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Abstract

Exposing the adolescent brain to drugs of abuse is associated with increased risk for adult onset
psychopathologies. Cannabis use peaks during adolescence, with largely unknown effects on the
developing brain. Cannabis’ major psychoactive component, A%-tetrahydrocannabinol (THC)
alters neuronal, astrocytic, and microglial signaling. Therefore, multiple cellular and signaling
pathways are affected with a single dose of THC. The endogenous cannabinoids (eCBs), N-
arachidonoyl ethanolamine (AEA) and 2-arachidonoyl glycerol (2-AG) are members of an
interconnected lipidome that includes an emerging class of AEA structural analogs, the
lipoamines, additional 2-acyl glycerols, free fatty acids, and prostaglandins (PGs). Lipids in this
lipidome share many biosynthetic and metabolic pathways, yet have diverse signaling properties.
Here, we show that acute THC drives age-dependent changes in this lipidome across 8 regions of
the female mouse brain. Interestingly, most changes are observed in the adult, with eCBs and
related lipids predominately decreasing. Analysis of THC and metabolites reveals an unequal
distribution across these brain areas; however, the highest levels of THC were measured in the
hippocampus (HIPP) in all age groups. Transcriptomic analysis of the HIPP after acute THC
showed that like the lipidome, the adult transcriptome demonstrated significantly more changes
than the adolescent. Importantly, the regulation of 31 genes overlapped between the adolescent and
the adult, suggesting a conserved transcriptomic response in the HIPP to THC exposure
independent of age. Taken together these data illustrate that the first exposure to a single dose of
THC has profound effects on signaling in the CNS.
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1. Introduction

Cannabis (aka Marijuana) is the most widely used illicit drug [1, 2]. A%-
tetrahydrocannabinol (THC) is an active compound produced in cannabis that is primarily
responsible for its psychoactive effects [3]. The use of cannabis peaks in adolescence [1],
and heavy adolescent cannabis use has been correlated with an increased risk of
psychopathology in adulthood [4-10]. lllustrating the urgency to understand how THC
affects both the adolescent and adult brain, the average concentration of THC in street
cannabis increased from 3 to 12% in the past 20 years [11, 12]. A central mechanism of
action of THC is through the cannabinoid receptor, CB1, which is widely expressed in the
brain in both neurons and glia [13, 14]. CBy, likewise, has ubiquitous endogenous ligands,
called endogenous cannabinoids (eCBs). Two of the most studied eCBs are A-arachidonoyl
ethanolamine (AEA) [15], also known as anandamide, and 2-arachidonoyl glycerol (2-AG)
[16, 17].

AEA and 2-AG belong to families of A-acyl ethanolamines (NAES) and 2-acyl glycerols,
respectively. Whereas AEA and 2-AG are formed with arachidonic acid (AA), other NAEs
and 2-acyl glycerols are formed with the conjugation of other fatty acids and ethanolamine
or glycerol, respectively [18, 19]. Additional variations of the NAEs occur with a
substitution of the ethanolamine group for other amines such as amino acids, which can
conjugate with different fatty acids (Supplemental Figure 1). The resultant molecules form
the larger family of secondary amines called lipoamines [20-23]. We routinely measure
AEA, its lipoamine structural analogs, 2-AG, its 2-acyl glycerol structural analogs, AA-
derived prostaglandins (PGs), and free fatty acids in a variety of tissues and show that they
are members of wider, interconnected lipidome in the brain and throughout the body [21,
23-28]. We have shown that this interconnected lipidome is regulated by eCB system-
related enzymes and receptors such as N-acyl phosphatidylethanolamine-specific
phospholipase D (NAPE-PLD) [23], fatty acid amide hydrolase (FAAH), monoacylglycerol
lipase (MAGL), and CB; [21], as well as in a variety of disease models [27, 29-33]. These
data show that regulation of this lipidome has broader signaling implications than just the
eCB system; yet eCB signaling appears to play a primary role in how this integration occurs.
THC use during adolescence may drive changes in this brain lipidome that have lasting
effects on signaling in the adult.

Adolescence is a critical period for brain development [4, 12, 34]. The use of THC during
adolescence disrupts the eCB system in the brain, and these disruptions may persist into
adulthood [8]. Given that levels of eCBs are dynamic throughout development [8, 35, 36],
the wider lipidome may also be dynamic during adolescence; therefore, the effect of THC on
lipid signaling may, likewise, change with age. Testing the hypothesis that THC affects lipid
signaling molecules beyond AEA and 2-AG in a developmentally-dependent manner, we
measured the effects of an acute dose of THC on female mice in adolescence (post-natal day
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(PND) 35 and PND 50) and adulthood (PND 130-134) in a targeted brain lipidome in 8
specific brain regions. We also tested the hypotheses that THC distribution and THC
metabolism are not equally distributed throughout the brain. Finally, we tested the
hypothesis that acute THC would have differential effects on the hippocampal transcriptome
in the adolescent versus adult. Our findings support these hypotheses showing that
developmental age significantly changes how the first exposure to THC drives changes in the
brain lipidome, levels of THC compartmentalization in the brain, and the hippocampal
transcriptome. These data highlight the fact that THC has wide-ranging effects on CNS
signaling that evolve with age.

2. Methods

2.1 Mice and Drug Injections

The Bloomington Institutional Animal Care and Use Committee of Indiana University
reviewed and approved the procedures used here and all comply with ARRIVE guidelines
[37]. All mice used were female from the CD1 strain. The CD1 strain is the genetic
background for the line of CB; knockout mice used in our published baseline lipidomics
screen [21]. Females were chosen because, although the effects of THC during adolescence
are sex-dependent [7, 38], they appear to be more severe in females [39]. For each
lipidomics experiment, 8 drug-treated mice were compared to 8 vehicle-treated mice. In total
48 mice were used for the THC lipidomics study: 16 PND 35 mice, 16 PND 50 mice, and 16
adult mice. The adult mice were ~ 4 months old. Mice were given a single i.p. injection of
either 3 mg/kg THC or vehicle (1:1:18 cremophor: ethanol: saline). It is estimated that a 2.5
mg/kg THC injection in rodents is equivalent to smoking 1 joint for humans [40], meaning 3
mg/kg is a reasonable level to model human use. The 3 mg/kg dose is non-aversive to mice,
but is still sufficiently able to alter eCB-dependent synaptic plasticity [41]. For the
transcriptomics experiment, the transcriptome from female CD1 mice given a single
injection of 3 mg/kg THC was compared to vehicle-treated mice within each age group. In
total, 30 mice were used for the transcriptomics study: 14 PND 35 mice, 6 given vehicle and
8 given THC, and 16 adult mice (PND 105-106), 7 given vehicle and 9 given THC.

2.2 Tissue Collection and Extraction

2.2.1 Tissue Collection—2 hours after the injection, mice were sacrificed via rapid
decapitation. The 2 hour time point was chosen because THC would still be present in the
brain at this time [42], allowing us to test the hypothesis that the distribution of THC differs
by brain region. Brains were immediately removed and placed in liquid nitrogen, and then
stored in a —80°C freezer until dissections were performed. Brains were dissected while
frozen on an ice-cold dissection plate into the following regions: striatum (STR),
hippocampus (HIPP), cerebellum (CER), thalamus (THAL), cortex (CTX), hypothalamus
(HYP), midbrain (MID), and brainstem (STEM) as previously described [29]. These
abbreviations for these brain areas will be used exclusively when discussing the results that
are generated by these specific types of dissections. Each dissected area was immediately
placed in liquid nitrogen and then stored at —80°C until used for lipid or RNA extraction.
The entire STR, HIPP, CER, THAL, HYP, MID and STEM from both hemispheres were
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used for lipid extraction, whereas a single hemisphere of the CTX was randomly selected for
lipid extraction. The whole, bilateral HIPP was processed for RNA extraction.

