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Microglial cannabinoid receptor type 1
mediates social memory deficits in mice
produced by adolescent THC exposure and
16p11.2 duplication
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Adolescent cannabis use increases the risk for cognitive impairments and
psychiatric disorders. Cannabinoid receptor type 1 (Cnrl) is expressed not only
in neurons and astrocytes, but also in microglia, which shape synaptic con-
nections during adolescence. However, the role of microglia in mediating the
adverse cognitive effects of delta-9-tetrahydrocannabinol (THC), the principal
psychoactive constituent of cannabis, is not fully understood. Here, we report
that in mice, adolescent THC exposure produces microglial apoptosis in the
medial prefrontal cortex (mPFC), which was exacerbated in a model of 16p11.2
duplication, a representative copy number variation (CNV) risk factor for
psychiatric disorders. These effects are mediated by microglial Cnrl, leading to
reduction in the excitability of mPFC pyramidal-tract neurons and deficits in
social memory in adulthood. Our findings suggest the microglial Cnrl may
contribute to adverse effect of cannabis exposure in genetically vulnerable
individuals.

Adolescent cannabis use is associated with an increased risk for psy-
chiatric disorders and cognitive abnormalities'. The adverse effects
of cannabis are mainly mediated by delta-9-tetrahydrocannabinol
(THC), the principal psychoactive constituent of cannabis®. The effect
of THC on brain function is known to result from its binding to the
cannabinoid receptor type 1 (Cnrl) on presynaptic terminals, thereby

modulating cognitive function*”’. However, recent studies have
highlighted the importance of Cnrl expressed on astrocytes in med-
iating THC-induced cognitive deficits®™. Interestingly, Cnrl is also
expressed in microglia, which play critical roles in synaptic pruning
during brain maturation” and in the control of social and cognitive
function'*. The pathological implication of microglia in various
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psychiatric disorders of neurodevelopmental origin has gained sig-
nificant attention in recent years'®. Nevertheless, the role of microglia
in mediating the adverse cognitive effects of THC exposure remains
unexplored.

The contribution of cannabis use to risk for psychiatric disorders
appears to be modulated by genetic vulnerability to psychosis in the
context of gene-environment interaction (GXE)". Thus, an unmet need
exists in determining the convergent mechanisms whereby adolescent
cannabis exposure interacts with genetic susceptibility to psychiatric
disorders, ultimately producing adult psychopathology and cognitive
impairments. The -600-kb duplication (breakpoint 4[BP4]-BP5) on
16p11.2 (16plldup) is a copy number variation (CNV) that reproducibly
increases the risk for a range of cognitive defects present in psychiatric
disorders”. Preclinical studies have shown that the 16plldup mouse
model exhibits behavioral abnormalities in cognitive domains, as well
as abnormalities in the dendritic structure of pyramidal neurons and in
the GABAergic synapses of the prefrontal cortex (PFC), an area criti-
cally involved in social and cognitive functions®?°. Nonetheless,
potential GXE in the 16pl1dup model has yet to be investigated.

Here we sought to identify the role of microglia for the adverse
effects of THC exposure on adolescent brain maturation and cognitive
functions. We explored whether and how adolescent THC exposure
affects microglial function via cannabinoid receptors and whether
16plldup exacerbates these effects, leading to alterations in PFC
function and impairments in social and cognitive function in
adulthood.

Results

Cnrl is expressed in the microglia of mouse brains

We first explored cell type-specific expression of Cnrl in the mouse brain.
CD45'CD11b*'TMEMI119" microglia, ACSA-2" astrocytes, and NeuN" neurons
from the cerebral cortex of wild type mice were isolated by fluorescence
activated cell sorting (FACS) at postnatal day 90 (P90) (Fig. 1a). We con-
firmed that Cnrl mRNA is expressed in microglia, though to a lesser extent
than in neurons and astrocytes (Fig. 1b). Using the same approach, we also
found that microglial Cnrl mRNA expression was suppressed in Cnrp
mice crossed with the Cx3crI“* line (CQx3crI“™*;Cnr?™”* mice which
were given tamoxifen orally once a day for 5 consecutive days), as com-
pared to littermate controls. There were no such changes in Cnrl expres-
sion in neurons or astrocytes between these groups (Fig. 1c). In order to
confirm Cnrl expression at the protein level, we used magnetic activated
cell sorting (MACS) to isolate microglia-enriched CD11b* cells, ACSA-2*
astrocytes, and remaining cells including neurons from the cerebral cortex
of Ox3crI“™®;Cnr?*** mice and littermate controls (COx3crI“¥*:Cnr1™*).
We used this approach as it produces a higher cell yield than FACS with over
95% of collected CDI1b" cells being microglia”. Western blot analysis
showed that the ~50 kDa major immunoreactive band, which was pre-
viously identified as the Cnrl protein®*, was detected at lower levels in
CD11b" cells than in ACSA-2" astrocytes and remaining cells (Fig. 1d, Sup-
plementary Fig. 1). ~50 kDa protein expression was specifically suppressed
in the microglia-enriched CD11b* cells of Cx3crI“™®*;Cnr?™ mice (Fig. 1d,
Supplementary Fig. 1). Altogether, these results provide compelling evi-
dence for Cnrl expression in microglia.

Adolescent THC exposure and 16p11dup produce microglial
changes in the mPFC

We next explored the effects of adolescent THC treatment and
16pl1dup on microglia. Using previously published protocols®, male
and female 16plldup or wild type littermate control mice were
chronically treated with a single daily subcutaneous injection of THC
during adolescence P30-P51, corresponding to human adolescence
from 12 to 19 years of age” (Fig. 2a). At P51, upon completion of
adolescent THC treatment in the wild type male mice, we found a
reduction of Ibal mRNA expression in the mPFC, but not other brain

regions involved in social and cognitive functions, including ventral
and dorsal hippocampus, nucleus accumbens, and amygdala (Sup-
plementary Fig. 2). Ibal expression was also reduced in the mPFC of
16plidup male mice, but not in other tested brain regions (Supple-
mentary Fig. 2). Interestingly, mPFC-specific Ibal reduction was more
severe in 16plldup mice treated with THC during adolescence than in
either wild type mice treated with THC or 16plldup predisposition
alone, suggesting an mPFC-specific GxE effect on microglia (THC x 16
plldup interaction for Ibal expression [F3;=4.207, p=0.0488])
(Supplementary Fig. 2). We also performed co-staining experiments
for Ibal and P2ry12, which label putative non-activated/homeostatic
microglia***. We found that adolescent THC treatment and 16pl1dup
separately reduced the number of both Ibal'P2ryl12* and Ibal*P2ry12-
microglia in the mPFC while increasing the percentage of Ibal"P2ry12”
microglia in the total Ibal" microglia (Fig. 2b). These findings were
consistent with the observed effects of THC and 16plldup on mPFC
microglial morphology, including a reduction in their cellular pro-
cesses and an increase in the size of their cell bodies (Fig. 2c). It is worth
noting that these phenotypes were exacerbated in 16plldup mice
treated with THC during adolescence (THC x 16p11dup interaction for
the number of Ibal'P2ryl12" microglia [F;,0=21.80, p=0.0001] and
Ibal*P2ry12™ microglia [F;20=5.385, p=0.0310], cellular process area
[Fi16 =5.697, p=0.0297], and cell body size [F; ;6 =34.16, p < 0.0001])
(Fig. 2b, ¢). Interestingly, we did not observe these microglial changes
in young adulthood (P72), following a 3-week abstinence period after
the THC treatment (Supplementary Fig. 3a-c). Although our previous
studies reported the impact of THC on astrocyte function in another
GXE context?, neither adolescent THC treatment nor 16p1ldup had an
effect on the number of Aldhlll* astrocytes in these brain regions
(Supplementary Fig. 3d). Neither adolescent THC treatment nor
16plldup predisposition affected Ibal mRNA expression or the total
number of Ibal® microglia in the female mice (Supplementary
Fig. 3e, ).

Adolescent THC exposure and 16p11dup produce microglial
apoptosis in the mPFC

THC induces apoptosis in peripheral immune cells, such as dendritic
cells*>*, Therefore, using primary microglia cultures produced from
male mice, we next sought to examine whether THC treatment induces
microglial apoptosis via cannabinoid receptor signaling and whether
these microglial phenotypes are enhanced by 16plldup predisposi-
tion. We observed that THC treatment increased microglial apoptosis
and reduced their cellular area and processes (Fig. 3a, c-f). In line with
the possible role of 16plldup genes in microglial biology***’, THC-
induced microglial apoptosis was synergistically exacerbated by
16plldup (THCx16plldup interaction for microglial apoptosis
[F1,44=188.2, p<0.0001]) (Fig. 3a, e). THC-induced morphological
changes were worsened by 16plldup (Fig. 3c, d, ). In contrast, 22q11
deletion, another major CNV conferring higher risk of psychiatric
disorders™®, did not enhance these microglial phenotypes produced by
THC treatment (Supplementary Fig. 4a, c-f). Notably, genetic deletion
of Cnrl, but not Cnr2 that is primarily expressed in immune cells
including microglia®’, blocked THC-induced microglial apoptosis and
morphological changes (Fig. 3g, i-I). There was no effect of THC
treatment on necrotic cell death of microglia from these mouse
models (Fig. 3b, e, h, k, Supplementary Fig. 4b, e).

To obtain in vivo evidence of microglial apoptosis in the mPFC, we
measured the expression of the active subunit of Caspase3-pl7, a
marker of the ‘before the point of no return’ in apoptosis with co-
labeling for Ibal, and DNA fragmentation (TUNEL), a marker of the
‘after the point of no return’, at P51 upon completion of adolescent
THC treatment. Adolescent THC treatment increased the immunor-
eactivity of Caspase3-p17 in the Ibal® cells and TUNEL signals and these
were enhanced in the 16p11dup mice (THC x 16plldup interaction for
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Fig. 1| Cnrl expression in the microglia of the mouse brain. a Experimental flow
of Fluorescence-Activated Cell Sorting (FACS)-based microglia
(CD45'CD11b"'TMEMI19%), astrocyte (ACSA-2°), and neuron (NeuN*) isolation using
specific cell markers. b Relative mRNA expression levels (arbitrary units: a.u.) of
Cnrl in microglia, astrocytes, and neurons isolated from wild type mice were
measured by quantitative real time PCR (qPCR) using the TagMan assay protocol.
n=6 mice per group. **p <0.001, *p < 0.01 (p values are Microglia versus Astro-
cytes: p=0.0010, Microglia versus Neurons: p < 0.0001, Astrocytes versus Neu-
rons: p<0.0001), determined by one-way ANOVA with post hoc Tukey test.

c Relative mRNA expression levels (arbitrary units: a.u.) of Cnrl in microglia,
astrocytes, and neurons isolated from Cx3crI“*®*;Cnr1”* and Cx3crI®*;Cnrp™x
mice were measured by qPCR. n =6 mice per group. **p <0.001 (p values are

p<0.0001), determined by unpaired two-tailed Student’s ¢ test. d Microglia-
enriched CD11b* cells, ACSA-2" astrocytes, and remaining cells including neurons
were collected from the cerebral cortex of Cx3crI“*®*;Cnr?**#* mice and litter-
mate controls (Cx3cr1“**;CnrI*"*) by magnetic activated cell sorting (MACS). For
each cell type, expression of Cnrl, marker proteins (Ibal, GFAP, NeuN) and a loading
control (GAPDH) in the total protein (arbitrary units: a.u.) were analyzed with SDS-
PAGE followed by Western blotting with 10 pug of protein sample loaded in each
well. n=3 mice per group. *p < 0.05 (p values are CnrI** Cd11b* cells versus CnrI**
Astrocytes: p=0.0495, CnrI”* Cdl1b* cells versus CnrI** Remaining cells:
p=0.0204, Cnr1”* Cd11b* cells versus Cnr?x Cdl1b* cells: p = 0.0479), deter-
mined by two-way ANOVA with post hoc Tukey test. b-d Each symbol represents
one animal. Data are presented as the mean +s.e.m.

