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Abstract

In utero exposure to THC, the psychoactive component of marijuana, is associated with an
increased risk for neurodevelopmental defects in the offspring by interfering with the functioning
of the endocannabinoid (eCB) system. At the present time it is not clearly known whether the eCB
system is present prior to neurogenesis. Using an array of biochemical techniques we analyzed the
levels of CBL1 receptors, eCBs (AEA and 2-AG), and the enzymes (NAPE-PLD, DAGLa, DAGLJ
MAGL and FAAH) involved in the metabolism of the eCBs in chick and mouse models during
development. The findings demonstrate the presence of eCB system in early embryo, prior to
neurogenesis. The eCB system might play a critical role in early embryogenesis and there might
be adverse developmental consequences of in utero exposure to marijuana and other drugs of
abuse during this period.
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1. Introduction

Marijuana is the drug most commonly abused by pregnant women in the world (WHO,
1997). The rates of newborns prenatally exposed to marijuana in 1990 were estimated to
range from 3 to 20% (SAMHSA, 2002). In utero exposure to marijuana is associated with
fetal growth restriction, withdrawal symptoms in the neonate, and neurodevelopmental
defects in the offspring, including an increased risk for ADHD and learning disabilities, as
well as with an increased risk for more severe nervous system malformations, such as
anencephaly (van Gelder et al, 2008; Keegan et al, 2010). The potentially adverse effects of
marijuana abuse during pregnancy are aggravated by the fact that the potency of marijuana,
in terms of content of its psychoactive constituent A%-tetrahydrocannabinol (THC), has
increased nearly 25-fold since 1970, when the content of THC in marijuana was 1.25%; it
now reaches 15-30% in some preparations (WHO, 1997; EISohly 2010). In the adult CNS,
THC exerts its effects by interfering with the eCB system; this system is responsible for
modulating synaptic release in motor control, memory and other brain functions (Pertwee,
2008). The eCB system consists primarily of G;;, protein-coupled cannabinoid 1 (CB;) and
2 (CBy) receptors, endogenous ligands 2-arachidonoylglycerol (2-AG) and N-
arachidonoylethanolamide (AEA), as well as enzymes responsible for ligand metabolism.
These include sn-1-selective diacylglycerol lipases (DAGLa/B; isoforms a and f), which are
responsible for the synthesis of 2-AG, while N-acyl phosphatidyl ethanolamine
phospholipase D (NAPE-PLD) is mainly involved in the AEA synthesis. Monoacylglycerol
lipase (MAGL) and fatty acid amide hydrolase (FAAH) are involved degradation of 2-AG
and AEA, respectively (Pertwee, 2008). THC acts as an exogenous cannabinoid in the adult
brain, mimicking the effects of eCBs on CB receptors (Pertwee, 2008). Some components of
the eCB system have been detected during 1) peri-implantation, where the eCB system is
required for proper implantation of the trophoblast (Paria and Dey, 2000; Paria et al, 2001;
Sun and Dey, 2008; Taylor et al, 2010), and 2) neurogenesis, where the eCB system is
required for neurogenesis, proliferation, differentiation, migration and fasciculation of
nascent neurons (Berrendero et al, 1999; Berghuis et al, 2005, 2007; Aguado et al, 2005;
Bromberg et al, 2008; Harkany et al, 2008; Mulder et al, 2008; Vitalis et al 2008), reviewed
in Ferndndez-Ruiz et al (1999), Harkany et al (2007), Anavi-Goffer et al (2009), Galve-
Roperh et al (2009) and Psychoyos et al (2009). So far, very little is known regarding
whether the eCB system is present in the developmental time window between peri-
implantation and the start of neurogenesis, and if so, what role it plays during this time
window (Anavi-Goffer et al, 2009; Fride, 2009; Psychoyos et al, 2009). This specific period
corresponds to the initial stages of organogenesis, and in particular, the formation of the
forebrain, midbrain and hindbrain components of the nascent brain. During this period,
which initiates at gastrulation, a neural plate is formed, emanating anterior to Hensen’s node
(Wittler and Kessel, 2004; Stern 2005). The neural plate is responsible for generating the
anterior neural folds, which contain precursor populations for the fore-, mid-, and hindbrain
(stages 5 to 8 in chick and E7.75 in mouse). The anterior neural folds subsequently form the
brain primordium, consisting of three neuroepithelial vesicles (fore-, mid- and hindbrain).
This occurs at stages 9 to 11 in chick and E8.75 in mouse (pre-neuronal phase; reviewed in
Balinsky, 1975; Newgreen et al 2009). Herein we have made an attempt to detect the
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presence of components of the eCB system during this developmental period i.e. prior to
neurogenesis, using the chick model system and an array of biochemical techniques.

2. Materials and Methods

2.1. Animals

Chicken embryos (n = 578) were dissected at stages X111 to 45 according to the criteria of
Eyal-Giladi and Kochav (1976) and Hamburger and Hamilton (1951). Chicks (n = 8) were
hatched at post-hatch day 1 (P1), anesthetized with halothane, and sacrificed by
decapitation. Pregnant C57BL mice (n = 8) were euthanized by CO, asphyxiation using
compressed gas. C57BL mouse embryos (n = 79) were dissected from E7.5 to E18.0 as
previously described (Nagy et al, 2003; Shea and Geijsen, 2007). All procedures were in
accordance with IACUC guidelines.

