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Abstract

On-demand postsynaptic synthesis and release of endocannabinoid lipids and subsequent binding 

to presynaptic CB1 receptors (CB1Rs) mediates short and long-term depression (LTD) of 

excitatory transmission in many brain regions. However, mechanisms involved in the synthesis of 

the endocannabinoid 2-arachidonoylglycerol (2-AG) by diacylglycerol lipase α (DGLα) are 

poorly understood. Since Gq-coupled receptor activation can stimulate production of a major DGL 

substrate 1-stearoyl-2-arachidonoyl-sn-glycerol (SAG) by PLCβ, we sought to determine if 2-AG 

biosynthesis was limited only by a lack of substrate availability, or if other pathways, such as Ca2+ 

signaling, also need to be simultaneously engaged. To address this question, we loaded medium 

spiny neurons of the dorsolateral striatum with SAG while monitoring excitatory synaptic inputs. 

SAG-loading had no significant effect on evoked excitatory synaptic currents when cells were 

voltage-clamped at −80 mV. However, depolarization of MSNs to −50 mV revealed a SAG-

loading dependent decrease in the amplitude of excitatory currents that was accompanied by an 

increase in paired pulse ratio, consistent with decreased glutamate release. Both effects of loading 

SAG at −50 mV were blocked by chelation of postsynaptic Ca2+ using BAPTA or by bath 

application of tetrahydrolipstatin (THL), a DGL inhibitor. Loading of SAG into glutamatergic 

pyramidal neurons of the amygdala similarly inhibited excitatory synaptic inputs and increased the 

PPR. SAG-induced depression was absent in both regions from mice lacking CB1Rs. These data 

show that increasing substrate availability alone is insufficient to drive 2-AG mobilization and that 

DGL-dependent synaptic depression via CB1R activation requires postsynaptic Ca2+ signals.
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Introduction

Endocannabinoids are important retrograde modulators of both excitatory and inhibitory 

synapses throughout the brain (Gerdeman et al., 2002; Hashimotodani et al., 2007; Kreitzer 

and Regehr, 2001; Robbe et al., 2001; Stella et al., 1997). Accordingly, multiple behavioral 

studies have demonstrated the importance of endocannabinoid signaling in a variety of 

physiological functions (Fernandez-Ruiz and Gonzales, 2005; Marsicano et al., 2002; Orio 

et al., 2009; Patel et al., 2009; Varvel and Lichtman, 2002). On-demand, postsynaptic 

synthesis and release of endocannabinoids can induce short (Kreitzer and Regehr, 2001; 

Shonesy et al., 2013) or long-term depression of transmitter release (Gerdeman et al., 2002; 

Lerner et al., 2010; Lerner and Kreitzer, 2012) through activation of presynaptic type 1 

cannabinoid receptors (CB1Rs) (El Manira and Kyriakatos, 2010; Heifets and Castillo, 

2009).

There remains a significant gap in our understanding of how endocannabinoid synthesis is 

regulated at a molecular level. The most well studied eCBs in the brain are anandamide 

(AEA) (Devane and Axelrod, 1994) and 2-arachidonylglycerol (2-AG) (Sugiura et al., 

1995). 2-AG is the most abundant endocannabinoid in the CNS (Bisogno et al., 1999) and 

striatum (Ade and Lovinger, 2007), and is thought to be synthesized from diacylglycerol 

predominantly by sn1-diacylglycerol lipase-α (DGLα) (Gao et al., 2010; Tanimura et al., 

2010; Yoshino et al., 2011).

Identifying the rate-limiting step(s) and determining the mechanisms underlying activity-

dependent 2-AG synthesis is essential to understanding the role of endocannabinoids in 

modulating synaptic function and behavior. 2-AG-dependent synaptic depression can be 

initiated by either Ca2+ influx (Kreitzer and Regehr, 2002; Wilson and Nicoll, 2001), or by 

the activation of Gq/11-protein-coupled receptors, most prominently Group I metabotropic 

glutamate receptors (mGluR1/5) (Maejima et al., 2001; Varma et al., 2001). Canonically, 

mGluR1/5 receptors activate phospholipase C β (PLCβ) to generate diacylglycerol from 

membrane phosphoinositides, thereby enhancing substrate supply to DGLα, and mobilizing 

intracellular Ca2+ stores. Previous studies support the importance of PLCβ in mGluR-

dependent 2-AG signaling (Hashimotodani et al., 2005), but it is unclear whether additional 

mechanisms are required to stimulate 2-AG synthesis following mGluR activation. 