Caspase3-pl7 immunoreactivity [F,0=5.023, p=0.0365] and TUNEL
signals [F1 20 =94.36, p <0.0001]) (Fig. 3m). These results suggest that
adolescent THC treatment induces Cnri-mediated microglial apopto-
sis in the mPFC, which was specifically exacerbated by 16plldup
predisposition.

p53 signaling mediates the convergent effect of adolescent THC
exposure and 16plldup on microglial apoptosis

To gain molecular insights into the THC-induced microglial apoptosis
in the GXE context, we performed RNA sequencing (RNA-seq)-based
analyses to determine transcriptome changes in the microglia
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produced by adolescent THC treatment and 16plldup. For this pur-
pose, we isolated CD11b*/CD45"/P2ry12" microglia from the mPFC at
P51 using fluorescence-activated cell sorting (FACS) (Fig. 4a). FACS-
isolated microglia were subjected to RNA-seq analysis using the Smart-
seq2 protocol that is applicable for a limited number of FACS-
collected cells with full-length coverage (Supplementary Fig. 5a, b).
After the false discovery rate (FDR) correction (prpg-correctea < 0.10), we
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found the up-regulation of ubiquitin specific peptidase 53 (Usp53)
(N=18, t=7.32, p=2.6e-6, FDR=0.058) and bipartite transcription
factor (Tub) (N=18, t=6.91, p=5.2e-6, FDR =0.058) following THC
treatment alone, and the down-regulation of mitochondrial ribosomal
protein [20 (Mrpl20) (N=18, t=-7.17, p=3.4e-6, FDR=0.074) fol-
lowing THC treatment in 16plldup mice (Supplementary Fig. 6a,
Supplementary Data 2). Of note, Usp53 is known to promote
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Fig. 2 | Microglial changes in the mPFC of 16p11dup male mice produced by
adolescent THC treatment. a Schematic diagram of the adolescent THC treatment  Ibal" cells. Scale bar, 10 pm. (Bottom left) Quantification of cellular process area of
protocol. 16plldup mice and wild type littermate controls (WT) were treated with  Ibal’ cells (n =50 cells in 5 mice per condition). (Bottom right) Quantification of the
THC or vehicle (Veh) during adolescence, followed by microglial phenotyping at
P51 upon completion of THC treatment. b (Top left) Immunohistochemistry ofIbal  condition). **p < 0.001, *p < 0.05 (p values are (b) (Top right) all: p <0.0001,

(green) and P2ry12 (red) in the medial prefrontal cortex (mPFC) at P51. Scale bar,

(red) along with images of cellular processes (green) and cell bodies (yellow) of

ratio of cell body size to total cell size of Ibal" cells (n=50 cells in 5 mice per

(Bottom left) all: p < 0.0001, (Bottom right) all: p < 0.0001, (c) (Left) all: p < 0.0001,

50 pum. (Top right) The percentage of Ibal'P2ry12” cells among all Ibal” cells in the  (Right) WT-Veh versus WT-THC: p < 0.0001, WT-Veh versus 16p1ldup-Veh:

mPFC, ventral hippocampus (vHPC), dorsal hippocampus (dHPC), nucleus

p=0.0229, WT-THC versus 16p11dup-THC: p < 0.0001, 16p1idup-Veh versus

accumbens (NAc), and amygdala (Amy). (Bottom left) The number of Ibal'P2ry12*  16plldup-THC: p < 0.0001), determined by two-way ANOVA with post hoc Tukey
cells and (bottom right) Ibal*P2ry12- cells in these brain regions, presented as % of  test. Each symbol represents one slice (b) and one animal (c). Data are presented as
control (n= 6 slices in 3 mice per condition). ¢ Microglial morphology analysis of ~ the mean +s.e.m.

individual Ibal* cells in these brain regions. (Top) Representative tracing images
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Fig. 3 | THC-induced Cnrl-mediated microglial apoptosis is exacerbated by
16pl1dup. a Apoptosis assay of primary microglia cultures produced from WT and
16pl1dup male mice. Quantification of signal intensity (arbitrary units: a.u.) of
apoptosis marker apopxin (n =12 fields in 3 mice per condition). b Necrosis assay of
primary microglia cultures produced from WT and 16p1ldup male mice. Quantifi-
cation of signal intensity (arbitrary units: a.u.) of necrosis marker 7-AAD (n =12
fields in 3 mice per condition). ¢ Quantification of cellular process area of
phalloidin-stained microglia cultures produced from WT and 16pl1dup male mice
(n=12fields in 3 mice per condition). d Quantification of cellular process number of
phalloidin-stained microglia cultures produced from WT and 16plldup male mice
(n=12 fields in 3 mice per condition). e Representative images of microglia cell
cultures produced from WT and 16p11dup male mice in apoptosis and necrosis
assays. Apopxin (green) and 7-AAD (red) are shown. Scale bar, 50 um.

f Immunohistochemistry with antibody against phalloidin (green) of primary
microglia cultures produced from WT and 16p1ldup male mice. Scale bar, 25 pm.
g Apoptosis assay of primary microglia cultures produced from genetic deletion of
Cnrl (Cnr1 KO) and genetic deletion of Cnr2 (Cnr2 KO) male mice. Quantification of
signal intensity (arbitrary units: a.u.) of apopxin (n =12 fields in 3 mice per condi-
tion). h Necrosis assay of primary microglia cultures produced from Cnrl KO and
Cnr2 KO male mice. Quantification of signal intensity (arbitrary units: a.u.) of 7-AAD
(n=12 fields in 3 mice per condition). i Quantification of cellular process area of
microglia cultures produced from Cnrl KO and Cnr2 KO male mice. (n =12 fields in

3 mice per condition). j Quantification of cellular process number of microglia
cultures of Cnrl KO and Cnr2 KO male mice (n=12 fields in 3 mice per condition).
k Representative images of microglia cell cultures produced from Cnrl KO and
Cnr2 KO male mice in apoptosis and necrosis assays. Apopxin (green) and 7-AAD
(red) are shown. Scale bar, 100 pm. I Immunohistochemistry with antibody against
phalloidin (green) of primary microglia cultures of Cnr1 KO and Cnr2 KO male mice.
Scale bar, 25 pm. m Representative images of immunohistochemistry of Ibal
(green) and Casp3-p17 (red) (top left) as well as TUNEL signals (red) and DAPI (blue)
(bottom left) in the mPFC at P51. Scale bar, 50 pm. Quantification of signal intensity
(arbitrary units: a.u.) of Casp3-p17 and TUNEL (right) (n =6 mice per group).
***pn<0.001, *p<0.01, *p<0.05 (p values are (a) all: p<0.0001, (c) all: p<0.0001,
(d) WT-vehicle (Veh) versus WT-THC: p < 0.0001, WT-THC versus 16p11dup-THC:
p=0.0410, 16p11dup-Veh versus 16plidup-THC: p < 0.0001, (m) (Left) WT-Veh
versus WT-THC: p = 0.0230, WT-Veh versus 16plldup-Veh: p=0.0471, WT-THC
versus 16p11dup-THC: p = 0.0249, 16pl1dup-Veh versus 16p1l1dup-THC: p = 0.0119,
(Right) WT-Veh versus WT-THC: p < 0.0001, WT-Veh versus 16plidup-Veh:
p=0.0376, WT-THC versus 16pl1dup-THC: p < 0.0001, 16plldup-Veh versus
16p11dup-THC: p < 0.0001), determined by two-way ANOVA with post hoc Tukey
test. **p < 0.001 (p values are (g) p<0.0001, (i) p <0.0001, (j) p<0.0001), deter-
mined by unpaired two-tailed Student’s ¢ test. Each symbol represents one field
(a-d, g-j) and one animal (m). Data are presented as the mean +s.e.m.

apoptosis*®*, and Mrpl20 is a component of the mitoribosome com-
plex, the dysfunction of which is liked to impair cell cycle processes*.
Across our dataset, there was no alteration in the expression of
microglial markers, such as Cx3crl, P2ryl2, Hexb, Ibal, CD11b, and
Tmem119 (Supplementary Fig. 5c). We also performed pathway ana-
lysis on the prioritized genes with uncorrected p<0.05 in the gene
expression comparisons, based on THC treatment alone (n=569),
16plldup alone (n=508), or in the GXE context (16pl1dup with THC;
comparison with controls: n=772; comparison with THC: n=831;
comparison with 16plldup: n=727) (Supplementary Fig. 6a, b, Sup-
plementary Data 2, 3). Pathway analysis using the Reactome database
revealed gene sets that were significantly altered in the GXE group,
compared with controls, including the p53 signaling pathway as well as
cell cycle-, mRNA regulation-, cellular response-, and innate immune-
related pathways (Fig. 4b, Supplementary Data 3). Immune-related
pathways were also enriched among the genes associated with the GXE
condition, compared to the THC and the 16pl1dup conditions (Sup-
plementary Data 3). Functional gene interaction networks identified
by Ingenuity Pathway Analysis (IPA) demonstrated that many prior-
itized genes (68 genes in THC vs. WT and 88 genes in WT vs. 16pl1dup
with THC) have an upstream regulator, 7rp53, which is the mouse
ortholog of tumor suppressor protein 53 (TP53) (Fig. 4c, Supplementary
Data 3). Indeed, the top-master regulator was NOP53, whose predicted
inhibition activates TP53* (Supplementary Data 3). We also confirmed
a synergistic elevation of Trp53 mRNA expression in the microglia
isolated from mPFC by quantitative real time PCR (qPCR) (THC x
16plldup interaction for Trp53 mRNA expression [F;;0=13.62,
p=0.0015)) (Fig. 4d).

To obtain direct evidence that activation of the p53 signaling
pathway may play a role in mediating the GxE effect on microglial
apoptosis, primary microglia cultures were produced from 16pl1dup
mice and littermate controls and treated with pifithrin-a (10 pM), an
inhibitor of p53 transcriptional activity, for 7 h, starting from 1 h before
the THC or vehicle treatment. These cells were subjected to apoptosis
and necrosis assays as described above. We observed that inhibition of
p53 signaling prevented THC-induced microglial apoptosis and
apoptotic phenotypes produced by THC treatment and 16plldup
(THC x 16plldup interaction for microglial apoptosis [F;,0=148.8,
p<0.0001]) (Fig. 4e, Supplementary Fig. 6c). These results suggest
that up-regulation of the p53 signaling pathway in microglia is the GxE
mechanism whereby adolescent THC treatment interacts with
16plldup to produce microglial apoptosis.

Impairment of social memory produced by adolescent THC
treatment and 16plldup

We next examined whether adolescent THC treatment produces
adult behavioral outcomes in 16plldup mice after a 3-week absti-
nence period (Fig. 5a). Previous studies have reported that 16p11dup
mice exhibit social behavioral deficits**. We found no effect of ado-
lescent THC treatment and 16plldup on sociability in the three-
chamber social interaction test in male mice (Fig. 5b, Supplementary
Fig. 7a). However, 16p11dup male mice exhibited less preference for
social novelty compared to controls. This effect was enhanced by
adolescent THC treatment (THC x16plldup interaction for social
novelty [F;s0=6.392, p=0.0147]) (Fig. 5c, Supplementary Fig. 7b).
Interestingly, although some studies have reported that female mice
are more vulnerable to behavioral effects of THC treatment***, we
did not observe these behavioral phenotypes in the female mice
(Supplementary Fig. 7a, b). We further examined the impact of ado-
lescent THC treatment and 16p11dup on social behaviors in the male
mice by the 5-trial social memory test*®. The 16p1ldup x THC group
exhibited no significant changes in habituation (decreased explora-
tion) during the first four trials, but showed impaired recognition of
novel mice on the fifth trial compared to other groups of mice
(THC x16plldup interaction for social novelty [Fs50=5.665,
p=0.0239]) (Fig. 5d). Neither THC nor 16plldup produced abnorm-
alities in locomotion and in anxiety-like phenotypes, as assessed by
the open field test and elevated plus maze test in both male and
female mice (Supplementary Fig. 7c). Importantly, there were no
abnormalities in the habituation/dis-habituation test, novel object
recognition test, nor novel place recognition tests among the four
groups of mice (Fig. 5e, Supplementary Fig. 7d, e), suggesting the
specific effects of GXE on social memory.

