
Somatic and terminal CB1 receptors are differentially coupled to 
voltage-gated sodium channels in neocortical neurons

Luke J. Steiger1,2, Timur Tsintsadze1,2, Glynis B. Mattheisen1,2, Stephen M. Smith1,2,3,4,*

1Section of Pulmonary and Critical Care Medicine, VA Portland Health Care System, Portland, 
OR, USA

2Department of Medicine, Division of Pulmonary and Critical Care Medicine, Oregon Health & 
Science University, Portland, OR 97239, USA

3Department of Chemical Physiology and Biochemistry, Oregon Health & Science University, 
Portland, OR 97239, USA

4Lead contact

SUMMARY

Endogenous cannabinoid signaling is vital for important brain functions, and the same 

pathways can be modified pharmacologically to treat pain, epilepsy, and posttraumatic stress 

disorder. Endocannabinoid-mediated changes to excitability are predominantly attributed to 2-

arachidonoylglycerol (2-AG) acting presynaptically via the canonical cannabinoid receptor, CB1. 

Here, we identify a mechanism in the neocortex by which anandamide (AEA), another major 

endocannabinoid, but not 2-AG, powerfully inhibits somatically recorded voltage-gated sodium 

channel (VGSC) currents in the majority of neurons. This pathway involves intracellular CB1 that, 

when activated by anandamide, decreases the likelihood of recurrent action potential generation. 

WIN 55,212-2 similarly activates CB1 and inhibits VGSC currents, indicating that this pathway 

is also positioned to mediate the actions of exogenous cannabinoids on neuronal excitability. 

The coupling between CB1 and VGSCs is absent at nerve terminals, and 2-AG does not 

block somatic VGSC currents, indicating functional compartmentalization of the actions of two 

endocannabinoids.

In brief

Steiger et al. show anandamide acts on somatic, but not axonal, CB1 to inhibit sodium channels 

with high efficacy. The mechanism reduces neuronal excitability and contributes to the regional 

specificity and compartmentalization of the actions of different endocannabinoids.
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Graphical Abstract

INTRODUCTION

Endocannabinoids strongly regulate neuronal excitability in the central nervous system 

(CNS) and operate primarily by decreasing synaptic activity via the canonical 

cannabinoid receptor (CB1). CB1, the most abundant G-protein coupled receptor in the 

brain,1 is concentrated at nerve terminals.2,3 Anandamide (AEA), the first discovered 

endocannabinoid,4 has a powerful influence on important neurobiological mechanisms. 

Perturbance of AEA metabolism results in profound changes to activity levels, temperature 

regulation, nociception, and sleep in animals and humans.5,6 Furthermore, AEA levels 

regulate fear extinction and recovery from posttraumatic stress disorder.7,8 However, 

greater attention has been focused on 2-arachidonoylglycerol (2-AG), the other major 

endocannabinoid, because of its higher levels in the brain, its key role as a retrograde 

messenger at a number of synapses,9–11 and its autocrine effects at inhibitory neurons.12 

While AEA also regulates synaptic transmission via CB113 and TRPV1,14,15 these actions 

occur at a subgroup of synapses and seem unlikely to completely account for the wide-

ranging actions of AEA on behavior.

The regulation of voltage-gated sodium channels (VGSCs) is another mechanism by which 

AEA may regulate neuronal excitability. AEA has been reported to block VGSC currents 

directly in a number of preparations.16–19 Since VGSC activation is essential for action 
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potential generation, AEA-mediated inhibition of VGSCs represents an alternative pathway 

by which endocannabinoids could regulate neuronal excitability. However, a number of 

key questions remain unanswered about this action in the CNS. What is the mechanism 

by which AEA influences VGSCs, how strong and prevalent is this effect, are other 

cannabinoids effective, and are VGSCs in all neuronal compartments equally sensitive to 

AEA? Here we address these questions by directly examining VGSC currents recorded in 

the soma, dendrites, and boutons of cultured neocortical neurons and nucleated patches from 

neocortical slices. We show that the majority of neocortical neurons are sensitive to AEA, 

that AEA causes stabilization of the inactivated channel states, and that AEA blocks VGSC 

currents indirectly at the soma. CB1 is a key transducer of this action of AEA at the soma, 

and functional and structural data indicate intracellular CB1 receptors probably mediate this 

effect. In contrast, CB1 plays no role in regulating VGSC currents at the nerve terminal. 

The abundance and strength of VGSC inhibition by AEA via CB1 indicates this pathway is 

positioned to modulate neuronal excitability physiologically and may also explain some of 

the antiepileptic and analgesic actions of cannabinoid agonists.

RESULTS

Anandamide inhibits neocortical VGSC currents with high efficacy

AEA was reported to directly inhibit VGSC currents in excitable cells and heterologous 

expression systems.17,18 We examined the prevalence, efficacy, kinetics, and state-

dependence of VGSC current inhibition by AEA in voltage-clamped cultured neocortical 

neurons. These cultures express all VGSC α-subunit genes20,21 and VGSC currents, evoked 

by stepping the membrane voltage to −10 mV from −80 mV at 0.2 Hz, decreased by 98% ± 

0.5% following the application of 10 μM AEA (Figures 1B and 1C). The response to AEA 

was observed in the majority of whole-cell somatic recordings (97%, n = 218), where the 

currents are dominated by VGSC activity at the soma and axon initial segment (AIS).22,23 

The fraction and rate of block of VGSC currents increased at depolarized holding potentials 

(Vh, Figure 1C). VGSC current inhibition by AEA was also concentration-dependent 

(Figure S1). Direct inhibition by other sodium channel inhibitors (SCIs) is usually well 

described by a simple exponential time course.24 Unexpectedly, the time course of AEA 

inhibition of VGSC currents I t , was better described by Equation 1:

I(t) = Ae−(t/τ)2 + B (Equation 1)

where I t , A, B, t, and τ represent VGSC current amplitude during application, initial VGSC 

current amplitude, final VGSC current amplitude, time, and time constant, respectively 

(Figure 1D). The τ increased 2.8-fold as the holding potential was hyperpolarized over 

a 40-mV range (Kruskal-Wallis [KW] test, p = 0.0016, Figure 1E) consistent with AEA 

preferentially inhibiting an inactivated channel state.24 Preferential binding of an antagonist 

to a specific channel state will impact the dynamic equilibrium altering the relative fraction 

of the channels in a particular state and consequently the voltage-dependence of gating.25–27 

We tested if VGSC inactivation was shifted by AEA using a 100-ms conditioning prepulse 

(Figures 1F and 1G) after exposure to either AEA or vehicle (0.07% ethanol). AEA affected 

VGSC gating, shifting the average half-maximal voltage (V0.5) by −33 mV, consistent with 
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stabilization of the inactivated channel states. We tested if prolonged hyperpolarization 

reversed AEA inhibition of VGSC currents, as observed for other direct and indirect 

SCIs.28,29 VGSC currents (I1 and I2) were elicited by two 10-ms steps (S1 and S2) to −10 

mV separated by a variable duration at −120 mV. In control experiments, I2 recovered to 

50% of I1 within 0.8 ms. In contrast, after full block by AEA, I2 recovery was substantially 

slowed (130 ms for I2 to reach 50% of the control I1 value, Figures 1H and 1I). Taken 

together, these data indicate that AEA strongly inhibits VGSC currents in the vast majority 

of neocortical neurons by stabilizing an inactivated channel state.

Somatic VGSC current inhibition by AEA is mediated by CB1 receptor and is fully reliant 
on G-proteins

CB1 has been identified as the key receptor for endocannabinoid signaling in the CNS 

and is the most prevalent GPCR in the brain.1 While 2-AG has been shown to operate via 

CB1 at the synapse to impact neuronal excitability,10 AEA was proposed to inhibit VGSCs 

directly.16,30 We re-evaluated the mechanism of action of AEA on VGSC currents because 

the time course of inhibition (Figure 1) appeared more consistent with an indirect effect.28 

Using a double-pulse protocol (Figure 2A), we assayed the fraction of VGSC currents (I1/I2) 

that were insensitive to AEA (10 μM). The first voltage step to −10 mV elicited the VGSC 

current resistant to AEA (I1), and the second step elicited the VGSC current (I2) after the 

majority of inhibition was reversed by a 1-s step to −120 mV (see Figures 1H and 1I). 

We observed a large range of values of I1/I2 in CB1 null mutant neurons (Cnr1−/−) and 

the neurons from wild-type littermates (Cnr1+/+; Figure 2C), but block did not increase 

with the duration of incubation (within the range 20–100 min). CB1 deletion increased the 

median value of I1/I2 from 0.50 n = 21  to 0.85 (n = 31, p < 0.0001, Figure 2C), reflecting 

a substantial loss of sensitivity to AEA. Next, we tested how CB1 deletion changed the 

time course of inhibition of VGSC currents by AEA. Voltage-clamped neurons were stepped 

from −80 mV to −10 mV at 0.2 Hz. After 400 s, AEA reduced the VGSC currents in the 

Cnr1−/− neurons by 18% compared with 65% in wild-type neurons (Figures 2D–2F and S2; 

n = 10 each, p < 0.001) indicating CB1 mediated the majority of AEA’s effect on VGSC 

currents. The time course of inhibition was also slowed in the Cnr1−/− neurons (Figure 2G; 

τ = 567 ± 85 s and 1,179 ± 85 s, p < 0.0001).

To confirm that AEA-induced block of VGSC currents involved G-protein signaling, we 

utilized GDPβS, which affects G-protein cycling by inhibiting GTP binding.31,32 AEA (10 

μM) inhibited VGSC currents by 77% ± 5% n = 8 , 400 s after the onset of application in 

these recordings (Vh was −70 mV). In contrast, inclusion of GDPβS (2 mM) in the recording 

pipette completely abrogated block by AEA (Figures 2H–2J; 6% ± 4%, n = 6, vs. 77% ± 

5%, n = 8, p < 0.0001) indicating that any direct inhibition by AEA represents a minor 

component of its overall action on VGSC currents.

The partial sensitivity of Cnr1−/− neurons to AEA and the complete effectiveness of 

GDPβS (Figure 2) indicate that another GPCR may be combining with CB1 to transduce 

the effect of AEA. Next, we tested if CB1 antagonists affected the inhibition of VGSC 

currents during the application of AEA. The CB1 antagonists were dissolved in the pipette 

solution in an attempt to reduce potential confounding by off-target binding of externally 
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applied antagonists. The maximum fractional block of VGSC currents by AEA was reduced 

from 0.96 n = 7  to 0.27 n = 6  by the neutral CB1 antagonist AM4113 (Figures 3A, 

3B, and S2; 5 μM vs. 0.1% DMSO; p = 0.0008). AM4113 was ineffective in the Cnr1−/− 

neurons, confirming that the antagonist was acting at CB1 to prevent AEA inhibition of 

VGSC currents (Figures 3E and 3F; p = 0.58). By analogy with other receptors, if CB1 is 

combining with another GPCR and operating as a heterodimer, this may change the action 

of ligands unexpectedly.33 The CB1 inverse agonist AM251 (5 μM in pipette solution) 

slowed the rate of block by AEA (Figure 3C) and reduced the maximum fractional block 

of VGSC currents from 0.96 to 0.45 (Figure 3D; p = 0.014). The synthetic CB1 agonist 

WIN 55,212-2 (10 μM) strongly reduced VGSC current amplitude in wild-type neurons 

but was substantially less effective in Cnr1−/− neurons (Figures 3I and 3J; p = 0.036). In 

contrast, 2-AG, another endocannabinoid that activates CB1, did not inhibit VGSC currents 

even at high concentration (10 μM, Figure 3J). In cortical neurons, 2-AG, but not AEA, 

levels are reduced by monoacylglycerol lipase.34 After inhibition of monoacylglycerol 

lipase with JZl184 (500 nM),35 VGSC currents remained resistant to 2-AG (p = 0.093, 

Figures 3K and 3L). The signaling pathway between CB1 and the VGSCs is unclear. 

