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Abstract 

We investigated the hypothesis that the endocannabinoidome (eCBome), an extension of the endocannabinoid 

(eCB) signaling system with important functions in the CNS, may play a role in the microbiota-gut-brain axis. 

Using LC-MS/MS and qPCR arrays we profiled the brain eCBome of juvenile (4 weeks) and adult (13 weeks) 

male and female germ-free (GF) mice, which are raised in sterile conditions and virtually devoid of microbiota, 

present neurophysiological deficits, and were found recently to exhibit a strongly altered gut eCBome in 

comparison to conventionally raised age/sex-matched controls. The causal effect of the gut microbiome on the 

eCBome was investigated through the re-introduction into adult male GF mice of a functional gut microbiota 

by fecal microbiota transfer (FMT). The concentrations of the eCB, 2-arachidonoylglycerol (2-AG), and its 2-

monoacylglycerol congeners, were significantly reduced in the brain, but not in the hypothalamus, of both 

juvenile and adult male and adult female GF mice. FMT rendered these decreases non-statistically significant. 

The eCB, anandamide (AEA), and its congener N-acylethanolamines (NAEs), were instead increased in the 

brain of adult female GF mice. Saturated fatty acid-containing NAEs were decreased in adult male GF mouse 

hypothalamus in a manner not reversed by FMT. Only few changes were observed in the expression of 

eCBome enzymes and receptors. Our data open the possibility that altered eCBome signaling may underlie 

some of the brain dysfunctions typical of GF mice.  

 

Key words: endocannabinoids, endocannabinoidome, microbiota, microbiome, gut-brain axis, fecal 

microbiota transfer 
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1. Introduction 

The gut microbiota is a critical regulator of host physiology [1]. Apart from extremely restrictive laboratory 

conditions, mammals have always coexisted with commensal microbes and, therefore, among the signals that 

the brain receives from the gut there have always been also those influenced by, or directly deriving from, the 

microorganisms living there [2]. The bidirectional communication between the gut microbiota and the brain, 

referred to as ‘microbiota-gut-brain axis’ [1] includes not only intricate neuronal pathways but also small 

molecule messaging systems such as microbiota-derived neuromodulatory metabolites (tryptophan precursors 

and metabolites, serotonin, GABA and catecholamines) and gut-derived cytokines, chemokines, 

neurotransmitters, neuropeptides and hormones. These molecules update the brain on the health status and 

possibly regulate behavior [1]. 

The gut microbiota is characteristically different during lifespan and it has been hypothesized that the periods 

of its major transformation occurring at both extremes of life may be likened to sensitive periods in the 

development or decline of other systems including, among others, the hypothalamic-pituitary-adrenal (HPA) 

axis and the hippocampal serotonergic system, thus potentially underlying the development of neural disorders 

[3–5]. Alterations in the microbiota can modulate neuronal activity and host behavior; however, the 

mechanisms remain poorly defined [6]. The use of mice lacking microbial colonization since birth (known as 

germ-free [GF] mice) represents a helpful tool in parsing the role of the microbiota in gut-brain signaling [7] 

and in the regulation of the behavior and neurophysiology of the host across lifespan [8]. Animal studies 

indicate that the absence or modification of the intestinal microbiota affects adult hippocampal neurogenesis 

[9], microglial maturation and myelination [10], blood-brain barrier integrity and permeability [11], as well as 

stress-related responses and fear learning [12–14]. The causal effects of microbiota on behavioral phenotypes 

or their disturbances [1] can be transferred or reversed, even between different species, by fecal microbiota 

transplant (FMT) [15–18]. 

We have recently shown that the most proximal site potentially affected by the lack of the gut microbiota, i.e. 

the small and large intestine, of juvenile and adult GF male mice exhibit strong modifications in the 

concentrations of the lipid mediators, and in the gene expression of receptors and metabolic enzymes, 

belonging to the endocannabinoidome (eCBome) [19]. This is a complex lipid signaling system deriving from 

the extension of the endocannabinoid (eCB) system to eCB-like mediators [20], which has been suggested to 

communicate with the gut microbiota in the context of metabolic disorders [21]. Further, we showed that FMT 

from adult donors to age-matched GF mice led to the partial or complete reversal of many of these changes 

after only one week, leading us to conclude that many of the observed modifications were directly due to the 

lack of microbiota. 

These data prompted us to investigate the possible implication of eCBome signaling in the microbiota-gut-

brain axis, which is suspected to involve several eCBome receptors expressed in the brain, such as the 

cannabinoid CB1 receptor, G-protein-coupled receptors 55 and 119 (GPR55 and GPR119), peroxisome 
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proliferator activated receptor-(PPAR) and transient receptor potential vanilloid type-1 (TRPV1) channels 

[22]. Indeed, apart from its well-known function in metabolism, reproduction, growth and development [23], 

the eCBome acts throughout the nervous system to regulate neuronal synaptic communication, and affects 

central functions such as eating behavior, stress-related disorders, learning, memory and fear conditioning 

extinction [24,25]. The eCBome receptors and signals are also involved in the regulation of embryonic and 

adult neurogenesis [26,27] and particularly in the proliferation, differentiation, survival and migration of 

progenitor stem cells and their progeny in the adult brain [28]. Thus, we hypothesized that a dysfunctional 

eCBome in the brain of these mice could underlie part of the developmental alterations observed in GF mice. 