2.2.2 Lipid Extraction—Tissue lipid extracts were performed on each of the 8 brain areas
as previously described [21, 23, 43-45]. In brief, to begin the lipid extraction, samples were
shock frozen in liquid nitrogen, and weighed before being transferred to a centrifuge tube.
The mass of the largest sample was multiplied by 50 to determine how many mL of high-
pressure liquid chromatography (HPLC)-grade methanol (Avantor Performance Materials,
Inc., Center Valley, PA, USA) was added to the tube. Then, samples were spiked with 500
picomoles of deuterium-labeled A-~arachidonoyl glycine (dgNAGIy; Cayman Chemical, Ann
Arbor, MI, USA) as an internal standard to determine extraction efficiency. Samples were
placed on ice in darkness for 2 hours then individually homogenized. Homogenates were
centrifuged at 19,0009 for 20 minutes at 20°C. Supernatants were decanted and diluted with
HPLC water (purified in house) to make a 75% water, 25% supernatant solution. Partial
purification was achieved using C-18 solid phase extraction columns (Agilent, Palo Alto,
CA, USA). A series of 4 elutions with 1.5 mL of 60%, 75%, 85%, and 100% methanol were
collected [23, 45]. Vials of eluants were stored at —80°C until they were ready for analysis.

2.2.3 RNA Extraction—To isolate a purified sample of total RNA from the HIPP, flash-
frozen hippocampi were weighed and processed using the Absolutely RNA Miniprepkit
(Agilent) according to the manufacturer’s instructions and under RNase free conditions.
This extraction involves a DNase treatment as one of the steps, decreasing the likelihood of
DNA contamination [46]. The quality of the RNA was checked using a NanoDrop
spectrophotometer (Nano-Drop Technologies, Wilmington, DE, USA), which measures the
ratio of absorbance at 260 and 280 nm to identify contamination with protein or with RNA
extraction reagents [47]. Only samples with a 260/280 ratio close to 2 were used for
analysis, as this indicates a pure RNA sample [48]. The RNA samples, dissolved in 60 pL of
elution buffer (10mM Tris-HCI, pH 7.5, 0.1 mM EDTA), were then stored at —80°C.

These samples were further analyzed using a Tape Station (Agilent), which determines the
concentration of RNA, checks that strands of mMRNA are intact, and provides an RNA
integrity number (RIN) as a measure of degradation [49]. Only intact RNA of sufficient
concentration was used for transcriptomics analysis. Supplemental Table 1 shows the
260/280 ratios, RNA vyield, and the RINs from the PND 35 and adult HIPP RNA extractions.
At least 4 vehicle-treated and at least 4 THC-treated hippocampi from each age group were
submitted to create the cDNA library necessary for RNA-Seq.

2.3 High-Pressure Liquid Chromatography Coupled with Tandem Mass Spectrometry
(HPLC/MS/MS)

Lipid extracts were analyzed using an Applied Biosystems API 3000 triple quadrupole mass
spectrometer with electrospray ionization (Foster City, CA, USA). 20uL from each elution
were chromatographed using XDB-C18 reversed phase HPLC analytical column (Agilent)
and optimized mobile phase gradients. Mobile phase A: 20% methanol, 80% water (v/v) and
1 mM ammonium acetate (Sigma, St. Louis, MO, USA). Mobile phase B: 100% methanol, 1
mM ammonium acetate. Two Shimadzu 10ADvp pumps (Columbia, MD, USA) provided
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the pressure for gradient elution. Every method run began with 0% mobile phase B, reached
a state of 100% mobile phase B flowing at 0.2 mL per minute, and gradually returned to 0%
mobile phase B.

2.3.1 HPLC/MS/MS Data Analysis and Statistical Procedures—Levels of each
compound were determined by running each sample using a multiple reactions monitoring
(MRM) method tailored for each group of structurally similar compounds (Supplemental
Figure 2). Analysis of the HPLC/MS/MS data was performed using Analyst software
(Applied Biosystems) as previously described [21, 23, 43-45]. Chromatograms were
generated by determining the retention time of analytes with a [M—1] or [M+1] parent peak
and a fragmentation peak corresponding to the programmed values. The retention time was
then compared to the retention time of a standard for the suspected compound. If the
retention times matched, then the concentration of the compound was determined by
calculating the area under the curve for the unknown and comparing it to the calibration
curve obtained from the standards. Therefore, unknown lipids are matched to known
standards according to retention time from the analytical column and their mass fingerprint.

Extraction efficiency was calculated with the dgNAGIy spiked recovery vial as a standard as
previously described [21, 23, 29, 43-45]. For each individual lipid in each of the areas,
concentrations in moles per gram adjusted for percent recovery from the drug-treated
animals were compared to vehicle concentrations using a one-way ANOVA. All statistical
tests were carried out using SPSS Statistics (IBM, Armonk, NY, USA). Statistical
significance was defined as p < 0.05 and p < 0.10. For analysis of the distribution of THC
and its metabolites, the main effect of brain area on levels of THC, 11-OH-THC and (z)-11-
nor-9-carboxy THC was tested using a one-way ANOVA with SPSS Statistics software
(IBM). Statistical significance was defined as p < 0.05.

Analyzed lipidomics data are represented in tabular format illustrating both the direction and
magnitude of change (Supplemental Figure 3). To determine the magnitude change and
therefore the number of arrows to assign each significant difference, the mean level of a
particular lipid in a specific region of the THC mice was divided by that same lipid’s mean
level in the same brain region of the corresponding vehicle mice. For example, the average
level of PGE2 in the HIPP of PND 35 THC mice was 6.68x10710 moles per gram and the
average level of PGE2 in the HIPP of the vehicle was 5.9x10710 moles per gram;
6.68x10710 divided by 5.9x10710 equals 1.13, assigning it 1 up arrow in the figures because
the magnitude of change was between 1 and 1.5 times higher than vehicle. For decreases the
process was very similar: the mean level in the THC group was divided by the mean level in
the vehicle; however, the reciprocal of the decimal was taken to express a fold decrease (if
the level in the THC mouse is ¥ of the vehicle level then that is a 2 fold decrease). As an
example the mean level of AEA was 4.76x10711 moles per gram in the HIPP of the adult
THC mice and 5.48x10~11 moles per gram in the corresponding vehicle HIPP. 4.76x10711
divided by 5.48x10711 js 0.87 and the reciprocal of 0.87 is 1.15, meaning that the decrease is
between 1 and 1.5 times vehicle levels and giving it 1 down arrow on our scale.
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2.4 RNA Sequencing

The extracted RNA was purified into poly-A RNA using oligo-dT binding [50] and
fragmented into 30-400 base pair segments [51]. Then, the RNA fragments were reverse
transcribed into cDNA using random primers [51, 52]. Adaptors were placed on the ends of
the cDNA fragments that were read by the sequencer [52]. The Illumina IG sequencer (San
Diego, CA, USA) has been well validated for RNA-Seq purposes [51-53] and Illumina kits
for library preparation were used as previously described [54]. The Illumina applies
‘sequencing by synthesis’ [53]. The cDNA library was placed in lanes in a flow-cell, where
individual cDNA fragments were amplified. A linearization enzyme spliced the cDNA into
single strands. One base at a time, fluorescently labeled nucleotides complemented the
template. The sequencer captured the signal from the change in fluorescence [53, 54], which
can be translated into a nucleotide base.