Specifically, PLCβ-mediated 2-AG release can be blocked by calcium chelators 

(Hashimotodani et al., 2005), suggesting that both calcium and mGluR activation are 

required. Based on the similar Ca2+-dependence of PLCβ and 2-AG release and the fact that 

Ca2+ is known to bind PLCβ, Ca2+ has been suggested to drive 2-AG synthesis by 

enhancing PLCβ activity. However, chelating calcium does not block mGluR-dependent 

striatal 2-AG LTD (Lerner and Kreitzer, 2012). Similarly, other studies have identified Gq-

coupled receptor dependent forms of 2-AG release that are Ca2+-independent (Kim et al., 

2002). Thus, there remains some controversy as to 1) whether or not Ca2+ is required for Gq-
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driven 2-AG release, and 2) if required, whether it is required for the activity of PLCβ or 

DGLα, or both enzymes.

To better understand mechanisms underlying synaptic 2-AG signaling in situ, we optimized 

a method to detect synaptic effects of loading diacylglycerol into neurons in acutely isolated 

brain slices. We show that at synaptic inputs to striatal medium spiny neurons (MSN) and 

basolateral amygdala (BLA) pyramidal neurons, diacylglycerolinduced synaptic depression 

requires a postsynaptic Ca2+ signal in the form of subthreshold membrane depolarization. 

Since this approach bypasses Gq-coupled receptor signaling and PLC activity, these data 

suggest a novel model in which increased substrate availability and Ca2+-dependent 

activation of DGLα are required for receptor-driven endocannabinoid release.

Methods

Animals

C57BL/6J WT animals used in SAG loading experiments were generated by crossing WT 

mice bred in-house. A previously characterized CB1R knockout mouse line on an ICR strain 

background (generously provided by Dr. C.J. Hillard, Medical Collge of Wisconsin) 

(Sanhueza et al., 2011) was maintained by crossing homozygous knockout animals. Control 

WT ICR mice were also bred in house. All mice were housed on a 12 hr light-dark cycle 

with food and water ad libitum. Experiments were performed at postnatal days 30–40, and 

were carried out in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals.

Brain Slice Preparation

Mice were allowed to rest for a minimum of 1 h in sound- and light-attenuating chambers 

prior to sacrifice. Mice were then anesthetized using isoflurane and moved to a separate 

room for decapitation and slicing. Brains were hemisected, and coronal slices (300 µM) 

were made using a Leica VT1000S vibratome (Leica Microsystems) in oxygenated (95% 

v/v O2, 5% v/v CO2), high-sucrose, low-Na+ ACSF (in mM: 194 sucrose, 20 NaCl, 4.4 KCl, 

2 CaCl2, 1 MgCl2, 1.2 NaH2PO4, 10 glucose, 26 NaHCO3) maintained at 1–4 °C.

Whole-Cell Recordings

Slices were allowed to recover for at least 1 hour in oxygenated (95% v/v O2, 5% v/v CO2) 

ACSF (in mM: 124 NaCl, 2.5 KCl, 2 CaCl2, 1.2 MgSO4, 1 NaH2PO4, 10 glucose, 26 

NaHCO3) at 28°C. Following this incubation period, slices were moved to the recording 

chamber, where they were continuously perfused (2 ml/min) with oxygenated ACSF (28°C) 

containing picrotoxin (50 µM). Patch electrodes (2–4 MΩ) were pulled with a Flaming-

Brown puller (Sutter Instruments) and were filled with pipette solution consisting of (in 

mM): 120 CsMeSO3, 5 NaCl, 10 TEA-Cl, 10 HEPES, 5 QX-314, 1.1 EGTA, 4 Mg-ATP, 

and 0.3 Na-GTP, with pH set at 7.2 with CsOH.

