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Lipid molecules are the building blocks of all cell membranes and provide essential secondary 

metabolites. The central nervous system is enriched in polyunsaturated fatty acids (PUFAs): 

arachidonic acid (AA) and docosahexaenoic acid (DHA). During brain development, PUFAs 

play a critical role in determining neuronal structure, particularly axonal outgrowth. In 

mammals, AA and DHA cannot be synthesized de novo and must be obtained largely from 

dietary sources. Moreover, during pregnancy and lactation, fetuses and infants rely on PUFAs 

from their mothers through the placenta and breast milk, respectively. Thus, the maternal diet 

needs to contain an appropriate omega-3/omega-6 PUFAs ratio to help child development. 

Based on these premises, we investigated the consequences of maternal malnutrition, defined 

as a shifted dietary ratio of omega-3 or omega-6 PUFAs on the brain of the offspring. In 

particular, we modeled human relevance by manipulating both the content and time of daily 

diets, with a keen focus on endocannabinoid (eCB) system given the critical roles of this AA-

derived neuromodulator system during pre- and postnatal brain development. 

In the first approach of this project we fed female mice with hypercaloric diets, rich in omega-

3 or in omega-6 PUFA, for two (short-term diet) or nine weeks (long-term diet) before mating 

and during gestation. We found that, levels of endocannabinoids (AEA, 2-AG) and AEA-like 

mediators (PEA, OEA) did not change with short-term diet in pregnant dams. Moreover, only 

omega-3 diet induced a significant increase of 2-AG levels, after long-term protocol. In 

embryos, we found that the short-term exposure of two weeks of omega-3 and omega-6 diet 

feeding is already sufficient to allow alteration of endocannabinoid system, especially FAAH 

and CB1R. In fact, in female embryos, we found down-regulation of CB1R and increase of 

FAAH after treatment with both diets. Interestingly, both enzyme and receptor levels are 

normalized after high-fat diet administration for a long period, where AEA levels were found 

decreased. By contrast, in males the alterations found in CB1R after the shorter protocol 

persist also after the prolongation of the treatment. In line with this, these data suggest a 

relationship among AEA, CB1R and FAAH, and an important link between PUFAs and 

endocannabinoid system. 

The second approach of this project was based on the administration of isocaloric diets, 

different in omega-3 levels but not in omega-6 PUFAs throughout gestation and until 

adulthood. We discovered that during gestation, not only the increase but also the decrease of 

omega-3 levels markedly affected the eCB system in the hippocampus of embryos. 

Furthermore, our in vivo results strongly suggest that omega-3 diets enriched and deficient 

affect the principal presynaptic marker in embryonic hippocampus but not in adult, where 

maternal malnutrition leads to long-term behavioral alterations in adult rats characterized by 
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the presence of recognition memory deficits. As a whole, the second approach of this study 

supports our hypothesis about a relationship between PUFAs and the endocannabinoid system 

and provides further evidence on the importance of omega-3 PUFA on hippocampal 

development and functioning. 

 

All together, our results suggest that changes in dietary omega-3/omega-6 PUFAs ratio during 

gestation affect the endocannabinoid system in the brain of the offspring and the major effects 

of diets are present at the beginning of the treatment (i.e during gestation). Moreover, these 

data suggest that not only lipids but also fat can have a role in these changes.  
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Polyunsaturated Fatty Acids  

A variety of fatty acids exists in the diet, in the bloodstream, and in cells and tissues of 

humans. Fatty acids are energy sources and membrane constituents. They have biological 

activities to influence cell and tissue metabolism, function, and responsiveness to hormonal 

and peripheral metabolic signals. 

Fatty acids are composed of a hydrocarbon chain with a methyl group and a terminal carboxyl 

group. A fatty acid is saturated if each carbon is joined to its neighbor by a single bond. If one 

or more double bond is present, the fatty acid is said to be unsaturated. Unsaturated fatty acids 

are also classified as monounsaturated (one double bond) or polyunsaturated (more than one 

double bond). Unsaturated fatty acids can adopt two distinct stereo configurations, denoted as 

the cis and trans configurations. Cis double bonds have the two hydrogen atoms on the same 

side of the molecule, whilst in the trans configuration, they are on opposite sides of the 

molecule. Geometrical isomerism has implications for the shape and physical properties of the 

molecule, whereby cis-fatty acids have a kink in the chain and trans-fatty acids adopt a 

configuration and function like saturated fatty acids (Roche, 1999) 

There are two main classes of polyunsaturated fatty acids (PUFAs), omega-3 (n-3) and 

omega-6 (n-6) differing in the position of their final carbon bond at the methyl end (Fig. 1). 

The omega-3 and the omega-6 PUFA series share the same biosynthetic enzymes, and hence 

these conversions occur competitively between the two series. The short chain omega-3 fatty 

acids are converted to long chain forms with an efficiency of less than 5% in human, therefore 

most of these long chain PUFAs must be obtained directly from the diet.  

Linoleic acid (LA; 18:2n-6) and -linoleic acid (ALA; 18:3n-3) are the principal essential 

unsaturated fatty acids. Plants and plant oils contain both of these, although most of the -

linoleic acid is in plant oils, notably from soybean, canola, flaxseed and walnut oils. LA and 

ALA do not perform the same physiological functions in the cell. Indeed, the two fatty acids 

can serve competing roles. Linoleic acid can be converted to arachidonic acid, (AA; 20:4n-6) 

from which endocannabinoids are derivatives. On the other hand, -linoleic acid can be 

converted in small amounts to two somewhat longer n-3 fatty acids, eicosapentaenoic acid 

(EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3), which both play physiological 

roles (Kidd, 2007). Both EPA and DHA are found in far higher concentrations in fish and 

marine mammals eating fish. Thus, fish, especially oily fish (anchovies, sardines, mackerel, 

salmon, herring), are the main dietary source of these n-3 fatty acids (Crupi et al., 2013).  
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Fig. 1. A Nomenclature of major omega-3 and omega-6 PUFAs. B Representative structure for the principal 

essential unsaturated fatty acids. C Example of an omega-3 PUFA (DHA) and an omega-6 PUFA (AA). 
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PUFAs and diet 

Dietary fats are essential nutrients providing energy, essential fatty acids and fat-soluble 

vitamins. Whilst adequate amounts of dietary fat are readily provided by the Western-type 

diet, the optimal fatty acid composition of the diet is an important factor which can play a role 

in health and disease prevention. With the industrial revolution, the dietary intake has 

drastically changed from an omega-3-rich diet to an almost omega-3-deficient diet 

accompanied by a sedentary lifestyle. Dietary deficiency or imbalance of key nutrients at 

critical stages of development can alter normal brain (Dobbing, 1971, Morgane et al., 1993, 

Coti Bertrand et al., 2006, Crupi et al., 2013, Nyaradi et al., 2013). 

Brain contains large amounts of fatty acids, 50% of which are PUFAs; predominantly DHA 

and AA. Owing to their long carbon chains and high degree of unsaturation, DHA and AA 

confer specific properties on the lipid bilayer that it is dynamic and flexible, implying that 

these fatty acids affect brain functions by altering the biophysical properties of cell 

membranes (Crawford, 1992), transporter, receptor and neurotransmitter functions (Hallahan 

and Garland, 2005). In fact, an adequate lipid environment is vital for the normal functioning 

of neuronal membrane proteins such as ion channels, enzymes, ion pumps and receptors. 

Recent studies show that DHA contributes to the fidelity of cytoplasmic neurotransmission, 

such as serotonergic, dopaminergic, norepinephrinergic, and acetylcholinergic systems 

(Fontani et al., 2005, Kidd, 2007).  

The fastest stage of neural development is during fetal growth. However, there is also 

significant development during the first five years of postnatal life. At this time, 

environmental factors, including nutrient intake, play a critical role in the development of the 

brain’s cytoarchitecture (Levitt, 2003). Moreover, studies have shown evidence for the 

importance of dietary PUFA during pregnancy and infants (Larque et al., 2002, Helland et al., 

2003, Daniels et al., 2004). 

During pregnancy, AA and DHA are transported across the placenta into fetal venous blood. 

During the third trimester of pregnancy, fetuses require approximately 40 to 60 mg of omega-

3 PUFA per kilogram of body weight per day (Clandinin et al., 1989). During the last 

gestational trimester and first postnatal months, there is significant growth of the human brain 

and a large increase in the cerebral volume of DHA and AA (Helland et al., 2003).  

DHA is a nutrient indispensable for the development of the sensory, perceptual, cognitive, 

and motor neural systems during the brain’s growth spurt. The deposition of DHA in human 

brain phospholipids occurs primarily during the fetal period of active neurogenesis and cell 

maturation (from the sixth month of pregnancy) and the early postnatal period of development 
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of intense synaptogenesis, and continues throughout the first two years of life (Guesnet and 

Alessandri, 2011). The rate of PUFA conversion in placenta and fetus are limited, it is 

considered that preformed DHA and AA, circulating in the mother’s blood, are required for 

the fetal brain (Haggarty, 2004, Guesnet and Alessandri, 2011). Therefore, after birth and 

until 6 month of age, breast milk and/or milk replacers are the sole sources of omega-3 and 

omega-6 fatty acids. 

Changes in PUFA intake, for instance by dietary depletion during pre- and post-natal life, but 

also throughout adulthood correlate with neurochemical alterations, including down-

regulation of the vesicular monoamine transporter (VMAT-2) and a depletion of VMAT-

associated vesicles in the hippocampus (Chalon, 2006, Kuperstein et al., 2008). A depletion of 

pre-synaptic vesicles can explain the neurotransmitter depletion in conditions of omega-3 

PUFA deficiency (Delion et al., 1994, Delion et al., 1997, Chalon et al., 1998, Zimmer et al., 

1998, Chalon, 2006). Moreover, in rat primary hippocampal neurons, DHA stimulates 

synaptogenesis, synaptic activity and synapsin-1 expression (Cao et al., 2009).  

PUFA are present in growth cones and synaptosomal membranes and this location enables 

them to play a significant role in the dynamics of synapses (Martin and Bazan, 1992, Kearns 

and Haag, 2002, Haag, 2003). The exact mechanisms are unknown, but likely involve a 

complex interplay of synergistic effects on neuronal membrane structure and function and 

gene expression (Yorek et al., 1989, Youdim et al., 2000, Cansev et al., 2008, Cao et al., 

2009, He et al., 2009, Bhatia et al., 2011) 

Relevant studies suggest that omega-3 PUFA deficiency decreases the mean cell body size of 

neurons in the hippocampus, hypothalamus, and parietal cortex (Ahmad et al., 2002a, Ahmad 

et al., 2002b), decreases the complexity of dendritic arborizations on cortical neurons 

(Wainwright, 2002), and, in culture, DHA enhances neurite outgrowth of hippocampal 

neurons (Calderon and Kim, 2004, Lafourcade et al., 2011, Crupi et al., 2013). Furthermore, 

Bertrand P.C. and collaborator have demonstrated that neurogenesis in the embryonic brain is 

altered by omega-3 PUFAs deficiency (Coti Bertrand et al., 2006). Deficiency at key stages of 

brain development can have lasting effects on neural function, regardless of later restitution of 

an adequate diet (Adlard and Dobbing, 1972). Further studies are needed to address the 

mechanism and sensitive periods during prenatal development when omega-3 PUFAs 

restriction can affect normal neurogenesis. In this regard, different studies have provided 

evidence that maternal intake of DHA during pregnancy is associated with higher scores on 

tests of cognitive test in preschool children (Cheruku et al., 2002, Helland et al., 2003) and a 

relation between in utero DHA deprivation and several neurologic birth defects has been 

proposed (Crawford et al., 2003). 
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Age-related deficits in hippocampal functions, including learning and memory, have recently 

been reported to be ameliorated by AA and DHA supplementation in aged rats (Gamoh et al., 

2001, Kotani et al., 2003, Okaichi et al., 2005). Furthermore, ingestion of AA during postnatal 

day 2-31 was shown to increase the number of neural stem/progenitor cells in neonatal rats 

and proliferation and astrogenesis of fetal rat progenitor cells (Maekawa et al., 2009, Katakura 

et al., 2013) 
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The Endocannabinoid System 

The therapeutic and psychotropic actions of the plant Cannabis sativa were first described 

about 4000 years ago in India. By the 19
th

 century, cannabis extracts had gained widespread 

use for medicinal purposes. Marijuana extracts has gained widespread use for medicinal 

purposes until 1937, when concern about the dangers of abuse led to the banning of marijuana 

for further medicinal use in the United States. However, over the last 50 years, the isolation 

and characterization of the psychoactive component of C. sativa, ∆
9
-tetrahydrocannabinol (∆

9
-

THC) represented a challenging research task, awakening renewed interest in its use for 

pharmacotherapy (Mechoulam et al., 1967, Mechoulam and Gaoni, 1967).  

Owing to the lipophilicity and cell membrane-altering action of THC, it was not thought that 

this compound acted through specific receptors. Only in 1988, the synthesis of a high-affinity 

cannabinoid ligand allowed the characterization of cannabinoid receptors. (Devane et al., 

1988, Di Marzo et al., 1998). Later, other researchers established the functional expression of 

the cloned cDNA in the brain (Matsuda et al., 1990). This receptor is now known as the type 

1 cannabinoid receptor (CB1R) and is the most abundant G protein–coupled receptors 

(GPCRs). A secondary entity, known as CB2R, was identified by sequence homology and 

presumed to be mainly present in the immune lineage at the periphery (Fig. 2). Today we now 

that CB2R is also present in the central nervous system (CNS) particularly astro- and 

microglia cells (Ashton and Glass, 2007, Benito et al., 2008). Both receptors are coupled to 

Gi/G0 proteins through which they inhibit the adenylate cyclase. CB1Rs also modulate ion 

channels, inducing inhibition of voltage-sensitive Ca
2+

 channels and activation of G-protein-

activated inwardly rectifying K
+
 channels (Turu and Hunyady, 2010, Castillo et al., 2012). 

Cannabinoid receptors also modulate several signaling pathways that are more directly 

involved in the control of cell proliferation and survival, including mitogen-activated protein 

kinase (MAPK), such as extracellular signal-regulated kinase (ERKs), c-Jun N-terminal 

kinase (JUN) and p38, phosphatidylinositol 3-kinase (PI3K)/Akt, focal adhesion kinase and 

synthesis of ceramide (Parolaro and Massi, 2008). In the brain, CB1Rs are found in areas 

controlling motor, cognitive, emotional and sensory functions (i.e., the hippocampus, basal 

ganglia, cerebellum, cortex, and olfactory bulb) (Herkenham et al., 1990, Katona et al., 1999). 

Small nuclei with high density of CB1Rs are also found in other areas, for example those 

controlling pain, body temperature, sleep-wake cycles, and hormone function, such as the 

brainstem, the hypothalamus, and the pituitary gland (Herkenham et al., 1991). CB1Rs have 

also been shown in peripheral tissues such as the eye, muscles, pancreas, heart, lung (Pagotto 

et al., 2006, Jenkin et al., 2010, Chorvat et al., 2012, O'Keefe et al., 2014), placenta, the fetal 
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membranes and myometrium (Straiker et al., 1999, Park et al., 2003, Dennedy et al., 2004). 

Within the brain, the CB2R is only expressed in perivascular microglia cells, vascular 

endothelial cells, while its presence on certain neuron subpopulations is contention. Increased 

expression, possibly owing to infiltration of immune cells and activation of microglia, can be 

observed in certain neurodegenerative disorders (Sagredo et al., 2007). Transcripts for CB2R 

(Cnr2) have also been identified in the placenta and trophoblasts (Buckley et al., 1998). 

The discovery of the CB1Rs led to the rapid identification of a family of lipid transmitters that 

serve as its natural ligands (Devane et al., 1992, Mechoulam et al., 1995, Sugiura et al., 1995). 

The subsequent description of a complex biochemical pathway for the synthesis, release (Di 

Marzo et al., 1994, Cadas et al., 1996), transport (Beltramo et al., 1997) and degradation 

(Cravatt et al., 1996) of endocannabinoids completed the scaffold of a new signaling system 

termed the ‘endocannabinoid system’. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Representation of CB1 and CB2 receptors structure  

 

 

Endocannabinoids and the Endogenous Cannabinoid System 

The family of endocannabinoids (eCBs) and their structural analogues/potentially includes 

hundreds of bioactive molecules (Bradshaw and Walker, 2005). The two best-characterized 

eCBs derivatives of AA are 2-arachidonoylglycerol (2-AG), the most abundant mammalian 

endocannabinoid that affects synaptic neurotransmission (Gao et al., 2010, Tanimura et al., 
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2010), and Anandamide (AEA), which is a mixed endovanilloid and endocannabinoid ligand 

(Devane et al., 1992). Other eCBs include 2-arachidonylglycerylether (noladin ether), N-

arachidonyldopamine (NADA), palmitoylethanolamide (PEA), N-oleoylethanolamine (OEA) 

and O-arachidonylethanolamine (virodhamine) (Fig.3). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Chemical structure of endogenous compounds  

 

2-AG, AEA and related lipids can stimulate CB1Rs and CB2Rs. Accumulating evidence 

suggests the presence of other targets for eCBs like the purported “CB3” receptor GPR55 

(Ross, 2009), for AEA and virodhamine (Sharir et al., 2012), and the transient receptor 

potential vanilloid 1 (TRPV1) ion channel particulary for AEA (Di Marzo and De Petrocellis, 

2010). Other eCB targets are the fatty acid receptors peroxisome proliferator-activated 

receptor-  (PPAR ) and PPAR localized in the nucleus where they shuffle from/to cytosol 

in a ligand-dependent manner (Pertwee et al., 2010, Pistis and Melis, 2010). 

It is widely accepted that eCBs are produced primary “on demand” from membrane lipid 

precursors by multiple biosynthetic pathways (Fezza et al., 2014). Anandamide is formed by 

the cleavage of its phospholipid precursor, N-arachidonoyl-phosphatidylethanolamine 

(NArPE). The precursor is synthesized by the enzyme N-acyltransferase (NAT), which 

catalyses the transfer of AA from phosphatidylcholine to the head group of 

phosphatidylethanolamine (Cadas et al., 1996, Piomelli, 2003). Release of AEA from NArPE 

is catalyzed by N-acetyl-phosphatidyl-ethanolamine-phosphate D (NAPE-PLD) (Okamoto et 

al., 2004). Moreover, a series of candidate enzymes with considerable AEA biosynthetic 

activity has recently been identified, including α/β-hydrolase 4, a lyso-NAPE lipase to form 

N-acyl ethanolamines (Simon and Cravatt, 2006), and PTPN22, a phosphatase cleaving 
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NAPE-derived phosphor-AEA to yield AEA (Liu et al., 2006). By contrast, sn-1-

diacylglycerol lipase (DAGL) /  are responsible for the synthesis of 2-AG (Bisogno et al., 

2003).  

Endocannabinoid signaling is terminated by two-step process that includes transport into cells 

and hydrolysis by two specific enzymatic systems: the fatty acid amide hydrolases (FAAH) 

for AEA (Cravatt et al., 1996) and monoacylglyceride lipase (MAGL) and ABHD6 for 2-AG 

(Dinh et al., 2002, Fiskerstrand et al., 2010, Marrs et al., 2010). FAAH is widely distributed 

throughout the body, with high concentration in the brain and liver. In the brain, FAAH is 

present in different neurons such as pyramidal cells of the cerebral cortex and hippocampus, 

Purkinje cells of the cerebellar cortex and mitral cells of the olfactory bulb (Tsou et al., 1998). 

MAGL is located mainly in the hippocampus, cortex, cerebellum and anterior thalamus, with 

moderate expression in the extended amygdala, including the shell of the nucleus accumbens 

(Dinh et al., 2002). Comparison of the distribution of FAAH and MAGL at the cellular level  

shows that FAAH is primarily a postsynaptic enzyme, whereas MAGL is a presynaptic 

enzyme (Gulyas, 2004, Rodriguez de Fonseca et al., 2005, Katona and Freund, 2008). 

Interestingly, it has been found that microglia release 2-AG, and functional MAGL has been 

described in primary microglial cell cultures, particularly in diseases (Mulder et al., 2011). 

Alternative to hydrolytic routes, AEA can be oxidized by cyclooxygenase-2 (COX-2), distinct 

lipoxygenases (LOX) or cytochrome P450. 2-AG by ABDH6 and ABDH12 (Marrs et al., 

2010) or it can be hydrolyze by FAAH. 

