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Cannabidiol modulation of ion channels and neuronal excitability 

Abstract 

 Cannabidiol (CBD) is a non-intoxicating phytocannabinoid from Cannabis sativa. In human 

clinical trials and animal models, CBD shows anti-epileptic and analgesic efficacy. The goal of my 

thesis work was to explore how CBD modulates various ion channels to affect neuronal 

excitability. 

In Chapter 1, I describe CBD inhibition of primary nociceptive neuron (nociceptor) excitability 

at sub-micromolar concentrations. CBD is more potent than the local anesthetic bupivacaine in 

reducing nociceptor firing. The reduction in firing can be explained by inhibition of both 

tetrodotoxin (TTX)-sensitive sodium currents (mostly Nav1.7) and TTX-resistant sodium currents 

(Nav1.8). CBD binds particularly tightly to the slow inactivated states of Nav1.8 with a Kd 

(dissociation constant) of 150 nM. The data suggest a molecular explanation for CBD’s analgesic 

effect and a strategy for analgesic drug development by targeting slow inactivated states of 

Nav1.8. 

In Chapter 2, I describe CBD inhibition of human Nav1.7 (hNav1.7) channels, with results 

suggesting that CBD binds tightly to inactivated states of the channel, with a Kd (dissociation 

constant) of 65 nM. CBD-bound hNav1.7 channels show decreased availability and slowed 

recovery rate. The electrophysiological data suggesting that CBD stabilizes the inactivated 

states of Nav1.7 channels is consistent with structures of CBD bound to hNav1.7 obtained by 
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our collaborators, showing two distinct binding sites, including a novel binding site adjacent to 

the receptor site for the inactivating “wedge” of the channel. These data provide a plausible 

structural correlate of state-dependent inhibition of hNav1.7 by CBD and a structural blueprint 

for future design of CBD-based analgesic drugs with improved properties. 

In Chapter 3, I describe enhancement of Kv7 currents by CBD at concentrations as low as 30 

nM. CBD enhances Kv7.2/7.3 current by shifting the voltage dependence of channel activation 

in the hyperpolarizing direction. Enhancement is observed for Kv7 channels mediating M-

current in native neurons as well as for cloned human Kv7.2/7.3 channels. 

Together, these results show that CBD acts at sub-micromolar levels to inhibit multiple types 

of voltage-dependent sodium channels and to activate Kv7.2/7.3 channels and suggest that a 

combination of these effects may contribute to the efficacy of CBD in treating epilepsy and 

pain.  
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Introduction 

Cannabidiol as a phytocannabinoid with anti-epileptic and analgesic effects 

Cannabidiol is a non-intoxicating phytocannabinoid present in Cannabis sativa (Mechoulam 

et al., 1970). Recently, it has been shown to be efficacious as an anti-epileptic medicine 

for Lennox-Gastaut syndrome (Thiele et al., 2019) and Dravet syndrome (Devinsky et al., 2014, 

2017). In 2018, cannabidiol was launched as a clinical drug in the US under the name of 

Epidiolex after its approval by FDA for Lennox-Gastaut syndrome and Dravet syndrome. In 

addition to functioning as an anti-epileptic agent, CBD has shown potential as a treatment for 

postoperative pain (Alaia et al., 2022) and neuropathic pain (Xu et al., 2020) in clinical trials. 

Studies using animal models suggest CBD also relieves arthritic pain (Malfait et al., 2000; 

Hammell et al., 2015), mechanical and thermal allodynia (Abraham et al., 2019). Understanding 

the molecular action of mechanism of CBD in treating epilepsy and pain can provide guidance 

for developing future anti-epileptic (Pozo and Barker-haliski, 2023) and analgesic medications.  

Molecular targets of CBD 

CBD has been demonstrated to interact with a large number of proteins including many 

membrane proteins. The key molecular action of mechanism of CBD has remained inconclusive 

and heavily dependent on the concentration level being used. Unlike another prevalent 

phytocannabinoid D(9)-tetrahydrocannabinol (D9-THC), CBD does not act as an agonist on CB1 

or CB2 receptors (Pertwee, 2008). Instead, CBD acts as a negative allosteric modulator of CB1 

receptors (Laprairie et al., 2015; Straiker et al., 2018). At submicromolar concentrations, CBD 

prevents depolarization-induced suppression of excitation by negatively modulating the 
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endogenous endocannabinoid signaling (Kreitzer and Regehr, 2001; Wilson and Nicoll, 2001; 

Straiker et al., 2018). 

CBD was found to antagonize an orphan receptor GPR55, as shown by biochemical 

assaysbased on GTPgS (at submicromolar level)(Ryberg et al., 2007) and by electrophysiological 

recording in hippocampal slices (Kaplan et al., 2017; Rosenberg et al., 2023) (16 µM CBD and 1 

µM respectively).  

Like many other anti-epileptic and analgesic drugs, CBD inhibits voltage-gated sodium 

channels (Köhling, 2002; Brodie, 2017; Alsaloum et al., 2020). Voltage-gated sodium channels 

underlie the upstroke of the action potential and repetitive firing of neurons (Bennett et al., 

2019). A previous study using automated patch clamp showed that CBD inhibits hNav1.1-

hNav1.7 channels expressed in human embryonic kidney (HEK) cells (Ghovanloo et al., 2018). 

The potency of CBD inhibition on voltage gated sodium channels in this study falls into low 

micromolar range, with the half maximal inhibitory concentration (IC50) ranging from 1.9 µM on 

hNav1.4 to 3.8 µM on hNav1.5. In this study , inhibition of sodium channels by CBD was 

measured after long depolarizations which suggests the measured IC50 represents potency for 

binding to channels in inactivated states rather than resting states (Hodgkin and Huxley, 1952; 

Bean et al., 1983). The inhibitory effect of CBD on voltage-gated sodium channel was also 

observed independently in hNav1.6 (Patel et al., 2016) (at 1 µM), hNav1.2 (Mason and 

Cummins, 2020) (at 1 µM) and sodium channels in SH-SY5Y cells (Hill et al., 2014) (at 10 µM).  

Voltage-gated calcium channels are important for synaptic releases, neuronal excitability, 

gene transcription and peptide release (Simms and Zamponi, 2014). Different research groups 

have tested 1 µM CBD on Cav1, Cav2 and Cav3 and found CBD inhibits Cav1 in ventricular 
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myocytes (Ali et al., 2015) and heterologously-expressed Cav3 (Ross et al., 2008; Harding et al., 

2023) but not heterologously-expressed Cav2.  

The action of CBD on voltage-gated potassium channels remains unclear in the context of 

epilepsy and pain. CBD was discovered to inhibit potassium channels in cardiac cells and 

heterologous hERG channels at low micromolar concentrations (Orvos et al., 2020; Topal et al., 

2021; Isaev et al., 2022). Enhancement of Kv7 might provide an explanation for CBD anti-

epileptic effect because Kv7 activation dampens neuronal firing (Brown and Passmore, 2009). 

Lastly, CBD activates TRP channels such as TRPV1 at 10 µM (Anand et al., 2020), TRPV2 at 

low micromolar concentrations (Qin et al., 2008), and TRPV3 at low micromolar concentrations 

(de Petrocellis et al., 2012).  

The action of CBD on a variety of ion channels leads to the hypothesis that CBD can alter 

neuronal excitability. Indeed at > 10 µM concentration, CBD reduces action potential firing of 

hippocampal pyramidal neurons (Kaplan et al., 2017; Khan et al., 2018). For interneurons in the 

central nervous system, CBD shows mixed effect on their excitability: it can either enhance or 

reduce the firing depending on interneuron subpopulation (Khan et al., 2018).  

 It remains unclear how CBD affects nociceptor excitability and ion channels with specific 

expression in nociceptors.  

Molecular determinants of excitability of primary nociceptive neurons  

Mammalian neurons generally express more than a dozen of voltage-gated ion channels 

which together determine the firing pattern and action potential shape (Bean, 2007). Primary 

nociceptive neurons in dorsal root ganglion (DRG) express at least 3 types of voltage-gated 

sodium channels (Nav1.7, Nav1.8 and Nav1.9) (Bennett et al., 2019; Zheng et al., 2019), 4 types 
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of voltage-gated potassium channels (Kv1, Kv2, Kv3 and Kv4) (Zheng et al., 2019) and 2 types of 

voltage-gated calcium channels (Blair and Bean, 2002; Lee, 2013) (high-voltage activated and 

low-voltage activated calcium channels). Among all the voltage-gated ion channels, Nav1.7, 

Nav1.8 and Nav1.9 are of particular interest due to their significant contribution to action 

potential firing and restrictive expression in the peripheral nervous system (Bennett et al., 

2019). 

Nav1.7 has been considered a promising molecular target for developing pain treatment due 

to its human genetic link to pain and its importance in deciding the action potential threshold of 

the first action potential in nociceptors. Gain of function Nav1.7 gene is associated with primary 

erythermalgia in patients (Yang et al., 2004). Loss of function of Nav1.7 is linked to inherited 

insensitivity to pain (Cox et al., 2006). Nav1.7 has a low threshold for activation and fast kinetics 

of activation which contributes to deciding the voltage threshold and the rising phase of first 

action potential (Blair and Bean, 2002; Bennett et al., 2019). Despite huge interest in 

developing analgesic medicines targeting Nav1.7, Nav1.7 inhibitors have shown limited efficacy 

in preclinical and clinical trials (Eagles et al., 2022). There are several hypotheses to explain the 

lack of efficacy of Nav1.7 inhibitors (Eagles et al., 2022): 1. Other voltage-gated sodium 

channels contribute to action potential firing of nociceptors.(Blair and Bean, 2003) 2. 

Pharmacokinetic issue of current Nav1.7 inhibitors. 3. Genetic link of Nav1.7 to pain is 

weakened because insensitivity to pain from loss of function of Nav1.7 might be due to 

concurrent upregulation of endogenous opioid signaling (Minett et al., 2012).  

Gain of function of Nav1.9 was found in patients with a familial painful channelopathy (Han 

et al., 2017). Although Nav1.9 channels can produce substantial persistent sodium currents 
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(Cummins et al., 1999), Nav1.9 availability requires long hyperpolarization steps (minutes at -

120 mV) to remove its inactivation (Bosmans et al., 2011) which limits its contribution to 

nociceptor firing from physiological resting membrane potential of -76 mV on average (Blair 

and Bean, 2002).  

A selective Nav1.8 inhibitor VX-548 demonstrated efficacy in patients with acute pain after 

surgeries (ClinicalTrials.gov Identifier: NCT05034952 and NCT04977336). Nav1.8 is shown to 

play a crucial role in maintaining repetitive firing of nociceptors (Blair and Bean, 2003). This is 

due to unique biophysical properties of Nav1.8: Nav1.8 is available at moderate depolarization 

range from -60 mV to -40 mV in contrast to Nav1.7 which inactivates completely at the above 

voltage range (Rush et al., 1998; Blair and Bean, 2003). During stimuli of capsaicin, the 

membrane potential of nociceptors reaches steady-state level of approximate -40 mV where 

only Nav1.8 currents flow but Nav1.7 currents do not (Blair and Bean, 2003). Therefore, 

targeting Nav1.8 presents a novel opportunity for developing analgesic drugs.  

State-dependent inhibition of sodium channels by anti-epileptic and analgesic medicine 

Many anti-epileptic and analgesic drugs inhibit sodium channels by binding more tightly to 

the inactivated states of channels induced after depolarizations than resting state of channels 

at resting membrane potential. The state-dependent inhibition is observed in lidocaine (Bean et 

al., 1983), phenytoin (Kuo and Bean, 1994), lamotrigine (Kuo and Lu, 1997), carbamazepine 

(Kuo et al., 1997) and lacosamide (Peng et al., 2020). The state-dependent inhibition property is 

favorable for treating diseases associated with neuronal hyperactivity including pain and 

epilepsy because drugs with this property bind more tightly to the inactivated states of 

channels which are more pronounced in neurons that fire at pathologically high firing frequency 
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and stay at depolarized resting membrane potential. Drugs with state-dependent inhibition 

have less effect on neurons that fire at lower physiological frequency by binding less tightly to 

resting states of channels which are the dominating states at hyperpolarized resting membrane 

potential. Consistent with existing anti-epileptic and analgesic drugs, CBD shares the state-

dependent inhibition, with tighter binding to inactivated states of hNav1.1-hNav1.7 (Ghovanloo 

et al., 2018).  

Sodium channels often have at least two types of inactivated states, distinguished by the 

rate of entering and recovering from the inactivated state: a fast inactivated state, which has a 

time constant on the magnitude of millisecond for development and recovery of inactivation, 

and a distinct slow inactivated state, with a time constant of hundreds of millisecond or longer 

(Vilin and Ruben, 2001; Jo and Bean, 2017). Compared to other Nav-family channels, Nav1.8 

channels have an unusual biophysical characteristic in that entry into slow inactivated states 

occurs at more hyperpolarized voltages than entry into fast inactivated states (Blair and Bean, 

2003). For example at -40 mV, the slow inactivated state of Nav1.8 in nociceptors is the 

dominant type of inactivated state rather than fast inactivated state, which is the opposite of 

other voltage-gated sodium channels (Blair and Bean, 2003; Jo and Bean, 2017). Occupancy of 

slow inactivated states at subthreshold levels makes targeting the slow inactivated state a 

promising strategy for developing state-dependent Nav1.8 inhibitors for pain treatment.  