MSNs were voltage clamped at −50 mV or −80 mV. To evoke EPSCs, paired stimuli (200 

ms duration; 50 ms interpulse interval) were delivered at 0.05 Hz through a bipolar 

platinum/irridium electrode (FHC) placed in the overlying white matter. Stimulus intensity 
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(10–40 µA) was adjusted to evoke EPSC amplitudes of 200–400 pA. We chose to load SAG 

at a concentration of 200 µM in the patch pipette solution, after initial pilot studies found 

that loading 50 or 100 µM SAG at −50 mV had little effect. In previous reports, the 

intracellular application of 50–100 µ M 2-AG or anandamide was necessary for synaptic 

depression in striatal MSNs (Adermark and Lovinger, 2007b; Gerdeman et al., 2002; Ronesi 

et al., 2004). A cyclodextrin was also included in the solution to improve lipid solubility. In 

all cells, recordings were initiated immediately upon rupturing the membrane to gain whole-

cell access. Series and input resistances were monitored throughout the experiment and 

recordings were discarded if series resistance changed by >20%. All cells demonstrated an 

initial increase in EPSC amplitude that stabilized by ~2 min after membrane rupture. 

Importantly, this ~1.5 fold increase was not significantly different between any of the 

experimental groups studied here (data not shown). Therefore, for each cell the baseline 

current (100%) was set as the average of 7 responses collected from 2 to 4 min after 

membrane rupture. For clarity, average responses of cells in each group are graphed with 

time=0 being set to 2 min after break-in when responses were stabilized and the baseline 

recording period was initiated. Experimental groups were compared to each other using a 2-

way repeated measures ANOVA with Sidak’s post-hoc testing of individual time points, as 

indicated in figure legends. The effect of treatment in each cell was also determined as the 

average of 7 normalized response amplitudes collected 18 to 20 min following break-in, 

which was then compared to the theoretical value of 100% (no change) using a one-sample 

t-test. Results from one-sample t-test are reported in the figure legends. The paired-pulse 

ratio (PPR) for each cell over the baseline and post-treatment time periods indicated above 

was calculated by averaging the amplitudes of the first and second eEPSC, and then dividing 

the average of the second pulse by the average of the first. The means of baseline and post-

treatment PPRs across all cells in each condition were then compared by a paired Student’s 

t-test. Potential effects of treatments on the kinetics of synaptic responses were compared 

based on averages of the 10%–90% rise and 90%–10% decay times during the baseline and 

post-treatment periods.

1-stearoyl-2-arachidonoyl-sn-glycerol (SAG; Cayman Chemical) was stored in 100% 

acetonitrile stocks at 100 mM and was diluted into the pipette solution so that the final 

concentrations of SAG and acetonitrile were 200 µM and 0.2% (v/v) respectively. (2-

Hydroxypropyl)-β-cyclodextrin (0.006% w/v; Sigma-Aldrich) was included in the pipette 

solution to increase the solubility of the lipids. The SAG Vehicle control experiments 

included the same concentrations of acetonitrile and β-cyclodextrans in the pipette solution.

Results

While it is clear that 2-AG mobilization can be triggered through either Ca2+ or mGluR 

signaling, a full understanding of the mechanism underlying these pathways has remained 

elusive. One possible scenario is that DGL is active under basal conditions, and that 2-AG 

synthesis is initiated by increasing substrate availability, presumably through PLC-mediated 

cleavage of phosphatidylinositol-4,5-bisphosphate (PIP2) to generate diacylglycerols. If 

enhanced substrate delivery alone is sufficient for 2-AG mobilization, one would predict that 

loading diacylglycerol into the postsynaptic neuron would enhance 2-AG synthesis to act as 

a retrograde neurotransmitter and inhibit presynaptic glutamate release, depressing synaptic 
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transmission. Therefore, we included 1-steroyl-2-arachidonoylglycerol (SAG; 200 µM), a 

preferred substrate for DGL (Bisogno et al., 2003; Jung et al., 2007), in the pipette solution 

during patch clamp recordings from medium spiny neurons (MSNs) of the dorsolateral 

striatum held at resting membrane potential (approx. −80 mV (Cepeda et al., 2008)). 