In the adult brain, eCBs are synthesized postsynaptically in an activity-dependent manner and 

bind presynaptic CB1 receptors on both excitatory and inhibitory afferents thus decreasing 

neurotransmitter release (Kano et al., 2009). Among the many signaling lipids, eCBs are 

recognized also for their important roles in neuronal and glial development (Maccarrone et al., 

2014). Indeed, during CNS development, eCB signaling seems to regulate fundamental 

processes such as proliferation, migration, specification and survival of neuronal progenitors 

(Guzman et al., 2001, Galve-Roperh et al., 2006). Moreover, eCB system has a role in the 

phenotypic differentiation of neurons and in the control of the synaptic communication 

(Berghuis et al., 2005, Bernard et al., 2005). The importance of eCB signaling during 

neuronal development is underscored by the pathogenic impact of maternal marijuana 

smoking or cannabinoid administration during pregnancy, which cause cognitive, motor and 

social deficits that last into the adulthood of the offspring. 
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Fig. 4. Synthesis and degradation of AEA and 2-AG. Adapted from Ueda at al 2013 

 

 



21 | P a g e  

 

Brian Development  

The embryonic period in humans begins at fertilization and continues until the end of the 10th 

gestation week (GW) (Wilcox et al., 1999). The embryo starts out as a single cell zygote and 

then divides several times to form a ball of cells called a morula. Further cellular division is 

accompanied by the formation of a small cavity between the cells. This stage is called a 

blastocyst. Up to this point, there is no growth in the overall size of the embryo. Each division 

produces successively smaller cells. The blastocyst reaches the uterus at roughly the fifth day 

after fertilization (Cockburn and Rossant, 2010, Niakan et al., 2012). It is here that lysis of the 

zona pellucida occurs. This allows the trophectoderm cells of the blastocyst to come into 

contact with, and adhere to, the endometrial cells of the uterus. The embryo becomes 

embedded in the endometrium in a process called implantation. In most successful 

pregnancies, the embryo implants 6 to 7 days after ovulation (Szekeres-Bartho, 2015).  

The development of the nervous system occurs through the interaction of several 

synchronizes processes, some of which are complete before birth, while others continue into 

adulthood (Lenroot and Giedd, 2006). The first key event is the formation from ectodermal 

tissue of the neural plate along the dorsal side of the embryo, which is the source of the 

majority of neurons and glial cells in the mature human (Lenroot and Giedd, 2006). The 

processes that contribute to brain development range from the molecular events of gene 

expression to environmental input (Stiles and Jernigan, 2010, Niakan et al., 2012). Neuron 

production begins in the embryonic day 42 (E42) (Stiles and Jernigan, 2010) and extends 

through midgestation in most brain areas. Before that, from the end of gastrulation through 

E42, brain is rich in neural progenitor (NP) cells (Courchesne et al., 2000, Innocenti and 

Price, 2005, Lenroot and Giedd, 2006). The intrinsic properties of NP cells are crucial for 

their final destination into different neuronal phenotypes, which is modulated by extracellular 

signaling systems and gene expression signature programs that control neural tissue 

formations (Galve-Roperh et al., 2009). This population of mitotic cells produces two 

identical NP cells by what is described a “symmetrical” mode of cell division. From E42 the 

mode of cell division shift from symmetrical to asymmetrical (Wodarz and Huttner, 2003). 

With the asymmetrical division, neural progenitors are able to produce two different cells. 

One NP cell that, remains in the proliferative zone and continues to divides and one post-

mitotic neuron that leaves the proliferative zone to take its place in the developing cerebrum 

(Stiles and Jernigan, 2010). After this migration, a period of rapid cell death occurs. The cell 

bodies of the neurons are primarily found in the gray matter of the brain. Their myelinated 

axons form white matter. Myelination occurs regionally beginning with the brain stem at 29 
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week (Inder and Huppi, 2000) Although most major tracts are significantly myelinated by 

early childhood, axons within the cortex continue to myelinate into the second and third 

decades of life (Benes, 1989). Another important developmental process is the proliferation 

and organization of synapses, which begins slightly later around the 20
th

 week of gestation 

(Lenroot and Giedd, 2006). Synaptic density increases rapidly after birth, reaching by 2-years 

of age a level approximately 50% greater than the typically seen in adult (Huttenlocher, 

1979). Beginning at approximately 15 weeks the surface to the growing brain begins to fold 

into sulci and gyri, and continue to increase after birth due to changes in cell—packing 

density and maturation of subcortical tracts (Levine and Barnes, 1999). 

A spontaneous abortion, or miscarriage, in the first trimester of pregnancy is usually due to 

major genetic errors or growth abnormalities in the developing embryo. During this critical 

period, the developing embryo is also susceptible to toxic exposures such as alcohol, toxins, 

radiation therapy, nutritional deficiencies and drugs abuse 

 

The Endocannabinoids system during brain development 

During the last decade, evidence has been emerging to suggest that the eCB system has 

adverse effects on gametogenesis, implantation and pregnancy duration (Taylor et al., 2007). 

During early pregnancy, the development of the pre-implantation embryo and their timely 

oviductal transport into the uterus occurs simultaneously and are regulated by several 

endocrine, paracrine and autocrine factors of which the eCB system has been identified as one 

of the key hormone-cytokine/receptor signaling systems.  

 

- Endocannabinoids 

The bioavailability of 2-AG and AEA strikingly diverges as the embryo develops 

(Berrendero, 1998, Berrendero et al., 1999). 2-AG levels gradually increase as tissue 

differentiation progresses, including in the nervous system (Keimpema, 2010). By contrast, 

AEA predominates in the blastocyst and early embryonic stages, and is required to define 

uterine receptivity for embryo implantation and the maintenance of pregnancy (Fig. 5) (Paria, 

2001). Indeed, several studies demonstrated that with high levels of AEA, embryos have a 

delayed and asynchronous development, whereas low levels of AEA are beneficial (Paria et 

al., 1995, Wang et al., 2003b, Wang et al., 2006b). Animal studies have established that AEA 

regulates the “window” during which the uterus is receptive (Wang et al., 2004). Studied by 

Paria et al. have shown that lower AEA levels and elevated levels of FAAH occur in the 

uterus at implantation sites when compared to the inter-implantation sites, which have much 
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higher levels of AEA and lower levels of FAAH. These studies suggest that high levels of 

AEA may be responsible for inhibition of trophoblast proliferation, whereas low levels are 

required for trophoblastic proliferation (Paria and Dey, 2000). Similar results were found in 

women who have a successful implantation during an in vitro fertilization program.  

 

- Enzymes 

Control of eCB levels is achieved by the balance between the extent of stimulation of their 

synthesis by neuronal activity and rate of clearance via uptake and degradation.   

DAGL are present in the brain during early development and expression in maintained 

throughout life (Bisogno, 2003, Berghuis et al., 2007). While total DAGL  protein levels 

seem constant during brain development, the expression of DAGL  appears to be most 

abundant in embryonic brain tissue (Bisogno et al., 2003, Berghuis et al., 2007). Around 

E14.5, DAGL  are expressed on the developing telencephalic axons of pyramidal neurons 

while by E18.5 DAGL  are mainly localized to postsynaptic dendrites of glutamatergic 

pyramidal cells (Chen et al., 2005, Berghuis et al., 2007, Mulder et al., 2008). This transition 

may be due to developmental changes in the requirement for 2-AG synthesis from presynaptic 

to the postsynaptic compartment (Bisogno et al., 2003, Harkany et al., 2007). 2-AG-degrading 

enzyme, MAGL, is excluded from motile growth cones until synaptogenesis commences 

(Keimpema et al., 2010, Keimpema, 2013a). Then, MAGL becomes enriched at the 

presynapse, where it probably functions as a 'stop' signal to limit 2-AG-mediated neurite 

elongation (Keimpema, 2010). In fact, following neuronal polarization and during directional 

axonal growth, 2-AG is protected from ligand degradation (Keimpema, 2010) by a 

mechanism that increases MAGL protein turnover (Keimpema, 2013b) in motile neurite 

domains, particularly in the growth cone.  

Expression of the proposed AEA-synthesizing enzyme NAPE-PLD is low during embryonic 

development (Chan et al., 2013). It is apparent on axons of glutamatergic and GABAergic 

pyramidal cells in developing cortex by E18.5 but not at early time (Berghuis et al., 2007). 

AEA-hydrolysis enzyme FAAH is detected in radial glia during late gestation and throughout 

the neonatal period (Aguado et al., 2006, Harkany et al., 2007). FAAH also has a role during 

implantation indeed it has been suggests that the decreased activity and expression of FAAH 

in peripheral lymphocytes could be used as an early marker for first trimester miscarriage 

(Maccarrone et al., 2000, Maccarrone et al., 2002).  
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- Cannabinoid receptors 

CB1R signaling has been shown to play a crucial role in the oviductal transport of embryos 

(Wang et al., 2006a, Sun and Dey, 2008). Studies on CB1R knockout mice showed a large 

number of embryos in the morula or blastocyst stage retained in their oviducts on day 4 of 

pregnancy (Paria et al., 2001). This suggests that CB1R deficiencies in some woman may 

have a role to play in tubal pregnancy or female infertility.  

CB1R are expressed in progenitor cells grown in neurospheres from different stages of brain 

development, starting at embryonic day 13.5, to early postnatal radial progenitors (postnatal 

day 2.5) (Aguado, 2005, Aguado et al., 2007). CB1Rs show a characteristic expression profile 

during embryonic development and its expression is correlated with neural differentiation 

(Berghuis et al., 2007, Harkany et al., 2007). In mammals, CB1 receptor expression is 

characterized by its abundant levels in white matter areas (where the axons of neural cells are 

present), with their levels progressively increasing from prenatal stages to adulthood in grey 

matter areas (where mostly occupied by neural cell bodies and dendrites) during neural 

development (Mulder, 2008). During neocortical development, high CB1Rs levels are 

distributed along the cortical plate on the surface of distal axons segments of pyramidal cells 

coursing in the intermediate zone and establishing the fornix pathway of hippocampus 

(Berghuis et al., 2007, Mulder et al., 2008). Later, CB1Rs are distributed on axons and axonal 

growth cones in cortical layers I-VI and in both excitatory and inhibitory neurons (Morozov 

and Freund, 2003, Berghuis et al., 2007) where they facilitate radial migrating of immature 

pyramidal cells and GABAergic interneurons from subventricular zone (SVZ) and deep 

migratory stream, respectively (Berghuis et al., 2005). Different studies suggest that in fetal 

brain there is a preferential limbic expression of CB1Rs with higher levels throughout the 

cerebral cortex, hippocampus, caudate nucleus, putamen, and cerebellar cortex. During the 

second trimester of development, it is detectable also in the hippocampus CA region and in 

the basal nuclear group of the amygdaloid complex. Furthermore, during developing rat 

brainstem CB1R gradually decreases from gestation day 21 towards adulthood, while in the 

cerebellum it continuously increases, reaching maximum expression during adulthood 

(Anavi-Goffer and Mulder, 2009). These changes, which occur in CB1R expression during rat 

developing brain, are also evident in human brain. In fact, Wang and collaborator (Wang et 

al., 2003b) showed an intense expression of CB1R mRNA in the hippocampal CA region and 

basal nuclear group of the amygdaloid complex of fetal brain, whereas, the adult brain 

showed very high expression throughout the cerebral cortex, caudate nucleus, putamen and 

cerebellar cortex.  
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In addition to CB1R, CB2Rs have also been implicated in progenitor cell fate decision and the 

neural survival (Palazuelos et al., 2012). CB2Rs are present in embryonic undifferentiated NP 

and stem cells and their levels are strongly reduced in differentiated neuronal cells 

(Fernandez-Ruiz et al., 2007, Arevalo-Martin et al., 2008). In vitro data suggest that both stem 

cell differentiation and glial specification are affected by pharmacological modulation of 

CB2Rs, and glia cells may simultaneously express both CB1 and CB2R (Molina-Holgado et 

al., 2007, Arevalo-Martin et al., 2008). CB2R-mediated NP cell proliferation and neurosphere 

generation relies on the activation of the extracellular signal-regulated kinase and the 

PI3K/Akt pathways (Palazuelos et al., 2006). Moreover, CB2R can regulate asymmetric cell 

division, cell cycle exit and long-range migration throught a machanism which involved 

DAGL  and DALG  (Goncalves, 2008, Mulder et al., 2008, Walker et al., 2010). Following 

commitment to a neuronal fate, a CB2R-to-CB1R switch occurs (Goncalves, 2008): CB1R 

levels become upregulated at the expense of CB2R levels.  

Furthermore, brain inflammation is associate with the inhibition of neurogenesis as a result of 

immune cell infiltration and excess of pro-inflammatory mediators. Due to the role of CB2Rs 

in attenuating the activation and recruitment of microglial and peripheral immune cells, CB2R 

engagement would be expected to contribute to the stimulation of neurogenesis (Palazuelos et 

al., 2008, Solbrig and Hermanowicz, 2008). 

 

Based on these data and the spatial localization and temporal precision of eCB system, its 

action emerges as a key regulatory signaling network fundamental to controlling the acquiring 

of neuronal identity during neurogenesis.  

 



26 | P a g e  

 

 

 

 

Fig. 5. Temporal changes in available quantitates of eCB system at the indicated developmental stages. Adapted 

from (Anavi-Goffer and Mulder, 2009). 
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The endocannabinoids system during neurogenesis 

Neuronal development is a finely orchestrated process that leads from a round, post-mitotic 

cell to a highly polarized neuron, which makes thousands of connections with other neurons 

in a highly regulated manner, becoming phenotypically and morphologically specialized to 

conduct, deliver, receive and integrate electrical as well as chemical signals in a functional 

neuronal network (Valtorta et al., 2011). The process of neuronal development can be 

subdivided into several steps, including cell migration, establishment of cell polarity, neurite 

outgrowth, axonal navigation and synapse formation, maturation, stabilization or elimination.  

The endocannabinoid system is present at early developmental stages of nervous system 

formation and can modulate neural proliferation, specification, maturation and the 

maintenance and survival of differentiated neural cells through the “on-demand” recruitment 

of second messengers such as Src/Stat3, ERK1/2, and PI3K/Akt pathways and the modulation 

of sphingolipid-derived signaling mediators and cell death pathways (Guzman, 2003). The 

eCB system plays also a role in the regulation of primary fate decision points of NP by 

modulating whether neural precursors commit to generate neurons or glia (Harkany, 2007, 

Harkany et al., 2008). Particulary, CB1R activation on neural progenitors promotes their 

differentiation into glial cells (Aguado et al., 2006).  

In neural stem cells, the expression of CB1R is low, but undergoes robust up-regulation after 

initial differentiation into a neuron (Galve-Roperh et al., 2007, Harkany et al., 2007). The 

activation of CB1R and CB2R promote proliferation of NP cells through activation of 

PI3K/Akt and ERK1/2 signaling pathways in vitro (Aguado et al., 2005, Molina-Holgado et 

al., 2007). Indeed, deletion of CBR or their pharmacological inhibition arrests proliferation in 

neurospheres in vitro and in proliferative zones in vivo in both developing and adult brain 

(Molina-Holgado et al., 2007). Furthermore, neural stem cells express DAGLs and FAAH. 

Deletion of FAAH and consequent AEA increase induces neurogenesis in proliferative zone 

in the developing and adult brain (Molina-Holgado et al., 2007, Mulder et al., 2008).  

In developing cerebral cortex, pyramidal progenitors are born in VZ/SVZ and they migrate 

radially to their final destination into the cortical plate (Rakic, 1972). CB1R- and FAAH-

deficient mice show aberrant pyramidal distribution at early postnatal stages (Mulder, 2008). 

Deletion of CB1Rs arrests newly born neurons in deep cortical layers, whereas elevated levels 

of AEA through deletion of FAAH markedly increases the penetration of newly formed 

neurons into the cortical plate (Mulder et al., 2008). Furthermore, CB1Rs could have a role in 

the regulation of long-distance migration in the developing brain (Morozov et al., 2009). 

Endocannabinoids signaling, through CB1Rs and multiple signal transduction mechanisms, 

control cortical neuron specification and morphological differentiation exerting differential 



28 | P a g e  

 

effects on growth cone navigation, axonal elongation, and synaptogenesis of inhibitory 

interneurons and excitatory (pyramidal) cells in the mammalian cerebrum (Fig.6). 

CB1Rs contribute to neuronal polarization by promoting neurite outgrowth through the 

PI3K/Akt-mammalian target of rapamycin (mTOR) pathway along with several MAPK 

pathways (Howlett, 2002, Tortoriello, 2014). Neuronal morphology is also regulated by the 

phosphorylation of Jun, which triggers the rapid degradation of stathmin-2 to alter 

cytoskeletal stability (Bromberg et al., 2008, Tortoriello et al., 2014). Alternatively, CB1R 

activation can modulate the activity of RHO-family GTPases, particularly RhoA (Mai et al., 

2015) to induce growth cone repulsion and collapse (Berghuis et al., 2007, Argaw et al., 

2011).  

CB1Rs can also interplay with neurotrophin signaling. Activation of tyrosine kinase receptors 

such as the fibroblast growth factor receptor (FGFR), and their activity-dependent 

phosphorylation are thought to induce 2-AG production via sequential activation of 

phospholipase C  (PLC ) to produce arachidonoyl-containing diacylglycerol (DAG) for 

conversion to 2-AG by DAGLs and to exert cell-autonomous actions on CB1R in motile 

growth cones(Williams et al., 2003). Neurotrophins and 2-AG can coincidently activate PI3K-

Akt signaling. This, in turn, influences the activity of the transcriptional regulators PAX6 and 

cyclin AMP response element-binding protein (CREB) and their control of neural progenitor 

cell proliferation and fate decision (Bromberg et al., 2008) (Fig. 6). 

Between embryonic day 14.5 and 18.5 in mice CB1Rs are expressed in several developing 

axonal trajectories. They guide the elongation of axons to their targets (Mulder et al., 2008, 

Watson et al., 2008); and the achieving of proper synapse positioning on postsynaptic target 

cells (Berghuis et al., 2007). The concept of eCB-drives synapse specification is supported by 

the fact that removal of CB1R from developing axonal tracts impairs with the conclusion of 

synaptogenesis and the selection of post-synaptic targets (Fernandez-Ruiz et al., 2000, 

Berghuis et al., 2005, Berghuis et al., 2006).  

In immature neurons, DAGL  is localized to the primary neurite (quiescent axon) and the 

growth cone (Fig. 7-A), and is probably involved in autocrine signaling. Additional data show 

a subcellular switch of DAGLs during neuronal polarization and synaptogenesis (Keimpema, 

2010). Indeed, once synapses are formed DAGLs are redistributed to the somatodendritic axis 

of neurons (Maccarrone et al., 2014), the down-regulation of DAGLs expression can be 

viewed as a pivotal step to increase the reliance of postmitotic neurons on extracellular 2-AG 

produced by pyramidal cells in the cortical plate.  
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Fig. 6. Design of endocannabinoid signaling during neurite outgrowth and synaptogenesis. Both cell-

autonomous and cell-cell interaction of morphogenic signals can modulate NP cell proliferation and asymmetric 

division. FGFR activation induces phospholipase C  (PLC ) activation which generates arachidonoyl-containing 

diacylglycerol (DAG). A similar mechanism was more recently described for TRKA signaling (Kaimpema E. et 

al., 2013) via PI3K pathway, leading to increased expression of DAGL, MAGL and CB1R. CB1R activation can 

then alter cytoskeletal stability through activation of Rho-family GTPases and phosphorylation of Jun N-terminal 

kinase (JNK) and consequent degradation of stathmin-2. It can also activate the phosphatidylinositol 3-kinase 

(PI3K)-Akt-mammalian target of rapamycin (mTOR) pathway controlling neuronal progenitor cell proliferation 

and fate decision. Adapted from Maccarrone M. et al., 2014. 

 

These data suggest that, in differentiating neuronal tissue, the specification and extension of 

axons towards postsynaptic target areas may require autocrine eCB signaling (Bisogno et al., 

2003, Williams et al., 2003), while the precise positioning of synapses on postsynaptic targets, 

the establishment of cell-to-cell contacts, and the onset of synaptic communication within 

target regions are controlled by a paracrine action of 2-AG (Berghuis, 2007, Harkany, 2007). 

Once synapse establishment completes eCB signaling in the embryonic brain can directly 

translate into retrograde synaptic signaling.  

At mature synapses, receptor and enzyme components of the eCB system have distinct 

subcellular distribution, both intracellularly and extracellularly on presynaptic and 

postsynaptic neurons, microglia and astrocytes. Indeed, 2-AG can be produced 

postsynaptically and diffuse in a retrograde manner across the synapse to inhibit synaptic 

transmission by activating presynaptic CB1Rs. 2-AG is then mainly inactivated by 

presynaptic MAGL, with a possible contribution from ABHD6 and ABHD12, present in both 
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post- and presynaptic neurons (Marrs, 2010, Maccarrone et al., 2014). By contrast, AEA not 

only can be produced postsynaptically like 2-AG, but also presynaptically due to the presence 

of NAPE-PLD, which then can act at postsynaptic TRPV1 (Ross, 2003, Maccarrone, 2008, 

Castillo et al., 2012, Puente, 2014). AEA is then inactivated by FAAH. It is interesting to note 

that perisynaptic astrocytes often contain MAGL. It might suggest that astrocytes form a 

barrier that may limit 2-AG spread beyond its intended site of action (Maccarrone et al., 

2014). 
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Fig. 7. Molecular architecture of the endocannabinoid system during synaptogenesis and at mature synapse. A. 

