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Chronic adolescent exposure to A9-tetrahydrocannabinol
decreases NMDA current and extrasynaptic plasmalemmal
density of NMDA GIuN1 subunits in the prelimbic cortex

of adult male mice

Virginia M. Pickel', Faye Bourie', June Chan', Ken Mackie? Diane A. Lane' and Gang Wang'

Adolescence is a vulnerable period of development when limbic connection of the prefrontal cortex (PFC) involved in emotional
processing may be rendered dysfunctional by chronic exposure to delta-9-tetrahydrocannabinol (A9-THC), the major psychoactive
compound in marijuana. Cannabinoid-1 receptors (CB1Rs) largely mediate the central neural effects of A9-THC and
endocannabinoids that regulate NMDA receptor-dependent synaptic plasticity of glutamatergic synapses in the prelimbic
prefrontal cortex (PL-PFC). Thus, chronic occupancy of CB1Rs by A9-THC during adolescence may competitively decrease the
functional expression and activity of NMDA receptors in the mature PL-PFC. We used a multidisciplinary approach to test this
hypothesis in adult C57BL/6J male mice that received vehicle or A9-THC in escalating doses (2.5-10 mg/kg/ip) through adolescence
(postnatal day 29-43). In comparison with vehicle, the mice receiving A9-THC showed a hyperpolarized resting membrane
potential, decreased spontaneous firing rate, increased current-induced firing threshold, and decreased depolarizing response to
NMDA in deep-layer PL-PFC neurons analyzed by current-clamp recordings. Electron microscopic immunolabeling in the PL-PFC of
adult mice that had received A9-THC only during adolescence showed a significant (1) decrease in the extrasynaptic plasmalemmal
density of obligatory GIuN1-NMDA subunits in dendrites of all sizes and (2) a shift from cytoplasmic to plasmalemmal distribution of
GIuN1 in large dendrites receiving mainly inhibitory-type synapses from CB1R-labeled terminals. From these results and
concomitant behavioral studies, we conclude that social dysfunctions resulting from excessive intake of A9-THC in the increasingly
available marijuana products used by male teens may largely reflect circuit defects in PL-PFC networks communicating through

endocannabinoid-regulated NMDA receptors.
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INTRODUCTION

The psychoactive compound in marijuana, delta-9-tetrahydro-
cannabinol (A9-THC), binds cannabinoid-1 receptors (CB1Rs)
that are primary mediators of activity-dependent retrograde
endocannabinoid signaling that decreases transmitter release
[1]. CB1Rs are highly expressed in presynaptic terminals located
in layers 2/3 and 5 of the prefrontal cortex (PFC), where they
regulate the synaptic strength and synaptic plasticity of
glutamatergic inputs to pyramidal cells [2, 3]. Chronic exposure
to A9-THC during adolescence produces long-term behavioral
dysfunctions that have some similarity to certain symptoms
of psychiatric and neurodevelopmental disorders [4, 5], in
which there is decreased functionality of NMDA receptors in
the PFC [6].

NMDA receptors are ion channels whose functions are
dependent on expression of GIUN1 subunits [7]. At birth, GIuN1
is expressed at low levels and rapidly increases throughout the
early postnatal period to the third postnatal week coinciding
with preadolescence [8, 9]. GIuN1 deletion in the prelimbic

prefrontal cortex (PL-PFC) produces changes in social interac-
tions and anxiety-like behaviors that have also been observed
following chronic perinatal and adolescent administration of A9-
THC [10, 11]. The prominent role of CB1Rs in actomyosin-
dependent cytoskeletal remodeling [4] further suggests that the
neurons most affected by adolescent administration of A9-THC
may have altered somatodendritic morphology and inputs from
terminals containing CB1Rs. Thus, the behavioral abnormalities
produced by chronic exposure to increasingly large quantities of
A9-THC during adolescence may be concurrent with altered
NMDA activity and GIuN1 expression in PL-PFC neurons having
distinct cytoarchitecture and afferent inputs. We examined this
unexplored possibility using behavioral testing, current-clamp
recording, and electron microscopic immunolabeling in the PL-
PFC of adult C57/BL6 male mice that received chronic escalating
doses of A9-THC only through adolescence. This model has
important implications for understanding the cellular mechan-
isms underlying behavioral effects produced by the heavy
consumption of A9-THC by teenage males.
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MATERIALS AND METHODS

Animals and drug treatment

All experimental procedures were carried out in accordance with
the National Institutes of Health Guidelines for the Care and Use
of Laboratory Animals and were approved by the Institutional
Animal Care and Use Committees (IACUC) at Weill-Cornell
Medical College. C57BL/6J male mice were obtained commer-
cially from Jackson Laboratory (Bar Harbor, ME) immediately after
weaning at postnatal day (PD) 21 and reared in groups of 4-5
mice/cage until reaching adulthood at PD70 [12]. All animals
were kept in a temperature- and humidity-controlled environ-
ment, and maintained with HEPA-filtered air on a 12-h light/dark
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cycle (lights on from 7a.m. to 7 p.m.). Food and water were
available ad libitum.

