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Abstract

Chronic activation or inhibition of cannabinoid receptors (CB1) leads to continuous suppression of
neuronal plasticity in hippocampus and other brain regions, suggesting that endocannabinoids may
have a functional role in synaptic processes that produce state-dependent transient modulation of
hippocampal cell activity. In support of this, it has previously been shown in vitro that
cannabinoid CBL1 receptors modulate second messenger systems in hippocampal neurons that can
modulate intracellular ion channels, including channels which release calcium from intracellular
stores. Here we demonstrate in hippocampal slices a similar endocannabinoid action on excitatory
glutamatergic synapses via modulation of NMDA-receptor mediated intracellular calcium levels in
confocal imaged neurons. Calcium entry through glutamatergic NMDA-mediated ion channels
increases intracellular calcium concentrations via modulation of release from ryanodine-sensitive
channels in endoplasmic reticulum. The studies reported here show that NMDA-elicited increases
in Calcium Green fluorescence are enhanced by CB1 receptor antagonists (i.e. rimonabant), and
inhibited by CB1 agonists (i.e. WIN 55,212-2). Suppression of endocannabinoid breakdown by
either reuptake inhibition (AM404) or fatty-acid amide hydrolase inhibition (URB597) produced
suppression of NMDA elicited calcium increases comparable to WIN 55,212-2, while
enhancement of calcium release provoked by endocannabinoid receptor antagonists (Rimonabant)
was shown to depend on the blockade of CB1 receptor mediated de-phosphorylation of Ryanodine
receptors. Such CB1 receptor modulation of NMDA elicited increases in intracellular calcium may
account for the respective disruption and enhancement by CB1 agents of trial-specific
hippocampal neuron ensemble firing patterns during performance of a short-term memory task,
reported previously from this laboratory.
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1. Introduction

The possible cellular bases for the chronic effects of cannabinoid treatment in recent
investigations are related to cannabinoid receptor modulation of synaptic activity in specific
neuronal systems (Fowler et al., 2010; Glickfeld and Scanziani, 2006; Hashimotodani et al.,
2008; Kim and Alger, 2010; Martin-Garcia et al., 2010). Prior studies have revealed in some
systems, interactions between cannabinoid CB1 receptor activation and reductions in
synaptic transmission (Chevaleyre and Castillo, 2003; Falenski et al., 2007; Fortin et al.,
2004; Pertwee, 2005). A direct action of endocannabinoids on synaptic transmission
provides possible explanations for noted incidences of behavioral change due to modulated
release of known neurotransmitters or modification of related cellular processes (Foldy et
al., 2006; Kim and Alger, 2004; Losonczy et al., 2004; Wilson et al., 2001). Here we
provide direct evidence for cannabinoid modulation of hippocampal glutamatergic activation
by showing that NMDA-receptor mediated release of intracellular calcium (Ca**), imaged
in hippocampal slices, is reduced via CB1 receptor activation by endocannabinoids. The
following report shows that the ability of NMDA receptor gated Ca*™ ions to potentiate
calcium-sensitive endoplasmic reticulum Ryanodine (RYR) receptors to release intracellular
calcium (Li et al., 2006), is reduced by activation of CB1 receptors. The results support the
notion that CB1 receptor activation attenuates synaptic processing in hippocampal neurons
by decreasing the potential to modulate the release of intracellular calcium in circumstances
where such flexibility is critical for adapting to requirements for successful memory
encoding and retrieval (Deadwyler et al., 2007; Deadwyler and Hampson, 2008).

Recent studies have demonstrated the selective disruption of different types of memory
following treatment with cannabinoid receptor agonists such as WIN 55 212 (Abush and
Akirav, 2009; Kim and Alger, 2010; Manwell et al., 2009). Prior investigations from this
laboratory have demonstrated the negative influence of endogenous cannabinoids on the
modulation of hippocampal memory encoding in ensembles of neurons, by revealing
improved performance in the presence of CB1 receptor antagonists which increased the
range of ensemble encoding on a trial-by-trial basis (Deadwyler et al., 2007). The results
presented here support the above observations by demonstrating that CB1 receptor
activation and inhibition alter intracellular calcium release provoked by excitatory synapses
in hippocampus.

2. Methods

2.1. Hippocampal Slices

Preparation of hippocampal slices was similar to that described in previous reports
(Hampson et al., 2003; Zhuang et al., 2005a; Zhuang et al., 2005b). Slices were obtained
from Sprague-Dawley rats aged 10-17 days, following NIH guidelines. The brain was
rapidly removed to a chilled (4°) oxygenated (95% O, 5% CO») artificial cerebrospinal
fluid (ACSF) solution containing (mM) NaCl (126), NaHCOs (20), KCI (5), MgCl5 (2),
CaCl, (2.5), glucose (10), HEPES (20). Transverse slices (250-300 um) were cut with a
vibratome (Leica VT1000S); the hippocampus was dissected free and suspended in
oxygenated ACSF at 30° for 1 hour.

Slices were transferred to a darkened Petri dish containing 13 uM Calcium Green
acetoxymethyl ester-ACSF solution (50 pg Calcium Green 1 AM, Molecular Probes;
reconstituted with 20% pluronic acid in dimethylsulfoxide (DMSO); Pluronic F-127,
Molecular Probes) and incubated at room temperature with oxygenation for 45 min., rinsed
in fresh ACSF and maintained in the dark at room temperature in oxygenated ACSF.
Individual slices were then transferred to a temperature controlled recording chamber
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(Warner Instruments; Hamden, CT), held in place with a harp slice anchor, and perfused
continuously with gravity fed oxygenated ACSF solution at a rate of 1.8 ml/min.