We, therefore, utilized the same GF and conventionally raised (CR) mice used in our previous study [19] to 

profile the brain eCBome, in both sexes and in both juvenile and adult mice. Additionally, in adult male mice, 

we further investigated the role of the gut microbiome in the regulation of the brain eCBome by analyzing the 

effect of FMT. 
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2. Materials and Methods 

2.1. Animals and housing 

Conventionally raised (CR) and germ-free (GF) C57BL/6NTac mice were purchased from Taconic (#B6 and 

#GF-B6, Taconic Bioscience, NY, USA) and maintained in the animal facility of the Institut Universitaire de 

Cardiologie et de Pneumologie de Québec (IUCPQ, QC, Canada). All animals were grouped 3-4 mice per cage 

under a 12h:12h light dark cycle with ad libitum access to NIH-31 Open Formula Autoclavable Diet (Zeigler, 

PA, USA) and water. GF mice were housed in axenic status, and fecal samples were weekly tested for microbes 

and parasites by the facility’s staff to ensure that the GF unit was indeed sterile. Both GF and CR mice were 

acclimatized for at least one week prior to starting with the procedures. For each group of mice, the sacrifices 

started always at the same time, 12:30 pm.  

2.2. Animal experiments and Fecal Microbial Transplant (FMT) 

12 (6 male and 6 female) CR and GF mice at 4 and 13 wks of age with an average of weight of 15gr and 27gr 

for young and adult male mice and 13gr and 22gr for female mice, were intraperitoneally anesthetized with a 

cocktail of ketamine/xylazine/acepromazine which represent a balanced anesthetic combination with rapid 

induction time and long duration, at a dose of 50/10/1.7 mg/kg body weight and euthanized by cervical 

dislocation, CR and GF male mice first and female mice subsequently, following an intra-cardiac puncture.  

The head of the mice was separated from the body for brain isolation and subsequent hypothalamus isolation. 

Other brain areas were not dissected because of the smaller size of the 4 wk mouse brain and the necessity of 

reducing the post-mortem delay, which is known to affect tissue eCB levels. With a pair of Iris scissors, the 

muscle behind the head, and the skin was removed. The scissors were inserted in the occipital hole, about 5mm 

deep, to cut the interparietal bone in the middle, right and left. Then, the Iris scissors were placed in the bregma 

and a light pressure was applied until blood came out. The sagittal suture skull was then opened, and the skull 

was removed. The brain was reversed, and the optic chiasma was disconnected, and with a small spatula, the 

brain was removed from the cavity. The hypothalamus was isolated using curved forceps and the brain was 

divided, using a scalpel, in the two hemispheres which were immediately snap frozen and stored at -80°C (the 

left) and in RNALater (#AM7021, Thermo Fisher Scientific, MA, USA) for RNA stabilization (the right). All 

the experimental protocols were validated and approved by the Université Laval animal ethics committee 

(CPAUL 2018010-1) and the study was not pre-registered. 

For fecal microbiota transplant (FMT) experiments we only utilized 12wk-old male mice. GF mice were 

randomly divided into two groups at the age of 12wk; those gavaged with sterile PBS (SHAM; 5 mice) and 

those gavaged with fecal material (FMT; 6 mice). Material gavaged for FMT consisted of a cocktail of the 

intestinal contents and stools of a single and 4 CR donor mice, respectively. Briefly, the intestinal contents of 

the duodenum, jejunum, ileum, colon, and cecum were collected from one 12-week-old CR donor mouse and 

mixed with stool pellets from all the CR mice to be used as controls. The mixture was well homogenized, 

weighed, suspended 1:10 in sterile PBS, and centrifuged at 805 g for 10 min at room temperature. The 

supernatant was used to gavage the mice (200 µl of homogenate per mouse) [19]. The FMT mice were then 
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housed (3 per cage, like for CR mice) for one week in conventional conditions in cages contaminated with 

used litter coming from donor mouse cages. SHAM mice were submitted to a similar gavage with saline 

solution, but then kept in the germ-free facility for a week in the same conditions as GF mice. CR mice were 

euthanized the day of the gavages, while SHAM and FMT mice were sacrificed one week after the gavage; 

the tissues were collected from all animals randomly and as previously described (for an outline of the 

experimental protocol see Scheme 1). No statistical methods were employed to predetermine the sample size 

of the experiment and no exclusion criteria was applied. 

2.3. Lipid extraction and HPLC-MS/MS for the analysis of eCBome mediators 

We analyzed separately the hypothalamus and the whole brain minus the hypothalamus. Lipids were extracted 

from tissue samples according to the Bligh and Dyer method [29] with slight modifications. Tissues were 

processed and analyzed randomly and blindly. Briefly, the left hemisphere of each mouse was powdered in 

liquid nitrogen or an entire hypothalamus and about 10mg were homogenized in 1ml of a 1:1 Tris-HCl 50mM 

pH 7: methanol solution containing 0.1M acetic acid and 5ng of deuterated standards. The hypothalamus 

followed the same steps but were directly homogenized in the 1:1 Tris-HCl solution with a tissue grinder and 

not powered in liquid nitrogen. 1ml of chloroform was then added to each sample, which was then vortexed 

for 30 seconds and centrifuged at 3000×g for 5 minutes. The organic phase was collected and another 1 ml of 

chloroform was added to the inorganic one. This was repeated twice to ensure the maximum collection of the 

organic phase. The organic phases were pooled and evaporated under a stream of nitrogen and then suspended 

in 50µl of mobile phase containing 50% of solvent A (water + 1mM ammonium acetate + 0,05% acetic acid) 

and 50% of solvent B (acetonitrile/water 95/5 + 1mM ammonium acetate + 0.05% acetic acid). 40μl of each 

sample was finally injected onto an HPLC column (Kinetex C8, 150 × 2.1mm, 2.6μm, Phenomenex) and eluted 

at a flow rate of 400μl/min using a discontinuous gradient of solvent A and solvent B [30]. Quantification of 

eCBome-related mediators (suppl. Table 1), was carried out by HPLC system interfaced with the electrospray 

source of a Shimadzu 8050 triple quadrupole mass spectrometer and using multiple reaction monitoring in 

positive ion mode for the compounds and their deuterated homologs. 

