPR55: G 
protein-coupled receptor 55; FABP5: fatty acid binding protein 5.
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involvement of PEA and Linoleyl-EA in the manifestation of 
depressive-like behavior in this animal model of depression, which 
merits further investigation.

Chronic treatment with monoaminergic antidepressants, as well as 
non-pharmacological interventions targeting depressed mood can in
crease 2-AG and/or AEA levels in the PFC [103–106]. This is consistent 
with the proposed involvement of brain endocannabinoids in the 
mechanism of action of antidepressants, further supported by several 
studies demonstrating that the pharmacological inhibition of their 
enzymatic degradation (with FAAH and/or MAGL inhibitors) induces 
antidepressant-like effects in animal models [106,107].

Surprisingly, when evaluating S-KET effects on endocannabinoids 
levels in the PFC, we observed that it only slightly reversed the reduction 
in cortical 2-AG levels in FSL rats, without affecting other endocanna
binoids. However, the magnitude of S-KET effect in the FST was strongly 
correlated with an increase in AEA levels and in the overall endo
cannabinoid signaling in the PFC. This suggests that the behavioral ef
fects of S-KET in FSL may arise from an additive mechanism that results 
from a concomitant modulation of multiple endocannabinoids in the 
PFC, thereby producing an increased local endocannabinoid tone. Pre
vious research has shown that decreased endocannabinoid levels in the 
PFC is associated with depressive-like behavior in different stress 
models [108–110]. Activation of CB1 receptors in the PFC leads to 
disinhibition of the dorsal raphe nucleus (DRN) through a polysynaptic 

circuit, resulting in increased serotonin release in the PFC [111–113], 
which is required for ketamine effects [114]. Therefore, S-KET antide
pressant effect could result from an endocannabinoid-dependent regu
lation of serotonin signaling in the PFC.

To further clarify S-KET effects in the cortical ECS, we assessed the 
transcript and protein levels of main receptors and of the enzymes 
responsible for the degradation of 2-AG and AEA, which can directly 
affect their bioavailability at the synapses [115]. We observed a signif
icant increase in FAAH and CB1 gene expression in the FSL-Sal 
compared to FRL-Sal, which were attenuated by S-KET, but without 
corresponding changes at the protein levels in the western blot. Since 
this technique does not differentiate between receptors available for 
binding (at the membrane) or internalized (in the cytosol), we evaluated 
S-KET effect on CB1 binding using a radiolabeled CB1-binding drug. Our 
results suggest that S-KET slightly increases CB1 binding to the radio
labeled drug in the PFC of FSL, which could reflect changes in the re
ceptor number and/or its affinity states [116]. Chronic, but not acute, 
treatment with monoaminergic antidepressants also increase drug 
binding to CB1 receptors, particularly in the rodent PFC [117], although 
contradictory results are reported depending on the drug type and the 
model used [118–120]. Therefore, it is likely that S-KET rapidly regu
lates CB1 signaling in the PFC, but our small sample size and the lack of 
evaluation of CB1 levels in different cell types may have hindered more 
robust differences in our results [121,122].

Fig. 7. Intermolecular interaction of S-KET with ECS targets. 2D interactions of S-KET with the FAAH (A) CB1 (B), CB2 (C), GPR55 (D), MAGL and FABP5 (F). H- 
bonds are presented as violet arrows; π-stacking interaction are presented as green lines; π-cation interactions are presented as red lines.
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We then considered whether blocking CB1 receptors with RIMO 
could inhibit the antidepressant-like effects of S-KET. For the vehicle- 
treated animals, we noticed a higher variability in our data, with two 
clusters with distinct behavioral responses to S-KET. We divided these 
animals into responders to S-KET treatment (Veh-LI-KET) and non- 
responders (Veh-HI-KET) instead of repeating the experiment to avoid 
the unnecessary use of additional animals. In the animals treated with 
RIMO and S-KET, we did not observe a similar cluster separation, with 
animals in this group presenting LI. This indicates that, rather than 
blocking S-KET effects in the FST, RIMO seemed to facilitate its anti
depressant properties. Although surprising, previous studies from our 
laboratory have shown that the psychostimulant effects induced by S- 
KET were absent in mice with pharmacological or genetic inhibition of 
CB1- signaling, but not its antidepressant properties in unstressed mice 
exposed to the FST [39]. Furthermore, other studies suggest that sys
temic administration of RIMO has no effect or decrease immobility time 
in the FST [123–125].