2.2. Calcium Imaging

Imaging was performed on CA1 pyramidal cells with a Nikon E800 upright confocal
microscope equipped with a water-immersion objective, a Hamamatsu-Orca-ER digital
camera and a Perkin Elmer Ultraview spinning disc confocal system. The “Nipkow”
spinning disk confocal technique provides rapid confocal imaging over a very large area,
allowing subsecond imaging of a 1 millimeter square of tissue (Rutter et al., 2006). Calcium
Green emission images (500-600 nm) were acquired using monochrome laser excitation at
488 nm with no emission wavelength filtering (Maravall et al., 2000). The images were
stored at 0.3 s intervals, with a piezoelectric motor “stepping” the focal plane to acquire 40
vertical slices (2.5 um depth) per field, thus producing a complete 3-D image every 12 sec.
Images were “flattened,” combining multiple depth slices, to allow analysis of whole neural
soma captured in the 3-D confocal image. Intracellular calcium was assessed via change in
cell soma fluorescence (AE, emission image density) plotted as a function of baseline (Eg)
Calcium Green fluorescence (Paredes et al., 2008). The change in fluorescence, AE/E,
correlates to percentage change in intracellular calcium concentration (Maravall et al., 2000;
Paredes et al., 2008; Wilms and Eilers, 2007) using single line laser excitation without
requiring ratiometric measurement (e.g. Fura-2 (Paredes et al., 2008)). All slices were
recorded and initially tested under baseline ACSF treatment conditions during which no
change in intracellular calcium occurred (Step A — ACSF perfusion for 6.0 min.). They were
then perfused with n-methyl-d-aspartic acid (NMDA) to elicit baseline intracellular calcium
increases (Step B — ACSF perfusion for 3.0 min, 10 uM NMDA perfusion for 2 min,
followed by ACSF for 5.0 min). To test the modulation of NMDA-elicited calcium, slices
were pre-exposed to the experimental compound for 10.0 min via perfusion with media
containing only the compound (Step C) then switched to media containing the compound +
NMDA (concentration as in Step B) and exposed for 2.0 min, after which perfusion with
media containing only the experimental compound was continued for an additional 5.0 min
(Step D). Changes between the control ACSF solution and the experimental solutions were
achieved by a solenoid valve switching system (Warner Instruments) to insure no
interruption would occur in the perfusion of the slice. Confocal calcium imaging was
continuous during Steps A-D to show the time course and percentage of change in NMDA-
induced fluorescence following pre-exposure or reversal of effects of other (experimental)
compounds.

2.3. Data Analysis

Changes in intracellular calcium dependent Calcium Green fluorescent image density
(Figure 1A) were measured for Regions of Interest (ROIs) corresponding to CA1 cell soma
(Figure 1B). The fluorescence change (AE) was divided by baseline fluorescence (Eg — mean
of first 120 seconds; Figure 1C) to normalize across cells and correct for photobleaching.
Mean (percentage) AE/Eq across cells is plotted over time to indicate timecourse; the mean
of peak % AE/E was statistically compared across cells using ANOVA. To ensure adequate
sampling, a minimum of 3 cells (soma) were measured per hippocampal slice, with 5-10
slices tested for each treatment. All slices were tested with a minimum of one control
(NMDA only) and one test drug, while some slices were tested with a second drug to assess
blockade or reversal of the initial drug. In the latter case, control experiments showed no
more than 5% variance in mean AE/Eq with repeated NMDA exposure, and complete
washout of drug effects after 10 min perfusion.
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2.4. Drug Preparation

3. Results

The CB1 cannabinoid receptor antagonist rimonabant (SR141716A) was obtained from the
National Institute on Drug Abuse (NIDA); all other drugs were obtained from commercial
sources (Sigma-Aldrich and Tocris). Soluble drugs, NMDA, NBQX - 2,3-dihydroxy-6-
nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione, CNQX — 6-cyano-7-nitroquinoxaline-2,3-
dione, MK801 — (dizocilpine) (+)-5-methyl-10,11- dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine maleate), ryanodine, Sp-cAMPS — (Sp)-adenosine-3',
5'-cyclic-S-(4-bromo-2,3-dioxobutyl)monophosphorothioate, Rp-cAMPS — (Rp)-
adenosine-3',5'-cyclic-S-(4-bromo-2,3-dioxobutyl)monophosphorothioate, PKA catalytic
subunit, were prepared as dilutions in the ACSF bathing solution. Other drugs, WIN
55,212-2 — (R)-(+)-[2,3-Dihydro-5-methyl-3-(4-morpholinylmethyl)pyrrolo[1,2,3-de)-1,4-
benzoxazin-6-yl]-1-napthalenylmethanone, Rimonabant — 5-(4-Chlorophenyl)-1-(2,4-
dichloro-phenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide, AM281 — 1-
(2,4-Dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-4-morpholinyl-1H-pyrazole-3-
carboxamide, AM404 — N-(4-Hydroxyphenyl)-5Z,82,11Z,14Z-eicosatetraenamide, URB597
— (3'-(aminocarbonyl)[1,1'-biphenyl]-3-yl)- cyclohexylcarbamate, URB602 — [1,1'-
biphenyl]-3-yl-carbamic acid, cyclohexyl ester, and JZL 184 — 4-nitrophenyl-4-(dibenzo[d]
[1,3]dioxol-5- yl(hydroxy)methyl)piperidine-1-carboxylate were prepared as 10 mM stock
in ethanol, then diluted in ACSF to final concentration and exposed to a constant stream of
nitrogen to evaporate residual ethanol. All drugs were delivered by bath perfusion at 37°C.