At the developing synapse, Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) bind their target receptors: 

cannabinoid 1 receptor (CB1R), CB2R, G protein-coupled receptor 55 (GPR55) and transient receptor potential 

cation channel subfamily V member 1 (TRPV1) present during growth cone elongation.  CB1 and CB2 receptors 

are also present on progenitor cells. Their activation promotes neurogenesis through multiple signal transduction 

mechanisms. The availability of eCBs is determined by biosynthesis and degrading enzymes, NAPLE-PLD and 

FAAH for AEA, and DAGL /  and MAGL for 2-AG. B. At the mature synapses, in addition to FAAH and 

MAGL there are other mechanisms involved in the availability of eCBs such as ABHD6, ABHD12, 

endocannabinoid transmembrane transporter (EMT) and AEA intracellular transporter (AIT). Endocannabinoid 

signaling is translated into retrograde synaptic signaling. Adapted from Maccarrone M. et al., 2014. 
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Lipid molecules are the building blocks of the central nervous system which is particulary 

rich in omega-3 and omga-6 PUFAs that play a critical role in its development and functions. 

In mammals, PUFAs cannot be synthesized de novo and must be obtained largely from 

dietary sources. Moreover, endocannabinoids have recently been considered as 

neurodevelopmental signaling cues that, by targeting the CB1R, exert a modulatory role on 

the molecular and cellular mechanisms in brain development (Diaz-Alonso et al., 2012).  

 

On these bases the present PhD project was designed with the intent to study if changes in 

dietary omega-3/omega-6 PUFAs ratio could affect the endocannabinoid system in the 

embryonic brains from mothers fed with different diets. 

 

Recent evidence indicates that in modern Western diet, there is increased intake of high-

calorie high-fat food, characterized by an increased omega-6 and/or a reduced omega-3 PUFA 

content. Yet, the consequences of maternal malnutrition on eCB system in the brains of their 

progeny are mostly unknown. Therefore, the first approach of this project was to feed female 

C57Bl6/J mice with hypercaloric diets following two different protocols.  

- Short-Term Diet Protocol: animals were fed for two weeks before mating and throughout 

gestation; 

- Long-Term Diet Protocol: animals were fed for nine weeks before mating and throughout 

gestation. 

The diets are the following: omega-3 PUFA enriched diet (containing 32.1% fat, poor in 

omega-6); omega-6 PUFA enriched diet (containing 34.3% fat, poor in omega-3) and a 

standard diet containing 10% total fat.  

Biochemical analyses were performed on both female and male tissue (cortex/hippocampus) 

of E18 embryos. The following points were examined: 

 eCB levels (AEA, 2-AG, PEA and OEA) were quantified from brain (cortex/hippocampus 

tissue), plasma and adipose tissue of mothers fed with diets and in brain 

(cortex/hippocampus tissue) and plasma of E18 embryos.  

 qPCR and Western blots were performed on female and male tissue (cortex/hippocampus 

tissue) of E18 embryos to test if alteration in CB1R and TRPV1 receptors, metabolic 

enzyme endocannabinoids (NAPE-PLD, FAAH, DAGL  and MAGL) and CRIP1a were 

present. 

It is known that the eCB system has an important role during neurite outgrowth. Our studies 

have provided novel information on the role of PUFAs on neurogenesis and neuroplasticity, 
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but the mechanism behind its role remains incompletely established. For these reasons, we 

evaluated the role of principal omega-3 and omega-6 PUFAs, EPA and DHA, and linoleic 

acid in neurite development of cultured neurons by determining the changes in neurite length 

and branching. 

 

Next, given the multiple mechanism by which high fat diets could interfere on eCB system, to 

better characterize the effect of PUFAs, in the second part of this thesis we focused our 

attention on omega-3 PUFAs, and we fed Pregnant Sprague–Dawley rats isocaloric diets 

different in omega-3 levels but not in omega-6 (30%) throughout gestation and until 

adulthood. The diets are the following: omega-3 PUFA deficient diet (containing 6% total fat, 

rich in linoleic acid); omega-3 PUFA enriched diet (containing 6% fat, rich in alfa-linolenic 

acid) and a standard diet containing 6% total fat.  

Biochemical analyses were performed at embryonic day 18 and postnatal day (PND) 75. The 

following points were examined: 

 Western blot analyses were performed on hippocampus of E18 embryos in order to check 

for the presence of alterations in CB1 and CB2 receptors, and in metabolic enzymes of the 

principal endocannabinoids AEA (NAPE-PLD and FAAH) and 2-AG (DAGL /  and 

MAGL).  

 Given the role of omega-3 PUFAs and the eCB system in neurodevelopment, western blot 

analyses were performed on hippocampal lysates from embryos and adult animals in order 

to check for the presence of alterations in some of the most relevant neuronal markers: -

tubulin, GAP43, synaptotagmin, synaptophysin and PSD-95.  

Finally, we checked for the presence of cognitive deficits in the adult offspring following diet 

administration through the classic and spatial versions of the novel object recognition (NOR) 

test. 
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Hypercaloric Diets 

Animals, dietary treatments and experimental design 

Female C57Bl6/J mice were housed in clear plastic cages on a 12-hour light-dark cycle (lights 

on 08:00h) and in a temperature (22 ± 2°C) and humidity controlled environment (50 ± 10%). 

All experiments were performed in accordance with guidelines released by the Austrian 

Ministry of Science and the European Community.  

 

Animals were randomly separated in three groups and fed with hypercaloric diets following 

two protocols:  

 Short-Term Diet (STD) protocol: animals were fed for two weeks before and throughout 

gestation (Fig. 8-B); 

 Long-Term Diet (LTD) protocol: animals were fed for nine weeks before and throughout 

gestation (Fig. 8-C). 

 

The diets are the following (Fig. 8-A): 

 w3 diet: omega-3 PUFA enriched diet, containing 32.1% total fat and poor in omega-6; 

 w6 diet: omega-6 PUFA enriched diet, containing 34.3% total fat and  poor in omega-3; 

 Control diet: containing 10% total fat. 

 

Maternal body weight was recorder 2-3 days a week for the duration of the study. After 18 

days of gestation, 5 mice from each group were anesthetized with isoflurane, and blood, 

adipose tissue and cerebral areas (cortex/hippocampus) were collected, immediately frozen in 

liquid nitrogen, and stored at -80°C until processing.  

Embryos were quickly removed and weighed. Female and male embryos were then separated. 

Blood samples were collected and cerebral areas (cortex/hippocampus) were obtained by 

regional dissection on ice, immediately frozen in liquid nitrogen and stored at -80°C until 

processing.  
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Fig. 8. Diets composition (A) and short term diet (B) and long tern diet (C) administration and experimental time 

line 
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Biochemical Studies 

Liquid Chromatography-Atmospheric Pressure Chemical Ionization Mass Spectrometry 

Extraction, purification, and quantification of 2-AG, AEA, PEA and OEA from tissue of 

pregnant mice and fetuses fed standard chow and hypercaloric diet, were carried out 

according to previous published protocols (De Marchi et al., 2003). Briefly, at E18 separate 

dams were used for the dissection of cerebral areas (cortex/hippocampus), blood and adipose 

tissue, and embryos were used for cerebral tissue and blood. Plasma samples were obtained 

after centrifugation of blood after erythrocytes and granulocytes sedimentation at the bottom 

of the tube. The collected areas were immediately frozen in liquid nitrogen and stored at -

80°C.  

After lipid extraction and prepurification on silica gel columns, 2-AG, AEA, PEA and OEA 

levels from three animals per condition were analyzed by isotope dilution using liquid 

chromatographyatmospheric pressure chemical ionization-mass spectrometry (Shimadzu 

LCMS-2020). Results were expressed as pmoles per mg or g of tissue. 

 

RNA isolation and Quantitative Polymerase Chain Reaction 

E18 embryonic brains (n = 3) were microdissected on ice to isolate cortical and hippocampal 

regions and snap frozen in liquid N2 until processing. RNA was extracted using the RNeasy 

mini kit (Quiagen) with DNase I step performed to eliminate trances of genomic DNA. RNA 

quality and concentration were measured with Nanodrop spectrophotometer and 1% agarose 

gel stained with GelGreen
TM

 (Biotium). Total RNA was then reverse transcribed to a cDNA 

library in a reaction mixture using a high-capacity cDNA reverse transcription kit (Applied 

Biosystems). The cDNA library was then used for quantitative, real-time PCR (qPCR). SYBR 

Green Master Mix Kit (Life technologies) including reverse and forward primers (5 M/ l). 

The primer sequences used in this project are show in Table 1. 

Nineteen microliters of master mix were added to wells of a 96-well plate followed by 1 l of 

cDNA. Quantitative PCRs were performed after an initial 10 min 95°C denaturation followed 

by 40 cycles of 95°C for 15 s denaturation, annealing and extension at calculated 

temperatures (60 s), and a dissociation stage (from 60 to 95° C with 0.5°C steps for 10 s each) 

MyiQ; Bio-Rad), with primers pair amplifying short fragments for each gene. All samples 

were run in triplicate, fluorescence emission was detected, and cycle threshold values were 

calculated automatically. Samples without template served as negative control. Expression 

levels were normalized to the housekeeping gene encoding glyceraldehyde-3-phosphate 
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dehydrogenase (GAPDH) or TATA-binding protein (TBP) for every sample in parallel 

assays.  

  

GeneBank number Protein Primer pair 

NM_198114 DAGL  
(forward) 5'- TCATGGAGGGGCTCAATAA-3' 

(reverse) 5'-AGCCCTCCAGACTCATCTCA-3' 

NM_011844 MGL 
(forward) 5'- CAGAGAGGCCAACCTACTTTTC-3' 

(reverse) 5'-ATGCGCCCCAAGGTCATATTT-3' 

NM_178728 NAPE-PLD 
(forward) 5'- CGTGCTCAGATGGCTGATAA-3' 

(reverse) 5'-ATGAGCTCGTCCATTTCCAC-3' 

NM_010173 FAAH 
(forward) 5'- TGGAAGCCCTCCAAGAGTCCA-3' 

(reverse) 5'-TGTCCATAAACACAGCTCTTCAG-3' 

NM_007726 CB1R 
(forward) 5'-TCTTAGACGGCCTTGCAGAT-3' 

(reverse) 5'-AGGGACTACCCCTGAAGGAA-3' 

NM_029861.2 CRIP1a 
(forward) 5'AGAACCGCACAATCAAGCTG-3' 

(reverse) 5'-TTACCCTTCAGCTCCAGTGG-3' 

NM_001001445 TRPV1 
(forward) 5'-GACCTGGAGTTCACCGAGAA-3' 

(reverse) 5'-GCATGTTGAGCAGGAGGATG-3' 

NM_008084 GAPDH 
(forward) 5'-AACTTTGGCATTGTGGAAGG-3' 

(reverse) 5'-ACACATTGGGGGTAGGAACA-3' 

NM_013684 TBP 
(forward) 5'-ACCCTTCACCAATGACTCCTATG-3' 

(reverse) 5'-ATGACTGCAGCAAATCGCTTGG-3' 

 

Table 1. List of forward and reverse primers used for amplification using Quantitative PCR.  

 

Quantitative Western blotting with total protein normalization 

Tissue samples were obtained from E18 embryos that were quickly removed from dams killed 

by cervical dislocation under anesthesia. Cerebral areas (cortex/hippocampus) were obtained 

by regional dissection on ice, immediately frozen in liquid nitrogen and stored at -80°C until 

processing. To fractionate membranes and cytoplasm, samples were homogenized by 

sonication in HEM buffer (25 mM Hepes pH 7.5, 1 mM EDTA, 6 mM MgCl2) containing 1 

mM dithiothreitol (DTT) and a cocktail of protease inhibitors (PI, Complete™, Roche) and 

centrifuged at 700 g at 4°C for 5 min. The supernatant was centrifuged twice at 14.4k g at 4°C 

for 30 min used as cytoplasmic lysate and pellet was resuspended with HEM and use as 

membrane fraction. Protein concentrations were determined by Bradford’s colorimetric 

method (Bradford, 1976). 

Total protein labeling was initiated by adding Cy5 dye reagent (GE Healthcare) that had been 

pre-diluted (1:10) in ultrapure water. Samples were mixed and incubated for 5-30 min at room 

temperature (RT). The labeling reaction was terminated by adding Amersham WB loading 

buffer (GE Healthcare; 20 μl/sample) containing 40 mM DTT. Samples were then heated at 
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95°C for 3 min. Equal amounts (20 μg/40 l) of each sample were loaded onto an Amersham 

WB gel card-14, (13.5% or 8%). Electrophoresis (600 V, 42 min) and protein transfer onto 

polyvinylidine-difluoride membranes (100 V, 30 min) were at default settings in an integrated 

Amersham WB system (GE Healthcare) for quantitative SDS-PAGE and Western blotting of 

proteins with fluorescence detection. Membranes were blocked for 1 h at RT in 3% bovine 

serum albumin (BSA, Sigma-Aldrich) in 1x TBS before incubation with primary antibody at 

4°C overnight. 

 

The following primary antibodies were used:  

 guinea pig anti-cannabinoid receptor 1 (CB1R) (1:500) (kindly provided from Dr. 

Masahiko Watanabe) 

 rabbit anti-cannabinoid receptor-interacting protein 1a (CRIP1a) (1:500) (Keimpema et al., 

2010) 

 rabbit anti-monoacylglycerol lipase (MAGL) (1:500, Cayman Chemical)  

 rabbit anti-diacylglycerol lipase alpha (DAGL ) (1:1000, Abcam, UK)  

 rabbit anti-fatty acid amide hydrolase (FAAH) (1:500, Cayman Chemical)  

 rabbit anti-N-acyl phosphatidyl ethanolamine (NAPE-PLD) (1:500, Abcam, UK) 

 rabbit anti-transient receptor potential cation channel subfamily V member 1 (TRPV1) 

(1:500, Santa Cruz, USA) 

To demonstrate the specificity of the guinea pig anti-CB1R antibody, we prepared cerebellar 

homogenates from wild-type (WT) mice and their CB1R KO littermates. We found specific 

bands at the expected molecular weight ( 53 kDa) in WT mice but not in CB1R KO mice 

(Fig. 14 and 20). 

Antibody binding was detected by using species-specific (anti-rabbit, anti-mouse and anti-

guinea pig) carbocyanin (Cy) 3-labeled secondary antibodies (1:1000; GE Healthcare). 

Membranes were dried before scanning at 560 nm (Cy3) and 630 nm (Cy5) excitation. 

Automated image analysis was performed in the Amersham WB evaluation software, and 

optimized by manual editing. 
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Primary Neuronal Culture 

Cortical/Hippocampal neuronal cultures and morphology 

Cerebral tissues (cortex/hippocampus) of embryos were isolated at E14.5. Cells were 

mechanically dissociated into single cell suspension by trypsin digestion (0.1%, 3 min) and 

plated at a density of 50,000 or 1x10
6
 cells onto poly-D-lysine-coated (PDL; Sigma) 24-well 

plates for morphometry analysis. Cultured neurons were maintained in Neurobasal medium, 

supplemented with 1% B27/1% Glutamax/1% penicillin/streptomycin for 2 days in vitro as 

described (Mulder et al., 2008) (DHA, EPA, or LA; 10 M; Tocris) and then dissolved in 

Neurobasal medium containing 0.1% fatty acid-free BSA (4% stock concentration, Sigma-

Aldrich) and the medium  were first added 12 h after cell seeding and replenished every other 

day.  

 

Immunocytochemistry 

Staining of -tubulin III was performed for morphometric analysis. Cultured cells were fixed 

with 4% paraformaldehyde for 30 min at RT, washed with 0.1 M phosphate buffered saline 

(PBS; pH 7.5), blocked with 10% normal donkey serum (Jackson Immuno Reseasrch)/5% 

BSA (Sigma-Aldrich) in PBS containing 0.3% Triton X- 100 at RT for 1 h, and incubated 

with primary antibodies mouse anti- -Tubulin III (1:1000, Promega, USA) at 4°C overnight. 

The cells were then washed with PBS and incubated with Alexa Fluor 488-conjugated 

secondary antibody (1:1000) at RT for 1 h. 

Images of primary neurons and their neurite were captured by means of laser-scanning 

microscopy (model 710LSM, Zeiss). Axonal and neurite length and the number of their 

branches were determined by analyzing calibrated images in the LSM5 image browser 

software module (v. 3.2.0.115, Zeiss).  
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Isocaloric Diets 

Animals, dietary treatments and experimental design 

Female Sprague Dawley rats were obtained from Charles River laboratories (Calco, Italy) and 

were housed in clear plastic cages on a 12 hour light-dark cycle (lights on 08:00h) and in a 

temperature (22 ± 2°C) and humidity controlled environment (50 ± 10%). All experiments 

were performed in accordance with the guidelines released by the Italian Ministry of Health 

(D.L.116/92) and (D.L.111/94-B), and the European Community directives regulating animal 

research (86/609/EEC).  

Animals were randomly separated in three different groups and fed with isocaloric diets 

different in omega-3 PUFA content but not in omega-6 PUFA (30%) throughout gestation 

and lactation. After weaning, the offspring were subjected to the same diet until adulthood 

(Fig. 9). 

Biochemical analysis were performed at embryonic day 18 and postnatal day (PND) 75, 

whereas behavioral analysis were performed at PND 75.  

 

The diets are the following:  

 Poor diet (omega-3 PUFA deficient diet - containing 6% total fat in the form of peanut oil, 

rich in linoleic acid, omega-3/omega-6 1:23.6);  

 Rich diet (omega-3 PUFA enriched diet - containing 6% fat in the form of rapeseed oil, 

rich in alfa-linolenic acid, omega-3/omega-6 1:4.5);  

 Standard diet (containing 6% total fat in the form of peanut oil and rapeseed oil – omega-

3/omega-6 1:8.6).  

 

 

 

 

 

Fig. 9. Isocaloric diet administration and experimental time line 
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Biochemical Studies 

Western blotting 

For western blot analyses, rats were decapitated and the cerebral areas (hippocampus) were 

obtained by regional dissection on ice, immediately frozen in liquid nitrogen and stored at -

80°C until processing.  

For total protein lysates, each brain region was homogenized in an appropriate volume of ice-

cold buffer (10 mM Hepes pH 7.5, 1.5 mM MgCl2, 10 mM KCl, 2 mM DTT, 1 mM PMSF, 1 

mM EDTA, 1 mM EGTA, 2 mM sodium orthovanadate, 50 mM NaF, 10 mM sodium 

pyrophosphate, 0.5% Triton, 5 μg/ml aprotinin, and 5 μg/ml leupeptin) and centrifuged at 

13,000 rpm at 4°C for 3 min. The supernatant was used as total protein lysate and protein 

concentrations were determined according to the Micro-BCA assay kit (Pierce, Rockford, IL).  

Protein lysates were prepared in boiling sodium dodecyl sulphate (SDS) sample buffer and 

equal amounts of total protein were run on a 10% or 8% SDS-polyacrylamide gel. The 

proteins were then transferred to polyvinylidene difluoride (PVDF) membranes, blocked for 2 

h at RT in 5% dry skimmed milk in TBS1x 0.1% tween20 before incubation overnight at 4°C 

with the primary antibody.  

 

The following primary antibodies were used:  

 mouse anti- -Tubulin III (1:10000, Covance, Berkeley, California, US) 

 mouse anti-growth associated protein 43 (GAP43) (1:2000, Millipore, Watford, UK) 

 mouse anti-synaptophysin (SYP) (1:2000, Abcam, UK) 

 mouse anti-synaptotagmin 1 (SYT) (1:1000, Synaptic Systems, Gӧttingen, Germany) 

 rabbit anti-postsynaptic density protein 95 (PSD95) (1:500, Abcam, UK) 

 rabbit anti-CB1R (1:500, Cayman Chemical)  

 rabbit anti-CB2R (1:500, Cayman Chemical)  

 rabbit anti-MAGL (1:500, Cayman Chemical)  

 rabbit anti-DAGL  (1:1000, Abcam, UK)  

 rabbit anti-DAGL  (1:1000, Abcam, UK)  

 rabbit anti-FAAH (1:500, Cayman Chemical)  

 rabbit anti-NAPE-PLD (1:500, Abcam, UK)  

Bound antibodies were detected with horseradish peroxidase (HRP) conjugated secondary 

anti-rabbit or anti-mouse antibody (1:5000-15000; Chemicon International, Temecula, CA) 

for 1 hour at room temperature and visualized using Clarity Western ECL Substrate (BIO-
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RAD). For detection of beta-actin, the blot was stripped with Restore Western Blot Stripping 

Buffer (Thermo Scientific, Rockford, IL) and re-blotted with anti-beta-Actin antibody anti-

beta-actin monoclonal antibody (1:15000-60000; Sigma Aldrich, Italy) overnight at 4°C and 

visualized as described. For densitometry, images were digitally scanned and optical density 

of the bands was quantified using Image Pro Plus 7.0 software (MediaCybernetics, USA) and 

normalized to control. To allow comparison between different films, the density of the bands 

was expressed as arbitrary units. 