Raw reads from the sequencer were checked for quality using FastQC software (Babraham
Bioinformatics, Cambridge, UK) [55]. Adapter sequences were trimmed from the reads
using Trimmomatic software (Usadel Lab, Aachen University, Germany) [56]. Up to
19,809,240 raw reads were made from each sample. After trimming, around 99% of the
reads remained for further analysis (Supplemental Table 2). Trimmed reads from the
sequencer were mapped onto the Mus musculus GRCm38.75 reference transcriptome using
tophat2 software (Johns Hopkins University Center for Computational Biology, Baltimore,
MD, USA) to generate a base expression profile for each gene [52]. Typically, over 90% of
the reads were mapped. 2 samples, Adult V1 and PND 35 THC6, had poor mapping onto the
mouse reference transcriptome (Supplemental Table 2) and were excluded from the
differential expression analysis. This yielded an n of 4 for PND 35 vehicle, an n of 5 for
PND 35 THC, an n of 5 for Adult vehicle, and an n of 4 for Adult THC. Bioinformaticians
mostly agree that a sample size of 3 per group is acceptable if the experiment was well
controlled [57], meaning that we have sufficient sample size for differential expression
analysis.

Normalization of sequence read count is an important issue for RNA-Seq studies using mice,
because a few genes are very abundantly expressed and can bias the analysis [58]. The
DESeq software package (Simon Anders, European Molecular Biology Laboratory,
Heidelberg, Germany) for normalization of count data [59] has been applied to several data
sets before [54, 59] and adequately controls for differences in library composition. A counts
table containing read counts for each gene, to be used as input for DESeq2, was generated
using htseg-count 0.5.4p1 (Simon Anders) [60]. The DE-Seq?2 software package [57] was
used for normalization of count data and to determine genes that were differentially
expressed within each age group in THC-treated HIPP versus vehicle-treated HIPP at a 5%
false discovery rate (FDR) [59]. The ability of RNA-Seq to detect differences between
groups in levels of weakly expressed transcripts and its thoroughness of coverage makes it a
very attractive choice for studies that want to identify differentially expressed genes between
groups [58]. It isn’t possible to quantify every differentially expressed gene between groups,
but RNA-Seq gives an excellent overview of genes that are broadly affected by experimental
condition. An RNA-Seq approach may identify novel pathways contributing to differences
in lipid levels that may be missed when taking a targeted approach.
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2.4.1 Pathway Analysis—In order to better understand the biological consequences of
the set of genes affected by acute THC in the HIPP, pathway analysis was performed with
Ingenuity Pathway Analysis (IPA) software (Qiagen, Hilden, Germany) [61]. Genes with
differential expression between THC and vehicle with significance defined at 1% FDR in
Adult and PND 35 hippocampal RNA samples were analyzed using IPA, to find a list of
diseases, developmental processes, and cellular functions significantly associated with the
set of upregulated or downregulated transcripts.

3. Results

3.1 Overall Effects of Acute THC on the CD1 WT Female Mouse Brain Lipidome

All of the NAE, PG, free fatty acid, and 2-acyl glycerol species analyzed here were detected
in all brain regions. Of the 67 lipoamines in our screening library (Supplemental Figure 2),
over 50 were detected in most brain regions in both the vehicle and THC treated mice at
each developmental time point. Together this lipidomics data analysis totals approximately
62,000 data points analyzed. The most lipids in the library were detected in larger brain
regions such as the cortex (CTX), cerebellum (CER), and brainstem (STEM). The fewest
were detected in smaller brain regions such as the hypothalamus (HYP), which likely
represents a technical detection limit and not specific signaling properties of the region. The
detailed list of levels of lipids detected in each of the eight brain regions assayed from each
experiment and the statistical analyses of each are available in the Supplemental Tables 3-50.

As a first level of analysis, we have calculated the percentage of significant changes in lipid
levels as a result of THC exposure at each developmental time point (Figure 1). In PND 35
mice, out of the 656 possible changes (82 lipids in each brain area) in lipid concentrations,
33 significant changes were detected across all 8 brain areas (Figure 1; Supplemental Figure
4). Most of the changes in lipid levels were increases in a lipid’s concentration (23 increases
total, compared to 10 decreases total). The brain area with the most robust effect of THC on
the lipidome in PND 35 mice was the hippocampus (HIPP), which had increases in levels of
6 lipids and a decrease in 1 lipid. The brain region least impacted by acute THC in the PND
35 mice was the HYP, with an increase in A-oleoyl glycine and a decrease in 2-AG
representing the only changes in the lipidome detected in that brain region.

In PND 50 mice, levels of 58 lipids were significantly modified. Unlike in the PND 35 mice,
the numbers of increases and decreases were nearly equivalent (30 increases and 28
decreases; Figure 1; Supplemental Figure 5). However, there were distinctly different
patterns of lipid changes in different brain areas. For example, in the HYP all the changes
with acute THC were increases in a lipid’s concentration and in the HIPP all the changes
were decreases in a lipid’s concentration. The brain area with the most robust effect of THC
on the lipidome was the CER, which had increases in levels of 5 lipids and decreases in
levels of 8 lipids. The brain region least impacted by acute THC in the PND 50 mice was the
HYP, with an increase in PGF,, representing the only change in the lipidome.

Adult brains showed the most changes in lipid levels across the 8 brain regions assayed, with
levels of 116 lipids changing in concentration in the THC group compared to the vehicle
group. Unlike in the adolescent brain, most of the changes in lipid levels were decreases in a
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lipid’s concentration relative to vehicle (99 decreases, 17 increases; Figure 1; Supplemental
Figure 6). The CER stands out in the adult experiment wherein all 14 changes in lipid levels
were decreases. The region most affected by acute THC in the adult brain was the STEM,
where levels of 28 different lipids were altered by THC (24 decreases, 4 increases). In
contrast, the least affected brain region was the striatum (STR) with only 3 lipids affected (2
decreases, 1 increase).

3.2 Specific Lipid Modifications across the Brain with Acute THC are Age-Dependent

Maps of all significant changes, shown in Supplemental Figures 4-6, contain many orphan
lipids of unknown function. Examples shown here are lipids that have the most known
signaling pathways and the most understood biosynthetic and metabolic pathways. The
transition from predominately increases to predominately decreases in specific lipid levels
from early adolescence to adult is highlighted in the HIPP regarding the levels of PGE, and
PGF,,. Acute THC drives an increase in these PGs in the PND 35 mouse, no change in the
PND 50 mouse and a decrease in the adult (Figure 2A; Figure 2B). PGs are emerging as
important molecules for hippocampal development [62] and eCB signaling appears to play a
critical role in these pathways [63-65].