YM-254890, the small molecule Gq/11 inhibitor (500 nM in bath36) reduced maximum 

AEA-mediated block of VGSC currents from 86% n = 8  to 41% (Figures 3G and 3H; 

n = 5; p = 0.049). This substantial attenuation of the action of AEA suggests a role for Gq/11; 

however, YM-254890 may also inhibit other G-proteins.37 Our experiments using Cnr1−/− 

neurons, CB1 antagonists, and inhibitors of G-proteins indicate that CB1 is responsible 

for the majority of inhibition of VGSC currents by AEA and that this is mediated via a 

GTP-dependent mechanism.

Subcellular location and function of CB1

CB1 ligands are lipophilic and it has been assumed that these agents penetrate tissue 

uniformly. However, utilizing photolysis to activate signaling lipids restricted to various 

cellular compartments, it was determined that the subcellular localization of cannabinoid 

ligands and receptors change their overall effect on excitable cell function.38,39 We tested 

if the lipophilic CB1 antagonist AM4113 also affected AEA inhibition of VGSC currents 

when applied extracellularly. The I1/I2 ratio after AEA incubation (10 μM for 20–90 min) 

was not changed by AM4113 (Figures 4A and 4B; 0.53 to 0.69, p = 0.32) in contrast to when 

it was applied intracellularly (Figures 3A and 3B). Neurons were preincubated in AM4113 

(5 μM) for 20 min before AEA application to favor antagonist binding. Consistently, the 

inverse CB1 agonist, AM251 (5 μM) did not alter the inhibition of VGSC currents by AEA 

when applied externally (Figure 4C) but was effective when applied intracellularly (Figures 

3C and 3D).

The enhanced effectiveness of CB1 antagonists applied via the pipette solution suggests 

a role for intracellular CB140,41 in the AEA-mediated inhibition of VGSC currents. 

Fixed neocortical neurons were imaged to examine the distribution of CB1 using 

immunocytochemistry. Using synaptophysin as a synaptic vesicle marker and DAPI to 

identify the nuclei, we co-stained for CB1. Confirming other studies,42 the most intense 

CB1 staining was observed in the axons (Figure 4D). Synaptophysin staining was punctal, 

reflecting its concentration at boutons, with less intense staining of the interspersed axons 
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(Figure 4D). CB1 specifically and intensely co-stained a fraction of the puncta in the 

Cnr1+/+, but not Cnr1−/−, neurons, uniformly delineating the interconnecting axons (Figures 

4D and 4G). In addition, we also observed less intense CB1 somatic staining. To confirm 

specificity, we identified regions of interest (ROI) using DAPI, and then measured the CB1 

fluorescence using the predefined ROI in Cnr1+/+ and Cnr1−/− cultures. The CB1 somatic 

fluorescence signal was substantially higher in the Cnr1+/+ neurons (Figure 4E; p < 0.0001 

by Mann-Whitney (MW) test) and the ROIs were similarly sized (Figure 4F; p = 0.776 by 

t test). Next, we determined the subcellular localization of somatic CB1 by utilizing super-

resolution (Airyscan) confocal laser scanning microscopy. A maximal intensity projection 

(Figure 4H), illustrates three typical neurons and underlying glia constructed from the peak 

synaptophysin, CB1 and DAPI staining from a ~60 × 60 × 10 μm optical section from a 

10-day old culture. CB1 staining (red) can be resolved in a speckled distribution throughout 

the cytoplasm in all three neurons (Figure 4I) of the 0.158-μm optical slice (6 μm below 

the highest point of the cell) and from side views (along the lines shown in white). Under 

these conditions the estimated xy resolution for the CB1 staining is 151 nm,43 indicating 

that the CB1 signal is localized to the cytoplasm. The cytoplasmic location of CB1 is further 

emphasized in the expanded lower left section of the image (Figure 4J) and side view. 

Cytoplasmic CB1 staining was detected consistently with super-resolution imaging and is 

also seen in the 3-D projection of other images (Video S1).

CB1 plays an important role at nerve terminals by reducing release probability.10 We 

asked if the axonal CB1 (Figure 4D) also contributed to VGSC inhibition by AEA. 

Using a modified patch-clamp method,44,45 we recorded VGSC currents directly from 

small neocortical boutons and the associated axon. The fluorophore, FM1-43, was used 

to label synaptic vesicles and identify boutons undergoing endocytosis (Figure 5A, left 

panel). A target bouton was then approached with a patch electrode visualized with Dodt 

contrast microscopy (Figure 5A, middle panel). Depolarizing voltage steps were used to 

elicit VGSC currents and confirm transition to the whole-cell configuration. Inclusion of 

Atto 594 (2 μM) in the pipette solution allowed us to visualize and confirm the neuronal 

process under study. Axons were identified by their characteristic non-tapering, narrow 

shape and intermittent swellings (Figure 5A, right panel). VGSC currents were elicited with 

a step from −80 mV to −10 mV at 0.2 Hz and AEA (10 μM) applied to the whole neuron 

after a stable VGSC current was established. AEA blocked the VGSC current by 58% ± 

10% n = 6 , and this action was unaffected by deletion of CB1 (Figure 5F; 45% ± 11%, 

n = 9; p = 0.52). Following the application of AEA, we used the double-pulse protocol to 

confirm that the AEA-mediated inhibition of VGSC currents was reversible (Figures 5D and 

5E). The fraction of the VGSC current insensitive to AEA (I1/I2 ratio) was consistent with 

the fractional block observed in the diary plots (Figures 5E and 5F). These data indicate 

that VGSC currents in axons and boutons are more resistant to AEA than the somatically 

recorded currents (Figure 1C). Furthermore, AEA acts independently of CB1 at the bouton 

and axon in contrast to the soma where CB1 activation by AEA strongly inhibits VGSC 

current amplitude.

The absence of dendritic CB1 staining suggested CB1 would not regulate dendritic VGSC 

currents. However, it is possible that CB1 signaling from the somatic compartment could 
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propagate to reduce dendritic VGSC currents. We tested this hypothesis by recording 

directly from dendrites (Figure 5G). Overall VGSC currents in dendrites were much less 

sensitive to AEA than those in the soma and axons (Figures 5H and 5I). The VGSC currents 

were inhibited by 24% ± 16% and 10% ± 12% by 800-s application of AEA (10 μM) in 

Cnr1+/+ and Cnr1−/− neurons (n = 5 and 8, respectively; Figure 5L). The average I1/I2 ratio 

was close to unity, which is consistent with the modest overall inhibition of VGSC currents 

in the dendrites by AEA (Figures 5K and 5L). Terminal and dendritic recordings were 

performed on neurons that had been in culture for 9–49 days. Since CB1 deletion did not 

impact the action of AEA on VGSCs at these sites, we pooled the recordings from different 

genotypes. There was no significant dependence of fractional inhibition of VGSC current by 

AEA with time in culture in terminals (Figure S3). In contrast to the soma, VGSC currents 

recorded from boutons and dendrites were independent of CB1 and generally less sensitive 

to AEA.

AEA block of VGSC is use-dependent and potently reduces repetitive spiking

The impact of AEA on neocortical excitability may be strong because of its high efficacy at 

the somatic CB1-VGSC pathway (Figure 1). Preferential binding to the inactivated VGSC 

states may enhance inhibition of VGSC currents by AEA during sustained periods of 

activity consistent with other SCIs. However, since AEA was less effective after simple 

incubation (Figure 2C) and because indirect SCIs may be relatively ineffective at duty cycles 

above 0.2 Hz,28 we examined the use-dependence of AEA using a modified diary plot 

protocol to determine the fraction of block 200 s and 500 s after the onset of application 

(Figures 6A–6C). AEA was substantially less effective if the VGSC currents were not 

elicited during the period of application. Re-initiation of the depolarizing steps 200 s after 

onset of application (blue squares) revealed that the fractional block of VGSC currents was 

substantially reduced (0.08 vs. 0.44; p = 0.0058) compared with those recorded in control, 

continuously cycled neurons (red circles). Delaying the re-initiation of the voltage steps 

to 500 s after the onset of AEA application (black triangles), increased the difference in 

fractional block (Figures 6A–6C; 0.21 vs. 0.87; p = 0.00037). Accelerating the duty cycle 

to 1 Hz had minimal effect on VGSC inhibition by AEA, suggesting the use-dependence 

is less pronounced at frequencies above 0.2 Hz. This use-dependence accounts for the 

relatively reduced inhibition following the incubation of neurons in AEA (Figure 2C), where 

spontaneous firing rates are low (0.1 Hz46), compared with those in which VGSCs are 

cycled regularly (Figure 2E).

Next, we determined the concentration-effect relationship of AEA on intrinsic neocortical 

excitability. We measured the number of action potentials evoked by a series of 1-s current 

injections (0–120 pA; Figure 6) in neocortical neurons after synaptic transmission was 

inhibited with CNQX, APV, and gabazine (10, 50, and 10 μM, respectively). Neuronal 

excitability was re-evaluated after AEA application using the same series of current 

injections. AEA was applied for 500 s at 1, 3, and 10 μM, while Vh was held at −80 

mV. Action potential number plateaued with the 100–120 pA injections and decreased as 

AEA was increased (Figure 6E). AEA reduced the number of action potentials generated 

in a concentration-dependent manner with a half-maximal concentration of 2.1 ± 0.1 μM 

(Figure 6F, n = 7 cells). AEA application (10 μM) reduced the maximal action potential 
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amplitude (82 ± 4 mV control vs. 62 ± 6 mV, threshold to peak, Figure S4). In addition, 

AEA application had little effect on the position of the first spike but reduced recurrent 

spikes (Figure 6D), suggesting that AEA will be more effective at active neuronal circuits.

AEA blocks neuronal VGSC currents in patches from acute neocortical slices

We extended our studies of the action of AEA on VGSCs to neurons in 10- to 14-day-old 

acute neocortical slices. Using nucleated patch recordings from the neurons (Figure 7A), 

VGSC currents were elicited by voltage steps from −80 mV to −10 mV every 5 s. As for 

cultured neurons, AEA (10 μM) substantially reduced the VGSC currents in the majority 

of recordings (7 of 7) and the kinetics of block was well described by Equation 1 (Figures 

7B and 7C). The inhibition of VGSC currents by AEA was reversed by hyperpolarization 

to −120 mV for 1 s (Figure 7D). However, maximum fractional inhibition by AEA was 

reduced from 0.98 to 0.79 (p = 0.0006 by MW test) in the patches from slices compared 

with the whole-cell recordings from cultured neurons (Figure 7E). The rate of inhibition 

was also substantially faster in the patches (p = 0.004, Figure 7F). Overall, AEA strongly 

inhibited VGSC currents in neurons from primary cultures and in patches isolated from 

acute neocortical slices.