2.2. Measurement of eCB levels

The eCB assay was performed following the liquid chromatography-mass spectrometry
(LC-MS) method using the isotopic dilution procedure as described previously with minor
modifications (Vinod et al, 2005). Chick tissue: Embryos at stages 9 to 11 (n = 180) and
stages 17 to 18 (n = 120) were explanted in ice cold PBS and briefly trypsinised (0.025% in
ice cold PBS) prior to isolation of the brain. For stage 44, chick embryos were decapitated
and the brain quickly (<30 s) removed. Mouse tissue: The anterior neural folds of E10.5
embryos (n = 40) and the entire brain of stage E18 (n = 15) fetuses were dissected, and the
neural tissue/brains were snap frozen and stored at -80°C until required for extraction
procedures. The tissue was homogenized in 4 ml of chloroform-methanol-Tris buffer (2:1:1,
pH 7.4) containing 0.25 mM PMSF, 20 ul of 1% BHT, 2-AG-d8 (500 ng) and AEA-d8 (1
ng). The tissue homogenate was centrifuged and the organic layer was dried under nitrogen.
The residue was dissolved in 0.3 ml of ethyl acetate and recentrifuged. The supernatant was
dried under nitrogen. The residue was redissolved in ethyl alcohol (40 pl) and transferred to
a vial for the measurement of 2-AG and AEA by LC-MS (Agilent 1100 series mass LC-
MSD). The separation was achieved on a supelcosil LC-8 column using methanol-
ammonium acetate-acetic acid (85:15:0.05) as a mobile phase.

2.3. Real-time quantitative PCR (qPCR)

Microdissection and RNA extraction—Embryonic regions of interest were excised
with the guidance of fate maps (Spratt, 1952; Rosenquist, 1966; Wittler and Kessel, 2004)
and the use of brief trypsinisation where applicable (0.025% trypsin in PBS). RNA was
extracted from the anterior neural plate (stages 3™ to 11; n = 80) and the presumptive
forebrain (stages 10 to 23; n = 30) of chick embryos, the hypothalamus of P1 chicks (n = 3),
the anterior neural plate (E7.5; n = 6) and the forebrain (E8.5 to 10.5; n = 18) of mouse
embryos, and the brain of adult mice (n = 3), using Arcturus® PicoPure® RNA lIsolation Kit
(Applied Biosystems). Total RNA samples were treated with DNase | for 20 minutes (10
units/ml; Thermo Scientific) to remove potential genomic contamination. RNA quality and
concentration were measured with a Nanodrop spectrophotometer (ND-1000, Thermo
Scientific) and 1% agarose gel stained with ethidium bromide and 1kb ladder (Promega).
RNA was stored at -80°C prior to use. cDNA synthesis: One microgram of total RNA from
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each sample was reverse transcribed to cDNA using High Capacity RNA-to-cDNA Kit
(Applied Biosystems, Foster City, CA). Reactions in which no reverse transcriptase was
included were run to control for genomic DNA contamination. cDNA was quantified using
ND-1000 (Nanodrop). gPCR: gPCR reactions performed using Gene Expression Assays
(Applied Biosystems) and ABI Prism 7900HT (Applied Biosystems). The following primers
and probes were obtained as inventoried Gene Expression Assays (Applied Biosystems):
CB; (Gg03357732_s1), DAGL (Gg03354228_m1), NAPE-PLD (Gg03354924_m1),
MGLL (Gg03311189_m1) and GAPDH (Gg03346982_m1) in chick, and CBy
(Mm00432621_s1), DAGLa (Mm01701558_g1), DAGLS (Mm00523381_m1), NAPE-PLD
(Mm00724596_m1), FAAH (Mm00449274_m1) and GAPDH (4352932E); The following
chick assays were designed using Primer Express 3.0 software (Applied Biosystems):
DAGLa (F5-CCT TCC TTC CCC CTT AGT TCA, R5-CAC GCC TGT GGG AGT GAT
G, FAM-CCG GAG AGC TCA TG) and FAAH (F5-CGT CCT GCA GC CAC TGA GT,
R5-CCA ACA CCA CTT CCA CCT AAC A, FAM-CCA ACG CAA ACG C). Three
independent runs were carried out for each set of samples. For each run, triplicate reactions
were carried out for each sample. Reactions were set on 384-well plates (BioRad) in a
volume of 20 pl containing 100 ng of cDNA template, 1 pl Gene Expression Assay and 10
ul TagMan Gene Expression Master Mix (Applied Biosystems). A no-template control
(NTC) was performed for each primer set used. The thermal profile was as follows: 10
minutes at 95°C, followed by 45 cycles of amplification where each cycle comprised of 12
seconds at 95°C and 60 seconds at 60°C. Specificity of PCR products was determined by
melting curve analysis immediately following amplification. Primer validation and data
analysis: Prior to mRNA quantification, the relative efficiency of gene amplification for
each given Gene Expression Assay was validated using the relative efficiency curve method,
with RNA derived from chick stage 17 forebrain and mouse GD9.5 brain, and serial
dilutions of 1000 ng, 100 ng, 10 ng and 1 ng per reaction sample. Data obtained was
analyzed with the use of SDS2.3 software (Applied Biosystems). The amount of target,
normalized to GAPDH (endogenous reference) and relative to a calibrator was given by
270ACt Apsolute quantification in chick: For absolute quantification a CB4 plasmid obtained
from D. Wilkinson was used (total length of plasmid 4191 bp; Christiansen et al, 2001). CB;
plasmid was linearized with Sal | (New England Biolabs). To create a standard curve using
CB; plasmid as template, we followed the recommendations of Applied Biosystems
(Applied Biosystems 2003). The mass (in g) of one single plasmid molecule (m;) was
calculated: my = (n) x (1. 096e-21 g/bp) where: n = CB; plasmid size (in bp), thus my =
4191 x 1. 096e-21 g = 4.59334e-18 g. We then calculated m, defined as the mass of CB;
plasmid needed to contain 3,000,000 to 30 copies of CB1, using m= copy number of CBq x
mass of single CB1 plasmid with mass of single CB4 plasmid = my; For 300,000 copies, m=
1.378e-12 g; for 30,000 copies, m= 1.378e-13 g; for 3,000 copies, m= 1.378e-14 g; for 300
copies, m=1.378e-15 g; and for 30 copies, m= 1.378e-16 g. The concentrations of CBq
plasmid needed to achieve the copy number of interest was then calculated: to this end, m
was divided by the volume to be pipetted into each reaction (5 pl), this a final concentration
of CB plasmid was 2.756e-12g/pul for 300,000 copies, 2.756e-13g/ul for 30,000 copies,
2.756e-14g/ul for 3,000 copies, 2.756e-15g/pl for 300 copies and 2.756e-16g/ul for 30
copies. A serial dilution of the CB4 plasmid was prepared, so as to obtain a copy number of
CB; plasmid of 300,000, 30,000, 3,000, 300 and 30 copies per 5 pl, using an initial
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workable concentration of 2e-12g/pl and the formulation C;V1 = CyV,. Using the SDS2.3
software, a standard curve was created, in which x-axis = copy number (ranging from
300,000 to 30 copies), and y-axis = Ct values obtained. The standard curve had y-intercept =
45.226937 and a slope = -3.8234696. The following equation was used for absolute

quantitation of CBy, in which
y=[cell containing log input amount]:y=| cell containing C't] x (—6.88308)+65.7116,