THC has a particular impact on the eCBs AEA and 2-AG and their structural analogs, but
only in the PND 50 and adult mice. Only 2 changes, decreases in 2-AG in the midbrain
(MID) and HYP, were observed in eCBs in the PND 35 mice to acute THC and the only
scenario in which a change in a lipid’s concentration was the same in all three
developmental stages was a decrease in 2-AG in the MID (Figure 2C). Importantly, the eCB,
AEA, and its structural analogs the NAEs were only significantly increased in the PND 50
STR; however, these NAEs were significantly decreased in the adult in all brain areas except
the STR and CTX (Figure 2A,; Figure 3A,; Figure 3B). Finally, the ubiquitous transient
receptor potential vanilloid (TRPV) 4 agonist, A-arachidonoy! taurine (A-Taur) [66] was
modulated in 5 of the 8 brain regions, where it was primarily increased after THC
administration (Figure 2A; Figure 3A; Figure 3C).

3.3 Differential THC Distribution by Brain Region

Levels of THC and its 2 main metabolites were measured in each of the 8 brain regions 2
hours after acute THC injection. In all developmental ages, levels of THC varied by brain
region (Figure 4; Supplemental Figure 7A; Supplemental Tables 51-59). As experiments
using different age groups were conducted several months apart, analysis of the main effect
of age on THC levels across brain areas was not possible. However, within each age group, a
one-way ANOVA revealed a significant main effect of brain area on levels of THC (p <
0.001) indicating that the distribution of THC throughout the brain is not uniform. The only
exception is that the levels of THC were highest in the HIPP in all 3 age groups (Figure 4A).
On the other end of the spectrum, levels of THC were lowest in the CTX in both PND 35
and the adult mice; however, levels of THC were lowest in the HYP in the PND 50 mice.

3.4 Differential Distribution of THC Metabolites by Brain Region and Development

Levels of THC metabolites also varied by brain region: a one-way ANOVA revealed a main
effect of brain area on levels of both THC metabolites in the screening library (p < 0.001).
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Levels of the psychoactive metabolite [67] 11-OH-THC were highest in the MID of the PND
35 group, the HIPP of the PND 50 mice, and the STEM of the adult mice, whereas levels of
11-OH-THC were lowest in the CER of the PND 35 mice and lowest in the HYP in the PND
50 and adult mice (Figure 4B; Supplemental Figure 7B; Supplemental Tables 51-59). Levels
of the non-psychoactive metabolite (+)-11-nor-9-carboxyTHC [68], likewise, varied by brain
region and by development (Figure 4; Supplemental Figure 7C; Supplemental Tables 51-59).
Despite this compound’s non-psychoactive nature, it is long lasting [69] and is the
compound that is typically used by forensic investigators to determine recent cannabis use
[68]. Levels of this compound were highest in the HIPP of the PND 35 mice and in the
thalamus (THAL) of both PND 50 and adult mice; however, were lowest in the CER of the
PND 35 and PND 50 mice and the CTX of the adult mice. (£)-11-nor-9-carboxy THC was
not detected in every sample from the HYP, so this brain area was not analyzed.

3.5 Transcriptome of Hippocampus Following Acute Systemic THC Administration

3.5.1 Analysis of PND 35 Hippocampal Transcriptome—Acute THC treatment in
PND 35 female mice caused 89 transcripts to be differentially expressed in the HIPP,
wherein 48 were downregulated and 41 were upregulated (Supplemental Figure 8). 58 of
these changes were unique to the PND 35 HIPP (Figure 5A; Supplemental Figure 8). When
considering only the 58 uniquely changed transcripts, 21 of these were upregulated and 37
were downregulated, which is a higher proportion of downregulations than when changes
shared with the adult are considered (Figure 5A). The gene with the largest upregulation
following acute THC in the PND 35 HIPP was pleckstrin homology domain containing,
family F (with FYVE domain) member 1 (Plekhfl), with a log2 fold change of 0.84;
whereas the gene with the most robust downregulation was kinase insert domain protein
receptor (kdr) with a log2 fold change of —0.73 (Figure 5B). For full statistical analysis of
the significant differences found in the PND 35 THC HIPP versus the PND 35 vehicle HIPP,
see Supplemental Table 60.

3.5.2 Analysis of Adult Hippocampal Transcriptome—Compared to the PND 35
mice, acute THC caused a higher degree of transcript regulation in the adult HIPP. 189
transcripts were differentially expressed in the HIPP of adult THC-treated mice compared to
adult vehicle-treated mice (Supplemental Figure 9). 109 of these changes were increases in
expression and 80 of these changes were decreases in a transcript’s expression
(Supplemental Figure 9). 158 of these changes were unique to the adult HIPP wherein 89
changes were increases and 69 were decreases in a transcript’s expression (Figure 5A). Just
like in the PND 35 HIPP, the gene with the largest upregulation following acute THC in the
adult HIPP was Plekhfl, with a log2 fold change of 1.36 (Figure 5B). Notably, the
magnitude of the change was larger in the adult HIPP. The gene with the most robust
downregulation in expression after acute THC in the adult HIPP was claudin 5 (cldn5) with
a log2 fold change of —0.80 (Figure 5B). For full statistical analysis of the significant
differences found in the adult THC HIPP versus the adult vehicle HIPP, see Supplemental
Table 61.

3.5.3 Shared Differentially Expressed Genes between PND 35 and Adult—
Suggesting a unique transcriptomic signature following acute THC in the HIPP, 31 genes
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were affected by acute THC in the same direction, regardless of age (Figure 5C). Most of
these transcripts are found in multiple cell types in the HIPP: neurons, astrocytes, and
microglia (Supplemental Table 62). An Ensembl [70] and DAVID [71, 72] search revealed a
wide variety of functions of these transcripts (Supplemental Table 62). In the HIPP of both
PND 35 and adult mice, expression of 20 of these transcripts was significantly upregulated
and of 11 of these transcripts was significantly downregulated (Figure 5A; Figure 5C).
Although the changes in expression were in the same direction in both age groups, the
magnitude of the change in expression was consistently larger in the adult HIPP than the
PND 35 HIPP (Figure 5C). IPA indicated that a subset of diseases, developmental processes,
and cellular functions were significantly associated with the set of transcripts affected by
acute treatment with THC. Typically, more functions were associated with the set of THC-
affected transcripts in the adult HIPP (Supplemental Figure 10).

4. Discussion

Exogenous and endogenous cannabinoids share receptor targets in the mammalian brain;
however, little is known about how exogenous cannabinoids interact with eCBs and even
less is known about how THC affects the wider eCB lipidome. Here we show that the first
administration of a single-dose of THC regulates the ligands of the eCB system and
members of the broader lipidome, that THC and its metabolites are differentially
compartmentalized in the brain, that a single dose of THC drives changes in the
hippocampal transcriptome, and that each of these effects are developmentally and region-
dependent. Given the emerging data on how adolescent exposure to THC has longer-lasting
outcomes on behavior than the same level of exposure in the adult [4-10], we hypothesized
that there would be more effects on the brain lipidome and transcriptome in the adolescent
compared to the adult. Contrary to our expectations, the adult brain experienced more THC-
induced changes in lipid and RNA transcript levels than the adolescent brain. While on the
surface this may appear to suggest that adolescent brains are protected from THC exposure,
it may also represent a lack of a rapid response to THC during the first experience with THC
that may underlie the adult brain’s ability to show fewer long-term effects with THC
exposure.