An alcohol solution of A9-THC was obtained from the Drug
Supply Program of the National Institute on Drug Abuse (Rockville,
MD, USA). Nitrogen gas was used to evaporate the alcohol from
this solution [13, 14]. The A9-THC residue was solubilized by briefly
heating at <100°C in 0.9% NaCl (saline) solutions containing
Tween-80 [15]. The vehicle (saline and Tween-80) was used to
prepare 2.5, 5.0, and 10.0 mg/kg doses of A9-THC, each of which
was administered by once-daily intraperitoneal injections for 5
consecutive days from postnatal day (PD) 28 to 43, a period which
corresponded to the later stage of adolescence in rodents [12].
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Fig. 1 Adolescent exposure to A9-THC decreases activity of PL-PFC neurons. a Schematic diagram of the prelimbic (PL) region of the PFC,
which was used for current-clamp recording in layer 5 and electron microscopic analysis (trapezoid) in layers 2/3 of the PL-PFC. Other
identified brain structures include anterior cingulate cortex (acg), infralimbic cortex (IL), forceps minor corpus callosum (fmi), and anterior
commissure (ac). Arrows point medial (m) and dorsal (d) in this modified drawing of a half coronal section at 1.98 mm anterior to Bregma as
seen in the mouse brain atlas [19]. b Representative traces of the membrane potential and spontaneous discharge in patch-clamp recordings
of deep layer PL-PFC neurons from adult mice receiving vehicle (upper trace) or A9-THC (lower trace) during adolescence. The spontaneous
spikes seen in slices from vehicle-injected adolescent mice are absent in recordings from a PL-PFC neuron in a mouse receiving A9-THC in
adolescence, which shows a firing pattern that is dependent on the injected current. ¢ Bar graphs summarize the changes in spontaneous
firing rate in PL-PFC neurons of the vehicle vs. the A9-THC groups (from 1.18 + 0.17 Hz of vehicle to 0.19 £ 0.05 Hz of A9-THC, P<0.01, N=6).
d The presence of the NMDA receptor antagonist MK-801 (10 uM) blocked NMDA (30 pM)-induced increase in firing rate (from 3.0 Hz + 0.86 Hz
of vehicle to 0.57 £ 0.11 Hz of A9-THC, P < 0.05, N = 4-5). e Bar graphs summarize changes in RMP in PL-PFC neurons in vehicle compared with
A9-THC-injected mice. NMDA-induced depolarization in mice receiving vehicle injections during adolescence is abolished in mice receiving
A9-THC or in the presence of MK-801 (from 3.0 + 0.86 Hz of vehicle to 0.48 + 0.12 Hz of A9-THC, P < 0.05, N = 4-5). The presence of the NMDA
(100 uM) induce depolarization in the vehicle groups (from —52.2 + 2.1 mV of vehicle to —34.4 £ 7.8 mV of NMDA, P < 0.05, N = 4-5). However,
there is no depolarization induced by NMDA in A9-THC or MK-801-treated groups (P> 0.05, N = 4-12). f Representative traces from PL-PFC
neurons from mice receiving A9-THC (middle trace) does not result in depolarizing responses to NMDA as seen in mice receiving vehicle
(upper trace). The presence of MK-801 inhibited the NMDA-induced increase in firing rate and depolarization (lower trace). N = number of

< mice per treatment group. Unpaired t-test *p < 0.05

The mice were assigned randomly to A9-THC- and vehicle
treatment groups. After completion of the last injection on PD
43, the mice were returned to their home cages without further
injections while conducting behavioral tests in the 27-day interim
from PD 43 to young adulthood at PD70.

Whole-cell current-clamp recordings

Whole-cell current-clamp recording was used to determine
whether adolescent administration of A9-THC has a long-term
effect on the electrophysiological activities in layer V of the PL-PFC
[2, 16]. For this, slice preparations of frontal cortical tissue from
vehicle- (n = 6) and A9-THC-pretreated (n = 6) mice were obtained
and stored in ice-cold sucrose-artificial cerebrospinal fluid (s-aCSF),
and perfused with the Mg®"-free extracellular perfusion [17]. After
the whole-cell configuration was formed, the access and
membrane resistances were continuously monitored through
the recording. Only those cells, in which access resistance was
stable (change <10%), were included in the data analysis. Stable
baseline recordings of the resting membrane potentials (RMP)
were achieved before local application of the buffer control,
NMDA, or MK-801 buffers. Major classes of pyramidal cells and
interneurons were defined by their spontaneous firing patterns
without or with an injected current [17, 18]. Data are expressed as
means + SEM in recorded cells from at least four mice per
treatment group. The two-tailed unpaired t-test was used to
compare the difference between the vehicle and drug-induced
effect on the RMP and spontaneous firing rate. Statistically, P <
0.05 and P < 0.01 were considered significant and very significant,
respectively. RMP and spontaneous firing were recorded using
Window pClamp Clampex 10.3 and analyzed offline using Clampfit
10.3 (Molecular Devices).