In the case of unsaturated monoacyl-glycerols, the data are presented as 2-monoacylglycerols (2-MAGs) but 

represent the combined signals from the 2- and 1(3)-isomers since the latter are most likely generated from the 

former via acyl migration from the sn-2 to the sn-1 or sn-3 position. 

2.4. RNA isolation and Reverse Transcription  

For each mouse, the right hemisphere or whole hypothalamus was ground in liquid nitrogen with a mortar and 

pestle, and RNA was extracted from about 10mg of the powder using the RNeasy Lipid Tissue Mini Kit 

(#74804, Qiagen, Hilden, Germany) following the manufacturer’s instructions and eluted in 30μl of UltraPure 

Distilled Water (#10977035, Invitrogen, CA, USA). Tissues were processed randomly and blindly. The 

concentration and purity of RNA were determined by measuring the absorbance at 260nm and 280nm, and 

RNA integrity was assessed by an Agilent 2100 Bioanalyzer, using the Agilent RNA 6000 Nano Kit (#5067-

1511, Agilent Technologies, CA, USA). One microgram of total RNA was reverse transcribed using a High-
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Capacity cDNA Reverse Transcription Kit (#4368814, Applied Biosystems, CA, USA) in a reaction volume 

of 20μl. 

2.5. QPCR-based TaqMan Open Array and Real-Time Fluorescence quantitative PCR (qPCR) 

Sixty-five nanograms total of starting RNA were used to evaluate the expression of the 52 eCBome-related 

genes and 4 housekeeping genes (Suppl. Table 2) using a custom-designed qPCR-based TaqMan Open Array 

on a QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher Scientific, CA, USA) following the 

manufacturer’s instructions. Samples were analyzed randomly. 

Ten nanograms of starting RNA were used to evaluate the expression of 11 neurogenesis and stress-related 

genes by QPCR using custom-designed primers (IDT, IA, USA) (Suppl. Table 3) and PowerUp SYBR Green 

QPCR master mix (#A25778, Applied Biosystem) according to the manufacturer’s recommendations on a 

CFX384 Touch QPCR system (Bio-Rad). 

The mRNA expression levels were calculated from duplicate reactions using the 2-ΔΔCt method as calculated 

by CFX Maestro Software (Bio-Rad) and are represented as fold change with respect to baseline within each 

tissue for each age. Hprt1 (Mm.PT.39a.22214828, IDT, IA, USA) and Tbp (Mm.PT.39a.22214839, IDT, IA, 

USA) were used as reference genes. 

2.6. Statistical analysis 

Data are presented as boxes (mean value) and whisker (higher and lower values) and as the mean±standard 

error of the mean (S.E.M), as specified in the individual Figures and Tables respectively.  

The data were analyzed as follows: the differences between the CR and GF of 4 wks and 13 wks of age were 

assessed separately for each sex, and the brain and hypothalamus were analyzed independently. The 13 wk-

old control results were assembled into a single control group. Differences between CR and GF 4 and 13 wk-

old male and female mice were assessed using an unpaired Mann-Whitney T-test on ΔΔdCt and on pmol/mg 

tissue for gene expression levels and mediator levels respectively. In the 13 wk-old male mice where the FMT 

was performed, SHAM and FMT group statistical analyses were relative to the 13wk male GF group and the 

differences were determined by a One-Way ANOVA followed by Fisher’s Least Significant Difference (LSD) 

test. For both the 4 and 13 wk-old mouse analysis (analyzed separately), the differences between experimental 

groups were considered statistically significant with p≤0.05. Data were analyzed using the GraphPad Prism 

6.01 software (La Jolla, CA, USA). 
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3. Results 

3.1. Endocannabinoid levels are altered in the brain and hypothalamus of GF mice 

First, we investigated if the absence of the gut microbiota affects eCB levels within the whole brain and the 

hypothalamus of juvenile (4wk) and adult (13 wks) GF and CR male and female mice. In adult male mice, we 

also performed an FMT to conventionalize 12 wk-old GF mice and we reassessed eCB levels after one week 

to determine if introduction of a functional gut microbiota could reverse the observed changes. The FMT was 

successful, as shown in our previous study (see [19], Fig. 6), as the mice used in the present study were the 

same as those used in the previous one. 

Concerning AEA in the whole brain, while a slight and non-statistically significant decrease was observed in 

juvenile GF male mice and no changes were present at 13wk of age before and after FMT, GF female mice 

showed a slight trend towards increased levels that became significant at 13wk of age (Fig. 1A). In the 

hypothalamus, only non-statistically significant trends were observed (Table 1). 

As for the more abundant eCB, i.e. 2-AG, the levels were significantly decreased in the whole brain of young 

GF male mice and adult GF male as well as in adult female mice. The FMT partially, although not 

significantly, reversed the observed decrease at 13wk of age (Fig. 1B). In the hypothalamus, no changes were 

statistically significant, although adult female GF mice showed a strong trend towards increased levels as 

compared to CR mice (P< 0.1 for 2-AG) (Table 1). 