3.1. Cannabinoid receptors modulate neuronal calcium release

Slices of hippocampal tissue were saturated with Calcium Green AM (Sigma), and excited
with a blue (488 nm) laser to fluorescence at intensity correlated with intracellular calcium
concentrations. Figure 1A displays the measurement of calcium-dependent fluorescence as a
function of NMDA exposure. The photomicrographs illustrate the peak fluorescence in
response to NMDA and are color-coded to depict relative differences in intensity of cellular
fluorescence for each of the conditions indicated. The photomicrograph in Figure 1B shows
a portion of the field in Figure 1A to illustrate detection of cytosolic calcium in soma and
dendrites by the Calcium Green fluorescence label. Calcium Green fluorescence is further
quantified as the ratio of change in intensity relative to the baseline fluorescence (AE/Eg)
recorded for the 3.0 min prior to NMDA infusion (Figure 1C). Fluorescence is then plotted
as mean (S.E.Ms. indicated by minimum and maximum error bars in Figure 1C) across
regions of interest centered on each individual CA1 cell soma (red ellipse in Figure 1B,
inset) for 3-8 neurons per slice, then repeated for 6-9 slices per treatment condition. Figure
1C shows that the standard dose of Rimonabant (5 uM) in the absence of NMDA in the
perfusion medium exhibits no significant change in mean AE/Eq over the entire 10 min time
period of exposure, however, Rimonabant in the bathing medium (2-10 uM) enhances
NMDA-elicited intracellular calcium (NMDA: 30.9 = 4.7%, NMDA+Rmbt 2 uM: 36.2 £
4.4%, NMDA+Rmbt 5 uM: 50.7 + 5.1%, NMDA+Rmbt 10 uM: 57.3 + 3.9%, F(» 672) = 5.61
p<0.001).

Figure 2A depicts the mean (xSEM) change in Calcium Green fluorescence produced by a
brief (2 min) exposure to NMDA (10 uM) which was then modulated in the presence of
cannabinoid receptor CB1 agonists (WIN) and antagonist (Rmbt) at different concentrations
(n=19 slices, 56 cells measured). Ten minute pretreatment (Zhuang et al., 2005b) with the
potent CB1 agonist WIN 55,212-2 (WIN, 5-25 uM) produced a significant concentration-
related suppression the NMDA-elicited increase in intracellular calcium fluorescence as
evidenced by the change in mean AE/Eg to 15.9 + 5.8% compared to Control (i.e. NMDA
alone) levels of 30.9 + 4.7% (F(1,672) = 8.4-26.3 p<0.01- 0.001; WIN 5-25 uM vs. Control).
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The effects of WIN were blocked by co-administration of the CB1 antagonist rimonabant
(Rmbt, 5 pM) which produced no significant change relative to the Control increase in
fluorescence produced by NMDA alone (29.4 + 5.8%, F(1 672) = 0.14, n.s.). However, the
basis for this suppression by the CB1 receptor antagonist was revealed by the fact that
treatment with rimonabant alone significantly (F1 g72) = 28.4, p<0.001) increased AE/Eg
(50.7 £ 5.1), indicating the presence of endocannabinoids in the slice which acted to
suppress NMDA induced changes in fluorescence from possible higher levels under Control
conditions. The basis for this CB1 receptor mediated suppression of AE/Eg required further
examination of NMDA receptor mediated release of intracellular Ca** and where these two
processes could interact.

To determine whether Rimonabant and WIN could be acting via multisynaptic pathways, the
same experiments were conducted in the presence of tetrodotoxin (TTX, 100 nM). Figure
2B shows that Rimonabant administered alone continued to enhance the NMDA-elicited
increase in intracellular calcium (F(g 672) = 22.9, p<0.001) even when action potentials were
blocked by TTX. Likewise Figure 2B shows that WIN-mediated decreases in NMDA
induced calcium release, and blockade of WIN effects by Rimonabant were not significantly
different (F(2,672) = 1.77, n.s.) from results obtained in the absence of TTX (Figure 2A).

3.2. Calcium-dependent intracellular calcium release triggered by NMDA receptor

activation

The NMDA elicited increase intracellular calcium was specific to activation of the NMDA
receptor as shown by ruling out other glutamatergic receptor subtypes. Figure 2C shows that
NBQX (20 uM), the AMPA receptor antagonist (Mateos et al., 2007), had no significant
(F,672) = 2.0, n.s.) effect on AE/E elicited by NMDA. In contrast, MK801 (20 uM), the
NMDA receptor antagonist (Watson and Stanton, 2009), completely abolished the NMDA.-
elicited increase in intracellular calcium (F(y g72) = 54.8, p<0.001). However, CNQX (20
uM), the AMPA/Kainate antagonist (Brickley et al., 2001) also significantly reduced
NMDA-elicited AE/Eq from 32.2 +2.3% to 11.7 + 1.6% (F(1 672) = 34.4, p<0.001), most
likely via the glycine binding site on the NMDA receptor (Lester et al., 1993; Li et al.,
2009). Effects of Rmbt alone (Rmbt 5 uM) and NMDA + Rmbt on peak calcium
fluorescence as in Figures 2A&B are shown for comparison. MK801 continued to block
NMDA-elicited increases in intracellular calcium irrespective of whether Rmbt was co-
administered (F(l,672) =42.4, p<0.001).

3.3. Influence of Extracellular Glycine on NMDA-elicited intracellular calcium flux

In Figure 2C the NMDA-elicited increase in intracellular calcium was attenuated by CNQX,
implying possible influence of AMPA or glycine receptors (Brickley et al., 2001; Lester et
al., 1993; Li et al., 2009). NBQX (20 uM) did not alter any of the above NMDA effects,
ruling out AMPA/Kainate contributions. To test the contribution of extracellular glycine to
the Rmbt-enhanced NMDA-elicited increase in intracellular calcium concentration, the
effects of CNQX (20 pM) and glycine (5 pM) were assessed independently. In slices
pretreated with CNQX, the NMDA produced 32.2 + 2.3% increase in intracellular calcium
(Figure 2C), was reduced to 11.7 + 1.6% (F(1 672) = 34.4, p<0.001). Also the Rmbt induced
increase in NMDA-elicited calcium concentration to 50.7 + 5.1% (Figure 2C) was reduced
by the same concentration of CNQX to 44.5 + 3.7% (F(1 672) = 7.83, p<0.01). In contrast,
NMDA+ glycine (5 pM) increased the calcium signal to 39.1 + 3.4% (F(y 672) = 8.22,
p<0.01) vs. NMDA alone. Similarly glycine added to Rmbt + NMDA increased calcium
concentration by a similar amount to 57.7 + 4.6% (F1 672) = 8.40, p<0.01), compared to just
NMDA+Rmbt. To assess the specificity of the influence of Rmbt relative to glycine in
altering NMDA changes in calcium concentrations, NMDA was increased (18 pM) to
produce the same change in intracellular calcium as NMDA + Rmbt (50.1 + 4.7%). The
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addition of glycine (5 uM) increased calcium levels to 58.0 + 5.2% (F (1 672) = 9.36, p<0.01
vs. NMDA 18 uM alone) and CNQX (20 uM) decreased levels to 45.4 + 4.8% (F(1 672) =
5.79, p<0.05 vs. NMDA 18 uM alone). The fact that the differential effect of glycine and
CNQX on increased calcium produced by NMDA alone was similar to when the level of
increase in NMDA was provoked by NMDA+Rmbt, allowed the dissection of the
modifications in calcium levels into distinct NMDA-, glycine-, and Rmbt-sensitive
components as shown in the inset in Figure 2C (compared to NMDA, 10 uM bar in Figure
2C). Finally, the effect of WIN (10 uM) shown in Figure 2A, when applied in the presence
of 20 uM CNQX, completely suppressed the effect of NMDA on intracellular calcium (3.7 +
1.6%, F(1,672) = 3.7, n.s. vs. ACSF), indicating a lack of CB1 controlled release of glycine.

