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Abstract

Chronic use of marijuana impairs synaptic plasticity and cognitive function. However, the molecular
mechanisms by which marijuana alters long-term synaptic plasticity are largely unknown. Here we
show that repeated in vivo exposures to A9-THC for 7 consecutive days significantly impaired
hippocampal long-term potentiation (LTP) of excitatory glutamatergic synaptic transmission. The
A9-THC exposure-induced decrease in LTP was prevented by pharmacological inhibition or deletion
of the CBL1 receptor. To determine the molecular mechanisms underlying A9-THC-altered LTP, we
targeted expression and function of the glutamate receptors and phosphorylation status of cAMP
response element binding protein (CREB). Chronic in vivo exposure to A9-THC produced CB1
receptor-dependent decreases in expression of hippocampal glutamate receptor subunits GIuR1,
NR2A and NR2B, the ratio of AMPA/NMDA receptor-gated currents, and phosphorylation of
CREB. Our results suggest that reduced expression and function of the glutamate receptor subunits
and phosphorylation of CREB may underlie the impaired long-term synaptic plasticity induced by
repeated in vivo exposure to A9-THC.
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Introduction

Marijuana is the most commonly used illicit drug of abuse in the United States. The use of
marijuana is also associated with taking other addictive substances such as alcohol, cocaing,
morphine or nicotine (Maldonado et al., 2006). It has been long known that chronic use of
marijuana induces cannabis-related disorders (CRDs) and impairs cognitive function. These
cannabis-related disorders also include tolerance, dependence and possibly addiction
(Heishman et al., 1997; Hampson and Deadwyler, 1999; Pope et al., 2001; 2002; Bolla et al.,
2002; Solowij et al., 2002; Sim-Selley, 2003; Martin et al., 2004; Kelly and Thayer, 2004;
Lupicaetal., 2004; Martin, 2005; Lichtman and Martin, 2005). Currently, there are no effective
medications available for the treatment of CRDs. This is largely due to our limited
understanding of the mechanisms by which marijuana alters synaptic function and induces
adaptive changes in neural circuitry.
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It is now recognized that marijuana-induced effects are mainly mediated by A9-
tetrahydrocannabinol (A9-THC), the major psychoactive ingredient in marijuana (Gaoni &
Mechoulam, 1964; 1971). The actions of A9-THC on synaptic activity result likely from its
binding to the cannabinoid receptor CB1 (CB1), which was molecularly cloned from rat brain
in 1990 (Matsuda et al., 1990), and is predominantly expressed in the central nervous system.
The discovery of the cannabinoid receptors prompted the search for endogenous cannabinoids
(eCBs). Several endogenous ligands have been identified, which are involved in a variety of
physiological and pathological processes (Wilson & Nicoll, 2002; Alger, 2002; Piomelli,
2003; Freund et al., 2003; Sugiura et al., 2006; Mackie, 2006; Howlett et al., 2004; Di Marzo
et al., 2004; Walter & Stella, 2004, Bisogno et al., 2005; Mackie, 2006; Chevaleyre et al.,
2006; Frazier, 2007; Lovinger, 2008). It has been proposed that the downregulation,
desensitization, and altered trafficking of the CB1 receptor, the decoupling the CB1 receptor
and its associated G protein (Gi/o), and the changes in eCB content are likely responsible for
tolerance and dependence to cannabinoids after prolonged administration of marijuana
(Breivogel et al., 1999; Bass and Martin, 2000; Rubino et al., 2000; Sim-Selley, 2003; Martin
etal., 2004; Mato et al., 2004; Lupica et al., 2004; Piomelli, 2004; Martin, 2005; Lichtman and
Martin, 2005; Gonzalez et al., 2005; Childers, 2006). Since tolerance or dependence reflects
reduced synaptic responsiveness to cannabinoids, the A9-THC-altered synaptic plasticity and
tolerance to cannabinoids may likely share the same signaling mechanisms. Recent evidence
shows that single in vivo exposure to A9-THC blocks eCB-mediated long-term depression of
excitatory synaptic transmission (eCB-LTD) in the nucleus accumbens (NAc) and eCB-
mediated LTD of inhibitory synaptic transmission (I-LTD) in the hippocampus (Mato et al.,
2004). Repeated in vivo exposures to A9-THC for 7 days have been shown to eliminate LTD
in the nucleus accumbens (Hoffman et al., 2003; Mato et al., 2005) and L TP in the hippocampal
CA1 area (Hoffman et al., 2007). However, the mechanisms underlying the marijuana- or A9-
THC-induced alterations in long-term synaptic plasticity are still not well understood.

In this report, we show that repeated in vivo exposures to A9-THC induced a CBL1 receptor-
dependent decrease in hippocampal LTP. The reduced expression and function of the glutamate
receptors and phosphorylation of CREB may be molecular mechanisms underlying the A9-
THC-altered long-term synaptic plasticity in the hippocampus.