Globally, these data suggest a reduced eCB tone in the brain of young and adult GF male mice, whereas no 

net effect was observed in 13wk old female mice considering the increase of AEA and decrease of 2-AG 

levels. Instead, eCB tone tended to increase in the hypothalamus with trending increases of both AEA and 2-

AG in juvenile male and adult female GF mice. Overall, AEA levels appeared to be higher, and 2-AG levels 

instead lower, in the brain (but not hypothalamus) of female as compared to male mice, in partial agreement 

with previous studies [31].  

3.2. Genes encoding neurogenetic and stress-related factors 

As mentioned in the Introduction, the lack of intestinal microbiota can affect neurogenesis as well as stress-

related responses. We therefore measured, in the whole brain and in the hypothalamus, a panel of 11 genes of 

which 9 were related to neurogenesis (Bdnf, Arc, Sox9, Sox2, Nestin, NeuroD, Mcm2, Gfap, Blbp) and 2 to 

stress (Npas4, Egr1), to determine if they were altered in 4 and 13wk GF male and female mice. Then, to 

assess the potential for a reinstated gut microbiome to reverse the observed changes, we conventionalized 12-

week-old GF male mice through FMT and reassessed the gene expression levels after 1 week. As shown in 

Fig. 2 for the brain and Table 2 for the hypothalamus, only some neurogenesis markers were changed in at 

least one of the situations considered, while there was no change in stress-related genes (data not shown). We 

will briefly discuss hereafter only those genes presenting modifications (Fig. 2 and Table 2). 
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With regard to the member of the neurotrophin family, Bdnf, whilst in the brain there were no changes in its 

expression at 4 and 13 wk of age in GF mice of either sex, there was a trend towards decreased expression in 

the hypothalamus of adult GF male mice. Both the SHAM and FMT groups showed a significant decrease of 

Bdnf expression in the brain of male mice compared to 13wk old GF mice, while no changes were observed 

for the hypothalamus.  

As for the gene encoding the neuroepithelial stem cell cytoskeletal protein Nestin and the transcription factor 

NeuroD, which are both involved (among others) in neuronal differentiation, we observed, in the brain, a 

statistically significant increase only for Nestin in young GF male mice, while in the hypothalamus, we did not 

observe any modification. NeuroD, however, tended to increase in both 4 and 13 wk-old male hypothalamus, 

where the reintroduction of the gut microbiota by FMT led to an even more marked increase, which was 

significant with respect to the adult GF group.  

Concerning the proliferation marker minichromosome maintenance protein 2 (Mcm2), no modification at 4 

wks of age was present in the brain or hypothalamus of GF male or female mice. However, Mcm2 expression 

decreased significantly uniquely in the brains of 13 wk-old GF male mice, where the conventionalization with 

FMT did not cause any further modification. 

Gfap, the gene encoding the glial fibrillary acidic protein which is a well-known marker for astrocytes, was 

instead increased, in the brain, in 13wk female GF mice, whereas in the hypothalamus of male mice, we could 

only observe a slight, and not statistically significant, decrease in adult mice, which was significantly reverted 

by the reintroduction of the gut microbiota with the FMT. 

3.3. Endocannabinoid-like mediators 

Together with the two eCBs, AEA and 2-AG, we also measured related N-acylethanolamines (NAEs) and 2-

MAGs belonging to the eCBome, in order to understand how the absence of the gut microbiota and the 

subsequent FMT affect their concentrations. As observed above for AEA and 2-AG, the brains of female mice 

appeared to contain higher levels of NAEs and lower levels of 2-MAGs than those of males, whereas such 

difference was not observed in the hypothalamus (Fig. 3 and data not shown). 

With regard to the brain levels of the NAEs (Fig. 3), the unsaturated fatty acid containing NAEs (N-oleoyl-

ethanolamide, OEA; N-linoleoyl-ethanolamide, LEA) tended to decrease, but only N-docosahexaenoyl-

ethanolamide (DHEA) presented a slight and significant decrease in young GF male mice. The situation was 

more interesting for female mice where N-palmitoyl-ethanolamide (PEA), OEA, LEA and DHEA levels, 

which were slightly but not significantly increased in juvenile mice, became significantly increased in 13wk 

old mice. The same trend was observed for N-stearoyl-ethanolamide (SEA), which however did not change in 

a statistically significant manner. In the hypothalamus (Table 3), the levels of saturated fatty acid-containing 

NAEs (PEA and SEA), were instead decreased significantly in adult GF male mice, however FMT did not 

revert this effect. No difference between CR and GF mice was observed in female mice hypothalamus. 
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Regarding the brain 2-MAGs (Fig. 4), whereas 2-palmitoyl-glycerol (2-PG) showed a significant decrease only 

in juvenile male mice, 2-oleoyl-glycerol (2-OG) and 2-linoleoyl-glycerol (2-LG) levels were also significantly 

decreased in 13wk old male mice. In female mice, only 2-LG presented a slight significant increase, and only 

in juvenile mice, while adult females showed trends for reductions in these 2-MAGs. Similarly, 

polyunsaturated 2-MAGs (2-docosahexaenoyl-glycerol; 2-DPG, 2-eicosapentaenoyl-glycerol; 2-EPG and 2-

docospentaenoyl-glycerol; 2-DHG) were decreased in 4wk old male but not female mice, and were more 

strongly decreased in adult mouse brains regardless of sex (except for 2-DPG which only showed this trend in 

males). In adult male mice, FMT rendered the decreases observed for the 2-MAGs in GF mice no longer 

statistically significant vs. CR mice, and reverted it in a statistically significant manner only for 2-EPG. 