4.1 Developmental Trajectory of eCB Signaling

One explanation for the age-dependent differences in the lipidome could be baseline
differences in lipid production and signaling that occur with age. Not much is known about
developmental changes in eCBs in the CNS and even less about changes in female subjects.
In one study Ellgren and colleagues examined the developmental trajectory of eCB levels in
male rats. Levels of AEA were increased by age in the prefrontal cortex (PFC), but did not
change in the nucleus accumbens (NAc) or caudate putamen. In contrast, 2-AG
concentrations are highest in the early adolescent in the NAc, whereas levels in the PFC
were highest in the early adolescent, reached a minimum during mid adolescence and then
rose again in the late adolescent, not quite reaching the early adolescent levels [73]. One
other study compared levels of NAEs (AEA, A-palmitoyl ethanolamine (PEA), and A-oleoyl
ethanolamine (OEA)), as well as activity of the NAE-degrading enzyme FAAH [74], at PND
25, 35, 45 and 70 in the hippocampus, hypothalamus, PFC, and amygdala of male rats. In all
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4 brain regions, there were effects of developmental age on levels of AEA, whereby levels of
AEA were elevated in PND 35 and PND 70 time-points compared to PND 45 and PND 25.
Levels of PEA and OEA followed a similar pattern. FAAH activity somewhat correlated
with the lipidomics results, meaning that an increase in FAAH-mediated hydrolysis of NAEs
can partially explain why levels of NAEs are lower at some time points [36].

CB; expression is also dynamic, generally being highest in the rat brain around PND 25 and
decreasing by adulthood. However, this reduction in CBq expression follows a slightly
different trajectory in different cortical areas. For example, this decrease is delayed until
PND 40 in sensorimotor areas, and the decrease is more pronounced in the medial PFC [75].
Therefore, both the ligands and receptors of the eCB system are dynamic throughout
development, with a certain degree of regional specialization. Unfortunately, we could not
directly compare eCB levels between age groups because experiments were conducted at
very different times and our HPLC/MS/MS methodology does not allow for absolute
comparisons from samples run several months apart. Given that levels of eCBs and their
metabolic enzymes appear to be dynamic throughout adolescence, a follow-up study could
examine how the wider eCB lipidome changes throughout development.

4.2 Changes in eCB signaling with THC: Potential Effects on Synaptic Plasticity

A hallmark of eCB signaling is its modulatory effects on activity-dependent neural plasticity
[76]. Here, we show that THC in effect downregulates the eCB system, but in a region and
development-dependent manner. 2-AG levels were reducedin 4 brain regions of adult and
PND 50 and 2 areas of the PND 35 THC-treated mice. AEA levels were reduced in 6 brain
regions of adult mice, but were only reduced in 2 regions of the PND 50 mice and were
unaffected in the PND 35 mice. It has previously been shown that a single dose of 3 mg/kg
THC dysregulates eCB-mediated plasticity in the hippocampus and midbrain [41]. 2-AG
exerts its effects on plasticity by multiple processes. Some of these processes involve 2-AG
as a retrograde messenger, which typically serves to decrease neurotransmitter release [77].
These processes include depolarization-induced suppression of inhibition or excitation,
metabotropic-induced suppression of inhibition or excitation, and the longer-lasting eCB-
long term depression [76]. Highlighting the diversity of eCB signaling, eCBs can also signal
in a non-retrograde manner and interact with other signaling systems in the CNS [77].

The complexity of eCB signaling means that the effects of THC on synaptic transmission are
not always as predicted, especially because CB is located on both excitatory and inhibitory
terminals in the hippocampus [78]. On glutamatergic axon terminals in the Schaffer
collateral of the hippocampus, THC typically serves to decrease glutamate release via its
actions at CB1, which is hypothesized to underlie some of the deleterious effects of THC on
memory. However, there are also adenosine receptors on the same axon terminals, and
blocking adenosine receptors augmented THC’s ability to decrease glutamate release [79].
THC was found to disrupt both glutamate release and long-term potentiation (LTP) in the
hippocampus, possibly contributing to the memory impairment seen after a single dose of
THC. However, THC’s ability to disrupt glutamate release and LTP was not as strong as
synthetic cannabinoids with higher efficacy at CB [78]. Given that 2-AG is usually
considered a full agonist at CB1, whereas THC is usually considered a partial agonist, it is
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possible that 2-AG would have a stronger ability to disrupt hippocampal function than THC.
For example, in cultured hippocampal neurons, Kelley and Thayer found that THC
antagonizes the effects of 2-AG on synaptic transmission. In that study, 1 uM 2-AG could
inhibit spiking in hippocampal neurons at an ECsq of 63 nM. When 100nM THC was added
to the culture, the ECsq shifted to 1430 nM, meaning that THC made 2-AG less effective at
modulating synaptic plasticity. The authors hypothesized that the ability of THC to
antagonize 2-AG signaling is due to the lower intrinsic efficacy of THC at CB; compared to
2-AG [80]. However, our data suggest that a potential mechanism for the ability of THC to
block 2-AG signaling is by lowering levels of 2-AG. Although it seems like the younger
brains should be more protected from the negative effects of THC on the eCB system
because there were fewer changes in eCB levels, it might be that this lack of rapid 2-AG
downregulation augments THC’s ability to affect synaptic regulation at a younger age.

4.3 THC and Lipidome Signaling at Non-Cannabinoid Receptors and Proteins

THC does not exclusively activate cannabinoid receptors CB41 and CB,. For example, THC
activates the G-protein coupled receptors (GPCRs) GPR55 [81] and GPR18 [82], and the ion
channel TRPV2 [83], and inhibits Cay/3.1, Cay/3.2, and Cay/3.3 type calcium channels [84].
Therefore, we cannot determine from this study whether acute THC’s effects on the
lipidome are due to its actions at receptors of the canonical eCB system or due to its actions
at another protein target. GPR55 and GPR18 have activity in vasculature [81] and microglia
[82] respectively. More recent data illustrates that GPR55 is also important for synaptic
plasticity in the hippocampus [85, 86]. Cay/3 (also known as T-type) calcium channels are
implicated in several clinical conditions, such as insomnia, epilepsy, neuropathic pain, and
hypertension [84]. Notably, these receptor targets are also targets for some of the lipids in
the screening library. For example, A-arachidonoyl glycine (NAGIy) activates GPR18 [87,
88] and GPR55 [89], and A-palmitoyl tyrosine is a TRPV2 agonist [29]. Cazade and
colleagues showed that AEA, N-docosahexaenoyl glycine, NAGly, A-arachidonoyl GABA,
N-arachidonoyl serine, N-arachidonoyl alanine, A-Taur, and A-linoleoyl glycine all inhibited
Cay3.3 currents in transfected HEK cell lines, albeit by varying degrees [90]. Several of
these endogenous GPCR and T-type calcium channel modulators were affected here by
acute THC. In the adult brain, the reduction in AEA levels may counteract the inhibition of
T-type calcium channels caused by THC. The PND 35 brain lacks the reductions in Cay/3.3
inhibitors observed here in the adult, and therefore the activity of the Cay/3.3 channel may be
more inhibited in the PND 35 brain than in the adult brain.