Materials and Methods

Animals

C57BL/6 (Charles River, Wilmington, MA) and CB1 knockout (KO) mice (cnr1(/"), NIMH
transgenic core, NIH, Bethesda, MD) at ages of 6 to 9 weeks were used in the present study.
CB1R KO mice were backcrossed for more than ten generations onto the C57BL/6 background
strain. Breeding of heterozygous mice produced homozygous CB1R wild type (WT) and KO
mice. Age-matched littermates (either sex) were used in all the studies. The care and use of the
animals reported in this study were approved by the Institutional Animal Care and Use
Committee of Louisiana State University Health Sciences Center. Mice were intraperitoneally
(i.p.) injected with vehicle, A9-THC (10 mg/kg, provided by NIDA Drug Supply Program,
NIH), and SR141716 (5 mg/kg, provided by NIMH Chemical Synthesis and Drug Supply
Program, NIH). Animals received repeated administrations of A9-THC once a day for 7
consecutive days. A9-THC was prepared from a solution at concentration of 200 mg/ml in
ethanol, and suspended in an equivalent volume of DMSO by evaporating ethanol under N2
gas and diluted to 2 mg/ml in Tween 80 (10%), DMSO (20%), and saline (70%) as described
by Hoffman et al. ((2003; 2007).
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Hippocampal slice preparation

Hippocampal slices were prepared from mice as described previously (Chen etal., 2002; Chen,
2004; Yang et al., 2008). Briefly, after decapitation, brains were rapidly removed and placed
in cold oxygenated (95% O,, 5% CO,) low-Ca2*/high-Mg?* slice medium composed of (in
mM) 2.5 KCl, 7.0 MgCls,, 28.0 NaHCO3, 1.25 NaH,PO,, 0.5 CaCl,, 7.0 glucose, 3.0 pyruvic
acid, 1.0 ascorbic acid, and 234 sucrose. Slices were cut at a thickness of 350-400 pum and
transferred to a holding chamber in an incubator containing oxygenated artificial cerebrospinal
fluid (ACSF) composed of (in mM) 125.0 NaCl, 2.5 KCI, 1.0 MgCl,, 25.0 NaHCO3, 1.25
NaH,PO,4, 2.0 CaCls,, 25.0 glucose, 3 pyruvic acid, and 1 ascorbic acid at 36 °C for 0.5to 1
hour, and maintained in an incubator containing oxygenated ACSF at room temperature (~22—
24 °C) for >1.5 h before recordings. Slices were then transferred to a recording chamber where
they were continuously perfused with 95% O, 5% CO,-saturated standard ACSF at ~32-34
°C. Individual dentate granule neurons were viewed with an upright microscope (Olympus
BX51WI) fitted with a 60xwater-immersion objective and differential interference contrast
(DIC) optics.

Electrophysiological recordings

Field EPSP (fEPSP) recordings in response to stimulation of the perforant path at a frequency
of 0.05 Hz were made using an Axoclamp-2B patch-clamp 6 amplifier (Molecular Devices,
CA) inbridge mode. Recording pipettes were pulled from borosilicate glass with a micropipette
puller (Sutter Instrument), filled with artificial ACSF (2-4 MQ) and placed at the middle one
third of the molecular layer of the dentate gyrus. Hippocampal perforant path LTP was induced
by a theta-burst stimulation (TBS), consisting of a series of 10 bursts of 5 stimuli at 100 Hz
(200 ms interburst interval, which was repeated three time (Chevaleyre & Castillo, 2004;
Hoffman etal., 2007; Yang et al., 2009). The input-output function was tested before recording
of LTP, and the baseline stimulation strength was set to provide fEPSP with an amplitude of
~30% from the subthreshold maximum derived from the input-output function. The bath-
perfused solutions contained 10 uM bicuculline to block ionotropic GABA receptors.

Whole cell patch-clamp recordings were made under voltage clamp using an Axopatch-200B
amplifier to determine excitatory postsynaptic currents (EPSCs) in dentate granule neurons in
response to stimulation of the perforant path. The membrane potential was held at +40 mV to
eliminate Mg2*-induced blockade of the NMDA receptors. Stimuli were elicited via a bipolar
tungsten electrode placed in the molecular layer of the dentate gyrus. Recording pipettes (4-5
MQ) were filled with the internal solution containing (in mM) 115.0 Cs gluconate, 15.0 CsCl,
5.0 NaCl, 0.28 CaCl,, 10.0 HEPES, 0.5 EGTA, 4.0 Mg,ATP, 0.2 Na,GTP and 3.0 QX-314
(pH 7.25 with CsOH). Bicuculline (10 pM) was included in the bath solution to block
ionotropic GABA receptors. D-AP5 (50 puM, provided by NIH NIMH Drug Supply Program)
was applied via the bath perfusion to block the glutamate NMDA receptor-gated current. The
remaining AMAP-gated current could be eliminated by DNQX (10 puM). A paired-pulse
protocol with varying interpulse intervals was used to determine paired-pulse ratio (PPR,
calculated as P2/P1: P1, the amplitude of the first EPSC; P2, the amplitude of the second EPSC).

Spontaneous EPSCs (SEPSCs) were recorded in granule neurons in hippocampal slices of
animals that chronically received vehicle or A9-THC for 7 days. The frequency, amplitude,
and kinetics of SEPSCs were analyzed using the MiniAnalysis program (Synaptosoft, Fort Lee,
NJ). The bath solution contained bicuculline (10 uM).

RNA isolation and DNase treatment

Total RNA was prepared from harvested hippocampal tissue with the RNeasy Mini Kit
(Qiagen) and treated with RNase-free DNase (Qiagen) according to the manufacturer’s
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instructions. The RNA concentration was measured by spectrophotometer (DU 640;
BECKMAN). RNA integrity was verified by electrophoresis in a 1% agarose gel.