Structures of CBD binding to ion channels 

The first structure of CBD binding to ion channels was obtained with TRPV2 (Pumroy et al., 

2019). In TRPV2, CBD binding was seen in a hydrophobic pocket between the S5 and S6 helices. 

The authors suggested that CBD-bound TRPV2 can enter three hypothetical states based on the 
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heterogeneity in the structures that were seen: pre-open, desensitized and partial open states. 

Subsequently, a structure of CBD bound to bacterial sodium channels was solved, showing CBD 

present at a site between fenestrations and central hydrophobic cavity of the channel. 

However, bacterial sodium channels have significantly different stuctures that mammalain 

sodium channels, and the mechanism of inactivation is different. A structure of CBD bound to a 

mammalian sodium channels might help interpret the state-dependent inhibition by binding of 

CBD to the inactivated states, which is likely important for its effects on pain and epilsepsy.  

Concluding remarks 

In my thesis I report the effect of CBD on firing mouse nociceptors and its action on three 

types of voltage-gated ion channels. In Chapter 1, I describe how CBD inhibits action potential 

firing of nociceptors and CBD inhibition of Nav1.8 by binding tightly to the slow inactivated 

states using experiments and simulations. In Chapter 2, I discuss inhibition of CBD on human 

Nav1.7 channels by binding to the inactivated states, together with the structure of CBD bound 

to human Nav1.7 channels solved by our collaborators, revealing that CBD has two binding sites 

in Nav1.7 channels,  including a site close to the receptor site of allosteric inactivation. Finally, 

in Chapter 3 I show CBD enhancement cloned of Kv7.2/7.3 channels expressed in a cell line, as 

well as of native M-current in superior cervical ganglion neurons and hippocampal neurons. 

Together, my thesis provides new information about the action of CBD on firing of pain-sensing 

neurons and on three types of voltage gated ion channels. Together with work by others, this 

work may help facilitate future discovery of novel ion channel-targeted  drugs to treat pain and 

epilepsy. 
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Chapter 1 Cannabidiol inhibition of murine primary nociceptors: Tight binding to slow 

inactivated states of Nav1. 8 channels 

 
Journal of Neuroscience, volume 41, issue 30, pages 6371-6387, 2021
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Abstract 

The non-psychoactive phytocannabinoid cannabidiol (CBD) has been shown to have 

analgesic effects in animal studies but little is known about its mechanism of action. We 

examined effects of CBD on intrinsic excitability of primary pain-sensing neurons. Studying 

acutely-dissociated capsaicin-sensitive mouse DRG neurons at 37°C, we found that CBD 

effectively inhibited repetitive action potential firing, from 15-20 action potentials evoked by 1-

s current injections in control to 1-3 action potentials with 2 μM CBD. Reduction of repetitive 

firing was accompanied by reduction of action potential height, widening of action potentials, 

reduction of the afterhyperpolarization, and increased propensity to enter depolarization block. 

Voltage clamp experiments showed that CBD inhibited both TTX-sensitive (TTX-S) and TTX-

resistant (TTX-R) sodium currents in a use-dependent manner. CBD showed strong state-

dependent inhibition of TTX-R channels, with fast binding to inactivated channels during 

depolarizations and slow unbinding on repolarization. CBD alteration of channel availability at 

various voltages suggested that CBD binds especially tightly (Kd of ~150 nM) to the slow 

inactivated state of TTX-R channels, which can be substantially occupied at voltages as negative 

as -40 mV. Remarkably, CBD was more potent in inhibiting TTX-R channels and inhibiting action 

potential firing than the local anesthetic bupivacaine. We conclude that CBD might produce 

some of its analgesic effects by direct effects on neuronal excitability, with tight binding to the 

slow inactivated state of Nav1.8 channels contributing to effective inhibition of repetitive firing 

by modest depolarizations. 
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Introduction 

Cannabidiol (CBD), a non-psychoactive phytocannabinoid present in marijuana (Mechoulam 

et al., 1970), has been developed as an anti-epileptic agent (Epidiolex) and shown to be 

effective in treating Dravet Syndrome (Devinsky et al., 2017, 2018b,2019; Miller et al., 2020) 

and Lennox-Gastaut syndrome (Devinsky et al., 2018a; Thiele et al., 2018) epilepsies. The 

molecular mechanism of action of CBD in epilepsy is still unclear (Jones et al., 2010; Rosenberg 

et al., 2015,2017; Franco and Perucca, 2019; Gray and Whalley, 2020). Unlike Δ(9)-

tetrahydrocannabinol (THC), the other major phytocannabinoid in marijuana, CBD does not act 

as a direct primary  ligand at CB1 or CB2 receptors, the G-protein coupled receptors activated 

by endocannabinoids (Pertwee, 2005). However, CBD can inhibit the effects of 

endocannabinoids naturally released by neurons to modulate synaptic transmission (Straiker et 

al., 2018), by a negative allosteric effect mediated by cannabidiol binding to CB1 receptors at a 

site distinct from the primary binding site (Laprairie et al., 2015; Straiker et al., 2018). CBD 

actions in the CNS may also reflect its activity as an antagonist of the lipid-activated G protein-

coupled receptor GPR55 (Kaplan et al., 2017; Ryberg et al., 2007). In addition, CBD can act at 

micromolar concentrations to directly inhibit a wide range of ion channels, including voltage-

dependent sodium channels (Hill et al., 2014; Patel et al, 2016; Ghovanloo et al. 2018; Mason 

and Cummins, 2020) and modifies the intrinsic excitability of central neurons (Kaplan et al., 

2017; Khan et al., 2018).  

     Although efficacy of oral CBD in humans has been demonstrated in rigorous large-scale 

clinical trials only for specific epilepsies, there are anecdotal reports that oral CBD is effective in 

inhibiting pain (Argueta et al., 2020; Tran and Kavuluru, 2020). Small clinical trials have shown 
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reduction in myofascial pain by CBD applied in a transdermal cream (Nitecka-Buchta et al., 

2019) and relief of peripheral neuropathic pain by topical cannabidiol oil (Xu et al., 2020). In 

animal experiments, CBD has been shown to relieve pain in rodent models of inflammatory and 

arthritic pain by oral administration (Malfait et al., 2000; Costa et al., 2004, 2007; Rock et al., 

2018), intraperitoneal injection (Malfait et al., 2000; Gallily et al., 2018) and transdermal 

application (Hammell et al., 2015). Oral CBD relieved allodynia in a mouse sciatic nerve injury 

model (Abraham et al., 2019) and reduced a pain index and enhanced locomotion in dogs with 

osteoarthritis (Verrico et al., 2020). 

     CBD effects on pain could involve a mixture of effects on the CNS (Maione et al., 2011; De 

Gregorio et al., 2019) and the periphery. Here, we examined effects of CBD on the excitability of 

primary sensory neurons, using a preparation of acutely dissociated neurons in which well-

defined concentrations of CBD can be applied.  We find that sub-micromolar concentrations of 

CBD inhibit excitability of nociceptors by state-dependent binding to voltage-dependent sodium 

channels, in a manner suggesting especially tight binding to slow inactivated states of Nav1.8 

channels. 

Materials and methods 

Cell preparation. Acutely dissociated dorsal root ganglion (DRG) neurons were prepared as 

previously described (Liu et al., 2017; Zheng et al., 2019). Briefly, DRGs were removed from 

Swiss Webster mice of either sex (P9-P14). Ganglia were removed in ice-cold Ca2+-free, Mg2+-

free (CMF) Hank’s balanced salt solution (ThermoFisher) under a dissection microscope. Ganglia 

were treated for 20 minutes at 37°C with 20 U/ml papain (Worthington Biochemical, Lakewood, 

NJ) in CMF Hank’s solution and then treated for 20 minutes at 37°C with 3 mg/ml collagenase 
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(Type I; Roche Diagnostics, Indianapolis, IN) and 4 mg/ml dispase II (Roche Diagnostics) in CMF 

Hank’s solution. Cells were dispersed by gentle trituration with a fire-polished glass Pasteur 

pipette in a solution composed of two media combined in a 1:1 ratio: Leibovitz's L-15 medium 

(Invitrogen, Grand Island, NY) supplemented with 5 mM HEPES, and DMEM/F12 medium 

(ThermoFisher) supplemented with 10% Heat-Inactivated Fetal Bovine Serum (ThermoFisher) ; 

this solution also had added 130 ng/ml nerve growth factor (NGF) (Sigma-Aldrich). Cells were 

then plated on glass coverslips and incubated at 37°C (95% O2, 5% CO2) for 1.5-2 hours, after 

which they were stored at 4°C in Neurobasal medium (ThermoFisher) supplemented with 200 

ng/ml NGF (Invitrogen), 1% penicillin and streptomycin (Sigma), 2% B-27 supplement (Gibco, 

ThermoFisher), and 30 mM NaCl. Cells were used within 48 hours. Storage at 4°C prevented 

neurite growth, enabling faster decay of capacity transients, more accurate voltage clamp, and 

the ability to lift cells in front of flow pipes to facilitate temperature control and to enable rapid 

solution exchange. 

Electrophysiology. Recordings were performed at 37°C using a Molecular Devices Multiclamp 

700B Amplifier. Voltage or current commands were delivered and signals were recorded using a 

Digidata 1322A data acquisition system (Molecular Devices) controlled by pCLAMP 10.3 

software (Molecular Devices). Electrodes were pulled on a Sutter P-97 puller (Sutter 

Instruments) and shanks were wrapped with Parafilm (American National Can Company) to 

allow optimal series resistance compensation without oscillation. The resistances of the 

pipettes were 3-9 MΩ. Seals were formed in Tyrode’s solution consisting of 155 mM NaCl, 3.5 

mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, pH 7.4 adjusted with 

NaOH. After establishing whole-cell recording, cell capacitance was nulled and series resistance 
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was partially (70-80%) compensated. Cells were lifted off the bottom of the recording chamber 

and placed in front of an array of quartz flow pipes (250 µm internal diameter, 350 µm external, 

Polymicro Technologies) attached with styrene butadiene glue (Amazing Goop, Eclectic 

Products) to an aluminum rod (1x1 cm) whose temperature was controlled to 38°C by resistive 

heating elements and a feedback-controlled temperature controller (TC-344B; Warner 

Instruments). With the end of the rod and the flow pipes (extending 1 mm from the end of the 

rod) lowered just below the surface of the bulk chamber solution, the solution exiting from the 

flow pipes is maintained at 37°C (Carter and Bean, 2009). 

Current and voltage records were filtered at 5 or 10 kHz and digitized at 100 or 200 kHz. 

Analysis was performed with Igor Pro 6.12 (Wavemetrics) using DataAccess (Bruxton Software) 

to import pClamp data. Voltage-clamp current records were corrected for linear capacitive and 

leak current by subtracting scaled responses to 5 mV hyperpolarizations delivered from the 

holding potential. Action-potential-clamp current records were corrected by subtracting current 

elicited by a scaled (0.1) inverted action potential waveform. In analyzing current clamp 

experiments, action potentials were defined using criteria of action potential peak >0 mV and 

height >40 mV. 

Current clamp experiments were done using cells that had resting potentials negative to -50 

mV, which showed robust and reproducible firing. The range of resting potentials for cells used 

in current clamp experiments in Figures 1.1, 1.2 and 1.14 was -50.7 to -86.6 mV (mean -65.4 ± 

1.48 mV, n = 35).  Action potentials in control were elicited from the cell’s natural resting 

potential. CBD and bupivacaine often produced a depolarization of the resting potential, and a 



15 
 

steady negative current was injected to bring the membrane potential back to the control 

resting value in order to allow better comparison of action potentials. 

Solutions. Current clamp recordings (and voltage clamp recordings of overall ionic currents) 

used external Tyrode’s solution and an internal solution consisting of 140 mM K aspartate, 13.5 

mM NaCl, 1.8 mM MgCl2, 0.09 mM EGTA, 9 mM HEPES, 14 mM creatine phosphate (Tris salt), 4 

mM MgATP, 0.3 mM Tris-GTP, pH 7.2 adjusted with KOH. Reported membrane potentials are 

corrected for a liquid junction potential of -10 mV between the internal solution and the 

Tyrode’s solution in which current was zeroed before sealing onto the cell, measured using a 

flowing 3 M KCl reference electrode as described by Neher (1992). Voltage clamp recordings of 

sodium current used an internal Cs-based solution (140 mM CsCl, 13.5 mM NaCl, 1.8 mM 

MgCl2, 0.09 mM EGTA, 9 mM HEPES, 14 mM creatine phosphate (Tris salt), 4 mM MgATP, 0.3 

mM Tris-GTP, pH adjusted to 7.2 with CsOH and an external solution of Tyrode’s solution with 

added 10 mM TEACl to inhibit potassium currents and 30 µM CdCl2 to inhibit voltage-

dependent calcium currents. Currents through TTX-resistant sodium channels were isolated by 

including 300 nM TTX in the solution.  