Electron microscopic immunolabeling

Vehicle- and A9-THC-pretreated adult mice were deeply anesthe-
tized by intraperitoneal injection of sodium pentobarbital
(150 mg/kg), and subjected to sequential vascular perfusion with
3.75% acrolein and 2% paraformaldehyde in 0.1 M phosphate
buffer (PB; pH 7.4) saline. Coronal sections through the PL-PFC at
1.5-2.5mm anterior to Bregma [19] were collected from the
aldehyde fixed brains of mice in each treatment group (n =10/
group). These were processed using previously described methods
for dual immunoperoxidase and immunogold-silver labeling
[20, 21]. For this, these sections were incubated for 24 h at room
temperature in a solution containing mouse monoclonal GIuN1
antibody (Pharmingen, San Diego, CA, USA) and guinea pig
polyclonal CB1R affinity-purified antisera at the respective dilutions
of 1:50 and 1:3200 in Tris-buffered saline (TS; pH 7.6) and 0.1%
bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO).

SPRINGERNATURE

The GIuN1 antibody was directed against a fusion protein
corresponding to amino acids 660-811 of GIuN1. Western blot
analysis of the GIuR1 antibody in hippocampal homogenates and
rat synaptic membranes shows one major band at 116 kD
comparable with that seen in HEK293 cells transfected with cDNA
encoding GIuN1, which is absent in western blots of non-
transfected cells [22]. This antibody has been extensively used
for light and electron microscopy in rodent [23] and shown to be
specific in mouse forebrain by absence of immunolabeling after
spatial-temporal GIuN1 gene deletion [23]. The CB1R was
identified by an affinity-purified polyclonal antibody raised in
guinea pig against a glutathione S-transferase fusion protein
containing the C terminus [residues 401-473 of rat CB1R]. This
antibody has been shown to have no immunoreactivity in CB1R
knockout mice [24].

Following the incubation with primary antiserum, the tissue was
incubated for 30 min in a TS and 0.1% BSA solution containing
1:200 dilution of donkey anti-guinea pig biotinylated IgG (Jackson
Immunoresearch, West Grove, PA) then washed in TS and given a
30-min incubation in Vector ABC Elite kit (Vector Labs, Burlingame,
CA). The peroxidase reaction product was visualized by reaction in
3, 3’-diaminobenzadine (DAB, Sigma-Aldrich, St. Louis, MO) with
0.1% hydrogen peroxide. Subsequently the tissue-sections were
(1) washed in TS, (2) incubated overnight in a 1:50 dilution of
Ultrasmall gold conjugated to goat anti-mouse IgG. (Electron
Microscopy Sciences, Hatfield, PA), and (3) silver-intensified in
Amersham Silver intense kit (GE Biosciences, Piscataway, NJ).
Reversal of markers and immunolabeling with omission of one or
both primary and secondary antisera were used as controls for
spurious labeling. The immunolabeled sections were rinsed in
0.2 M citrate buffer and 0.1 M PB prior to postfixation in 2%
osmium tetroxide and embedding in Epoxy resin using conven-
tional electron microscopic methods [20].

Image analysis

The electron microscopic analysis was conducted in ultrathin
sections collected from the PL-PFC in two plasticcembedded
vibratome sections from ten adult mice that received vehicle (n =
5) or A9-THC (n=5) during adolescence. The density of
immunolabeled and unlabeled neuronal profiles was tabulated
in a total surface area of 21,170 pm? collected equally from ~70
images from each of the ten mice. MCID Analysis software, Version
7.0 (Focus Ltd, Cambridge, UK) was used to determine the mean
diameter of GluN1-labeled dendritic profiles. The immunolabeled
dendritic profiles were statistically separated into small, medium,
and large categories using cluster analysis. Differences in GIuN1
density between drug treatment groups and dendritic size were
analyzed with a two factor (drugxsize) ANOVA using JMP
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Fig.2 Similarities of GIuN1-immunogold distribution in neuronal profiles contacted by other neuronal and glial structures in the PL-PFC of adult
mice that received vehicle or A9-THC. GIuN1 is seen within the cytoplasm (small arrows) and on plasma membranes (circles) of selective neuronal
(dendritic and axonal) and perisynaptic glial profiles in the PL-PFC of adult mice that received vehicle (a, b) or A9-THC (c, d) during adolescence.
In these images GIuN1-immunogold particles are seen in dendritic spines (GIuN1-s) receiving asymmetric synapses (curved arrows) from
unlabeled terminals or GluN1-labeled terminals. GIUN1 immunogold is also respectively localized together (Du-Te) or separate (GluN1-Te) from
dense CB1R-immunoperoxidase labeling in axon terminals forming symmetric synapses (block arrows) with GluN1-labeled somatodendritic
profiles (GIUN1 Soma) and dendrites (GIuN1-De). e Dual labeled terminals (Du-te) contain sparse gold GIuN1 and CB1-immunoperoxidase
labeling (chevron). In f, unlabeled axon terminals form asymmetric synapses (curved arrows) with a dendritic spine that is contacted by the dual
labeled terminal (upper left) and an unlabeled dendritic spine (Un-s) opposed to the GIuN1-De. tv = tubulovesicles (tv), mit = mitochondrion,
U-Te = unlabeled terminal; Un-S = unlabeled spine; scale bar =500 nm. A GluN1-immunogold labeled dendrite (GIuN1-De) is opposed to a