In order to examine whether the above synergistic impairment of
social memory was dependent on adolescent THC exposure, 16pl1dup
male mice and littermate male controls were chronically treated with
THC in adulthood (P70-P91) using the same protocol (Supplementary
Fig. 8a). Adult THC treatment reduced the number of microglia and
produced morphological changes in the microglia of the mPFC at P91,
which was similar to the outcomes in the mice with adolescent THC
treatment (Supplementary Fig. 8b-d). However, there was no effect of
adult THC treatment on social memory after a 3-week abstinence
period in neither 16plldup mice nor wild type littermates (Supple-
mentary Fig. 8e-g). These results suggest that adolescence is a critical
period for the adverse effect of microglial apoptosis on social memory.
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Fig. 4 | Up-regulation of p53 signaling pathway identified by mPFC microglia-
specific transcriptome profiling. a Experimental flow of Fluorescence-Activated
Cell Sorting (FACS)-based mPFC microglia isolation by using 3 markers (CD45/
CD11b/P2ry12) at P51, followed by RNA sequencing (RNA-seq). b Significantly
enriched pathways of genes associated (two-tailed uncorrected p < 0.05) with the
16p11dup with THC condition compared to control, in the Reactome Pathway
analysis. ¢ Functional gene interaction network from the upstream regulators/
Ingenuity Pathway Analysis (IPA) for the genes associated with the 16p11dup with
THC treatment condition showing predicted inhibition (blue), activation (orange),
and unknown directionality (gray). d Relative mRNA expression level of Trp53 in
microglia isolated from mPFC at P51. n =6 mice per condition. e Apoptosis (left)

and necrosis (right) assays using primary microglia cultures treated by THC or
vehicle (Veh) with and without pifithrin-a. (Left) Quantification of signal intensity
(arbitrary units: a.u.) of apopxin. n= 6 fields in 3 mice per condition. (Right)
Quantification of signal intensity (arbitrary units: a.u.) of 7-AAD. n =6 fields in 3
mice per condition. d, e ***p < 0.001, **p < 0.01, *p < 0.05 (p values are (d) WT- Veh
versus WT-THC: p = 0.0270, p values are WT-Veh versus 16plldup-Veh: p = 0.0465,
WT-THC versus 16pl1dup-THC: p = 0.0037, 16plldup-Veh versus 16p11dup-THC:
p=0.0021, (e) all: p < 0.0001), determined by two-way ANOVA with post hoc Tukey
test. Each symbol represents one animal (d) and one field (e). Data are presented as
the mean ts.e.m.

Reduction in PT neuron excitability produced by adolescent
THC treatment and 16p11ldup

Recent studies reported that pyramidal-tract (PT) neurons in layer 5
of mPFC contribute to modulating social behaviors*’. Although
microglial phenotypes are specifically observed in the mPFC at P51,
but not at P72 after a 3-week abstinence period from THC treatment
(Fig. 2, Supplementary Fig. 3), synergistic deficits in social memory
emerged at P72 (Fig. 5). Therefore, we next examined the impact of
adolescent THC treatment and 16pl1dup on neuronal function in the
mPFC by whole-cell patch clamp recording in acute PFC slices

obtained from male 16plldup and littermate control mice at P72
(Fig. 6a). We compared the responses of two major subtypes of layer
5 prefrontal pyramidal neurons, PT neurons and intra-telencephalic
(IT) neurons*®*’, whose cell-type identities are distinguishable based
on their sag amplitude and kinetics (Fig. 6b). We measured basal
membrane properties and evoked action potentials in the presence
of glutamatergic and GABAergic synaptic blockers. We observed that
adolescent THC treatment interacts with 16plldup to reduce input
resistance, increase rheobase, and reduce action potential firing
frequency in PT neurons as signs of decreased intrinsic excitability
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(THC x 16plldup interaction for input resistance [Fy30=25.805,
p=0.0208] and rheobase [F; 30 =4.353, p=0.0435]) (Fig. 6¢). How-
ever, there were no significant effects of THC treatment, 16plldup, or
both combined on the functional properties of IT neurons (Fig. 6d).
To ascertain whether these adverse THC effects are adolescent
treatment-specific, we used the same approach to examine adult THC
treatment-induced effects on PT and IT neuron function via

Novel place recognition test
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electrophysiological assays. We observed no significant effects of
adult THC treatment, 16plldup, or both combined on functional
properties of PT and IT neurons including input resistance, rheobase,
and action potential firing frequency (Supplementary Fig. 8h, i).
These results suggest that adolescence is a critical period for THC’s
adverse effects on PT neuron function in the mPFC of 16pl1dup mice

in adulthood.
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Fig. 5 | Social novelty recognition and memory deficits synergistically pro-
duced by adolescent THC treatment and 16p11dup. a Schematic diagram of the
adolescent THC treatment protocol. b (Left) Schematic diagram of the three-
chamber social interaction test for sociability. (Middle) Sociability phenotypes in
WT and 16pl1dup mice with adolescent THC or vehicle (Veh) treatment as indicated
by discrimination index ([Stranger 1 - Inanimate mice sniffing time]/[Stranger

1+ Inanimate mice sniffing time] x 100 (%)). (Right) Representative heat maps
depict movements of the WT-Veh mice vs. 16plidup-THC mice. ¢ (Left) Schematic
diagram of the three-chamber social interaction test for social novelty preference.
(Middle) Preference of social novelty in WT and 16p1l1dup mice with adolescent
THC or Veh treatment as indicated by discrimination index ([Stranger 2 - Stranger
1 sniffing time]/[Stranger 2 + Stranger 1 sniffing time] x 100 (%)). (Right) Repre-
sentative heat maps depict movements of the WT-Veh vs. 16pl1dup-THC mice.

d (Left) Schematic diagram of the 5-trial social memory test. (Right) Interaction

time of WT and 16p11dup mice receiving adolescent THC or Veh treatment with an
ovariectomized female mouse. b-d WT-Veh (n =17 mice), WT-THC (n =15 mice),
16plidup-Veh (n =11 mice), and 16plldup-THC (n =11 mice). e (Left) Preference of
novel object in novel object recognition test (NORT) in WT and 16p11dup mice with
adolescent THC or Veh treatment. (Right) Preference of novel place in novel place
recognition test (NPRT) in WT and 16plldup mice with adolescent THC or Veh
treatment. e WT-Veh (n = 8 mice), WT-THC (n = 8 mice), 16plldup-Veh (n =11 mice),
16p11dup-THC (n =7 mice). **p < 0.001, *p < 0.01, *p < 0.05 (c p values are WT-Veh
versus 16plldup-Veh: p < 0.0001, WT-THC versus 16p11dup-THC: p < 0.0001,
16p1ldup-Veh versus 16p1ldup-THC: p = 0.0074, d THC x 16plldup interaction for
Trial 3 [F,50 =11.98, p = 0.0011], THC x 16pl1dup interaction for Trial 4 [F; 50 = 9.226,
p=0.0038], THC x 16p1ldup interaction for Trial 5 [F 50 =4.095, p = 0.0484]),
determined by two-way ANOVA with post hoc Tukey test. Each symbol represents
one animal. Data are presented as the mean +s.e.m.

Microglial CnrI mediates the microglial phenotypes, PT neuron
impairments, and social behavioral deficits produced by ado-
lescent THC treatment and 16p11dup

To determine whether CnrI expression in microglia causally mediates
the above-mentioned phenotypes produced by adolescent THC
treatment and 16plldup, we used 16plldup mice crossed with Cnr
fox mice and the Cx3crI“* line to generate the following 4 groups: (i)
wild type littermate (16p11"");

C3erI®Cnrl”, (i) 16p11Y5Cx3crl“™™*;Cnri o™, (iii)
16p119°°;Cx3crI« ™™ ;Cnrl**, and (iv) 16p119P;Cx3crI*™®";,Cnri™#~, For
induction of the microglial deletion of Cnrl as previously shown,
tamoxifen (0.1 mg/g body weight) was given orally once a day for 5
consecutive days at P21-P25. The animals were then subjected to
adolescent THC treatment (P30-P51), followed by assessing microglial
phenotypes at P51 (Fig. 7a). We observed that genetic deletion of Cnrl
in microglia ameliorated microglia reduction as well as microglial
morphological changes and apoptosis in the mPFC produced by
adolescent THC treatment in 16plldup mice or wild type littermates
(Fig. 7b-f). Using an independent cohort of these groups of mice, we
also examined whether the THC effect on microglial Cnrl was causally
linked to impairments in the intrinsic excitability of mPFC PT neurons
and deficits in social recognition and memory after a 3-week THC
abstinence period (Fig. 8a). We found that genetic deletion of Cnrl1 in
microglia reversed the functional deficits of PT neurons induced by
adolescent THC treatment in 16plldup mice, with no effects on IT
neurons (Fig. 8b, c). At the behavioral level, while no changes were
seen in spontaneous locomotor activity or olfaction (Supplementary
Fig. 9), genetic deletion of Cnrl in microglia normalized deficits in
social memory synergistically produced by adolescent THC treatment
and 16plidup (Fig. 8d, e). Although Cnri is also expressed in other cell
types (Fig. 1d), these results suggest that microglial Cnrl expression
contributes not only to adolescent THC treatment-induced microglial
abnormalities, but also to impairments in the intrinsic excitability of PT
neurons and deficits in social memory in 16plldup mice.

Discussion

Here, we showed that adolescent THC exposure and 16p11dup interact
to produce Cnrl-mediated microglial apoptosis in the mPFC, leading
to aberrant PT neuron function and social cognitive deficits in adult-
hood. Our findings demonstrated the pathological role of microglial
Cnrlin mediating adverse cognitive effects of adolescent cannabis use
in the context of GXE. Previous studies have reported that treatment
with relatively high doses of THC at 5 mg/kg or 10 mg/kg has induced
short-lived reduction in locomotor activity in the wake of THC
treatment®®”". These results suggest that reduced locomotion acutely
induced by THC treatment is transient and may not affect cognitive
deficits observed after a 3-week abstinence period. Adolescence is a
critical period for PFC development, whereby microglia mediate neu-
ronal maturation via synaptic pruning and remodeling, contributing to
higher cognitive function'**>**, Furthermore, adult cognitive

function is greatly influenced by various environmental factors during
developmental periods, such as adolescent cannabis use"’. Thus, elu-
cidating microglia-mediated pathways during adolescence is impor-
tant for understanding the complex nature of pathophysiological
mechanisms underlying the impact of adolescent cannabis use on
cognitive impairments and psychiatric disorders.

It has been shown that subchronic THC treatment during ado-
lescence increases Ibal expression and induces neuroinflammation in
the PFC of female rats****. Therefore, we were surprised to find that
adolescent THC exposure induced microglial apoptosis in the mPFC of
male mice, but not of female mice. These results suggest that micro-
glial phenotypes induced by adolescent THC treatment depend on
multiple factors, such as the duration of THC exposure, dose, absti-
nence periods, and/or sex. Interestingly, although we identified a
decrease in the total number of Ibal" microglia following THC treat-
ment, the percentage of Ibal'P2ryl2 cells in the total microglia
increased. These results are consistent with the morphological tran-
sition of microglia from a ramified to an amoeboid-like phenotype
upon completion of THC treatment. The NF-kB signaling pathway has
previously been identified as an upstream mediator for THC-induced
apoptosis of dendritic cells*’. p53-deficient microglia have also shown
an increased expression of genes involved in anti-inflammation and
tissue repair®. Additionally, pharmacological microglial activation up-
regulates p53 expression®. Thus, examining other markers of micro-
glial activation**® and studying the mechanistic links between apop-
totic and inflammatory signaling pathways in microglia is needed to
understand the microglial mechanisms underpinning the adverse
effects of THC. Given that enzymatic dissociation of brain tissue during
the process of cell isolation affects molecular expression in
microglia®®®?, interpreting such data requires caution. Our results also
showed that THC-induced microglial apoptosis is mediated by Cnrl
expressed in the microglia. Notably, although THC also activates Cnr2
that is primarily (but not exclusively) expressed in various immune
cells, including microglia®, our results showed that Cnr2 deletion does
not affect THC-induced microglial apoptosis.

Microglia have increasingly been reported to exhibit molecular
heterogeneity across brain regions®. Compared to other regions,
Cx3crl and CD80, which are involved in microglial activation, were
found to be highly expressed in the PFC**®, Interestingly, lipopoly-
saccharide (LPS) administration induced a higher expression of pro-
inflammatory cytokines in the PFC, compared to other brain regions®.
These studies suggest that the PFC may be uniquely sensitive to
microglia-mediated inflammatory responses, potentially contributing
to the THC-induced phenotypical changes seen in mPFC microglia.