     CBD was obtained as a 1 mg/mL solution in methanol (Sigma-Aldrich). The methanol was 

evaporated using a gentle stream of nitrogen and CBD was dissolved in dimethylsulfoxide 

(DMSO) to make a stock solution of 10 mM, which was aliquoted and stored at 4°C. In all 

experiments, control solutions were prepared to contain the same concentration of DMSO as 

the CBD-containing solutions to be tested. Some early experiments used the 1 mg/mL methanol 

solution as a stock solution, with equivalent methanol added to the control solutions. There 

was no obvious difference in the effects of CBD seen using methanol and DMSO stock solutions 
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but the higher-concentration DMSO stocks were preferred because previous control 

experiments have shown that DMSO at >1:1000 dilutions has no obvious effect on 

electrophysiological behavior of neurons. CBD was applied acutely in all experiments except in 

those of Figure 1.13B,C, where cells were pre-incubated in 300 nM CBD for 1-2 hours before 

recording.      

Experimental Design and Statistical Analyses. Numbers of cells and animals used for each 

experiment are given in figure legends. Data are represented as mean ± SEM. P-values were 

calculated (in Microsoft Excel Version 140.7266.5000) using paired or non-paired Student’s t-

tests as appropriate. Data are available from the authors upon request. 

Model. The model for state-dependent binding of CBD was implemented in IgorPro 

(Wavemetrics, Lake Oswego, OR) using fourth-order Runge-Kutta integration with a 200-μs step 

size. The parameters of the model were chosen in two steps. In the first, voltage-dependent 

rate constants were assigned for transitions between resting (R), fast inactivated (F), and slow 

inactivated (S) states in order to approximate the experimental measurements summarized in 

Figure 1.11, as well as roughly matching the kinetics of entry into slow and fast inactivated 

states described in Figures 1.7, 1.8, and 1.10, along with the more comprehensive 

measurements of kinetics in a previous study (Blair and Bean, 2003). To match experimental 

data, it was necessary to allow entry of channels into the slow inactivated state both directly 

from the resting state (the primary pathway for small depolarizations in the range from -60 to -

40 mV, where fast inactivation is minimal) and also from the fast inactivated state, to describe 

entry into slow inactivation during prolonged steps to voltages where channels first enter into 

fast inactivated states (as for steps to 0 mV, Figure 1.8). The model was constructed to satisfy 
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microscopic reversibility; first choosing the forward and backward rate constants for movement 

between R to F, those for movement between R and S, and the forward rate constant from F to 

S, and then setting the rate constant for movement from S to F determined by the other rate 

constants to preserve microscopic reversibility. After setting the parameters for movement 

between the resting, fast inactivated and slow inactivated states, rate constants for binding and 

unbinding of CBD to each state were chosen by trial and error to match the experimental 

results for the shift in midpoint of availability curves determined with 50-ms conditioning pulse 

(mostly but not exclusively fast inactivation) and with 5-sec conditioning pulses followed by 10-

ms at -100 mV, which in control conditions measures the voltage-dependence of slow 

inactivation.    

Results 

CBD reduces the excitability of nociceptors  

We first tested the effect of CBD on action potential firing of acutely dissociated small-

diameter DRG neurons in current clamp. The identity of neurons as nociceptors was confirmed 

by inward currents at -70 mV induced by 1 μM capsaicin applied at the end of each recording 

and only capsaicin-sensitive neurons were included in the analysis. CBD dramatically reduced 

the number of action potentials during step current injections (Figure 1.1). At 2 μM, CBD 

reduced the number of action potentials evoked by an 80-pA current injection from 17.1 ± 2.9 

in vehicle to 2.0 ± 1.0 in 2 μM CBD (n = 14 pairs, p= 0.0002). Remarkably, the effects of CBD 

were more dramatic than those of bupivacaine, one of the most potent local anesthetics, which 

reduced firing evoked by an 80-pA curent injection from 20.1 ± 6.2 action potentials in vehicle 

to 10.6 ± 4.0 in 2 μM bupivacaine (n = 7 pairs, p= 0.02) (Figure 1.1 C)
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Figure 1.1 Inhibition of action potential firing in mouse nociceptors by CBD compared to 

bupivacaine. A, Effect of 2 μM CBD on action potential firing elicited by 1-s current injections 

ranging from 15 pA to 80 pA in a capsaicin-sensitive mouse nociceptor. B, Collected results for 

number of action potentials during 1-s current injections in control and 2 μM CBD. Mean± SEM, 

n=14 pairs. C, Number of action potentials during 1-s current injections in control and 2 μM 

bupivacaine. Mean± SEM, n=7 pairs. 
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Figure 1.1 (Continued)  
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Figure 1.2 shows the effect of CBD on action potential shape. CBD decreased the height of 

the action potential (from 104 ± 3 mV in vehicle to 71 ± 6 mV in 2 μM CBD; n = 10 pairs, 

p<0.0001) ,  increased the width of the action potential (from 2.4 ± 0.1 ms in vehicle to 4.0 ± 0.3 

ms in 2 μM CBD n = 10 pairs, p= 0.0002), and produced a depolarizing shift in the trough of the 

first action potential during a current injection (from -75.3 ± 2.3 mV in vehicle to -65.8 ± 2.8 mV 

in 2 μM CBD for a 40-pA current injection , n= 10 pairs, p<0.0001). Bupivacaine had smaller 

effects on all of these parameters (Figure 1.2C-E).
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Figure 1.2 Effect of CBD on action potential shape compared to bupivacaine.  A, The first 

action potential evoked by a 1-s 80-pA current injection in control and 2 μM CBD (same cell as 

Figure 1.1).  B, The first action potential evoked by a 1-s 40-pA current injection in control and 2 

μM bupivacaine. C, Collected results for the effect of 2 μM CBD (n=10) or 2 μM bupivacaine 

(n=6) on the peak of the first action potential elicited by 40-pA current injections. Control to 2 

μM CBD, p<0.0001. Control to 2 μM bupivacaine, p=0.07. D, Collected results for the effect of 2 

μM CBD (n=10) or 2 μM bupivacaine (n=6) on the width of the first action potential (measured 

at half action potential height). Control to 2 μM CBD, p=0.0002. Control to 2 μM bupivacaine, 

p=0.27. E, Collected results for the effect of 2 μM CBD (n=10) or 2 μM bupivacaine (n=6) on the 

membrane potential of the trough after the first action potential. Control to 2 μM CBD, 

p<0.0001. Control to 2 μM bupivacaine, p=0.009. 
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Figure 1.2 (Continued)  
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CBD inhibits voltage-activated inward and outward currents  

To explore the action of CBD on particular ion channels in nociceptors, we next did a series 

of voltage clamp experiments. Examining overall currents evoked by voltage steps from -80 mV, 

CBD produced a dose-dependent reduction of both inward and outward components of current 

(Figure 1.3). Inhibition of inward currents was more dramatic than inhibition of outward 

currents. In collected results, the peak inward current at -10 mV was reduced by 2 μM CBD to 

60 ± 4% of control (n = 13 pairs, p<.0001) and by  5 μM CBD to 21 ± 2% of control (n = 7 pairs, 

p<0.0001). Peak outward current measured at +20 mV was reduced to 83 ± 3% by 2 μM CBD (n 

= 13 pairs, p<.0001) and to 60 ± 4%  by 5 μM CBD (n = 7 pairs, p<.0001).  
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Figure 1.3 Effect of CBD on overall voltage-activated currents in nociceptors. A, Currents 

evoked by depolarization before and after 2 μM CBD. 200-ms voltage steps were applied at 0.2 

Hz from a holding voltage of -80 mV. B, Effect of 2 μM CBD on peak inward and peak outward 

currents as a function of test pulse voltage. Same cell as in A. C, Collected results for inhibition 

of peak currents evoked by voltage steps from -80 mV to -10 mV (inward current) and +20 mV 

(outward current). Mean± SEM, n=8 for 2 μM CBD and n=7 for 5 μM CBD. 
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Figure 1.3 (Continued)  
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Previous work has shown the ability of CBD to inhibit a number of different types of 

heterologously-expressed sodium channels (Hill et al., 2014; Ghovanloo et al., 2018; Patel et al., 

2016; Mason and Cummins, 2020) as well as native sodium currents in cultured cortical neurons 

(Hill et al., 2014). Quantifying the concentration-dependent effects of CBD is less 

straightforward than for many agents because the approach to steady-state can be very slow. 

For example, Hill et al. found that 10 μM CBD inhibited sodium current in cultured cortical 

neurons slowly at room temperature, requiring about 20 minutes to approach an average 

steady-state inhibition by ~70%. Interestingly, Ghovanloo et al. (2018) found that CBD inhibited 

heterologously-expressed Nav1.2 channels in HEK-293 cells more slowly and less potently at 

33°C than 20°C, suggesting the importance of testing on native neurons at physiological 

temperature. Figure 1.4 shows the time-course of inhibition of sodium current in mouse 

nociceptors at 37°C. The time-course of inhibition by 5 μM CBD could be fit by an exponential 

function with an average time constant of 76 ± 8.7 ms (n=8), so that steady-state was 

approached in 4-5 minutes. On washout of CBD, there was progressive reversal of its effects 

(Figure 1.4), but this was so slow that it was incomplete even after more than 10 minutes of 

washing and we did not attempt to quantify the recovery kinetics.  
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Figure 1.4 Time-course of CBD inhibition of voltage-activated sodium current. A, Inhibition by 

5 μM CBD of sodium current evoked by a 15-ms step from -70 mV to 0 mV applied every 5 

seconds. Red line: Fit of a single exponential curve (𝜏 = 65.2 seconds). Inset: Current in control 

and in 5 μM CBD. B, Collected results for effect of 5 μM CBD on total sodium current after 

inhibition reached steady-state. N=8, red symbol mean± SEM. C, Collected results for time-

constant of inhibition. N=8, red symbol mean± SEM. 
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Figure 1.4 (Continued)  
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We were particularly interested in characterizing the effects of CBD on native TTX-resistant 

sodium channels, because Nav1.8-mediated TTX-resistant sodium current is prominent in small-

diameter DRG neurons (Roy and Narahashi, 1992; Rush et al., 1998), carries the majority of the 

sodium current during action potentials in rat primary nociceptors (Renganathan et al., 2001; 

Blair and Bean, 2002), and is critical for supporting repetitive firing of small-diameter DRG 

neurons (Renganathan et al., 2001; Blair and Bean, 2002; Rush et al., 2007). The effects of CBD 

on this current have not been previously described. Figure 1.5 shows the results of experiments 

characterizing the effect of CBD on the TTX-sensitive and TTX-resistant components of sodium 

current in a mouse nociceptor, taking advantage of the rapid onset and reversibility of TTX 

inhibition to isolate TTX-S and TTX-R components of current before and after CBD inhibition. 

Studied with test pulses delivered from a holding potential of -70 mV, CBD inhibited both 

components of current with similar potency, with 5 μM CBD inhibiting TTX-S current to an 

average of 9 ± 2% of control and TTX-R current to 15 ± 2% of control (n=7, p<0.001 for TTX-S 

and TTX-R current). 
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Figure 1.5 CBD inhibition of TTX-S and TTX-R components of sodium current. A, Voltage 

protocol for currents shown in C and D. Depolarizing steps (100-ms) were applied from a 

holding voltage of -70 mV at 0.2 Hz. B, Solution sequence for isolating TTX-S and TTX-R 

components before and after CBD. C, TTX-S currents evoked before and after 5 μM CBD. D, TTX-

R currents evoked before and after 5 μM CBD. 
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Figure 1.5 (Continued)  
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Use-dependent inhibition of action potential-evoked sodium currents 

We next examined the effects of CBD on TTX-S and TTX-R currents flowing during 

physiological action potential waveforms, performing action potential clamp experiments with 

a previously recorded action potential waveform recorded at 37 °C.  As expected from the 

ability of TTX-S channels to be activated by smaller depolarizations and with more rapid 

kinetics, the TTX-S component of overall sodium current flowed earlier in the action potential 

than TTX-R current (Figure 1.6A, B). To explore possible use-dependent effects on CBD 

inhibition, the action potential waveform was delivered at frequencies of either 5 Hz or 20 Hz. 