Reverse transcription and real-time RT-PCR

The iscript cDNA synthesis kit (BioRad) was used for the reverse transcription reaction. We
used 1 pg total RNA, with 4 pl 5% iscript reaction mix and 1 pl iscript reverse transcriptase.
The total volume was 20 pl. Samples were incubated for 5 min at 25 °C. All samples were then
heated to 42 °C for 30 min, and reactions were stopped by heating to 85 °C for 5 min.

Real-time RT-PCR specific primers for GIuR1, GIuR2, NR1, NR2A, NR2B, and GAPDH were
selected using Beacon Designer Software (BioRad) and synthesized by IDT (Coralville, 1A).
They are listed as follows: Name: forward primer, reverse primer (amplicon size), genebank
number: GluR1: 5’-CGAGAAGAACTGGCAGGTGAC-3’, 5’-
CAGGTTGGCGAGGATGTAGTG-3’ (202 bp, BC056397), GIuR2: 5’-
CATCTCCTCCTACACGGCTAAC-3’,5’-TCCTGACTCTGGCTACTCCTTC-3’ (248bp,
AB111957), NR1: 5’-GCGACACGGCTCTTGGAAG-3’, 5’-
GTGGTACGGTGCGAAGGAAG-3’ (275 bp, BC039157), NR2A: 5’-
GGGAGGGATGAAGGCTGTAAAC-3’, 5'-GATGAAGGTGATGAGGCTGAGG-3’ (291
bp, NM_008170), NR2B: 5 -TCCGCAGCACTATTGAGAACAG-3’, 5’-
GAAGGCACCGTGTCCGTATC-3’ (256 bp, NM_008171), and GAPDH: 5-
ACCACAGTCCATGCCATCAC-3’, 5-ACCTTGCCCACAGCCTTG-3’ (134 bp, M32599).
The PCR amplification of each product was further assessed using 10-fold dilutions of mouse
brain cDNA library as a template and found to be linear over five orders of magnitude and at
greater than 95% efficiency. All the PCR products were verified by sequencing. The reactions
were set up in duplicate in total volumes of 25 pl containing 12.5 ul 2% iIQSYBR green
Supermix (BioRad) and 5 pl template (1:10 dilution from RT product) with a final
concentration of 400 nM of the primer. The PCR cycle was as follows: 95 °C/3 min, 45 cycles
of 95 °C/30 sec, 58 °C/45 sec and 95 °C/1 min, and the melt-curve analysis was performed at
the end of each experiment to verify that a single product per primer pair was amplified.
Furthermore, the sizes of the amplified DNA fragments were verified by gel electrophoresis
on a 3% agarose gel. The amplification and analysis were performed using an iCycler iQ
Multicolor Real-Time PCR Detection System (BioRad). Samples were compared using the
relative CT method. The fold increase or decrease was determined relative to a vehicle-treated
control after normalizing to a housekeeping gene using 27 2ACT where ACT is (gene of interest
CT) - (GAPDH CT), and AACT is (ACT treated) - (ACT control), as described previously
(Sang et al., 2005; 2007; Zhang & Chen, 2008). The ranges of CT for GAPDH were from 17.6
to 18.1 (17.9 £ 0.1, n=6) for the vehicle control and 17.6 to 17.9 (17.8 £ 0.1, n=6) for the
treatment with A9-THC.

Surface biotinylation assay

Surface biotinylation assays were performed in hippocampal slices as described previously
(Yuetal., 2008). Briefly, hippocampal slices were cut at thickness of 400 pum using a vibratome
(St. Louis, MO) from mice that received vehicle or A9-THC for 7 consecutive days, and then
transferred to a six-well plate and incubated on ice for 1 h in carbogenated ACSF containing
500 pM Sulfo-NHS-SS-biotin (Thermo-Pierce, Rockford, IL). Collected tissue was then
washed three times for 5 min with ice-cold ACSF containing 10 mM glycine, and was
immediately homogenized in 800 pL ice-cold lysis buffer containing 20 mM Tris—HCI, pH
7.5, 1% Triton X-100, 50 mM NaCl, 1 mM EDTA, 0.1% sodium dodecyl sulfate, and a cocktail
of protease inhibitors (Sigma, St. Louis, MO). After incubation on ice for 30 min, the
homogenate was centrifuged at 18000 g at 4°C for 10 min. Supernatants were collected. The
biotinylated proteins from 300 pg of total protein in the lysate were precipitated with 60 pL
of Ultra-link immobilized Streptavidin beads (Thermo-Pierce, Rockford, IL), diluted with the
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addition of 800 pL lysis buffer, on a rotator overnight at 4°C. Precipitates were collected by
centrifuging at 3500 g for 1 min, washed by lysis buffer for three times, and then boiled for 5
min in 30 pL 2x sample buffer. 30 pg tissue lysates were used as controls for the total protein.

Cross-linking

Extracelluar cross-linking of proteins was performed as described previously (Chen et al.,
2006) by removing the brain from vehicle or A9-THC exposed mice. Slices (400 pm) were cut
and placed in oxygenated ACSF buffer. Slices were then removed and placed in 2 ml buffer
on ice to which 2 mg/ml of BS3 (Bis (Sulfosuccinimidyl) suberate, Thermo-Pierce, Rockford,
IL) was added, and incubated for 45 minutes. The reaction was stopped by removing the buffer
and replacing with cold 20 mM Tris pH 7.6. The samples were washed three times and placed
in lysis buffer. The samples were sonicated and aliquots taken for protein analysis.