The adverse effects of THC varied depending on the genetic risks
conferring susceptibility to psychiatric disorders*?**, THC-induced
microglial apoptosis was enhanced by 16plldup, but not 22ql11 dele-
tion, suggesting that specific genetic risks underlie microglial vulner-
ability to cannabis exposure. Interestingly, previous studies, including
ours, reported that many genes in the 16plldup risk loci, including
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Fig. 6 | Synergistic reduction in intrinsic excitability in PT neurons produced by
adolescent THC and 16p11dup. a Schematic diagram of the adolescent THC
treatment protocol. b (Left) Schematic structure of multiple layers of the mPFC.
Pyramidal tract (PT, red) and intra-telencephalic (IT, green) neurons in layer 5 of the
mPFC are depicted. (Right) Representative voltage traces elicited by applying
-100 pA current steps. These traces show typical hyperpolarizing responses of PT
and IT neurons. ¢ (Left) Representative voltage traces recorded from PT neurons in
response to current step injections. (Right) The intrinsic excitability assessed by
measurement of input resistance (left), rheobase (middle), and spike frequency
(right). WT-Veh (n =11 cells in 6 mice), WT-THC (n =11 cells in 7 mice), 16pl1dup-Veh
(n=11 cells in 6 mice), and 16p11dup-THC (n =10 cells in 5 mice). d (Left)

Representative voltage traces recorded from IT neurons in response to current step
injections. (Right) The intrinsic excitability assessed by measurement of input
resistance (left), rheobase (middle), and spike frequency (right). WT-Veh
(n=21cells in 8 mice), WT-THC (n =13 cells in 7 mice), 16plldup-Veh (n =10 cells in
6 mice), and 16p11dup-THC (n =17 cells in 7 mice). ¢ **p < 0.001, *p < 0.01,

*p <0.05 (p values are (Left) WT-Veh versus 16plldup-Veh: p = 0.0395, WT-THC
versus 16plldup-THC: p = 0.0394, 16 plldup-Veh versus 16p11dup-THC: p = 0.0406,
(Right) WT-Veh versus 16plldup-Veh: p = 0.0463, WT-THC versus 16p11dup-THC:
p=0.0004, 16plldup-Veh versus 16p11dup-THC: p = 0.0368), determined by two-
way ANOVA with post hoc Tukey test. Each symbol represents one cell. Data are
presented as the mean +s.e.m.

Corola, Mapk3, Mvp, Tmem219, Kctd13, Maz, Taok2, Ypel3, and Aldoa,
are involved in apoptotic cell death or p53 signaling pathways® 7>, This
risk locus also contains multiple genes including, Mapk3, Gdpd3,
Ino80e, Hirip3, Mup, Maz, and Spn, which are highly expressed in
microglia, as we found in a large-scale single-cell RNA-seq dataset from

juvenile mouse cortices’. These results suggest that 16p11 CNV risk
may contribute to increasing microglia’s susceptibility to apoptosis.
While understanding the biological impact of CNVs may provide us
with unprecedented insight into the complex mechanisms of psy-
chiatric disorders, only some people with CNVs develop cognitive
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16p11*;Cnrt™ox; p = 0.0285, 16p11*;Cnrl** versus 16p119°;CnrI**: p < 0.0001,
16p11*;;Cnr1*”* versus 16p11%*P;Cnr?" %, p = 0.0337, 16p11°**; CnrI*”* versus
16p11%P;CnrP™~; p < 0.0001, (Right) all: p < 0.0001, (d) (Left) 16p11*;CnrI*”* versus
16p11;Cnr™%; p < 0.0001, 16p11*;Cnr1”* versus 16p11“*;Cnr1”*: p=0.0017,
16p11™; CnrI** versus 16p119;Cnr?™/°*; p < 0.0001, 16p11°;Cnr1”* versus
16p11%;Cnr™°~: p < 0.0001, (Right) 16p11*;Cnrl”* versus 16p11*;Cnrp™*ex;
p=0.0225, 16p11*;Cnr1"* versus 16p11%*;Cnr1”*: p = 0.0183, 16p11*;CnrI** versus
16p11%P;Cnr™°~; p = 0.0330, 16p119*?;Cnr1”* versus 16 pl1%";Cnr”°%: p < 0.0001,
(P (Left) 16p11*;Cnr1”* versus 16pl1";Cnr?™/°*; p = 0.0016, 16p11*;Cnrl*”* versus
16p11%%;CnrI**: p < 0.0001, 16p11*;CnrI** versus 16pl1;CnrF: p = 0.0032,
16p11%P;CnrI** versus 16p11%P;Cnr?*/~; p < 0.0001, (Right) all: p < 0.0001),
determined by two-way ANOVA with post hoc Tukey test. Each symbol represents
one slice (a, f) and one animal (d). Data are presented as the mean +s.e.m.
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Fig. 8 | Cnr1 deletion in the microglia normalizes deficits in PT neurons and
social memory that are synergistically produced by adolescent THC treatment
and 16pl1ldup. a Schematic diagram of the experimental design. b (Left) Repre-
sentative voltage traces recorded from PT neurons in response to current step
injections. (Right) The intrinsic excitability of PT neurons, as quantified by input
resistance (left), rheobase (middle), and spike frequency (right). 16p11*;Cnr1?*
(n=9 cells in 2 mice), 16p11*;Cnrtx (n =5 cells in 3 mice), 16p11°*;Cnr1*”* (n=6
cells in 2 mice), and 16p119*;Cnr?™°* (n = 8 cells in 3 mice). **p < 0.001, **p < 0.01,
*p<0.05 (p values are (Left) 16p11*;CnrI”* versus 16p11°?;Cnrl”*: p=0.0042,
16p11*;Cnr1”* versus 16p11°;Cnrt™”~; p = 0.0001, 16p11%“?;CnrI*”* versus
16p11P;Cnr?™~; p < 0.0001, (Right) 16p11";Cnr1”* versus 16p11°?;Cnr1**:
p=0.0016, 16p11*;Cnrl”* versus 16p119?;Cnrt™#°*; p = 0.0396, 16p11°*;Cnrl**
versus 16p1147;Cnr#"/*; p < 0.000' determined by two-way ANOVA with post hoc
Tukey test. c (Left) Representative voltage traces recorded from IT neurons in
response to current step injections. (Right) The intrinsic excitability of IT neurons,

Trial

as quantified by input resistance (left), rheobase (middle), and spike frequency
(right). 16p11*;,CnrI** (n = 4 cells in 2 mice), 16p11*;Cnrt™"°* (n = 4 cells in 2 mice),
16p119?;CnrI** (n= 6 cells in 2 mice), and 16p11°*;Cnr?*#°* (n=5 cells in 2 mice).
d Sociability phenotypes (left) and preference of social novelty (right) as indicated
by the discrimination index in the three-chamber social interaction test. e, Time
spent with an ovariectomized female mouse in the 5-trial social memory test.

d, e 16p11*;CnrI** (n = 6 mice), 16p11*;Cnr?™/°* (n = 5 mice), 16p11°";CnrI** (n=6
mice), 16p119*?;Cnr* (n = 6 mice). d, e **p < 0.001, **p < 0.01 (p values are (d)
16p11*;Cnr1”* versus 16p119*;Cnr1”*: p < 0.0001, 16p11*;;Cnr1”* versus
16p11%;Cnr?™*: p = 0.0004, 16p11°¥;CnrI** versus 16pl19*;Cnrp™e;
p=0.0026, () CnrI"™%*x 16p11dup interaction for Trial 4 [F; 1o =11.30, p = 0.0033],
Cnrex x 16pl1dup interaction for Trial 5 [Fy 10 =4.760, p = 0.0419]), determined
by two-way ANOVA with post hoc Tukey test. Each symbol represents one cell (b, ¢)
and one animal (d, e). Data are presented as the mean +s.e.m.
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impairments, suggesting roles for environmental risk factors and GxE.
This notion is supported by current work demonstrating that micro-
glial apoptosis induced by adolescent THC exposure and 16plldup
yields long-lasting dysfunction in mPFC PT neurons and deficits in
social memory. It will be important to further investigate the critical
genes in 16plldup loci whose dosage sensitivity plays the driving role
in inducing microglial apoptosis in conjunction with THC-induced
Cnrl signaling alterations, leading to neuronal and cogpnitive deficits.

Aberrant prefrontal structure and function are implicated in
psychiatric disorders of neurodevelopmental origins, such as autism
spectrum disorder and schizophrenia”. Social cognitive impairments
are often exhibited in patients with these disease conditions’®. Recent
preclinical evidence indicates that the mPFC is highly interconnected
with subcortical regions, contributing to information processing
involved in social recognition and memory. For instance, proper
synaptic input from the ventral hippocampus onto layer 5 pyramidal
neurons of mPFC is crucial in regulating social memory’. The nucleus
accumbens-projecting  mPFC neurons modulate social novelty
recognition®. Although our current study supports the importance of
PT neurons in the regulation of social memory, it is unclear how the
adverse effects of THC on microglia selectively impact PT neurons, but
not IT neurons, in the 16plldup mice model. Recent studies have
shown that microglia engulf the presynaptic elements and dendritic
spines of pyramidal neurons in layer 5 of the mPFC during
adolescence”. Thus, it is of interest to further investigate the differ-
ential microglia-mediated maturation processes of these neuronal
subtypes and to elucidate how PT neurons specifically regulate social
memory. Although Cx3crI“** mice are widely used as a Cre driver line
for studying microglia, Cnrl expression in non-microglial Cx3cr1" cells
may also be suppressed in Cx3crI“®*;CnrF"** mice, warranting the
use of other Cre lines targeting microglia to further investigate the
precise roles of microglial Cnr1®.

In summary, our findings highlight the unexplored impact of
adolescent THC exposure on microglial function. Furthermore, we
identified the role of Cnrl expressed in microglia for mediating its GXE
effect on adolescent mPFC maturation and adult social memory. With
the growing interest in the pathological implication of microglia in a
wide range of psychiatric disorders, there is a clear need to further
investigate the precise role of microglia in mediating GXE in the con-
text of adolescent cannabis exposure. Considering that cannabis is an
increasingly popular drug for medical and recreational use®, these
lines of study will be particularly critical for building a mechanistic
understanding of the adverse effects of cannabis, as well as providing
translational insight for clinical research to address how cannabis
exposure contributes to psychopathology in individuals genetically
predisposed to psychiatric disorders.

Methods

Mice

C57BL/6) and Cx3crICrER/cretR (Cx3crm21ere/fRTALITY mjce were purchased
from Jackson Laboratories (JAX; Bar Harbor, ME, USA). The mouse
model of 16p11dup was originally developed by Drs. Wigler and Mills’s
group™ and 22qlldel mouse model was originally provided by Dr.
Antonio Baldini®>. CnrP"°* mice were a gift from Dr. George Kunos
(originally developed by Lutz’s lab), and Cnr2 KO mice were a gift from
Dr. Ken Mackie®*. These genetically modified lines were backcrossed
onto the C57BL/6) background. For genetic deletion of Cnrl in the
microglia, wild type (16pl1"9);Cx3crI”*;Cnr¥** female mice were
crossed with male 16p119“P;Cx3crI Rk, Crr®* mice. All genetically
engineered mice used for experiments were genotyped to verify the
presence of genetic components specific for each mouse line. When
purchased from JAX, animals were maintained for at least 1 week to
allow for habituation before experimentation. When both male and
female mice were used, animals were sex- and age-matched in each
experiment. All animal procedures were approved by the Institutional

Animal Care and Use Committee of Johns Hopkins University School of
Medicine, and adhered to ethical consideration in animal research.

Drug administration (THC and tamoxifen)

Delta-9-tetrahydrocannabinol (THC) was obtained from RTI Interna-
tional through the NIDA Drug Supply Program and Cayman Chemical.
Using previously established protocols® %, the mice were treated daily
with a single subcutaneous injection (s.c.) of THC (8 mg/kg) or vehicle
during adolescence (Postnatal day 30 [P30]-P51) or adulthood (P70-
P91). The THC solution was prepared with saline and Cremophor (18:1,
saline:Cremophor). A control cohort was treated by injection of a
matched saline and Cremophor (Vehicle) mixture. After chronic THC
treatment, a drug washout period of 3 weeks was used for some
experiments, including electrophysiology and behavioral tests, to
minimize any direct effects from THC treatment. For induction of
genetic deletion of Cnrl, tamoxifen (0.1 mg/g body weight) was given
by oral gavage once a day for 5 consecutive days at P21-P25. The ani-
mals were then subjected to adolescent THC treatment, followed by
behavioral tests after a 3-week abstinence period from THC treatment.