Both TTX-S and TTX-R current showed substantial frequency-dependent reduction in control 

solutions, with TTX-S current during the 60th action potential reduced to 72 ± 5% of that evoked 

by the first action potential during 5 Hz stimulation and to 52 ± 5% during 20 Hz stimulation 

(n=8). TTX-R current showed slightly less frequency-dependent reduction, with TTX-R current 

during the 60th action potential reduced to 80 ± 5% of that evoked by the first action potential 

during 5 Hz stimulation and to 56 ± 7% during 20 Hz stimulation (n=8). CBD inhibited both TTX-S 

and TTX-R components of current in a use-dependent manner. Application of 2 μM CBD 

reduced the TTX-S current evoked by the first action potential to 45 ± 5% of control (n=8) and 

TTX-R current to 67 ± 8% of control (n=8). After stimulation at 20 Hz, 2 μM CBD reduced TTX-S 

current during the 60th action potential to 37 ± 6% compared to the current evoked by the 60th 

action potential in control (and to 18 ± 2% compared to the current evoked by the first action 

potential in control) and CBD reduced TTX-R current during the 60th action potential to 40 ± 7% 

compared to the current evoked by the 60th action potential in control (and to 25 ± 7% 

compared to the current evoked by the first action potential in control). Use-dependent 
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reduction of both TTX-R and TTX-S current was also seen to a lesser extent with 5 Hz 

stimulation (Figure 1.6C). Thus, 2 μM CBD produces both tonic and use-dependent reduction of 

both TTX-S and TTX-R currents during stimulation by physiological waveforms at physiological 

frequencies at physiological temperature. 
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Figure 1.6 Use-dependent inhibition by CBD of TTX-S and TTX-R currents evoked by action 

potential waveforms. A, left: TTX-S and TTX-R sodium currents evoked by action potential 

waveforms delivered at 5 Hz in a nociceptor in control. A previously-recorded AP waveform 

evoked by a 0.2 ms current injection was used as command voltage, with membrane potential 

held at -80 mV for 10 s before delivery of action potential waveforms repeated at 5 Hz. Solid 

lines: currents elicited by the 1st action potential waveform; dashed lines: currents elicited by 

the 60th action potential waveform. Right: Same cell in 2 μM CBD. B, Collected results showing 

the change in action potential-evoked TTX-R and TTX-S sodium currents produced by 5 Hz 

stimulation in the absence and presence of 2 μM CBD. Mean± SEM, N=8, for TTX-S current, 

p=0.0014 for 1st AP control, p<0.0001 between 1st AP 2 μM CBD and 60th AP 2 μM CBD; for 

TTX-R current, p=0.01 for 1st AP control, p<0.0001 between 1st AP 2 μM CBD and 60th AP 2 μM 

CBD. C, collected results with 20 Hz stimulation. Mean± SEM, N=8, for TTX-S current, p= p 

<.0001 for 1st AP control, p = 0.00013 between 1st AP 2 μM CBD and 60th AP 2 μM CBD; for 

TTX-R current, p= 0.0006 for 1st AP control, p <0.0001 between 1st AP 2 μM CBD and 60th AP 2 

μM CBD. 
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Figure 1.6 (Continued)  
 



36 
 

CBD slowing of recovery of availability of TTX-R channels  

     The use-dependent inhibition of TTX-R current by CBD suggests that channel inhibition is 

increased during repeated depolarizations and that the extra inhibition does not recover 

completely in between depolarizations. To explore how CBD alters recovery of channel 

availability of TTX-R channels, we used a two-pulse experiment (Figure 1.7). A 20-ms 

conditioning pulse to 0 mV induced inactivation, and after a variable time at -70 mV a test pulse 

assayed the recovery of channel availability. In control, about 85%  of the channels recovered 

quickly from inactivation, with a time constant (fit to collected data) of 1.03 ms. Interestingly, 

however about 10% of the channels did not fully recover even in 300 ms, the longest time 

tested in this protocol. CBD reduced the sodium current evoked by the first pulse to 0 mV and 

also dramatically slowed the recovery of channel availability of the remaining channels after 

they experienced the 20-ms depolarization to 0. In the presence of CBD, recovery of availability 

occurred with two phases, a fast component similar to recovery of channels in control (making 

up 28% of the total extent of recovery in 300 ms) and a larger much slower component that 

could be fit reasonably well by a time constant of 66 ms. 



37 
 

Figure 1.7 Effect of CBD on the time course of the recovery of availability of TTX-R sodium 

channels following a 20-ms prepulse to 0 mV. A, Following the 20-ms prepulse to 0 mV, a 3-ms 

test pulse to 0 mV assayed the fraction of available channels following various times at -70 mV. 

B,C Recovery of availability in 10 msec at -70 mV in control and (in the same cell) in the 

presence of 5 μM CBD. D,E, Collected results for recovery of availability in control (black) and 5 

μM CBD (red) for this protocol (mean ± SEM, n=6 pairs). Recovery in control was fit by a single 

exponential of 1.03 ms to an asymptote of 0.85; recovery in 5 μM CBD was fit by a double 

exponential to an asymptote of 0.80, with a fast time constant (a fraction of 28%) set to match 

the recovery of unmodified channels together with a dominant slower time constant (66 ms). 
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Figure 1.7 (Continued)  
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A reasonable interpretation of this result is that during the 20-ms conditioning step to 0 mV, 

CBD binds to a fraction of channels that were initially unbound at the holding voltage of -70 mV, 

presumably reflecting tighter binding to inactivated channels than resting channels, and that 

the recovery of availability in CBD occurs by the CBD-bound inactivated channels converting to 

CBD-bound resting channels followed by unbinding of CBD from the channels now in the lower-

affinity resting state. With this sequence, the recovery of availability in CBD is slower than in 

control because it requires an extra unbinding step. It is also possible that the recovery of CBD-

bound inactivated channels occurs by CBD first unbinding from the inactivated state followed 

by recovery from the unbound inactivated state to the unbound resting state. With either 

route, CBD must unbind for channels to become available, and the rate of recovery is slowed 

because of this additional step. (In the model of Figure 1.12, CBD-bound inactivated channels 

recover to the unbound resting state mainly by the first route, with additional slowing of 

recovery because the movement of CBD-bound inactivated states to CBD-bound resting states 

is slower than movement of CBD-free inactivated channels to resting channels).   

     We then explored how quickly inactivated channels bind CBD to enter slowly recovering 

states (Figure 1.8) by varying the duration of a prepulse to 0 mV followed by 6 ms at -70 mV, a 

duration that allows nearly complete recovery of unmodified inactivated channels but little 

recovery of CBD-bound channels. In the presence of CBD, the slowly-recovering fraction of 

channels began to develop within a few ms during depolarization, and the development of 

slowly-recovering channels could be fit by a time constant of 8.5 ms. We interpret this as 

reflecting the time course with which CBD binds to inactivated states of the channels to 

produce “extra” inhibition over that present at the holding voltage of -70 mV.
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Figure 1.8 Time-course of CBD-induced entry into slowly recovering states of TTX-R channels. 

A, Voltage protocol (top) and currents in control (middle) and after application of 5 μM CBD 

(bottom), with a prepulse duration of 20 ms. B, Collected results (mean ± SEM, n=6 pairs) for 

fraction of available channels after pre-pulse conditioning in control (black) and in 5 μM CBD 

(red). Solid red curve: single exponential of time constant 8.5 ms. 
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Figure 1.8 (Continued)  
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Interestingly, even in control conditions a small but significant fraction of channels entered 

slowly-recovering states during prepulse durations greater than about 5 ms. In control, the 

fraction of slowly-recovering channels reached an average of 24% ± 1% with a 40-ms prepulse.  

This can be interpreted as reflecting entry of unmodified TTX-R channels into a slow inactivated 

state from which recovery is slow (Roy and Narahashi, 1992; Rush et al., 1998; Blair and Bean, 

2002; Tripathi et al., 2006; Choi et al., 2006, 2007; Binshtok et al., 2008). Even with a prepulse 

of 20 ms, about 10% of channels enter the slow inactivated state. 

 The main purpose of the experiments shown in Figures 1.7 and 1.8 was to illustrate the 

action of CBD to place TTX-R channels into a state from which channel availability recovers far 

more slowly than in control. A secondary observation in these experiments was that the 

currents in the presence of CBD had slower decay kinetics than in control. For example, the 

currents evoked by the 20-msec conditioning pulse in Figure 1.7 decay with a time constant of 

0.87 ms in control and with a time constant of 1.40 ms in the presence of 5 μM CBD. The slower 

decay of currents in CBD was seen systematically (e.g. Figure 1.8A) and the difference did not 

result from the different sizes of the currents (such as might be produced by a series resistance 

error) because the decay kinetics of currents in control showed little or no change as the size of 

the test pulse current evoked by a pulse to 0 mV changed over a ten-fold range with different 

degrees of recovery from inactivation. Whether the slower decay of TTX-R currents reflects 

differential inhibition by CBD of multiple populations of TTX-R channels with different kinetics 

or an effect of CBD on kinetics of a homogeneous population of channels remains to be 

determined and might be best approached using cloned channels. 

Altered availability of TTX-R sodium channels with CBD 



43 
 

To determine quantitatively how tightly CBD binds to inactivated channels, we characterized 

the effect of CBD using conditioning pulses to alter the distribution of channels between resting 

and inactivated states. With such protocols, tighter binding of drug to inactivated states 

compared to resting states is manifested by a change in the voltage-dependence of channel 

availability and the shift in the midpoint of channel availability can be used to estimate the Kd 

for drug binding to the inactivated state (Bean et al., 1983). Figure 1.9A shows results from 

experiments using 50-ms conditioning pulses, long enough to reach steady-state for 

conventional fast inactivation (Blair and Bean, 2002). With this protocol, 5 μM CBD produced a 

shift in mid-point of channel availability of -7.6 ± 0.4 mV (n=6). Because of the evidence for an 

important physiological role of slow inactivated states of Nav1.8 channels for controlling 

nociceptor excitability (Rush et al., 1998; Tripathi et al., 2006; Blair and Bean, 2003; Choi et al., 

2007) we also examined longer conditioning pulses. We found that the shift of channel 

availability became progressively larger with longer conditioning prepulses, with a shift of mid-

point of -10.6 ± 0.5 mV (n=5) for 200-ms conditioning pulses (Figure 1.9B) and -15.7 ± 0.6 mV 

(n=4) for 5-s conditioning pulses (Figure 1.9C). Bupivacaine produced similar but smaller effects 

on channel availability, with 5 μM bupivacaine producing a -10.9 ± 0.8 mV (n=6) shift in the 

midpoint of availability with 5-s conditioning pulses.  Thus, the stronger effects of CBD on 

nociceptor firing compared to bupivacaine are paralleled by stronger effects on channel 

availability, suggesting tighter binding of CBD to inactivated states of TTX-R channels compared 

to bupivacaine.  
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Figure 1.9 Alteration of availability of TTX-R sodium channels by CBD. A, Voltage-dependent 

availability of TTX-R sodium channels measured by a 3-ms test pulse to 0 mV following 50-ms 

conditioning pulses in the absence (black) and presence (red) of 5 μM CBD. Availability is 

normalized to the maximal test pulse current measured in each condition. Symbols: mean ± 

SEM. Solid line: Boltzmann equation, 1/(1 + exp((V - Vh)/k)), where V is holding voltage, Vh is 

voltage of half-maximal availability, and k is the slope factor. Control: Vh = -22.2±1.4 mV, k = 

4.6±0.1 mV; 5 µM CBD: Vh = -29.8±1.7mV, k = 6.1±0.4 mV. Values of Vh and k are mean values of 

fits to data from individual cells (n=6) and Vh is mean ± SEM for measurements in individual 

cells. B, Availability measured using 200-ms conditioning pulses. Symbols and statistics as in A. 

Control: Vh = -32.3 ± 0.4 mV, k = 4.7±0.4 mV; 5 µM CBD: Vh = -43.0±0.4 mV, k = 7.6±0.4 mV 

(n=5). C, Availability measured using 5-s conditioning pulses. Symbols and statistics as in A. 

Control: Vh = -36.7 ± 2.2 mV, k = 4.4±0.2 mV; 5 µM CBD: Vh = -52.5±2.1 mV, k = 5.0±0.0 mV 

(n=4).  
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Figure 1.9 (Continued)  
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Time-course of recovery from slow inactivated states 

The larger shifts in midpoint of channel availability with longer conditioning prepulses raises 

the possibility that CBD binds tightly to slow inactivated channels, which would be increasingly 

populated during longer conditioning pulses. We next designed protocols to test this idea. First, 

we tested the effect of CBD on recovery of availability using conditioning pulses designed to put 

channels into slow inactivated states. Figure 1.10 shows the effect of CBD on recovery of 

availability following long (300 ms or 10 s) depolarizations to 0 mV. To decrease the time 

required to assay the time course of recovery following long conditioning pulses, we used a 

pulse protocol in which the time course of recovery was determined in a single sweep, assaying 

availability by multiple short test pulses presented at a range of times after the long 

conditioning pulse. After a conditioning pulse of 300 ms under control conditions, channels 

recovered availability with a dominant time constant of 730 ms, far more slowly than the 

dominant time constant of 1 ms for recovery after a conditioning pulse of 20 ms (Figure 1.7). 

Following the 300 ms conditioning pulse, the time constant of 730 ms accounted for ~ 93% of 

the recovery of availability, with about 7% of the channels recovering within 2-3 ms. Thus it 

appears that ~93% of channels end up in a slow inactivated state after a 300 ms pulse to 0 mV. 

In the presence of 5 μM CBD, recovery of availability after a 300 ms conditioning pulse was 

slower, with a dominant time constant of about 2 seconds. This suggests that CBD binds to slow 

inactivated channels and that recovery of availability of CBD-bound slow inactivated states is 

even slower than recovery from normal CBD-free slow inactivated states
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Figure 1.10 Time-course of recovery from fast inactivated and slow inactivated states in 

control. A, Voltage protocols. B, Time-course of recovery from inactivation at -70 mV following 

20-ms (red symbols, mean ± SEM, n=6) or 300-ms (blue symbols, mean ± SEM, n=6) 

conditioning depolarizations. Black line: Single exponential function fit to first 10 ms of recovery 

following the 20-ms conditioning pulse. C, Recovery from inactivation shown on a longer time 

scale. Black line: Single exponential function fit to recovery after 300-ms conditioning pulse (fit 

to times from 200 ms to 6 seconds). 