GluN1-labeled terminal (GIuN1-Te) and to a perisynaptic glial process (double dashed line) in g and h, respectively

Statistical Discovery from SAS (Cary, NC). Chi-square analysis was
used to determine the statistical significance of between group
differences in dendritic spine density in the PL-PFC. Differences
were considered significant at p < 0.05.

Microscopic illustrations were prepared by importing digital
images into Adobe Photoshop (CS4) and Powerpoint (Microsoft
Office, 2016) to enhance contrast, prepare composite plates, and
add lettering. Labeled neuronal and glial profiles were defined
using the nomenclature of Peters et al. [25].

Behavioral testing

The following behavioral tests were conducted during the light
phase of the light/dark cycle in a subgroup of young adult (PD70)
mice that received vehicle (n = 4) or A9-THC (n = 3) from PD 28 to
43. The apparatus used for each behavioral task was cleaned
thoroughly with 70% EtOH between mice in order to remove

Neuropsychopharmacology (2020) 45:374-383

olfactory cue biases. To avoid potential confounding effects of
behavior testing, these tests were done in a group of mice
separate from those used for current-clamp recording or electron
microscopic immunolabeling.

Locomotor activity was analyzed for 30 min in standard mouse
open-field chambers (Med Associates, St. Albans, VT) using infrared
beam breaks to measure both horizontal movement and rearing
[26]. The distance traveled (cm), average speed (cm/s), stereotypic
counts, and ambulatory time in the center vs. periphery were video
recorded. Unpaired t-tests (SPSS IBM Corp, version 20) were
conducted for between group comparisons of each of these
parameters with a p < 0.05 considered as statistical significant.

Social/Novel Object Interaction Test The conventional three-
chamber paradigm test for sociability and preference for social
approach and novelty [27] was modified with the use of a
rectangular corrugated plastic box (27 x 16.5x9.25in.) without
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Fig. 3 Postsynaptic GIuN1-immunogold labeling in dendrites receiving synaptic contacts from CB1R-labeled terminals. Electron microscopic
images (a-d) and bar graphs (e, f) showing size-dependent changes in the plasmalemmal and cytoplasmic GIuN1-immunogold distribution in
dendrites recipient to inputs from small axons or terminals that are unlabeled or contain immunoperoxidase labeling for CB1Rs in PL-PFC of
adult mice receiving A9-THC compared with vehicle. GIluNT immunogold is seen on the plasma membrane (circles) and in the cytoplasm
(small arrows) of small (a, b) and large (c, d) dendritic profiles (GIuN1-De). These profiles receive symmetric synapses (block arrows) from axon
terminals that are unlabeled (Un-Te) or contain dense immunoperoxidase labeling for the CB1R (CB1-Te). The GluN1-labeled dendrites are
opposed to glial processes (profiles outlined with dashed line) in b-d and to a CB1R-labeled axon (CB1-Ax) in d. Curved arrows = asymmetric
excitatory-type axospinous synapses in the neuropil of panel c. Scale bar =500 nm. Bar graphs of e and f show the number of GluN1-labeled
dendritic shafts in 21,170 pm? of PL-PFC tissue collected equally from ~70 microscopic images in two vibratome sections from five THC and

five VEH-injected adult mice. ANOVA *p < 0.05

dividing plastic walls. A metal wire was affixed across the top of
the apparatus to separate the box into two equally-sized
chambers. Each subject was given 5min to acclimatize to the
open box before being briefly placed back inside their home cage
while a conspecific stranger mouse and an inanimate, novel object
were placed in identical wire pencil cages on opposite chambers,
respectively designated as those containing social (SOC) and novel
object (NOV).

Mice were placed in the center of the box and given 10 min to
explore the two chambers. ANY-maze software was used for video
recording and tracking of each test to quantify the time spent and
number of entries of the mouse into the respective SOC and NOV
contact zones, which were defined by the perimeter of a 2-2.5-in.
circle around the pencil cages. Two-way ANOVAs were used to
assess main effects and potential interaction effects between
treatment condition and zone(s). In the case that variances
between groups were found to be significantly different (p < 0.05),
a Welch's adjustment was made for the Levene’s test for equality
of variances.

Y-maze Spontaneous Alternation Task was used to assess spatial
working memory and learning as previously described [22, 28].