2.4. End point RT-PCR

RNA was extracted and subjected to DNase | as above (section 2.3) from the following
regions of interest: (1) ectodermal layer/anterior neural plate of stage 3* to 4* embryos
(n=60), the neural folds of stage 5* to 8~ embryos (presumptive fore-, mid-, and hindbrain
areas; n=40), the brain primordium of stage 11* embryos (fore-, mid-, and hindbrain
precursors; within the hindbrain, rhombomeres r0/r1 and r2-r6; n=40), and anterior
primitive streak/Hensen’s node of stage 3* to 8~ embryos (n= 60), using Arcturus®
PicoPure® RNA Isolation Kit (Applied Biosystems). RNA quality and concentration were
measured with a Nanodrop spectrophotometer (ND-1000, Thermo Scientific) and 1%
agarose gel stained with ethidium bromide and 1kb ladder (Promega). RNA was stored at
-80°C prior to use. Using Ensembl, UCSC Genome and Primer 3 Output softwares, the
following primers were designed: CB1, Accession number NM_001038652,
F5'CTGTCCTGCAGAGGGCTTACY, R5YCCCTGAACTCACAACCACCT3, 184 bp
cDNA product; DAGLa, XM_423696, F5’TTTCTGCAGCCAAAGTGATGY,
R5’AAAACCCCTCCAAGCTGATTY, 185hp; GADPH, NM_204305,
F5’ACGCCATCACTATCTTCCAG3', RS"CAGCCTTCACTACCCTCTTG3, 579bp) and
MAGL, XM_414365, F5"CGGCTCTTCTGACAAGCTCT?Z,
R5GCTGAAACCTTCTGGCTGAC?Z, 185bp cDNA. RT-PCR was performed using
SuperScript One Step RT-PCR (Invitrogen) in 50 pl reaction volumes. Primers were
obtained by DNA Integrated Technologies, and used at 0.2 uM. A Thermal cycler
(Biometra, model T Gradient) was preheated to 50°C. The RT-PCR profile used was as
follows: 1 cycle (50°C, 30 minutes) for cDNA synthesis, followed by 35 cycles of PCR
amplification: denaturation (94°C, 15 seconds), annealing (55°C 30 seconds) and extention
(72°C 30 seconds), followed by 1 cycle of 72°C for 5 minutes for extension. Absence of
genomic DNA was verified by omitting the addition of RT/Platinium Tag mix. Instead, 2
units Platinium Taq DNA polymerase (Invitrogen) was added per 50 pl reaction volume. A
10 pl aliquot from each PCR reaction was run on a 2% agarose gel using a 100 bp marker
ladder (Promega). The gel was stained with ethidium bromide.

2.5. Immunohistochemistry

Chick whole mount embryos (n = 40) were processed as previously described (Psychoyos
and Finnell, 2009a). The following primary antibodies we used: CB; (PA1-745; Pierce-
Antibodies; 1:200 dilution), DAGLa (sc-133308; Santa Cruz Biotechnology; 1:200) and
Enl (Developmental Hybridoma Bank; 1:1). Secondary antibodies (FITC or HP-conjugated
goat anti-rabbit IgG, Jackson ImmunoResearch Laboratory) were used at 1:400. In order to
ensure penetrability of the primary antibody, Triton®X-100 (Sigma Aldrich) was used at all
steps, at a concentration of 0.5% in PBS, according to Psychoyos and Finnell (2009a).
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2.6. Western blot analysis

Chick embryos at stages 4 (n = 30; entire embryo), 10 (n = 20; brain), 17 (n = 10; brain) and
post hatching day 1 chick Tectum (P1t, n = 3) and Cerebellum (P1c; n = 3) were dissected
under ice cold PBS and trypsinisation (0.025% trypsin in PBS) where applicable. Tissues
were homogenized in ice-cold RIPA buffer (Sigma-Aldrich) supplemented with PMSF (1
mM) and a protease inhibitor cocktail (Sigma-Aldrich). Homogenates were kept on ice for
30 minutes, sonicated for 3 minutes, and centrifuged at 12,000 x g for 10 minutes at 4°C.
Proteins were fractionated by SDS-PAGE using 4 to 15% gradient Tris-HCI Ready gels
(Bio-Rad) and then electrotransferred at 15V to Immun-Blot PVDF membrane (Millipore)
15 minutes. The blots were processed for standard immunochemistry using the following
antibodies; CB4 (PA1-745, Pierce-Antibodies; 1:1,000 dilution), DAGLa (sc-133308, Santa
Cruz Biotechnology; 1:1,000 dilution) and anti-B-actin (sc-47778, Santa Cruz
Biotechnology; 1:2,000 dilution).

2.7. In situ hybridization

In situ hybridization with Sox2 probe (a gift of R. Lovell-Badge) was performed according
to Psychoyos and Finnell (2008).