3.4. Role of intracellular messengers regulating calcium-elicited calcium release

Verification that the NMDA-elicited AE/Eg resulted from intracellular release of calcium via
ryanodine-sensitive (RyR) channels (Li et al., 2006; Unni et al., 2004; Zhuang et al., 2005b)
is shown in Figure 3A where ryanodine (Ryano, 100 uM) significantly inhibited NMDA-
elicited intracellular calcium release (Ryano: 8.4 + 4.8% vs. Control 32.1 + 4.3%, F(1 672) =
43.6, p<0.001). An important comparison showed that Rimonabant, which increased NMDA
induced AE/Ey in Figure 1C, did not significantly increase AE/Eg in the presence of
Ryanodine (14.9 + 3.5%, F(1672) = 3.7, n.s.).

Prior studies from this laboratory established that CB1 receptor modulation of potassium
current is mediated by inhibition of cAMP-dependent protein kinase (protein kinase A,
PKA) (Mu et al., 2000; Zhuang et al., 2005a). Calcium-elicited calcium release via RyR
calcium channels requires phosphorylation of RyR by PKA (Yoshida et al., 1992); therefore
we tested the effects of reciprocal modulation of PKA via Sp-cAMPS and Rp-cAMPS
(Schafe and LeDoux, 2000; Xie and Lewis, 1997; Yamamoto et al., 2005). Figure 3B shows
that Sp-cAMPS (20 uM) significantly increased AE/Eq (47.3 + 3.6%, F(1 672) = 27.2,
p<0.001), while Rp-cAMPS (20 pM) decreased AE/Eq (15.1 + 4.0%, F(1 672) = 13.6,
p<0.001). When co-administered with Rimonabant, Sp-cAMPS and Rp-cAMPS retained the
same direction and magnitude of effect (Sp-cCAMPS+Rmbt: 52.7 + 5.4%, F( 672) = 30.5,
p<0.001; Rp-CAMPS+Rmbt: 17.4 + 5.2%, F(1 672) = 10.9, p<0.001) indicating that the
action of these specific PKA modulators was “downstream” from where activation of CB1
receptors by WIN decreased AE/Eq (Figure 2A) via inhibition of PKA.

3.5. Endogenous cannabinoids modulate NMDA-elicited intracellular calcium flux

The marked increase in NMDA induced AE/Ejy elicited in the presence of Rimonabant could
have been due to a) the putative “inverse agonist” effects of this compound at the CB1
receptor (Pertwee, 2005), or b) blockade of tonically released endogenous cannabinoids
(Janero and Makriyannis, 2009; Martin-Garcia et al., 2010). The CB1 receptor antagonist
AM281, with similar putative inverse agonist effects to rimonabant, likewise produced
increased AE/Eg (Figure 4A) compared to Control (AM281: 50.9 + 5.5%, Control: 32.0 =
4.3%, F(1,672) = 25.7, p<0.001). Agents which prolong endocannabinoid action by inhibiting
enzymatic degradation of endocannabinoids: AM404, URB597, URB602 and JZL184
(Abush and Akirav, 2009; Hajos et al., 2004; Karanian et al., 2005; Manwell et al., 2009;
Pan et al., 2009), were tested to see if AE/Ey was decreased in a manner similar to WIN
(Figure 2A). The fatty-acid amide hydrolase inhibitor URB597 (20 uM) decreased AE/E
(14.7 £ 5.6%, F(1,672) = 21.4, p<0.001 vs. Control), as did the reuptake inhibitor AM404
(19.6 £ 3.7%, F(1,672) = 13.6, p<0.001 vs. Control). The MAG lipase inhibitors URB602 and
JZL 184 also decreased AE/Eq (URB602: 15.1 + 6.3%, F(1 672) = 20.8, p<0.001; JZL184:
13.2 + 4.1%, F(1,672) = 25.8, p<0.001 vs. Control). Rimonabant (5 uM) did not significantly
increase AE/E in the presence of either AM404, URB597 or URB602 (Rmbt+AM404,
URB597, URB602: <30 %, F(1 672) = 0.91, n.s. vs. AM404, URB597, URB602 alone).

Neuropharmacology. Author manuscript; available in PMC 2012 May 1.
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However, increasing the concentration of rimonabant (10 uM) countered the additive effects
of URB597 or URB602 plus endogenous cannabinoids, (Rmbt 10 uM+URB597 or Rmbt 10
uM+URBG602: 247%, F(1 672) = 28.21, p<0.001 vs. Control) and significantly enhanced AE/
Ep in a manner similar to its effect (Figure 4B) in the absence of metabolic inhibitors
(URB597, URB602). As in Figure 3, the inset confirms that the initial NMDA effects on
AE/Eq were reproduced after washout of a prior NMDA+ drug combination, confirming a
true reversal of AM404 and URB597/URB602 effects with no persistent change in response
to perfusion with only NMDA. The facilitation at high concentration, and lack of facilitation
at low concentrations of rimonabant in the presence of drugs that prolong the actions of
endocannabinoids provides evidence for competitive effects at the CB1 receptor, and against
inverse agonist effects of rimonabant on intracellular calcium mobilization.