 

Behavioral Analysis 

Classic and Spatial Versions of the Novel Object Recognition Test  

In order to determine whether lifelong administration of isocaloric diets enriched or deficient 

in omega-3 PUFAs from gestation could have long-term consequences on cognitive functions 

we performed the NOR test in the adult offspring (PND 75). The experimental apparatus used 

for the object recognition test was an open-field box (43 x 43 x 32 cm) made of Plexiglas, 

placed in a dimly illuminated room. Animals performed each test individually. The 

experiment was performed and analyzed as previously described (Realini et al., 2011, 

Zamberletti et al., 2012). Briefly, each animal was placed in the arena and allowed to explore 

two identical previously unseen objects for 5 minutes (familiarization phase). After an inter-

trial interval of 3 min one of the two familiar objects was replaced by a novel, previously 

unseen object and rats were returned to the arena for the 5-minute test phase. In the spatial 

variant of the test, both novel and familiar objects were placed in different positions compared 

to the familiarization phase that is a spatial cue was added in the test. During the test phase the 

time spent exploring the familiar object (Ef) and the new object (En) was videotaped and 

recorded separately by two observers blind to the treatment groups and the discrimination 

index was calculated as follows : [(En-Ef)/(En+Ef)] x 100. 

 

 

Statistical analyses 

Behavioral and biochemical results were analyzed by one-way ANOVA, followed up by 

Bonferroni’s post hoc test. All data were expressed as mean ± S.E.M or as mean ± S.D. The 

level of statistical significance was set at p<0.05. 
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Hypercaloric Diets: Short-Term Protocol 

Effect of diets on maternal body weight and fetal mortality 

Maternal body weights were measured every 2-3 days throughout the course of the study. We 

found no significant changes of mother body weight during treatment with omega-3 diet 

(green). In contrast, omega-6 high-fat diet (red) significantly increased maternal body weight 

already after 5 days of treatment (Fig. 10-A). These diets did not induce embryonic mortality. 

In fact, no changes were observed in the number and weight of embryos at E18 in the treated 

group (Fig. 10-B and C). The ratio of female/male offspring did not change either (Fig. 10-D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Effect of short-term diet on maternal body weight (A), number (B) and weight of embryos (C) and on 

their sex ratio (D). Animals were fed with control diet or omega-3 and omega-6 PUFAs enriched diets for 15 

days before mating and throughout gestation. Each value represents the mean ± S.D. of 5 mice per group 

Statistical analysis was performed using One-way ANOVA followed by Bonferroni’s post hoc test. 
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Characterization of the endocannabinoid system in short-term protocol 

2-AG and AEA are the principal ligands for CB1R (Pertwee, 2008) and 2-AG signaling has 

recently emerged as a molecular determinant of neuronal migration and synapse formation 

during development (Keimpema et al., 2010). Also the levels of AEA are tightly regulated 

during embryo development: low concentrations are present in the brain at midgestation, 

whereas its levels gradually increase throughout the perinatal period. NAPE-PLD and FAAH 

are the enzymes mainly responsible for AEA synthesis and degradation, while DAGL  and 

MAGL are the enzymes mainly responsible for 2-AG synthesis and degradation respectively.  

In order to understand how eCB levels might fluctuate during pregnancy and if hypercaloric 

diet might affect these lipids, their levels in cerebral tissue (cortex/hippocampus), plasma and 

adipose tissue of mothers and in cerebral tissue (cortex/hippocampus) and plasma of E18 

embryos were measured.  

 

Endocannabinoids levels 

In maternal tissue, 2-AG levels were found higher than AEA (Table 2). Moreover, after short-

term protocol, both lipids were found higher in plasma tissue respect to cerebral and adipose 

tissue of control pregnant mice. Interestingly, no changes were observed in AEA, 2-AG levels 

in cerebral tissue, plasma and adipose tissue of mothers fed with STD protocol (Fig. 11). We 

also tested for PEA and OEA, AEA-like mediators. The results showed that administration of 

either hypercaloric diet protocol induced a similar distribution and effect of AEA in pregnant 

mice.  

In embryonic tissues, AEA were not detectable in either plasma or in cerebral tissue because 

of the very low concentration of eCBs. The same problem was found for 2-AG levels in 

plasma (Table 2). However, no significant alteration was found in cortical tissue after omega-

3 and omega-6 diet administration in either male or female embryos (Fig. 12). 
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Table 2. Average of endocannabinoid (AEA, 2-AG) and AEA-like mediator (PEA, OEA) levels in cerebral tissue (cortex/hippocampus), plasma and adipose tissue (AT) of mothers 

and E18 male and female embryos after short-term diet protocol. Each value represents the mean ± S.D. of 3 mice per group. Statistical analysis was performed using One-way 

ANOVA followed by Bonferroni’s post hoc test; nd = not detected. 
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Fig. 11. Endocannabinoids (AEA, 2-AG) and AEA-like mediators (PEA, OEA) levels in maternal cerebral tissue 

(cortex/hippocampus), plasma and adipose tissue (AT) after short-term diet protocol. Each value represents the 

mean ± S.D. of 4 mice per group. Statistical analysis was performed using One-way ANOVA followed by 

Bonferroni’s post hoc test. 
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Fig. 12. Endocannabinoid (AEA, 2-AG) and AEA-like mediators (PEA, OEA) levels in cerebral tissue 

(cortex/hippocampus), plasma and adipose tissue (AT) of E18 female and male embryos after short-term diet 

protocol. Each value represents the mean ± S.D. of 3 mice per group. Statistical analysis was performed using 

One-way ANOVA followed by Bonferroni’s post hoc test; 
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Molecular architecture of endocannabinoid system 

Next, we demined alterations in mRNA and protein levels of receptor and enzyme 

components of the eCB system using qPCR and Western blot with total protein normalization.  

 

- mRNA levels  

Cortical and hippocampal mRNA levels of E18 embryos were measured by qPCR; gene 

expression was normalized in independent experiments to the expression level of two 

functionally different housekeeping genes: GAPDH and TBP.  

In brain tissue of E18 male and female embryos, both mRNA levels of the 2-AG synthesis 

and degrading enzymes, DAGL  and MAGL respectively, did not change after treatment 

with omega-3 or omega-6 diets, compared to the control-fed mice (Fig. 13). No significant 

changes were observed in mRNA levels of the AEA synthesis enzyme NAPE-PLD, in 

females or male embryos either, despite a slight increase in the male omega-6 group. 

Interestingly, omega-3 and omega-6 diets induced a significantly increase of the AEA-

degrading enzyme mRNA levels (FAAH) in male embryos compared to the control (Fig. 13). 

This change was gender specific. 

We also assessed the expression of CB1Rs and its interacting protein CRIP1a. qPCR 

measurements revealed that CB1R mRNA level was robustly downregulated both in omega-3 

and omega-6 diets in females, as compared to controls. There were no differences between the 

diet groups for CRIP1a in either female or male embryos. Finally, no alterations were found 

in mRNA levels of the vanilloid receptor TRPV1 either. 
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Fig. 13. mRNA expression of endocannabinoids system in brain tissue (cortex/hippocampus) of E18 female and 

male embryos after short-term diet protocol. mRNA levels were normalized to GAPDH. Each value represents 

the mean ± S.D. of 3 mice per group. Statistical analysis was performed using One-way ANOVA followed by 

Bonferroni’s post hoc test; * P < 0.05 vs control diet; ** P < 0.01 vs control diet; *** P< 0.001 vs control diet. 
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- Protein expression 

Cortical and hippocampal protein levels of E18 embryos were measured by quantitative 

Western blotting with total protein normalization (Fig. 14). 

In brain tissue of E18 male and female embryos, protein levels of DAGL , MAGL and 

NAPE-PLD did not change after treatment with omega-3 or omega-6 diets compared to the 

control-fed mice (Fig. 15). FAAH was not detectable in cerebral tissue because of problems 

with the antibody. 

Quantitative Western blot measurements revealed that CB1R protein levels were robustly 

reduced by about 58% and 66% after both omega-3 and omega-6 diets administration in 

female groups compared to the control. Despite the absence of mRNA alterations, similar 

alterations in CB1R protein levels were also found in male embryos. Indeed, we found a 

significant increase of CB1R of about 65% and a decrease of 71% respect to the control 

group.  

No changes in CRIP1a and TRPV1 protein levels were observed in any of the experimental 

groups.  

 

 

 

  

 

Fig. 14. Immunoblotting of DAGL , MAGL, NAPE-PLD, CB1R, CRIP1a and TRPV1. Protein expression in 

cerebral tissue (cortex/hippocampus) of E18 female and male embryos after short-term diet protocol. Cerebellar 

membranes from adult CB1R knockout (KO) and wild-type mice were used to control the specificity of the 

guinea pig anti-CB1R antibody 
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Fig. 15. Protein expression of endocannabinoid system in brain tissue (cortex/hippocampus) of E18 female and 

male embryos after short-term diet protocol. Each value represents the mean ± S.D. of 3 mice per group. 

Statistical analysis was performed using One-way ANOVA followed by Bonferroni’s post hoc test; * P < 0.05 vs 

control diet; ** P< 0.01 vs control diet. 
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Hypercaloric Diets:  Long-Term Protocol 

Effect of diets on maternal body weight and fetal mortality 

Maternal body weights were measured every 2-3 days throughout the course of the study. We 

found no significant alteration on maternal body weight during treatment with omega-3 diet 

(green). In contrast, after six weeks of omega-6 high-fat diet administration we observed a 

significant increase in maternal body weight (red) with respect to controls diet (Fig. 16-A). 

Moreover, we found significant changes in number of E18 embryos (Fig. 16-B) and in 

females/males embryos ratio (Fig. 16-D). These changes are related to the fact that female 

mice have more problems to get pregnant after long-term protocol with respect to control-fed 

mice. No changes were observed in weight of E18 embryos (Fig. 16-C). Finally, we also 

found differences in female/male embryos ratio (Fig. 16-D) 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16. Effect of long-term diet on maternal body weight (A), number (B) and weight of embryos (C) and on 

their sex ratio (D). Animals were fed with control diet or omega-3 and omega-6 PUFAs enriched diets for 9 

weeks before mating and throughout gestation each value represents the mean ± S.D. of 5 mice per group. 

Statistical analysis was performed using One-way ANOVA followed by Bonferroni’s post hoc test; *P<0.05 vs 

control diet. 
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Characterization of the endocannabinoid system in long-term protocol  

We checked for alteration in the eCB system preforming the same experimental analysis as 

for the STD protocol.  

 

Endocannabinoid levels 

In maternal tissue, 2-AG levels were higher than those of AEA (Table 3), and their levels 

were higher in the plasma compared to cerebral and adipose tissue of control pregnant mice. 

The same distribution was found also for PEA and OEA levels. No changes were observed in 

AEA, PEA and OEA levels in cerebral tissue, plasma and adipose tissue of mothers fed with 

long-term protocol. 2-AG levels were found higher in maternal plasma omega-3 diet group 

compared to the control (Fig. 17).  

In embryos, eCBs are expressed at higher levels in the plasma with respect to cerebral tissue, 

both in males and females (Table 3). Moreover, plasma PEA levels were higher compared to 

the other lipids and its concentration was similar in male and female embryos.  

In cerebral tissue of female and male embryos, omega-6 high-fat diet induced slight but not 

significant increase of 2-AG levels (Fig. 18), while no differences were found in plasma.  

AEA was strongly decreased by about 98% and 85% after both omega-3 and omega-6 diet 

administration in female cerebral tissue. By contrast, in male embryos high-fat diets did not 

induce significant alterations in AEA levels with respect to the control groups (Fig. 18), 

despite a decrease observed with omega-6 diet. 

Finally, we found no significant alterations in PEA levels both in cortex/hippocampus and 

plasma tissue. In contrast, OEA levels were different in cerebral tissue of female embryos in 

omega-3 groups but not in male embryos. Finally, we found no changes of PEA and OEA 

levels in plasma (Fig. 18). 
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Table 3. Average of Endocannabinoids (AEA, 2-AG) and AEA-like mediators (PEA, OEA) levels in cerebral tissue (cortex/hippocampus), plasma and adipose tissue (AT) of 

mothers and E18 male and female embryos after long-term diet protocol. Each value represents the mean ± S.D. of 5 mice per group. nd = not detected; Statistical analysis was 

performed using One-way ANOVA followed by Bonferroni’s post hoc test; Significant data are expressed in red. 
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Fig. 17. Endocannabinoids (AEA, 2-AG) and AEA-like mediators (PEA, OEA) levels in mother cerebral tissue 

(cortex/hippocampus), plasma and adipose tissue (AT) after long-term diet protocol Each value represents the 

mean ± S.D. of 5 mice per group. Statistical analysis was performed using One-way ANOVA followed by 

Bonferroni’s post hoc test; *P<0.05 vs control diet. 
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Fig. 18. endocannabinoids (AEA, 2-AG) and AEA-like mediators (PEA, OEA) levels in cerebral tissue 

(cortex/hippocampus), plasma and adipose tissue (AT) of E18 embryos after long-term diet protocol. Each value 

represents the mean ± S.D. of 3 mice per group. Statistical analysis was performed using One-way ANOVA 

followed by Bonferroni’s post hoc test; **P<0.01; *P<0.05 vs control diet; °°P<0.01; °P<0.05 vs omega-3 diet. 
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Molecular architecture of endocannabinoid system 

 

- mRNA levels  

In cerebral tissue of E18 male and female embryos, both DAGL  and MAGL mRNA levels 

did not change in mice fed with omega-3 or omega-6 diets compared to control-fed mice (Fig. 

19). No significant changes were also observed in mRNA levels of the AEA synthesis and 

degradative enzymes NAPE-PLD and FAAH, both in female and in male embryos.  

We also checked for the presence of alterations in CB1R and CRIP1a. Differently from what 

has been observed in the short-term protocol, quantitative real-time PCR measurements 

revealed no changes in CB1R and CRIP1a mRNA level both in omega-3 and omega-6 long-

term protocol administration (Fig. 19). Finally, both omega-3 and omega-6 diets significantly 

decreased TRPV1 mRNA levels in male embryos but not in females (Fig. 19). 
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Fig. 19. mRNA expression of endocannabinoids system in brain tissue (cortex/hippocampus) of E18 female and 

male embryos after long-term diet protocol. mRNA levels were normalized to GAPDH. Each value represents 

the mean ± S.D. of 3 mice per group. Statistical analysis was performed using One-way ANOVA followed by 

Bonferroni’s post hoc test; * P < 0.05; ** P < 0.01 vs control diet. 
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- Protein expression 

Figure 20 shows the protein levels of E18 embryos as measured by quantitative Western 

blotting. 

In brain tissue of E18 male and female embryos, protein levels of DAGL  and MAGL did not 

change in mice fed with omega-3 or omega-6 diets compared to control-fed mice (Fig. 21). 

Similarly, no significant changes were observed in the protein levels of NAPE-PLD.  

In male embryos, protein levels of FAAH did not change. In females, FAAH was not 

detectable because of problems with the antibody. 

Interestingly, quantitative western blot measurements revealed that omega-6 diet decreased 

CB1R protein levels only in in male embryos and this was associated to a significant decrease 

also in CRIP1a protein levels. In contrast, No changes were observed in female embryos both 

in CB1R and CRIP1a protein levels after diet administration.  

Finally, we found no significant alterations in TRPV1 protein levels both in female and male 

embryos after omega-3 and omega-6 long-term protocol. 
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Fig. 20. Immunoblotting of DAGL , MAGL, NAPE-PLD, CB1R, CRIP1a and TRPV1. Protein expression in 

brain tissue (cortex/hippocampus) of E18, female and male embryos after long term diet protocol. Cerebellar 

membranes from adult CB1R knockout (KO) and wild-type mice were used to control the specificity of the 

guinea pig anti-CB1R antibody 
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Neuronal Culture 

Morphometric analysis 

To evaluate the effects of PUFAs on the neuronal morphology, we performed 

immunoicytochemistry using specific neuronal marker -tubulin III.  

Our results suggest that both omega-3 (EPA and DHA) and omega-6 (LA) PUFA 

supplementation can promote neurite extension (Fig. 22-A). Interestingly, axonal length was 

found strongly increased by about 130% after treatment with all ligands (Fig. 22-B). 

Furthermore, our results demonstrated that only EPA increased the number of both primary 

(Fig. 22-C) and secondary (Fig. 22-D) branches. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Fig. 22. Effect of EPA and DHA omega-3 PUFAs and LA omag-6 PUFA on the neurite growth (A), axonal 

length (B) and the number of primary (C) and secondary branches (D) of cortical/hippocampal neurons. Each 

value represents the mean ± S.D. Statistical analysis was performed using One-way ANOVA followed by 

Bonferroni’s post hoc test; *P<0.05 vs control group. 
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Isocaloric Diets 

Effect of diets on maternal body weight and number of embryos 

To evaluate the consequences of maternal nutrition on the brains of their offspring, we fed 

pregnant Sprague–Dawley rats with three diets different in omega-3 levels but not in omega-6 

(30%) throughout gestation and lactation. To exclude any toxic effect of diets we monitored 

maternal body weight. Furthermore, to understand if these different diets might affect embryo 

mortality we checked the number of embryos at gestation day 18 (GD18) for each group. We 

found no differences on mother body weight and in the number of fetuses at birth (Fig. 23-B). 
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Fig. 23. Effect of omega-3 PUFAs deficiency (poor) or enrichment (rich) diets on maternal body weight (A) and 

on the number of embryos (B). Animals were fed with standard, rich or poor diets for 18 days. Each value 

represents the mean ± S.E.M of 5 rats per group. Statistical analysis was performed using One-way ANOVA 

followed by Bonferroni’s post hoc test. 
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Characterization of the Endocannabinoid System in E18 hippocampal 

tissue 

To assess whether isocaloric diets different in omega-3 PUFA content could modulate the 

eCB system we focuses our attention on E18 hippocampal tissue obtained from dams fed 

throughout gestation and we studied the protein levels of the principal components of this 

system. 

In embryonic hippocampus, omega-3 deficiency or enrichment did not alter DAGL  and 

MAGL protein levels compared to the standard diet (Fig. 24-A and C), whereas 

DAGL protein levels were increased by about 99% after administration of enriched diets 

(Fig. 24-B). Moreover, we found alteration in both AEA metabolic enzymes expression. 

NAPE-PLD was reduced by about 47% after administration of enriched diets (Fig. 24-D), 

whereas, FAAH protein levels were reduced in both experimental groups by about 49% and 

35% respectively (Fig. 24-E).  

We also checked for the presence of alterations in CB1R and CB2R. Omega-3 deficiency or 

enrichment diets did not induce significant alterations in both receptors expression with 

respect to the standard diet (Fig. 24-F and G).  
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Fig. 24. Effect of omega-3 PUFAs deficiency or enrichment diets on 2-AG metabolic enzymes DAGL  (A), 

DAGL  (B) and MAGL (C), on AEA metabolic enzymes NAPE-PLD (D) and FAAH (E) and on cannabinoid 

receptor 1 (F) and 2 (G) in hippocampus of E18 embryos. Each value represents the mean ± S.E.M of 4 rats per 

group. Statistical analysis was performed using One-way ANOVA followed by Bonferroni’s post hoc test. 

*P<0.05; **P<0.01 vs standard diet. ° P<0.05 vs poor diet. 
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Characterization of neuronal markers in E18 hippocampal tissue 

No changes were observed in -tubulin III (Fig. 25-A) whereas, GAP43 expression was 

reduced by about 60% and 74% after treatment with both enriched and deficient diets 

compared to control (Dig. 25-B). Interestingly, we showed that expression of pre-synaptic 

markers is modulated by diets. Indeed, poor diets can reduce by 48% synaptophysin and 

synaptotagmin protein levels by about 48% and 60% respectively (Fig. 25-C), whereas rich 

diets reduced synaptotagmin protein levels by about 60% compared to standard diets (Fig. 25-

D). In contrast, treatment with isocaloric diets omega-3 PUFAs deficiency or enrichment did 

not change protein levels of the post-synaptic marker PSD95 (Fig. 25-E). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25. Effect of omega-3 PUFAs deficiency or enrichment diets on neuronal markers -tubulin III (A) and 

GAP43 (B), on pre-synaptic markers synaptophysin (SYP) (C) and synaptotagmin (SYT) (D), and on post-

synaptic marker PSD95 (E) in hippocampus of E18 embryos. Each value represents the mean ± S.E.M of 4 rats 

per group. Statistical analysis was performed using One-way ANOVA followed by Bonferroni’s post hoc test. 

*P<0.05; **P<0.01 vs Standard Diet. 
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Characterization of synaptic markers in adult hippocampal tissue  

To study long-term consequence of dietary intake on neuronal markers, we performed the 

same biochemical analyses in the adult offspring after lifelong administration of omega-3 

enriched and deficient diets. In the adult hippocampus, no significant changes in both pre- and 

post-synaptic markers were observed after administration of enriched or deficient diets (Fig. 