Since RIMO was systemically administered, its lack of effect could 
result from compensatory mechanisms arising from contrasting modu
latory actions of CB1 receptors located in different brain regions. For 
example, while CB1 activation in the PFC disinhibits the firing of sero
tonergic neurons in the DRN and triggers a serotonin-dependent anti
depressant effect [112,126,127], CB1 activation in the DRN inhibits 
serotonergic neurons and serotonin release in the PFC [128], which is 
essential for stress adaptation and mood regulation [112,127]. Based on 
that, we could speculate that the blockage of CB1 in the DRN by RIMO 
would increase serotonergic firing and serotonin release in the fore
brain, including the PFC, leaving S-KET effects unaltered despite the 
blockade of CB1 in the PFC. Supporting this perspective, there is evi
dence that the antidepressant effect of KET is dependent on serotonin 
availability [129] and 5-HT1A receptor activation in the PFC [130]; 
while RIMO facilitates the antidepressant effect of SSRIs [131]. Never
theless, this hypothesis warrants further investigation.

To inquire if S-KET effects could involve the modulation of other 
targets of the ECS, we performed computational predictions to estimate 
the binding affinity of S-KET and its metabolites for the different com
ponents of the ECS. Our data suggested that both S-KET and its derived 
metabolites, 2S,6S-HNK and S-NORK, showed promising affinity and 
binding profiles to several targets of this system, such as FAAH, CB2 and 
GPR55, and for the enzyme MAGL in the case of the 2S,6S-HNK 
metabolite. Although these results were not directly confirmed in vitro 
(except the CB1 binding), our data indicates that the effects of KET may 
arise from its combined action on multiple components of the ECS.

Our study presents important limitations. The predicted affinity of S- 
KET for the receptors does not allow us to determine about the under
lining mechanisms (blockade or activation), which requires further 
investigation with multiple binding assays and evaluation of enzymatic 
activity. On the note, we assessed S-KET effects at only one time-point 
(1 h, acute), and it is possible that more robust changes in the ECS 
would be observed in association with its sustained or prolonged effects. 
Moreover, additional animal models based on chronic exposure to stress 
could provide valuable information about the involvement of the ECS in 
S-KET antidepressant effects. Another imitation is the lack of analyses of 
enzyme activity, which could help us understand if S-KET regulates eCB 
levels by regulating their degradation. Finally, we did not evaluate S- 
KET effects in female rats, which could be a source of important infor
mation, despite evidence of no differences in responding to S-KET be
tween female and male FSL [55]. Nevertheless, our findings are 
innovative by demonstrating that the rapid antidepressant effect of 
S-KET involves the ECS regulation in the PFC, raising the possibility to 
explore if augmenting ECS in this brain region could rapidly alleviate 
depressive-like behaviors.

5. Conclusions

Our study showed that the antidepressant effect of S-KET in FSL rats, 

a well-validated animal model of depression, is potentially associated 
with the regulation of the endocannabinoid tone in the PFC. It is also 
possible that S-KET (and its metabolites) directly regulate other targets 
of the ECS, such as FABP5, FAAH and MAGL. Further research is 
necessary to clarify the relevance of each of these targets in mediating S- 
KET’s effects and how they can collectively contribute to triggering 
rapid antidepressant effects. Studies with local inhibition of eCB 
signaling in the PFC can help understanding the biological significance 
of our findings for S-KET actions.
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