2.8. Agonist-stimulated [3°S]GTPyS binding assay

Crude plasma membranes were isolated from the brain primordia derived from stage 9-11
and stage 45 chick embryos (n = 81), as previously described (Vinod et al, 2005). The CB;
receptor-mediated [3°S]GTPyS binding assay was performed as described previously with
minor modifications (Vinod et al, 2005). Briefly, an aliquot of membrane (10-20 pg protein)
was pre-incubated in assay buffer (TME buffer, 0.1% fatty acid free BSA and 100 nM NaCl)
containing GDP (30 pM) and adenosine deaminase in silicone-treated test tubes for 15
minutes. Later [3S]GTPyS (0.1 nM) was added to the reaction mixture and incubated for 1
hour at 37°C. The CB1 agonist CP-55,940 (1uM; Tocris) was used to examine the CB;
receptor-mediated [3°S]GTPyS binding. The basal activity was estimated in absence of
CP-55,940. The non-specific binding of the radioligand was determined in presence of 10
UM GTPyS. The reaction was terminated by addition of ice-cold Tris-HCI buffer containing
0.1% BSA followed by rapid filtration. The radioactivity was then measured using liquid
scintillation spectroscopy. CB; receptor antagonist/inverse agonist SR141716A (1 uM; NIH)
was used for testing the specificity of CB; receptor-mediated activation of G-protein
(inhibition studies).

2.9. Photography

Embryos were photographed as whole mount preparations with a fluorescence microscope
(model MZ9.5; Leica Microsystems Ltd, Switzerland), equipped with a 5.0 megapixel CDD
35mm digital camera (model DFC480; Leica Microsystems Ltd, Switzerland). Image
acquisition was controlled via the MetaView software. Confocal images were obtained
under Z-sectioning with an Upright Zeiss LSM 510 confocal microscope. Image acquisition
was performed using Zeiss LSM 510 software.
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2.10. Statistics

For LC-MS measurements the statistical analysis for chick data was performed using
ANOVA, followed by Tukey’s multiple comparison test (p <.05), and for mouse, using t-
student’s test (p <.05). For Agonist-stimulated [3°S]GTPyS binding assay, all tests were two
tailed with a=0.05. gPCR data was analyzed using ANOVA, followed by Tukey’s multiple
comparison test (p <.05).

3. Results

3.1. Levels of eCBs 2-AG and AEA

2-arachidonoylglycerol (2-AG) and N-arachidonoylethanolamide (AEA) are the principal
endogenous ligands for CB1 receptor in the adult brain (Devane et al, 1992; Mechoulam et
al, 1994; Sugiura et al, 1995). In this study, we quantified eCBs 2-AG and AEA from brain
progenitors of very young chick and mouse embryos using an LC-MS method.

3.1.1. Levels of eCBs in chick embryos—In the chick, we used the brain tissue
derived from stage 9-11 (equivalent to mouse E8.25), stage 17-18 (equivalent to mouse
E10.5) and stage 44 (equivalent to mouse E18) embryos (Figure 1A). 2-AG measurements:
We detected initial levels of 2-AG of 1.05+0.05 nmol/g tissue at the 9-11 stage (n=3-4).
Levels of 2-AG significantly increased throughout chick brain development, with levels
reaching 2.03+0.15 nmol/g tissue at stage 17-18 (n=3-4) and 9.34+0.12 nmol/g tissue at
stage 44 (n=3-4; p <.05; Figure 1B). AEA measurements: We detected initial levels of AEA
of 3.60+0.60 pmol/g tissue at the 9-11 stage (n=3-4). Levels of AEA initially decreased
with levels reaching 1.55+0.11 pmol/g tissue at stage 17-18 and then increased to reach
10.63+0.67 pmol/g tissue at stage 44 (n=3-4; p <.05; Figure 1B). Thus, 2-AG and AEA
follow significantly different patterns throughout the stages under study: 2-AG contents are
shown to increase progressively, whereas AEA levels fluctuate between different stages.

3.1.2. Levels of eCBs in mouse embryos—For mouse, we used the anterior neural
folds of E10.5 embryos and the brain of E18 embryos. 2-AG measurements: We found that,
similar to chick, levels of 2-AG increased throughout development, with levels at 2.8+0.10
nmol/g tissue at E10.5 and 17.65+1.72 nmol/g tissue at E18 (n=3-4; Figure 1C). AEA
measurements: In contrast to our results in chick, we detected initial levels of AEA of
7.85+0.35 pmol/g tissue at E10.5 (n=3-4) and significantly lower levels by E18 (5.63+0.22
pmol/g tissue; n=3-4; Figure 1C).

3.1.3. 2-AG:AEA ratio—In chick, relative levels of 2-AG and AEA remain high
throughout development, with the 2-AG:AEA ratio varying between 291:1 at stage 9 to 11,
1306:1 at stage 17 to 18 and 881:1 at stage 44. Similarly, in mouse, relative levels of 2-AG
and AEA also remain high at the stages under study, with a 2-AG:AEA ratio of 356:1 at
E10.5 and 3137:1 at E18. (Figure 1D).

3.2. Characterization of CB1 during neurodevelopment

3.2.1. gPCR and RT-PCR with CB;—We find CB; mRNA and functional CB; receptor
in developing chick and mouse embryos, prior to neuronal development: For the chick
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studies, we compared levels of CB; mRNA in the forebrain at stages 10, 17, 23 and the
hypothalamus of P1 chicks with gPCR (Figure 2A). We observed levels of CB; mRNA
expression to increase steadily throughout development, with a 1.68 fold increase by stage
17 compared to stage 10, and a 2.93 fold increase by stage 23 (p <.05); by comparison, there
is a 17.45 fold increase by P1 (p <.05). Similarly, absolute quantification analysis shows
absolute mMRNA quantities of 1.13+0.08x10% molecules per 100 ng tissue in the forebrain of
stage 10 embryos, compared to 4.07+0.21x10* molecules per 100 ng tissue in the forebrain
of stage 23 embryos, and 23.03+1.73x10* molecules per 100 ng tissue in the hypothalamus
of P1 chicks (Figure 2B). Our qPCR results in mouse corroborate those in the chick: we find
a progressive increase in the relative levels of CB; mRNA when comparing expression in
samples derived from the presumptive forebrain of E8.5, E9.5 and E10.5 to the anterior
neural plate of E7.5, with a 1.37 fold increase by E8.5 compared to E7.5, a 4.34 fold
increase by E9.5 (p <.05) and a 9.43 fold increase by E10.5 (p <.05; Figure 2C).