However, FMT mice did not exhibit statistically significant differences compared to either GF or SHAM mice.  

As for the hypothalamus, we did not observe any statistically significant change in 2-MAG levels (data not 

shown). 

N-arachidonoyl-glycine is a biologically active endogenous AEA–like molecule. While its levels in the 

hypothalamus and in the whole brain of female mice were below the detection limit, in the whole brain of GF 

male mice, we observed an interesting trend toward a decrease at 4 wk of age that became more pronounced 

(P=0.06) at 13wk of age in a manner that tended to be reverted by FMT, albeit not significantly (Fig. 5). 

3.4. Genes encoding eCBome receptors and metabolic enzymes 

To investigate if the changes observed in the levels of the eCBome mediators were accompanied by changes 

in the expression of eCBome receptors or due to changes in the expression in their anabolic and catabolic 

enzymes, we next measured a panel of eCBome-related genes [33] (Suppl. Table 2) in juvenile and adult male 

and female mice lacking the gut microbiota and after the conventionalization of adult GF male mice with FMT. 

Since much fewer significant changes were observed for eCBome mediators in the hypothalamus, where we 

could analyze only males and detected only very minor and non-statistically significant changes in the 

expression of these genes, we will only describe the results obtained in the whole brain minus the hypothalamus 

(Fig. 6). 

Concerning the genes encoding eCBome-related receptors (Fig. 6A), in the whole brain of male mice, Gpr119 

was the only showing a decrease in 4wk old and an increase in the adult GF mice, whereas Pparα displayed a 

decrease in expression only in 13wk old mice. Instead, in female GF mice, Cnr1 expression decreased in adult, 

while Ppara expression increased in juvenile, brains. In general, but not always, changes in Pparα expression 

seemed to follow changes in its endogenous ligands, PEA and OEA, which tended to be decreased in the brain 

of adult male GF mice and increased in juvenile female GF mice. On the contrary, the increase in the levels of 

PEA and OEA found in adult female mice was not accompanied by increased Ppara expression. In adult male 

mice, FMT reverted the increase of Gpr119 expression in a manner selective over SHAM, as well as the 

reduction of Ppara expression, although unselectively over SHAM. Finally, FMT, but not SHAM, 

significantly increased Cnr1 expression. It is worthwhile mentioning that two-week treatment of 6 week-old 



11 
 

male C57BL6 mice with an antibiotic cocktail was previously reported not to modify hippocampal Cnr1 and 

Trpv1 expression [32]. 

As for the eCBome anabolic and catabolic enzymes for eCBs and their congeners (Fig. 6B), significant results 

were observed for Daglb (a main anabolic enzyme for 2-AG), Gde1, Gdpd1 and Faah (main anabolic and 

catabolic enzymes for AEA) in 13wk old male GF mice, the expression levels of which was significantly 

decreased. Ptges, encoding for prostaglandin E synthase, involved in the biosynthesis of prostamides and 

prostaglandin glycerol esters of type E, and Abhd16a, encoding for a proposed 2-AG degrading enzyme, were 

also down-regulated in adult male GF mice. Fewer changes were observed in female GF mouse brains, and 

mostly at 4wks of age, i.e. a decrease of a proposed 2-AG catabolic enzyme, Mogat1, and again of Abhd16a, 

while the degrading enzyme for monoacylglycerols, Abdh6, presented a slight increase. The only alteration 

seen in adult female GF mice was the increase of Pla1a, proposed to be involved in the biosynthesis of eCBs. 

FMT significantly reverted all alterations seen in adult male mice, although, with the only exception of Gdpd1, 

this reversal was also observed with SHAM. This suggests that the effect of FMT might be also due to the 

gavaging procedure, to which SHAM mice were also subjected, rather than to the re-introduction of the 

microbiota. 

In summary, the observed changes in the expression of eCBome-enzymes did not correlate with the observed 

changes in eCBome mediator levels, and did not seem to be due to the lack of the gut microbiome. 

 

4. Discussion 

In this study, we aimed at answering the question of whether or not the brain eCBome, a complex system of 

lipid mediators, their receptors and anabolic/catabolic enzymes, which is involved in the regulation of several 

brain functions and various behavioral phenotypes and stress-related disorders, is altered in mice without a 

functional gut microbiome. Such putative alteration could implicate the eCBome in the ‘microbiota-gut-brain 

axis’, which is emerging as an important regulator of the same neurophysiological functions. Therefore, we 

utilized a model of juvenile and adult, male and female, GF mice, which lack microbiota, in comparison to 

their age- and sex-matched CR controls, and measured eCBome mediator levels and eCBome-related gene 

expression as well as the expression of a subset of neurogenetic and stress-related genes. We subsequently 

performed a FMT only in adult male GF mice and checked to see if any of the alterations observed in these 

mice was reverted by the introduction of a functional gut microbiota after one week. We report the occurrence 

of strong changes in eCB and eCB-like mediator levels in the brain of both male and female, juvenile and adult 

GF mice. Some of these changes, i.e. the decrease in 2-AG and 2-MAG levels observed in the whole brain 

minus the hypothalamus, were: 1) as strong in juvenile as in adult male GF mice, 2) not any longer statistically 

significant following FMT in adult male GF mice, and 3) found also in female GF mice, although only at the 

adult age. These findings overall suggest that brain eCBome signaling, particularly at the level of 2-AG and 

related mediators and in male mice, is altered in mice raised under sterile conditions. This alteration seems to 
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be due only in part to the lack of the gut microbiota in these mice. Other significant alterations, such as the 

increased AEA and NAE levels in the whole brain of female GF mice, or the decreased saturated NAE levels 

in the hypothalamus of male GF mice, were either observed again only in adult mice, or completely unaffected 

by FMT, respectively. Therefore, at least in the latter case, such alterations might be the result of adaptive 

mechanisms arising from, but not directly dependent on, raising the animals in a sterile environment. 