4.4 Age and Regional Differences in THC and THC Metabolites

Another unique feature of this data set is the analysis of the regional distribution of THC and
THC metabolites in the CNS. We show that the only commonality among the age groups
was that the levels of THC were highest in HIPP; however, the levels of metabolites might
be an important indicator of continued effects on hippocampal function in adolescents. The
PND 35 HIPP had the 2" highest levels of 11-OH-THC and the highest levels of (+)-11-
nor-9-carboxy-THC relative to other brain regions. Similarly, the PND 50 HIPP had the
highest levels of 11-OH-THC and the 2" highest levels of (+)-11-nor-9-carboxy-THC.
Relative levels of these cannabinoids in the adult showed that HIPP levels ranked 5th for 11-
OH-THC and 6th for (£)-11-nor-9-carboxy-THC. This suggests that the high levels of THC
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in the adolescent HIPP are not the product of a lack of metabolism. Yet a lack of metabolism
converting THC to 11-OH-THC and (£)-11-nor-9-carboxy-THC is a potential explanation
for high THC levels in the HIPP that is specific to the adult brain. The conversion of THC to
11-OH-THC and (%)-11-nor-9-carboxyTHC is carried out by the cytochrome P450 family of
enzymes, mainly CYP2C9 [91] and CYP3A4 [92]. Most of the metabolism of THC appears
to take place in the liver [93], where expression of P450 enzymes is very high; however,
these enzymes are also expressed in the brain suggesting that local metabolism is also likely
[94]. The contribution of these more localized enzymes to THC metabolism needs to be
investigated, and may vary by developmental stage.

4.5 The eCB system in the Hippocampus

The hippocampus is home to specialized machinery for eCB signaling [9] and studies
performed in the hippocampus have been crucial to our understanding of the eCB system
[95]. Indeed, CB; expression is enriched in the hippocampus relative to other brain areas.
However, suggesting specialization of the eCB system even within a brain area, levels of
CB; mRNA vary widely by hippocampal cell type, being highest in cholecystokinin-
containing GABAergic interneurons that are distributed throughout the hippocampal
formation [96, 97]. Compared to expression on glutamate axon terminals, the expression of
CB; on GABAergic axon terminals is much higher. The difference in expression levels
means that THC can act as a full agonist at CB4 receptors on GABA neurons in the
hippocampus, whereas THC acts as a partial agonist at CB; located on glutamatergic
neurons [98]. Increased expression of CB1 and elevated levels of THC found in the HIPP
after acute THC exposure may make this region especially vulnerable to acute THC.

4.6 Hippocampal Signature of THC: A Signhature of Cognitive Impairment?

Our data on the relative levels of THC being the highest in HIPP in all age groups is
corroborated by the fact that THC can have profound effects on short-term memory [99,
100]. Acute THC impairs memory in both animals and in humans[101]. One of the memory
processes supported by the hippocampus is spatial memory, assessed in animals using the
Morris water maze. Varvel and colleagues examined the effects of acute THC on spatial
working memory by giving male C57 mice varying doses of THC and testing performance
on the Morris water maze 30 minutes later. A dose of just 3 mg/kg significantly disrupted
spatial working memory without producing cannabimimetic effects in the tetrad. This
suggests that working memory is particularly sensitive to THC [102]. A dose of 3 mg/kg
THC impaired novel object recognition, another task reliant on the hippocampus, 24 hours
after dosing [103]. This behavioral data combined with our lipidomics data validates the
choice of the hippocampus for our analysis for transcriptomics and furthermore validates our
choice of dose.

4.7 THC Exposure on the Hippocampus Suggests a Role for Cell Death

Transcripts impacted by acute THC in the PND 35 and adult HIPP were not traditional
members of the eCB system (Figure 5; Supplemental Figures 8 and 9); yet the changes
measured likely have important consequences for signaling. A deeper look at the types of
transcripts suggests a specific role for cell survival (Supplemental Figure 10) that may be a
key component for understanding long-term consequences of THC exposure. Although the
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effects of acute THC on the transcriptome were very broad in terms of pathways, the number
of transcripts significantly affected by acute THC was relatively low considering the very
wide coverage of the RNA-Seq data; however, this may point to a directed set of changes in
signaling parameters. In a microarray study, acute THC altered expression of only 28 out of
24,500 possible genes in the library [104]. That we measured 189 differentially expressed
transcripts in the adult HIPP might be explained by the differences in techniques. Older,
hybridization-based technology, like microarrays, required knowledge of the sequences for
specific transcripts hypothesized to change in the experiment. In contrast, RNA-Seq does not
rely on hybridization to a targeted sequence, but instead requires knowledge of the
transcriptome for analysis [52]. Thus, microarrays are targeted, whereas RNA-Seq is less
biased. As there is no upper-limit for quantification, the dynamic range of RNA-Seq is very
large [52], especially compared to microarrays. This facilitates detection of differences
between groups in transcripts expressed at low levels [54], which likely explain the
discovery of these novel transcript changes here.

4.8 THC and Neurogenesis

Another important aspect of the hippocampus is that it is a site of adult neurogenesis [105].
Specifically, neural progenitor cells originate from the dentate gyrus of the hippocampus
[106]. New neurons are constantly being produced and many of them are integrated into
existing brain networks with an estimated 700 new neurons being added in the adult human
hippocampus each day [108]. Neurogenesis is impaired in psychopathology, one example
being major depression, and anti-depressant therapies are known to stimulate neurogenesis
[109, 110].

Although THC may not directly affect neurogenesis [111], challenging the eCB system with
THC may produce changes in gene expression that support a decrease in neurogenesis, such
as a downregulation of CB, contributing to the increased risk of psychopathology in people
who heavily used cannabis during their youth [112, 113]. Indeed, chronic exposure of male
rats to the synthetic cannabinoid WIN55,212-2 during adolescence caused deficits in spatial
learning and memory that were more severe than those seen when the drug was administered
during adulthood and were correlated with a stronger reduction in dorsal hippocampal
neurogenesis [114]. Given that AEA and 2-AG can promote neurogenesis [115], the fact that
levels of eCBs were reduced in the adult HIPP after acute THC may indicate a lipid
environment less supportive of neurogenesis. However, it must be noted that we did not
measure levels of eCBs in the dentate gyrus specifically, and so it is not known whether the
changes in lipid levels are occurring where the new granule neurons are being produced
[116]. Prior studies have shown that acute THC did not increase the number of neural
progenitor cells in the dentate gyrus, but these studies did not measure neurogenesis, leaving
open the possibility that THC is affecting neurogenesis via cell proliferation or cell survival
[117].

One of the factors that induces cell proliferation and promotes the survival of immature
neurons is vascular endothelial growth factor (VEGF) [118]. Here, we show that acute THC
significantly lowered mRNA encoding the receptor for VEGF, Kdr, in both the adult and
PND 35 HIPP. A consequence of this decreased Kdr expression may be that the survival of
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new neurons is compromised. Some of the genes altered by acute THC had restricted
expression to sites of neurogenesis. For example, expression of cyclin dependent kinase
inhibitor 1A (Cdknla) is restricted to immature hippocampal neurons in the subgranular
zone of the dentate gyrus, a site of adult neurogenesis. Cdknla can keep immature neurons
in a quiescent state [119]. Interestingly, Cdknla was one of the transcripts upregulated by
acute THC in the HIPP of mice from both age groups. Therefore, the changes seen with
acute THC may support a decrease in neurogenesis. Follow-up studies could directly test the
hypothesis that acute THC impairs neurogenesis in the hippocampus. These decreases in
neurogenesis may be sustained with repeated use, which could contribute to
psychopathologies. For example, Realini and colleagues uncovered a depressive-like
phenotype in female rats chronically exposed to THC in adolescence that was correlated
with a reduction in the number of proliferating neurons in the hippocampus [120].
Furthermore, there could be unique consequences to decreasing neurogenesis for the
adolescent brain.