Western blots

Western blot assay was conducted to determine expression of the glutamate receptor subunits
and phosphorylation of CREB in the hippocampus as described previously (Chen et al.,
2006; Sang et al., 2007; Zhang and Chen, 2008). Hippocampal tissue was extracted and
immediately homogenized in RIPA lysis buffer and protease inhibitors, and incubated on ice
for 30 min, then centrifuged for 10 min at 10,000 rpm at 4°C. Supernatants were fractionated
on 4-15% SDS-PAGE gels (Bio-Rad) and transferred onto PVDF membranes (Bio-Rad). The
membrane was incubated with, anti-GIluR1 (1:200), GluR2 (1:1,000), NR1 (1:500), NR2A and
NR2B (1:1,000, Millipore, Temecula, Ca) and anti-CREB and anti-phospho-CREB antibodies
(1:1,000, Cell Signaling, Danvers, MA) at 4°C overnight. The blots were washed and incubated
with a secondary antibody (goat anti-rabbit 1:2,000, Cell Signaling, Danvers, MA) at room
temperature for 1 hr. Proteins were visualized by enhanced chemiluminescence (ECL,
Amersham Biosciences, UK). The densities of specific bands were quantified by densitometry
using FUJIFILM Multi Gauge software (version 3.0). Band densities were normalized to the
total amount of protein loaded in each well as determined by mouse anti p-actin (1:4000,
Sigma).

Data analysis

Results

Data are presented as mean £ S.E.M. Unless stated otherwise, Student’s t-test and analysis of
variance (ANOVA) with Fisher’s PLSD test or Student-Newman-Keuls test were used for
statistical comparison when appropriate. Differences were considered significant when P<
0.05.

Chronic in vivo exposure to A9-THC impairs hippocampal LTP

Marijuana or A9-THC has been demonstrated to induce adverse mental, psychotic and
cognitive consequence (Heishman et al., 1997; Hampson and Deadwyler, 1999; Pope et al.,
2001; 2002; Bolla et al., 2002; Solowij et al., 2002). However, very few studies were carried
out to determine the effect of marijuana or A9-THC on hippocampal long-term synaptic
plasticity from in vivo exposed animals. Recent evidence shows that repeated in vivo exposure
to A9-THC eliminates hippocampal LTP at Schaffer-collateral synapses in the CA1 region
(Hoffman et al., 2007). However, the mechanisms by which A9-THC impairs synaptic
plasticity are largely unknown. Thus, we decided to determine LTP of glutamatergic excitatory
synaptic transmission at hippocampal perforant path synapses in hippocampal slices from mice
that received repeated in vivo exposure to A9-THC for 7 consecutive days. Field extracellular
EPSPs (fFEPSPs) were recorded 24 hrs after cessation of last injection, and LTP was induced
by a theta-burst stimulation (TBS) protocol in the presence of bicuculline (10 pM). We found
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that repeated in vivo exposure to A9-THC in WT mice at dosage of 10 mg/kg, which is adopted
by others (Zhuang et al., 1998; Bass & Martin, 2000; Hoffman et al., 2003; 2007), led to a
significant reduction of perforant path LTP when compared that of the vehicle control (Figure
1A). This is consistent with the observations that repeated in vivo exposure to A9-THC
eliminates LTP in the hippocampal CAL1 region (Hoffman et al., 2007).

A9-THC-induced decrease in LTP is mediated via the CB1 receptor

It has been well established that the action of A9-THC on synaptic activity is mediated via the
CB1 receptor. To determine whether the A9-THC-induced reduction of LTP is mediated via
the CB1 receptor, we first administrated SR141716 (SR), a selective CB1 antagonist, in WT
animals that received repeated injections of A9-THC. As shown in Figure 1B, while SR slightly
elevated LTP, the A9-THC-induced decrease in hippocampal LTP was prevented in animals
that received A9-THC + SR (5 mg/Kkg, i.p.). To further confirm the mediation of the CB1
receptor in the A9-THC-induced impairment in long-term synaptic plasticity, we employed
mice deficient in the CB1 receptor. As expected, the A9-THC-induced decrease in LTP was
also absent in CB1 KO animals (Figure 1C). These results indicate that chronic in vivo A9-
THC exposure-reduced LTP is mediated via the CB1 receptors.

Repeated exposures to A9-THC reduce expression and function of the glutamate receptors

To explore the molecular mechanisms responsible for the A9-THC-induced reduction of LTP,
we thought that glutamate receptors might be the target of A9-THC in A9-THC-induced
adaptive changes in synaptic circuitry. This idea occurred as a result from the observations that
exposure to addictive drugs produces dynamic changes in AMPA receptors (Ungless et al.,
2001; Suérez et al., 2003; Saal et al., 2004; Boundreau et al., 2005; 2007; Kauer and Malenka,
2007). To this end, we used the Western blot analysis to determine hippocampal expression of
AMPA receptor subunits GIuR1 and GIluR2, and NMDA receptor subunits NR1, NR2A and
NR2B in WT animals that received repeated in vivo exposures to A9-THC. As indicated in
Figure 2A, repeated in vivo exposures to A9-THC for 7 days significantly reduced expression
of GIuR1, NR2A and NR2B subunits when compared to that of vehicle controls, while NR1
and GIuR2 remained unchanged. This is the first report of chronic in vivo exposure to A9-THC
inducing a down-regulation of hippocampal expression of both AMPA and NMDA receptors.
It is likely that decreased GIuR1, NR2A and NR2B subunits are responsible for the reduced
LTP in animals that were exposed to A9-THC for 7 consecutive days.