DISCUSSION

Here we identify and characterize a mechanism by which AEA powerfully inhibits neuronal 

excitability. Several features of this pathway are unexpected. First, contrary to prior reports, 

this is an indirect and GTP-dependent signaling pathway. Second, it is mediated by CB1, 

the cannabinoid receptor that canonically operates primarily on the plasma membrane of 

synapses. Third, the pathway is localized to VGSC currents recorded at the soma and may 

be attributable to an intracellular population of CB1 receptors. Fourth, VGSC inhibition 

by AEA is state-dependent and exhibits an unusual form of use-dependence. Last, its high 

efficacy and prevalence combine to substantially reduce action potential generation at low-

micromolar concentrations. The strength and ubiquity of this pathway provides a mechanism 

by which endo- and synthetic cannabinoids inhibit neocortical excitability.

CB1 is a key player in AEA inhibition of VGSC currents

Contrary to prior reports,16,18,19 we find that CB1 plays an important role in the inhibition 

of VGSC currents. Block by AEA was highly attenuated in neurons lacking a CB1 

receptor (Figure 2). Antagonists for CB1 attenuated the action of AEA when applied 

to the intracellular compartment consistent with CB1 dependence (Figure 3). Like other 

studies,16,18,19 we found that, when applied extracellularly, the CB1 antagonists were 

ineffective (Figure 4). The difference in efficacy of the two routes of application may at 

first seem surprising due to the lipid solubility of these agents, though other lipid signaling 

ligands have been shown to have different effects when released intra- or extracellularly.38,39 

The effectiveness of GDPβS and YM-254890, at inhibiting the action of AEA on VGSC 

currents, also supports an indirect GPCR-mediated action (Figures 2 and 3). YM-254890 

inhibits Gq/11 and Gs by preventing GDP exchange for GTP on these alpha subunits, and 

potentially also exhibits biased inhibition of Gi/o.37,47 That YM-254890 attenuated but 

did not ablate AEA block implies additional involvement of alpha subunits other than 
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those sensitive to YM-254890. Saturation of the cytoplasm with GDPβS by applying it 

through the recording electrode completely abrogated block by AEA, strongly suggesting 

the pathway is entirely dependent on exchange of GDP for GTP. GDPβS acts similarly 

to YM-254890 by competitively inhibiting GTP binding to G-proteins but is not subtype-

specific.31,32 This raises the interesting question of which G-protein subunits transduce 

the inhibitory signal of AEA. The cannabinoid receptor is promiscuous and couples with 

multiple G-protein subtypes48 based on cell type,49 subcellular location,41 and dimerization 

with other receptors.50 In mouse cortex, the synthetic AEA analog ACEA stimulates Gαi1, 

Gαi3, Gαo, and Gαq/11 via CB1 at relatively uniform levels.48 It seems likely that one or 

more of these subunits also mediates block of VGSC.

The partial block of VGSC currents in the Cnr1−/− neurons could indicate a modest 

contribution of direct sodium conductance inhibition by AEA (Figure 2). However, the 

absence of effect of AEA in the presence of GDPβS suggests it is more likely that 

another GPCR is responsible. This interpretation is also consistent with the observation 

that AM4113 is incompletely effective. Since other GPCRs may heterodimerize with CB1,51 

CB1 and the unidentified GPCR could be operating as homo- or heterodimer pairs to 

mediate AEA block of VGSC (Figure 7).

The role of cannabinoids

Endocannabinoid messengers have a well-established role regulating synaptic strength at 

many synapses in the hippocampus and neocortex, which facilitates higher-order processes 

such as learning and memory.52,53 The most abundant synaptic endocannabinoid, 2-AG,9 

is produced in the hippocampus as activity increases54 and binds to presynaptic CB1 

receptors inhibiting adenylyl cyclase and calcium channels, suppressing transmitter release 

(for review see Castillo et al.55). In addition, autocrine release of 2-AG at inhibitory 

neurons in the neocortex activates a potassium channel that hyperpolarizes neurons and 

reduces the intrinsic excitability.12 Comparatively less is known about how AEA modulates 

excitability and behaviors. First characterized 30 years ago,4 AEA was rapidly established 

via behavioral studies as important for facilitating working memory and possessing powerful 

anxiolytic and analgesic properties,56–58 including in humans.5 Here, we outline how AEA 

can regulate excitability by strongly inhibiting VGSC. By stabilizing the inactivated states of 

the VGSCs in neocortical neurons, AEA signaling reduces VGSC availability and decreases 

the probability of action potential generation.23 Further work to identify the conditions under 

which this pathway is active are required to determine its physiological impact. However, the 

high abundance of CB1 and VGSCs in the CNS indicates this pathway may have widespread 

influence.

VGSCs are directly responsible for the generation of action potentials, and therefore their 

strong modulation by AEA represents a powerful pathway by which AEA influences 

excitability. Phyto- and synthetic cannabinoid actions on neuronal excitability have become 

of increasing importance because of the widespread legalization of marijuana for medicinal 

and recreational use.59 A question raised by our study is do other exogenous CB1 

agonists, besides WIN 55,212-2 (Figures 3I and 3J), block VGSC currents via CB1? If 

the activation of CB1 by these agents inhibit VGSC currents, this could account for some 
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of the reported antiepileptic and analgesic effects of cannabinoids.60–64 These therapeutic 

effects of cannabinoids other than CBD have been attributed mainly to the modulation of 

vesicle release through inhibition of presynaptic calcium channels; however, the recognized 

antiepileptic and analgesic effects of other SCIs such as phenytoin and lidocaine26,65–67 

supports modulation of sodium channels as a plausible hypothesis. We have only just begun 

to examine the biophysical effects of AEA on VGSC currents (Figure 1). For instance, we 

have not determined if the fast-inactivated, slow-inactivated, and long term-inactivated states 

of the VGSC68–70 are targeted similarly during block by AEA. Like the direct (phenytoin 

and lidocaine) and indirect (cinacalcet) SCIs, AEA appears to stabilize an inactivated 

state of the VGSC.27,28,65 The number and complexity of pathways utilized by indirect 

VGSC modulators70–72 emphasize that there are numerous potential mechanisms by which 

CB1-mediated inhibition of VGSC currents may arise. Enhanced understanding of these 

mechanisms could lead to the refinement of medicinal cannabinoids that retain therapeutic 

effects but have fewer unwanted side effects. An important step in this process will be the 

identification of the receptor that mediated VGSC inhibition by AEA in the Cnr1−/− neurons 

(Figure 3E) that may heterodimerize with CB1 in the wild-type neurons (Figure 7G).

The absence of any effect of 2-AG on VGSC currents was unexpected given, like AEA and 

WIN 55,212-2, it is a CB1 agonist. If CB1 is operating as a heterodimer, as hypothesized, 

this could result in a reduction in potency for 2-AG.33 In addition, the measured 8- to 

14-fold lower affinity of 2-AG for CB1, compared with AEA,73,74 may contribute to the 

absence of effect of 2-AG in our experiments (Figures 3K and 3L). Biased agonism75 is 

another possible explanation for the differential effects observed for AEA and 2-AG on 

VGSC currents. So, in addition to identifying the other GPCRs that cooperate with somatic 

CB1, it will be important to identify the G-proteins and other second messengers involved. 

This will characterize the mechanism providing the functional selectivity by which AEA, but 

not 2-AG, activates the downstream pathways and inhibits VGSC currents.

Compartmentalization of AEA signaling

Regional specificity is a fundamental attribute of GPCR signaling. In highly polarized cells 

such as neurons, it is possible that heterogeneity in GPCR signaling exists based on the 

proximity of key cellular machinery. AEA inhibition of VGSC is more tightly coupled in the 

soma. We found VGSC currents recorded from boutons and dendrites to be less sensitive to 

AEA (Figure 5). Furthermore, terminal VGSC recordings were insensitive to CB1 deletion. 

Taken together, these experiments indicate somatic CB1 is pharmacologically privileged 

in regulating VGSCs. Compartmentalization of GPCR regulation of VGSC in neocortical 

neurons has been reported previously. For instance, activation of the 5-HT1A receptor 

inhibited VGSC current when measured at the AIS, but not on the axonal trunk. In addition, 

there were differences in the sensitivity of separate VGSC subpopulations at the AIS, where 

NaV 1.2 but not 1.6 was sensitive to serotonin.76 In the mammalian CNS, Nav1.1, 1.2, 1.3, 

and 1.6 are the major VGSC subtypes77 and are all expressed in neocortical cultures.21 We 

have not tested the relative sensitivity of VGSC subtypes, but the high fractional block by 

AEA (98%) and response of nearly all neurons (97%) indicates that several isoforms are 

sensitive. Interestingly, the reduced fractional block by AEA in patches from slices (Figure 

7E) may result from variable sensitivity between NaV isoforms. Alternatively, this could 
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arise due to other differences such as neonatal and adult isoforms being developmentally 

regulated.78 The near complete somatic VGSC current block indicated VGSCs in the soma 

and AIS were both affected by AEA. In dendrites, it seems that the absence of CB1 (Figure 

4) is a likely explanation for the loss of AEA sensitivity. At terminals, CB1 receptors are in 

the minority of axons but deletion had no effect on the response to AEA, suggesting a lower 

efficacy CB1-independent pathway is involved. The basis for the reduced coupling between 

CB1 and VGSCs in the axons is unclear. However, the dependence of the role for CB1 on 

the neuronal compartment reflects a separation of regulation between bouton and soma that 

has been observed for other proteins, such as potassium channels.44,79

The enhanced efficacy of intracellular CB1 antagonists and the localization of CB1 

to the intracellular compartment of the soma (Figures 3 and 4) is consistent with 

other studies that show organelle-associated CB1 signaling in hippocampal neurons.40,41 

Activation of the mitochondria-associated CB1 reduced respiratory chain activity and 

contributed to depolarization-induced suppression of inhibition—linking energy metabolism 

and hippocampal neuroplasticity.40,41 Likewise, inhibition of VGSC currents by CB1 

activation is a plausible mechanism to couple excitability and energy metabolism since 

action potential generation is energetically expensive.80 If neocortical somatic CB1 couples 

to the respiratory chain and VGSCs, AEA may reduce ATP synthesis and utilization in 

parallel. Compartmentalization of CB1 could provide another example of highly localized 

regulation of action potentials to optimize the trade-off between metabolic costs and 

conduction reliability.81

Limitations of the study

One limitation of the study is that we have not identified the other receptor(s) that operates 

with CB1 to detect AEA and regulate VGSC currents. We anticipate that pharmacological 

strategies may be unhelpful28 and plan to use an unbiased chemoproteomics approach.82,83 

Identifying the other receptor(s) and determining if they operate as homo- or heterodimers 

will further the detailed characterization needed to design drugs with a better therapeutic 

ratio. These are greatly needed because of the increasing prevalence of therapeutic and 

recreational cannabinoid use and associated adverse drug reactions.84–86 Another important 

limitation is the restriction of our study to mouse neocortical neurons of a young age range. 