SPRINGERNATURE

The task involves testing the ability of the subject to remember a
previously visited arm and takes advantage of the natural
explorative drive of rodents. A lower spontaneous alternation
(SA) score indicates reduced cognitive function. In this test, mice
were placed in the center of the maze and given 10 min to freely
explore each arm. An arm entry was recorded when 85% of a
mouse’s body entered the arm. The total number of arm entries
and percentage of SAs were recorded using ANY-maze software
(Stoelting, Wood Dale, IL). A SA occurred when a mouse entered
into a different arm of the maze in each of three consecutive arm
entries. The percentage of SA was calculated as the total number
of alternations (i.e., number of entries into three different arms
consecutively), divided by the total number of arm entries,
multiplied by 100.

RESULTS

Whole-cell current-clamp recording

Recordings from neurons located in deep layers of the PL-PFC
(Fig. 1a) of adult mice showed that receipt of adolescent A9-THC
during adolescence reduced glutamate activity (Fig. 1b), and

Neuropsychopharmacology (2020) 45:374 -383
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Table 1. Area density of dendritic profiles with and without GIuN1
labeling in the PL-PFC of adult mice chronically exposed to THC as
adolescents

Table 2. Area density of GIluN1-positive and -negative axon terminals
forming asymmetric synapses with dendritic spines in the PL-PFC of
adult mice exposed to adolescent vehicle or THC

n = number of dendritic spines and shafts observed in 21,170 um? of PL-
PFC tissue collected equally from ~70 microscopic images in two
vibratome sections from adult mice receiving A9-THC (n=5) or vehicle
(n=15) during adolescence. The receipt of A9-THC during adolescence
resulted in a significant (*) increase in the density of dendritic spines as
compared with mice receiving vehicle injections (x* (1) = 81.51, p < 0.0001)
without changing the proportion of GIuNT immunolabeling between the
two treatment groups ()(2 M) =172 p>0.05). In contrast, there was no
difference in the density of dendritic shafts between A9-THC-injected and
vehicle-injected controls (x2 (1) =0.43, p>0.05); however, there was a
significant (**) decrease in the number of GluN1-positive dendritic shafts
¢ (1) =12.92, p, 0.0003)

increased the threshold for spontaneous firing (Fig. 1c: A9-THC vs
vehicle, P < 0.01, N = 6). Bath application of NMDA (30 uM) elicited
depolarization in PL-PFC neurons from vehicle-injected mice,
which was attenuated in recordings from mice receiving A9-THC
(Fig. 1d: control buffer vs. NMDA, P < 0.05, N = 5-6; vehicle vs. A9-
THC, P<0.01, N =4-5). Bath application of NMDA (30 uM) also
produced an increased firing rate in PL-PFL neurons from vehicle-
injected animals (Fig. 1e: control buffer vs. NMDA, P<0.05, N=
7-20), which was largely absent following bath application of
NMDA receptor antagonist MK-801 (10 uM) and in adult mice
receiving A9-THC through adolescence (Fig. 1e: NMDA vs. MK-801,
P>0.05, N=4-6).

GluN1-immunogold distribution in dendritic and axonal profiles
GIuN1 immunogold was predominately seen in dendritic shafts
and dendritic spines in the PL-PFC of adult mice receiving
systemic injections of either A9-THC or vehicle during adolescence
(Fig. 2). In dendritic shafts, the GIuN1 labeling was most abundant
in the cytoplasm and often localized to tubulovesicles and outer
mitochondrial membranes (Fig. 2a, d). GIluN1-immunogold parti-
cles were also seen on synaptic and extrasynaptic plasmalemmas
of varying sized dendritic spines that received asymmetric
excitatory-type synapses from GluN1-labeled and unlabeled
terminals in the PL-PFC of both vehicle and A9-THC recipient
mice (Fig. 2). Larger dendritic spines in each treatment group
frequently displayed in-folded, discontinuous postsynaptic mem-
brane specializations that were decorated with GIUN1 immuno-
gold (Fig. 3a-d).

Unlabeled (Fig. 2a, b), GluN1-labeled (Fig. 2¢c, d), and dual
GIuN1/CB1R-labeled axon terminals (Fig. 2e) formed asymmetric
excitatory-type synapses mainly on dendritic spines. In these
terminals, the immunogold particles were either distributed over
synaptic vesicles or localized to presynaptic or extrasynaptic
plasmalemmas (Fig. 2c, d). Axon terminals forming symmetric
inhibitory-type synapses showed a similar subcellular distribution
of GIuN1, but more often contained only CB1R immunoreactivity

Neuropsychopharmacology (2020) 45:374-383

Profiles Vehicle (n) THC (n) % Change in profiles Axon terminals Vehicle (n) THC (n) % Change

Dendritic spines GIuN1 positive 183 234 1 27.9%

GIuNT1 positive 202 296 1 46.5% GIuN1 negative 1052 1017 1 3.3%

GIuN1 negative 1768 2283 1 29.1% Column total 1235 1251 1 1.2%

Column total 1970 2579 1 30.9%* % GIuN1 positive 14.80% 18.70% 1 3.9%

% GIuN1 positive 1% 11% 0% n = number of axospinous synapses seen in 7978 ym? from THC and 8179

Dendritic shafts pm? in vehicle recipient mice

GIuN1 positive 1581 1427 1 9.7%

GIuN1 negative 948 1053 11.1% .