The down-regulated GIuR1, NR2A and NR2B subunits detected in chronically A9-THC-
exposed animals are the total protein. Since the function of glutamate receptors relies on their
membrane surface expression, we decided to determine whether A9-THC exposure also alters
the trafficking of these subunits. Surface biotinylation assay was performed in hippocampal
slices from animals that received A9-THC (Yuetal., 2008). As shown in Figure 2B, the surface
expression of NR1 and GluR2 was not significantly altered, but the expression of NR2A, NR2B
and GIuR1 subunits was greatly reduced in A9-THC-treated animals when compared to that
in vehicle controls. To further determine alterations in glutamate receptor trafficking in A9-
THC-exposed animals, we measured intracellular pools of these subunits. Extracellular
proteins were cross-linked as we previously described (Chen et al., 2006). As shown in Figure
2C, chronic in vivo exposure to A9-THC resulted in increases in intracellular NR2A, NR2B
and GIuR1 subunits, despite the fact that total protein levels of these subunits were reduced
(Fig. 2A). This information indicates that repeated exposures to A9-THC not only down-
regulate these glutamate receptor subunits, but also induce their internalization or endocytosis.

To determine whether the reduced protein expressions of these subunits result from changes
of the transcription, we employed the quantitative real-time PCR analysis, as described
previously (Chen et al., 2006; Zhang & Chen, 2008), to detect changes in mMRNAs of these
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subunits in hippocampal tissue from animals that received vehicle or A9-THC for 7 days. As
shown in Figure 3, mMRNAs of GIuR1, NR2A and NR2B subunits in animals that received THC
for 7 days are significantly reduced when compared to those of vehicle controls. However,
mRNAs of NR1 and GIuR2 subunits remained unchanged. This is consistent with the
immunoblot data, as showed in Figure 2.

To determine whether the A9-THC-induced decreases in the AMPA and NMDA receptor
subunits are mediated via the CB1 receptor, the CB1 receptor was pharmacologically blocked
with a selective CB1 receptor antagonist, and genetically deleted using mice deficient in the
CB1 receptor. As shown in Figure 4, A9-THC exposure-induced reduction of the AMPA and
NMDA receptor subunits was prevented in wild type animals that received SR and in CB1
knockout mice, indicating that the A9-THC-induced decreases in the expression of the
glutamate receptors are mediated via the CB1 receptor.

To functional characterize the glutamate receptors in animals exposed to A9-THC, we
employed the whole-cell voltage clamp recordings of the AMPA- and NMDA-gated currents
in dentate granule neurons in response to perforant path stimuli. Membrane potential was held
at +40 mV to relieve the voltage-dependent Ma2* blockage. D-AP5 (50 pM) was applied via
the bath perfusion after obtaining the total whole cell currents in the presence of bicuculline
(10 uM). The remaining AMPA current component was eliminated by DNQX (10 uM). The
NMDA current component was obtained by subtraction of the AMPA current from the total
currents. As shown in Figure 5A, repeated exposures to A9-THC in WT animals reduced the
ratio of AMPA/NMDA-mediated currents, but the change was prevented in CB1 KO mice
(Fig. 5B). These data indicate that the ratio of AMPA/NMDA receptor-gated currents is still
reduced even though the expression of the NMDA subunits is also decreased in animals that
received A9-THC, suggesting that the AMPA receptor-gated current is the predominant
component of glutamate receptor-gated currents.

Repeated exposures to A9-THC elevate synaptic release of glutamate

Earlier studies demonstrated that synthetic cannabinoid WIN55,212-2 (WIN) and A9-THC
produce a CB1 receptor-dependent elevation of extracellular glutamate levels in vitro and in
vivo (Cristina et al., 2002; Ferraro et al., 2001). The increased basal release probability of
glutamatergic synaptic transmission has also been seen in the cerebellum after repeated
injections of A9-THC (Tonini et al., 2006). Recent evidence indicates that chronic A9-THC
exposure reduces the ratio of paired-pulse facilitation of EPSCs at hippocampal Schaffer-
collateral synapses, indicating an elevated probability of synaptic glutamate release (Hoffman
etal., 2007). Thus, we hypothesized that elevated synaptic release of glutamate in A9-THC-
exposed animals may lead to down-regulation or internalization of the glutamate receptors as
a mechanism of homeostatic plasticity (Turrigiano and Nelson, 2004; Turrigiano, 2008; Perez-
Otano and Ehlers, 2005). To this end, we measured input-output function in hippocampal slices
of animals that received A9-THC. As shown in Figure 6A, chronic in vivo exposure to A9-THC
increased input-output function, suggesting that basal synaptic release is elevated in A9-THC-
treated animals. We also used a paired-pulse protocol to determine the paired-pulse ratio (PPR)
of EPSCs at perforant synapses in animals that received A9-THC for 7 days. As indicated in
Figure 6B, chronic exposure to A9-THC reduced PPR at perforant path synapses when
compared to that of vehicle controls.