The high efficacy of inhibition of VGSC currents in most cultured neurons and patches 

from ≤2-week-old mice suggest the indirect action of AEA on sodium conductances is 

positioned to have an important function. However, the role of endogenously produced AEA 

in regulating VGSC remains unexplored. Further experiments to determine the prevalence 

of this pathway across brain regions in animals at different ages are required to clarify its 

physiological role.

In conclusion, our demonstration that CB1 activation causes VGSC inhibition with high 

efficacy in nearly all neocortical neurons illustrates a previously unknown pathway for 

AEA signaling in the CNS. The pathway also provides an additional mechanism that may 

contribute to the antiseizure and analgesic effects of exogenous cannabinoids.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Requests for further information, resources, or reagents should be made to 

Stephen M. Smith (smisteph@ohsu.edu).

Materials availability—No novel reagents were generated by this study. Cnr1−/− mice 

were kindly provided by Dr. Ken Mackie in accordance with a material transfer agreement 

from the Université Libre de Bruxelles.

Data and code availability

• Data reported in this paper will be shared by the lead contact upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and genotyping—All animal procedures were approved by the VA Portland 

Health Care System Institutional Animal Care and Use Committee (IRBNetID: 1635369) 

in accordance with the U.S. Public Health Service Policy on Humane Care and Use of 

Laboratory Animals and the NIH Guide for the Care and Use of Laboratory Animals. 

Control wild-type mice were obtained from a colony consisting of a stable strain of 

C57BL/6J x129×1 mice. In addition, Cnr1+/+ and Cnr1−/− mice were generated by breeding 

Cnr1+/− pairs88 as described previously. CD1 was the background strain of the Cnr1+/− mice. 

Breeding pairs were housed together on a 12–12-h light-dark cycle with food and water 

available ad libitum. DNA extraction was performed using the Hot Shot method89 with a 

1–2 h boil. Primers used for CB1 PCRs were 5′-CATCATCACAGATTTCTATGTAC-3′ and 

5′-GAGGTGCCAGGAGGGAACC-3′, to amplify a 366 bp band from the wild-type allele 

and 5′-GATCCAGAACATCAGGTAGG-3′ and 5′-AAGGAAGGGTGAGAACAGAG-3′, 
for a 521 bp band from the mutant CB1 allele.87

Neuronal cell culture—Neocortical neurons were isolated by whole brain dissection from 

P1-2 mouse pups of either sex as described previously.46 Briefly, mice were decapitated 

during general anesthesia with isoflurane, and the cerebral cortices were removed. Cortices 

were digested with trypsin and DNAse then dissociated with heat polished pipettes of 

varying diameters. Cells were then plated on Matrigel-coated (Corning, United States) glass 

coverslips and cultured in MEM supplemented with 5% FBS. To limit division of glial cells, 

cytosine arabinoside (4 μM) was added 48 h later.

METHOD DETAILS

Electrophysiological recordings from cultured neurons—Patch clamp experiments 

were performed using HEKA EPC10 USB amplifiers. Cells were visualized using a 

microscope (Olympus IX-70 or Scientifica) coupled to CCD-cameras (Andor iXon Ultra 

or Scientifica FWCAM). Recordings were made from neocortical neuron somata after 7 
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to 21 days in culture. The cells were perfused with Tyrode solution that contained: (mM) 

150 NaCl, 4 KCl, 10 HEPES, 10 glucose, 1.1 MgCl2, 1.1 CaCl2, pH 7.35 with NaOH. 

Voltage-clamp experiments used the following pipette solution:135 mM CsMeSO3, 1.8 mM 

EGTA, 10 mM HEPES, 4 mM MgCl2, 0.2 mM CaCl2, 0.3 mM NaGTP, 5 mM NaATP, 

and 14 mM creatine phosphate (disodium salt), pH adjusted to 7.2 with TEA-OH. Current 

clamp recordings were made using the following pipette solution: 118 mM K-gluconate, 

9 mM EGTA, 10 mM HEPES, 4 mM MgCl2, 1 mM CaCl2, 4 mM NaATP, 0.3 mM 

NaGTP, and 14 mM creatinine phosphate. Membrane potentials were adjusted for the liquid 

junction potentials. Series resistance was compensated between 60 and 80%. Excitatory and 

inhibitory transmission was blocked by adding the following blockers to the extracellular 

solution: 10 μM CNQX, 50 μM APV, and 10 μM gabazine (Abcam, United Kingdom).

Terminal and dendritic recordings were made after neurons had been in culture for 9–

49 days using a modified approach described previously44,45,90 and solutions described 

above. Boutons were identified by their ability to endocytose the fluorescent dye, FM1-43, 

following a depolarizing stimulus (90 s) in a Tyrode-like solution containing 45 mM KCl 

(NaCl replaced stoichiometrically). After washing for 5 min to reduce staining of the 

external-facing plasma membrane, labeled boutons were visualized using a LED light source 

(490 nm, CoolLED) and FITC filter set (Ex: 480–520 nm, Em: Long-pass 510 nm). Atto 

594 (2 μM), a complementary fluorophore, was added to the pipette solutions used in these 

recordings to outline the neuron under study. It was visualized using a LED light source (565 

nm, CoolLED) and Texas red filter set (TXRED-4040D-OMF-ZERO, Ex: 537–587 nm, Em: 

600–650 nm). To reduce the stray capacitance during recordings, the patch electrode was 

wrapped with 0.5 cm wide Parafilm strips from the shank to close to the tip.

Recordings from nucleated patches isolated from slices—P10–14 d mice were 

anesthetized using isoflurane and decapitated. Brains were rapidly removed and placed in 

oxygenated ice-cold modified artificial cerebrospinal fluid (ACSF: (in mM) 129 choline 

chloride, 3.2 KCl, 1.5 CaCl2, 1 MgCl2, 25 NaHCO3, 0.34 Na2HPO4, 0.44 KH2PO4, and 5 

glucose). Horizontal slices (250 μm) were cut from the neocortex using a Vibratome (VT 

1200S; Leica) while submerged in modified ACSF and bubbled with carbogen. The slices 

were switched to ACSF (choline chloride replaced with equimolar NaCl) and maintained 

at room temperature for ~1 h before use. Individual slices were then transferred to the 

recording chamber where they were fully submerged and superfused with oxygenated ACSF 

at a rate of 5 mL/min at room temperature. Recordings were made from visualized neurons 

in layer 2/3 using the following pipette solution (in mM: 119 Cesium methane sulfonate, 

1.8 EGTA, 10 HEPES, 4 MgCl2, 0.2 CaCl2, 4 NaATP, 0.3 NaGTP, 14 phosphocreatine 

disodium, pH 7.2 with TEA-OH). Once the whole-cell configuration was achieved, negative 

pressure was applied to the pipette (20 kPa) and the electrode was withdrawn axially 

(Vh = − 70 mV) until a nucleated patch was formed.

Solutions—Solutions were gravity-fed via a 1.2 mm external diameter glass capillary 

tube located ~2 mm from the target neuron for somatic recordings from cultured neurons. 

Solutions were switched manually using a low dead-volume manifold upstream of the glass 

capillary. In recordings from neuronal processes or acute slices, solutions were applied to 
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the recording chamber using a recirculating system and peristaltic pump. Most reagents 

were obtained from Sigma-Aldrich (Darmstadt, Germany). Anandamide (Abcam, United 

Kingdom) was acquired as a solution in purged ethanol (final concentration 0.07%). Stock 

solutions were prepared at 1000-fold or highest feasible concentration and stored at −80°C. 

Control experiments utilized either 0.07% ethanol and/or 0.1% DMSO and their effects are 

compared in Figure S2.

Immunocytofluorescence—Cells were fixed by placing the coverslip in 4% (v/v) 

paraformaldehyde for 10 min. After washing three times with phosphate-buffered saline 

(PBS), cells were blocked and permeabilized with PBS containing 1% BSA, 5% normal goat 

serum (NGS) and 0.2% saponin at room temperature (30 min), then incubated overnight 

at 4°C with 1:1000 mouse anti-Synaptophysin1 and rabbit anti-CB1 monoclonal antibodies 

(Synaptic Systems) diluted in the blocking solution. The next day cells were washed three 

times with PBS, blocked again for 30 min, and incubated with goat anti-mouse Alexa Fluor 

488 and goat anti-rabbit Alexa Fluor 594 (1:1000) diluted in blocking solution for 60 min. 

Thereafter they were again washed three times (5 min) with PBS. Coverslips were then 

mounted in Fluoromount G reagent (SouthernBiolabs) and images captured using 60×1.4 

NA objective. Cells used for super-resolution confocal microscopy were treated identically 

but grown on 27 mm 1.5 weight glass-bottom dishes and imaged in PBS through a 40×1.2 

NA objective on a Zeiss LSM 980 with an Airyscan 2 detector. Super-resolution images 

were deconvolved by Airyscan processing, and intensities automatically set using the best fit 

function in ZEN (black edition, Carl Zeiss Microscopy).

QUANTIFICATION AND STATISTICAL ANALYSIS

Current and voltage traces were acquired using PatchMaster (HEKA, Germany). Signals 

were digitized at 50 kHz and filtered at 2.9 or 5 kHz. Leak current subtraction employed 

p/n protocols, with currents elicited using voltage step sizes selected to minimize artifacts. 

Analysis was performed using custom applications developed for Igor Pro (Wavemetrics, 

Lake Oswego, OR). Time course experiments were normalized to the average baseline 

currents recorded 50–100 s before the drug application. Data values were reported as 

mean (±SEM) or median, if not normally distributed when assessed by Shapiro-Wilk 

test. Statistical significance p < 0.05  between groups was determined with appropriate 

parametric or non-parametric tests (Graphpad Prism 9.5). These included ANOVA or 

Student’s t-test for parametric data and Kruskal-Wallis test or Mann-Whitney test for non-

parametric data. p values designated in the figures as follows: *p < 0.05, **p < 0.01, ***p < 

0.001, and ****p < 0.0001..

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

We are grateful to Drs. David Farrens, James Frank, Salil Rajayer, and Eric Schnell for helpful discussions. The 
contents do not represent the views of the Department of Veterans Affairs or the U.S. government. This work was 
supported by grants awarded by U.S. Department of Veterans Affairs (BX002547) and NIGMS (GM134110) to 
S.M.S. and by NHLBI (T32HL083808) and NINDS (F31NS095463) to G.B.M. We thank Drs. Catherine Ledent 

Steiger et al. Page 14

Cell Rep. Author manuscript; available in PMC 2023 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Université Libre de Bruxelles) and Ken Mackie (Indiana University) for their provision of the mutant mice. We 
also thank Drs. Brian Jenkins and Stefanie Kaech Petrie (OHSU Advanced Light Microscopy Core) for their expert 
help and advice with the super-resolution microscopy experiments.