We also analyzed CB1 mRNA levels in the chick embryo prior to the formation of the
forebrain primordium, i.e. during neurulation (stages 3~ to 11) using RT-PCR and qPCR
(Figure 3). The areas were excised with the guidance of chick developmental fate maps
(Spratt, 1952; Rosenquist, 1966; Wittler and Kessel, 2004) and are shown in Figure 3A:
They correspond to the anterior neural plate (anp; presumptive forebrain territory during
gastrulation), Hensen’s node, and presumptive forebrain, midbrain and hindbrain territories
at stages 5" to 11*. In RT-PCR studies, we find that CB; mRNA is detectable in the anterior
neural plate of stage 3* to 4* embryos (Figure 3B), and the presumptive forebrain, midbrain
and hindbrain territories at stages 5 to 8~ and stage 11* (other stages or regions have not
been investigated herein; Figure 3C and D).

We also compared relative levels of CB; mRNA in different presumptive forebrain
territories during gastrulation and neurulation (stages 3 to 11) by gPCR. There were no
significant differences in relative amounts of CB transcript between stages 3~ to 10, except
for stage 8, which shows a 1.53 fold increase compared to stage 10 (p <.05; Figure 3E). This
suggests that CB; mRNA transcripts are already present in the anterior neural plate of young
embryos (stage 3~ to 8), at levels comparable (or higher, in the case of stage 8) to those
levels found in the forebrain primordium of stage 10 embryos. Finally, we used RT-PCR in
chick embryos to analyze the expression of CB; mRNA in Hensen’s node from embryos at
stages ranging from 3* to 87, using the same fate maps as described above, as well as the
fate maps from Psychoyos and Stern (1996a): We selected Hensen’s node, because although
it contributes to the neural tube (future spinal cord), it does not contain precursors for the
forebrain, midbrain and hindbrain (Psychoyos and Stern, 1996a); Instead it acts as a neural
inducer population, i.e. it induces the overlying ectoderm to adopt a neural fate (Waddington
1934, 1936; Psychoyos and Stern, 1996b; Stern, 2005). The RT-PCR data shows that CB;
MRNA is present at all stages under study in Hensen’s node (Figure 3B-D). Together, these
studies demonstrate that CB; mRNA is already present in brain precursors of young
embryos, prior to neuronal development, as well as in Hensen’s node.

3.2.2. Immunochemical studies—Immunohistochemistry with CB1 antibody shows the
distribution of CB1 receptor in chick embryos at stages 7 to 11. Intense signal is observed in
the anterior neural folds (Figure 4A, B) and the brain primordium (Figure 4C, D).
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Individually CB1 labeled cells can be seen in the somites and neural tube of stage 12
embryos (Figure 4E) and in Hensen’s node of stage 7~ to 8 embryo (Figure 4F—H). Western
blots with CB; antibody we observe one intense band of ~ 60 kDa corresponding to CB4
antigen, with two isoforms at stage 4 (whole embryo), and single bands in the brains of stage
10 and stage 17 embryos (Figure 41). To summarize, our results using CB1 antibody reveal
the presence of CB1 protein at gastrulation (stage 4), neurulation (stages 8) and during
formation of the brain primordium vesicles (stage 11).

3.2.3. Binding studies—We next addressed whether CB1 is functionally active during
early embryonic development. To this end, we performed the CB1 agonist (CP-55,940)
stimulated G-protein activation to assess for functional coupling between CB1 and the G-
protein in membranes derived from stage 9-11 stage 45 embryos. We found a 12% increase
in G-protein activation over basal levels in the brain primordium of stage 9-11 embryos. As
positive control, we used the cerebellum of stage 45 embryos, in which we found that there
was a 57% increase in G-protein activation over basal levels; this demonstrates that CB is
indeed functionally active at stage 9-11 (Figure 4J). This effect is completely reversed
following pre-treatment of membranes with CB; selective antagonist/inverse agonist
SR141716A at both embryonic stages of development (Figure 4J). Our studies specifically
show that CB receptor is functionally coupled to G-proteins as early as stage 9 to 11.

3.3. Characterization of other components of the eCB system during neurodevelopment

3.3.1. Studies with DAGL and MAGL—DAGL and MAGL (isoforms DAGLa and
DAGLB) are the two main enzymes responsible for the metabolism of 2-AG (Bisogno et al,
2003; Makara et al, 2005). Our relative qPCR data in chick shows that there are no
significant variations in the relative levels of forebrain derived DAGLa and DAGLJ
MRNAs between stage 10 and stages 17 and 23 (Figure 5A and 5B). In mouse, we find a
slight, albeit significant, steady increase in relative levels of DAGLa during forebrain
development, with a 1.37 fold increase by E8.5 compared to E7.5, a 4.57 fold increase by
E9.5 (p <.05) and a 7.56 fold increase by stage E10.5 (p <.05; Figure 5C); in contrast, no
significant changes in relative levels of DAGLJ mRNAs were observed between E7.5 and
stages E8.5, E9.5 and E10.5 (Figure 5D). In chick, levels of expression of MAGL mRNA
are shown to slightly increase throughout forebrain development, with a 1.92 fold increase
by stage 17 compared to stage 10, and a 2.23 fold increase by 23 (p <.05) (Figure 5E); By
contrast, in mouse forebrain, we find changes in relative levels of MAGL during embryo
development (E8.5 to E10.5 compared to E7.5; Figure 5F). Analysis of MAGL mRNA
levels in the chick embryo prior to the formation of the forebrain primordium (stages 3™ to
11) reveals no significant changes in relative levels of the transcript, compared to stage 10,
with the exception of stages 4 and 6, which show a 3.74 and 1.85 fold increase respectively
relative to stage 10 (p <.05; Figure 5G). To summarize, between stages 10, 17 and 23 in
chick, we find comparable levels of DAGLa and DAGLJ, transcripts and progressively
increasing levels of MAGL transcript. In mouse, we find comparable levels of DAGLf and
MAGL, and progressively increasing levels of DAGLa transcript. We then analyzed
expression of DAGLa and MAGL by RT-PCR. We find expression of DAGLa and MAGL
transcripts in all areas under study, i.e. brain progenitors at stage 3* to 11 and anterior
primitive streak/Hensen’s node at stages 3* to 8~ (Figures 6A-C). In Western blots with
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DAGLa antibody we observe a double band of 90 kDa corresponding to DAGLa antigen in
chick tissue (Figure 6D). Immunohistochemistry with DAGLa antibody shows the
distribution of DAGLa in chick embryos during gastrulation, with more intense localization
in Hensen’s node and in the nodus posterior area below the primitive streak proper at stage 5
(Figure 6E), as well as in the brain primordium, somites and neural tube at stage 9 (Figure
6F). Although the data from immunohistochemistry corroborate majority of gPCR studies, it
is important to note that antibodies used in this study might have given some artifactual
staining patterns. To summarize, these studies characterize expression of DAGLa, DAGLJ
and MAGL mRNA levels at pre-neuronal stages in chick and mouse embryos. In addition,
we report the presence of DAGLa protein during gastrulation and neurulation in chick.