However, we failed to detect significant changes in the amplitude of evoked excitatory 

postsynaptic currents (eEPSCs; Fig. 1a,b; p>0.05 by one-sample t-test). Similarly, the ratio 

of current amplitudes evoked by each pair of stimuli (the paired pulse ratio; PPR) was not 

consistently altered during the 20 min recording period (Fig. 1c). Moreover, SAG loaded 

cells were not significantly different from vehicle loaded cells (Fig. 1b p>0.05 by 2-way RM 

ANOVA). Combining intracellular SAG application with activation of group I mGluR by 

DHPG (10 µM) at −80 mV also failed to induce depression or a change in PPR (Fig. 1b,c 

p>0.05 by one-sample t-test). This concentration of DHPG is able to augment 2-AG 

mobilization when combined with brief postsynaptic depolarization (Shonesy et al., 2013). 

These data suggest that SAG is not converted to an active synaptic pool of 2-AG under these 

basal conditions and that the main role of mGluR activation is to stimulate production of 

DAG.

Previous work showed that eCB synthesis/release can be stimulated by depolarization, and 

depolarization can be essential or sufficient for some forms of endocannabinoid-dependent 

synaptic depression (Bisogno et al., 1997; Jung et al., 2005; Stella et al., 1997),(Adermark 

and Lovinger, 2007a; Kreitzer and Malenka, 2005). Indeed, the loading of SAG to MSNs 

held at a sub-threshold depolarizing membrane potential (−50 mV) induced a progressive 

depression of eEPSC amplitude (Fig. 1d,e; p<0.0001 by one-sample t-test), whereas eEPSCs 

were stable in vehicle-loaded cells under the same conditions. This SAG-induced depression 

of eEPSC amplitude at −50 mV was accompanied by a significant increase in the paired 

pulse ratio (PPR; p<0.05, by paired t-test) that was not evident in vehicle-loaded cells (Fig. 

1f). However, the kinetics of synaptic responses were unaffected by SAG loading at −50 

mV, as measured by the average rise (10–90%) and decay (90–10%) times in the baseline 

and post-treatment periods (data not shown). In combination, these data show that synaptic 

depression induced by loading SAG was dependent on postsynaptic membrane 

depolarization and suggest that this was due to presynaptic inhibition of glutamate release.

To test if SAG-induced depression at −50 mV was dependent on Ca2+, we loaded the 

postsynaptic neuron with SAG and BAPTA to chelate Ca2+. Cells co-loaded with BAPTA 

and SAG exhibited a trend for a slight increase in the final eEPSC amplitudes that was not 

significantly different from eEPSC amplitudes in cells loaded with BAPTA and vehicle (Fig. 

2a), but that was significantly different from the reduced eEPSCs observed in cells loaded 

with SAG alone (p<0.001 by 2-way RM ANOVA). Moreover, we failed to detect the SAG-

induced increase in PPR in cells co-loaded with BAPTA (Fig. 2b). Thus, the synaptic 

depression induced by loading SAG at −50 mV was Ca2+-dependent.

The production of striatal 2-AG is largely dependent on DGLα activity (Tanimura et al., 

2010). To determine whether DGL activity is required for SAG-induced synaptic depression 

at −50 mV, we investigated the effect of pharmacological inhibition of DGL by bath 

application of tetrahydrolipstatin (THL; 10 µM). THL prevented both SAG-induced 

depression (Fig. 3a; p>0.05 by one-sample t-test), and the increase in PPR (Fig. 3b; in fact, 
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SAG loading in the presence of THL slightly, but significantly, reduced the PPR (p<0.05 by 

paired t-test). These data suggest that DGL activity is required for SAG-induced depression.

Endocannabinoid-dependent synaptic depression is caused by the activation of presynaptic 

CB1Rs (Gerdeman and Lovinger, 2001; Gerdeman et al., 2002). To determine the role of 

CB1Rs in SAG-induced depression and the changes in PPR, we investigated the effects of 

loading SAG into striatal MSNs from CB1R-KO mice, which were maintained on a 

different genetic background. In MSNs from WT ICR mice, the loading of SAG at −50 mV 

induced significant synaptic depression (Fig. 4a; p<0.001 by one-sample t-test) and a 

significant increase in PPR (Fig. 4b; p<0.05 by paired t-test). These effects were not 

significantly different from those of SAG in MSNs from WT C57BL/6J mice (p>0.05 by 2-

way RM ANOVA). However, SAG loading at −50 mV had no effect on MSNs from CB1R-

KO mice (Fig. 4a; p>0.05 by one-sample t-test). Thus, the depression induced by loading 

SAG into postsynaptic MSNs at −50 mV requires presynaptic CB1Rs.