REFERENCES

1. Marsicano G, and Lutz B (1999). Expression of the cannabinoid receptor CB1 in distinct 
neuronal subpopulations in the adult mouse forebrain. Eur. J. Neurosci. 11, 4213–4225. 10.1046/
j.1460-9568.1999.00847.x. [PubMed: 10594647] 

2. Freund TF, Katona I, and Piomelli D (2003). Role of endogenous cannabinoids in synaptic 
signaling. Physiol. Rev. 83, 1017–1066. 10.1152/physrev.00004.2003. [PubMed: 12843414] 

3. Fitzgerald ML, Mackie K, and Pickel VM (2013). The impact of adolescent social isolation on 
dopamine D2 and cannabinoid CB1 receptors in the adult rat prefrontal cortex. Neuroscience 235, 
40–50. 10.1016/j.neuroscience.2013.01.021. [PubMed: 23333674] 

4. Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D, Mandelbaum A, 
Etinger A, and Mechoulam R (1992). Isolation and structure of a brain constituent that binds to the 
cannabinoid receptor. Science 258, 1946–1949. 10.1126/science.1470919. [PubMed: 1470919] 

5. Habib AM, Okorokov AL, Hill MN, Bras JT, Lee M-C, Li S, Gossage SJ, van Drimmelen 
M, Morena M, Houlden H, et al. (2019). Microdeletion in a FAAH pseudogene identified in a 
patient with high anandamide concentrations and pain insensitivity. Br. J. Anaesth. 123, e249–e253. 
[PubMed: 30929760] 

6. Cravatt BF, Demarest K, Patricelli MP, Bracey MH, Giang DK, Martin BR, and Lichtman 
AH (2001). Supersensitivity to anandamide and enhanced endogenous cannabinoid signaling in 
mice lacking fatty acid amide hydrolase. Proc. Natl. Acad. Sci. USA 98, 9371–9376. 10.1073/
pnas.161191698. [PubMed: 11470906] 

7. Marsicano G, Wotjak CT, Azad SC, Bisogno T, Rammes G, Cascio MG, Hermann H, Tang 
J, Hofmann C, Zieglgänsberger W, et al. (2002). The endogenous cannabinoid system controls 
extinction of aversive memories. Nature 418, 530–534. 10.1038/nature00839. [PubMed: 12152079] 

8. Mayo LM, Asratian A, Lindé J, Morena M, Haataja R, Hammar V, Augier G, Hill MN, and Heilig 
M (2020). Elevated anandamide, enhanced recall of fear extinction, and attenuated stress responses 
following inhibition of fatty acid amide hydrolase: a randomized, controlled experimental medicine 
trial. Biol. Psychiatry 87, 538–547. 10.1016/j.biopsych.2019.07.034. [PubMed: 31590924] 

9. Stella N, Schweitzer P, and Piomelli D (1997). A second endogenous cannabinoid that modulates 
long-term potentiation. Nature 388, 773–778. 10.1038/42015. [PubMed: 9285589] 

10. Tanimura A, Yamazaki M, Hashimotodani Y, Uchigashima M, Kawata S, Abe M, Kita Y, 
Hashimoto K, Shimizu T, Watanabe M, et al. (2010). The endocannabinoid 2-arachidonoylglycerol 
produced by diacylglycerol lipase α mediates retrograde suppression of synaptic transmission. 
Neuron 65, 320–327. 10.1016/j.neuron.2010.01.021. [PubMed: 20159446] 

11. Yoshino H, Miyamae T, Hansen G, Zambrowicz B, Flynn M, Pedicord D, Blat Y, Westphal RS, 
Zaczek R, Lewis DA, and Gonzalez-Burgos G (2011). Postsynaptic diacylglycerol lipase mediates 
retrograde endocannabinoid suppression of inhibition in mouse prefrontal cortex. J. Physiol. 589, 
4857–4884. 10.1113/jphysiol.2011.212225. [PubMed: 21807615] 

12. Bacci A, Huguenard JR, and Prince DA (2004). Long-lasting self-inhibition of neocortical 
interneurons mediated by endocannabinoids. Nature 431, 312–316. 10.1038/nature02913. 
[PubMed: 15372034] 

13. Kim J, and Alger BE (2010). Reduction in endocannabinoid tone is a homeostatic mechanism for 
specific inhibitory synapses. Nat. Neurosci. 13, 592–600. 10.1038/nn.2517. [PubMed: 20348918] 

14. Chávez AE, Chiu CQ, and Castillo PE (2010). TRPV1 activation by endogenous anandamide 
triggers postsynaptic long-term depression in dentate gyrus. Nat. Neurosci. 13, 1511–1518. 
10.1038/nn.2684. [PubMed: 21076423] 

15. Chávez AE, Hernández VM, Rodenas-Ruano A, Chan CS, and Castillo PE (2014). Compartment-
specific modulation of GABAergic synaptic transmission by TRPV1 channels in the dentate gyrus. 
J. Neurosci. 34, 16621–16629. 10.1523/jneurosci.3635-14.2014. [PubMed: 25505315] 

Steiger et al. Page 15

Cell Rep. Author manuscript; available in PMC 2023 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. Nicholson RA, Liao C, Zheng J, David LS, Coyne L, Errington AC, Singh G, and Lees G (2003). 
Sodium channel inhibition by anandamide and synthetic cannabimimetics in brain. Brain Res. 978, 
194–204. 10.1016/s0006-8993(03)02808-7. [PubMed: 12834914] 

17. Okura D, Horishita T, Ueno S, Yanagihara N, Sudo Y, Uezono Y, and Sata T (2014). The 
endocannabinoid anandamide inhibits voltage-gated sodium channels Nav1.2, Nav1.6, Nav1.7, 
and Nav1.8 in Xenopus oocytes. Anesth. Analg. 118, 554–562. 10.1213/ane.0000000000000070. 
[PubMed: 24557103] 

18. Al Kury LT, Voitychuk OI, Yang KHS, Thayyullathil FT, Doroshenko P, Ramez AM, Shuba YM, 
Galadari S, Howarth FC, and Oz M (2014). Effects of the endogenous cannabinoid anandamide 
on voltage-dependent sodium and calcium channels in rat ventricular myocytes. Br. J. Pharmacol. 
171, 3485–3498. 10.1111/bph.12734. [PubMed: 24758718] 

19. Kim HI, Kim TH, Shin YK, Lee CS, Park M, and Song JH (2005). Anandamide suppression 
of Na+ currents in rat dorsal root ganglion neurons. Brain Res. 1062, 39–47. 10.1016/
j.brainres.2005.09.004. [PubMed: 16256960] 

20. Katz E, Stoler O, Scheller A, Khrapunsky Y, Goebbels S, Kirchhoff F, Gutnick MJ, Wolf 
F, and Fleidervish IA (2018). Role of sodium channel subtype in action potential generation 
by neocortical pyramidal neurons. Proc. Natl. Acad. Sci. USA 115, E7184–E7192. 10.1073/
pnas.1720493115. [PubMed: 29991598] 

21. Lindner JS, Rajayer SR, Martiszus BJ, and Smith SM (2022). Cinacalcet inhibition of neuronal 
action potentials preferentially targets the fast inactivated state of voltage-gated sodium channels. 
Front. Physiol. 13, 1066467. 10.3389/fphys.2022.1066467. [PubMed: 36601343] 

22. Kole MHP, Ilschner SU, Kampa BM, Williams SR, Ruben PC, and Stuart GJ (2008). Action 
potential generation requires a high sodium channel density in the axon initial segment. Nat. 
Neurosci. 11, 178–186. 10.1038/nn2040. [PubMed: 18204443] 

23. Milescu LS, Yamanishi T, Ptak K, and Smith JC (2010). Kinetic properties and functional 
dynamics of sodium channels during repetitive spiking in a slow pacemaker neuron. J. Neurosci. 
30, 12113–12127. 10.1523/jneurosci.0445-10.2010. [PubMed: 20826674] 

24. Jo S, and Bean BP (2017). Lacosamide inhibition of Nav1.7 voltage-gated sodium channels: 
slow binding to fast-inactivated states. Mol. Pharmacol. 91, 277–286. 10.1124/mol.116.106401. 
[PubMed: 28119481] 

25. Bean BP, Cohen CJ, and Tsien RW (1983). Lidocaine block of cardiac sodium channels. J. Gen. 
Physiol. 81, 613–642. 10.1085/jgp.81.5.613. [PubMed: 6306139] 

26. Hille B (1977). Local anesthetics: hydrophilic and hydrophobic pathways for the drug-receptor 
reaction. J. Gen. Physiol. 69, 497–515. 10.1085/jgp.69.4.497. [PubMed: 300786] 

27. Hille B (1978). Local anesthetic action on inactivation of the Na channel in nerve and skeletal 
muscle: possible mechanisms for antiarrythmic agents. In Biophysical Aspects of Cardiac Muscle, 
Morad M, ed. (Academic Press), pp. 55–74.

28. Mattheisen GB, Tsintsadze T, and Smith SM (2018). Strong G-protein-mediated inhibition of 
sodium channels. Cell Rep. 23, 2770–2781. 10.1016/j.celrep.2018.04.109. [PubMed: 29847805] 

29. Theile JW, Fuller MD, and Chapman ML (2016). The selective Nav1.7 inhibitor, PF-05089771, 
interacts equivalently with fast and slow inactivated Nav1.7 channels. Mol. Pharmacol. 90, 540–
548. 10.1124/mol.116.105437. [PubMed: 27587537] 

30. Zhang HXB, and Bean BP (2021). Cannabidiol inhibition of murine primary nociceptors: tight 
binding to slow inactivated states of Na(v)1.8 channels. J. Neurosci. 41, 6371–6387. 10.1523/
jneurosci.3216-20.2021. [PubMed: 34131037] 

31. Suh BC, Horowitz LF, Hirdes W, Mackie K, and Hille B (2004). Regulation of KCNQ2/KCNQ3 
current by G protein cycling: the kinetics of receptor-mediated signaling by Gq. J. Gen. Physiol. 
123, 663–683. 10.1085/jgp.200409029. [PubMed: 15173220] 

32. Eckstein F, Cassel D, Levkovitz H, Lowe M, and Selinger Z (1979). Guanosine 5’-O-(2-
thiodiphosphate). An inhibitor of adenylate cyclase stimulation by guanine nucleotides and 
fluoride ions. J. Biol. Chem. 254, 9829–9834. [PubMed: 489574] 

33. Maroteaux L, Béchade C, and Roumier A (2019). Dimers of serotonin receptors: impact on ligand 
affinity and signaling. Biochimie 161, 23–33. 10.1016/j.biochi.2019.01.009. [PubMed: 30685449] 

Steiger et al. Page 16

Cell Rep. Author manuscript; available in PMC 2023 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



34. Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL, Kathuria S, and Piomelli 
D (2002). Brain monoglyceride lipase participating in endocannabinoid inactivation. Proc. Natl. 
Acad. Sci. USA 99, 10819–10824. 10.1073/pnas.152334899. [PubMed: 12136125] 

35. Long JZ, Nomura DK, and Cravatt BF (2009). Characterization of monoacylglycerol lipase 
inhibition reveals differences in central and peripheral endocannabinoid metabolism. Chem. Biol. 
16, 744–753. 10.1016/j.chembiol.2009.05.009. [PubMed: 19635411] 

36. Uemura T, Kawasaki T, Taniguchi M, Moritani Y, Hayashi K, Saito T, Takasaki J, Uchida W, 
and Miyata K (2006). Biological properties of a specific Galpha q/11 inhibitor, YM-254890, on 
platelet functions and thrombus formation under high-shear stress. Br. J. Pharmacol. 148, 61–69. 
10.1038/sj.bjp.0706711. [PubMed: 16520742] 