Col 9 | 1 ) ? and preferentially contacted unlabeled and GluN1-labeled den-
olumn total - 2529 2480 1 1.9% dritic profiles (Fig. 2f, g). Astrocyte-like glial processes [25]

% GIuN1 positive  62.80% 57.50% | 5% ** frequently occupied portions of dendritic and axonal plasmalem-

mas without recognizable synaptic input in the PL-PFC of adult
mice in both treatment groups (Fig. 2c-e and h).

Impact of adolescent A9-THC on synaptic and extrasynaptic GIuN1
distribution

Receipt of A9-THC during adolescence substantially increased the
number of asymmetric axospinous synapses on dendritic spines,
the majority of which contained GIuUN1 immunogold (Table 1).
Most of the presynaptic axon terminals at axospinous synapses
also contained GIuN1 immunogold (Table 2). In contrast with
dendritic spines, there was a slight reduction in GIuN1-positive
and increase in GluN1-negative dendritic shafts receiving
excitatory-type synapses in PL-PFC of A9-THC recipient mice
(Table 1).

Administration of A9-THC during adolescence resulted in a
qualitative increase in plasmalemmal and a decrease in cytoplas-
mic GluNT-immunogold particles in large, but not smaller
dendritic profiles that received symmetric synapses from CB1R-
labeled terminals in adult PL-PFC (Fig. 3a-d). Statistical analysis
confirmed a significant shift from cytoplasmic to plasmalemmal
distribution of GIuN1 in large dendrites that received synaptic
input from axon terminals in the PL-PFC of A9-THC recipient mice
(Fig. 3e, ).

GluN1-immunogold density on extrasynaptic plasmalemmas of
all dendritic profiles was significantly reduced in the PL-PFC of
adult mice that received A9-THC compared with vehicle during
adolescence (Figs. 4 and 5a, b). The diagrams in Fig. 5¢, d
respectively show GluN1-immunogold distribution in PL-PFC
dendritic profiles of varying sizes from vehicle- and A9-THC-
pretreated mice. Both synaptic (left) and extrasynaptic (right)
distributions are represented in the two halves of each bisected
dendritic segment.

Behavioral changes in adult mice receiving A9-THC during
adolescence

Locomotor activity of adult mice receiving A9-THC during
adolescence did not significantly differ (t-test, p > 0.05) from the
vehicle controls in the open field or in chambers used for social/
novel object testing in which there were no treatment-specific
differences in total distance traveled (t(5)=0.99, p=0.37) or
average speed (t(5) =0.99, p = 0.37) within the apparatus. There
was also no significant interaction between drug treatment and
compartment (ambulatory time: (F(1,10) = 3.77, p =0.081); num-
ber of entries: (F(1,10) =3.82, p = 0.079).

There was a statistically significant effect for ambulatory time:
(F(1,10) = 12.07, p = 0.006) and number of entries: (F(1,10) = 11.03,
p = 0.008) for the interaction between treatment and contact zone
(Fig. 5e, f). There was also a significant main effect of contact zone
on ambulatory time (F(1,10)=9.73, p=0.011) and number of
entries (F(1,10) = 12.84, p=0.005). On average, mice receiving
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Fig. 4 Extrasynaptic GluN1-immunogold labeling in dendritic shafts in PL-PFC adult mice receiving vehicle or A9-THC during adolescence. The
gold particles are located on the plasma membrane (circles) and in the cytoplasm (small arrows) of dendritic shafts (GIuN1-De) having small
(a, b), medium (¢, d), and large (e, f) mean diameters. Many of these dendrites are opposed to glial processes (profiles outlined with dashed
line) and to unlabeled (Un-Te) or GluN1-immunogold-labeled terminals (GIuN1-Te) forming asymmetric synapses (curved arrows) on nearby

dendritic spines. Scale bar =500 nm

A9-THC as adolescents spent significantly more time in the SOC
contact zone (258.43 +1.77) compared with controls (182.83 +
15.30). They also made significantly less entries into the
NOV contact zone (41 + 4.62) compared with vehicle-treated mice
(55.5 +2.99) (Fig. 5f and track plots in Fig. 5g).

When assessed for spatial working memory in the Y-maze,
adolescent vehicle and A9-THC-treated mice performed similarly.
Treatment groups did not differ significantly in the average
percentage of spontaneous alternations made when tested as
adults (t(5) = 0.184, p = 0.86). Mice that received vehicle and A9-
THC during adolescence also showed no significant differences in
measures of locomotor activity, as reflected in ambulatory
distance traveled (t(5)=0.25, p=0.82), stereotypic counts
(t(5) =0.07, p=0.95), or ambulatory episodes average speed
(t(5) = 0.36, p =0.73).