48 
 

 

 
Figure 1.10 (Continued)  
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CBD binding to slow versus fast inactivated states 

    We next attempted to estimate quantitatively the binding affinity of CBD to fast and slow 

inactivated states. Figure 1.11 shows the results of an experiment designed to compare the 

voltage dependence of fast inactivation and slow inactivation in the same cell. The voltage-

dependence of fast inactivation was assayed using 50-ms prepulses to various voltages 

followed by a test pulse to +10 mV. The voltage-dependence of channel availability could be fit 

well by a Boltzmann function with a midpoint of -21 and a slope factor of 5.0 mV (Figure 1.11A). 

Figure 1.11B shows the results in the same cell of a protocol designed to measure the voltage 

dependence of slow inactivation, using 5-s conditioning pulses to various voltages followed by 

10-ms at -100 mV (long enough for complete recovery from fast inactivation but little recovery 

from slow inactivation) and then a test pulse. The voltage dependence of slow inactivation 

could be fit well by a Boltzmann function (going to zero) with a midpoint of –36.9 and a slope 

factor of 5.5 mV. Thus, slow inactivation has a midpoint about 16 mV hyperpolarized to that of 

fast inactivation (in collected results, -17 ± 1.4 mV more negative, n=6). It should be noted that 

the measurement of fast inactivation is not perfect because there is almost certainly some 

entry of channels into slow inactivation during the 50-ms conditioning pulse, because with 40-

ms steps to 0 mV ~20% of channels enter slow inactivation (Figure 1.6). Thus if pure fast 

inactivation could be measured it would likely have a slightly depolarized midpoint compared to 

that measured with 50-ms conditioning pulses. 
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Figure 1.11 CBD alteration of availability of TTX-R sodium channels measured with protocols 

to emphasize fast or slow inactivation. A, Voltage-dependent availability of TTX-R sodium 

channels measured by a 3-ms test pulse to 0 mV following 50-ms conditioning pulses in the 

absence (black) and presence (red) of 5 μM CBD. Solid lines: Boltzmann equation, IMax/(1 + 

exp((V - Vh)/k)), where IMax is maximal test pulse current ,V is holding voltage, Vh is voltage of 

half-maximal availability, and k is the slope factor. For the example cell, control: IMax = -3866 pA, 

Vh = -21.0 mV, k = 5.0 mV; 5 µM CBD: IMax = -1781 pA , Vh = -29.4 mV, k = 7.1 mV, Δ Vh = -8.4 mV. 

For collected results with 50-ms conditioning pulses: Vh = -22.2±1.4 mV, k = 4.6±0.1 mV; 5 µM 

CBD: Vh = -29.8±1.7mV, k = 6.1±0.4 mV. Δ Vh = -7.5±0.4 mV. B, Availability using a protocol to 

measure voltage-dependence of slow inactivation, with 5-s conditioning pulses followed by a 

10-ms return to -100 mV to allow recovery from fast inactivation followed by the test pulse. 

Symbols as in A. For the example cell, control: IMax = -3336 pA, Vh = -36.9 mV, k = 5.5 mV; 5 µM 

CBD: IMax = -2190 pA ,Vh = -52.1 mV, k = 6.0 mV, ΔVh = -15.2 mV. For collected results with 5-s 

conditioning pulses: control: Vh = -39.2±2.7 mV, k = 5.2±0.4 mV; 5 µM CBD: Vh = -53.0±3.3mV, k 

= 5.6±0.3 mV. ΔVh= -13.7±1.4 mV 
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Figure 1.11 (Continued)  
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In these experiments, we also measured the effect of CBD on the voltage-dependence of 

channel availability measured with the two protocols.  Consistent with the results in the 

protocols in Figure 1.9, CBD altered the midpoint of channel availability much more (-13.8 ± 1.5 

mV) with the slow inactivation protocol than with the fast inactivation protocol (-7.6 ± 0.42 mV, 

measured in the same 6 cells). 

Model for state-dependent CBD binding to Nav1.8 channels 

These results suggest substantially tighter binding of CBD to slow inactivated states of the 

channel than to fast inactivated states. However, the pulse protocols do not cleanly separate 

fast inactivated from slow inactivated states. And although the shift in midpoint of availability is 

smaller in the protocol using 50-ms conditioning pulses, this could in principle be because 50-

ms is too little time for CBD to reach steady-state binding (Karoly et al., 2010). To better 

quantify the affinity of CBD to the different states, we developed a model incorporating state-

dependent CBD binding that gave a reasonable approximation of the experimental results 

(Figure 1.12) in terms of both voltage-dependence and time-dependence of the state-

dependent effects, which can better distinguish binding to fast vs slow inactivated states 

(Karoly et al., 2010). Voltage-dependent rate constants for movement of channels between 

resting, fast inactivated, and slow inactivated channels were chosen to approximate 

experimental data for the voltage-dependent occupancy of the various states with conditioning 

pulses of various durations. Then, rate constants for CBD binding and unbinding to each state 

were developed that could roughly predict the shifts in midpoint of availability seen 

experimentally with short or long prepulses. The best match to experimental data was obtained 

by relatively weak binding to the resting state R (KR=5 μM), much tighter binding to the fast 
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inactivated state F (KF=0.60 μM), and even tighter binding to the slow inactivated state S 

(Ks=0.15 μM). The model is clearly oversimplified, because detailed kinetic models of fast 

inactivation would require multiple fast inactivated states corresponding to channels with 

different positions of the S4 voltage-sensing regions of the channel (distinguishing, for example, 

inactivation from various closed states and the open state). The assumption of a single slow 

inactivated state is also clearly over-simplified, because experiments like those in Figure 1.10 

examining the rate of recovery from slow inactivated states show different rates depending on 

the conditioning pulse duration; this is similar to previous observations in Nav1.1 and Nav1.2 

channels (Toib et al., 1998) and suggests the existence of multiple slow inactivated states (Vilin 

and Ruben, 2001). Nevertheless, the general result from the model that CBD binding to slow 

inactivated states must occur with higher affinity than binding to fast inactivated states seems 

unlikely to be changed by more detailed models incorporating multiple fast and slow 

inactivated states.  
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Figure 1.12 Model for CBD interaction with TTX-R Na channels. A, CBD is assumed to bind 

weakly to the resting state R (KR=5 μM), tightly to the fast inactivated state F (KF=0.60 μM), and 

more tightly to the slow inactivated state S (Ks=0.15 μM). Channels move between R, F, and S 

states with voltage-dependent rate constants chosen to approximate voltage-dependent 

occupancy in the different states with conditioning pulses of various durations (B-D). Channels 

move from R to F with a forward rate constant of 3/(1+exp(-(V+8.7)/6.5) and a backward rate 

constant of 0.12+ 0.9/(1+exp(V+23.7/6.5). Channels move from R to S with a forward constant 

of 0.004/(1+exp(-(V+14.3)/9.3)) and a  backward constant of 0.004/(1+exp((V+64.3)/9.3)). 

Channels move from F to S with a forward rate constant of 0.005 and a backward rate constant 

determined by other rate constants to preserve microscopic reversibility. CBD binds to R with 

an on-rate (KonR) of 0.02 ms-1 μM-1 and unbinds with off-rate (koffR) of 0.1 ms-1. CBD binds to 

F with an on-rate (KonF) of 0.02 ms-1 μM-1 and unbinds with off-rate (koffF) of 0.012 ms-1. CBD 

binds to S with an on-rate (KonS) of 0.02 ms-1 μM-1 and unbinds with off-rate (koffS) of 0.003 

ms-1. The rate constants for movements from R-CBD to F-CBD and F-CBD to S-CBD are the same 

as for movements from R to F and from F to S.  To preserve microscopic reversibility, the rate 

constant for movement from F-CBD to R-CBD is multiplied by a factor of 

(koffF/koffR)*(konR/konF) relative to that for F to R and the rate constant for movement from 

S-CBD to F-CBD is multiplied by a factor of (koffS/koffF)*(konF/konS) relative to that for S to F. 

For preserving microscopic reversibility in the cycle of unbound and bound R and S states, the 

rate constant from R-CBD to S-CBD is the rate constant from R to S divided by the square root 

of (koffS/koffR)*(konR/konS) and the rate constant S-CBD to R-CBD is the rate constant from S 

to R multiplied by the square root of  
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(Continued) (koffS/koffR)*(konR/konS).   B, Prediction of voltage-dependence of fast 

inactivation (red) and slow inactivation (blue) at equilibrium if each occurred in the absence of 

the other. C, Left, prediction of channel fraction in R state (i.e. available channels) after 50-ms 

conditioning pulses in control (solid black line) and with 5 μM CBD (solid red line). Dashed red 

line shows channel availability in CBD normalized to 1 at -100 mV. Right, Occupancy of channels 

in fast and slow inactivated states in control (solid lines) and occupancy of channels in the 

corresponding CBD-states with 5 μM CBD (dashed lines). D, Left, prediction of channel fraction 

in R state with the indicated protocol for measuring slow inactivation, with 5-s conditioning 

pulses followed by 10 ms at -100 mV to allow recovery of channels in the fast inactivated state. 

Right, Occupancy of channels in fast and slow inactivated states in control (solid lines) and 

occupancy of channels in the corresponding CBD-bound states with 5 μM CBD (dashed lines). 



56 
 

 

 

Figure 1.12 (Continued)  
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Although the model is designed mainly to interpret quasi-steady-state occupancy of the 

various states of the channel and not detailed kinetics, the chosen rate constants provide 

generally reasonable simulations of kinetics of development and recovery of availability in 

different conditions (for example, slowing of recovery of availability from CBD-bound states). In 

the model, rate constants for binding and unbinding of CBD from various states are much faster 

than the kinetics of development of CBD inhibition and recovery from CBD inhibition when CBD 

is washed on and washed off cells (e.g. Figure 1.4). We believe the slow kinetics of wash-on and 

wash-off likely reflect slow equilibration of CBD between the aqueous solution and the 

membrane. Because of the highly lipophilic nature of CBD, the membrane concentration of CBD 

is expected to be far higher than the aqueous concentration once equilibrium is reached, which 

takes 4- 5 minutes (Figure 1.5). The kinetics in experiments using voltage changes to alter CBD 

binding to the various states of the channel, which are much faster, likely reflect state-

dependent binding and unbinding of CBD to the channel after a steady-state CBD concentration 

has been achieved in the membrane. The model uses the CBD concentrations in the external 

aqueous solution, since these are known exactly. A more detailed model might use the CBD 

concentration in the membrane, but this is unknown. In the simplest case, the membrane 

concentration might scale linearly with the concentration in the external aqueous solution, but 

it seems possible that the relationship might be more complicated.   

Altered availability of TTX-R sodium channels and reduced firing with sub-micromolar CBD 

Although the model in Figure 1.12 suggests CBD binding to slow inactivated states with a Kd 

of ~150 nM, it is based on experiments using much higher (5 μM) concentrations of CBD. To 

test the model more rigorously, we did a series of voltage clamp experiments with lower 
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concentrations of CBD. First, we examined inhibition of TTX-R sodium current using a voltage 

protocol designed to put a substantial fraction of channels into slow inactivated states, with a 

2-s conditioning pulse at -40 mV (expected from the results in Figure 1.11B to put ~ 1/3 of the 

channels into the slow inactivated state) followed by a test pulse to +10 mV. We saw effective 

inhibition of current by both 300 nM CBD and 1 μM CBD using this protocol. (Figure 1.13A). 

Because the action of these concentrations of CBD was slow, we interspersed recordings 

examining CBD inhibition with “sham-application” cells in which control (DMSO-containing) 

solution was applied for the same amount of time. With 5-minute applications of CBD, currents 

were reduced to 0.69 ± 0.09 (n=6) of pre-drug current by 300 nM CBD and to 0.58 ± 0.06 (n=6) 

by 1 μM CBD, with minimal effects of equivalent sham application of control solution ( 0.96 ± 

0.03 of the initial value after 5 minutes; n=6; p=0.02 for comparison between 300 nM CBD and 

sham application, p=0.003 for comparison between 1 μM CBD and sham application). 