37. Peng Q, Alqahtani S, Nasrullah MZA, and Shen J (2021). Functional evidence for biased 
inhibition of G protein signaling by YM-254890 in human coronary artery endothelial cells. Eur. J. 
Pharmacol. 891, 173706. 10.1016/j.ejphar.2020.173706. [PubMed: 33152337] 

38. Frank JA, Broichhagen J, Yushchenko DA, Trauner D, Schultz C, and Hodson DJ (2018). 
Optical tools for understanding the complexity of β-cell signalling and insulin release. Nat. Rev. 
Endocrinol. 14, 721–737. 10.1038/s41574-018-0105-2. [PubMed: 30356209] 

39. Nadler A, Yushchenko DA, Müller R, Stein F, Feng S, Mulle C, Carta M, and Schultz C (2015). 
Exclusive photorelease of signalling lipids at the plasma membrane. Nat. Commun. 6, 10056. 
10.1038/ncomms10056. [PubMed: 26686736] 

40. Hebert-Chatelain E, Desprez T, Serrat R, Bellocchio L, Soria-Gomez E, Busquets-Garcia A, 
Pagano Zottola AC, Delamarre A, Cannich A, Vincent P, et al. (2016). A cannabinoid link between 
mitochondria and memory. Nature 539, 555–559. 10.1038/nature20127. [PubMed: 27828947] 

41. Bénard G, Massa F, Puente N, Lourenço J, Bellocchio L, Soria-Gómez E, Matias I, Delamarre A, 
Metna-Laurent M, Cannich A, et al. (2012). Mitochondrial CB1 receptors regulate neuronal energy 
metabolism. Nat. Neurosci. 15, 558–564. 10.1038/nn.3053. [PubMed: 22388959] 

42. Tsou K, Brown S, Sañudo-Peña MC, Mackie K, and Walker JM (1998). Immunohistochemical 
distribution of cannabinoid CB1 receptors in the rat central nervous system. Neuroscience 83, 
393–411. 10.1016/s0306-4522(97)00436-3. [PubMed: 9460749] 

43. Huff J (2015). The Airyscan detector from ZEISS: confocal imaging with improved signal-to-noise 
ratio and super-resolution. Nat. Methods 12, i. 10.1038/nmeth.f.388.

44. Ritzau-Jost A, Tsintsadze T, Krueger M, Ader J, Bechmann I, Eilers J, Barbour B, Smith SM, 
and Hallermann S (2021). Large, stable spikes exhibit differential broadening in excitatory and 
inhibitory neocortical boutons. Cell Rep. 34, 108612. 10.1016/j.celrep.2020.108612. [PubMed: 
33440142] 

45. Smith SM, Bergsman JB, Harata NC, Scheller RH, and Tsien RW (2004). Recordings from 
single neocortical nerve terminals reveal a nonselective cation channel activated by decreases 
in extracellular calcium. Neuron 41, 243–256. 10.1016/s0896-6273(03)00837-7. [PubMed: 
14741105] 

46. Martiszus BJ, Tsintsadze T, Chang W, and Smith SM (2021). Enhanced excitability of cortical 
neurons in low-divalent solutions is primarily mediated by altered voltage-dependence of voltage-
gated sodium channels. Elife 10, e67914. 10.7554/eLife.67914. [PubMed: 33973519] 

47. Taniguchi M, Suzumura K. i., Nagai K, Kawasaki T, Saito T, Takasaki J, Suzuki K. i., Fujita S, and 
Tsukamoto S. i. (2003). Structure of YM-254890, a novel gq/11 inhibitor from chromobacterium 
sp. QS3666. Tetrahedron 59, 4533–4538. 10.1016/S0040-4020(03)00680-X.

48. Diez-Alarcia R, Ibarra-Lecue I, Lopez-Cardona ÁP, Meana J, Gutierrez-Adán A, Callado LF, 
Agirregoitia E, and Urigüen L (2016). Biased agonism of three different cannabinoid receptor 
agonists in mouse brain cortex. Front. Pharmacol. 7, 415. 10.3389/fphar.2016.00415. [PubMed: 
27867358] 

49. Navarrete M, and Araque A (2010). Endocannabinoids potentiate synaptic transmission 
through stimulation of astrocytes. Neuron 68, 113–126. 10.1016/j.neuron.2010.08.043. [PubMed: 
20920795] 

50. Glass M, and Felder CC (1997). Concurrent stimulation of cannabinoid CB1 and dopamine D2 
receptors augments cAMP accumulation in striatal neurons: evidence for a Gs linkage to the CB1 
receptor. J. Neurosci. 17, 5327–5333. 10.1523/jneurosci.17-14-05327.1997. [PubMed: 9204917] 

Steiger et al. Page 17

Cell Rep. Author manuscript; available in PMC 2023 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



51. Oyagawa CRM, and Grimsey NL (2021). Chapter 5 - cannabinoid receptor CB1 and CB2 
interacting proteins: techniques, progress and perspectives. In Methods in Cell Biology, Shukla 
AK, ed. (Academic Press), pp. 83–132. 10.1016/bs.mcb.2021.06.011.

52. Marsicano G, and Lafenêtre P (2009). Roles of the endocannabinoid system in learning and 
memory. Curr. Top. Behav. Neurosci. 1, 201–230. 10.1007/978-3-540-88955-7_8. [PubMed: 
21104385] 

53. Griebel G, Pichat P, Beeské S, Leroy T, Redon N, Jacquet A, Françon D, Bert L, Even L, 
Lopez-Grancha M, et al. (2015). Selective blockade of the hydrolysis of the endocannabinoid 2-
arachidonoylglycerol impairs learning and memory performance while producing antinociceptive 
activity in rodents. Sci. Rep. 5, 7642. 10.1038/srep07642. [PubMed: 25560837] 

54. Farrell JS, Colangeli R, Dong A, George AG, Addo-Osafo K, Kingsley PJ, Morena M, Wolff MD, 
Dudok B, He K, et al. (2021). In vivo endocannabinoid dynamics at the timescale of physiological 
and pathological neural activity. Neuron 109, 2398–2403.e4. 10.1016/j.neuron.2021.05.026. 
[PubMed: 34352214] 

55. Castillo PE, Younts TJ, Chávez AE, and Hashimotodani Y (2012). Endocannabinoid signaling and 
synaptic function. Neuron 76, 70–81. 10.1016/j.neuron.2012.09.020. [PubMed: 23040807] 

56. Mallet PE, and Beninger RJ (1996). The endogenous cannabinoid receptor agonist anandamide 
impairs memory in rats. Behav. Pharmacol. 7, 276–284.

57. Terranova JP, Michaud JC, Le Fur G, and Soubrié P (1995). Inhibition of long-term potentiation 
in rat hippocampal slices by anandamide and WIN55212–2: reversal by SR141716 A, a selective 
antagonist of CB1 cannabinoid receptors. Naunyn-Schmiedeberg’s Arch. Pharmacol. 352, 576–
579. 10.1007/bf00169393. [PubMed: 8751088] 

58. Walker JM, Huang SM, Strangman NM, Tsou K, and Sañudo-Peña MC (1999). Pain modulation 
by release of the endogenous cannabinoid anandamide. Proc. Natl. Acad. Sci. USA 96, 12198–
12203. 10.1073/pnas.96.21.12198. [PubMed: 10518599] 

59. Wilkinson ST, Yarnell S, Radhakrishnan R, Ball SA, and D’Souza DC (2016). Marijuana 
legalization: impact on physicians and public Health. Annu. Rev. Med. 67, 453–466. 10.1146/
annurevmed-050214-013454. [PubMed: 26515984] 

60. Stockings E, Zagic D, Campbell G, Weier M, Hall WD, Nielsen S, Herkes GK, Farrell M, and 
Degenhardt L (2018). Evidence for cannabis and cannabinoids for epilepsy: a systematic review 
of controlled and observational evidence. J. Neurol. Neurosurg. Psychiatry 89, 741–753. 10.1136/
jnnp-2017-317168. [PubMed: 29511052] 

61. Michalski CW, Laukert T, Sauliunaite D, Pacher P, Bergmann F, Agarwal N, Su Y, Giese 
T, Giese NA, Bátkai S, et al. (2007). Cannabinoids ameliorate pain and reduce disease 
pathology in cerulein-induced acute pancreatitis. Gastroenterology 132, 1968–1978. 10.1053/
j.gastro.2007.02.035. [PubMed: 17484889] 

62. Benedetti F, Amanzio M, Rosato R, and Blanchard C (2011). Nonopioid placebo analgesia is 
mediated by CB1 cannabinoid receptors. Nat. Med. 17, 1228–1230. 10.1038/nm.2435. [PubMed: 
21963514] 

63. Perucca E (2017). Cannabinoids in the treatment of epilepsy: hard evidence at last? J. Epilepsy 
Res. 7, 61–76. 10.14581/jer.17012. [PubMed: 29344464] 

64. Holdcroft A, Maze M, Doré C, Tebbs S, and Thompson S (2006). A multicenter dose-escalation 
study of the analgesic and adverse effects of an oral cannabis extract (Cannador) for postoperative 
pain management. Anesthesiology 104, 1040–1046. 10.1097/00000542-200605000-00021. 
[PubMed: 16645457] 

65. Kuo CC, and Bean BP (1994). Slow binding of phenytoin to inactivated sodium channels in rat 
hippocampal neurons. Mol. Pharmacol. 46, 716–725. [PubMed: 7969051] 

66. Merritt HH, and Putnam TJ (1984). Landmark article Sept 17, 1938: sodium diphenyl hydantoinate 
in the treatment of convulsive disorders. By H. Houston Merritt and Tracy J. Putnam. JAMA 251, 
1062–1067. 10.1001/jama.251.8.1062. [PubMed: 6363736] 

67. Masic D, Liang E, Long C, Sterk EJ, Barbas B, and Rech MA (2018). Intravenous lidocaine for 
acute pain: a systematic review. Pharmacotherapy 38, 1250–1259. 10.1002/phar.2189. [PubMed: 
30303542] 

Steiger et al. Page 18

Cell Rep. Author manuscript; available in PMC 2023 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



68. Armstrong CM, and Hollingworth S (2018). A perspective on Na and K channel inactivation. J. 
Gen. Physiol. 150, 7–18. 10.1085/jgp.201711835. [PubMed: 29233885] 

69. Dover K, Solinas S, D’Angelo E, and Goldfarb M (2010). Long-term inactivation particle 
for voltage-gated sodium channels. J. Physiol. 588, 3695–3711. 10.1113/jphysiol.2010.192559. 
[PubMed: 20679355] 

70. Catterall WA, Lenaeus MJ, and Gamal El-Din TM (2020). Structure and pharmacology of voltage-
gated sodium and calcium channels. Annu. Rev. Pharmacol. Toxicol. 60, 133–154. 10.1146/
annurev-pharmtox-010818-021757. [PubMed: 31537174] 

71. Dvorak NM, Tapia CM, Singh AK, Baumgartner TJ, Wang P, Chen H, Wadsworth PA, Zhou J, and 
Laezza F (2021). Pharmacologically targeting the fibroblast growth factor 14 interaction site on the 
voltage-gated Na(+) channel 1.6 enables isoform-selective modulation. Int. J. Mol. Sci. 22, 13541. 
10.3390/ijms222413541. [PubMed: 34948337] 