In order to determine whether similar mechanisms are involved in synaptic 2-AG signaling 

in other types of neuron, we examined the effects of loading SAG into pyramidal neurons in 

the basolateral amygdala (BLA) of WT and CB1R-KO mice. Loading of SAG at −50 mV 

induced a significant decrease in evoked EPSCs in BLA neurons (Fig. 4c; p<0.001 by one-

sample t-test), accompanied by a significant increase in PPR (Fig. 4d; p<0.001 by paired t-

test). However, SAG loading had no significant effects in BLA neurons from CB1R-KO 

mice (p>0.05 by one-sample t-test for depression or paired t-test for PPR). Thus, 2-AG 

signaling at excitatory synapses appears to be induced by similar mechanisms in 

GABAergic MSNs in the striatum and glutamatergic pyramidal neurons in the BLA.

Discussion

The striatum contains substantial basal levels of 2-AG. However, a major fraction of the 

basal amount of 2-AG is likely within a general metabolic pool, rather than an active 

synaptic signaling pool (Buczynski and Parsons, 2010; Wettschureck et al., 2007). 

Therefore, measurement of bulk tissue 2-AG turnover may provide little insight into the 

activity-dependent regulation of synaptic pools of this endocannabinoid. Furthermore, this 

approach cannot distinguish between 2-AG signaling at excitatory versus inhibitory 

synapses. Here, we report a novel electrophysiological approach that allows us to directly 

investigate the regulation of DGL-dependent synaptic 2-AG signaling.

The active synaptic signaling pool of endocannabinoids is generally considered to be 

synthesized “on demand” in response to restricted patterns of synaptic stimulation. While 

DGLα is thought to be the predominant enzyme for activity-dependent 2-AG synthesis, 

pharmacological and gene knockout studies have implicated an array of upstream signaling 

mechanisms in the control of 2-AG signaling. There is considerable evidence that group 1 

mGluR and L-type calcium channel (LTCC) activation are both necessary and/or sufficient 

to initiate 2-AG mobilization depending on the cell type and conditions (Lerner and 

Kreitzer, 2012; Puente et al., 2011). PLCβ activation increases not only the production of the 

diacylglycerol substrate for DGL, but also the release of Ca2+ from intracellular stores. 

Moreover, its been reported that both PLCβ and DGLα are Ca2+-sensitive (Bisogno et al., 
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2003; Stella et al., 1997). Thus, mGluR1/5 activation alone could increase the supply of 

diacylglycerol in addition to activating downstream signaling to enhance DGLα activity. 

Significantly, although PLCβ-1 and -4 have been shown to be required for mGluR1/5-

stimulated 2-AG release (Hashimotodani et al., 2005; Maejima et al., 2005), the synaptic 

roles of isoforms such as PLCδ, which can be stimulated by Ca2+ alone (Rebecchi and 

Pentyala, 2000), has not been tested. Thus, Ca2+ signals initiated by activation of LTCCs 

could also have dual effects both to increase the supply of diacylglycerol substrate and to 

enhance DGLα activity.

The approach reported here clearly differentiates whether Ca2+ is required for PLC 

activation versus DGL activation in that synaptic 2-AG signaling cannot be initiated by 

increasing the supply of diacylglycerol substrate alone or by the increase of Ca2+ caused by 

depolarization to −50 mV alone. Postsynaptic loading of the 2-AG precursor SAG into 

striatal MSNs had no effect at resting membrane potential (−80 mV), showing that the 

availability of diacylglycerols is not rate limiting for 2-AG synthesis under these “basal” 

conditions. Furthermore, activation of group I mGluRs was unable to facilitate the SAG-

induced depression at −80 mV, further highlighting the need for Ca2+ influx rather than 

mobilization of intracellular Ca2+ stores. These findings strongly suggest that the major role 

for mGluR signaling in mGluR-assisted Ca2+-induced 2-AG mobilization is to stimulate the 