3.3.2. NAPE-PLD and FAAH expression—NAPE-PLD and FAAH are the enzymes
mainly responsible for AEA synthesis and degradation (Cravatt et al 2001; Egertova et al,
2008). We analyzed relative expression levels of NAPE-PLD and FAAH using gPCR in
chick and mouse neurodevelopment. We show that as for DAGLJ, there are no significant
changes in relative levels of the transcript between stages 10, 17 and 23 in chick, and E7.5 to
E10.5 in mouse (Figure 7A, B). Levels of NAPE-PLD transcript are shown to be
significantly higher at P1 (chick) and adult brain (mouse) than at the embryonic stages under
study. In contrast with CB1, DAGL, MAGL and NAPE-PLD mRNA, levels of expression of
FAAH mRNA are shown to fluctuate during forebrain development in chick, with a 6.54
fold increase by stage 17 compared to stage 10 (p <.05), followed by a sharp decrease by
stage 23 (0.46 fold; p <.05), and a 4.01 fold increase by P1 (p <.05; Figure 7C). By
comparison, in mouse forebrain, we do not find changes in relative levels of FAAH during
initial brain development (E8.5 to E10.5 compared to E7.5; Figure 7D). Together, these
results indicate that the enzymes responsible for AEA metabolism, are present in both chick
and mouse embryos during early neurodevelopment.

4. Discussion

Previous reports have shown that exposure to exocannabinoid and THC analogue O-2545
(Martin et al, 2006) impairs gastrulation and neurulation in chick embryos (Psychoyos et al,
2008), suggesting that O-2545 might interfere with an eCB system present in the embryo at
these early, pre-neuronal stages of development. In the studies presented herein, we address
the question of whether there are components of the eCB signaling system present in chick
embryos at pre-neuronal stages.

4.1. eCBs and brain development

ECBs 2-AG and AEA are the principal ligands for CB1 receptor (reviewed in Pertwee,
2008). To date, eCBs 2-AG and AEA have been identified during two phases of embryonic
brain development:; at the end of gestation and at E14.5 in mouse (see below). At the end of
gestation, levels of eCB 2-AG in the brain approximate 9 ng/g tissue in rat (Berrendero et al,
1999) and 21-44 ng/qg tissue in mouse (Keimpema et al 2010; Berrendero et al, 1999). At
E14.5 in mouse, Keimpema et al (2010) have quantified 2-AG within the developing brain,
with levels of 10 ng/g tissue. Here we have attempted to quantify levels of 2-AG and AEA
at the end of gestation in chick and mouse brain. We have detected significant levels of
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eCBs 2-AG and AEA in both chick and mouse. Our studies on late gestation corroborate the
earlier studies of Berrendero et al (1999) and Keimpema et al (2010), and suggest that in
both chick and mouse, eCBs are present within the developing brain at the end of gestation.

4.2. eCBs 2-AG and AEA in pre-neuronal development

So far, very little is known on whether an eCB system is present during the initial stages of
brain development i.e. during the pre-neuronal phase and during the initial phase of
neurogenesis. The earliest stages investigated so far in terms of eCBs and neuronal
development are the recent studies of Keimpema et al (2010), which have established that
eCB 2-AG is present during neurogenesis and axonal pathfinding in the brain of E14.5 to
E18.5 mouse embryo, with 2-AG levels of 10 ng/g tissue. Our studies herein extend these
findings by attempting to determine whether 2-AG and AEA are also detectable in the brain
primordium prior to E14.5, i.e. prior to the formation of neurons and initiation of
pathfinding. Our studies show that both 2-AG and AEA are detectable in chick embryos
during stages 9 to 11. These stages correspond to the pre-neuronal phase, i.e. to a phase
during which the initial 3 subdivisions of the brain primordium, are just being formed. We
do not yet know the significance of eCBs during this pre-neuronal phase. Finally, our
findings on 2-AG:AEA ratio during neurodevelopment show that this ratio is comparable to
that found in adult brains in which 2-AG is present at levels 170 times greater than AEA
(Felder et al, 1996; Stella et al 1997).