Fluorescence-activated cell sorting (FACS)

For microglia-bulk RNA-seq and qPCR experiments, we prepared cell
samples using FACS as previously published®*¢. Briefly, mPFC tissue
was minced in Hibernate A low fluorescence reagent (BrainBits), and
dissociated using mechanical dissociation methods. The resulting
homogenates were pushed through a 70 pm cell strainer and cen-
trifuged at 300 x g for 10 min before removing supernatants. Cell
pellets were resuspended and subjected to Miltenyi debris removal
reagent (cat # 130-109-398, Miltenyi Biotec Inc) according to manu-
facturer instructions. Cell pellets were again resuspended in 50 pl
FACS buffer (0.5% bovine serum albumin in PBS) for cell surface
marker staining. The blocking of nonspecific binding was induced in
the cell suspensions via incubation for 10 min at 4 °C with anti-CD16/
CD32 antibody (cat # 101320, BioLegend, clone 93, 5 ng/ul). This was
followed by staining for 30 min at 4 °C with the appropriate antibodies:
PE-Cy7 rat anti-mouse CD45 (cat # 561868, BD Biosciences, clone 30-
F11, 2 ng/ul), BV421 rat anti-mouse CD11b (cat # 562605, BD Bios-
ciences, clone M1/70, 2ng/ul), APC rat anti-mouse P2ryl2 (cat #
848006, BioLegend, clone S16007D, 2 ng/ul), BV421 rat anti-mouse
CD45 (cat # 103133, BiolLegend, clone 30-F11, 2 ng/pl), PE rat anti-
mouse CDI11b (cat # 101208, BioLegend, clone M1/70, 2 ng/ul), APC rat
anti-mouse ACSA-2 (cat # 130-117-535, Miltenyi Biotec, clone IH3-18A3,
1:25 dilution), AF 488 rat anti-mouse TMEM119 (cat # 53-6119-82, Invi-
trogen, clone V3RT1GOsz, 5 ng/ul), and Alexa 488 rat anti-mouse NeuN
(cat # MAB377X, Millipore sigma, clone A60, 5 ng/pl). After incubation,
cells were washed, then resuspended in 300 pl of FACS buffer. Gates
were validated by 7-AAD Viability Staining Solution (cat # 00-6993-50,
Invitrogen) to identify live and dead cells. CD45"/CD11b*/P2ry12* or
CD45'/CD11b*/TMEM119* microglia, ACSA-2* astrocytes, and NeuN*
neurons were acquired by a FACS Aria Flow Cytometer for further
experimental use.

Primary microglia culture

Microglia were isolated from whole-brain homogenates of different
adult mouse models according to a previously described method with
minor modification®. In brief, mice were anesthetized with isoflurane
and transcardially perfused with 20 ml cold PBS. The brains were iso-
lated, minced in HBSS (cat # 55021 C, Sigma-Aldrich, St. Louis, MO,
USA) and dissociated with the neural tissue dissociation kit (cat # 130-
092-628, MACS Miltenyi Biotec, Auburn, CA) according to manu-
facturer instructions. After passing through a 70 um cell strainer,
resulting homogenates were centrifuged at 300xg for 10 min.
Supernatants were removed, and cell pellets were resuspended. Mye-
lin was removed by Myelin Removal Beads Il (cat # 130-096-733, MACS
Miltenyi Biotec, Auburn, CA) according to manufacturer instructions.
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Myelin-removed cell pellets were resuspended and incubated with
CD11b MicroBeads (cat # 130-093-634, MACS Militenyi Biotec, Auburn,
CA) for 15min, then loaded onto LS columns and separated on a
quadroMACS magnet. CD11b" cells were flushed out from the LS col-
umns, then washed and resuspended in the growth medium for mouse
microglia (49 ml DMEM/F-12, 500 pl 100x Pen-strep/ glutamine stock,
500 pl TNS stock (including N-acetyl cysteine, sodium selenite, and
apo-transferrin), 50 pl COG stock (including oleic acid, gondoic acid,
and cholesterol), 50 pl TCH stock (including mouse CSF-1, human TGF-
B2, and heparin sulfate))®. The number of viable cells was determined
using a hemacytometer and 0.1% trypan blue staining. Each brain
extraction yielded 1x10° viable CD11b* cells. These cells were then
plated at a density of 1.4 x 10° cells per well in a 12-well plate with cover
glass (Cat # 12-545-100, Fisher Scientific) coated with PDL (15pg/ml)
and collagen IV (cat # 354233, Corning), and placed in a humidified
37°C incubator with 5 % CO,. The microglial growth medium was
changed every 2 days by removing 50% of the medium and adding an
equal volume of fresh microglial growth medium. 5uM THC or Veh
was added 7 days after seeding the cells. 6 h later the cell culture was
collected and cell morphology (Immunohistochemistry for phalloidin:
cat # ab176753, Abcam) and apoptosis/necrosis (Apoptosis/Necrosis
assay kit: cat # ab176749, Abcam) were assayed. In order to evaluate
the contribution of p53 signaling to microglia apoptosis produced by
16plldup with THC treatment, microglia culture cells were co-treated
with THC and 10 pM of p53 signaling inhibitor, pifithrin-a (cat # P0122,
Millipore SIGMA) for 1 h before THC or vehicle treatment.

Isolation of microglia-enriched CD11b" cells and ACSA-2*
astrocytes

Microglia-enriched CD11b" cells and ACSA-2" astrocytes were isolated
from one adult mouse model according to a previously described
method with minor modifications®. In brief, utilizing the same method
used to create the primary microglia culture, CD11b" cells were isolated
by anti-CD11b MicroBeads (cat # 130-093-634, MACS Miltenyi Biotec,
Auburn, CA). CD11b" cells-removed cell pellets were resuspended and
incubated with FcR blocking reagent for 10 min, followed by ACSA-2
MicroBeads (cat # 130-097-678, MACS Miltenyi Biotec, Auburn, CA) for
15 min, and then loaded onto LS columns where they were separated
on a quadroMACS magnet. ACSA-2" cells were flushed out from the LS
columns, and ACSA-2" cells-removed cell pellets were used as
remaining cells.

Protein extraction and immunoblotting

Microglia-enriched CD11b" cells, ACSA-2* astrocytes, and remaining
cell populations were separately lysed in RIPA buffer (cat # 89901,
ThermoFisher scientific) and sonicated to extract protein samples.
Each protein sample was analyzed by SDA-PAGE and subsequent
western blotting®. The following primary antibodies were used: rabbit
polyclonal antibody against Cnrl (cat # MSFR100590, CB1-Rb-Af380,
Nittobo Medical Co), rabbit polyclonal antibody against Iba 1 (cat #
016-20001, FUJIFILM), chicken polyclonal antibody against GFAP (cat #
ab4674, Abcam), rabbit monoclonal antibody against NeuN (cat #
24307, Cell Signaling Technology), and mouse monoclonal antibody
against GAPDH (cat # sc-32233, Santa Cruz). Quantitative densito-
metric measurement of western blotting was performed by using
ImageJ-FlJI software (NIH).

Immunohistochemistry and TUNEL assay

Immunohistochemistry was performed using our previously published
methods with some modifications®***°. Mouse brains were extracted
after perfusion with 4% paraformaldehyde (PFA). The fixed brains were
embedded in cryocompound (Sakura Finetek USA, Torrance, CA, USA)
after replacement of PFA with 30% sucrose in phosphate buffered
saline (PBS). Coronal sections including the mPFC were obtained at
100 um with a cryostat (cat # CM 30508, Leica, Buffalo Grove, IL, USA).

The sections were heated in HistoVT One solution (cat # 06380-05,
Nacalai Tesque, Kyoto, Japan) for 30 min at 60 °C for antigen retrieval.
The sections were then washed with PBS containing 0.5% Triton X-100,
followed by blocking with 0.5% Triton X-100 and 1% normal goat serum
for 1h. The sections were washed with PBS containing 0.5% Triton X-
100, then blocked with 0.5% Triton X-100 and 1% bovine skin gelatin for
1h. After blocking, sections were incubated with primary antibody
[Rabbit anti-Ibal antibody (cat # 019-19471, Wako, 1:500), Rat anti-
P2ry12 antibody (cat # 848001, BioLegend, 1:50), Rabbit anti-Aldhil
antibody (cat # MABN495, Millipore, 1:100), Rabbit anti-Casp3-p17
antibody (cat # sc-271028, SantaCruz, 1:100)] at 4 °C overnight. An
additional incubation with secondary antibodies conjugated to Alexa
488 (cat # A-32731, Invitrogen, 1:400) and Alexa 568 (cat # A-11004,
Invitrogen, 1:400) was performed for 2 h. Nuclei were labeled with
DAPI (cat # 10236276001, Roche, Indianapolis, IN, USA). TUNEL assay
(cat # C10618, ThermoFisher Scientific) was performed according to
the manufacturer’s instructions. As a positive control, adjacent brain
sections were treated with 1 unit of DNase I (cat # 108068-015) diluted
in 1X DNase I Reaction Buffer (20 mM Tris-HCI, pH 8.4, 2 mM MgCI2,
50 mM KClI) for 30 min at room temperature.

Image analysis

Immunofluorescence images of mPFC were acquired using the Zeiss
LSM700 confocal microscope with ZEN 2010 software (Carl Zeiss,
Thornwood, New York, USA). PFC was defined as anteroposterior (AP):
+2.57 to +1.53 mm, mediolateral (ML): +2.75 mm from bregma, dorso-
ventral (DV): -1.75 to -3.05 mm from the dura according to the brain
atlas. To assess the number of Ibal* P2ry12* cells and Ibal* P2ry12 cells,
as well as to measure the signal intensity of Casp3-p17 in Ibal” cells and
TUNEL, all sections were imaged by the confocal microscope using the
20 x object lens to collect z-stacks image of twenty five optical slices at
a step size of 1-um thick. The signal intensity of Casp3-pl7 was mea-
sured within thresholded Ibal® mask to obtain the fluorescence
intensity solely from Ibal* microglia. To measure signal intensity of
TUNEL assay, we created a 2D mask of mPFC and determined the mean
fluorescence of TUNEL positive signal in all sections using Image)-FIJI
software. Cells were counted and signal intensity was measured from
two brain sections per mouse for each condition. Identical parameters
for all imaging and threshold settings were used for all groups to
minimize experimental bias. For the microglial morphology assess-
ments, all sections were imaged on the confocal microscope using the
100 x oil immersion objective lens to collect z-stacks image of twenty
five optical slices at a step size of 1-um thick. Morphological analysis
was performed by using Imaris 7.6.4 software (Bitplane, Zurich, Swit-
zerland). 3D construction of microglia was applied, then the z-stack
images were masked with the surface motif and reconstructed with the
filament motif of Imaris software. We measured and compared the area
of Ibal” cell processes, total cell and cell body which were measured by
using the filament function in the Imaris software. Ibal* cell from two
brain sections per mouse for each condition were used for analysis.
These measurements were analyzed by experimenters who were
blinded to the groups.

RNA isolation and quantitative real-time PCR (qPCR)

Total RNA was isolated from mPFC tissue or FACS-sorted microglia
cells using a RNeasy Mini Kit (QIAGEN). Quantitative real-time PCR
(qPCR) was performed using TagMan according to manufacturer’s
protocol (Applied Biosystems). Briefly, cDNA from mPFC tissue or
sorted microglia cells was prepared by SuperScript® Il CellsDirect
cDNA Synthesis Kit (Life Technologies) from total RNA in the range of
10-100 ng. Real-time PCR reactions contained diluted cDNA from the
synthesis reaction and 200 nM of forward and reverse TagMan primers
specific to targets of interest (Assay IDs for Cnrl: MmO01212171 s1, Ibal:
MmO00479862 g1, and Trp53: MmO01731290 g1, Applied Biosystems).
Primers for GAPDH (Assay ID: Mm99999915 g1, Applied Biosystems)
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were used to normalize the expression data. The real-time PCR reac-
tion and measurement was carried out with Applied Biosystems
QuantStudio™ 5. PCR reaction conditions are as follows: 50 °C, 2 min;
95°C, 2min; 50 cycles of 95°C, 1s; and 60 °C, 20, including a dis-
sociation curve at the last step to verify single amplicon in the reaction.