DISCUSSION

Our results provides new evidence that the firing pattern of
deep-layer PL-PFC neurons in vehicle-injected mice is similar
to that previously described in adult rats [29] and markedly
disrupted by chronic adolescent administration of A9-THC. The
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electrophysiological evidence for NMDA receptor hypofunction in
these neurons is consistent with the observed decrease in
extrasynaptic plasmalemmal density of GIuN1 in dendritic profiles
of all sizes in medial layers of the PL-PFC, which contain apical
dendrites of many deep layer neurons. However, adolescent
administration of A9-THC also produces a shift in GIuN1
distribution from cytoplasmic to plasmalemmal sites in larger
dendritic profiles that are major targets of inhibitory terminals that
express CB1Rs [24]. These results together with the observed
changes in number of axospinous synapses in the PL-PFC of adult
mice that received A9-THC during adolescence suggest a lasting
impact of adolescent A9-THC on the emergence of corticolimbic
networks controlling adult behaviors as discussed below.

Adult male mice receiving A9-THC during adolescence have a
higher density of GluN1-labeled axospinous synapses in PL-PFC
We observed an increase in excitatory-type axospinous synapses
in the PL-PFC of adult male mice receiving repeated injections of
A9-THC in an escalating dose schedule similar to that described
by Rubino et al. [16]. In this earlier study, adolescent administra-
tion of A9-THC decreased CB1R and CB1/G-protein activity in
hippocampus and amygdala, but not in the PFC of male rats. The
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Fig. 5 Adult mice chronically exposed to A9-THC during adolescents differ from vehicle controls in their extrasynaptic GIuN1 distribution in
varying sized dendrites within the PL-PFC (a-d) and interactions with a stranger mouse (SOC) vs. novel object (NOV) (e-g). In a and b, the bar
graphs respectively show that adolescent A9-THC produces a significant decrease in extrasynaptic plasmalemmal GIuN1 in small, medium and
large dendrites, without effect on GIUN1 cytoplasmic distribution in the PL-PFC dendrites of adult mice. In a and b, ANOVA *p <0.05 and
numbers = number of GluN1-labeled dendrites. Schematic drawings in ¢ and d respectively summarize the GluN1-immunogold distribution in
PL-PFC dendrites of adult mice receiving A9-THC or vehicle during adolescents. In each treatment group, transverse sections through small
(c.1), medium (c.2), and large (c.3) dendrites are represented by oval shapes with a white line drawn around the perimeter to indicate the
plasmalemma that encloses the cytoplasmic compartment. Each of these dendritic profiles is bisected by a double line to separate portions
that are contacted by excitatory (+) and inhibitory (—) axon terminals (i.e., synaptic) or without axonal contact (i.e., non-synaptic (non-Syn)).
CB1R labeling is shown by dark shading in a subgroup of the inhibitory-type terminals. Data from bar graphs in Fig. 3e, f are schematically
shown by an increase (up arrow) in plasmalemmal density and the corresponding decrease (down white arrow) in the cytoplasmic density of
GluN1-immunogold particles (small circles) exclusively in large dendrites of mice receiving A9-THC compared with vehicle. In contrast, data
summarized from bar graphs in this figure show a decrease (down arrow) in GluN1-immunogold density on the extrasynaptic plasma
membrane of all dendrites without synaptic contact (i.e, non-synaptic). Bar graphs in e and f respectively show that administration of A9-THC
compared with vehicle during adolescence significantly increases the time spent in portions of the chamber in contact with a stranger mouse
and decreases the entries into the contact zone surrounding a novel object. ANOVA shows a statistically significant treatment effect on
(ambulatory time: (F(1,10) = 12.07, p = 0.006) and number of entries: (F(1,10) = 11.03, p = 0.008). g Representative tracking of adult mice that
received vehicle or A9-THC during adolescence shows that A9-THC enhances the mobilization to portions of the two interconnected
compartments within which dashed lines indicate the perimeter of the contact zone around the stranger mouse (SOC) and novel
object (NOV)
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downregulation of CB1R signaling in GABAergic terminals
presynaptic to glutamatergic output neurons in amygdala and
hippocampus, which project extensively to the PL-PFC [30] may
serve to maintain less active dendritic spines normally eliminated
during the protracted frontal cortical maturation [31]. The
selective formation of dendritic spines contacted by axon
terminals expressing presynaptic NMDA receptors and/or elimina-
tion of spines contacted by axon terminals lacking these receptors
provides an equally plausible explanation for the observed
increase in number of dendritic spines in the PL-PFC (see refs.
[32, 33] for review). The glial profiles contacting excitatory-type
synapse expressing pre-and/or postsynaptic GIuNT may represent
sites of relevance to glial control of NMDA receptor-mediated
glutamatergic transmission [34].