59 
 

Figure 1.13 Effects of 300 nM and 1 µM CBD on TTX-R sodium channels. A, Inhibition of TTX-R 

sodium current by 300 nM CBD (red, n=6 cells from 3 animals) and by 1 µM CBD (blue, n=6 cells 

from 2 animals). Currents were evoked by a 15-ms step to +10 mV after a 2-s depolarization at -

40 mV, applied once every 30 seconds. Black symbols: data for cells with the same protocol 

with extended recording in control solution (n=6 cells from 4 animals.) P < 0.05 after 60 s 

between 300 nM CBD and control; p<0.05 after 0 s between 1 µM CBD and control.  B, Effect of 

300 nM CBD on the time course of the recovery of availability of TTX-R sodium channels 

following a 2-s prepulse to -40 mV. Cells were pre-incubated with 300 nM CBD or control 

(DMSO-containing) solution for 1-2 hours. Representative recovery time course in control 

(black) and 300 nM CBD (red). Right, Collected results for fraction available after 4-ms recovery 

at -70 mV, normalized to test pulse before conditioning pulse. Relative current = 0.68±0.04, 

n=12 cells from 3 animals for control; 0.48±0.05, n=11 cells from 3 animals for 300 nM CBD, 

p=0.009. C, Availability using the protocol of Figure 1.11B to measure voltage-dependence of 

slow inactivation, with 5-s conditioning pulses followed by a 10-ms return to -100 mV to allow 

recovery from fast inactivation followed by the test pulse. Vh = -38.3±1.2 mV, n=12 from 3 

animals for control; Vh = -43.6±1.9 mV, n=11 cells from 3 animals for 300 nM CBD, p=0.026. D, 

Prediction of the model in Figure 1.12 for channel fraction in R state (i.e. available channels) 

with the protocol in C in control (solid black line) and with 300 nM CBD (solid red line). Dashed 

red line shows channel availability in CBD normalized to 1 at -100 mV. Blue line shows 

occupancy of the slow inactivated state in control; in the presence of 300 nM CBD, blue dashed 

line shows occupancy of CBD-bound slow inactivated state and green dashed line shows 

occupancy of CBD-free slow inactivated state.  
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Figure 1.13 (Continued)  
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A somewhat surprising feature of these experiments was that the rate of inhibition by 1 μM 

CBD was not much different than that by 300 nM CBD. Although the reasons for this are not 

clear, it suggests that the rate-limiting step is not CBD binding to the channel but some other 

process, perhaps partitioning of CBD into the membrane or into the cell. Because of the 

possibility that a 5-minute application was not enough to reach steady-state, especially with 

low concentrations of CBD, we also did a series of experiments in which we pre-incubated cells 

with 300 nM CBD for 1-2 hours. In these population-study experiments, the substantial cell-to-

cell variation in the size of the TTX-R sodium current precluded making a simple comparison of 

current sizes. Therefore, we used protocols similar to those in Figure 1.10 and Figure 1.11B 

designed to assay the fraction of channels that enter slowly-recovering states during long 

depolarizations to -40 mV (slow inactivated states in control, and with CBD present, a 

combination of CBD-free slow inactivated states and CBD-bound inactivated states). Figure 

1.13B shows results with a protocol in which a 2-s step to -40 mV was followed by a series of 2-

ms steps to 0 mV delivered at various times after the return to -70 mV to assay the time-course 

of recovery. As expected, in control a substantial fraction of channels (on average, 32 ± 4 %, 

n=12) recovered slowly. The fraction of slowly-recovering channels was significantly larger in 

cells incubated in 300 nM CBD (52 ± 5 %, n=11), consistent with substantial binding of 300 nM 

CBD to slow inactivated states. We also measured the effect of 300 nM CBD incubation on the 

voltage-dependence of channel availability using a protocol to assay slow inactivation as in 

Figure 1.11B, with a 5-s conditioning pulses to various voltages followed by 10-ms at -100 mV 

and then a test pulse. As illustrated in Figure 1.13C, in these experiments there was a ~-5 mV 

shift in the mid-point of curves in cells incubated with 300 nM CBD (Vh = -43.6 ± 1.9 mV, n=11) 
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compared to control (Vh = -38.3 ± 1.2 mV, n=12; p = 0.02). We found that this shift is 

remarkably close to the predictions of the model in Figure 1.12, which predicts Vh = -39.1 for 

control and Vh = -43.9 with 300 nM CBD (Figure 1.13D).  

 We next examined whether sub-micromolar concentrations of CBD can modify the firing of 

nociceptors. Figure 1.14 shows the effects of 500 nM CBD on nociceptor firing. These 

experiments showed that 500 nM CBD had little effect on firing evoked by small current 

injections but significantly reduced the ability of cells to fire repetitively throughout 1-s current 

injections with current injections of 90 pA and above. In collected results (Figure 1.14B), 500 

nM CBD applied for 4 minutes reduced the number of action potentials evoked by 1-s 100-pA 

current injections from 23.1±5.6 in control to 7.6±2.5 in 500 nM CBD (n=7, p=0.01). This effect 

was much greater than small changes seen during sham applications of control solution for the 

same period of time (Figure 1.14C), where the number of action potentials changed from 

22.4±5.8 to 19.7±5.9 during the 4-minute sham application ( p=0.3). The effect of 500 nM CBD 

to reduce maintained firing during moderately strong current injections seems consistent with 

high-affinity binding to slow inactivated states reached during depolarizations to near -40 mV 

and above, although there may well be additional effects of 500 nM CBD on TTX-S channels or 

other channels influencing firing.  
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Figure 1.14 Inhibition of action potential firing in mouse nociceptors by 500 nM CBD. A, Action 

potential firing elicited by 1-s current injections at 40 pA and 90 pA before and after 4-min 

wash-on of 500 nM CBD. B, Collected results for number of action potentials during 1-s current 

injections before and after 4-min in 500 nM CBD. N=7 cells from 3 animals, p=0.047 for 90 pA, 

p=0.01 for 100 pA. C, Same for sham application in cells in which current was recorded for > 4 

minutes in control solution. N=7 cells from 3 animals. Data are shown as mean± SEM. 
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Figure 1.14 (Continued)  
 



65 
 

Discussion 

These results show that CBD at concentrations as low as 500 nM significantly reduces 

excitability of mouse nociceptors, with a concentration of 2 µM inhibiting firing very effectively, 

producing more effective inhibition than the same concentration of bupivacaine, one of the 

most potent local anesthetics. CBD inhibits both TTX-sensitive and TTX-resistant sodium 

channels, which play complementary roles in controlling nociceptor excitability (Cummins et al., 

2007; Bennett et al., 2019). 

 We find that CBD binds tightly to slow inactivated states of TTX-R channels. TTX-R channels 

are unusual in that the voltage-dependence of slow inactivation is hyperpolarized compared to 

fast inactivation (Blair and Bean, 2003; Figure 1.11), the opposite of most other sodium 

channels (Vilin and Ruben, 2001; Ulbricht, 2005; Ghovanloo et al., 2016). In the neurons we 

studied, about 30% of channels enter slow inactivated states at -40 mV (Figure 1.11); in some 

other subtypes of small DRG neurons, 20-60% of channels can be in the slow inactivated state 

even at -60 mV (Cardenas et al., 2006) and up to 90% at -50 mV (Tripathi et al., 2006).  Also, 

entry into slow inactivated states of TTX-R channels is rapid compared to slow inactivation in 

other types of sodium channels, so that with repeated 5-ms depolarizations or action 

potentials, cumulative inactivation can reduce currents substantially at frequencies of 1-10 Hz 

(Fazan et al., 2001; Tripathi et al., 2006; Figure 1.6). As a result, slow inactivation of TTX-R 

current can limit repetitive firing induced by depolarizing stimuli like capsaicin (Blair and Bean, 

2003) and can slow axonal conduction mediated by TTX-R sodium channels (De Col et al., 

2008) . Conversely, some excitation-enhancing agents like interleukin-1 beta and tumor 

necrosis factor activate second messenger pathways that disrupt slow inactivation of TTX-R 
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channels (Binshtok et al, 2008; Gudes et al., 2015). The significance of slow inactivation of TTX-R 

channels under physiological conditions suggests that pharmacological agents targeting these 

states may be especially effective in reducing repetitive firing of nociceptors. In fact, 

carbamazepine, effective for treating neuropathic pain in a subset of patients, also interacts 

with higher affinity with slow-inactivated than fast-inactivated states of TTX-R channels (Rush 

and Elliott, 1997; Cardenas et al., 2006), although with far weaker slow-inactivated state 

binding (estimated Kd 30 μM, Cardenas et al., 2006) than for CBD (0.15 µM). 

    The molecular mechanism of slow inactivation has been studied extensively in Nav1.4 and 

Nav1.5 channels, where it appears to involve movements in the outer pore region (Townsend 

and Horn, 1997; Vilin et al., 1999) and immobilization of voltage-sensor regions (Silva and 

Goldstein, 2013). However, the distinctive properties of slow inactivation in Nav1.8 channels 

suggest that its structural basis might be different from other sodium channels. So far the only 

structurally-relevant information on slow inactivation in Nav1.8 channels is that the extent of 

slow inactivation occurring during strong depolarizations can be regulated by calmodulin (Choi 

et al. 2006; 2007), which may underlie the variable properties in different types of DRG 

neurons. Our results suggest that structures of CBD-bound Nav1.8 channels would likely be in 

the slow inactivated state, which would be stabilized relative to other states by tight CBD 

binding. A high-resolution X-crystallography study of CBD bound to a bacterial voltage-

dependent sodium channel showed a binding site near the pore, located in a hydrophobic 

“fenestration” that can plausibly account for entry of the hydrophobic CBD molecule from the 

membrane phase (Sait et al., 2020). Entry of hydrophobic molecules into the pore through such 

lateral fenestrations in the pore was previously proposed for lidocaine (Gamal El-Din, 2018), 
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providing a concrete molecular mechanism for the proposal by Hille (1977) for such a pathway 

for the binding of hydrophobic local anesthetic molecules to mammalian sodium channels. A 

similar location for CBD binding in mammalian sodium channels seems plausible based on 

homology modeling (Sait et al., 2020), although CBD inhibition of the bacterial sodium channel 

is significantly weaker (IC50 ~ 17 μM) than for mammalian sodium channels, so it is unclear how 

good a model the CBD binding to the bacterial channel will be for high-affinity binding to 

inactivated states of mammalian channels.  

 Further work will be needed to determine the relative importance of CBD inhibition of TTX-S 

and TTX-R channels for inhibiting nociceptor firing. With 500 nM CBD, there was little effect on 

firing of the first few action potentials, and the main effect was reduction of maintained firing 

during relatively large current injections. While this is consistent with CBD binding to slow 

inactivated states of TTX-R channels, application of TTX can also reduce maintained firing 

(unpublished observations), so combined action of CBD on both TTX-R and TTX-S channels is 

likely important. Studies on cloned Nav1.1-Nav1.7 channels show that CBD binds to inactivated 

states with higher affinity than resting states (Ghovanloo et al., 2018) but studies on native TTX-

S channels in nociceptors have not yet been done.  It remains to be seen whether particularly 

tight binding of CBD to slow inactivated states also occurs in TTX-S channels. In general, 

inhibition of both TTX-S and TTX-R channels may be a desirable characteristic for an effective 

analgesic (Goodwin and McMahon, 2021).   

 Similar to other anti-epileptic drugs like phenytoin and carbamazepine, CBD inhibits not only 

sodium channels but also voltage-dependent potassium channels and calcium channels (Ross et 

al., 2008; Hill et al., 2014; Patel et al., 2016; Ghovanloo et al., 2018; Le Marois et al., 2020; 
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Orvos et al., 2020), as well having effects on a wide variety of other signaling molecules (Gray 

and Whalley, 2019; Watkins, 2019; Senn et al., 2020), including TRPV1 (Iannotti et al., 2014), 

TRPV2 (Neumann-Raizel et al., 2019; Qin et al., 2008)  and various G-protein-coupled receptors 

(de Almeida and Devi, 2020). Although CBD affects many channels and receptors, the fact that 

well-defined binding sites can be seen in structures of CBD-bound proteins (Pumroy et al., 

2019; Sait et al., 2020), along with the dramatic state-dependence of binding, suggests that its 

effects are mediated by specific effects on the operation of particular channels and receptors 

and not completely non-specific effects on membranes and membrane proteins. It is difficult to 

know which of these effects, or combination of effects, is most important for CBD’s action on 

either epilepsy and pain.  However, given the primary importance of voltage-dependent sodium 

channels in controlling neuronal excitability, it seems likely that effects on sodium channels are 

of major importance in pain. As for other anti-epileptic sodium channel inhibitors like 

carbamazepine, phenytoin, and lamotrigine, and amitriptyline, used to treat neuropathic pain, 

the clinical effects and tolerability of CBD likely depend critically on relatively small differences 

in actions on particular channel types together with the importance of each affected channel 

for excitability of particular neuronal types and other excitable cells. For example, it may be 

significant that the IC50 for CBD inhibition of cardiac Nav1.5 channels is several-fold higher than 

for neuronal TTX-sensitive channels (Ghovanloo et al., 2018) or Nav1.8 channels (this study).  

The strong dependence of CBD binding on the gating state of sodium channels and the strong 

dependence of gating states on membrane voltage are likely to be key factors in determining 

effects on different types of neurons, as well as on other excitable cells like heart muscle. 

Recent experiments showed that CBD is much more effective in inhibiting resurgent sodium 
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current generated by Nav1.2 channels than for inhibiting transient current through these or 

other channels (Mason and Cummins, 2020), which may help explain potency in epilepsy. Such 

strong state-dependent actions are impossible to predict a priori but once known, can help in 

designing compounds with improved therapeutic ratios. The particularly strong interaction of 

CBD with the slow inactivated state of Nav1.8 channels may offer such an opportunity.    