Our studies herein have focused exclusively on 2-AG and AEA, which are the classical
ligands for the CB1 receptor (Devane et al, 1992; Mechoulam et al, 1994; Sugiura et al,
1995). Yet, we must also note that other eCB substances such as the precursor to AEA (N-
arachidonoyl-phosphatidyl ethanolamine; NAPE; Cadas et al, 1997), N-palmitoyl
ethanolamine (PEA,; Sun et al, 2000) and N-oleoyl ethanolamine (OEA; Martinez de Ubago
et al, 2009) may also be present in embryonic neurodevelopment; in our future studies we
will attempt to quantify these eCBs during brain development. To summarize, our results
herein determine that 2-AG and AEA are present prior to neurogenesis (i.e. prior to
development of neurons in the brain), and suggest a de novo, non-synaptic, pre-neuronal
function(s) for these eCBs. Such function(s) could potentially include participation in the
establishment of a neuronal scaffold, and differentiation and/or apoptosis within the
neuroepithelium of the brain primordia. Experiments are currently underway in order to
address these possibilities.

4.3. Functional CB; receptor at neural plate stages and early brain development

Our studies herein determine that there is CB; mRNA and a functional CB; receptor in
developing chick and mouse embryos, prior to neuronal development. Our data shows that
in chick, CBy; mRNA is detectable in all the areas of the embryo that will give rise to the
brain primordium, from stages 3~ (gastrulation) to 11*. These findings are in accordance
with recent zebrafish studies, in which CB; mRNA is detected from the 3-somite stage
(equivalent to stage 8 in chick) onwards in the zebrafish embryo (Migliarini et al 2009). Our
results with CB; antibody reveal the presence of CB4 protein at gastrulation (stage 4),
neurulation (stage 10) and neuronal development (stages 17, 23 and P1). Thus, our
immunochemical studies on CB; protein corroborate our g°PCR and RT-PCR findings as
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well as our preliminary data (Psychoyos et al, 2009). In addition, our present
immunochemical studies on CB; are consistent with recent findings in zebrafish, which
describe the presence of CB1 receptor at hatching (Migliarini et al 2009). The finding of
CB; receptor during gastrulation is of particular interest because it is during this
developmental stage that formation of the neural plate, an epithelial sheet which will give
rise to the neuroepithelium of the brain (Figure 3C herein; Wittler and Kessel, 2004), will
take place through neural induction. Here again, it would be interesting to know whether
CB; receptor participates in this process. Finally, our binding studies demonstrate that CB;
receptor is functionally coupled to G-proteins during early embryonic development (stage 9
to 11). This result complements our present findings on the presence of eCBs 2-AG and
AEA in the brain progenitors of these embryos. Although we have herewith attempted to
focus on CB1 receptor, it would be interesting to know whether additional components of
the eCB system, such as CB; receptor-interacting protein 1 (Cnripl; Howlett et al 2010,
Smith et al, 2010), are also present in early embryo development.

4.4. Enzymes responsible for 2-AG and AEA metabolism during neural plate stages and
early brain development

Our studies examined whether the enzymes responsible for 2-AG and AEA are present in
the embryo at the transcriptional level. Our gPCR and RT-PCR data shows that this is
indeed the case: In chick, between stages 10, 17 and 23, we find comparable levels of
DAGLa, DAGLp, NAPE-PLD transcripts, progressively increasing levels of MAGL
transcript, and fluctuating levels of FAAH mRNA. In mouse, we find comparable levels of
DAGLp, MAGL, NAPE-PLD, and FAAH, as well as progressively increasing levels of
DAGLa transcript (Figures 5 and 7). In addition, our RT-PCR data shows that DAGLa and
MAGL are present in the chick embryo in brain progenitors as early as gastrulation stages
(Figure 6). We do not know so far, the significance of these enzymes in early development.
The activities of enzymes responsible for the metabolism of eCBs need to be examined to
further ascertain the present findings. However, the finding that these enzymes are present in
early embryo development corroborates the finding that eCBs are also present in early
embryo development (section 4.1) and suggests a possible de novo function for these eCBs
in early development. Also to mention that there are other major enzymes involved in the
metabolism of eCBs, including hydrolase a/B-hydrolase domain-containing enzymes
(Mulder et al, 2011), which might also be present in early development. Further studies are
warranted to determine whether this is the case, and if so, which function these enzymes
might have in early development.

2.11. Conclusions

Together, these results show that components of the eCB system, including ligands 2-AG
and AEA, CB; receptor and metabolizing enzymes DAGL, NAPE-PLD, MAGL and FAAH,
are present in the very early chick embryos, and suggest that the functionally active CB;
receptor-mediated signaling might play a critical role in the early stages of neurogenesis.
These findings along with the previously reported studies lay the foundation for further
work, which would assist in identifying a molecular mechanism of how the components of
the eCB system affect early embryogenesis when they are disrupted. Finally, the stage at
which the eCB system is presently detected correspond to human dpc 22 to 26, a period
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during which some women are still unaware of their pregnancy, and thus of the potentially
harmful effects of exocannabinoids. Thus, the presence of the eCB system during early
stages of development, suggest that there may be developmental consequences of marijuana
and other drugs of abuse during this period.
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Figure 1. Levels of eCBs 2-AG and AEA in chick and mouse embryos
(A) Areas of brain primordium from which 2-AG and AEA were extracted in chick. Levels

of 2-AG and AEA in chick (B) and mouse (C) brain primordia at different stages using LC-
MS method; 2-AG and AEA are detected in both chick and mouse brain at the earliest stages
of brain development. (D) Comparison between relative 2-AG and AEA levels throughout
different developmental stages in chick and mouse brain primordium: significantly higher
levels of 2-AG compared to AEA are found in both chick and mouse brain (n=3-5 for each
developmental time point; The data is pooled from the 2-AG/AEA measurements (*p < .05).
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Figure 2. CB4 transcript in chick and mouse embryos (QPCR data)
(A) Relative quantitation of CB1 throughout brain development in chick: Expression of CB;

at stages 17, 23 and P1 is compared to expression at stage 10. (B) Absolute quantification of
CB; mRNA at stages 10, 17, 23 and P1. (C) Relative quantitation of CB; throughout brain
development in mouse: the expression of CB; at E8.5, E9.5, E10.5 and adult brain is
compared to expression at E7.5 (*p < .05).
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Figure 3. CB1 transcript in chick embryos: RT-PCR and qPCR data at pre-neuronal stages
(A) In situ hybridization with Sox2 and immunochemistry with En1 to indicate the regions