To further determine the effect of A9-THC on synaptic transmission, we determined
spontaneous EPSCs. As shown in Figure 7, the frequency of SPESCs was elevated from vehicle:
1.00 £ 0.10 to A9-THC: 1.36 + 0.13 (P<0.05) in A9-THC-exposed animals, but not the
amplitude (Veh: 1.00 £ 0.01, A9-THC: 0.96 + 0.01, P>0.05). Also we did not detect significant
changes in decay time of SEPSCs (Veh: 1.00 £ 0.06, A9-THC: 0.92 + 0.05, P>0.05). These
results suggest that the probability of synaptic glutamate release is elevated in A9-THC-
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exposed animals. Persistent elevation of glutamate release may lead to desensitization and
down-regulation of the postsynaptic glutamate receptors. Thus, the alterations in the glutamate
receptor expression upon chronically exposed to A9-THC likely result from such neural
adaptive changes in synapses.

Chronic exposure to A9-THC decreases phosphorylation of CREB

cAMP-response-element-binding protein (CREB) is a transcription factor that is crucial for
the transmission of activities occurring at membranes to triggering gene expression, and in
turn, regulating the function of neurons. A typical example is the functional role of CREB in
learning and long-term plasticity (Yin and Tully, 1996; Mayr and Montminy, 2001; Carezon
et al., 2005). It is also believed to be involved in addictive drugs of abuse (Casu et al., 2005;
Kauer and Malenka, 2007). To determine whether CREB plays a role in the A9-THC-induced
changes in LTP, we measured CREB and its phosphorylated form (p-CREB) in the
hippocampus from animals that received repeated injections of A9-THC. We observed that
chronic exposure to A9-THC decreased both total and phosphorylation of CREB (Figure 8A).
The A9-THC-induced changes in phosphorylation of CREB are CB1 receptor-dependent
because the changes were eliminated by administration of a selective CB1 antagonist or by
deletion of the CB1 gene (Figure 8B & 8C). We need to mention here that repeated injections
of SR alone did not induce significant changes in CREB and its phosphorylation (data not
shown). These results indicates that repeated in vivo exposures to A9-THC induce reductions
of expression and phosphorylation of CREB, which regulate expression and function of the
glutamate receptors, resulting in altered synaptic efficacy.

Discussion

Chronic use of marijuana induces cannabis-related disorders including cognitive impairment
(Heishman et al., 1997; Hampson and Deadwyler, 1999; Pope et al., 2001; 2002; Bolla et al.,
2002; Solowij et al., 2002; Ranganathan & D’Souza, 2006). Its psychoactive ingredient A9-
THC has been shown to alter long-term synaptic plasticity (Mato et al., 2004; 2005; Hoffman
etal., 2007). However, the molecular mechanisms underlying the A9-THC-induced alterations
in synaptic plasticity are largely unknown. In this study, we provide the molecular evidence
that the changes in expression and function the glutamate receptors and phosphorylation of
CREB in animals chronically exposed to A9-THC are likely responsible for the A9-THC-
altered long-term synaptic plasticity.

Most previous work on A9-THC-induced changes in hippocampal long-term synaptic activity
focuses mainly in the CA1 region, and very few studies have been done in the dentate gyrus,
which is the first gate of the hippocampus for information flow from the entorhinal cortex
through the CA1-CA3 regions to the subiculum. The CB1 receptor is expressed in presynaptic
terminals in the dentate gyrus, meaning that the synapses in this region are the target of
endogenous and exogenous cannabinoids (Herkenham et al., 1991; Tsou et al., 1998). Chronic
in vivo exposure to A9-THC suppresses hippocampal LTP at Schaffer-collateral synapses in
the CA1 region (Mato et al., 2005; Hoffman et al., 2007). We confirmed in the present study
that repeated exposure to A9-THC also significantly reduces hippocampal LTP at perforant
path synapses in the dentate gyrus. This information indicates that chronic in vivo exposure to
A9-THC impairs both synapses in the areas of hippocampal CA1 and dentate gyrus.

It is now believed that cannabinoid-induced modulation of behavioral, cognitive and synaptic
functions is primarily mediated via the CB1 receptor, which is predominantly expressed in the
CNS. In the present study, we confirm that in vivo A9-THC exposure-induced decrease in LTP
is mediated via the CB1R. Importantly, we reveal in the present study that A9-THC exposure-
induced down-regulation and endocytosis of the glutamate receptors are mediated via the