4. Discussion

The demonstration here of the direct effect of CB1 receptor activation on NMDA triggered
calcium release implicates endocannabinoids in the control of hippocampal cellular
plasticity via modulation of the consequences of NMDA receptor-mediated calcium
conductance. The fact that suppression of endogenous cannabinoid receptor activation alone
enhances these effects (Figure 2A & 4A), is consistent with several recent reports showing
interactions between synaptic efficacy and behavioral outcome as a function of levels of
endocannabinoids and CBL1 receptor activation, (Abush and Akirav, 2009; Li et al., 2009;
Mateos et al., 2007; Watson and Stanton, 2009). However, the current findings indicate that
NMDA receptor mediated release of intracellular calcium via RyR sensitive channels is
modulated directly by inactivation of “tonically” active CB1 receptors.

NMDA or glutamate binding to NMDA receptors allows conductance of calcium with
sodium ions (Shen and Johnson, 2010; Yang et al., 2010). The calcium influx in turn has
been shown to bind to intracellular receptors such as ryanodine (RyR) receptors and result in
enhanced release of calcium from intracellular stores (Christie and Jahr, 2008; Nosyreva and
Kavalali, 2010; Unni et al., 2004). In this regard there are several mechanisms by which
NMDA could enhance its own effect on pyramidal cells. For instance, presynaptic NMDA
receptors (McGuinness et al., 2010) could release of additional glutamate which would bind
to AMPA or NMDA channels, which would then be additive with postsynaptic NMDA
receptors to enhance intracellular calcium in the postsynaptic cell. Blockade of presynaptic
CBL1 receptors on glutamatergic terminals via exposure to rimonabant (Rmbt) applied to
glutamatergic terminals (Bhaskaran and Smith, 2010; Haj-Dahmane and Shen, 2010;
Hoffman et al., 2010) could likewise enhance the effects of postsynaptic NDMA calcium
influx by providing additional glutamatergic activation of pyramidal cells. However, the
insensitivity of both the NMDA and Rmbt influences to TTX in the current studies, as well
as the absence of elevated intracellular calcium resulting from application of Rmbt alone
(Figure 5), argues against CB1 receptor regulation via electrically mediated synaptic actions.

Alternatively, CB1 or NMDA receptors on glial cells (Lee et al., 2010; Navarrete and
Araque, 2010) could modulate release of glutamate or glycine (Hayashi et al., 2006; Winder
et al., 1996; Yaguchi and Nishizaki, 2010) which could in turn activate or potentiate NMDA
receptors on pyramidal cells. Blocking the glycine binding site on NMDA receptors via
CNQX produced only a 10% reduction from the degree of change in calcium produced with
Rmbt, irrespective of the presence of Rmbt. Also, the enhancement of NMDA effects by
glycine under the same conditions was independent of the actions of Rmbt (Figure 2C, Inset)
which as stated had no effect on calcium levels without NMDA present. Again, this does not
rule out a contribution of extracellular NMDA and glycine release to a modulation of
intracellular calcium by regulation of calcium influx through the NMDA receptor, however
it does suggest that CB1-modulation of NMDA-elicited intracellular calcium is downstream
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and independent of NMDA receptor gating on hippocampal pyramidal cells (Cakil et al.,
2010; Liu et al., 2009).

An unexpected finding from this study is that modulation of synaptic actions of NMDA
receptors by cannabinoids need not depend upon electrical activation of synapses containing
CB1 receptors (Foldy et al., 2006; Hoffman and Lupica, 2000; Hofmann et al., 2008; Kim
and Alger, 2010; Varma et al., 2002) but can also occur via endocannabinoid modulation of
the intracellular consequences of calcium entry through NMDA receptors after they are
activated. Figure 2C validates the fact that NMDA receptor activation and CB1 receptor
blockade were necessary to induce an increase in intracellular calcium via RyR receptors.
Since Rmbt alone had no effect Figure 5 illustrates a proposed intracellular pathway
whereby concomitant activation of CB1 receptors, either by endocannabinoids or exogenous
agonists (WIN), reduces production of adenylyl cyclase (AC) via inhibitory g-proteins (Gi),
consequently reducing intracellular cAMP and levels of PKA (Howlett et al., 2010). A
major functional impact of this reduction in PKA level is the corresponding decrease in
phosphorylation of the calcium binding site on the RyR receptor (Figure 5). cCAMP-
dependent PKA phosphorylation of this calcium binding site on the RyR receptor enhances
release of calcium, while de-phosphorylation via inhibition of CAMP reduces calcium
binding, thereby reducing intracellular calcium release, and potentially reducing presynaptic
neurotransmitter release (Katz, 1969) in axon terminals. Such decreased phosphorylation
(AC-PKA-RyR in Figure 5) limits calcium binding and facilitated RyR release of
intracellular calcium which can occur during NMDA receptor gated calcium influx (Figures
1-4).

The mechanism described in Figure 5 indicates that CB1 receptors were tonically active via
endogenous cannabinoids in hippocampal slices in the resting state. Blockade of CB1
receptors in the absence of exogenously applied cannabinoids reduced the coincident
inhibitory drive on AC produced by transient changes in levels of endocannabinoids, thereby
increasing cCAMP and PKA activation (Figure 3). Thereby the increased phosphorylation and
facilitated binding of calcium to RyR via blockade of CB1 receptors resulted in the
demonstrated increase in NMDA-elicited release of intracellular calcium by Rmbt shown in
Figures 2—-4.