  The intrinsic potency of CBD for inhibiting nociceptor firing relative to bupivacaine highlights 

the importance of understanding the complex pharmacokinetics and bioavailability of CBD 

when applied in vivo by various routes (Millar et al., 2019). Because CBD is highly lipid soluble 

(Ghovanloo et al., 2018), it likely partitions strongly into membranes and lipid-rich 

environments like the brain and myelinated nerves, and the concentrations actually seen by 

channels in central neurons or peripheral neurons with in vivo application are presently 

essentially impossible to estimate. Possibly local application (e.g. by dermal application) could 

be an effective route for producing localized analgesia. However, while our results show 

effective CBD inhibition of firing in nociceptor cell bodies, excitability of peripheral terminals 

and axons may well depend on different combinations of ion channels (Goodwin and 

McMahon, 2021), and CBD inhibition of excitability in these physiologically important cell 

regions remains to be characterized. Also, while use of dissociated cells allows application of 

well-defined concentrations of CBD and detailed analysis of effects on ion channels, the process 

of dissociation and maintenance in vitro (including exposure to NGF) almost certainly alters the 

electrical properties of the neurons, which may have characteristics more like those in damaged 

or inflamed tissue than normal tissue.      
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Chapter 2 Cannabidiol inhibits Nav channels through two distinct binding sites 
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Abstract 

Cannabidiol (CBD), a major non-psychoactive phytocannabinoid in cannabis, is an effective 

treatment for some forms of epilepsy and pain. At high concentrations, CBD interacts with a 

huge variety of proteins, but which targets are most relevant for clinical actions is still unclear. 

Here we show that CBD interacts with Nav1.7 channels at sub-micromolar concentrations in a 

state-dependent manner. Electrophysiological experiments show that CBD binds to the 

inactivated state of Nav1.7 channels with a dissociation constant of about 65 nM. The cryo-EM 

structure of CBD bound to Nav1.7 channels reveals two distinct binding sites. One is in the IV-I 

fenestration near the upper pore, suggesting a pathway by which CBD can access the channel 

protein from the lipid membrane. The other binding site is directly next to the inactivated 

“wedged” position of the Ile/Phe/Met (IFM) motif on the short linker between repeats III and 

IV, which mediates fast inactivation. Consistent with producing a direct stabilization of the 
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inactivated state, mutating residues in this binding site greatly reduced state-dependent 

binding of CBD. The identification of this novel binding site may enable design of compounds 

with improved properties compared to CBD itself.  

Introduction 

Cannabidiol (CBD) is a major phytocannabinoid present in cannabis1. Unlike delta-9-

tetrahydrocannabinol, the main psychoactive phytocannabinoid, CBD does not activate CB1 or 

CB2 cannabinoid receptors and does not show intoxicating effects. Nevertheless, CBD has clear 

effects on neuronal function. Large clinical trials have shown efficacy of CBD for treating several 

childhood epilepsies2-6, for which it is now FDA-approved. CBD has also been shown to relieve 

pain in animal models7-9, as well as in several small clinical trials10,11. 

CBD has been shown to interact with a huge variety of proteins12,13, especially membrane 

proteins14, and it is still unclear which of these are the most important targets for CBD’s action 

on epilepsy or pain. One of the actions of CBD is to inhibit voltage-gated sodium (Nav) 

channels15-19. As for many drugs that inhibit Nav channels, the interaction of CBD with Nav 

channels is state-dependent, with higher affinity binding to the closed inactivated state of the 

channel than the closed resting state17. Because Nav channels exist in a steeply voltage-

dependent equilibrium between resting and inactivated states at physiological membrane 

potentials, tight binding to inactivated channels decreases the pool of resting state channels 

available for activation by a coupled-equilibrium mechanism, even if the drug binding is to a 

closed state of the channel20,21. 

Classic mutagenesis experiments revealed a key site for state-dependent interactions of local 

anesthetics like lidocaine and anti-seizure drugs like carbamazepine and phenytoin with Nav 
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channels, formed by residues in the pore-lining S6 segments in the upper region of the pore22-

24. Subsequent determinations of the structure of both bacterial and eukaryotic Nav channels 

revealed the presence of “fenestrations” in the side of the pore near this region25-29, suggesting 

a pathway by which hydrophobic molecules can access the binding site from the lipid 

membrane – providing a concrete structural basis for the “hydrophobic pathway” hypothesized 

by Hille 20. 

Here we have used cryo-EM to determine the structure of CBD-bound Nav1.7 channels. 

Unexpectedly, structures with and without CBD reveal two distinct binding sites for CBD. One is 

in a fenestration in the upper pore. The other is a novel site close to where the IFM motif of the 

intracellular linker between domains III and IV30 binds to produce the rapid time- and voltage-

dependent inactivation characteristic of eukaryotic Nav channels by acting as a “door wedge” 

to squeeze the intracellular gate of the channel closed28,29,31,32. Mutating the residues identified 

in this binding site for CBD greatly reduced state-dependent CBD inhibition, suggesting a 

mechanism by which CBD binding stabilizes inactivation quite directly. 

Methods and materials  

Transient expression of human Nav1.7 in HEK293F cells 

Codon-optimized cDNA for full-length human Nav1.7 (Uniprot Q15858), a gift from Tsinghua 

University, was cloned into the pCAG vector with Twin-Strep-tag and Flag-tag in tandem at the 

amino terminus while codon-optimized cDNAs for β1 subunit (Uniprot Q07699) and β2 subunit 

(Uniprot O60939) were cloned separately into the pCAG vector without affinity tag. All the 

plasmids for transient expression were verified by DNA sequencing. HEK293F suspension cells 

(Thermo Fisher Scientific, R79007) were cultured in SMM 293T-II medium (Sino Biological Inc.) 
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at 37 °C, supplied with 5% CO2 under 60% humidity, and transfected with plasmids when the 

cell density reached 1.5-2.0 × 106 cells per ml. For one liter cell culture, a mixture of expression 

plasmids including 1.5 mg plasmids for Nav1.7, 0.5 mg plasmids for β1 and 0.5 mg plasmids for 

β2 was pre-incubated with 4 mg 40-kDa linear polyethylenimines (Polysciences) in 50 ml fresh 

medium for 15-30 minutes, and then added to the cell culture for transient expression of 

human Nav1.7 complex. 

Protein purification of human Nav1.7-CBD complexes 33 L transfected HEK293F cells were 

harvested approximately 48 h after transfection by centrifugation at 3,600 g for 10 min and 

resuspended in the lysis buffer containing 25 mM Tris-HCl (pH 7.5) and 150 mM NaCl. The 

suspension was supplemented with 10 μΜ CBD (sigma aldrich) and protease inhibitor cocktail 

(Selleckchem), and incubated at 4 °C for 30 min. Then n-dodecyl-β-D-maltopyranoside (DDM, 

Anatrace) was added to a final concentration of 1% (w/v), and cholesteryl hemisuccinate Tris 

salt (CHS, Anatrace) to 0.1% (w/v). After incubation at 4 °C for another 2 h, the mixture was 

centrifuged at 16,000 g for 45 min, and the supernatant was applied to anti-Flag M2 affinity gel 

(Sigma) for affinity purification. The resin was rinsed four times with the wash buffer (buffer W) 

that contains 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.06% GDN, 10 μΜ CBD and protease 

inhibitor cocktail. The target proteins were eluted with buffer W supplemented with 0.2 mg 

mL−1 Flag peptide (synthesized by GenScript). The eluent was then applied to Strep-Tactin 

Sepharose (IBA) and flew through by gravity. The resin was rinsed four times with buffer W and 

the target proteins were eluted with buffer W supplemented with 2.5 mM desthiobiotin (IBA). 

The eluent was then concentrated using a 100-kDa cut-off Amicon filter unit (Millipore) and 

further purified through size-exclusion chromatography (Superose 6 10/300 GL, GE Healthcare) 
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that was pre-equilibrated in the buffer containing 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 

0.02% GDN and 10 μΜ CBD. The peak fractions were pooled and concentrated to a final 

concentration of ~ 9 mg mL−1 and incubated with 100 μM CBD at 4 °C for another 30 min 

before making cryo-girds. 

Cryo-EM sample preparation and data acquisition 

UltrAuFoil (R1.2/1.3 300 mesh, Quantifoil) grids were glow-discharged with easiGlow 

(PELCO) using 15 mA for 15s at 0.37 mBar. Vitrobot Mark IV chamber was pre-cooled to 10 °C 

with 100% humidity. 3 μl concentrated Nav1.7-CBD was applied to freshly treated grid surface, 

which was then blotted with filter paper for 4 s and plunged into liquid ethane cooled by liquid 

nitrogen. Grids were loaded to a 300 kV Titan Krios G3i with spherical aberration (Cs) image 

corrector (Thermo Fisher). SerialEM was used for automated data collection of both no-tilt and 

tilted micrographs. Micrographs were recorded by a Gif Quantum K2 Summit camera (Gatan) 

with 20 eV slit in super-resolution mode at a nominal magnification of 105,000×, resulting in a 

calibrated pixel size of 0.557 Å. Each movie stack was exposed for 5.6 s (0.175 s per frame, 32 

frames) with a total electron dose of ~ 50 e−/Å2. The movie stacks were aligned, summed and 

dose-weighted using Warp and binned to a pixel size of 1.114 Å per pixel. 

Data processing 

 In total 5,862 cryo-EM micrographs were collected from four subsets of micrographs, 

including two no-tilt subsets (1st: 1,302; 2nd: 2,286), a 30° tilted subset (3rd: 1,271) and a 40° 

tilted subset (4th: 1,003). Warp52 preprocessed subsets were imported to cryoSPARC53 for 

patched CTF estimation. 41,155 particles from 130 micrographs were auto-picked by blob 

picking to generate 2D templates through 2D classification. 21,839 particles in 15 classes were 
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selected to perform Ab-initio reconstruction and the class averages were used in later template 

picking for all subsets. Each subset was picked individually with selected templates, yielding 

783,670/1,336,960/1,292,889/1,712,983 particles for the 4 subsets. Patch CTF extraction jobs 

were performed to update local defocus information in both 30° and 40° tilted datasets based 

on particle coordinates. Obvious junks were excluded from extracted bin4 particles in each 

subset by 2D classification. Those roughly cleaned subsets were sent to heterogenous 

refinement with 2 references generated from Ab-initio reconstruction. Bin2 particles were 

extracted with selected good classes and merged for the 4 subsets. After four rounds of 

heterogenous refinement and remove duplicates, 590,967 particles in best class left and were 

extracted into bin1. Those particles were subject to another two rounds of heterogenous 

refinement using information from higher frequency. After non-uniform (NU) refinement, a 

good 3D class containing 488,974 particles yielded a reconstruction at an overall resolution of 

3.0 Å. These results were exported to Relion54 to perform the Bayesian polishing with the 

motion parameters estimated by Warp. Polished particles were re-imported to cryoSPARC to 

perform the NU refinement, which leads to a 2.8-Å final reconstruction. 

Model building and refinement 

The coordinates of WT apo-Nav1.7 (PDB: 7W9K), was used as the initial model for model 

building for human Nav1.7-CBD. The published model was docked and saved related to the 

Nav1.7-CBD EM density in Chimera55. The refitted initial model was adjusted in COOT first56. It 

was then refined against the corresponding map using the Real-space Refinement option in 

PHENIX57 with secondary structure and geometry restraints.  

Whole cell electrophysiology 
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 Experiments characterizing the state-dependent actions of CBD on wild-type hNav1.7 

channels were made using HEK293 cells stably expressing human Nav1.7 channels58. Cells were 

grown in Minimum Essential Medium (ATCC) containing 10% fetal bovine serum (Sigma) and 1% 

penicillin/streptomycin (Sigma) under 5% CO2 at 37 °C. For electrophysiological recording, cells 

were grown on coverslips for 12 to 24 h after plating. Whole-cell recordings were obtained 

using patch pipettes with resistances of 2-3.5 MΩ when filled with the internal solution, 

consisting of 122 mM CsCl, 9 mM NaCl, 1.8 mM MgCl2, 9 mM EGTA, 14 mM creatine phosphate 

(tris salt), 4 mM MgATP, and 0.3 mM GTP (tris salt), 9 mM HEPES, pH adjusted to 7.2 with CsOH. 

The shank of the electrode was wrapped with Parafilm to reduce capacitance and allow optimal 

series resistance compensation without oscillation. Recordings were made using a Multiclamp 

700B amplifier (Molecular Devices) with currents and voltages controlled and sampled using a 

Digidata 1322A interface using pClamp 9 software (Molecular Devices). Series resistance was 

compensated by 70-80%. Current and voltage records were filtered at 5-10 kHz and digitized at 

100 kHz. Analysis was performed with Igor Pro (Wavemetrics, Lake Oswego, OR) using 

DataAccess (Bruxton Software) to import pClamp data. Sodium currents were corrected for 

linear capacitative and leak currents determined using 5 mV hyperpolarizations delivered from 

the resting potential (-70 or -100 mV) and then appropriately scaled and subtracted. 