26).  
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Fig. 26. Effect of omega-3 PUFAs deficiency or enrichment diets on pre-synaptic markers synaptophysin (SYP) 

(A) and synaptotagmin (SYT) (B), and on post-synaptic marker PSD95 (C) in hippocampus of PND 75 rats. 

Each value represents the mean ± S.E.M of 4 rats per group. Statistical analysis was performed using One-way 

ANOVA followed by Bonferroni’s post hoc test.  
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 Cognitive impairment in adult rats 

Finally, we investigated the possible behavioral consequences of different dietary omega-3 

intake in terms of cognitive functions in the adult offspring, as measured through the novel 

object recognition test  

Lifelong administration of both omega-3 deficient and enriched diets resulted in impaired 

cognitive performance in the classic version of the NOR test in the adult male offspring, as 

stated by the significant reductions of the discrimination index by about 76% and 60%, 

respectively, compared to controls fed a standard diet (Fig. 27-A). A similar effect was also 

observed in the spatial version of the test, the discrimination index being reduced by about 

64% and 50% in the two experimental groups (Fig. 27-B). 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Fig. 27. Effect of omega-3 PUFAs deficiency or enrichment on cognitive functions in the classic (A) and spatial 

(B) NOR test in the adult offspring. Each value represents the mean ± S.E.M of 8 rats per group. Statistical 

analysis was performed using One-way ANOVA followed by Bonferroni’s post hoc test; *P<0.05 vs Standard 

Diet. 

 

 

 

 

80

60

40

20C
la

ss
ic

 N
O

R
D

is
cr

im
in

ta
io

n
 I

nd
ex

  0

*

*

60

40

20

S
p
at

ia
l 
N

O
R

D
is

cr
im

in
ta

io
n 

In
d

ex

  0

* *

S
ta

n
d
a

rd
 D

ie
t

R
ic

h 
D

ie
t

P
o
o
r

S
ta

n
d
ar

d
 D

ie
t

R
ic

h 
D

ie
t

P
o

o
r 

D
ie

t

A B



71 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 | P a g e  

 

About 50% of dry weight of the adult brain consists of lipids, of which 20-25% is long-chain 

polyunsaturated fatty acids (PUFAs) (Lauritzen et al., 2001). The major PUFAs, DHA (22:6n-

3) and AA (20:4n-6), are formed from the fatty-acid precursor ALA and LA, respectively. It 

should be noted that the metabolic pathway of the omega-3 fatty acid series shares enzymes 

with that of the omega-6 pathway. Thus, the two series of PUFAs compete for the same 

enzymes. As a consequence, high intake of DHA results in a decrease of tissue AA (Innis, 

1991, Rioux et al., 2006). PUFA precursors of the omega-3 and omega-6 families are 

essential nutriments that cannot be generated de novo in mammals and must be obtained from 

the diet (Haggarty, 2002). The fetus and newborn infant are capable to convert ALA into 

DHA and LA into AA (Uauy et al., 2000, Carnielli et al., 2007). However, the enzymatic 

systems involved seem unable to supply sufficient PUFAs to meet the high requirements until 

16 weeks after term (Lauritzen et al., 2001). Deposition of lipids in the fetus increases 

exponentially with gestational age, reaching a rate of accretion of around 7 g/day just before 

term (Boulton et al., 1978). Some of the fatty acid deposited in the fetus will accrue from fetal 

lipogenesis (Dunlop and Court, 1978) but the great bulk of fetal lipid is derived from the 

maternal circulation via the placenta and all of the omega-3 and omaga-6 fatty acid structure 

acquired by the fetus has to cross the placenta. For these reasons, to cope the fatty acid 

demand, maternal PUFAs in plasma phospholipids increase by 50%. The concentrations of all 

fatty acids increase, but those of AA and DHA increase relatively less (Al et al., 2000, 

Hornstra, 2000). The higher concentrations of fatty acids are not brought about by altered 

dietary behavior, but by an accelerated breakdown of maternal fat depots during the last 

trimester (Herrera, 2002, Haggarty, 2004) .This suggests that the fetal PUFA supply does not 

only depend on the PUFA content of the maternal diet during pregnancy but also on PUFAs 

content of the diet prior to pregnancy, and the maternal diet needs to include an appropriate 

omega-3/omega-6 PU FAs ratio.  

In the United States, about 30% of all pregnancies are carried by obese women that because of 

changes in diet and lifestyle have led to a dramatically altered ratio of omega-3/omega-6 fatty 

acid consumption. 1:1-2 is the optimum recommended dietary ratio, but in the modern 

Western diet, an increase intake of omega-6 PUFAs, and a concomitant decrease in the intake 

of omega-3 PUFAs, has resulted in an increase ratio of omega-3/omega-6 PUFAs to 1:15-30. 

Based on this, we aimed at investigating the consequences of maternal malnutrition on the 

brain of their offspring; in particular, we modeled animal dietary changing both omega-3 or 

omega-6 PUFA content and time of administration, and we focused our attention on the 

endocannabinoid (eCB) system.  
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Hypercaloric diets 

Effect of hypercaloric diets on the eCB system in pregnant dams 

In the first part of this project we used hypercaloric diets to mimic the imbalance of essential 

PUFAs in mice. Families of omega-3 PUFA change membrane phospholipid composition in 

most organs, including the brain. Feeding long chain omega-3 PUFA, such as EPA and DHA, 

will increase their concentrations in vivo, and to some extent will lower the concentrations of 

omega-6 PUFA, specifically AA. Thus, remodeling the phospholipid composition of cell 

membranes and organelles by dietary PUFA is a means to change substrate availability for 

and the biosynthesis of eCBs (Watkins et al., 2010, Kim et al., 2011, Kim et al., 2014).  

The endocannabinoid system consists of cannabinoid receptors, their endogenous lipid 

ligands and the enzymes for ligand synthesis and degradation. Endocannabinoids are 

endogenous lipid mediator made from essential omega-6 fatty acids available only from 

dietary sources (Mechoulam and Parker, 2013). The two best characterized eCBs, 2-AG and 

AEA, are both metabolic derivate of a single fatty acid precursor, the omega-6 AA in 

phospholipids (Devane, 1992, Gao, 2010, Tanimura, 2010). Since humans cannot synthesize 

AA de novo, tissue phospholipid concentrations are dependent upon the competition between 

dietary intake of omega-6 ad omega-3 fats (Lands et al., 1992). Endocannabinoids have 

emerged as important lipid mediators in various physiological events, including reproduction. 

Indeed, 2-AG has identified in the uterus and blastocyst and shown to have a similar role to 

AEA during implantation (Liu et al., 2002, Wang et al., 2003a, Wang et al., 2007, Fride, 

2008). It has been reported that 2-AG levels are significant higher than AEA in the uterus 

(Wang et al., 2007) and in brain (Sugiura et al., 1995, Stella et al., 1997). In accord with this, 

in our studies, after treatment with hypercaloric diets, 2-AG levels were higher than AEA in 

pregnant mice. This could be related to the multiple roles of 2-AG in lipid metabolism 

(Sugiura et al., 2006) or it is a consequence of its role in housekeeping cell functions or 

activation of signaling pathways (Piomelli, 2003), that finally require higher levels of 2-AG 

than AEA. Furthermore, after short-term diet protocol, both lipids were higher in plasma 

relative to cerebral and adipose tissue. While few studies have examined the possible role of 

2-AG in pregnancy (Paria et al., 1998, Wang et al., 2007, Fonseca et al., 2010a), high AEA 

levels are associated with alteration in blastocyst development, oviductal transport and 

implantation (Maccarrone et al., 2002, Wang et al., 2004, Wang et al., 2006b, Fezza et al., 

2008). In humans, low levels of the AEA-degradative enzyme, FAAH, and high levels of 

AEA have been found in women that eventually spontaneously miscarry (Maccarrone et al., 

2002, Taylor et al., 2011). In our studies, we also found a further increase of AEA in plasma 

after prolonged diet administration, which neither was affected by high-fat omega-3 diet 
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treatment nor by high-fat omega-6 diet, rich in AEA precursor. Furthermore, we found a 

decrease of embryos born in both treated groups. By contrast, after nine weeks of treatment, 

lower concentrations of 2-AG were found in plasma with respect to the short protocol and, 

more interestingly, omega-3 high-fat diet induced a significant increase of 2-AG levels, 

relative to controls. These changes could be related to the fat composition of diets. In fact, it is 

reported, that dietary sources of omega-3 PUFAs, with 13.7% of total calories provide as fat, 

reduce the concentration of AEA and 2-AG in plasma and brain (Wood et al., 2010). 

Moreover, circulating increase of both eCBs were shown to be higher in obese compared with 

lean women (Engeli et al., 2005, Matias et al., 2006).  

Studies measuring tissue contents or release of AEA from leukocytes (Bisogno et al., 1997), 

brain, liver and intestine (Fegley et al., 2005) have so far revealed that production of AEA is 

often accompanied by substantially higher amounts of N-acylethanolamides derived from 

other fatty acids, particularly N-palmitoylethanolamide (PEA; C16:0) and N-

oleoylethanolamide (OEA; C18:1). Metabolic enzymes of AEA are NAPE-PLD and FAAH, 

which are responsible for its synthesis and degradation, respectively. Similar biosynthetic 

pathways using the fatty acids, palmitic acid and oleic acid have also been suggested to 

produce PEA and OEA, respectively (Hansen et al., 2000, Okamoto et al., 2004). They are 

endogenous ligands for PPAR- (Lo Verme et al., 2005). OEA has primary been studied as 

satiety factor (Rodriguez de Fonseca et al., 2001, Fu et al., 2003), while PEA as an inti-

inflammatory factor (Calignano et al., 1998, Jaggar et al., 1998). During pregnancy, plasma 

and tissue levels of these two AEA-like mediators also fluctuate, suggesting a possible role in 

pregnancy maintenance and/or success (Fonseca et al., 2010b). The results presented here, 

about PEA and OEA levels, showed that the administration of both hypercaloric diet 

protocols induces a similar distribution to AEA in pregnant mice. According to some possible 

scenarios proposed to describe PEA mechanism of action, this compound may potentiate 

AEA effect by competing with AEA for FAAH-mediated degradation (LoVerme et al., 2005). 

Moreover, like for AEA, high-fat diets did not affect this distribution.  

In summary, according to the evidence presented, these data underline the relationship 

between PUFAs and eCBs during gestation but it should be noted that levels of these lipids 

depend on metabolic enzyme activities in maternal tissue and further investigations are 

required to elucidate the correlation between endocannabinoid system and high-fat diets.  
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Effect of hypercaloric diets on the eCB system in E18 embryos 

We therefore measured the levels of eCBs in brain and plasma tissue from E18 male and 

female embryos of mothers fed with hypercaloric diets, and compared then to the transcript 

and protein levels of eCB metabolizing enzymes. The results revealed that, like in plasma of 

mothers, 2-AG levels are higher than AEA after long-term protocol and high-fat diets induce 

slight but not significant changes in their levels. By contrast, in cerebral tissue of both male 

and female embryos, omega-3 and omeg-6 long-term diets affect AEA concentration. These 

data, with the qPCR and western blot results, suggest a relationship among AEA, CB1R and 

FAAH. It is known, in fact, that activation of CB1R may regulate the biosynthesis of its 

endogenous ligands and low AEA levels were found in hippocampus of CB1R knockout 

homozygotes mice (Hunter and Burstein, 1997, Di Marzo et al., 2000). Here, we 

demonstrated that AEA is down-regulated by omega-3 and omega-6 long-term diet treatment 

in cerebral tissue of female embryos, and faah transcript was found up-regulated after short-

term protocol, but not after long-term protocol. Moreover, also both transcript and protein 

levels of CB1R were decreased in both omega-3 and omega-6 diet groups after only short-

term protocol. Taken together, these data suggest that high-fat diet administration for a long-

period down-regulates AEA concentration through the combination of two different 

mechanisms. In particular, we presume that the slight increase of faah is not sufficient to 

induce the strongly AEA decrease found in female embryonic brain. Instead, the combination 

with the changes in CB1R expression could maintain this status until the end of the treatment 

where both enzyme and receptor levels are normalized. This hypothesis is underscored also 

by male results. As such, omega-6 diet decrease AEA levels in cerebral tissue after long-term 

administration and this is correlated with an up-regulation of faah transcript levels, and a 

down-regulation of CB1R still present also after LTD protocol. Moreover, omega-3 diet 

induced no significant alteration in AEA levels thanks to the up-regulation of both CB1R and 

faah expression. In line with this, should be important evaluate also the protein expression of 

FAAH. 

It is known that OEA and PEA are structurally similar to AEA, and although they exhibit 

little or no activity at the CB1R, they are thought to be “entourage compounds” that modulate 

the effects of AEA and these receptors by inhibiting AEA degradation, thereby indirectly 

prolongation its biological effect (Jonsson et al., 2001, Lambert et al., 2002, Rodriguez de 

Fonseca et al., 2005, Garcia Mdel et al., 2009). In line with this, in embryos, the high-fat diet 

effects on AEA concentration were found accompanied by the same, but less strong, alteration 

in PEA levels. By contrast, we found an increase of OEA levels in omega-3 groups in both 
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female and male embryos tissues. This is correlated to the composition of the diet which is 

rich in oleic acid, precursor of this lipid. 

There is strong evidence in support of AEA as modulator/activator of TRPV1 receptors in 

both the peripheral nervous system and the CNS (Ross, 2003, Chavez et al., 2010). This 

vanilloid receptor is part of a large family of transient receptor potential (TRP) channels, 

which typically act as molecular detector of noxious signals in primary sensory neurons 

(Caterina and Julius, 2001, Ramsey et al., 2006). In brain, TRPV1 can be found in prefrontal 

cortex, amygdala, hypothalamus, cerebellum, hippocampus and dentate gyrus, and functional 

studies have demonstrated that exogenous activation of TRPV1 facilities transmitter release in 

different cerebral areas (Sasamura et al., 1998, Yang et al., 1998, Doyle et al., 2002, Marinelli 

et al., 2002, Marinelli et al., 2003, Musella et al., 2009). Moreover, recent studies showed the 

interaction between omega-3 PUFAs and TRPV1 (Matta et al., 2007), particularly in obesity 

(Suri and Szallasi, 2008). Ablation of TRPV1-positive fibers is reported to diminish weight 

gain and improves glucose tolerance both in mice on a high-fat diet and in rat models of type 

2 diabetes (Suri and Szallasi, 2008). In the present study, we demonstrated that while TRPV1 

protein levels did not significant change after both experimental diet protocols, the transcript 

showed a strong decrease in brain of male embryos after both omega-3 and omega-6 long-

term diet administration. Therefore, further studies are needed to better understand the 

mechanism and the consequences of these variations.  

The CB1R mediates numerous physiological functions in the CNS (Sim et al., 1996, Eggan 

and Lewis, 2007) as a pre-synaptic modulator of neurotransmitter release, including, but not 

limited to energy balance, neuroprotection, pain and cellular differentiation and proliferation 

(Pertwee, 2006, Bennetzen, 2011). Based on the location and function of CB1R in the CNS, it 

is no surprise that CB1R provide a potentially promising therapeutic target for a diverse 

number of diseases and disorders (Seely et al., 2011). The recently identified cannabinoid 

receptor-interacting protein 1a (Cnrip1a, CRIP1a), expressed in the developing rodent 

forebrain (Keimpema et al., 2010), binds the C-terminal domain of CB1R, a region known to 

be important for receptor desensitization and internalization (Niehaus et al., 2007, Smith et 

al., 2010, Smith et al., 2015), indicating a role in modulating receptor activity. Moreover, in 

their studies, Blume et al. (Blume et al., 2015) reported that CRIP1a attenuated CB1R 

signaling in neuronal cells. In line with that, our data show that in female embryos, Cnrip1a 

transcript levels did not reveal significant differences. However, the protein profile showed an 

increase in CRIP1a expression after omega-3 and omega-6 short-term diet treatment, which 

correlates with the decrease of CB1R protein expression in the same embryonic tissue. 

Furthermore, in male embryos, after the same experimental protocol, where the CB1R is 
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down-regulated in omega-6 diet group, CRIP1a was found increased. These findings support 

the idea of the functional interaction between CRIP1a and CB1R, and hypercaloric diets, rich 

in omega-3 or in omega-6 PUFAs, could modulate these proteins both in female and in male 

embryos. Interestingly, the prolongation of diet administration did not affect CRIP1a mRNA 

and protein levels in female embryos, which correlates with the mechanism explained before. 

In contrast, in males, we found a significant decrease of both proteins, CRIP1a and CB1R, 

which allowed us to entertain the possibility that both diets could have a direct effect on 

cannabinoid receptors and not only through the modulation of its interacting protein. 

It can be concluded from the first approach of this study that high fat diets during gestation 

can induce changes in endocannabinoid system in both female and male embryos. Moreover, 

the short-term exposure of two weeks of omega-3 and omega-6 diet feeding is already 

sufficient to allow alteration of eCB system, especially CB1R. These results demonstrate also 

the link between dietary PUFA intake and eCBs tissue concentration. 

 

Isocaloric diets  

To better characterize the effect of PUFAs, in the second part of this thesis we focused our 

attention on omega-3 PUFAs. The American diet emphasized omega-6 PUFAs at the expense 

of omega-3 PUFAs. It is known that omega-3 PUFAs are crucial in fetal and neonatal brain 

and nervous system development (Freeman, 2000) and may have beneficial effects in mood 

disorders (Haastrup et al., 2012). For this reason, we fed pregnant rats with isocaloric diets 

(6% fat) rich or poor in omega-3 but not in omega-6 throughout gestation and until adulthood. 

Different reports showed that diets enriched with long-chain omega-3 PUFA (EPA and DHA) 

decreased AA levels and resulted in lower eCB levels in the brain (Berger et al., 2001, 

Artmann et al., 2008, Wood et al., 2010). Nevertheless, our data showed that the effects of 

feeding omega-3 PUFA to rats are more complex than a simple decrease of AA. Indeed, we 

discovered that, during gestation, diets rich or poor in omega-3, but with the same content of 

omega-6 PUFA, markedly affect the eCB system through mechanisms that involve the most 

important enzymes responsible for the metabolism of its ligands in hippocampus of E18 

embryos. In this part of the project, AEA and 2-AG concentrations were not directly 

measured, however, NAPE-PLD and DAGL  protein levels were found changed by both 

isocaloric diets, as well as the degradative enzyme FAAH. Finally, no significant alterations 

were found in CB1R expression. Interestingly, this is in contrast with what we found after 

high-fat diets treatment, and suggest the both omega-3 and omega-6 PUFA alteration are 

necessary to affect this receptor. 
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One of the brain structure associated with learning and memory as well as mood is the 

hippocampus. Interestingly, the hippocampus is one of the two structures in the adult brain 

where the formation of the newborn neurons, or neurogenesis, persists till adulthood. Changes 

in PUFAs intake, for instance by dietary depletion during pre- and post-natal life, but also 

throughout adulthood correlate with neurochemical alterations in the hippocampus (Chalon et 

al., 2001). During embryogenesis, between E14 and E17 synaptogenesis is initiated and 

coincides with large increases in brain fatty acid accumulation, including DHA (Green et al., 

1999). Different studies associated DHA deficient or supplementation to major aspect of 

synapse development and function, including the expression of pre- and post-synaptic 

proteins involved in vesicle trafficking and recycling processes as well as synaptic 

transmission. Moreover, Cao and collaboration (Cao et al., 2009) showed that the gestational 

DHA-deprivation in fetal hippocampi inhibited neurite outgrowth and synaptogenesis in 

cultured hippocampus. Our data strongly suggest that omega-3 deficiency or enrichment diets 

affect the principal pre-synaptic marker of E18 hippocampal tissue, but not those localized 

postsynapticaly. Interestingly, these alterations were not found in adult rats where maternal 

malnutrition leads to long-term behavioral alterations characterized by the presence of 

recognition memory deficits. Beside its important role during gestation, in brain, the spatio-

temporal expression of the eCB system guides major developmental processes including 

neurogenesis, cell differentiation, cell migration, neuronal specification and synaptogenesis 

(Harkany et al., 2007, Maccarrone et al., 2015). Furthermore, endocannabinoid signaling 

emerges as a key modulator of emotions and cognition (Campolongo and Trezza, 2012). For 

these reasons, a dysregulation of this system during a crucial time window of neuronal 

development, such as embryogenesis, might affect neuronal markers and cause behavioral 

alterations in adult rats.  

As a whole, the second approach of this study supports our hypothesis about a relationship 

between PUFAs and the endocannabinoid system and provides further evidence on the 

importance of omega-3 PUFA on hippocampal development and functioning. 