of interest excised from early embryos. These regions comprise the anterior neural plate
(anp), forebrain (Fb), midbrain (Mb), hindbrains (Hb) and Hensen’s node (Hn), a well as
subregions of the hindbrain ro/rl and r2 to r6 at stage 11*. (B—-D) RT-PCR using chick
specific primers for CB1 (184 pb) and GAPDH (579 bp) for the areas shown in (A), at stages
3*to 4% (B),5"to 8~ (C) and 117 (D). CBy transcripts can be seen at all stages under study
and all areas investigated. (E) Comparison between expression of CBy in the forebrain
progenitor region at stages 37, 3, 4, 6, 77, 8 and 11 to that of stage 10 (black arrow) using
gPCR: there are no significant differences between the levels of expression of CB; mRNA
at the stages investigated and stage 10, except for a significant increase observed at stage 8
(*p< .05).
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Figure 4. Immunological and binding studies with CB1
(A-H) Immunohistochemistry with CB antibody in chick embryos. Immunolocalization of

CB; protein in stage 8 to 12 embryos shows homogeneous distribution of CB1 antibody,
with intense localization in (A-C) the anterior neural folds (stages 8 to 10), (D) the brain
primordia (stage 11), and (E) the neural tube and adjacent somites (stage 12). Individual
CB; positive cells can be seen in the neural tube and somites of stage 12 embryos (E). (G)
Western blot analysis with CB1 and actin antibodies in chick embryos reveals an intense
immunoreactivity band of ~60 kDa corresponding to CB; antigen. Analysis was performed
at stage 4 using whole embryo extract, at stages 10 and 17 using brain tissue, and in post
hatched day 1 chicks using tectum (P1t) and cerebellum (P1c). (J) Binding studies with Cb1
in chick: CP-55,940-stimulated [3S]GTPyS binding in membranes derived from stage 9-11
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and stage 45 chick embryonic brain. A 12% increase in G-protein activation over basal
levels is found in the brain primordia of stage 9 to 11 embryos. This effect is completely
reversed following the addition of a CB4 antagonist. Similarly, at stage 45 embryos, a 57%
increase in G-protein activation is reversed following the addition of SR141716A. Data
presented as mean+ SEM. *Indicates a statistical difference (p < .05) from all other groups.
Scale bar, A-D, F-H, 600 pm, E, 150um. CP, CP-55,940; fb, forebrain; hb, hindbrain; mb,
midbrain; nt, neural tube; s, somite; and SR, SR141716A.
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Figure 5. DAGL and MAGL transcripts in chick and mouse embryos (qPCR)
(A, B) Relative guantitation of DAGLa (A) and DAGLS (B) throughout brain development

in chick: Expression of transcripts at stages 17, 23 and P1 is compared to levels at stage 10.
There are no changes observed in relative levels of transcript during the early stages of
embryo development (stages 10 to 23). (C, D) Relative quantitation of DAGLa (C) and
DAGLS (D) throughout brain development in mouse. Levels of the transcript at E8.5, E9.5,
E10.5 and in adult is compared to those at E7.5. Significant changes are found in the relative
amounts of DAGLa transcript in mouse during early development (E7.5 to E10.5). By
contrast, there are no changes observed in relative levels of DAGLJ transcript for those
early stages. (E, F) Relative quantitation of MAGL throughout brain development in chick
and mouse: (E) Relative expression of MAGL at stages 17, 23 and P1 is compared to
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expression at stage 10. (F) Relative levels of MAGL transcript at E8.5, E9.5, E10.5 and
adult are compared to those at E7.5. In both chick and mouse, levels of transcript slightly
increase throughout development. (G) Relative quantitation of MAGL in forebrain
progenitor tissue. Relative expression at stages 37, 3, 4, 6, 7, 8 and 11 is compared to
expression at stage 10. There are no significant changes in relative levels of transcript, with
the exception of stages 4™ and 6, which show a significant fold increase MAGL mRNA
levels. For analysis of A—E *p < .05.
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Figure 6. DAGLa and MAGL at pre-neuronal stages: RT-PCR and immunological data
(A-C) RT-PCR using chick specific primers for DAGLa (185 pb), MAGL (185 bp) and

GAPDH (579 bp) for the same areas as shown in Figure 3A, at stages 3* to 4* (A), 5" to 8~
(B) and 11* (C). As for CB;, DAGLa and MAGL transcripts can be seen at all stages under
study and all areas investigated. (F-H) Immunohistochemistry with DAGLa antibody in
chick embryos. (F) Western blot analysis with DAGLa and actin antibodies reveals a double
immunoreactivity band of ~90 kDa corresponding to DAGLa antigen. Analysis was
performed at stage 4 using whole embryo extract, at stages 10 and 17 using brain tissue, and
in post hatched day 1 chicks using tectum (P1t) and cerebellum (P1c). DAGLa antigen is
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mainly localized in Hensen’s node and in the nodus posterior of stages 5 embryos (E), in the
brain primordium, somites, neural tube and Hensen’s node (F) of stage 9 embryos. ao, area
opaca; ap, area pellucida; fb, forebrain; mb, midbrain; anp, anterior neural plate; nt, neural
tube; ps, primitive streak; s, somite; red arrow, Hensen’s node, red *, nodus posterior. Scale
bar, 600 pm.
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Figure 7.

gPCR with NAPE-PLD and FAAH in chick (A, C) and mouse (B, D) embryos during
development. In chick, expression of transcript at stages 17, 23 and P1 is compared to
expression at stage 10; In mouse, expression of transcript at E8.5, E9.5, E10.5 and adult
brain is compared to expression at E7.5. For NAPE-PLD there are no significant changes in
relative levels of the transcript during early development in chick (A) or mouse (B). For
FAAH, levels of transcript fluctuate in chick, but remain constant in mouse between E7.5
and E10.5 (*p < .05).
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