PLC-mediated production of DAG. However, our studies are unable to test the role of 

mGluR activation in pure-mGluR forms of 2-AG release, which typically require afferent 

stimulation protocols or high concentrations of mGluR agonists. More robust mGluR 

activation may be able to stimulate Ca2+ or other DGL activating signaling pathways, the 

elucidation of which should be the focus of further investigation. Moreover, evoked EPSCs 

were stable when MSNs were held at a subthreshold depolarizing potential (−50 mV) 

intended to mimic striatal upstate transitions that occur in vivo (Wilson and Kawaguchi, 

1996), enhancing Ca2+ influx into MSN dendritic spines (Carter and Sabatini, 2004). 

Significantly, we show here that the combination of subtheshold depolarization to −50 mV 

with loading SAG induced a DGL- and CB1R-dependent suppression synaptic transmission. 

Although we cannot exclude the possibility that synaptic 2-AG signaling cannot be activated 

by depolarization alone due to wash-out of SAG or other cellular factors during these whole-

cell recordings, our findings that the effect of SAG loading was blocked by intracellular 

calcium chelation strongly indicate that both increased substrate supply and Ca2+ influx are 

essential for synaptic depression under these conditions.

Postsynaptic Ca2+ might function at several levels to initiate synaptic 2-AG signaling, 

including direct effects on DGLα and/or PLCβ (see above). Since our experimental 

paradigm bypasses PLCβ activity, the requirement for calcium clearly indicates an 

interaction between calcium and other non-PLCβ targets in the generation of synaptic 2-AG. 

Although the most obvious interpretation is that the Ca2+ signal is required for direct 

activation of DGLα, some findings argue against this possibility. Ca2+ was reported to 

activate DGLα in a membrane fraction of HEK293 cells (Bisogno et al., 2003), but we could 

not detect Ca2+-dependent activation of 2-AG synthesis in a striatal membrane fraction 

(unpublished observations) and there is no evidence to support direct binding of Ca2+ to 

DGLα. In fact, our recent findings identified a Ca2+-dependent mechanism to restrain 
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synaptic 2-AG signaling mediated by CaMKII inhibition of DGLα (Shonesy et al., 2013). 

Thus, a molecular mechanism to explain DGLα activation by Ca2+ remains elusive. 

Importantly, our data also do not exclude as of yet unrecognized Ca2+-dependent 

mechanisms for stimulating synaptic 2-AG signaling. While the current study mainly 

focused on the striatum, we were able to replicate the key finding that SAG loading causes a 

CB1-dependent synaptic depression in pyramidal neurons of the BLA. This suggests that 

some common mechanisms may exist between different types of neurons and brain circuits. 

Future studies should be aimed at understanding similarities and differences between DGL 

regulatory pathways across different brain regions.

In summary, it is becoming increasingly clear that a variety of mechanisms are involved in 

the synthesis and release of 2-AG. These mechanisms may be variably engaged in response 

to different stimuli to achieve different outcomes, including both short- and long-term 

synaptic depression. Now that many of the enzymes involved in 2-AG metabolism have 

been identified, identifying the full network of the DGLα signalosome and how it functions 

in the CNS should be the focus of future studies. The methodology reported here may 

provide a useful approach to address these issues.
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Highlights

Neurons were loaded with a diacylglycerol precursor of 2-AG, a major 

endocannabinoid.

This caused retrograde depression of excitatory inputs at −50 mV but not −80 mV.

Synaptic depression at −50 mV was prevented by chelating postsynaptic calcium.

Synaptic depression required diacylglycerol lipase (DGL) activity and CB1 

receptors.
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Figure 1. Depression of excitatory transmission to striatal MSNs by postsynaptic loading of the 
2-AG precursor SAG
(a) EPSC amplitudes are plotted from a representative individual cell loaded with SAG. The 

shaded regions labeled as 1 and 2 correspond to the baseline and post-treatment periods 

respectively. (b) Compilation of data from cells loaded with Vehicle (100±9% baseline), 