4.9 Acute THC induced changes in the CNS may be an indicator of the relative resilience of
older brains

Although more lipids and transcripts changed in expression with acute exposure to THC in
the adult brain, these alterations may be an indication of the relative resilience of older
brains to the effects of THC. For example, the effect of acute THC on PG levels in the HIPP
completely switched direction with developmental age; levels of PGs increased in the PND
35 HIPP, whereas they decreased in the adult HIPP. Increased levels of PGE2 in the HIPP
have been linked with THC-induced memory impairment [62], and may be indicative of a
more pro-inflammatory effect of acute THC in the HIPP of younger mice because an
increase in PG production is often considered a marker of inflammation [62, 121].

Changes in the transcriptome may also be indicative of the relative resilience of older brains.
A regulator of neurogenesis, glycogen synthase kinase 3p (GSK3p) has been implicated as a
target for medications treating psychopathology, such as depression. In mice, inhibiting
GSK3p causes a reduction in depressive-like behaviors and increasing GSK3p activity
causes increased depressive-like behaviors. FK506 binding protein 5 (FKBP5) can inhibit
GSK3p activity to produce anti-depressant effects and deleting FKBP5 makes anti-
depressants less effective [122]. The acute exposure to 3 mg/kg THC upregulated FKBP5
message in the HIPP of both age groups, but the increase was of a larger magnitude in the
adult brain. FKBP5 can be considered a stress-induced gene because acute stress upregulates
FKBPS5 in the CA1 region and the dentate gyrus of the hippocampus [123]. However,
exposures to some of the molecular alterations driven by acute stress may be beneficial in
conferring resilience to stress-related psychopathology. Gassen and colleagues hypothesized
that the acute stress-induced effects of increasing FKBP5 could support coping with stress
by inhibiting GSK3p [122]. Stress also likely has different effects in different
developmental contexts, with developing brains appearing more vulnerable to stressors
[124].

Biochim Biophys Acta. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leishman et al. Page 16

5. Conclusions

These experiments emphasize how the effects of the first exposure to a single dose of THC
on the brain are widespread, region-dependent, and, most importantly, developmental age-
dependent. That both the broader lipidome and the transcriptome are significantly affected
just 2 hours after THC treatment highlights the finding that AEA and 2-AG and CB; and
CB;, are not the only signaling systems altered by acute THC. While drug addiction is a
disease that develops with persistent, chronic drug use, it is the acute effects produced by
drugs of abuse like cannabis that are the first step towards the development of substance use
disorders. Current treatments for drug abuse do not take into consideration the biochemical
changes that accompany the transition from the first exposure to a drug to the development
of addiction. Delineating the signaling changes that occur during the transition to addiction
represents a novel avenue to identify mechanisms for pharmacological interventions. The
adolescent hippocampus appears particularly vulnerable to the impairing effects of THC
exposure [125, 126]; the adult hippocampus may be relatively more resistant to developing
these psychopathologies. Perhaps some of the acute THC induced changes in the CNS
observed here may be a clue as to why these outcomes are so divergent.
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RIN

STEM

Page 17

fatty acid amide hydrolase

false discovery rate

FK506 binding protein 5

G-protein coupled receptor
glycogen synthase kinase 3p
hippocampus specific for this study
high pressure liquid chromatography

high pressure liquid chromatography coupled with tandem
mass spectrometry

hypothalamus specific for this study
Ingenuity Pathway Analysis

kinase insert domain protein receptor
long term potentiation

mono acyl glycerol lipase

midbrain specific for this study
multiple reactions monitoring
nucleus accumbens

N-acyl ethanolamine

N-arachidonoyl glycine

N-acyl phosphatidyl ethanolamine specific phospholipase
D

N-oleoyl ethanolamine
N-palmitoyl ethanolamine
pre-frontal cortex
prostaglandin

pleckstrin homology domain containing, family F (with
FYVE domain) member 1

post-natal day
RNA integrity number

brainstem specific for this study
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Figure 1. Percentage of significant changes in the CD1 female mouse brain lipidome in post-natal
day (PND) 35, PND 50, and adult mice 2 hours after a 3 mg/kg systemic A%-
tetrahydrocannabinol (THC) injection

The left, blue part of the figure represents the percentage of the lipids detected within each
of brain region (row) within each age group (column) with concentrations that were
unaffected by acute THC. The middle, green part represents the percentage of lipids detected
that increased with THC treatment and the right, orange proportion represents the percentage
of lipids detected that decreased with THC treatment relative to vehicle. STR=striatum;
HIPP=hippocampus; CER=cerebellum; THAL=thalamus; CTX=cortex;
HYP=hypothalamus; MID=midbrain; STEM=brainstem
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Figure 2. Effects of systemic 3 mg/kg A%-tetrahydrocannabinol (THC) on levels of targeted lipids
2 hours after injection in the post-natal day (PND) 35, PND 50, and adult CD1 female mouse
hippocampus (HIPP), striatum (STR), midbrain (MID), and brainstem (STEM)

Panel A: Cells with shaded arrows indicate a change for that lipid in the THC-exposed brain
area relative to the same vehicle-exposed area within each age group (35d = PND 35, 50d =
PND 50, and AD = Adult). The arrow color indicates the direction of a significant result
relative to control. Green colors represent increases, with darker green representing a
significant (p < 0.05) increase and lighter green representing a trending (p < 0.1) increase.
Orange colors represent decreases in a lipid’s concentration, with darker orange indicating a
significant (p < .05) decrease and light orange representing a trending (p < .01) decrease.
The number of arrows indicates the magnitude of the difference between THC and vehicle.
One arrow indicates a magnitude difference of less than 1.5 fold, 2 arrows indicates a
1.5-1.99 fold change, and 3 arrows indicate a 2-2.99 fold change. BDL stands for “Below
Detection Limit,” whereas a blank cell indicates that there was no change in the lipid’s level
due to THC. See Methods and Supplemental Figure 3 for more detailed description of
analysis. Lipids listed in this figure are A-palmitoyl ethanolamine (PEA), A-stearoyl
ethanolamine (SEA), N-oleoyl ethanolamine (OEA), A-linoleoyl ethanolamine (LEA), A-
arachidonoyl ethanolamine (AEA), N-docosahexaenoyl ethanolamine (DEA), -
arachidonoyl taurine (A-Taur), 2-palmitoyl glycerol (2-PG), 2-oleoyl glycerol (2-OG), 2-
linoleoyl glycerol (2-LG), 2-arachidonoyl glycerol (2-AG), linoleic acid (LA), arachidonic
acid (AA), prostaglandin E2 (PGE,), prostaglandin Fp, (PGF5.), and 6-keto prostaglandin
Fia (PGF1q).

Panel B: Bar graphs showing mean levels of prostaglandin E, (PGE,) and prostaglandin Fy,
(PGF5) in the post-natal day 35 hippocampus (35d HIPP), post-natal day 50 hippocampus
(50d HIPP), and adult hippocampus (adult HIPP) 2 hours after a vehicle injection (open
bars) or a 3 mg/kg THC injection (black bars). The units on the y-axis are moles of lipid per
gram of tissue. Error bars are + standard error. Asterisk (*) represents a difference of p <
0.05 between THC and vehicle groups. In the post-natal day 35 hippocampus levels of these
prostaglandins are higher in the THC-treated group (corresponding to an green cell with 1
up arrow in panel A), whereas there are no differences in the post-natal day 50 hippocampus,
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and levels of these prostaglandins are lower in the THC-treated adult hippocampus
(corresponding to an orange cell with 1 down arrow in panel A).