72. Pitt GS, and Lee SY (2016). Current view on regulation of voltage-gated sodium channels 
by calcium and auxiliary proteins. Protein Sci. 25, 1573–1584. 10.1002/pro.2960. [PubMed: 
27262167] 

73. McPartland JM, Glass M, and Pertwee RG (2007). Meta-analysis of cannabinoid ligand binding 
affinity and receptor distribution: interspecies differences. Br. J. Pharmacol. 152, 583–593. 
10.1038/sj.bjp.0707399. [PubMed: 17641667] 

74. Bow EW, and Rimoldi JM (2016). The structure-function relationships of classical cannabinoids: 
CB1/CB2 modulation. Perspect. Medicin. Chem. 8, 17–39. 10.4137/pmc.S32171. [PubMed: 
27398024] 

75. Smith JS, Lefkowitz RJ, and Rajagopal S (2018). Biased signalling: from simple switches to 
allosteric microprocessors. Nat. Rev. Drug Discov. 17, 243–260. 10.1038/nrd.2017.229. [PubMed: 
29302067] 

76. Yin L, Rasch MJ, He Q, Wu S, Dou F, and Shu Y (2017). Selective modulation of axonal sodium 
channel subtypes by 5-HT1A receptor in cortical pyramidal neuron. Cereb. Cortex 27, 509–521. 
10.1093/cercor/bhv245. [PubMed: 26494800] 

77. Catterall WA (2012). Voltage-gated sodium channels at 60: structure, function and 
pathophysiology. J. Physiol. 590, 2577–2589. 10.1113/jphysiol.2011.224204. [PubMed: 
22473783] 

78. Liang L, Fazel Darbandi S, Pochareddy S, Gulden FO, Gilson MC, Sheppard BK, Sahagun A, 
An JY, Werling DM, Rubenstein JLR, et al. (2021). Developmental dynamics of voltage-gated 
sodium channel isoform expression in the human and mouse brain. Genome Med. 13, 135. 
10.1186/s13073-021-00949-0. [PubMed: 34425903] 

79. Li B, Suutari BS, Sun SD, Luo Z, Wei C, Chenouard N, Mandelberg NJ, Zhang G, Wamsley 
B, Tian G, et al. (2020). Neuronal inactivity Co-opts LTP machinery to drive potassium channel 
splicing and homeostatic spike widening. Cell 181, 1547–1565.e15. 10.1016/j.cell.2020.05.013. 
[PubMed: 32492405] 

80. Hu H, Roth FC, Vandael D, and Jonas P (2018). Complementary tuning of Na(+) and K(+) 
channel gating underlies fast and energy-efficient action potentials in GABAergic interneuron 
axons. Neuron 98, 156–165.e6. 10.1016/j.neuron.2018.02.024. [PubMed: 29621485] 

81. Hallermann S, de Kock CPJ, Stuart GJ, and Kole MHP (2012). State and location dependence 
of action potential metabolic cost in cortical pyramidal neurons. Nat. Neurosci. 15, 1007–1014. 
10.1038/nn.3132. [PubMed: 22660478] 

82. Saario SM, McKinney MK, Speers AE, Wang C, and Cravatt BF (2012). Clickable, photoreactive 
inhibitors to probe the active site microenvironment of fatty acid amide hydrolase. Chem. Sci. 3, 
77–83. 10.1039/c1sc00336d. [PubMed: 22737400] 

83. Alkayed NJ, Cao Z, Qian ZY, Nagarajan S, Liu X, Nelson JW, Xie F, Li B, Fan W, Liu L, et al. 
(2022). Control of coronary vascular resistance by eicosanoids via a novel GPCR. Am. J. Physiol. 
Cell Physiol. 322, C1011–C1021. 10.1152/ajpcell.00454.2021. [PubMed: 35385329] 

84. Hill ML, Loflin M, Nichter B, Norman SB, and Pietrzak RH (2021). Prevalence of cannabis 
use, disorder, and medical card possession in U.S. military veterans: results from the 2019–
2020 National Health and Resilience in Veterans Study. Addict. Behav. 120, 106963. 10.1016/
j.addbeh.2021.106963. [PubMed: 33964583] 

Steiger et al. Page 19

Cell Rep. Author manuscript; available in PMC 2023 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



85. Lutz B (2020). Neurobiology of cannabinoid receptor signaling Dialogues. Dialogues Clin. 
Neurosci. 22, 207–222. 10.31887/DCNS.2020.22.3/blutz. [PubMed: 33162764] 

86. Lu HC, and Mackie K (2021). Review of the endocannabinoid system. Biol. Psychiatry. Cogn. 
Neurosci. Neuroimaging 6, 607–615. 10.1016/j.bpsc.2020.07.016. [PubMed: 32980261] 

87. Parmentier-Batteur S, Jin K, Mao XO, Xie L, and Greenberg DA (2002). Increased severity 
of stroke in CB1 cannabinoid receptor knockout mice. J. Neurosci. 22, 9771–9775. 10.1523/
jneurosci.22-22-09771.2002. [PubMed: 12427832] 

88. Ledent C, Valverde O, Cossu G, Petitet F, Aubert JF, Beslot F, Böhme GA, Imperato A, Pedrazzini 
T, Roques BP, et al. (1999). Unresponsiveness to cannabinoids and reduced addictive effects of 
opiates in CB1 receptor knockout mice. Science 283, 401–404. 10.1126/science.283.5400.401. 
[PubMed: 9888857] 

89. Truett GE, Heeger P, Mynatt RL, Truett AA, Walker JA, and Warman ML (2000). Preparation of 
PCR-quality mouse genomic DNA with hot sodium hydroxide and tris (HotSHOT). Biotechniques 
29, 52–54. 10.2144/00291bm09. [PubMed: 10907076] 

90. Ritzau-Jost A, Nerlich J, Kaas T, Krueger M, Tsintsadze T, Eilers J, Barbour B, Smith SM, and 
Hallermann S (2023). Direct whole-cell patch-clamp recordings from small boutons in rodent 
primary neocortical neuron cultures. STAR Protocols 4. 10.1016/jxpro.2023.102168.

Steiger et al. Page 20

Cell Rep. Author manuscript; available in PMC 2023 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Patch-clamp study of anandamide (AEA) on neuronal soma, boutons, and 

dendrites

• AEA, but not 2-AG, strongly inhibits sodium currents in most neocortical 

neurons

• AEA acts via CB1 localized to the intracellular compartment of neurons

• CB1 preferentially couples with VGSCs at the soma but not at boutons or 

dendrites
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Figure 1. VGSC current block by anandamide increases with depolarization of the holding 
potential
(A) Photomicrograph of primary cultured murine neocortical neurons. White horizontal bar 

represents 25 μm.

(B) Exemplar VGSC currents before (black) and after AEA (red; 10 μM for 400 s) 

application at three holding potentials. Holding potentials (Vh) were stepped to −10 mV 

for 30 ms from −60, −80, or −100 mV.

(C) Normalized VGSC current following AEA application at time zero (indicated by black 

horizontal bar here and in later figures). Data are shown as mean ± SEM (open symbols ± 

shading) with Vh represented as red (−60 mV, n = 7), black (−80 mV, n = 7), or blue (−100 

mV, n = 7).

(D) The time course of response to AEA in exemplar recording, shows that VGSC current 

amplitude is well described by Equation 1.
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(E) Time constants (τ; Equation 1) of inhibition of VGSC currents by AEA (median as filled 

red circles and individual values as open circles) are accelerated at depolarizing Vh (KW 

test, p = 0.0016, n = 7 per group). Dunn’s multiple comparison test indicates faster block at 

−60 mV compared with −100 mV p = 0.0068  and −80 mV p = 0.012 .

(F) VGSC currents activated following 100 ms conditioning prepulses in two neurons after 

0.07% ethanol (black) or 10 μM AEA plus 0.07% ethanol (red) application (20 min). Left 

inset, voltage traces.

(G) Average normalized conductance (error bars here and below represent ± SEM) plots 

following prepulse indicates that AEA (red, n = 8) shifts V0.5 by −33 mV (−65 vs −98 mV) 

compared with vehicle control (black, n = 6). The curves represent the Boltzmann equation.

(H) Superimposed currents show recovery of AEA-mediated VGSC inhibition (red) 

following a step to −120 mV compared with vehicle (black). Current elicited by S2 (I2) 

increases with time. Voltage protocol (inset) indicates step (S1 and S2) to −10 mV separated 

by step to −120 mV.

(I) I2 increased relative to the control VGSC current (ICon) elicited by step to −10 mV before 

AEA application. The rate of recovery of I2/ICon slowed by AEA (red, n = 4) compared with 

control (0.07% ethanol, black, n = 4).
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Figure 2. AEA block of VGSC is mediated by CB1
(A) Double-pulse voltage protocol illustrating two steps to −10 mV separated by a 1-s step 

to −120 mV.

(B) Representative double-pulse VGSC current traces from Cnr1+/+ (wild-type, blue here 

and hereafter) and Cnr1−/− neurons (green, here and hereafter) following incubation in 10 

μM AEA.

(C) Ratio of VGSC current amplitude (I1/I2) from double-pulse protocol in Cnr1+/+ (median 

0.50 (solid), n = 21, individual values as open symbols here and hereafter) and Cnr1−/− (0.85, 

n = 31) neurons, MW test p < 0.00001.

(D) VGSC current traces before (light) and after (dark) 400 s of 10 μM AEA perfusion in 

Cnr1+/+ (blue) and Cnr1−/− neurons (green).
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(E) Time course of normalized VGSC current amplitude in Cnr1+/+ and Cnr1−/− neurons 

(n = 10 each) following application of 10 μM AEA. Cells were stepped to −10 mV every 5 s.

(F) Fractional block (1 - normalized residual current) at 400 s following exposure to AEA in 

Cnr1+/+ and Cnr1−/− neurons; MW test p = 0.001.

(G) Time constants of inhibition (Equation 1) in Cnr1+/+ and Cnr1−/− neurons; p < 0.001.

(H) Exemplar VGSC current traces before and 400 s after application of AEA with (purple, 

n = 6) or without (red, n = 8) 2 mM GDPβS in pipette solution. Voltage stepped from −70 

mV to −10 mV every 5 s.

(I) Block of normalized VGSC current amplitude by AEA (10 μM) was attenuated by 

inclusion of GDPβS (2 mM).

(J) Fractional block of VGSC currents by AEA (10 μM for 400 s) reduced by GDPβS. The 

blocked current fractions were 0.06 ± 0.04 vs. 0.77 ± 0.05 (n = 6 and 8 respectively; p < 

0.0001). Error bars represent ± SEM.

Shading represents ± SEM in (E) and (I).
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Figure 3. Intracellular CB1 antagonists attenuate block by AEA
(A) Time course of VGSC current inhibition by AEA (0.1% DMSO in pipette solution, red, 

n = 7) vs. AEA + 5 μM AM4113 in pipette solution (black, n = 6). Exemplar VGSC current 

traces before AEA application are thickened and lighter here and in later panels. Voltage 

stepped to −10 from −80 mV at 0.2 Hz here and later panels.

(B) Median maximal fractional VGSC current block by AEA reduced from 0.96 (vehicle 

control, red) to 0.27 by AM4113 (black, p = 0.0008 by MW test).