The possibility of CB1-controlled synaptic pathways consistently modulating intracellular
processes in pyramidal cells has been suggested by several recent findings. Derkinderen et.
al (2003) demonstrated that CB1 receptor-mediated ERK activation was observed in
hippocampal pyramidal cells. It has recently been shown that neocortical pyramidal neurons
express CB1 receptors and modulate their own inhibition by synthesizing and releasing 2-
AG which binds to CB1 receptors on the same neurons (Marinelli et al., 2009). Other
evidence for a pyramidal cell locus for CB1 receptors was that knockout of CB1 receptors
specifically on GABA neurons did not eliminate locomotor, hypothermic, analgesic and
cataleptic responses to A-9-THC; however, deletion of the CB1 receptor on pyramidal cells
eliminated these responses to cannabinoids (Monory et al., 2007). Finally, Isokawa (2009)
showed that anandamide induced pCREB in pyramidal cells in slices. It is unlikely that this
resulted from a multisynaptic action due to activation of presynaptic CB1 receptors on
GABA neurons, because it has been established that anandamide is not responsible for DSI
in hippocampal pyramidal neurons (Kim and Alger, 2004). The above studies demonstrate
that CB1 receptors may be located at multiple loci on hippocampal neurons including
presynaptic terminals, yet are self contained within hippocampal cells and do not necessarily
require activation of multiple synapses functioning across a network of neurons (Robbe et
al., 2006; Robbe and Buzsaki, 2009).
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4.1. Conclusions

The significance of endocannabinoid modulatory processes has recently been shown for
GABA mediated synaptic inhibition in chronic hippocampal slice cultures (Kim and Alger,
2010) and attest to the critical role of endocannabinoids with respect to regulating operation
of hippocampal circuitry (Abush and Akirav, 2009; Kawamura et al., 2006; Mateos et al.,
2007). Here we demonstrate the basis for a different modulatory action of endocannabinoids
through a CB1 receptor coupled process that regulates the downstream effects of NMDA
mediated excitatory glutamatergic synapses on release of intracellular calcium which
provides a basis for recent findings showing endocannabinoid modulation of functional
hippocampal processes (Deadwyler et al., 2007; Li et al., 2009; Watson and Stanton, 2009).
Other investigations have shown that chronic activation or inhibition of cannabinoid
receptors leads to persistent alterations in plasticity in hippocampus as well as other brain
regions (Fowler et al., 2010; Karanian et al., 2005; Manwell et al., 2009; Martin-Garcia et
al., 2010) which implies a functional role for endocannabinoids in state-dependent transient
or repeated modulation of brain processes.

Investigations from this laboratory (Deadwyler et al., 2007; Deadwyler and Hampson, 2008)
have shown how enhancement and suppression of trial-specific firing patterns in ensembles
of hippocampal neurons associated with respective successful and deficient short-term
memory in rodents, could have resulted from endocannabinoid modulation of NMDA
mediated release of intracellular calcium shown here (Figure 5). This linkage was
established by the fact that information encoded by ensembles on a trial-by-trial basis was
negatively biased if endocannabinoid levels were increased causing a decrease in
performance, while such biases could be reversed by CB1 receptor antagonists (Rmbt,
AM281) which improved performance by increasing the encoding of task-related
information (Deadwyler et al., 2007). The current findings demonstrate that
endocannabinoid modulation of processes that increase intracellular calcium can occur
downstream from the site of 1) glutamatergic synaptic depolarization and 2) the locus of
agonist binding to cannabinoid (CB1) receptors. Such modulation can put performance at
risk via reduced synaptic or cellular activity resulting in lack of synchronization of state-
dependent firing required for modification of task behaviors based on trial-to-trial outcomes.
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Abbreviations

ACSF artificial cerebrospinal fluid

AM281 1-(2,4-Dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-4-morpholinyl-1H-
pyrazole-3-carboxamide

AM404 N-(4-Hydroxyphenyl)-5Z,82,117,14Z-eicosatetraenamide

AMPA (c-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate

cAMP 3',5’-cyclic adenosine monophosphate

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione

DMSO dimethylsulfoxide
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JZ1.184 4-nitrophenyl-4-(dibenzo[d][1,3]dioxol-5- yl(hydroxy)methyl)piperidine-1-
carboxylate

MK&801 Dizocilpine: (+)-5-methyl-10,11- dihydro-5H-
dibenzo[a,d]cyclohepten-5,10-imine maleate)

NBQX 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione

NMDA n-methyl-d-aspartic acid

PKA CcAMP-dependent protein kinase

Rmbt Rimonabant (original designation SR141716A): 5-(4-Chlorophenyl)-1-(2,4-
dichlorophenyl)-4-methyl-N-(piperidin-1-yl)-1H-pyrazole-3-carboxamide

Rp-cAMPS (Rp)-adenosine-3',5'-cyclic-S-(4-bromo-2,3-
dioxobutyl)monophosphorothioate

RyR Ryanodine-sensitive intracellular calcium channel

Sp-cCAMPS (Sp)-adenosine-3',5’-cyclic-S-(4-bromo-2,3-
dioxobutyl)monophosphorothioate

TTX tetrodotoxin — Octahydro-12-(hydroxymethyl)-2-imino-5,9:7,10a-
dimethano-10aH-[1,3]dioxocino[6,5-d]pyrimidine-4,7,10,11,12-pentol

URB597 (3'-(aminocarbonyl)[1,1'-biphenyl]-3-yl)- cyclohexylcarbamate

URB602 [1,1'-biphenyl]-3-yl-carbamic acid, cyclohexyl ester

WIN WIN 55,212-2:(R)-(+)-[2,3-Dihydro-5-methyl-3-(4-

morpholinylmethyl)pyrrolo[1,2,3-de)-1,4-benzoxazin-6-yl]-1-
napthalenylmethanone
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Figure 1.