RNA sequencing (RNA-seq) and bioinformatic analysis

The microglia (CD11b"/CD45°/P2ry12*) were collected from the mPFC of
mice at P51 (upon completion of adolescent THC treatment) by FACS
using published methods®®". Batch effects were avoided by using
balanced, randomized experimental design. These cells were trans-
ferred to the Johns Hopkins Sequencing core for subsequent proces-
sing (RNA isolation, quality control, library preparation for low input
RNA (low input Nugen ovation RNA-seq V2)), followed by deep
sequencing (50 million reads/sample, 150 bp paired end (PE) sequen-
cing using NovaSeq) with standard RNA-seq pipeline at base resolution
and at the transcript level. The software package “rsem-1.3.0” was used
for running the alignments as well as generating gene and isoform
expression levels. The ‘rsem-calculate-expression’” module was used
with the following options: --star, --calc-ci, --star-output-genome-bam,
--forward-prob 0.5. The data were then aligned to GRCm38/mm10
mouse reference genome. The outputs of this pipeline include count
data and TPM and FPFM data, in addition to BAM formatted files of read
alignments in genomic and transcript coordinates. Four sample out-
liers were detected using Inter Array Correlation®”. Briefly, we com-
puted samples’ pairwise correlations (Pearson’s r) to define the relative
Euclidean distance among subjects. We then excluded outliers exhi-
biting a deviation from the average distance >2 standard deviations,
resulting in 18 samples remaining for analysis (Supplementary Fig. 5,
Supplementary Data 1). For the analysis of RNA-seq data, we focused on
genes with non-zero expression (22,428 genes with TPM > 0.1), using
the R package limma after voom normalization®, and then used the
ImTest and ebayes functions in the package to fit the statistical models,
allowing us to estimate log, fold changes, moderated t-statistics, and
corresponding p-values. We fitted a main model to evaluate the asso-
ciation of gene expression with experimental condition (THC,
16pildup, and THC*16plldup, compared to WT-vehicle), adjusting for
the percentage of mapped reads, as a variable accounting for overall
sequencing accuracy, which is related to the RNA quality. We extracted
statistics of the different coefficients of interest, and the function
makeContrasts was used for further comparisons (THC*16plidup vs.
THC, THC*16plidup vs. 16plidup). For multiple-testing correction, we
applied the FDR correction to the set of expressed genes (22,428
genes). In this way, we identified specific genes whose expression is
more likely to be associated with 16p11dup, THC treatment, or the GxE
effect when compared to WT littermate controls, 16plldup mice, and
THC-treated mice. Differentially expressed genes were defined based
on FDR-corrected p-value < 0.10. We also used the R package ‘sva’ to
identify surrogate variables accounting for unknown source of varia-
tions in our dataset’™, and performed sensitivity analysis with five sur-
rogate variables (Supplementary Data 1) as covariates with consistent
results (correlation between the t-statistics from the two differential
expression analyses: t=171.96, p <2e-16). We performed pathway
enrichment analysis using the Reactome dataset (Panther 17.0 release);
for this analysis we prioritized genes that are associated with the
experimental condition based on uncorrected a value of p < 0.05, and
log fold change <-2 or >2. Enriched pathways were identified based on
FDR < 0.05. We used the Ingenuity Pathway Analysis (IPA) software to
detect common upstream regulators of genes associated with the
interaction between THC and 16plldup in the microglia, indicative of
functional gene interaction networks. Because the upstream regulator
analysis takes into account the magnitude and the directionality of the
t-statistics, we selected genes for this analysis only based on uncor-
rected a value of p <0.05. Common upstream regulators were identi-
fied based on Benjamini-Hochberg a value of p < 0.05.

Electrophysiology

For brain slice preparation, mice were anesthetized with isoflurane and
decapitated. The brains were rapidly removed and chilled in ice-cold
sucrose solution (pH 7.3) containing (mM) 76 NaCl, 25 NaHCO,, 25
glucose, 75 sucrose, 2.5 KCl, 1.25 NaH,PO,4, 0.5 CaCl,, and 7 MgSO,.
Acute brain slices (300 pm) including the medial prefrontal cortex
(mPFC) were prepared using a vibratome (VT-1200s, Leica). Slices were
then incubated in warm (32-35 °C) sucrose solution for 30 min, then
transferred to warm (32-34 °C) artificial cerebrospinal fluid (aCSF, pH
7.3, 315 mOsm) composed of (mM) 125 NaCl, 26 NaHCO3, 2.5 KCl, 1.25
NaH,PO,4, IMgS0,, 20 glucose, 2 CaCl,, 0.4 ascorbic acid, 2 pyruvic
acid, and 4 L-(+)-lactic acid. Slices were allowed to cool to room tem-
perature. All solutions were continuously bubbled with 95% O, and 5%
CO,. For whole-cell recordings, slices were transferred to a submersion
chamber on an upright microscope (Zeiss AxioExaminer, Objectives:
5%,0.16 NA and 40x, 1.0 NA) fitted for infrared differential interference
contrast (DIC). Slices were continuously superfused (2-4 ml/min) with
warm oxygenated aCSF (32-34 °C). Neurons were visualized with a
digital camera (Sensicam QE; Cooke) using transmitted light. Prelimbic
mPFC was identified based on the shape and location of the corpus
callosum.

For intrinsic excitability measurements, glass recording electro-
des (2-4 MQ) were filled with an internal solution (pH 7.3, 295 mOsm)
containing (mM) 2.7 KCI, 120 KMeSOy,, 9 HEPES, 0.18 EGTA, 4 MgATP,
0.3 NaGTP, and 20 phosphocreatine (Na). Electrophysiological
recordings for measuring membrane properties and intrinsic excit-
ability were performed in the presence of the following blockers of
glutamate and GABA receptors: 5uM 2,3-Dioxo-6-nitro-1,2,3,4-tetra-
hydrobenzo[flquinoxaline-7-sulfonamide disodium salt (NBQX; AMPA
receptor antagonist), 5 uM (RS)-3-(2-Carboxypiperazin-4-yl)-propyl-1-
phosphonic acid (CPP; NMDA receptor antagonist), and 10 uM 6-
Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydro-
bromide (SR95531; GABA, receptor antagonist, all from Tocris). The
resting membrane potential was measured after whole-cell config-
uration was achieved. Neurons exhibiting a resting membrane poten-
tial greater than —60 mV were excluded from recordings. The input
resistance was determined by measuring the voltage change in
response to a 1-s-long —100 pA hyperpolarizing current. The current-
spike frequency relationship was measured with a range of depolar-
izing current steps presented in a pseudorandom order (1 s long, 40 pA
increments, 5 s interstimulus intervals). For each current intensity, the
total number of action potentials exceeding O mV generated during
each step was measured and averaged across the three trials. The
rheobase was determined by first probing the response of the neuron
with 1-s-long depolarizing steps (5 s interstimulus intervals) to define a
small range of current steps that bounded the rheobase. The response
of the neurons was then tested within this range using 1-s-long depo-
larizing steps with 1 pA increments. All signals were low-pass filtered at
10 kHz and sampled at 20-100 kHz.

Data analysis was performed in Igor Pro (WaveMetrics). IT- and
PT-type neurons were categorized based on their sag amplitude
(determined by the difference between peak hyperpolarized potential
and steady-state potential) and sag decay slope (average of differential
values of voltage trace from peak hyperpolarized potential point to
100 ms from the peak point). Cells showing <1 mV sag amplitude and
<0.07 mV/ms sag decay slope were categorized as IT neurons (61 out
of 115 cells). Cells showing >1 mV sag amplitude and >0.07 mV/ms sag
decay slope were counted as PT neurons (43 out of 115 cells). The
remaining cells, which did not meet both criteria, were categorized as
Others (11 out of 115 cells) and excluded from further analysis. The
access resistance (Ra) of all cells was <30 MQ at the start of recording.
5x differential interference contrast (DIC) images were acquired and
saved for all cells recorded to confirm the locations of cells in layer 5 of
the mPFC. For the electrophysiological experiments using the
Cx3cr1“*® mice and the adult THC treatment, the following set of
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hardware and software was used. The electrophysiological rig con-
sisted of Axioscope2 FS plus microscope (Zeiss) and pco.edge 4.2 bi
digital camera (PCO), and pCLAMP software (Molecular Devices) was
used for data acquisition and analysis. The experimenter was blinded
to the mouse information during recording experiments and raw data
analysis.

Behavioral tests

Behavioral tests were conducted on male and female mice housed on a
reversed 12-h light/dark cycle starting at P72 or P112. All tests were
conducted during the dark period of the cycle. After 1-week habitua-
tion in reversed 12-h light/dark cycle, mice were subjected to behavior
tests in the following order: olfactory habituation/dis-habituation test,
open field test, elevated plus maze test, novel object recognition test,
novel place recognition test, three-chamber social approach test, and
5-trial social memory test. The interval between different behavioral
tests was at least 24 h. Each apparatus was cleaned with 70% ethanol
between individual animals to control for odor cues.

Olfactory habituation/dis-habituation test. The olfactory habitua-
tion/dis-habituation test was designed to determine whether a mouse
can remember and distinguish between odors”. The odors were pre-
sented on a suspended cotton swab to the test mouse in a clean cage
with fresh shavings. Each mouse was tested during three consecutive
2-min periods for each odor with 2-min intervals. The time that the
mouse smelled the swab was recorded. After three trials (first block)
with the odorless swab (water), the same three trials were repeated
(second block) with the swab dipped in diluted vanilla flavor (1:33; GEL
SPICE, Bayonne, NJ). After the second block of trials, the swab was
dipped in diluted banana flavor (1:100; McCormick, Hunt Valley, MD)
and presented to the animals (third block). In general, mice habituated
quickly to odors, and sniffing time declined when the mouse was
exposed several times to the same odor. When a new odor was intro-
duced, there was an increase in sniffing time, indicating that the animal
could discriminate between odors.

Open field test. The open field test was performed according to our
previously published methods with minor modification’*”. Loco-
motor activity was assessed over a 30-min period in 40 x 40 cm activity
chambers with built-in infrared beams (PAS system, San Diego
Instruments Inc., San Diego, CA, USA). Horizontal and vertical loco-
motor activities in the center or along the walls (periphery) of the
chamber and rearing were automatically recorded as beam breaks.

Elevated plus maze test. The elevated plus maze test was conducted
to evaluate anxiety-like behaviors using our previously published
protocol’®. A mouse was placed in the intersection (middle) of the
arms in the plus maze (San Diego Instruments, Inc.), and observed and
videotaped for 5 min. The number of entries into the closed and open
arms, as well as the time spent in the closed vs open arms, were
recorded.

Novel object recognition test and novel place recognition test. Mice
were placed into a Plexiglas open-field arena (20 x 40 x 22 cm). Each
mouse was individually habituated to the arena with 10 min of
exploration in the absence of objects each day for 3 consecutive days
(habituation). On day 3, an hour after habituation, two objects were
secured to the floor of the arena at adjacent corners, and each animal
was allowed to explore the arena for 10 min (training). The objects
were identical in shape, color, and size. For novel object recognition,
15 min after the training, each mouse was placed back into the arena
but with one of the familiar objects used during training replaced by a
novel object. Each mouse was allowed to explore for 5min and the
time spent exploring each object was recorded (retention). The novel
object was similar in size to the familiar object, but different in shape

and color. Ratios comparing the amount of time spent exploring either
of the two objects (training session) or the novel object (retention
session), both over the total time spent exploring both objects, were
used to measure object recognition memory. Similarly, individual mice
were tested in the spatial component via novel place recognition test.
During the retention session, one of the two familiar objects now
occupied a new location in the arena with respect to the previous trial
(defined as novel location). Each mouse was allowed to explore for
5 min and the time spent exploring each location was recorded. A ratio
of the amount of time spent exploring the novel location over the total
time spent exploring both locations was used to measure spatial
recognition memory. Exploration was defined as sniffing the object.

Three-chamber social approach test. The three-chamber social
interaction test was performed according to our previously published
methods with minor modification’. The assay consisted of four ses-
sions. The first session began with 10 min habituation in the center
chamber followed by a second 10 min session where the subject mouse
could freely explore all three chambers including two side chambers,
each with a plastic cage for habituation. In the third session, the mouse
was gently confined to the center chamber while a novel intruder
control mouse (stranger 1) was placed in one plastic cage in one side
chamber, and an inanimate mouse-like object was placed in the other.
The subject mouse was allowed to freely explore all three chambers for
10 min. Before the last session, the subject mouse was gently guided to
the center chamber while the inanimate mouse-like object was
replaced with another novel intruder control mouse (stranger 2) to
assess for social novelty recognition. The subject mouse freely
explored all three chambers for 10 min. The positions of the inanimate
cage and stranger 1 cage were alternated between tests to prevent side
preference. The plastic cages used in the tests allowed substantial
olfactory, auditory, visual, and tactile contact between subject mice
and stranger mice. Individual movement (i.e., social sniffing) of the
subject mice was analyzed by a researcher who was blinded to the
group assignment. The heat maps were generated by Ethovision XT
11.0 (Noldus, Leesburg, VA).