The notable increase in axonal distribution of GIuN1 following
chronic A9-THC activation of CB1Rs may reflect diminish endocan-
nabinoid signaling that is implicated in axonal outgrowth and GIuN1
polarization in cortical pyramidal cells [35]. The present detection of
GIuN1 in axon terminals in the PL-PFC of adult mice adds to the
growing evidence that GIuN1/GIuN2B containing NMDA receptors
are presynaptic autoreceptors and heteroreceptors in the mature as
well as in the developing neocortex [36]. Many of these terminals
form asymmetric excitatory-type synapses with dendritic spines and
rarely express detectable levels of CB1R immunoreactivity, which is
most prevalent in inhibitory-type terminals, some of which also
contain GIuN1 immunogold. In dually labeled terminals, CB1R-
mediated retrograde signaling may oppose the NMDA-evoked
release of GABA [37].

Adolescent A9-THC increases plasmalemmal density and
decreased cytoplasmic GIuN1 immunogold in large dendrites
recipient to CB1R terminals

Competitive disruption of CB1R-mediated endocannabinoid sig-
naling may largely account for the observed increase in
plasmalemmal and corresponding decrease in cytoplasmic GIuN1
in PL-PFC dendrites of adults chronically exposed to A9-THC
during adolescence. The large size of the affected dendrites is
consistent with the known prevalence of CB1R terminals mainly
on larger somatodendritic profiles of pyramidal neurons in the
cerebral cortex [38].

The cytoplasmic and plasmalemmal distribution of GIuN1
immunogold in dendrites of the PL-PFC confirms and extends
earlier studies of GIuN1 distribution in normal rodents [39, 40].
Within the cytoplasm, we often detected GIuN1 immunogold
along membranes of tubulovesicles and outer mitochondrial
membranes, which play a key role in regulation of Ca>" dynamics
as well as in the intracellular trafficking, recycling, and degradation
of GIuN1 [40, 41]. The availability of a cytoplasmic pool of
GIuN1 subunits on these intracellular membranes may facilitate
the regulation of NMDA receptor-mediated glutamatergic trans-
mission in accordance with ongoing activity and stage of
development [42, 43].

Repeated A9-THC administration during adolescence decreases
extrasynaptic plasmalemmal density of GIuN1T and NMDA current
in PL-PFC neurons of adult mice

There was a significant reduction in GIuN1 plasmalemmal and
cytoplasmic density in large and the plasmalemma density in small
and medium sized dendrites without synaptic contact in the PL-PFC
of adult mice chronically exposed to A9-THC as adolescence. This
suggests that as previously demonstrate for the developmentally
regulated GIuN2 subunits [7] GIuN1 is internalized and internally
sorted through degradative pathways. Our data further indicate that
during the sensitive period of adolescent development chronic
exposure to A9-THC may promote the activation of extrasynaptic
NMDA receptors resulting from increased glutamate release. This
possibility is supported by our results showing that many of the
dendritic profiles without synaptic contacts are opposed to glial
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processes and/or neighboring excitatory-type axon terminals that
are potential sources of glutamate and glycine, a co-agonist of
extrasynaptic NMDA receptors [44], which inhibits surface trafficking
of NMDA receptors [29].

Adolescent exposure to A9-THC during adolescence produces
behavioral changes aligned with NMDA plasticity in PL-PFC
neurons

Adult male mice chronically exposed to increasingly high doses of
A9-THC during later stages of adolescence spent significantly
more time and tended to have more entries into the contact zone
around a conspecific stranger mouse. We also observed a
significant decrease in NMDA current and plasmalemmal expres-
sion of GIUN1 in PL-PFC neurons in separate subgroups of adult
mice that received adolescent injections of A9-THC in a paradigm
identical to the one used for testing social interactions. Together
these results suggest that exposure to escalating doses of A9-THC
during late adolescence increases preference for social novelty in
adult mice through mechanisms involving downregulation of
functional NMDA receptors in PL-PFC, which is similar to that
produced by spatial-temporal GIuN1 deletion in the medial PFC
[45]. However, additional behavioral testing is needed to exclude
other possibilities such as decreased social anxiety that also may
be influenced by decreased NMDA receptor signaling in output
neurons within the PFC [46].

As opposed to the increase in social interactions in A9-THC-
pretreated mice, these mice made significantly fewer entries into
the contact zone around a novel object without any notable effect
on the duration of time spent in this zone. This suggests that
adolescent A9-THC may decrease exploratory behavior outside of
social context, which provides sensory cues that promote
lingering in the contact zone.

We observed no significant effect of adolescent administered
A9-THC on measure of spatial working memory or spontaneous
alternations in Y-maze testing of a subgroup of adult mice with
identical drug treatment to those showing decreased NMDA
GIuN1 expression in PL-PFC neurons. The absence of effect on
these tasks by a drug treatment that reduced glutamate activity in
the PL-PFC is consistent with the know limited effect of cytotoxic
PFC lesions on memory-related behaviors in adult mice [47]. These
findings contribute to the emerging evidence that the complex
cognitive and social behaviors are differentially dependent on
output from prefrontal cortical and hippocampal networks [48].
However, there remains the possibility that subtle impairment of
cognitive functions in mice receiving adolescent A9-THC may have
been unrecognized because of the relatively small sample size in
our study.
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