 

Effect of PUFAs in vitro 

Brain development, is regulated by a variety of extracellular signaling that, together with 

neuronal activity, orchestrate and regulate progenitor proliferation, differentiation and 

neuronal maturation. Different studies in vitro and in vivo have directly related omega-3 and 

omega-6 to neurogenesis and neurite outgrowth (Calderon and Kim, 2004, Kawakita et al., 

2006, Cao et al., 2009, Robson et al., 2010, Crupi et al., 2013), but the mechanism behind its 

role has yet to be fully established. The formation, guidance and stabilization of neurites, are 
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the key feature of both the developing and adult nervous system. Here, we provide evidence 

that cortical/hippocampal neurons supplemented with omega-3 and omega-6 PUFAs 

increased total neurite length. Moreover, both PUFA series increased both individual neurite 

length and axonal length. Given the role of the eCB system in neuronal development and the 

axonal targeting of CB1Rs (Maccarrone et al., 2014) could be interesting evaluate also the 

expression of this receptor. 

 

All together, our results suggest that changes in dietary omega-3/omega-6 PUFAs ratio during 

gestation affect the endocannabinoid system in the brain of the offspring and the major effect 

of diets are present at the beginning of the treatment (i.e during gestation).  

 



80 | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 | P a g e  

 

Adlard BP, Dobbing J (1972) Vulnerability of developing brain. V. Effects of fetal and 

postnatal undernutrition on regional brain enzyme activities in three-week-old rats. 

Pediatric research 6:38-42. 

Aguado T (2005) The endocannabinoid system drives neural progenitor proliferation. FASEB 

J 19:1704-1706. 

Aguado T, Monory K, Palazuelos J, Stella N, Cravatt B, Lutz B, Marsicano G, Kokaia Z, 

Guzman M, Galve-Roperh I (2005) The endocannabinoid system drives neural 

progenitor proliferation. FASEB journal : official publication of the Federation of 

American Societies for Experimental Biology 19:1704-1706. 

Aguado T, Palazuelos J, Monory K, Stella N, Cravatt B, Lutz B, Marsicano G, Kokaia Z, 

Guzman M, Galve-Roperh I (2006) The endocannabinoid system promotes astroglial 

differentiation by acting on neural progenitor cells. The Journal of neuroscience : the 

official journal of the Society for Neuroscience 26:1551-1561. 

Aguado T, Romero E, Monory K, Palazuelos J, Sendtner M, Marsicano G, Lutz B, Guzman 

M, Galve-Roperh I (2007) The CB1 cannabinoid receptor mediates excitotoxicity-

induced neural progenitor proliferation and neurogenesis. The Journal of biological 

chemistry 282:23892-23898. 

Ahmad A, Moriguchi T, Salem N (2002a) Decrease in neuron size in docosahexaenoic acid-

deficient brain. Pediatric neurology 26:210-218. 

Ahmad A, Murthy M, Greiner RS, Moriguchi T, Salem N, Jr. (2002b) A decrease in cell size 

accompanies a loss of docosahexaenoate in the rat hippocampus. Nutritional 

neuroscience 5:103-113. 

Al MD, van Houwelingen AC, Hornstra G (2000) Long-chain polyunsaturated fatty acids, 

pregnancy, and pregnancy outcome. The American journal of clinical nutrition 

71:285s-291s. 

Anavi-Goffer S, Mulder J (2009) The polarised life of the endocannabinoid system in CNS 

development. Chembiochem : a European journal of chemical biology 10:1591-1598. 

Arevalo-Martin A, Garcia-Ovejero D, Gomez O, Rubio-Araiz A, Navarro-Galve B, Guaza C, 

Molina-Holgado E, Molina-Holgado F (2008) CB2 cannabinoid receptors as an 

emerging target for demyelinating diseases: from neuroimmune interactions to cell 

replacement strategies. British journal of pharmacology 153:216-225. 

Argaw A, Duff G, Zabouri N, Cecyre B, Chaine N, Cherif H, Tea N, Lutz B, Ptito M, 

Bouchard JF (2011) Concerted action of CB1 cannabinoid receptor and deleted in 

colorectal cancer in axon guidance. The Journal of neuroscience : the official journal 

of the Society for Neuroscience 31:1489-1499. 



82 | P a g e  

 

Artmann A, Petersen G, Hellgren LI, Boberg J, Skonberg C, Nellemann C, Hansen SH, 

Hansen HS (2008) Influence of dietary fatty acids on endocannabinoid and N-

acylethanolamine levels in rat brain, liver and small intestine. Biochimica et 

biophysica acta 1781:200-212. 

Ashton JC, Glass M (2007) The cannabinoid CB2 receptor as a target for inflammation-

dependent neurodegeneration. Current neuropharmacology 5:73-80. 

Beltramo M, Stella N, Calignano A, Lin SY, Makriyannis A, Piomelli D (1997) Functional 

role of high-affinity anandamide transport, as revealed by selective inhibition. Science 

(New York, NY) 277:1094-1097. 

Benes FM (1989) Myelination of cortical-hippocampal relays during late adolescence. 

Schizophrenia bulletin 15:585-593. 

Benito C, Tolon RM, Pazos MR, Nunez E, Castillo AI, Romero J (2008) Cannabinoid CB2 

receptors in human brain inflammation. British journal of pharmacology 153:277-285. 

Bennetzen MF (2011) Investigations of the endocannabinoid system in adipose tissue: effects 

of obesity/ weight loss and treatment options. Danish medical bulletin 58:B4269. 

Berger A, Crozier G, Bisogno T, Cavaliere P, Innis S, Di Marzo V (2001) Anandamide and 

diet: inclusion of dietary arachidonate and docosahexaenoate leads to increased brain 

levels of the corresponding N-acylethanolamines in piglets. Proceedings of the 

National Academy of Sciences of the United States of America 98:6402-6406. 

Berghuis P (2007) Hardwiring the brain: endocannabinoids shape neuronal connectivity. 

Science (New York, NY) 316:1212-1216. 

Berghuis P, Agerman K, Dobszay MB, Minichiello L, Harkany T, Ernfors P (2006) Brain-

derived neurotrophic factor selectively regulates dendritogenesis of parvalbumin-

containing interneurons in the main olfactory bulb through the PLCgamma pathway. 

Journal of neurobiology 66:1437-1451. 

Berghuis P, Dobszay MB, Wang X, Spano S, Ledda F, Sousa KM, Schulte G, Ernfors P, 

Mackie K, Paratcha G, Hurd YL, Harkany T (2005) Endocannabinoids regulate 

interneuron migration and morphogenesis by transactivating the TrkB receptor. 

Proceedings of the National Academy of Sciences of the United States of America 

102:19115-19120. 

Berghuis P, Rajnicek AM, Morozov YM, Ross RA, Mulder J, Urban GM, Monory K, 

Marsicano G, Matteoli M, Canty A, Irving AJ, Katona I, Yanagawa Y, Rakic P, Lutz 

B, Mackie K, Harkany T (2007) Hardwiring the brain: endocannabinoids shape 

neuronal connectivity. Science (New York, NY) 316:1212-1216. 



83 | P a g e  

 

Bernard C, Milh M, Morozov YM, Ben-Ari Y, Freund TF, Gozlan H (2005) Altering 

cannabinoid signaling during development disrupts neuronal activity. Proceedings of 

the National Academy of Sciences of the United States of America 102:9388-9393. 

Berrendero F (1998) Localization of mRNA expression and activation of signal transduction 

mechanisms for cannabinoid receptor in rat brain during fetal development. 

Development (Cambridge, England) 125:3179-3188. 

Berrendero F, Sepe N, Ramos JA, Di Marzo V, Fernandez-Ruiz JJ (1999) Analysis of 

cannabinoid receptor binding and mRNA expression and endogenous cannabinoid 

contents in the developing rat brain during late gestation and early postnatal period. 

Synapse (New York, NY) 33:181-191. 

Bhatia HS, Agrawal R, Sharma S, Huo YX, Ying Z, Gomez-Pinilla F (2011) Omega-3 fatty 

acid deficiency during brain maturation reduces neuronal and behavioral plasticity in 

adulthood. PloS one 6:e28451. 

Bisogno T (2003) Cloning of the first sn-1-DAG lipases points to the spatial and temporal 

regulation of endocannabinoid signaling in the brain. J Cell Biol 163:463-468. 

Bisogno T, Howell F, Williams G, Minassi A, Cascio MG, Ligresti A, Matias I, Schiano-

Moriello A, Paul P, Williams EJ, Gangadharan U, Hobbs C, Di Marzo V, Doherty P 

(2003) Cloning of the first sn1-DAG lipases points to the spatial and temporal 

regulation of endocannabinoid signaling in the brain. The Journal of cell biology 

163:463-468. 

Bisogno T, Maurelli S, Melck D, De Petrocellis L, Di Marzo V (1997) Biosynthesis, uptake, 

and degradation of anandamide and palmitoylethanolamide in leukocytes. The Journal 

of biological chemistry 272:3315-3323. 

Blume LC, Eldeeb K, Bass CE, Selley DE, Howlett AC (2015) Cannabinoid receptor 

interacting protein (CRIP1a) attenuates CB1R signaling in neuronal cells. Cellular 

signalling 27:716-726. 

Boulton TJ, Dunlop M, Court JM (1978) The growth and development of fat cells in infancy. 

Pediatric research 12:908-911. 

Bradford MM (1976) A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Analytical 

biochemistry 72:248-254. 

Bradshaw HB, Walker JM (2005) The expanding field of cannabimimetic and related lipid 

mediators. British journal of pharmacology 144:459-465. 



84 | P a g e  

 

Bromberg KD, Ma'ayan A, Neves SR, Iyengar R (2008) Design logic of a cannabinoid 

receptor signaling network that triggers neurite outgrowth. Science (New York, NY) 

320:903-909. 

Buckley NE, Hansson S, Harta G, Mezey E (1998) Expression of the CB1 and CB2 receptor 

messenger RNAs during embryonic development in the rat. Neuroscience 82:1131-

1149. 

Cadas H, Gaillet S, Beltramo M, Venance L, Piomelli D (1996) Biosynthesis of an 

endogenous cannabinoid precursor in neurons and its control by calcium and cAMP. 

The Journal of neuroscience : the official journal of the Society for Neuroscience 

16:3934-3942. 

Calderon F, Kim HY (2004) Docosahexaenoic acid promotes neurite growth in hippocampal 

neurons. Journal of neurochemistry 90:979-988. 

Calignano A, La Rana G, Giuffrida A, Piomelli D (1998) Control of pain initiation by 

endogenous cannabinoids. Nature 394:277-281. 

Campolongo P, Trezza V (2012) The endocannabinoid system: a key modulator of emotions 

and cognition. Frontiers in behavioral neuroscience 6:73. 

Cansev M, Wurtman RJ, Sakamoto T, Ulus IH (2008) Oral administration of circulating 

precursors for membrane phosphatides can promote the synthesis of new brain 

synapses. Alzheimer's & dementia : the journal of the Alzheimer's Association 

4:S153-168. 

Cao D, Kevala K, Kim J, Moon HS, Jun SB, Lovinger D, Kim HY (2009) Docosahexaenoic 

acid promotes hippocampal neuronal development and synaptic function. Journal of 

neurochemistry 111:510-521. 

Carnielli VP, Simonato M, Verlato G, Luijendijk I, De Curtis M, Sauer PJ, Cogo PE (2007) 

Synthesis of long-chain polyunsaturated fatty acids in preterm newborns fed formula 

with long-chain polyunsaturated fatty acids. The American journal of clinical nutrition 

86:1323-1330. 

Castillo PE, Younts TJ, Chavez AE, Hashimotodani Y (2012) Endocannabinoid signaling and 

synaptic function. Neuron 76:70-81. 

Caterina MJ, Julius D (2001) The vanilloid receptor: a molecular gateway to the pain 

pathway. Annual review of neuroscience 24:487-517. 

Chalon S (2006) Omega-3 fatty acids and monoamine neurotransmission. Prostaglandins, 

leukotrienes, and essential fatty acids 75:259-269. 



85 | P a g e  

 

Chalon S, Delion-Vancassel S, Belzung C, Guilloteau D, Leguisquet AM, Besnard JC, 

Durand G (1998) Dietary fish oil affects monoaminergic neurotransmission and 

behavior in rats. The Journal of nutrition 128:2512-2519. 

Chalon S, Vancassel S, Zimmer L, Guilloteau D, Durand G (2001) Polyunsaturated fatty 

acids and cerebral function: focus on monoaminergic neurotransmission. Lipids 

36:937-944. 

Chan HW, McKirdy NC, Peiris HN, Rice GE, Mitchell MD (2013) The role of 

endocannabinoids in pregnancy. Reproduction (Cambridge, England) 146:R101-109. 

Chavez AE, Chiu CQ, Castillo PE (2010) TRPV1 activation by endogenous anandamide 

triggers postsynaptic long-term depression in dentate gyrus. Nature neuroscience 

13:1511-1518. 

Chen J, Lee CT, Errico S, Deng X, Cadet JL, Freed WJ (2005) Protective effects of Delta(9)-

tetrahydrocannabinol against N-methyl-d-aspartate-induced AF5 cell death. Brain 

research Molecular brain research 134:215-225. 

Cheruku SR, Montgomery-Downs HE, Farkas SL, Thoman EB, Lammi-Keefe CJ (2002) 

Higher maternal plasma docosahexaenoic acid during pregnancy is associated with 

more mature neonatal sleep-state patterning. The American journal of clinical nutrition 

76:608-613. 

Chorvat RJ, Berbaum J, Seriacki K, McElroy JF (2012) JD-5006 and JD-5037: peripherally 

restricted (PR) cannabinoid-1 receptor blockers related to SLV-319 (Ibipinabant) as 

metabolic disorder therapeutics devoid of CNS liabilities. Bioorganic & medicinal 

chemistry letters 22:6173-6180. 

Clandinin MT, Chappell JE, van Aerde JE (1989) Requirements of newborn infants for long 

chain polyunsaturated fatty acids. Acta paediatrica Scandinavica Supplement 351:63-

71. 

Cockburn K, Rossant J (2010) Making the blastocyst: lessons from the mouse. The Journal of 

clinical investigation 120:995-1003. 

Coti Bertrand P, O'Kusky JR, Innis SM (2006) Maternal dietary (n-3) fatty acid deficiency 

alters neurogenesis in the embryonic rat brain. The Journal of nutrition 136:1570-

1575. 

Courchesne E, Chisum HJ, Townsend J, Cowles A, Covington J, Egaas B, Harwood M, Hinds 

S, Press GA (2000) Normal brain development and aging: quantitative analysis at in 

vivo MR imaging in healthy volunteers. Radiology 216:672-682. 



86 | P a g e  

 

Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA, Gilula NB (1996) Molecular 

characterization of an enzyme that degrades neuromodulatory fatty-acid amides. 

Nature 384:83-87. 

Crawford MA (1992) The role of dietary fatty acids in biology: their place in the evolution of 

the human brain. Nutrition reviews 50:3-11. 

Crawford MA, Golfetto I, Ghebremeskel K, Min Y, Moodley T, Poston L, Phylactos A, 

Cunnane S, Schmidt W (2003) The potential role for arachidonic and docosahexaenoic 

acids in protection against some central nervous system injuries in preterm infants. 

Lipids 38:303-315. 

Crupi R, Marino A, Cuzzocrea S (2013) n-3 fatty acids: role in neurogenesis and 

neuroplasticity. Current medicinal chemistry 20:2953-2963. 

Daniels JL, Longnecker MP, Rowland AS, Golding J (2004) Fish intake during pregnancy 

and early cognitive development of offspring. Epidemiology (Cambridge, Mass) 

15:394-402. 

De Marchi N, De Petrocellis L, Orlando P, Daniele F, Fezza F, Di Marzo V (2003) 

Endocannabinoid signalling in the blood of patients with schizophrenia. Lipids in 

health and disease 2:5. 

Delion S, Chalon S, Guilloteau D, Lejeune B, Besnard JC, Durand G (1997) Age-related 

changes in phospholipid fatty acid composition and monoaminergic neurotransmission 

in the hippocampus of rats fed a balanced or an n-3 polyunsaturated fatty acid-

deficient diet. Journal of lipid research 38:680-689. 

Delion S, Chalon S, Herault J, Guilloteau D, Besnard JC, Durand G (1994) Chronic dietary 

alpha-linolenic acid deficiency alters dopaminergic and serotoninergic 

neurotransmission in rats. The Journal of nutrition 124:2466-2476. 

Dennedy MC, Friel AM, Houlihan DD, Broderick VM, Smith T, Morrison JJ (2004) 

Cannabinoids and the human uterus during pregnancy. American journal of obstetrics 

and gynecology 190:2-9; discussion 3A. 

Devane WA (1992) Isolation and structure of a brain constituent that binds to the cannabinoid 

receptor. Science (New York, NY) 258:1946-1949. 

Devane WA, Dysarz FA, 3rd, Johnson MR, Melvin LS, Howlett AC (1988) Determination 

and characterization of a cannabinoid receptor in rat brain. Molecular pharmacology 

34:605-613. 

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D, 

Mandelbaum A, Etinger A, Mechoulam R (1992) Isolation and structure of a brain 



87 | P a g e  

 

constituent that binds to the cannabinoid receptor. Science (New York, NY) 258:1946-

1949. 

Di Marzo V, Breivogel CS, Tao Q, Bridgen DT, Razdan RK, Zimmer AM, Zimmer A, Martin 

BR (2000) Levels, metabolism, and pharmacological activity of anandamide in CB(1) 

cannabinoid receptor knockout mice: evidence for non-CB(1), non-CB(2) receptor-

mediated actions of anandamide in mouse brain. Journal of neurochemistry 75:2434-

2444. 

Di Marzo V, De Petrocellis L (2010) Endocannabinoids as regulators of transient receptor 

potential (TRP) channels: A further opportunity to develop new endocannabinoid-

based therapeutic drugs. Current medicinal chemistry 17:1430-1449. 

Di Marzo V, Fontana A, Cadas H, Schinelli S, Cimino G, Schwartz JC, Piomelli D (1994) 

Formation and inactivation of endogenous cannabinoid anandamide in central 

neurons. Nature 372:686-691. 

Di Marzo V, Melck D, Bisogno T, De Petrocellis L (1998) Endocannabinoids: endogenous 

cannabinoid receptor ligands with neuromodulatory action. Trends in neurosciences 

21:521-528. 

Diaz-Alonso J, Aguado T, Wu CS, Palazuelos J, Hofmann C, Garcez P, Guillemot F, Lu HC, 

Lutz B, Guzman M, Galve-Roperh I (2012) The CB(1) cannabinoid receptor drives 

corticospinal motor neuron differentiation through the Ctip2/Satb2 transcriptional 

regulation axis. The Journal of neuroscience : the official journal of the Society for 

Neuroscience 32:16651-16665. 

Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL, Kathuria S, Piomelli D 

(2002) Brain monoglyceride lipase participating in endocannabinoid inactivation. 

Proceedings of the National Academy of Sciences of the United States of America 

99:10819-10824. 

Dobbing J (1971) Vulnerable periods of brain development. In: lipids, malnutrition & the 

developing brain. Ciba Foundation symposium 9-29. 

Doyle MW, Bailey TW, Jin YH, Andresen MC (2002) Vanilloid receptors presynaptically 

modulate cranial visceral afferent synaptic transmission in nucleus tractus solitarius. 

The Journal of neuroscience : the official journal of the Society for Neuroscience 

22:8222-8229. 

Dunlop M, Court JM (1978) Lipogenesis in developing human adipose tissue. Early human 

development 2:123-130. 



88 | P a g e  

 

Eggan SM, Lewis DA (2007) Immunocytochemical distribution of the cannabinoid CB1 

receptor in the primate neocortex: a regional and laminar analysis. Cerebral cortex 

(New York, NY : 1991) 17:175-191. 

Engeli S, Bohnke J, Feldpausch M, Gorzelniak K, Janke J, Batkai S, Pacher P, Harvey-White 

J, Luft FC, Sharma AM, Jordan J (2005) Activation of the peripheral endocannabinoid 

system in human obesity. Diabetes 54:2838-2843. 

Fegley D, Gaetani S, Duranti A, Tontini A, Mor M, Tarzia G, Piomelli D (2005) 

Characterization of the fatty acid amide hydrolase inhibitor cyclohexyl carbamic acid 

3'-carbamoyl-biphenyl-3-yl ester (URB597): effects on anandamide and 

oleoylethanolamide deactivation. The Journal of pharmacology and experimental 

therapeutics 313:352-358. 

Fernandez-Ruiz J, Berrendero F, Hernandez ML, Ramos JA (2000) The endogenous 

cannabinoid system and brain development. Trends in neurosciences 23:14-20. 

Fernandez-Ruiz J, Romero J, Velasco G, Tolon RM, Ramos JA, Guzman M (2007) 

Cannabinoid CB2 receptor: a new target for controlling neural cell survival? Trends in 

pharmacological sciences 28:39-45. 

Fezza F, Bari M, Florio R, Talamonti E, Feole M, Maccarrone M (2014) Endocannabinoids, 

related compounds and their metabolic routes. Molecules (Basel, Switzerland) 

19:17078-17106. 

Fezza F, De Simone C, Amadio D, Maccarrone M (2008) Fatty acid amide hydrolase: a gate-

keeper of the endocannabinoid system. Sub-cellular biochemistry 49:101-132. 