CB1R. Drugs of abuse such as cocaine, morphine and amphetamine have been shown to induce
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changes in the glutamate receptor expression and function in the brain (Ungless et al., 2001;
Saal et al., 2003; Boudreau and Wolf, 2005; Boudreau et al., 2007; Kauer and Malenka,
2007). To explore possible mechanisms and factors contributing to the A9-THC-altered LTP,
we targeted expression and function of the glutamate receptors. We found that repeated in
vivo exposure to A9-THC reduces expression of GIuR1, NR2A and NR2B subunits. We
provided information that in vivo exposure to A9-THC not only reduces total protein of these
subunits but also their trafficking. Itis possible that altered expression, trafficking, and function
of the glutamate receptors, exhibiting as adaptive changes in neural circuitry, are a common
mechanism of addictive drugs of abuse. The downregulation and internalization of the
glutamate receptors are likely results of elevated probability of glutamate release. This
assumption is supported by evidence that WIN and A9-THC induce a CB1 receptor-dependent
elevation of extracellular glutamate levels in vitro and in vivo (Cristna et al., 2002; Ferraro et
al., 2001). Prenatal exposure to WIN increases glutamate uptake in rat front cerebral cortex
(Castaldo et al., 2007), indicating a long-lasting increase in the release of glutamate. The
increased basal release probability of glutamatergic synaptic transmission has been observed
in the cerebellum after repeated injections of A9-THC (Tonini et al., 2006). Recent evidence
also indicates that chronic A9-THC exposure reduces the ratio of paired-pulse facilitation of
EPSCs at hippocampal Schaffer-collateral synapses, indicating an elevated probability of
synaptic release of glutamate (Hoffman et al., 2007). The results obtained in the present study
showing that input-output function and the frequency of SEPSCs are enhanced and PPR is
reduced in chronically A9-THC-exposed animals support this speculation. The A9-THC-
reduced expression of glutamate receptors may a result of homeostatic plasticity when synaptic
release of glutamate is elevated (Turrigiano and Nelson, 2004; Turrigiano, 2008; Perez- Otano
and Ehlers, 2005).

CREB, functioning as a transcription factor, is best known for its involvement in learning and
memory (Yin and Tully, 1996; Mayr and Montminy, 2001; Carezon et al., 2005). It has also
been implicated in drug addiction (Nestler, 2001). As revealed in the present study, repeated
invivo exposure to A9-THC results in decreases in CREB and its phosphorylation. The reduced
phosphorylation of CREB may also be responsible for the A9-THC-induced down-regulation
of the expression of glutamate receptors because CREB regulates gene expression as a
transcript factor. Our results are consistent with reports that chronic administration of A9-THC
markedly attenuates phosphorylation of CREB in rat cerebellum (Casu et al., 2005).

In this study, we provide electrophysiological and molecular evidence that chronic in vivo
exposure to A9-THC produces alterations in hippocampal long-term synaptic plasticity, the
expression and activities of the glutamate receptors, and phosphorylation of CREB. These
A9-THC-induced adaptive synaptic changes may share common mechanisms with addictive
drugs in modifying neural circuitry.

Abbreviations

LTP long-term potentiation

eCBs endocannabinoids

A9-THC A9-tetrahydrocannabinol

CB1R cannabinoid receptor 1

SR SR141716

CRD cannabis-related disorders

CREB CAMP response element binding protein
TBS theta-burst stimulation
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EPSCs excitatory postsynaptic currents
fEPSPs field extracellular excitatory postsynaptic potentials
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Figure 1.

Repeated in vivo exposures to A9-THC induce a CB1 receptor-dependent decrease in
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hippocampal LTP. Al. Representative traces of fEPSPs recorded before (1) and after (2) TBS
in hippocampal slices from CB1R wild-type (WT) animals that received vehicle or A9-THC

(10 mg/kg) once a day for 7 consecutive days. LTP was measured 24 hrs after cessation of last
injection. A2. Time course of the A9-THC-induced changes in fEPSP slopes. A3. Mean values
of the potentiation of fEPSPs averaged from 36 to 40 min following TBS (Veh: 11 recordings/
6 animals, THC: 11 recordings/6 animals). **P<0.01 compared with the vehicle control. B1.
Representative traces of fEPSPs recorded before (1) and after (2) TBS in hippocampal slices
from CB1R WT animals that received repeated injections with SR141716 (SR, 5 mg/kg) or
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SR plus A9-THC (10 mg/kg) for 7 consecutive days. B2. Time course of the A9-THC-induced
changes in fEPSP slopes. B3. Mean values of the potentiation of fEPSPs averaged from 36 to
40 min following TBS (SR: 11 recordings/5 animals, SR+THC: 12 recordings/6 animals). C1.
Representative traces of fEPSPs recorded before (1) and after (2) TBS in hippocampal slices
from CB1R knockout (KO) mice that received vehicle or A9-THC (10 mg/kg) once a day for
7 consecutive days. LTP was measured 24 h after cessation of injections. C2. Time course of
the A9-THC-induced changes in fEPSP slopes. C3. Mean values of the potentiation of fEPSPs
averaged from 36 to 40 min following TBS (Veh: 8 recordings/6 animals, THC: 11 recordings/
6 animals). Scale bar: 0.3 mV/10 msec.
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Chronic in vivo exposure to A9-THC reduces expression of AMPA and NMDA receptor
subunits. Al. Immunoblot analysis of NMDA subunits NR1, NR2A, NR2B, and AMPA
subunits GIuR1 and GIuR2 in hippocampal tissues from CB1 wild type mice that received
repeated exposures to A9-THC (10 mg/kg) for 7 days. Proteins were detected 24 hrs after
cessation of last injection. A2. Quantification of the total subunits in vehicle- and A9-THC-
treated animals (6 animals per group). B1. Surface expression of NR1, NR2A, NR2B, GIuR1,
and GIuR2 subunits is reduced in animals that were chronically exposed to A9-THC for 7 days.
Surface proteins were biotinylated with EZ-link sulfo-NHS-LC biotin. B2. Quantification of
the surface NR1, NR2A, NR2B, GluR1, and GIuR2 subunits (3 animals per group). C1.