Unsurprisingly, the extent, especially at the level of eCBome-related gene mRNA expression, of the alterations 

observed here in the brain (without the hypothalamus) was not as profound as that previously reported by us 

[19] in the large and, particularly, small intestine, which are the tissues likely to be most directly affected by 

the lack or presence of host-gut microbiota communication. Yet, of the two tissues examined here, i.e. the 

hypothalamus and the rest of the brain, the former, which is most likely to be directly exposed to changes in 

bloodstream chemicals or autonomic sympathetic nerve fiber activity from the periphery, was also the one that 

presented the least significant alterations in eCBome lipids in either sex (Figs. 1, 3, 4) and eCBome metabolic 

enzyme genes in males (data not shown). This may suggest that eCBome signaling in the rest of the male brain 

may be more influenced than the hypothalamus by the lack of the gut microbiome via mechanisms that are 

partly independent from the widely investigated chemical and neural afferent pathways deriving from the gut. 

Such mechanisms may, however, still include the response to typical commensal bacteria-derived metabolites, 

such as short and branched-chain fatty acids and secondary bile acids [34,35]. On the other hand, changes in 

hypothalamic NAE levels in either female or male GF mice were either not observed in juvenile mice or 

completely unaffected by FMT, respectively, suggesting, as mentioned above, that they are not the direct 

consequence of gut microbiome alterations. 

As mentioned above, very few modifications were observed in the eCBome mediator anabolic/metabolic genes 

in the brain of mice lacking the gut microbiota. Such alterations, in adult male mice, were mostly reverted by 

the FMT, but also to the SHAM, procedure, thus casting doubts about the possibility that they are the result of 

the lack of the gut microbiome. This is in contrast with our previous findings in the small and large intestine, 

where several dramatic changes were observed in the expression of these genes that were reverted by FMT 

selectively over SHAM, and hence attributed directly to the lack of microbiota [19]. These results again are 

not surprising given the physical proximity of the gut microbiota to the gut compared with the brain. 

Regardless, the observed alterations in brain eCB and eCB-like mediator levels in GF vs. CR mice cannot be 

explained by changes in the mRNA expression of their metabolic enzymes, but might instead be related to 

alterations in enzyme activity or biosynthetic precursor levels. Indeed, this same conclusion was reached with 

regard to the alterations in the intestinal levels of eCB and eCB-like mediator levels despite the presence in 

the gut of much stronger alterations of metabolic gene expression [19]. 

A potentially important finding of this study is the observation of decreased 2-AG signaling in the brain of 

both male and female adult GF mice. In female mice, this decrease is unlikely to be compensated, in terms of 

signaling at cannabinoid CB1 receptors, by the observed increase in AEA levels, especially given the small, 

but statistically significant, decrease in the expression of the CB1-encoding gene, Cnr1. Decreased CB1 
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signaling in GF mice may account for several behavioral features of these animals. For example, adult GF 

mice (as well as antibiotic-treated mice) exhibit deficits in fear extinction, independently of the vagus nerve 

and alterations in the immune responses, suggesting that signals derived from the microbiota are necessary for 

optimal extinction of conditioned fear responses [6]. Based on the well-established role of eCB level elevation 

and subsequent CB1 activation in the mouse basolateral amygdala as one of the most important mechanisms 

underlying physiological extinction of aversive memories [24], our findings lead us to speculate that 

microbiota-derived signals may be necessary to reach the optimal 2-AG levels necessary to activate CB1 

receptors in this context. In addition, our present finding, in male GF mice, of decreased levels of N-

arachidonoyl-glycine, a mediator known to regulate optimal microglial function and migration [36,37], might 

also partly explain why antibiotic-treated mice exhibit dysfunctional microglia, in a manner that was suggested 

to affect the correct development of excitatory neuron dendritic spines in the medial prefrontal cortex, with 

subsequent impairment in extinction learning [6]. Our observation that FMT non-significantly attenuated the 

deficits in 2-AG and N-arachidonoyl-glycine levels is in agreement with the previous finding that such a 

procedure, in adult mice, is insufficient also at reverting the impaired extinction learning of GF mice, since, 

for this purpose, the reinstatement of a functional microbiota needed instead to be carried out in a precise 

developmental window in neonatal mice [6]. 