NMDA-elicited increases in intracellular calcium analyzed from confocal imaged cells in
hippocampal slices. Mean percent change in Calcium Green fluorescence is linearly
correlated to mean percent change in intracellular calcium concentration (Maravall et al.,
2000; Paredes et al., 2008). A: Color-coded photomicrographs of laser confocal imaging of
Calcium Green fluorescence in the CA1 layer of in vitro rat hippocampal slices. Squares
indicate the same field of 5 neurons from the same hippocampal slice under peak
fluorescence for the conditions graphed in C: 1 — Vehicle (ACSF) exposure only; 2 —
NMDA exposure, 3 — NMDA in presence of WIN; 4 — NMDA in presence of rimonabant.
Color-coding of image indicates fluorescent intensity as shown in color calibration bar: blue:
background fluorescence/intracellular calcium concentration, yellow: 20%, red: >40% AE/
Ep. Range: 20-40% change in intracellular calcium concentration (as AE/Eg). B: Enlarged
photomicrographs of upper left portion of field in A shows neural soma and dendrites
revealed by Calcium Green fluorescence. Inset (right) shows setting of a typical Region of
Interest (ROI), namely an ellipse positioned to include the complete soma and base of the
dendrites. Intracellular calcium changes were determined by mean relative change in
fluorescent image intensity density of regions of interest (ROIs) centered on cell bodies
located in the CA1 cell layer shown in A. ROIs corresponding to CA1 soma were
indentified for 3-8 neurons per slice, drug treatments were repeated for 6-9 slices each. C:
Change in fluorescence, and hence intracellular calcium, produced by NMDA exposure
plotted as a function of percentage of baseline fluorescence (AE/Eg). Trace indicates mean
(max and min S.E.M. indicated by error bars) AE/Eg over the following three phases of
confocal image assessment: (i) 3 minute exposure to normal (in artificial cerebrospinal fluid,
ACSF) medium, (ii) 2 min perfusion of NMDA (10 um, black bar on horizontal axis), and
(iii) 5 min washout with re-exposure to normal medium. Vertical deflections indicate
calcium release from intracellular stores elicited by calcium influx through NMDA receptor
channels as shown by the blue curve for Control exposures (NMDA only). The lower green
curve shows AE/E for slices exposed to Rmbt without the simultaneous NMDA perfusion
(No NMDA). Modulation of NMDA-elicited change in intracellular calcium is demonstrated
by increased calcium produced by CB1 antagonist rimonabant (Rmbt, 2-10 uM). Hash
marks (##p<0.001) indicate significant increases in peak AE/Ey from Control. Slice and cell
quantities were: Control: 19 slices, 56 cells; Rmbt (5 uM) alone: 9 slices, 23 cells; NMDA
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+Rmbt 2uM: 6 slices; 19 cells; NMDA+Rmbt: 5 uM: 9 slices, 36 cells; NMDA+Rmbt: 10
uM: 5 slices, 18 cells.
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A. Cannabinoid Modulation B. Blockade of Synaptic Effects
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Figure 2.

Modulation of NMDA-elicited changes in intracellular calcium. A: Modulation by
cannabinoid CB1 receptors. CB1 antagonist rimonabant (Rmbt, 5 uM), CB1 agonist WIN
55,212-2 (WIN 5, 10, 25 uM) and bathing medium containing WIN (10 uM) plus Rmbt (5
uM) are shown as different colored plots. Asterisks (**p<0.001) indicate significant
decreases in peak AE/Eg from Control. Hash marks (##p<0.001) indicate significant
increases in peak AE/Eg from Control. Slice and cell quantities were: Control: 19 slices, 56
cells; Rmbt: 9 slices, 36 cells; WIN 5 puM: 8 slices, 23 cells; WIN 10 uM: 10 slices, 35 cells
WIN 25 puM: 7 slices, 20 cells; WIN 10 uM & Rmbt: 9 Slices, 36 cells. B: CB1 modulation
of NMDA-elicited changes in intracellular calcium were not dependent on action potential
generation. CB1 antagonist rimonabant (Rmbt, 5 uM), CB1 agonist WIN 55,212-2 (WIN 5,
10, 25 uM) and WIN (10 uM) plus Rmbt (5 uM) were tested with tetrodotoxin (100 nM) in
the bathing medium to block action potentials and rule out multisynaptic network influences.
Asterisks and hash marks indicate significant difference in peak AE/Eq from Control as in A.
Slice and cell quantities were: Control+TTX: 11 slices, 41 cells; Rmbt+TTX: 6 slices, 28
cells; WIN+TTX: 5 slices, 17 cells; WIN&Rmbt+TTX: 6 Slices, 21 cells. C: NMDA
receptor-dependent changes in Calcium Green fluorescence. Bar graph indicates mean (=
S.E.M.) peak of AE/Ey measured during 2 min perfusion of glutamatergic antagonists alone
and in combination with NMDA. Hippocampal slices were exposed to NMDA (10 puM,
Figure 1C) with the 1) AMPA receptor antagonist NBQX (20 uM), 2) AMPA/Kainate
receptor antagonist CNQX (20 uM), and 3) NMDA receptor antagonist MK801 (20 pum).
Rmbt alone and in combination with NMDA and MK801 shown for comparison with Figure
1C. Asterisks (**p<0.001) indicate significant reductions in peak AE/Eq from Control/
NMDA only (green bar). Significant decrease in NMDA-elicited AE/E by above
antagonists likely resulted from actions of high concentrations of CNQX at the glycine
binding site on NMDA receptors (red bar). Slice and cell quantities: Control/ACSF and
NMDA only: 22 slices, 67 cells; NBQX and NBQX+NMDA: 6 slices, 21 cells; CNQX and
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CNQX+NMDA: 8 slices, 24 cells; MK801 and MK801+NMDA: 8 Slices, 22 cells; Rmbt
alone: 9 slices, 23 cells; NMDA+Rmbt 9 slices, 36 cells; NMDA+Rmbt+MKB801: 7 slices,
21 cells. Inset (right): Relative contribution of NMDA, glycine and Rmbt which correspond
to the total change in fluorescence produced by NMDA+Rmbt in the barograph at left.
Proportions were obtained by testing NMDA in combination with CNQX (20 uM) or
glycine (5 uM) along with Rmbt (5 uM) or NMDA at higher concentration (18 pM) to
mimic Rmbt effects (see Section 3.2). Independently varying increments of fluorescence
increase correspond to NMDA receptor activation (NMDA), activation of glycine binding
site on NMDA receptors (glycine), and blockade of endocannabinoid activation of CB1
receptor (Rmbt).
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Figure 3.