J Neurochem. Author manuscript; available in PMC 2011 February 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fan et al.

Page 17

Intracellular NR2A, NR2B and GIuR1 subunits in hippocampal tissues from vehicle- or A9-
THC-treated animals. Extracellular proteins were cross-linked using BS? (Bis
[Sulfosuccinimidyl] suberate). C2. Quantification of the intracellular NR2A, NR2B and GluR1
subunits (3 animals per group). *P<0.05; **P<0.01 compared with vehicle controls.
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Figure 3.

Real-time PCR analysis of NR1, NR2A, NR2B, GIuR1, and GIuR2 expressions in hippocampal
tissue from mice treated with vehicle or A9-THC (10 mg/kg) for 7 days. Results are from six
independent observations (6 animals per group) with duplicate wells. *P<0.05, **P<0.01
compared with vehicle controls.
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Figure 4.

The CB1 receptor mediates A9-THC-reduced expression of AMPA and NMDA receptor
subunits. A1-A2. A9-THC-reduced expression of NR2A, NR2B and GIuR1 subunits is
prevented by pharmacological inhibition of the CB1 receptor. CB1R wild-type (WT) animals
were administrated with vehicle or A9-THC (10 mg/kg) plus SR (5 mg/kg) for 7 days. Subunit
proteins were analyzed 24 hrs after cessation of last injection (3 animals per group). B1-B2.
A9-THC-reduced expression of NR2A, NR2B and GIuR1 subunits is prevented by genetic
deletion of the CBL1 receptor. CB1R knockout (KO) mice were injected with vehicle or A9-
THC (10 mg/kg) for 7 days (3 animals per group).
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Figure 5.

Exposure to A9-THC induces changes in the ratio of AMPA/NMDA receptor-gated currents.
Al. Representative traces of the AMPA- and NMDA-gated currents at hippocampal perforant
path synapses in CB1R WT animals that received repeated injections with vehicle or A9-THC
for 7 days. Membrane potential was held at +40 mV, and the AMPA-mediated current was
isolated by AP5 (50 uM) and bicuculline (10 uM). The NMDA-mediated current was obtained
by subtraction of the AMPA component from the total currents. Scale bar: 50 pA/100 msec.
A2. Chronicinvivo exposure to A9-THC reduces the ratio of AMPA/NMDA-mediated currents
(\Veh: 12 recordings/5 animals, THC: 15 recordings/5 animals). *P<0.05 compared with
vehicle controls. B1. Representative traces of the AMPA- and NMDA-gated currents at
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hippocampal perforant path synapses in CB1R KO animals that received repeated injections

with vehicle or A9-THC for 7 days. B2. Repeated in vivo exposures to A9-THC fail to change
the ratio of AMPA/NMDA-mediated currents in CB1KO mice (Veh: 13 recordings/5 animals,
THC: 12 recordings/5 animals).
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Chronic in vivo A9-THC exposure enhances basal synaptic transmission. Al. Representative
fEPSP waveforms recorded at hippocampal perforant path synapses in the dentate gyrus of
animals injected with vehicle and A9-THC (10 mg/kg) for 7 days. A2. Input-output function
curves (Veh: 10 recordings/5 animals, THC: 9 recordings/5 animals). Stimulus intensity was
normalized to the maximum intensity. Scale bar: 0.3 m /10 msec. B1. Representative EPSC
traces recorded in granule neurons in response to perforant path stimuli from animals injected
with vehicle and A9-THC (10 mg/kg) for 7 days. EPSCs were induced by a paired-pulse
protocol with varying interpulse intervals. B2. Paired-pulse ratios (EPSC2/EPSC1) in vehicle-
and A9-THC-treated animals (Veh: 27 recordings/6 animals, THC: 25 recordings/6 animals).

Scale bar: 300 pA/100 msec
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Repeated in vivo exposures to A9-THC enhance probability of synaptic glutamate release. Al—
A2. Representative sweeps of spontaneous excitatory postsynaptic currents (SEPSCs) recorded
in granule neurons in hippocampal slices from animals injected with vehicle or A9-THC (10
mg/kg) for 7 days. The membrane potential was held at =70 mV. Bicuculline (10 uM) was
included in the external solution. The synaptic events were analyzed using the MiniAnalysis
program. B1-B2. Cumulative probability of SEPSC frequency and amplitude recorded in
neurons from animals treated with vehicle or A9-THC. C1-C2. Mean percentage changes in
the frequency and amplitude of SEPSCs (Veh: 28 recrodings/5 animals, THC: 29 recordings/
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5 animals). *P<0.05 compared with the vehicle control (The Kolmogorov-Smirnov test). Scale
bar: 20 pA/1 sec.
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Repeated in vivo exposures to A9-THC produce a CB1 receptor-dependent reduction of CREB
phosphorylation. A1-A2. Western blot analysis of hippocampal CREB and its phosphorylation
in CB1WT animals that received repeated exposures to A9-THC for 7 days (6 animals per
group). B1-B2. Repeated A9-THC exposure-induced decreases in hippocampal CREB and its
phosphorylation are blocked by inhibition of the CB1 receptor in CB1R WT mice (Veh: 3
animals, THC+SR: 3 animals). C1-C2. Chronic in vivo exposure to A9-THC fails to induce
decreases in hippocampal CREB and its phosphorylation in CB1R KO animals (3 animals per

group).
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