Indeed, decreased CB1 signaling could also underlie the neurodevelopmental deficits previously described for 

GF mice, for example in terms of defective neurogenesis, as well as their widely documented impaired stress 

response [3]. The gut microbiota can regulate the expression of neurotrophins to modify neural survival and 

differentiation and subsequently behavior [10]. Previous studies showed that depletion of the gut microbiota 

with antibiotics or being raised in sterile conditions both strongly impair adult neurogenesis in mice [38]. Here 

we found that GF mice presented no changes in two neural marker genes of the stress response, and only a few 

modest alterations in the mRNA expression of genes that are known to be involved in either the proliferation 

or differentiation of neural progenitor cells. Of these genes, Mcm2 and Gfap were decreased and increased, 

respectively, in the brain of adult male or female GF mice, suggestive of decreased progenitor cell proliferation 

or increased differentiation into astrocytes. Given the pro-proliferative and neurogenic effects of CB1 and CB2 

receptors on progenitor neural cells [39,40], these changes seem to correlate in part with the aforementioned 

reduction in 2-AG levels/CB1 expression observed in adult GF mice. By contrast, the increase in Nestin and 

Gfap expression in juvenile GF male mice would rather suggest increased progenitor cell 

proliferation/differentiation, in disagreement with the previous literature mentioned above, and also with the 

reduced 2-AG levels observed in these mice.  

In fact, the observed changes in the genes involved in progenitor cell proliferation and differentiation might 

also correlate with alterations in other eCBome-related mediators or genes, also reported here. In the male 

hypothalamus, the trend decreases in Bdnf, Nestin and Gfap in GF mice seem to follow the decreases in PEA 

and SEA, for whose target, PPAR, there is evidence for a stimulatory role of proliferation of neuron and 

astrocyte precursors in zebrafish [41]. Increased levels of the neurotrophic GPR110 agonist, DHEA, also 
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known as synaptamide [42], and of the anti-inflammatory NAEs, PEA, DHEA and OEA, in adult female GF 

mice, instead could represent a negative feedback mechanism aimed at counterbalancing the increased 

astrogliogenesis, which is possibly evidenced by the increase in Gfap, an effect that, to the best of our 

knowledge, has not been previously reported in these animals. Given the paucity of previous data on the 

function of non-eCB 2-MAGs, such as 2-OG, 2-LG, 2-EPG and 2-DHG, it is not possible to make any strong 

speculation regarding the significance of the decreased levels of these compounds in both juvenile and adult 

male GF mice. The only known targets for these compounds are: 1) GPR119 (in the case of 2-OG, 2-LG and 

also of LEA, another NAE whose levels are increased significantly in adult female GF mice), for which we 

did find decreased or increased mRNA expression in either juvenile or adult male mice, respectively (the effect 

in adult mice being reverted by FMT selectively over SHAM), but no function in neurogenesis is known; and 

2) TRPV1 - activated by all saturated and polyunsaturated 2-MAGs [43] - which instead was shown to inhibit 

neural progenitor cell proliferation [44] and may thus be involved in the increased expression of Nestin and 

Gfap in 4 week GF mice. At any rate, the role of 2-EPG in the context of the microbiota-gut-brain axis will 

deserve further investigation since its decrease in adult male GF mice was fully reverted by FMT. 

In conclusion, we have presented here data suggesting that GF mice, a widely used model in studies on the 

neurobiological importance of the gut microbiome, present a strongly altered brain eCBome, a complex lipid 

signaling system involved in several physiopathological aspects of the CNS. Some of the observed alterations, 

namely the reduction in brain 2-MAG and N-arachidonoylglycine levels in adult male GF mice, appeared to 

be slightly attenuated by FMT, indicating that they might be directly due, at least to some extent, to the lack 

of the gut microbiome. Other alterations, such as those concerned with AEA and NAEs, appeared to be sex- 

and/or age-dependent. Age-dependent changes might provide useful insight into the role of the emerging gut 

microbiome-eCBome axis in brain development. As to the sex-dependent changes, future FMT studies will 

need to be performed also with adult female GF mice in order to understand the direct link of these changes 

with the gut microbiota, which is known to undergo to sex-dependent regulation [45–47]. Another limitation 

of this study was to have measured eCBome mediators and gene expression in the whole brain and not in 

distinct brain areas involved in specific functions (with the exception of the hypothalamus). As a consequence, 

the several potential physiopathological implications of the observed alterations, and particularly the 

understanding of whether or not they participate in some of the neurodevelopmental and behavioral features 

of GF mice, could only be speculated upon here, and will require ad hoc studies with specific brain regions, 

animal models and neurological and behavioral assessments. Despite these limitations, and its mostly 

descriptive nature, the present report suggests that changes in the brain eCBome may play a role in the 

microbiota-gut-brain axis, and need to be taken into account in studies using GF mice. 
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Legends to Figures and Tables 

Scheme 1: Experimental protocols. A: twelve (6 male and 6 female) CR and GF mice were euthanized at 4 

and 13 weeks of age. B: For FMT, 12-week-old GF mice were gavaged with either intestinal contents and 

stools coming from one and four donor mice, respectively (FMT group; n = 6), or sterile PBS (SHAM group; 

n = 5). For both experiments, brain and hypothalamus were isolated. 

Figure 1 and Table 1: Concentrations in the hypothalamus (Table 1) and rest of the brain (Fig. 1) in 4 and 13wk 

old conventionally raised (CR) or germ-free (GF) male and female mice and in 13wk old male GF mice 

gavaged with sterile PBS (SHAM) or fecal microbiota (FMT). Levels of anandamide (AEA) (Fig. 1A) and 2-

arachidonoyl-glycerol (2-AG) (the three mono-arachidonoyl-glycerol stereoisomers added together because 

presumably coming from the isomerization of 2-AG) (Fig. 1B) are expressed as pmol/mg of tissue. The 

statistical analysis compared 4 and 13wk old GF male and female mice with their age and sex-matched 

controls, while for brain SHAM and FMT the statistical analysis is relative to the 13wk male GF group within 

each tissue. Values are presented as boxes (mean value) and whisker (higher and lower values) in the Figure 

and as means ± S.E.M in the Table of n=5-10 for the brain and n=3 for the hypothalamus. *, P≤0.05; ***, 

P≤0.005. 