Panel C: Bar graphs showing mean levels of 2-oleoyl glycerol (2-OG) and 2-arachidonoyl
glycerol (2-AG) in the post-natal day 35 midbrain (35d MID), post-natal day 50 midbrain
(50d MID), and adult midbrain (adult MID) 2 hours after a vehicle injection (open bars) or a
3 mg/kg THC injection (black bars). The units on the y-axis are moles of lipid per gram of
tissue. Error bars are + standard error. Asterisk (*) represents a difference of p <0.05
between THC and vehicle groups and the pound sign (#) represents a difference of p < 0.1.
In the post-natal day 35 and post-natal day 50 midbrain, there were no significant differences
between groups in levels of 2-OG, whereas 2-OG levels are lower in the THC-treated adult
midbrain (corresponding to an orange cell with 2 down arrows in panel A). In all 3 age
groups, levels of 2-AG were lower in the THC-exposed midbrain (corresponding to orange
cells with 1 down arrow in panel A).
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Figure 3. Effects of systemic 3 mg/kg Ag-tetrahydrocannabinol (THC) on levels of targeted lipids
2 hours after injection in the post-natal day (PND) 35, PND 50, and adult CD1 female mouse
cerebellum (CER), cortex (CTX), thalamus (THAL), and hypothalamus (HYP)

Panel A: Cells with shaded arrows indicate a change for that lipid in the THC-exposed brain
area relative to the same vehicle-exposed area within each age group (35d = PND 35, 50d =
PND 50, and AD = Adult). The arrow color indicates the direction of a significant result
relative to control. Green colors represent increases, with darker green representing a
significant (p < 0.05) increase and lighter green representing a trending (p < 0.1) increase.
Orange colors represent decreases in a lipid’s concentration, with darker orange indicating a
significant (p < .05) decrease and light orange representing a trending (p < .01) decrease.
The number of arrows indicates the magnitude of the difference between THC and vehicle.
One arrow indicates a magnitude difference of less than 1.5 fold, 2 arrows indicates a
1.5-1.99 fold change, and 3 arrows indicate a 2-2.99 fold change. BDL stands for “Below
Detection Limit,” whereas a blank cell indicates that there was no change in the lipid’s level
due to THC. See Methods and Supplemental Figure 3 for more detailed description of
analysis. Lipids listed in this figure are A-palmitoyl ethanolamine (PEA), A-stearoyl
ethanolamine (SEA), N-oleoyl ethanolamine (OEA), A-linoleoyl ethanolamine (LEA), A-
arachidonoyl ethanolamine (AEA), N-docosahexaenoyl ethanolamine (DEA), N-
arachidonoyl taurine (A-Taur), 2-palmitoyl glycerol (2-PG), 2-oleoyl glycerol (2-OG), 2-
linoleoyl glycerol (2-LG), 2-arachidonoyl glycerol (2-AG), linoleic acid (LA), arachidonic
acid (AA), prostaglandin E2 (PGE2), prostaglandin Fo, (PGF5,), and 6-keto prostaglandin
Fia (PGF1q).

Panel B: Bar graphs showing mean levels of A-stearoyl ethanolamine (SEA), A-
arachidonoyl ethanolamine (AEA), and N-arachidonoyl taurine (A-Taur) in the post-natal
day 35 thalamus (35d THAL), post-natal day 50 thalamus (50d THAL), and adult thalamus
(adult THAL) 2 hours after a vehicle injection (open bars) or a 3 mg/kg THC injection
(black bars). The units on the y-axis are moles of lipid per gram of tissue. Error bars are +
standard error. Asterisk (*) represents a difference of p < 0.05 between THC and vehicle
groups and the pound sign (#) represents a difference of p < 0.1. In the post-natal day 35 and
the post-natal day 50 thalamus, there are no significant differences in SEA or AEA levels
between groups, but there is a significant decrease in both SEA (corresponding to an orange
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cell with 3 down arrows in panel A) and AEA (corresponding to an orange cell with 1 down
arrow in panel A) in the adult thalamus. Levels of A-Taur were significantly higher in the
THC-exposed post-natal day 35 thalamus (corresponding to a green cell with 1 up arrow in
panel A) and were trending higher in the adult thalamus (corresponding to a lighter green
cell with 1 up arrow in panel A).
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Figure 4. Levels of Ag-tetrahydrocannabinol (THC) and the THC metabolites 11-OH-THC and
(¥)-11-nor-9-carboxy-THC (THC-COOH) in 8 brain regions of female mice 2 hours after an
acute 3 mg/kg THC injection

The top row shows levels of THC and metabolites for the post-natal day 35 mice (PND 35),
the middle row shows levels for the post-natal day 50 mice (PND 50) and the bottom row
shows levels for the adult mice. Units on the y-axis are moles of lipid per gram of tissue.
Error bars are + standard error. Brain areas are shown on the x-axis. STR=striatum;
HIPP=hippocampus; CER=cerebellum; THAL=thalamus; CTX=cortex;
HYP=hypothalamus; MID=midbrain; STEM=brainstem. In each graph, brain areas are
ordered to correspond with their levels of lipid, with the area having the highest
concentration shown on the left and the area with the lowest on the furthest right.
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Figure 5. Effects of systemic 3 mg/kg Ag-tetrahydrocannabinol (THC) on the transcriptome in
the hippocampus of in the post-natal day (PND) 35 and adult female mice 2 hours post-injection

Panel A: Venn diagram showing the number of significant changes in expression of
transcripts due to acute THC relative to vehicle that were unique to each age group (PND 35
and adult) and the number of significant changes in transcript levels shared by each age
group. The directionality of expression differences in the THC-treated group relative to the
vehicle group is also shown. Full lists of the transcripts affected by acute THC in each age
group can be found in Supplemental Figures 8 and 9.

Panel B: The top portion of this panel shows the transcripts with the largest magnitude
significant differences in expression in the PND 35 THC-treated hippocampus versus the
PND 35 vehicle-treated hippocampus. The full names for the 3 genes with the largest
magnitude increase in expression and the 3 genes with the largest magnitude decrease in
expression are written out and the log2 fold change is also shown here. The lower portion of
this panel shows the transcripts with the largest magnitude significant differences in
expression in the adult THC-treated hippocampus versus the adult vehicle-treated
hippocampus. The full names for the 3 genes with the largest magnitude increase in
expression and the 3 genes with the largest magnitude decrease in expression are written out
and the log2 fold change is also shown here.

Panel C: Heat map of transcripts significantly affected by acute THC in the hippocampus of
both PND 35 and adult mice. As shown in panel A of Figure 5, there were 31 transcripts
with altered expression in both the PND 35 and the adult hippocampus. This panel shows the
direction and magnitude of change for each of these 31 transcripts in the PND 35 and in the
adult hippocampus. The shading color represents the direction of change: pink colors
represent increases in expression in the THC group relative to vehicle, whereas blue colors
indicate decreases in expression. The magnitude of change is expressed by the fold change
in expression, which is written in each cell. For more information on the 31 transcripts
affected by acute THC in both age groups, please refer to Supplemental Table 62, as well as
Supplemental Figures 8-9.
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