Fiskerstrand T, H'Mida-Ben Brahim D, Johansson S, M'Zahem A, Haukanes BI, Drouot N, 

Zimmermann J, Cole AJ, Vedeler C, Bredrup C, Assoum M, Tazir M, Klockgether T, 

Hamri A, Steen VM, Boman H, Bindoff LA, Koenig M, Knappskog PM (2010) 

Mutations in ABHD12 cause the neurodegenerative disease PHARC: An inborn error 

of endocannabinoid metabolism. American journal of human genetics 87:410-417. 

Fonseca BM, Correia-da-Silva G, Taylor AH, Lam PM, Marczylo TH, Bell SC, Konje JC, 

Teixeira NA (2010a) The endocannabinoid 2-arachidonoylglycerol (2-AG) and 

metabolizing enzymes during rat fetoplacental development: a role in uterine 

remodelling. The international journal of biochemistry & cell biology 42:1884-1892. 

Fonseca BM, Correia-da-Silva G, Taylor AH, Lam PM, Marczylo TH, Konje JC, Bell SC, 

Teixeira NA (2010b) N-acylethanolamine levels and expression of their metabolizing 

enzymes during pregnancy. Endocrinology 151:3965-3974. 



89 | P a g e  

 

Fontani G, Corradeschi F, Felici A, Alfatti F, Migliorini S, Lodi L (2005) Cognitive and 

physiological effects of Omega-3 polyunsaturated fatty acid supplementation in 

healthy subjects. European journal of clinical investigation 35:691-699. 

Freeman MP (2000) Omega-3 fatty acids in psychiatry: a review. Annals of clinical 

psychiatry : official journal of the American Academy of Clinical Psychiatrists 

12:159-165. 

Fride E (2008) Multiple roles for the endocannabinoid system during the earliest stages of 

life: pre- and postnatal development. Journal of neuroendocrinology 20 Suppl 1:75-81. 

Fu J, Gaetani S, Oveisi F, Lo Verme J, Serrano A, Rodriguez De Fonseca F, Rosengarth A, 

Luecke H, Di Giacomo B, Tarzia G, Piomelli D (2003) Oleylethanolamide regulates 

feeding and body weight through activation of the nuclear receptor PPAR-alpha. 

Nature 425:90-93. 

Galve-Roperh I, Aguado T, Palazuelos J, Guzman M (2007) The endocannabinoid system and 

neurogenesis in health and disease. The Neuroscientist : a review journal bringing 

neurobiology, neurology and psychiatry 13:109-114. 

Galve-Roperh I, Aguado T, Rueda D, Velasco G, Guzman M (2006) Endocannabinoids: a 

new family of lipid mediators involved in the regulation of neural cell development. 

Current pharmaceutical design 12:2319-2325. 

Galve-Roperh I, Palazuelos J, Aguado T, Guzman M (2009) The endocannabinoid system and 

the regulation of neural development: potential implications in psychiatric disorders. 

European archives of psychiatry and clinical neuroscience 259:371-382. 

Gamoh S, Hashimoto M, Hossain S, Masumura S (2001) Chronic administration of 

docosahexaenoic acid improves the performance of radial arm maze task in aged rats. 

Clinical and experimental pharmacology & physiology 28:266-270. 

Gao Y (2010) Loss of retrograde endocannabinoid signaling and reduced adult neurogenesis 

in diacylglycerol lipase knock-out mice. J Neurosci 30:2017-2024. 

Gao Y, Vasilyev DV, Goncalves MB, Howell FV, Hobbs C, Reisenberg M, Shen R, Zhang 

MY, Strassle BW, Lu P, Mark L, Piesla MJ, Deng K, Kouranova EV, Ring RH, 

Whiteside GT, Bates B, Walsh FS, Williams G, Pangalos MN, Samad TA, Doherty P 

(2010) Loss of retrograde endocannabinoid signaling and reduced adult neurogenesis 

in diacylglycerol lipase knock-out mice. The Journal of neuroscience : the official 

journal of the Society for Neuroscience 30:2017-2024. 

Garcia Mdel C, Adler-Graschinsky E, Celuch SM (2009) Enhancement of the hypotensive 

effects of intrathecally injected endocannabinoids by the entourage compound 

palmitoylethanolamide. European journal of pharmacology 610:75-80. 



90 | P a g e  

 

Goncalves MB (2008) A diacylglycerol lipase-CB2 cannabinoid pathway regulates adult 

subventricular zone neurogenesis in an age-dependent manner. Mol Cell Neurosci 

38:526-536. 

Green P, Glozman S, Kamensky B, Yavin E (1999) Developmental changes in rat brain 

membrane lipids and fatty acids. The preferential prenatal accumulation of 

docosahexaenoic acid. Journal of lipid research 40:960-966. 

Guesnet P, Alessandri JM (2011) Docosahexaenoic acid (DHA) and the developing central 

nervous system (CNS) - Implications for dietary recommendations. Biochimie 93:7-

12. 

Gulyas AI (2004) Segregation of two endocannabinoid-hydrolyzing enzymes into pre- and 

postsynaptic compartments in the rat hippocampus, cerebellum and amygdala. Eur J 

Neurosci 20:441-458. 

Guzman M (2003) Cannabinoids: potential anticancer agents. Nature reviews Cancer 3:745-

755. 

Guzman M, Sanchez C, Galve-Roperh I (2001) Control of the cell survival/death decision by 

cannabinoids. Journal of molecular medicine (Berlin, Germany) 78:613-625. 

Haag M (2003) Essential fatty acids and the brain. Canadian journal of psychiatry Revue 

canadienne de psychiatrie 48:195-203. 

Haastrup E, Knorr U, Erikstrup C, Kessing LV, Ullum H (2012) No evidence for an anti-

inflammatory effect of escitalopram intervention in healthy individuals with a family 

history of depression. Journal of neuroimmunology 243:69-72. 

Haggarty P (2002) Placental regulation of fatty acid delivery and its effect on fetal growth--a 

review. Placenta 23 Suppl A:S28-38. 

Haggarty P (2004) Effect of placental function on fatty acid requirements during pregnancy. 

European journal of clinical nutrition 58:1559-1570. 

Hallahan B, Garland MR (2005) Essential fatty acids and mental health. The British journal of 

psychiatry : the journal of mental science 186:275-277. 

Hansen HH, Hansen SH, Schousboe A, Hansen HS (2000) Determination of the phospholipid 

precursor of anandamide and other N-acylethanolamine phospholipids before and after 

sodium azide-induced toxicity in cultured neocortical neurons. Journal of 

neurochemistry 75:861-871. 

Harkany T (2007) The emerging functions of endocannabinoid signaling during CNS 

development. Trends Pharmacol Sci 28:83-92. 



91 | P a g e  

 

Harkany T, Guzman M, Galve-Roperh I, Berghuis P, Devi LA, Mackie K (2007) The 

emerging functions of endocannabinoid signaling during CNS development. Trends in 

pharmacological sciences 28:83-92. 

Harkany T, Keimpema E, Barabas K, Mulder J (2008) Endocannabinoid functions controlling 

neuronal specification during brain development. Molecular and cellular 

endocrinology 286:S84-90. 

He C, Qu X, Cui L, Wang J, Kang JX (2009) Improved spatial learning performance of fat-1 

mice is associated with enhanced neurogenesis and neuritogenesis by docosahexaenoic 

acid. Proceedings of the National Academy of Sciences of the United States of 

America 106:11370-11375. 

Helland IB, Smith L, Saarem K, Saugstad OD, Drevon CA (2003) Maternal supplementation 

with very-long-chain n-3 fatty acids during pregnancy and lactation augments 

children's IQ at 4 years of age. Pediatrics 111:e39-44. 

Herkenham M, Lynn AB, Johnson MR, Melvin LS, de Costa BR, Rice KC (1991) 

Characterization and localization of cannabinoid receptors in rat brain: a quantitative 

in vitro autoradiographic study. The Journal of neuroscience : the official journal of 

the Society for Neuroscience 11:563-583. 

Herkenham M, Lynn AB, Little MD, Johnson MR, Melvin LS, de Costa BR, Rice KC (1990) 

Cannabinoid receptor localization in brain. Proceedings of the National Academy of 

Sciences of the United States of America 87:1932-1936. 

Herrera E (2002) Implications of dietary fatty acids during pregnancy on placental, fetal and 

postnatal development--a review. Placenta 23 Suppl A:S9-19. 

Hornstra G (2000) Essential fatty acids in mothers and their neonates. The American journal 

of clinical nutrition 71:1262s-1269s. 

Howlett AC (2002) International Union of Pharmacology. XXVII. Classification of 

cannabinoid receptors. Pharmacol Rev 54:161-202. 

Hunter SA, Burstein SH (1997) Receptor mediation in cannabinoid stimulated arachidonic 

acid mobilization and anandamide synthesis. Life sciences 60:1563-1573. 

Huttenlocher PR (1979) Synaptic density in human frontal cortex - developmental changes 

and effects of aging. Brain research 163:195-205. 

Inder TE, Huppi PS (2000) In vivo studies of brain development by magnetic resonance 

techniques. Mental retardation and developmental disabilities research reviews 6:59-

67. 

Innis SM (1991) Essential fatty acids in growth and development. Progress in lipid research 

30:39-103. 



92 | P a g e  

 

Innocenti GM, Price DJ (2005) Exuberance in the development of cortical networks. Nature 

reviews Neuroscience 6:955-965. 

Jaggar SI, Hasnie FS, Sellaturay S, Rice AS (1998) The anti-hyperalgesic actions of the 

cannabinoid anandamide and the putative CB2 receptor agonist 

palmitoylethanolamide in visceral and somatic inflammatory pain. Pain 76:189-199. 

Jenkin KA, McAinch AJ, Grinfeld E, Hryciw DH (2010) Role for cannabinoid receptors in 

human proximal tubular hypertrophy. Cellular physiology and biochemistry : 

international journal of experimental cellular physiology, biochemistry, and 

pharmacology 26:879-886. 

Jonsson KO, Vandevoorde S, Lambert DM, Tiger G, Fowler CJ (2001) Effects of 

homologues and analogues of palmitoylethanolamide upon the inactivation of the 

endocannabinoid anandamide. British journal of pharmacology 133:1263-1275. 

Kano M, Ohno-Shosaku T, Hashimotodani Y, Uchigashima M, Watanabe M (2009) 

Endocannabinoid-mediated control of synaptic transmission. Physiol Rev 89:309-380. 

Katakura M, Hashimoto M, Okui T, Shahdat HM, Matsuzaki K, Shido O (2013) Omega-3 

polyunsaturated Fatty acids enhance neuronal differentiation in cultured rat neural 

stem cells. Stem cells international 2013:490476. 

Katona I, Freund TF (2008) Endocannabinoid signaling as a synaptic circuit breaker in 

neurological disease. Nature Med 14:923-930. 

Katona I, Sperlagh B, Sik A, Kafalvi A, Vizi ES, Mackie K, Freund TF (1999) 

Presynaptically located CB1 cannabinoid receptors regulate GABA release from axon 

terminals of specific hippocampal interneurons. The Journal of neuroscience : the 

official journal of the Society for Neuroscience 19:4544-4558. 

Kawakita E, Hashimoto M, Shido O (2006) Docosahexaenoic acid promotes neurogenesis in 

vitro and in vivo. Neuroscience 139:991-997. 

Kearns SD, Haag M (2002) The effect of omega-3 fatty acids on Ca-ATPase in rat cerebral 

cortex. Prostaglandins, leukotrienes, and essential fatty acids 67:303-308. 

Keimpema E (2010) Differential subcellular recruitment of monoacylglycerol lipase generates 

spatial specificity of 2-arachidonoyl glycerol signaling during axonal pathfinding. J 

Neurosci 30:13992-14007. 

Keimpema E (2013a) Diacylglycerol lipase [alpha] manipulation reveals developmental roles 

for intercellular endocannabinoid signaling. Sci Rep 3:2093. 

Keimpema E (2013b) Nerve growth factor scales endocannabinoid signaling by regulating 

monoacylglycerol lipase turnover in developing cholinergic neurons. Proc Natl Acad 

Sci USA 110:1935-1940. 



93 | P a g e  

 

Keimpema E, Barabas K, Morozov YM, Tortoriello G, Torii M, Cameron G, Yanagawa Y, 

Watanabe M, Mackie K, Harkany T (2010) Differential subcellular recruitment of 

monoacylglycerol lipase generates spatial specificity of 2-arachidonoyl glycerol 

signaling during axonal pathfinding. The Journal of neuroscience : the official journal 

of the Society for Neuroscience 30:13992-14007. 

Kidd PM (2007) Omega-3 DHA and EPA for cognition, behavior, and mood: clinical findings 

and structural-functional synergies with cell membrane phospholipids. Alternative 

medicine review : a journal of clinical therapeutic 12:207-227. 

Kim J, Carlson ME, Watkins BA (2014) Docosahexaenoyl ethanolamide improves glucose 

uptake and alters endocannabinoid system gene expression in proliferating and 

differentiating C2C12 myoblasts. Frontiers in physiology 5:100. 

Kim J, Li Y, Watkins BA (2011) Endocannabinoid signaling and energy metabolism: a target 

for dietary intervention. Nutrition (Burbank, Los Angeles County, Calif) 27:624-632. 

Kotani S, Nakazawa H, Tokimasa T, Akimoto K, Kawashima H, Toyoda-Ono Y, Kiso Y, 

Okaichi H, Sakakibara M (2003) Synaptic plasticity preserved with arachidonic acid 

diet in aged rats. Neuroscience research 46:453-461. 

Kuperstein F, Eilam R, Yavin E (2008) Altered expression of key dopaminergic regulatory 

proteins in the postnatal brain following perinatal n-3 fatty acid dietary deficiency. 

Journal of neurochemistry 106:662-671. 

Lafourcade M, Larrieu T, Mato S, Duffaud A, Sepers M, Matias I, De Smedt-Peyrusse V, 

Labrousse VF, Bretillon L, Matute C, Rodriguez-Puertas R, Laye S, Manzoni OJ 

(2011) Nutritional omega-3 deficiency abolishes endocannabinoid-mediated neuronal 

functions. Nature neuroscience 14:345-350. 

Lambert DM, Vandevoorde S, Jonsson KO, Fowler CJ (2002) The palmitoylethanolamide 

family: a new class of anti-inflammatory agents? Current medicinal chemistry 9:663-

674. 

Lands WE, Libelt B, Morris A, Kramer NC, Prewitt TE, Bowen P, Schmeisser D, Davidson 

MH, Burns JH (1992) Maintenance of lower proportions of (n - 6) eicosanoid 

precursors in phospholipids of human plasma in response to added dietary (n - 3) fatty 

acids. Biochimica et biophysica acta 1180:147-162. 

Larque E, Demmelmair H, Koletzko B (2002) Perinatal supply and metabolism of long-chain 

polyunsaturated fatty acids: importance for the early development of the nervous 

system. Annals of the New York Academy of Sciences 967:299-310. 



94 | P a g e  

 

Lauritzen L, Hansen HS, Jorgensen MH, Michaelsen KF (2001) The essentiality of long chain 

n-3 fatty acids in relation to development and function of the brain and retina. Progress 

in lipid research 40:1-94. 

Lenroot RK, Giedd JN (2006) Brain development in children and adolescents: insights from 

anatomical magnetic resonance imaging. Neuroscience and biobehavioral reviews 

30:718-729. 

Levine D, Barnes PD (1999) Cortical maturation in normal and abnormal fetuses as assessed 

with prenatal MR imaging. Radiology 210:751-758. 

Levitt P (2003) Structural and functional maturation of the developing primate brain. The 

Journal of pediatrics 143:S35-45. 

Liu J, Wang L, Harvey-White J, Osei-Hyiaman D, Razdan R, Gong Q, Chan AC, Zhou Z, 

Huang BX, Kim HY, Kunos G (2006) A biosynthetic pathway for anandamide. 

Proceedings of the National Academy of Sciences of the United States of America 

103:13345-13350. 

Liu WM, Duan EK, Cao YJ (2002) Effects of anandamide on embryo implantation in the 

mouse. Life sciences 71:1623-1632. 

Lo Verme J, Fu J, Astarita G, La Rana G, Russo R, Calignano A, Piomelli D (2005) The 

nuclear receptor peroxisome proliferator-activated receptor-alpha mediates the anti-

inflammatory actions of palmitoylethanolamide. Molecular pharmacology 67:15-19. 

LoVerme J, La Rana G, Russo R, Calignano A, Piomelli D (2005) The search for the 

palmitoylethanolamide receptor. Life sciences 77:1685-1698. 

Maccarrone M (2008) Anandamide inhibits metabolism and physiological actions of 2-

arachidonoylglycerol in the striatum. Nature Neurosci 11:152-159. 

Maccarrone M, Bab I, Biro T, Cabral GA, Dey SK, Di Marzo V, Konje JC, Kunos G, 

Mechoulam R, Pacher P, Sharkey KA, Zimmer A (2015) Endocannabinoid signaling 

at the periphery: 50 years after THC. Trends in pharmacological sciences 36:277-296. 

Maccarrone M, Bisogno T, Valensise H, Lazzarin N, Fezza F, Manna C, Di Marzo V, 

Finazzi-Agro A (2002) Low fatty acid amide hydrolase and high anandamide levels 

are associated with failure to achieve an ongoing pregnancy after IVF and embryo 

transfer. Molecular human reproduction 8:188-195. 

Maccarrone M, Guzman M, Mackie K, Doherty P, Harkany T (2014) Programming of neural 

cells by (endo)cannabinoids: from physiological rules to emerging therapies. Nature 

reviews Neuroscience 15:786-801. 



95 | P a g e  

 

Maccarrone M, Valensise H, Bari M, Lazzarin N, Romanini C, Finazzi-Agro A (2000) 

Relation between decreased anandamide hydrolase concentrations in human 

lymphocytes and miscarriage. Lancet (London, England) 355:1326-1329. 

Maekawa M, Takashima N, Matsumata M, Ikegami S, Kontani M, Hara Y, Kawashima H, 

Owada Y, Kiso Y, Yoshikawa T, Inokuchi K, Osumi N (2009) Arachidonic acid 

drives postnatal neurogenesis and elicits a beneficial effect on prepulse inhibition, a 

biological trait of psychiatric illnesses. PloS one 4:e5085. 

Mai P, Tian L, Yang L, Wang L, Yang L, Li L (2015) Cannabinoid receptor 1 but not 2 

mediates macrophage phagocytosis by G(alpha)i/o /RhoA/ROCK signaling pathway. 

Journal of cellular physiology 230:1640-1650. 

Marinelli S, Di Marzo V, Berretta N, Matias I, Maccarrone M, Bernardi G, Mercuri NB 

(2003) Presynaptic facilitation of glutamatergic synapses to dopaminergic neurons of 

the rat substantia nigra by endogenous stimulation of vanilloid receptors. The Journal 

of neuroscience : the official journal of the Society for Neuroscience 23:3136-3144. 

Marinelli S, Vaughan CW, Christie MJ, Connor M (2002) Capsaicin activation of 

glutamatergic synaptic transmission in the rat locus coeruleus in vitro. The Journal of 

physiology 543:531-540. 

Marrs WR (2010) The serine hydrolase ABHD6 controls the accumulation and efficacy of 2-

AG at cannabinoid receptors. Nature Neurosci 13:951-957. 

Marrs WR, Blankman JL, Horne EA, Thomazeau A, Lin YH, Coy J, Bodor AL, Muccioli 

GG, Hu SS, Woodruff G, Fung S, Lafourcade M, Alexander JP, Long JZ, Li W, Xu C, 

Moller T, Mackie K, Manzoni OJ, Cravatt BF, Stella N (2010) The serine hydrolase 

ABHD6 controls the accumulation and efficacy of 2-AG at cannabinoid receptors. 

Nature neuroscience 13:951-957. 

Martin RE, Bazan NG (1992) Changing fatty acid content of growth cone lipids prior to 

synaptogenesis. Journal of neurochemistry 59:318-325. 

Matias I, Gonthier MP, Orlando P, Martiadis V, De Petrocellis L, Cervino C, Petrosino S, 

Hoareau L, Festy F, Pasquali R, Roche R, Maj M, Pagotto U, Monteleone P, Di Marzo 

V (2006) Regulation, function, and dysregulation of endocannabinoids in models of 

adipose and beta-pancreatic cells and in obesity and hyperglycemia. The Journal of 

clinical endocrinology and metabolism 91:3171-3180. 

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI (1990) Structure of a 

cannabinoid receptor and functional expression of the cloned cDNA. Nature 346:561-

564. 



96 | P a g e  

 

Matta JA, Miyares RL, Ahern GP (2007) TRPV1 is a novel target for omega-3 

polyunsaturated fatty acids. The Journal of physiology 578:397-411. 

Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE, Schatz AR, Gopher A, 

Almog S, Martin BR, Compton DR, et al. (1995) Identification of an endogenous 2-

monoglyceride, present in canine gut, that binds to cannabinoid receptors. 

Biochemical pharmacology 50:83-90. 