5-trial social memory test. For the 5-trial recognition test with social
cues, we transferred mice from group to individual housing for 10 d
before testing to permit establishment of a home cage territory. The
test began when a stimulus female mouse was introduced into the
home cage of each male mouse for a 1min confrontation. Age-
matched ovariectomized female C57BL/6 mice from Jackson Labora-
tories (JAX; Bar Harbor, ME, USA) were used as stimulus mice. At the
end of the 1 min trial, the stimulus mouse was removed and returned to
an individual holding cage. This sequence was repeated for four trials
with 10 min inter-trial intervals. The same stimulus mouse was intro-
duced to the same male resident in all four trials. In a fifth dish-
abituation trial, we introduced a different stimulus mouse to the
resident male mouse. Behavior was recorded and interaction time
(time for nosing, anogenital sniffing, and close following and pursuit)
was scored. Aggressive posturing and sexual behaviors (e.g. mounting)
were not included in the calculation of social interaction time.

Statistical analyses

Behavioral, biochemical, and morphological phenotyping data were
analyzed by two-way mixed analyses of variance (ANOVA) to identify a
possible synergistic effect (source of variation due to interaction) with
the group (16plldup and wild type littermate control) and treatment
(THC and vehicle) as independent factors. Tukey’s post-hoc test was
used to determine statistically significant differences between each
group. Two-tailed analyses of unpaired Student’s ¢ tests were also used
for data analysis in comparing THC and vehicle treatment or 16pl1dup
and wild type littermate controls. These statistical analyses were con-
ducted by using GraphPad Prism 7 (GraphPad Software, La Jolla, CA,
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USA). A value of p<0.05 was considered statistically significant. All
data are presented as means + standard error of the mean (s.e.m.).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets generated and analyzed during the current study are
provided with this paper. Raw data of RNA-seq are also available at the
NCBI Gene Expression Omnibus under accession number
GSE242892. Source data are provided with this paper.

References

1. Saito, A., Ballinger, M. D., Pletnikov, M. V., Wong, D. F. & Kamiya, A.
Endocannabinoid system: potential novel targets for treatment of
schizophrenia. Neurobiol. Dis. 53, 10-17 (2013).

2. Chadwick, B., Miller, M. L. & Hurd, Y. L. Cannabis use during ado-
lescent development: susceptibility to psychiatric illness. Front.
Psychiatry 4, 129 (2013).

3. Malone, D. T., Hill, M. N. & Rubino, T. Adolescent cannabis use and
psychosis: epidemiology and neurodevelopmental models. Br. J.
Pharmacol. 160, 511-522 (2010).

4. D'Souza, D. C. et al. Cannabinoids and psychosis. Curr. Pharm. Des.
22, 6380-6391 (2016).

5. Lutz, B. Neurobiology of cannabinoid receptor signaling. Dialogues
Clin. Neurosci. 22, 207-222 (2020).

6. Matsuda, L. A., Lolait, S. J., Brownstein, M. J., Young, A. C. & Bonner,
T. . Structure of a cannabinoid receptor and functional expression
of the cloned cDNA. Nature 346, 561-564 (1990).

7. Hoffman, A. F. & Lupica, C. R. Synaptic targets of Delta9-
tetrahydrocannabinol in the central nervous system. Cold Spring
Harb. Perspect. Med. 3, a012237 (2013).

8. Robin, L. M. et al. Astroglial CB1 receptors determine synaptic
D-serine availability to enable recognition memory. Neuron 98,
935-944.e935 (2018).

9. Jimenez-Blasco, D. et al. Glucose metabolism links astroglial
mitochondria to cannabinoid effects. Nature 583, 603-608
(2020).

10. Han, J. et al. Acute cannabinoids impair working memory through
astroglial CB1 receptor modulation of hippocampal LTD. Cell 148,
1039-1050 (2012).

1. Chen, R. et al. Delta9-THC-caused synaptic and memory impair-
ments are mediated through COX-2 signaling. Cell 155,

1154-1165 (2013).

12. Neniskyte, U. & Gross, C. T. Errant gardeners: glial-cell-dependent
synaptic pruning and neurodevelopmental disorders. Nat. Rev.
Neurosci. 18, 658-670 (2017).

13. Mallya, A. P., Wang, H. D., Lee, H. N. R. & Deutch, A. Y. Microglial
pruning of synapses in the prefrontal cortex during adolescence.
Cereb. Cortex 29, 1634-1643 (2019).

14. Blank, T. & Prinz, M. Microglia as modulators of cognition and
neuropsychiatric disorders. Glia 61, 62-70 (2013).

15. Kopec, A. M., Smith, C. J. & Bilbo, S. D. Neuro-immune mechanisms
regulating social behavior: dopamine as mediator? Trends Neu-
rosci. 42, 337-348 (2019).

16. Zengeler, K. E. & Lukens, J. R. Innate immunity at the crossroads of
healthy brain maturation and neurodevelopmental disorders. Nat.
Rev. Immunol. 21, 454-468 (2021).

17. Rein, B. & Yan, Z. 16p11.2 copy number variations and neurodeve-
lopmental disorders. Trends Neurosci. 43, 886-901 (2020).

18. Horeyv, G. et al. Dosage-dependent phenotypes in models of 16p11.2
lesions found in autism. Proc. Natl Acad. Sci. USA 108,
17076-17081 (2011).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Arbogast, T. et al. Reciprocal effects on neurocognitive and meta-
bolic phenotypes in mouse models of 16p11.2 deletion and dupli-
cation syndromes. PLoS Genet. 12, 1005709 (2016).

Rein, B. et al. Reversal of synaptic and behavioral deficitsin a 16p11.2
duplication mouse model via restoration of the GABA synapse
regulator Npas4. Mol. Psychiatry 26, 1967-1979 (2020).

Pan, J. & Wan, J. Methodological comparison of FACS and MACS
isolation of enriched microglia and astrocytes from mouse brain. J.
Immunol. Methods 486, 112834 (2020).

Echeazarra, L. et al. Fit-for-purpose based testing and validation of
antibodies to amino- and carboxy-terminal domains of cannabinoid
receptor 1. Histochem. Cell Biol. 156, 479-502 (2021).
Egana-Huguet, J. et al. The absence of the transient receptor
potential vanilloid 1 directly impacts on the expression and locali-
zation of the endocannabinoid system in the mouse hippocampus.
Front. Neuroanat. 15, 645940 (2021).

Saumell-Esnaola, M. et al. Subsynaptic distribution, lipid raft tar-
geting and G protein-dependent signalling of the type 1 cannabi-
noid receptor in synaptosomes from the mouse hippocampus and
frontal cortex. Molecules 26, 6897 (2021).

Ballinger, M. D. et al. Adolescent cannabis exposure interacts with
mutant DISC1 to produce impaired adult emotional memory. Neu-
robiol. Dis. 82, 176-184 (2015).

Jouroukhin, Y. et al. Adolescent delta(9)-tetrahydrocannabinol
exposure and astrocyte-specific genetic vulnerability converge on
nuclear factor-kappaB-cyclooxygenase-2 signaling to impair
memory in adulthood. Biol. Psychiatry 85, 891-903 (2019).

Behan, A. T. et al. Chronic adolescent exposure to delta-9-
tetrahydrocannabinol in COMT mutant mice: impact on indices of
dopaminergic, endocannabinoid and GABAergic pathways. Neu-
ropsychopharmacology 37, 1773-1783 (2012).

O'Tuathaigh, C. M. et al. Chronic adolescent exposure to Delta-9-
tetrahydrocannabinol in COMT mutant mice: impact on psychosis-
related and other phenotypes. Neuropsychopharmacology 35,
2262-2273 (2010).

Dutta, S. & Sengupta, P. Men and mice: relating their ages. Life Sci.
152, 244-248 (2016).

Haynes, S. E. et al. The P2Y12 receptor regulates microglial
activation by extracellular nucleotides. Nat. Neurosci. 9,
1512-1519 (2006).

Kenkhuis, B. et al. Co-expression patterns of microglia markers Ibat,
TMEM119 and P2RY12 in Alzheimer’s disease. Neurobiol. Dis. 167,
105684 (2022).

Do, Y., McKallip, R. J., Nagarkatti, M. & Nagarkatti, P. S. Activation
through cannabinoid receptors 1 and 2 on dendritic cells triggers
NF-kappaB-dependent apoptosis: novel role for endogenous and
exogenous cannabinoids in immunoregulation. J. Immunol. 173,
2373-2382 (2004).

Rieder, S. A., Chauhan, A., Singh, U., Nagarkatti, M. & Nagarkatti, P.
Cannabinoid-induced apoptosis in immune cells as a pathway to
immunosuppression. Immunobiology 215, 598-605 (2010).

van Vliet, E. A., Aronica, E., Redeker, S. & Gorter, J. A. Expression and
cellular distribution of major vault protein: a putative marker for
pharmacoresistance in a rat model for temporal lobe epilepsy.
Epilepsia 45, 1506-1516 (2004).

Openshaw, R. L. et al. JNK signalling mediates aspects of maternal
immune activation: importance of maternal genotype in relation to
schizophrenia risk. J. Neuroinflammation 16, 18 (2019).

Chen, M. J. et al. Extracellular signal-regulated kinase regulates
microglial immune responses in Alzheimer’s disease. J. Neurosci.
Res. 99, 1704-1721 (2021).

Giannuzzi, G. et al. Possible association of 16p11.2 copy number
variation with altered lymphocyte and neutrophil counts. NPJ
Genom. Med. 7, 38 (2022).

Nature Communications | (2023)14:6559

17



Article

https://doi.org/10.1038/s41467-023-42276-5

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Zinkstok, J. R. et al. Neurobiological perspective of 2211.2 deletion
syndrome. Lancet Psychiat 6, 951-960 (2019).

Dhopeshwarkar, A. & Mackie, K. CB2 Cannabinoid receptors as a
therapeutic target-what does the future hold? Mol. Pharm. 86,
430-437 (2014).

Zhao, X., Wu, X., Wang, H., Yu, H. & Wang, J. USP53 promotes
apoptosis and inhibits glycolysis in lung adenocarcinoma
through FKBP51-AKT1 signaling. Mol. Carcinog. 59,

1000-1011 (2020).

Yao, Y. et al. USP53 plays an antitumor role in hepatocellular car-
cinoma through deubiquitination of cytochrome c. Oncogenesis 11,
31(2022).

Cheong, A., Lingutla, R. & Mager, J. Expression analysis of mam-
malian mitochondrial ribosomal protein genes. Gene Expr. Patterns
38, 119147 (2020).

Lee, S. et al. Nucleolar protein GLTSCR2 stabilizes p53 in response
to ribosomal stresses. Cell Death Differ. 19, 1613-1622 (2012).
Zamberletti, E., Gabaglio, M., Prini, P., Rubino, T. & Parolaro, D.
Cortical neuroinflammation contributes to long-term cognitive
dysfunctions following adolescent delta-9-tetrahydrocannabinol
treatment in female rats. Eur. Neuropsychopharmacol. 25,
2404-2415 (2015).

Burgdorf, C. E. et al. Endocannabinoid genetic variation enhances
vulnerability to THC reward in adolescent female mice. Sci. Adv. 6,
eaay1502 (2020).

Hitti, F. L. & Siegelbaum, S. A. The hippocampal CA2 region is
essential for social memory. Nature 508, 88-92 (2014).

Brumback, A. C. et al. Identifying specific prefrontal neurons that
contribute to autism-associated abnormalities in physiology and
social behavior. Mol. Psychiatry 23, 2078-2089 (2018).
Anastasiades, P. G. & Carter, A. G. Circuit organization of the rodent
medial prefrontal cortex. Trends Neurosci. 44, 550-563 (2021).
Baker, A. et al. Specialized subpopulations of deep-layer pyramidal
neurons in the neocortex: bridging cellular properties to functional
consequences. J. Neurosci. 38, 5441-5455 (2018).

Torrens, A. et al. Comparative pharmacokinetics of delta(9)-tetra-
hydrocannabinol in adolescent and adult male mice. J. Pharm. Exp.
Ther. 374, 151-160 (2020).

Kesner, A. J. et al. Changes in striatal dopamine release, sleep, and
behavior during spontaneous Delta-9-tetrahydrocannabinol absti-
nence in male and female mice. Neuropsychopharmacology 417,
1537-1549 (2022).

Zhan, Y. et al. Deficient neuron-microglia signaling results in
impaired functional brain connectivity and social behavior. Nat.
Neurosci. 17, 400-406 (2014).