SAG (102±6% baseline) and SAG loaded in the presence of DHPG (10 µM; 132±19% 

baseline) at −80 mV showing no depression in any group (p>0.05 by one-sample t-test 

comparing to 100%). There is no significant difference between groups as determined by 2-

way repeated measures ANOVA. Representative traces averaged over the 1st and 2nd 

periods shown in the shaded regions of panel (a) are shown (1: black trace; 2: gray trace, 

scale bars 100 pA, 10 ms). (c) SAG loading did not affect PPR in MSNs voltage-clamped at 

−80 mV (p>0.05 by paired t-test). (d) EPSC amplitudes are plotted from representative cells 

loaded with SAG or vehicle at −50 mV. (e) Compilation of data from cells loaded with SAG 

at −50 mV (SAG) showing a progressive and significant depression of EPSC amplitudes 

(68±3% baseline; p<0.0001 by one-sample t-test), whereas vehicle-loaded cells were 

unaffected (102±6% baseline). Analysis using a 2-way repeated measures ANOVA revealed 

a significant interaction between SAG and Vehicle loaded cells with Sidak’s Posthoc 

showing significantly different normalized amplitudes as indicated (** p<0.01, *** p<0.001, 

**** p<0.0001). (f) SAG loading significantly increased PPR at −50 mV (* p<0.05 by 

paired t-test).
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Figure 2. SAG-induced depression is dependent on Ca2+

(a) SAG-induced depression at −50 mV was blocked by simultaneous loading of BAPTA 

(SAG+BAPTA) A 2-way repeated measures ANOVA revealed significant interaction and a 

significant difference between SAG alone and SAG+BAPTA. Individual SAG and SAG

+BAPTA time points were compared using Sidak’s post-hoc analysis; ** p<0.01, 

***p<0.001, ***p<0.0001). Neither BAPTA+SAG (113±15% baseline) nor BAPTA alone 

(94±9% baseline) showed a significant change from baseline (P>0.05 by one-sample ttest) 

and were not significantly different from each other (p>0.05 by 2-way repeated measures 

ANOVA). Representative traces for each condition (1: black trace, 2: gray line) are shown 

to the right (scale bars 100 pA, 10 ms). (b) The SAG-induced increase in PPR was also 

blocked by co-loading BAPTA (p>0.05 by paired t-test).
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Figure 3. SAG-depression is dependent on the 2-AG synthetic enzyme DGL
(a) The effect of SAG at −50 mV was blocked by bath application of the DGL inhibitor 

THL (SAG+THL, 101±8% baseline; p>0.05 by one-sample t-test). The 2-way repeated 

measures ANOVA showed significant interaction between SAG alone and SAG+THL, and 

a significant effect of THL. Sidak’s post hoc testing revealed the indicated significant 

differences between individual time; ** p<0.01, ***p<0.001, ***p<0.0001). Representative 

traces for each condition (1: black trace, 2: gray line) are shown to the right (scale bars 100 

pA, 10 ms). (b) SAG loading in the presence of THL significantly decreased, rather than 

increased, PPR (* p<0.05 by paired t-test).
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Figure 4. SAG loading initiates CB1R-dependent depression of synaptic transmission in both the 
striatum and basolateral amygdala
Intracellular loading of SAG at −50 mV depressed EPSCs in both (a) striatal MSNs (74±3% 

baseline; p<0.001 by one-sample t-test) and (c) basolateral amygdala (BLA) pyramidal 

neurons (70±4% baseline; p<0.001 by one-sample t-test) in WT ICR mice, but failed to 

induce depression in MSNs from CB1R-KO mice (striatum: 100±8% baseline; BLA: 

134±17% baseline; p>0.05 by one-sample t-test for both). The 2-way repeated measures 

ANOVA revealed a significant genotype×treatment interaction and a significant genotype 

effect as indicated. Sidak’s post hoc testing revealed the indicated significant differences 

between individual time points; ** p<0.01, ***p<0.001, ***p<0.0001). PPR was 

significantly increased by loading SAG at −50 mV in both striatal MSNs (b) and BLA 

neurons (d) of WT ICR mice, but not in neurons from CB1R-KO mice on the same 

background (* p<0.05, *** p<0.001 by paired t-test). Representative traces for each 

condition (1: black trace, 2: gray line) are shown to the right (scale bars 100 pA, 10 ms).
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