Mechoulam R, Braun P, Gaoni Y (1967) A stereospecific synthesis of (-)-delta 1- and (-)-

delta 1(6)-tetrahydrocannabinols. Journal of the American Chemical Society 89:4552-

4554. 

Mechoulam R, Gaoni Y (1967) The absolute configuration of delta-1-tetrahydrocannabinol, 

the major active constituent of hashish. Tetrahedron letters 12:1109-1111. 

Mechoulam R, Parker LA (2013) The endocannabinoid system and the brain. Annual review 

of psychology 64:21-47. 

Molina-Holgado F, Rubio-Araiz A, Garcia-Ovejero D, Williams RJ, Moore JD, Arevalo-

Martin A, Gomez-Torres O, Molina-Holgado E (2007) CB2 cannabinoid receptors 

promote mouse neural stem cell proliferation. The European journal of neuroscience 

25:629-634. 

Morgane PJ, Austin-LaFrance R, Bronzino J, Tonkiss J, Diaz-Cintra S, Cintra L, Kemper T, 

Galler JR (1993) Prenatal malnutrition and development of the brain. Neuroscience 

and biobehavioral reviews 17:91-128. 

Morozov YM, Freund TF (2003) Postnatal development and migration of cholecystokinin-

immunoreactive interneurons in rat hippocampus. Neuroscience 120:923-939. 

Morozov YM, Torii M, Rakic P (2009) Origin, early commitment, migratory routes, and 

destination of cannabinoid type 1 receptor-containing interneurons. Cerebral cortex 

(New York, NY : 1991) 19 Suppl 1:i78-89. 

Mulder J (2008) Endocannabinoid signaling controls pyramidal cell specification and long-

range axon patterning. Proc Natl Acad Sci USA 105:8760-8765. 

Mulder J, Aguado T, Keimpema E, Barabas K, Ballester Rosado CJ, Nguyen L, Monory K, 

Marsicano G, Di Marzo V, Hurd YL, Guillemot F, Mackie K, Lutz B, Guzman M, Lu 

HC, Galve-Roperh I, Harkany T (2008) Endocannabinoid signaling controls 

pyramidal cell specification and long-range axon patterning. Proceedings of the 

National Academy of Sciences of the United States of America 105:8760-8765. 

Mulder J, Zilberter M, Pasquare SJ, Alpar A, Schulte G, Ferreira SG, Kofalvi A, Martin-

Moreno AM, Keimpema E, Tanila H, Watanabe M, Mackie K, Hortobagyi T, de 



97 | P a g e  

 

Ceballos ML, Harkany T (2011) Molecular reorganization of endocannabinoid 

signalling in Alzheimer's disease. Brain 134:1041-1060. 

Musella A, De Chiara V, Rossi S, Prosperetti C, Bernardi G, Maccarrone M, Centonze D 

(2009) TRPV1 channels facilitate glutamate transmission in the striatum. Molecular 

and cellular neurosciences 40:89-97. 

Niakan KK, Han J, Pedersen RA, Simon C, Pera RA (2012) Human pre-implantation embryo 

development. Development (Cambridge, England) 139:829-841. 

Niehaus JL, Liu Y, Wallis KT, Egertova M, Bhartur SG, Mukhopadhyay S, Shi S, He H, 

Selley DE, Howlett AC, Elphick MR, Lewis DL (2007) CB1 cannabinoid receptor 

activity is modulated by the cannabinoid receptor interacting protein CRIP 1a. 

Molecular pharmacology 72:1557-1566. 

Nyaradi A, Li J, Hickling S, Foster J, Oddy WH (2013) The role of nutrition in children's 

neurocognitive development, from pregnancy through childhood. Frontiers in human 

neuroscience 7:97. 

O'Keefe L, Simcocks AC, Hryciw DH, Mathai ML, McAinch AJ (2014) The cannabinoid 

receptor 1 and its role in influencing peripheral metabolism. Diabetes, obesity & 

metabolism 16:294-304. 

Okaichi Y, Ishikura Y, Akimoto K, Kawashima H, Toyoda-Ono Y, Kiso Y, Okaichi H (2005) 

Arachidonic acid improves aged rats' spatial cognition. Physiology & behavior 

84:617-623. 

Okamoto Y, Morishita J, Tsuboi K, Tonai T, Ueda N (2004) Molecular characterization of a 

phospholipase D generating anandamide and its congeners. The Journal of biological 

chemistry 279:5298-5305. 

Pagotto U, Marsicano G, Cota D, Lutz B, Pasquali R (2006) The emerging role of the 

endocannabinoid system in endocrine regulation and energy balance. Endocrine 

reviews 27:73-100. 

Palazuelos J, Aguado T, Egia A, Mechoulam R, Guzman M, Galve-Roperh I (2006) Non-

psychoactive CB2 cannabinoid agonists stimulate neural progenitor proliferation. 

FASEB journal : official publication of the Federation of American Societies for 

Experimental Biology 20:2405-2407. 

Palazuelos J, Davoust N, Julien B, Hatterer E, Aguado T, Mechoulam R, Benito C, Romero J, 

Silva A, Guzman M, Nataf S, Galve-Roperh I (2008) The CB(2) cannabinoid receptor 

controls myeloid progenitor trafficking: involvement in the pathogenesis of an animal 

model of multiple sclerosis. The Journal of biological chemistry 283:13320-13329. 



98 | P a g e  

 

Palazuelos J, Ortega Z, Diaz-Alonso J, Guzman M, Galve-Roperh I (2012) CB2 cannabinoid 

receptors promote neural progenitor cell proliferation via mTORC1 signaling. The 

Journal of biological chemistry 287:1198-1209. 

Paria BC (2001) Dysregulated cannabinoid signaling disrupts uterine receptivity for embryo 

implantation. J Biol Chem 276:20523-20528. 

Paria BC, Das SK, Dey SK (1995) The preimplantation mouse embryo is a target for 

cannabinoid ligand-receptor signaling. Proceedings of the National Academy of 

Sciences of the United States of America 92:9460-9464. 

Paria BC, Dey SK (2000) Ligand-receptor signaling with endocannabinoids in 

preimplantation embryo development and implantation. Chemistry and physics of 

lipids 108:211-220. 

Paria BC, Ma W, Andrenyak DM, Schmid PC, Schmid HH, Moody DE, Deng H, 

Makriyannis A, Dey SK (1998) Effects of cannabinoids on preimplantation mouse 

embryo development and implantation are mediated by brain-type cannabinoid 

receptors. Biology of reproduction 58:1490-1495. 

Paria BC, Song H, Wang X, Schmid PC, Krebsbach RJ, Schmid HH, Bonner TI, Zimmer A, 

Dey SK (2001) Dysregulated cannabinoid signaling disrupts uterine receptivity for 

embryo implantation. The Journal of biological chemistry 276:20523-20528. 

Park B, Gibbons HM, Mitchell MD, Glass M (2003) Identification of the CB1 cannabinoid 

receptor and fatty acid amide hydrolase (FAAH) in the human placenta. Placenta 

24:990-995. 

Parolaro D, Massi P (2008) Cannabinoids as potential new therapy for the treatment of 

gliomas. Expert review of neurotherapeutics 8:37-49. 

Pertwee RG (2006) The pharmacology of cannabinoid receptors and their ligands: an 

overview. International journal of obesity (2005) 30 Suppl 1:S13-18. 

Pertwee RG (2008) Ligands that target cannabinoid receptors in the brain: from THC to 

anandamide and beyond. Addiction biology 13:147-159. 

Pertwee RG, Howlett AC, Abood ME, Alexander SP, Di Marzo V, Elphick MR, Greasley PJ, 

Hansen HS, Kunos G, Mackie K, Mechoulam R, Ross RA (2010) International Union 

of Basic and Clinical Pharmacology. LXXIX. Cannabinoid receptors and their ligands: 

beyond CB(1) and CB(2). Pharmacological reviews 62:588-631. 

Piomelli D (2003) The molecular logic of endocannabinoid signalling. Nature reviews 

Neuroscience 4:873-884. 

Pistis M, Melis M (2010) From surface to nuclear receptors: the endocannabinoid family 

extends its assets. Current medicinal chemistry 17:1450-1467. 



99 | P a g e  

 

Puente N (2014) The transient receptor potential vanilloid-1 is localized at excitatory 

synapses in the mouse dentate gyrus. Brain Struct Funct. 

Rakic P (1972) Mode of cell migration to the superficial layers of fetal monkey neocortex. 

The Journal of comparative neurology 145:61-83. 

Ramsey IS, Delling M, Clapham DE (2006) An introduction to TRP channels. Annual review 

of physiology 68:619-647. 

Realini N, Vigano D, Guidali C, Zamberletti E, Rubino T, Parolaro D (2011) Chronic 

URB597 treatment at adulthood reverted most depressive-like symptoms induced by 

adolescent exposure to THC in female rats. Neuropharmacology 60:235-243. 

Rioux FM, Lindmark G, Hernell O (2006) Does inadequate maternal iron or DHA status have 

a negative impact on an infant's functional outcomes? Acta paediatrica (Oslo, Norway 

: 1992) 95:137-144. 

Robson LG, Dyall S, Sidloff D, Michael-Titus AT (2010) Omega-3 polyunsaturated fatty 

acids increase the neurite outgrowth of rat sensory neurones throughout development 

and in aged animals. Neurobiology of aging 31:678-687. 

Roche HM (1999) Unsaturated fatty acids. The Proceedings of the Nutrition Society 58:397-

401. 

Rodriguez de Fonseca F, Del Arco I, Bermudez-Silva FJ, Bilbao A, Cippitelli A, Navarro M 

(2005) The endocannabinoid system: physiology and pharmacology. Alcohol and 

alcoholism (Oxford, Oxfordshire) 40:2-14. 

Rodriguez de Fonseca F, Navarro M, Gomez R, Escuredo L, Nava F, Fu J, Murillo-Rodriguez 

E, Giuffrida A, LoVerme J, Gaetani S, Kathuria S, Gall C, Piomelli D (2001) An 

anorexic lipid mediator regulated by feeding. Nature 414:209-212. 

Ross RA (2003) Anandamide and vanilloid TRPV1 receptors. Br J Pharmacol 140:790-801. 

Ross RA (2009) The enigmatic pharmacology of GPR55. Trends in pharmacological sciences 

30:156-163. 

Sagredo O, Garcia-Arencibia M, de Lago E, Finetti S, Decio A, Fernandez-Ruiz J (2007) 

Cannabinoids and neuroprotection in basal ganglia disorders. Molecular neurobiology 

36:82-91. 

Sasamura T, Sasaki M, Tohda C, Kuraishi Y (1998) Existence of capsaicin-sensitive 

glutamatergic terminals in rat hypothalamus. Neuroreport 9:2045-2048. 

Seely KA, Prather PL, James LP, Moran JH (2011) Marijuana-based drugs: innovative 

therapeutics or designer drugs of abuse? Molecular interventions 11:36-51. 

Sharir H, Console-Bram L, Mundy C, Popoff SN, Kapur A, Abood ME (2012) The 

endocannabinoids anandamide and virodhamine modulate the activity of the candidate 



100 | P a g e  

 

cannabinoid receptor GPR55. Journal of neuroimmune pharmacology : the official 

journal of the Society on NeuroImmune Pharmacology 7:856-865. 

Sim LJ, Hampson RE, Deadwyler SA, Childers SR (1996) Effects of chronic treatment with 

delta9-tetrahydrocannabinol on cannabinoid-stimulated [35S]GTPgammaS 

autoradiography in rat brain. The Journal of neuroscience : the official journal of the 

Society for Neuroscience 16:8057-8066. 

Simon GM, Cravatt BF (2006) Endocannabinoid biosynthesis proceeding through 

glycerophospho-N-acyl ethanolamine and a role for alpha/beta-hydrolase 4 in this 

pathway. The Journal of biological chemistry 281:26465-26472. 

Smith TH, Blume LC, Straiker A, Cox JO, David BG, McVoy JR, Sayers KW, Poklis JL, 

Abdullah RA, Egertova M, Chen CK, Mackie K, Elphick MR, Howlett AC, Selley DE 

(2015) Cannabinoid receptor-interacting protein 1a modulates CB1 receptor signaling 

and regulation. Molecular pharmacology 87:747-765. 

Smith TH, Sim-Selley LJ, Selley DE (2010) Cannabinoid CB1 receptor-interacting proteins: 

novel targets for central nervous system drug discovery? British journal of 

pharmacology 160:454-466. 

Solbrig MV, Hermanowicz N (2008) Cannabinoid rescue of striatal progenitor cells in chronic 

Borna disease viral encephalitis in rats. Journal of neurovirology 14:252-260. 

Stella N, Schweitzer P, Piomelli D (1997) A second endogenous cannabinoid that modulates 

long-term potentiation. Nature 388:773-778. 

Stiles J, Jernigan TL (2010) The basics of brain development. Neuropsychology review 

20:327-348. 

Straiker AJ, Maguire G, Mackie K, Lindsey J (1999) Localization of cannabinoid CB1 

receptors in the human anterior eye and retina. Investigative ophthalmology & visual 

science 40:2442-2448. 

Sugiura T, Kishimoto S, Oka S, Gokoh M (2006) Biochemistry, pharmacology and 

physiology of 2-arachidonoylglycerol, an endogenous cannabinoid receptor ligand. 

Progress in lipid research 45:405-446. 

Sugiura T, Kondo S, Sukagawa A, Nakane S, Shinoda A, Itoh K, Yamashita A, Waku K 

(1995) 2-Arachidonoylglycerol: a possible endogenous cannabinoid receptor ligand in 

brain. Biochemical and biophysical research communications 215:89-97. 

Sun X, Dey SK (2008) Aspects of endocannabinoid signaling in periimplantation biology. 

Molecular and cellular endocrinology 286:S3-11. 

Suri A, Szallasi A (2008) The emerging role of TRPV1 in diabetes and obesity. Trends in 

pharmacological sciences 29:29-36. 



101 | P a g e  

 

Szekeres-Bartho J (2015) Successful Implantation from the Embryonic Aspect. American 

journal of reproductive immunology (New York, NY : 1989). 

Tanimura A (2010) The endocannabinoid 2-arachidonoylglycerol produced by diacylglycerol 

lipase [alpha] mediates retrograde suppression of synaptic transmission. Neuron 

65:320-327. 

Tanimura A, Yamazaki M, Hashimotodani Y, Uchigashima M, Kawata S, Abe M, Kita Y, 

Hashimoto K, Shimizu T, Watanabe M, Sakimura K, Kano M (2010) The 

endocannabinoid 2-arachidonoylglycerol produced by diacylglycerol lipase alpha 

mediates retrograde suppression of synaptic transmission. Neuron 65:320-327. 

Taylor AH, Ang C, Bell SC, Konje JC (2007) The role of the endocannabinoid system in 

gametogenesis, implantation and early pregnancy. Human reproduction update 

13:501-513. 

Taylor AH, Finney M, Lam PM, Konje JC (2011) Modulation of the endocannabinoid system 

in viable and non-viable first trimester pregnancies by pregnancy-related hormones. 

Reproductive biology and endocrinology : RB&E 9:152. 

Tortoriello G (2014) Miswiring the brain: [Delta]9-tetrahydrocannabinol disrupts cortical 

development by inducing an SCG10/stathmin2 degradation pathway. EMBO J 33:668-

685. 

Tortoriello G, Morris CV, Alpar A, Fuzik J, Shirran SL, Calvigioni D, Keimpema E, Botting 

CH, Reinecke K, Herdegen T, Courtney M, Hurd YL, Harkany T (2014) Miswiring 

the brain: Delta9-tetrahydrocannabinol disrupts cortical development by inducing an 

SCG10/stathmin-2 degradation pathway. The EMBO journal 33:668-685. 

Tsou K, Nogueron MI, Muthian S, Sanudo-Pena MC, Hillard CJ, Deutsch DG, Walker JM 

(1998) Fatty acid amide hydrolase is located preferentially in large neurons in the rat 

central nervous system as revealed by immunohistochemistry. Neuroscience letters 

254:137-140. 

Turu G, Hunyady L (2010) Signal transduction of the CB1 cannabinoid receptor. Journal of 

molecular endocrinology 44:75-85. 

Uauy R, Mena P, Wegher B, Nieto S, Salem N, Jr. (2000) Long chain polyunsaturated fatty 

acid formation in neonates: effect of gestational age and intrauterine growth. Pediatric 

research 47:127-135. 

Valtorta F, Pozzi D, Benfenati F, Fornasiero EF (2011) The synapsins: multitask modulators 

of neuronal development. Seminars in cell & developmental biology 22:378-386. 

Wainwright PE (2002) Dietary essential fatty acids and brain function: a developmental 

perspective on mechanisms. The Proceedings of the Nutrition Society 61:61-69. 



102 | P a g e  

 

Walker DJ, Suetterlin P, Reisenberg M, Williams G, Doherty P (2010) Down-regulation of 

diacylglycerol lipase-alpha during neural stem cell differentiation: identification of 

elements that regulate transcription. Journal of neuroscience research 88:735-745. 

Wang H, Guo Y, Wang D, Kingsley PJ, Marnett LJ, Das SK, DuBois RN, Dey SK (2004) 

Aberrant cannabinoid signaling impairs oviductal transport of embryos. Nature 

medicine 10:1074-1080. 

Wang H, Matsumoto H, Guo Y, Paria BC, Roberts RL, Dey SK (2003a) Differential G 

protein-coupled cannabinoid receptor signaling by anandamide directs blastocyst 

activation for implantation. Proceedings of the National Academy of Sciences of the 

United States of America 100:14914-14919. 

Wang H, Xie H, Dey SK (2006a) Endocannabinoid signaling directs periimplantation events. 

The AAPS journal 8:E425-432. 

Wang H, Xie H, Guo Y, Zhang H, Takahashi T, Kingsley PJ, Marnett LJ, Das SK, Cravatt 

BF, Dey SK (2006b) Fatty acid amide hydrolase deficiency limits early pregnancy 

events. The Journal of clinical investigation 116:2122-2131. 

Wang H, Xie H, Sun X, Kingsley PJ, Marnett LJ, Cravatt BF, Dey SK (2007) Differential 

regulation of endocannabinoid synthesis and degradation in the uterus during embryo 

implantation. Prostaglandins & other lipid mediators 83:62-74. 

Wang X, Dow-Edwards D, Keller E, Hurd YL (2003b) Preferential limbic expression of the 

cannabinoid receptor mRNA in the human fetal brain. Neuroscience 118:681-694. 

Watkins BA, Hutchins H, Li Y, Seifert MF (2010) The endocannabinoid signaling system: a 

marriage of PUFA and musculoskeletal health. The Journal of nutritional biochemistry 

21:1141-1152. 

Watson S, Chambers D, Hobbs C, Doherty P, Graham A (2008) The endocannabinoid 

receptor, CB1, is required for normal axonal growth and fasciculation. Molecular and 

cellular neurosciences 38:89-97. 

Wilcox AJ, Baird DD, Weinberg CR (1999) Time of implantation of the conceptus and loss 

of pregnancy. The New England journal of medicine 340:1796-1799. 

Williams EJ, Walsh FS, Doherty P (2003) The FGF receptor uses the endocannabinoid 

signaling system to couple to an axonal growth response. J Cell Biol 160:481-486. 

Wodarz A, Huttner WB (2003) Asymmetric cell division during neurogenesis in Drosophila 

and vertebrates. Mechanisms of development 120:1297-1309. 

Wood JT, Williams JS, Pandarinathan L, Janero DR, Lammi-Keefe CJ, Makriyannis A (2010) 

Dietary docosahexaenoic acid supplementation alters select physiological 



103 | P a g e  

 

endocannabinoid-system metabolites in brain and plasma. Journal of lipid research 

51:1416-1423. 

Yang K, Kumamoto E, Furue H, Yoshimura M (1998) Capsaicin facilitates excitatory but not 

inhibitory synaptic transmission in substantia gelatinosa of the rat spinal cord. 

Neuroscience letters 255:135-138. 

Yorek M, Leeney E, Dunlap J, Ginsberg B (1989) Effect of fatty acid composition on insulin 

and IGF-I binding in retinoblastoma cells. Investigative ophthalmology & visual 

science 30:2087-2092. 

Youdim KA, Martin A, Joseph JA (2000) Essential fatty acids and the brain: possible health 

implications. International journal of developmental neuroscience : the official journal 

of the International Society for Developmental Neuroscience 18:383-399. 

Zamberletti E, Prini P, Speziali S, Gabaglio M, Solinas M, Parolaro D, Rubino T (2012) 

Gender-dependent behavioral and biochemical effects of adolescent delta-9-

tetrahydrocannabinol in adult maternally deprived rats. Neuroscience 204:245-257. 

Zimmer L, Hembert S, Durand G, Breton P, Guilloteau D, Besnard JC, Chalon S (1998) 

Chronic n-3 polyunsaturated fatty acid diet-deficiency acts on dopamine metabolism 

in the rat frontal cortex: a microdialysis study. Neuroscience letters 240:177-181. 

 