Modulation of NMDA-elicited release of intracellular calcium. A. Ryanodine (Ryano)
sensitive intracellular calcium release. Traces indicate mean AE/E (largest and smallest
S.E.M. as in Figure 1A) produced following perfusion with Ryano (100 uM), which blocked
release of calcium from endoplasmic reticulum via ryanodine-sensitive channels.
Rimonabant (Rmbt, 5 uM) did not significantly increase AE/Eg in the presence of ryanodine.
Asterisks (**p<0.001) indicate significance difference in peak AE/Ey from Control. All
measurements were made on the same 9 slices, 33 cells. B: PKA regulatory subunit
reciprocally modulates intracellular calcium release. Traces show biphasic modulation of
AE/Eq produced by Sp and Rp stereoisomer’s of nonhydrolyzable cAMP thioate (Sp-
CcAMPS, Rp-cAMPS, 20 uM) which respectively activate or inhibit PKA activity.
Rimonabant in combination with Sp-cAMPS or Rp-cAMPS produced no significant
additional change in intracellular calcium concentration. Asterisks (**p<0.001) indicate
significantly decreased peak AE/Eg from Control. Hash marks (##p<0.001) indicate
significant increases in peak AE/Eg from Control. Slice and cell quantities: Control: 13
slices, 47 cells; Sp-cAMPS and Sp-cAMPS+Rmbt: 6 slices, 28 cells; Rp-cAMPS and Rp-
CAMPS+Rmbt: 7 slices, 19 cells.
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Figure 4.

Interaction of endogenous cannabinoids with intracellular calcium flux. A. Increasing
endocannabinoid receptor action reduces AE/Eq similar to WIN (Figure 1C). Hippocampal
slices were pretreated with the fatty-acid amide hydrolase inhibitors URB597 (20 uM) and
AMA404 (20 uM) as well as MAG lipase inhibitors URB602 (10 pM) and JZL184 (10 uM) to
prolong agonist effects of endogenously-released cannabinoids at the CB1 receptor. Traces
indicate mean reduction in NMDA elicited AE/Ey (max/min S.E.M) following pretreatment
with the above agents. In contrast, pretreatment with a different CB1 receptor antagonist,
AM281 (5 uM), produced enhancement of AE/Eg, similar to rimonabant (Figures 1C).
Significant decrease or increase in peak AE/Eg from Control (NMDA only) indicated by
Asterisks (**p<0.001) and Hash marks (##p<0.001) respectively. Slice and cell quantities:
Control: 24 slices, 80 cells; AM404: 8 slices, 29 cells; URB597: 7 slices, 25 cells; URB602:
8 slices, 29 cells; JZL184: 5 slices, 16 cells; AM281: 9 slices, 26 cells. B: Co-exposure of
Rmbt with AM404, URB597 and URB602 suggests that rimonabant competes with
endocannabinoids to increase levels of intracellular calcium. Traces show competition of
AMA404 and Rmbt co-perfused at the customary dose. A higher dose of Rmbt (10 pM), was
required to reverse URB597 and URB602. Significant decrease or increase in peak AE/Eq
from Control indicated by Asterisk (*p<0.01) or Hash marks (##p<0.001) respectively. Slice
and cell quantities: Control: 24 slices, 80 cells; AM404+Rmbt: 8 slices, 29 cells;
URB597+Rmbt 10 uM: 6 slices, 20 cells; URB602+Rmbt 10 uM: 8 slices, 25 cells. Inset:
Repeated testing within the same slices. Graph compares 8 slices, 32 cells that were re-
tested with exposure only to NMDA (Repeated Control) after washout of rimonabant that
caused the initial change in peak AE/Eq. Mean peak AE/E for the repeated NMDA
exposure in the same slices as in B did not vary significantly (<5%) from the initial
(Control) exposure.
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Figure 5.

Diagram showing proposed mechanism for endocannabinoid modulation of NMDA receptor
mediated release of intracellular calcium. NMDA receptor illustrated with binding sites for
glutamate, NMDA and glycine. Gating of receptor channel via glutamatergic transmission
allows inward conductance of sodium (Na*) and calcium (Ca**) and outward movement of
potassium (K*) ions. Calcium entering the cell via glutamate/NMDA-activated channels
binds to phosphorylated calcium binding sites on the ryanodine receptor-sensitive
intracellular calcium channel (RyR). Such calcium binding facilitates RyR mediated release
of calcium from endoplasmic reticulum to elevate free intracellular calcium levels as
detected by AE/Eg. RyR are negatively modulated by ryanodine (red arrow) and positively
modulated by phosphorylation (blue arrow and plus sign) of the calcium RyR binding site

which is mediated by the catalytic subunit of cAMP dependent protein kinase (PKA). PKA

is in turn activated by increased 3, 5’ cyclic adenosine monophosphate (CAMP) levels
produced by adenylyl cyclase (AC). PKA is reciprocally modulated by thio esters of cCAMP
(Sp-cAMPS and Rp-cAMPS) shown by opposite (+ or —) signs on PKA in the diagram.

Activation of cannabinoid receptors (CB1) by endocannabinoids produces inhibition of AC

synthesis via the inhibitory g-protein subunit (Gi). Inhibition of AC results in decreased
cAMP which leads to decreased PKA activity which reduces phosphorylation of RyR
resulting in a reduction in release of intracellular calcium in response to synaptic activation
NMDA receptors. Given this direct effect of CB1 receptor activation, a contrasting
enhancement of NMDA-elicited intracellular calcium release resulting from blockade of
tonic inhibition by resting levels of endocannabinoids in hippocampus, would be expected
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following administration of a CB1 receptor antagonist, as demonstrated here in Rimonabant
treated slices (Figures 1-4).
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