Schalbetter, S. M. et al. Adolescence is a sensitive period for pre-
frontal microglia to act on cognitive development. Sci. Adv. 8,
eabi6672 (2022).

Cutando, L. et al. Microglial activation underlies cerebellar deficits
produced by repeated cannabis exposure. J. Clin. Investig. 123,
2816-2831 (2013).

Jayadev, S. et al. Transcription factor p53 influences microglial
activation phenotype. Glia 59, 1402-1413 (2011).

Davenport, C. M., Sevastou, I. G., Hooper, C. & Pocock, J. M. Inhi-
biting p53 pathways in microglia attenuates microglial-evoked
neurotoxicity following exposure to Alzheimer peptides. J. Neu-
rochem. 112, 552-563 (2010).

Butovsky, O. & Weiner, H. L. Microglial signatures and their role in
health and disease. Nat. Rev. Neurosci. 19, 622-635 (2018).

Jurga, A. M., Paleczna, M. & Kuter, K. Z. Overview of general and
discriminating markers of differential microglia phenotypes. Front.
Cell Neurosci. 14, 198 (2020).

Marsh, S. E. et al. Dissection of artifactual and confounding glial
signatures by single-cell sequencing of mouse and human brain.
Nat. Neurosci. 25, 306-316 (2022).

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Mattei, D. et al. Enzymatic dissociation induces transcriptional and
proteotype bias in brain cell populations. Int J. Mol. Sci. 21,

7944 (2020).

Matson, K. J. E. et al. Single cell atlas of spinal cord injury in mice
reveals a pro-regenerative signature in spinocerebellar neurons.
Nat. Commun. 13, 5628 (2022).

Ritzel, R. M. et al. Brain injury accelerates the onset of a reversible
age-related microglial phenotype associated with inflammatory
neurodegeneration. Sci. Adv. 9, eadd1101 (2023).

Tan, Y. L., Yuan, Y. & Tian, L. Microglial regional heterogeneity and
its role in the brain. Mol. Psychiatry 25, 351-367 (2020).

de Haas, A. H., Boddeke, H. W. & Biber, K. Region-specific expres-
sion of immunoregulatory proteins on microglia in the healthy CNS.
Glia 56, 888-894 (2008).

Bachiller, S. et al. Microglia in neurological diseases: a road map to
brain-disease dependent-inflammatory response. Front. Cell Neu-
rosci. 12, 488 (2018).

Nonoguchi, H. A. et al. Lipopolysaccharide exposure differentially
alters plasma and brain inflammatory markers in adult male and
female rats. Brain Sci. 12, 972 (2022).

Golzio, C. et al. KCTD13 is a major driver of mirrored neuroanato-
mical phenotypes of the 16p11.2 copy number variant. Nature 485,
363-367 (2012).

Yue, J. & Lopez, J. M. Understanding MAPK signaling pathways in
apoptosis. Int J. Mol. Sci. 21, 2346 (2020).

Yao, Y. et al. MiR-449a exerts tumor-suppressive functions in
human glioblastoma by targeting Myc-associated zinc-finger pro-
tein. Mol. Oncol. 9, 640-656 (2015).

Ryu, S. J. et al. On the role of major vault protein in the resistance of
senescent human diploid fibroblasts to apoptosis. Cell Death Differ.
15, 1673-1680 (2008).

Koo, C. Y. et al. Targeting TAO kinases using a new inhibitor com-
pound delays mitosis and induces mitotic cell death in centrosome
amplified breast cancer cells. Mol. Cancer Ther. 16,

2410-2421 (2017).

Kelley, K. D. et al. YPEL3, a p53-regulated gene that induces cellular
senescence. Cancer Res. 70, 3566-3575 (2010).

Joyce, S. & Nour, A. M. Blocking transmembrane219 protein sig-
naling inhibits autophagy and restores normal cell death. PloS One
14, e0218091 (2019).

Ma, D. et al. Upregulation of the ALDOA/DNA-PK/p53 pathway by
dietary restriction suppresses tumor growth. Oncogene 37,
1041-1048 (2018).

Kim, G. Y., Kim, H., Lim, H. J. & Park, H. Y. Coronin 1A depletion
protects endothelial cells from TNFalpha-induced apoptosis by
modulating p38beta expression and activation. Cell Signal 27,
1688-1693 (2015).

Zeisel, A. et al. Brain structure. Cell types in the mouse cortex and
hippocampus revealed by single-cell RNA-seq. Science 347,
1138-1142 (2015).

Bicks, L. K., Koike, H., Akbarian, S. & Morishita, H. Prefrontal cortex
and social cognition in mouse and man. Front. Psychol. 6,

1805 (2015).

Oliver, L. D. et al. Social cognitive performance in schizophrenia
spectrum disorders compared with autism spectrum disorder: a
systematic review, meta-analysis, and meta-regression. JAMA Psy-
chiatry 78, 281-292 (2021).

Phillips, M. L., Robinson, H. A. & Pozzo-Miller, L. Ventral hippo-
campal projections to the medial prefrontal cortex regulate social
memory. Elife 8, e44182 (2019).

Murugan, M. et al. Combined social and spatial coding in a des-
cending projection from the prefrontal cortex. Cell 171, 1663-1677
e1616 (2017).

Eme-Scolan, E. & Dando, S. J. Tools and approaches for studying
microglia in vivo. Front. Immunol. 11, 583647 (2020).

Nature Communications | (2023)14:6559

18



Article

https://doi.org/10.1038/s41467-023-42276-5

82. Volkow, N. D., Baler, R. D., Compton, W. M. & Weiss, S. R. Adverse
health effects of marijuana use. N. Engl. J. Med. 370,

2219-2227 (2014).

83. Lindsay, E. A. etal. Congenital heart disease in mice deficient for the
DiGeorge syndrome region. Nature 401, 379-383 (1999).

84. Deng, L. et al. Chronic cannabinoid receptor 2 activation
reverses paclitaxel neuropathy without tolerance or cannabinoid
receptor 1-dependent withdrawal. Biol. Psychiatry 77, 475-487
(2015).

85. Nedelcovych, M. T. et al. Glutamine antagonist JHUO83 normalizes
aberrant glutamate production and cognitive deficits in the EcoHIV
murine model of HIV-associated neurocognitive disorders. J. Neu-
roimmune Pharm. 14, 391-400 (2019).

86. De Biase, L. M. et al. Local cues establish and maintain region-
specific phenotypes of basal ganglia microglia. Neuron 95,
341-356.e346 (2017).

87. Sharma, K. et al. Cell type- and brain region-resolved mouse brain
proteome. Nat. Neurosci. 18, 1819-1831 (2015).

88. Bohlen, C. J., Bennett, F. C. & Bennett, M. L. Isolation and culture of
microglia. Curr. Protoc. Immunol. 125, €70 (2019).

89. Saito, A. et al. Early postnatal GABA receptor modulation reverses
deficits in neuronal maturation in a conditional neurodevelop-
mental mouse model of DISC1. Mol. Psychiatry 21,

1449-1459 (2016).

90. Saito, A, et al. Developmental alcohol exposure impairs activity-
dependent S-nitrosylation of NDEL1 for neuronal maturation. Cer-
ebral Cortex, 27, 3918-3929 (2017).

91. Peter, C. J. et al. In vivo epigenetic editing of Sema6a promoter
reverses transcallosal dysconnectivity caused by Cllorf46/Arl14ep
risk gene. Nat. Commun. 10, 4112 (2019).

92. Fromer, M. et al. Gene expression elucidates functional impact of
polygenic risk for schizophrenia. Nat. Neurosci. 19,

1442-1453 (2016).

93. Anders, S. et al. Count-based differential expression analysis of RNA
sequencing data using R and Bioconductor. Nat. Protoc. 8,
1765-1786 (2013).

94. Leek, J. T. & Storey, J. D. Capturing heterogeneity in gene expres-
sion studies by surrogate variable analysis. PLoS Genet 3,
1724-1735 (2007).

95. Hasegawa, Y. et al. Causal impact of local inflammation in the nasal
cavity on higher brain function and cognition. Neurosci. Res. 172,
10-115 (2021).

96. Niwa, M. et al. DISC1 a key molecular lead in psychiatry and neu-
rodevelopment: no-more disrupted-in-schizophrenia 1. Mol. Psy-
chiatry 21, 1488-1489 (2016).

97. Zoubovsky, S. P. et al. Working memory deficits in neuronal nitric
oxide synthase knockout mice: potential impairments in prefrontal
cortex mediated cognitive function. Biochem. Biophys. Res. Com-
mun. 408, 707-712 (2011).

98. Zhu, X. et al. JHU-083 selectively blocks glutaminase activity in
brain CD11b(+) cells and prevents depression-associated behaviors
induced by chronic social defeat stress. Neuropsychopharmacol-
ogy 44, 683-694 (2019).

Acknowledgements

We thank Ms. Joi Haskins for critical reading of the manuscript. We thank
Dr. Ken Mackie for providing us with the mouse model with Cnr2 dele-
tion. We thank Drs. Kun Yang and Pasquale Di Carlo for providing us with
critical advice for the RNA-seq data analysis. We thank the Johns Hopkins
University School of Medicine Experimental and Computational

Genomics Core, Flow Cytometry Core Facility, Microscopy Core Facility,
and Behavioral Core Facility. Figs. 1a, 4a, 5b-d, 6b, 7a, and 8a were
created with a graphical software provided by Biorender.com. This work
was supported by grants from the National Institute of Health Awards
DA041208 (A.K., M.V.P.), MH094268 (A.S., M.V.P, A.K.), AGO65168 (A.K.),
and ATO10984 (X.Z.), MH128765 (J.K., A.K.) as well as foundation grants
from Kanae (Y.H.), Mitsui Sumitomo Insurance Welfare Foundation (Y.H.),
NARSAD Young Investigator Grant from the Brain & Behavior Research
Foundation (J.K.), and basic research program through Korea Brain
Research Institute, 23-BR-04-04 (J.K.).

Author contributions

Y.H., M.V.P., and A K. designed the study. Y.H. performed cellular,
behavioral, and immunohistochemical experiments, and contributed to
data analysis for all experiments. Y.J., X.Z., Y.M,, F.X., S.M., and M.O.
assisted Y.H. in conducting cellular, behavioral, and histochemical
assays. J.K. and Y.H. performed electrophysiology experiments and
analyzed the data with S.P.B. G.U. analyzed gene expression data from
RNA-sequencing. B.L. provided Cnriflox/flox mice and contributed to
data interpretation. A.S. contributed to making conceptual framework
and data interpretation. A.K. and M.V.P. contributed to the concept or
design of the work, and drafted the manuscript with Y.H. All authors have
approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42276-5.

Correspondence and requests for materials should be addressed to
Mikhail V. Pletnikov or Atsushi Kamiya.

Peer review information Nature Communications thanks Andrew Men-
diola, Hirofumi Morishita and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:6559

19


https://doi.org/10.1038/s41467-023-42276-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Microglial cannabinoid receptor type 1 mediates social memory deficits in mice produced by adolescent THC exposure and 16p11.2 duplication
	Results
	Cnr1 is expressed in the microglia of mouse brains
	Adolescent THC exposure and 16p11dup produce microglial changes in the mPFC
	Adolescent THC exposure and 16p11dup produce microglial apoptosis in the mPFC
	p53�signaling mediates the convergent effect of adolescent THC exposure and 16p11dup on microglial apoptosis
	Impairment of social memory produced by adolescent THC treatment and 16p11dup
	Reduction in PT neuron excitability produced by adolescent THC treatment and 16p11dup
	Microglial Cnr1 mediates the microglial phenotypes, PT neuron impairments, and social behavioral deficits produced by adolescent THC treatment and 16p11dup

	Discussion
	Methods
	Mice
	Drug administration (THC and tamoxifen)
	Fluorescence-activated cell sorting (FACS)
	Primary microglia culture
	Isolation of microglia-enriched CD11b+ cells and ACSA-2+ astrocytes
	Protein extraction and immunoblotting
	Immunohistochemistry and TUNEL assay
	Image analysis
	RNA isolation and quantitative real-time PCR (qPCR)
	RNA sequencing (RNA-seq) and bioinformatic analysis
	Electrophysiology
	Behavioral tests
	Olfactory habituation/dis-habituation test
	Open field test
	Elevated plus maze test
	Novel object recognition test and novel place recognition test
	Three-chamber social approach test
	5-trial social memory test
	Statistical analyses
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