Figure 2 and Table 2: Relative mRNA expression levels of genes encoding neurogenetic factors in the 

hypothalamus (Table 2) and rest of the brain (Fig. 2) in 4 and 13wk old conventionally raised (CR) or germ-

free (GF) male and female mice and in 13wk old male GF mice gavaged with sterile PBS (SHAM) or fecal 

microbiota (FMT). The statistical analysis compared 4 and 13wk old GF male and female mice with their age 

and sex-matched controls, while for brain SHAM and FMT the statistical analysis is relative to the 13wk male 

GF group within each tissue. Values are presented as boxes (mean value) and whisker (higher and lower 

values) in the Figure and as means ± S.E.M in the Table of n=5-10 mice for brain and n=3-7 mice for 

hypothalamus. *, P≤0.05; **, P≤0.01 

Figure 3 and Table 3: Concentrations in the hypothalamus (Table 3) and rest of the brain (Fig. 3) of 

endocannabinoid-like mediators in 4 and 13 wk-old conventionally raised (CR) or germ-free (GF) male and 

female mice and in 13 wk-old male GF mice gavaged with sterile PBS (SHAM) or fecal microbiota (FMT). 

Levels of eCB-like mediators are expressed as pmol/mg of tissue. The statistical analysis compared 4 and 13 

wk-old GF male and female mice with their age and sex-matched controls, while for SHAM and FMT the 

statistical analysis is relative to the 13 wk-old male GF mouse group within each tissue. Values are presented 

as boxes (mean value) and whisker (higher and lower values) in the Figure and as means ± S.E.M in the Table 

of n=5-10 for the brain and n=3 for the hypothalamus. *, P≤0.05; **, P≤0.01. 

PEA, N-palmitoyl-ethanolamide; SEA, N-stearoyl-ethanolamide; OEA, N-oleoyl-ethanolamide; LEA, N-

linoleoyl-ethanolamide; DHEA, N-docosahexaenoyl-ethanolamide. 

Figure 4: Concentrations in whole brain minus the hypothalamus of endocannabinoid-like mediators in 4 and 

13 wk-old conventionally raised (CR) or germ-free (GF) male and female mice and in 13 wk-old male GF 
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mice gavaged with sterile PBS (SHAM) or fecal microbiota (FMT). Levels of eCB-like mediators are 

expressed as pmol/mg of tissue. The statistical analysis compared 4 and 13 wk-old GF male and female mice 

with their age and sex-matched controls, while for SHAM and FMT the statistical analysis is relative to the 13 

wk-old male GF mouse group within each tissue. Values are presented as boxes (mean value) and whisker 

(higher and lower values) of n=5-10. *, P≤0.05; **, P≤0.01. 

2-PG, 2-palmitoyl-glycerol; 2-OG, 2-oleoyl-glycerol; 2-LG, 2-linoleoyl-glycerol; 2-EPG, the three 

stereoisomers of mono-eicosapentaenoyl-glycerol (added together because presumably coming from the 

isomerization of 2-eicosapentaenoyl-glycerol); 2-DPG, the three stereoisomers of mono-docosapentaenoyl-

glycerol (added together because presumably coming from the isomerization of 2-docosapentaenoyl-glycerol); 

2-DHG, the three stereoisomers of mono-docosahexaenoyl-glycerol (added together because presumably 

coming from the isomerization of 2-docosahexaenoyl-glycerol). 

Figure 5: Concentrations of N-arachidonoyl-glycine expressed as pmol/mg of tissue in whole brain minus the 

hypothalamus in 4 and 13 wk-old male and female conventionally raised (CR) or germ-free (GF) male and in 

13 wk-old GF mice gavaged with sterile PBS (SHAM) or fecal microbiota (FMT). The statistical analysis 

compared 4 and 13 wk-old GF male and female mice with their age and sex-matched controls, while for SHAM 

and FMT the statistical analysis is relative to the 13 wk-old male GF mouse group. Values are presented as 

boxes (mean value) and whisker (higher and lower values) of n, 5-10. 

Figure 6: Relative mRNA expression levels of genes encoding eCBome-related receptors (A) and metabolic 

enzymes for 2-acyl-glycerols and N-acylethanolamines (B) in whole brain minus the hypothalamus in 4 and 

13wk old conventionally raised (CR) or germ-free (GF) male and female mice and in 13wk old male GF mice 

gavaged with sterile PBS (SHAM) or fecal microbiota (FMT). The statistical analysis compared 4 and 13wk 

old GF male and female mice with their age and sex-matched controls, while for brain SHAM and FMT groups 

the statistical analysis is relative to the 13wk male GF group within each tissue. Values are presented as boxes 

(mean value) and whisker (higher and lower values) in the Figure and as means ± S.E.M in the Table of n=5-

6 mice for brain and n=3-7 mice for hypothalamus. *, P≤0.05; **, P≤0.01; ***, P≤0.005; ****, P≤0.001 

 

 

 

 

 

 

 

 



22 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

 

 

 

 

 

 

 

 



25 
 

 

 



26 
 

 

 

 

 

 



27 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 
 

 