(C) Time course of VGSC current inhibition by AEA (plus DMSO, red, n = 7) vs. AEA +5 

μM of AM251 (black, n = 4).
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(D) Median maximal fractional VGSC current block reduced from 0.96 (DMSO vehicle 

control, red) to 0.45 in the presence of AM251 (black; p = 0.014 by MW test).

(E) Time course of VGSC current inhibition by AEA in Cnr1−/− neurons (green, n = 10) was 

unaffected by AM4113 (black, n = 7).

(F) Maximal fractional VGSC current block observed by application of AEA or 

AEA+AM4113 to Cnr1−/− neurons (median 0.248 vs. 0.253; p = 0.57 by MW test).

(G) Time course of VGSC current inhibition by AEA (plus 0.1% external DMSO vehicle, 

red, n = 7) vs. AEA +1 h pretreatment with 500 nM YM-254890 (blue, n = 5).

(H) Median maximal fractional VGSC current block reduced from 0.86 (vehicle control, 

red) to 0.41 by YM-254890 (blue, p = 0.048 by MW test).

(I) Time course of VGSC current inhibition by WIN 55,212-2 (10 μM) in wild-type (gold) 

and Cnr1−/− neurons (green, n = 7 each). VGSC current traces represent application before 

(light) and after (bold) application of 10 μM WIN-55,212-2.

(J) CB1 deletion reduced maximal fractional VGSC current block by WIN 55,212-2 from 

0.76 ± 0.07 to 0.48 ± 0.09 p = 0.037 .

(K) VGSC current unaffected by external 2-AG application alone (10 μM, blue, n = 6) or 

with JZL184 (500 nM in pipette solution, red; n = 5).

(L) Maximal VGSC current block unchanged by JZL184 p = 0.093 .

Error bars represent ± SEM in (J) and (L), and shading represents ± SEM in (A), (C), (E), 

(G), (I), and (K).
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Figure 4. CB1 receptor localization and function
(A) Exemplar currents elicited by double-pulse protocol after incubation in AEA (red, 10 

μM) or AEA plus AM4113 (black, 5 μM).

(B) I1/I2 ratios from double-pulse protocol in AEA (red, n = 26) or AEA plus external 

AM4113 (black, n = 13) were similar (medians 0.53 vs 0.69; p = 0.32 by MW test). 

Individual and average values are represented by open and solid symbols respectively here 

and hereafter.

(C) Normalized VGSC current similarly affected by AEA (red) and AEA + external AM251 

(black). Neurons were stepped to −10 from −70 mV every 5 s. Shading represents ± SEM.
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(D) Fluorescent microscopy image of antibody-labeled sister Cnr1+/+ and Cnr1−/− 

neocortical neuron cultures. Cells were stained for synaptophysin 1 (SYP, green), CB1 

(red), and nuclei (DAPI, blue). Images captured using 1.4 NA oil 60× objective. Similar 

observations made in three separate cultures from both genotypes. Scale bar represents 10 

μm.

(E) Histogram of mean intensity of somatic CB1 signal (arbitrary units, a.u.) in Cnr1+/+ 

(blue, n = 23) and Cnr1−/− neurons (green, n = 18, p < 0.0001 MW test) from four coverslips 

of two sister cultures.

(F) ROIs (from E) were similarly sized p = 0.776  from four coverslips from two sister 

cultures. Error bars represent ± SEM.

(G) Fluorescent photomicrographs comparing synaptophysin (green) and less punctate CB1 

(red) staining in axons. Scale bar represents 10 μm.

(H) Maximum intensity projection constructed from laser scanned region (59.6 × 59.6 × 9.6 

μm) of neocortical cells stained for synaptophysin (green), CB1 (red) and DAPI (blue). Scale 

bar, 5 μm.

(I) Optical slice (19/61, 0.16 μm slices) with side views showing CB1 (red), SYP (green), 

and DAPI (blue). Thin white lines representing the planes of the side views depicted above 

and to the right of the main image.

(J) Magnified image of (I) depicting CB1 signal (red) around the somatic compartment (20.5 

× 20.5 μm xy plane and 9.0 μm in the z-dimension). White arrowheads denote the z position 

of the xy image plane.
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Figure 5. AEA inhibition of VGSC at processes is not mediated by CB1
(A) Photomicrograph of neocortical boutons. Boutons were identified via extracelluar 

FM1-43 (2 μM, green), patch-clamped under Dodt contrast (gray), and confirmed by 

inclusion of Atto 594 in the recording pipette (2 μM, red).

(B) Voltage protocol and representative terminal VGSC current traces before (red) and 800 s 

after (black) bath application of AEA. Currents were elicited with a voltage step from −80 to 

−10 mV.

(C) Response of normalized VGSC currents to AEA in Cnr1+/+ (blue, n = 6) and Cnr1−/− 

neurons (green, n = 9).
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(D) Double-pulse voltage protocol (inset and Figure 2A) facilitated recovery of VGSC 

currents after block by AEA.

(E) Ratio of VGSC amplitude (I1/I2) from double-pulse protocol after 800 s of AEA 

perfusion in Cnr1+/+ and Cnr1−/− boutons.

(F) Fractional block at 800 s following exposure to AEA in Cnr1+/+ and Cnr1−/− neurons, 

0.58 vs. 0.46 respectively, p = 0.52. Shaded area represents mean ± SEM.

(G) Photomicrograph of neocortical dendrites. Boutons visualized via extracelluar FM1-43 

(2 μM, green), dendrites identified by Dodt contrast (gray) and confirmed using Atto 594 

(red).

(H) Voltage protocol and representative dendritic VGSC traces before (red) and 800 s after 

(black) perfusion of AEA.

(I) Time course of normalized VGSC current amplitude before and during perfusion of AEA 

in wild-type (blue, n = 5) and Cnr1−/− neurons (green, n = 9).

(J) Dendritic currents activated using protocol as for (D).

(K) I1/I2 after AEA application in Cnr1+/+ and Cnr1−/− in dendrites.

(L) Fractional block of normalized dendritic VGSC current at 800 s by AEA in Cnr1+/+ and 

Cnr1−/− neurons, 0.24 vs. 0.10, respectively.

Error bars represent ± SEM in (E), (F), (K), and (L), and shading represents ± SEM in (C) 

and (I).
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Figure 6. AEA inhibition of VGSC is use-dependent and results in reduced action potential 
generation
(A) Exemplar VGSC traces of neocortical neurons continuously sampled at 0.2 Hz by 

voltage step from −80 to −10 mV in the presence of AEA (red) vs. those held silent for 200 

(blue, dashed) or 500 (black, dotted) seconds.

(B) Time course of normalized VGSC current amplitude prior to and during application of 

AEA. Cells were sampled continuously every 5 s (0.2 Hz) or held at −80 mV for either 200 

(blue, circles) or 500 (black, triangles) seconds before resuming. Shading represents ± SEM.

(C) Fractional block of normalized VGSC current for cell sampled at 0.2 Hz (red) vs. those 

held silent for 200 (blue squares, 0.08 vs. 0.44; MW p = 0.0058) or 500 s (black triangles, 

0.21 vs. 0.87; p = 0.00037).

(D) Exemplar voltage traces from a neuron firing in response to stepwise current injections 

after 500 s exposure to 1, 3, or 10 μM AEA.

(E) Number of action potentials generated in response to current injections (−20 to 120 pA) 

at 0–10 μM AEA n = 7 .

(F) The larger current injections (100–120 pA) were used to calculate a concentration-effect 

curve based on the normalized action potential number within each cell, half maximal 

effective concentration = 2.1 μM.

Error bars represent ± SEM in (E) and (F).

Steiger et al. Page 32

Cell Rep. Author manuscript; available in PMC 2023 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. AEA blocks VGSC currents in nucleated patches from acute slices
(A) Photomicrograph of a patch isolated from a neuronal soma in a neocortical slice.

(B) Average VGSC current traces before (black, 10 sweeps) and during (red, last 10 sweeps) 

the application of 10 μM AEA.

(C) Time course of VGSC current following AEA application to the patch described in (B). 

Red line represents Equation 1.

(D) Exemplar VGSC currents elicited in the same patch by double-pulse protocol after block 

by AEA (10 μM). Step to −120 mV reversed VGSC inhibition.

(E) Fractional VGSC current block by AEA in cultured neurons and patches from 

neocortical slices. The medians of fractional block in somatic recordings from primary 

cultures and nucleated patches were 0.98 and 0.79 (MW, p = 0.0006, n = 7 each, boxplots 

representing the medians and interquartile ranges), respectively.

(F) VGSC current inhibition by AEA is faster in patches from neocortical slices than 

cultured neurons. The median time constants of inhibition in somatic recordings from 

primary cultures and nucleated patches were 457 and 215 s (MW, p = 0.0041, n = 7 each), 

respectively.

(G) Models for proposed signaling pathways by which AEA inhibits VGSCs. VGSCs in the 

plasma membrane of the soma are stabilized in the inactive state by G-proteins activated by 

AEA operating via GPCRs (CB1 [green] and CB1-independent [X, gray]). CB1 is shown 

localized to an intracellular organelle. Left, the GPCRs operate as homologous dimers and 

the non-CB1 component may be intracellular or in the plasma membrane. Right, CB1 and X 
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form heterologous dimers and are localized to an organelle. Lower, CB1 does not transduce 

AEA signaling to VGSCs at the bouton.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Synaptophysin 1 Synaptic Systems Cat# 101 011, RRID:AB_887824

Rabbit CB1-R Synaptic Systems Cat# 258 008
RRID:AB_2864784

Chemicals, peptides, and recombinant proteins

Anandamide Abcam Cat# ab120087

GDPbetaS Sigma Cat# G7637

AM4113 Cayman Chem Cat# 20581

AM251 Cayman Chem Cat# 71670

YM-254890 Cayman Chem Cat# 29735

CNQX Abcam Cat# ab120044

Gabazine Abcam Cat# ab120042

APV Abcam Cat# ab120271

Atto 594 Sigma Cat# 08637

FM1-43 Invitrogen Cat# T3163

Matrigel Basement Membrane Matrix Corning Cat# 354234

JZL184 Cayman Chem Cat# 13158

Experimental models: Organisms/strains

Mus musculus:CD1.129-Cnr1tm1Map Laboratory of Dr. Kenneth Mackie Ledent et al. 199922 MGI:1857736

Mus musculus: C57BL/6J × 129X1: AW/AW The Jackson Laboratory MGI:5652742

Oligonucleotides

5’-CATCATCACAGATTTCTATGTAC-3’ IDTDNA Parmentier-Batteuret al., 200287

5’-GAGGTGCCAGGAGGGAACC-3’ IDTDNA Parmentier-Batteuret al., 200287

5’-AAGGAAGGGTGAGAACAGAG-3’ IDTDNA Parmentier-Batteuret al., 200287

5’-GATCCAGAACATCAGGTAGG-3’ IDTDNA Parmentier-Batteuret al., 200287

Software and algorithms

PatchMaster v2x90.5 HEKA Elektronik Heka.com
RRID:SCR_000034

IgorPro 8.04 WaveMetrics Wavemetrics.com

IgorPro Scripts Smith Lab Smslab.org

ZEN (black edition) Carl Zeiss Zeiss.com
RRID:SCR_018163

GraphPad Prism 9.5 GraphPad Software, Inc. Graphpad.com
RRID:SCR_002798
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