After establishing whole-cell recording in Tyrode’s solution (155 mM NaCl, 3.5 mM KCl, 1.5 mM 

CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, pH adjusted to 7.4 with NaOH) cells were 

lifted off the bottom of the recording chamber and placed in front of an array of quartz fiber 

flow pipes (250 µm internal diameter, 350 µm external diameter, Polymicro Technologies, 

Catalog # TSG250350) attached with styrene butadiene glue (Amazing Goop, Eclectic Products) 
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to a rectangular aluminum rod (cross section 1.5 cm × 0.5 cm) whose temperature was 

controlled by resistive heating elements and a feedback-controlled temperature controller 

(Warner Instruments, TC-344B). Solutions were changed (in ~ 1 second) by moving the cell from 

one pipe to another. Recordings were made at either 37 °C or 21 °C. 

Sodium currents were recorded in an external solution consisting of : 116 mM NaCl, 39 mM 

TEACl, 5 mM BaCl2, 10 µM CdCl2, 10 mM HEPES, 10 mM glucose, pH adjusted to 7.4 with NaOH. 

CBD (Cayman Chemical, Catalog # 90080, CAS 13956-29-1) was prepared as a 10 mM stock 

solution in DMSO which was diluted in the external solution to the final concentration. DMSO 

was added to the control solution at the same concentration as in the CBD solution. When 

using sub-micromolar concentrations of CBD, we used all-glass containers and perfusion tubing 

to avoid loss of compound by partitioning into plastic59, which is problematic even for D9-THC 

60,61, which is less lipophilic (logP 5.65) than CBD (logP 6.33).  

The effects of CBD on steady-state inactivation were determined using 5-s long prepulses to 

voltages between -130 mV and -20 mV followed by a 10-ms test pulse to +10 mV. 300 nM CBD 

was applied for 10 minutes in order to reach steady state. In control experiments, we found 

that there was a small time-dependent shift in the midpoint of inactivation over this time, and 

the average shift in control (with DMSO at the concentration present in the 300 nM CBD 

solutions) over 5 minutes (-3.6 mV, n=8) was subtracted from the average shift with 300 nM 

CBD (-10.0 mV, n=8) in order to calculate the CBD-induced shift that was used for fitting the 

state-dependent model in Figure 2.1c. Data are given as mean ± SEM. 

    Experiments examining the effects of mutations used transient transfections in HEK293T 

cells. HEK293T cells were cultured in Dulbecco's Modified Eagle Medium (DMEM, BI) 
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supplemented with 4.5 mg/mL glucose, 10% (v/v) fetal bovine serum (FBS, BI). For patch-clamp 

recordings, the cells were plated onto glass coverslips and transiently co-transfected with the 

Nav1.7 variants plasmids and eGFP in the presence of lipofectamine 2000 (Invitrogen). Cells 

with green fluorescence were selected for patch-clamp recording 18–36 h after transfection. 

Experiments were performed at room temperature. No authentication was performed for the 

commercially available cell line. Mycoplasma contamination was not tested. 

     Whole-cell Na+ currents were recorded in HEK293T cells using an EPC10-USB amplifier with 

Patchmaster software v2*90.2 (HEKA Elektronic), filtered at 3 kHz (low-pass Bessel filter) and 

sampled at 50 kHz. The borosilicate pipettes (Sutter Instrument) used in all experiments had a 

resistance of 2-4 MΩ and the electrodes were filled with the internal solution composed of 105 

mM CsF, 40 mM CsCl, 10 mM NaCl, 10 mM EGTA, 10 mM HEPES, pH adjusted to 7.4 with CsOH. 

The bath solutions contained: 140 mM NaCl, 4 mM KCl, 10 mM HEPES, 10 mM D-Glucose, 1 mM 

MgCl2, 1.5 mM CaCl2, pH adjusted to 7.4 with NaOH. Data were analyzed using Origin 

(OriginLab) and GraphPad Prism (GraphPad Software). 

To determine voltage dependence of inactivation, cells were clamped at a holding potential 

of -100 mV and pre-pulses from -130 mV to 0 mV for either 5 s (for steady-state inactivation) or 

50 ms (for fast inactivation) were applied with an increment of 5 mV, followed by a 50-ms test 

pulse to 0 mV. Fast and steady-state inactivation curves were fitted with a Boltzmann function 

to obtain Vh and slope values. Leak currents and capacitive transients were subtracted using the 

P/4 procedure. CBD was dissolved in dimethyl sulfoxide (DMSO, final concentration less than 

0.1%, Sigma) to make a stock solution of 30 mM. Solutions with indicated CBD concentrations 

were freshly prepared and perfused to the recording cell for up to 10 mins to get to the 
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maximal block using a multichannel perfusion system (VM8, ALA). Prior to CBD perfusion, cells 

were recorded for 5 min to establish stable peak current. Data is presented as mean ± standard 

error of the mean (SEM) and n is the number of experimental cells from which recordings were 

obtained. Statistical significance was assessed using an unpaired t-test with Welch’s correction 

and extra sum-of-squares F test. 

Results 

CBD stabilizes the inactivated state of Nav1.7 

Although CBD is known to interact with a wide variety of proteins, substantial effects at sub-

micromolar concentrations have been reported for only a few targets. Among these are Nav1.8 

channels33, which are prominently expressed in primary nociceptors. We tested low 

concentrations of CBD on Nav1.7 channels, the other major sodium channel driving excitability 

of primary nociceptors34,35, using a stable cell line expressing human Nav1.7 channels. Nav1.7 

current evoked from a holding potential of -70 mV, near the normal resting potential of 

nociceptors, was strongly inhibited by 300 nM CBD (Figure 2.1a, b). In collected results, current 

was reduced to 0.29 ± 0.02 of control by 300 nM CBD applied for two minutes. The inhibition by 

300 nM CBD was strongly sensitive to the state of the channels, as assayed by 5-second 

prepulses to alter the equilibrium between resting states and inactivated states of the channel 

(Figure 2.1c). The midpoint of channel availability was shifted in the hyperpolarizing direction 

by an average of 6.4 mV. This shift suggests tighter binding of CBD to inactivated states than 

resting states, and a simplified model of binding to resting and inactivated states21 suggests a 

binding affinity of about 66 nM to inactivated states. One interpretation of the altered 

availability of Nav channels is that CBD stabilizes the inactivated state of the channel. 
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Consistent with this, after a depolarizing prepulse to -40 mV to induce high-affinity CBD binding 

to inactivated states, recovery of availability is much slower than in control (Figure 2.1d). 
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Figure 2.1 Potent stabilization of Nav1.7 inactivation by CBD.  a Currents before and after 

application of 300 nM CBD for two minutes at 37 °C. b Time-course of inhibition of hNav1.7 

channels by 300 nM CBD at 37 °C. Mean ± SEM, n=7.  c Shift in steady-state inactivation 

(determined by 5-s prepulses followed by a test pulse to +10 mV) by 300 nM CBD. Inset: 

calculated values for dissociation constants of CBD binding to resting and inactivated states21.  d 

Slowed recovery from inactivation with CBD, assayed at -100 mV following a 300-ms step to -40 

mV to promote binding of CBD to fast inactivated channels.  e Time-course of entry into slowly-

recovering states during steps to -40 mV in the absence and presence of CBD. Dashed line is 

drawn at 20 ms, showing rapid entry of channels into slowly-recovering states consistent with 

binding to fast inactivated states. 
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Figure 2.1 (Continued)  
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Like other Nav channels, Nav1.7 channels can undergo two forms of inactivation, fast 

inactivation and slow inactivation. With maintained depolarization, especially to strongly 

depolarized voltages, Nav channels can enter into a distinct slow inactivated state, from which 

recovery on repolarization is much slower. In principle, the high affinity binding of CBD to 

inactivated states could involve either fast inactivated or slow inactivated states. Figure 2.1e 

shows an experiment designed to test whether CBD can bind to fast inactivated channels with 

high affinity, by examining the time course of entry of channels into slowly recovering states at 

-40 mV, where there is little slow inactivation. In the presence of CBD, there is substantial entry 

of channels into slowly recovering states within 20 ms at -40 mV, a time where there is almost 

no entry into slow inactivated states in control. This implies that CBD binds with high affinity to 

fast inactivated states. Experiments with long depolarizations to more depolarized voltages 

(data not shown) show that CBD remains bound with similarly high affinity when channels enter 

slow inactivated states, suggesting that whatever binding site is formed during fast inactivation 

remains when channels transition to slow inactivated states. 

CBD occupies two distinct sites on the pore domain (PD) 

To examine the structural basis of CBD binding, we obtained a cryo-EM structure of CBD 

bound to human Nav1.7 channels by including CBD throughout purification of the channel 

protein starting with the first step after cells were harvested. Following our standard protocol 

for human Nav1.7 purification and cryo-EM analysis, a 3D EM reconstruction of Nav1.7-β1-β2 in 

the presence of CBD was obtained at 2.8 Å resolution (Figure 2.2a). 
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Figure 2.2 Cryo-EM structure of the human Nav1.7-CBD complex.  a Cryo-EM map of human 

Nav1.7 bound to CBD.  The Nav1.7 complex comprises the transmembrane α1 subunit (domain 

colored), the auxiliary β1 subunit (light salmon), and β2 subunit (salmon). Sugar moieties and 

lipids are colored gray and orange, respectively. The same color scheme is applied throughout 

the manuscript.  b Overall structure of the α1 subunit of Nav1.7 bound to CBD. Two CBD 

molecules, designated as CBD-1 and CBD-2 and shown as light grey spheres, bind to different 

sites in the pore domain (PD).  c Two CBD-binding sites, the inactivation receptor site (the I-site, 

right) for CBD-1 and the I-IV fenestration site (the F-site, left) for CBD-2, are identified and 

highlighted with magenta and gray boxes, respectively. 
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Figure 2.2 (Continued)  
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Map comparison with the ligand-free Nav1.7 (EMDB: EMD-32368) immediately reveals one 

extra stretch of density that is right next to the IFM motif. In addition, a linear density that 

penetrates the IV-I fenestration in apo-Nav1.7 is now replaced by a bulkier one in the presence 

of CBD. Both densities can be docked well with CBD (Figure 2.2b). This identifies two distinct 

CBD binding sites from the high-resolution EM map. For description simplicity, we name the site 

next to the IFM motif as the I-site for CBD-1 and the IV-I fenestration as the F-site for CBD-2 

(Figure 2.2c). In the following, we will present detailed analysis of the two binding sites. 

CBD reshapes the IFM-binding site 

The receptor site for the fast inactivation motif IFM in eukaryotic Nav channels is constituted 

mainly by hydrophobic residues from S4-S5III, S5III, S6III, S5IV and S6IV. Prominent 

conformational changes occur to the intracellular half of S6III upon CBD binding. Minor shifts 

are also observed in the adjacent segments (Figure 2.3a). Although the position of the IFM 

motif remains unchanged, S6III is pushed away by CBD-1. More dramatically, residues 1461-

1465, which fold in two helical turns on the intracellular terminus of S6III in the ligand-free 

structure, are unwound to a loop in the presence of CBD-1, and the ensuing five residues 

become invisible (Figure 2.3b). Despite the marked shift of S6III, the intracellular gate remains 

in a non-conducting state. 

. 
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Figure 2.3 Conformational changes of Nav1.7 upon CBD binding to the I-site.  a CBD binding to 

the I-site induces pronounced conformational shift of the PD. A side view (left) and a bottom 

view (right) of the superimposed PD of CBD-bound (domain colored) and apo (pale green, PDB: 

7W9K) Nav1.7 are shown. CBD molecules are shown as grey spheres. The IFM motifs are shown 

as sticks, and the conformational changes are indicated with red arrows.  b Rearrangement of 

the IFM binding site and surrounding elements upon CBD binding. Displacement of the 

corresponding residues upon CBD binding is indicated by red arrows. An enlarged view of the 

conformational shift of S6III is shown on the bottom. c CBD binds to a hydrophobic pocket in 

the I-site. Surrounding environment is shown as the electrostatic surface, calculated in 

ChimeraX62.  d CBD coordination in the I-site. Surrounding residues are shown as sticks. 

Potential hydrogen bonds are shown as red dashed lines. e Plane diagram of residues 

constituting the binding pocket within a 4 Å cutoff distance from the ligand. The binding pocket 

and potential H-bonds are indicated by gray dashed contour and red dashed lines. f Mutations 

at I-site residues modify shifts in fast (50-ms prepulses) and steady-state inactivation (5-s 

prepulses) induced by 1 μM CBD. The ΔV50 values for fast inactivation: -9.26 ± 0.69 mV (WT), -

4.46 ± 0.57 mV (S1320A), -2.09 ± 0.69 mV (N1459A) and -3.58 ± 0.61 mV (S1320A+N1459A); for 

steady-state inactivation: -11.46 ± 0.72 mV (WT), -3.39 ± 0.75 mV (S1320A), -5.02 ± 0.98 mV 

(N1459A) and -4.76 ± 0.52 mV (S1320A+N1459A). 
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Figure 2.3 (Continued)  
 



100 
 

CBD-1, with the substituted cyclohexene rings on the intracellular side of the membrane and 

the n-pentyl tail hooking on the S4-S5III segment, is immersed in a largely hydrophobic 

environment encompassed by residues on S4-S5III, S5III, S6III, S5IV and S6IV, as well as Ile1472 

in the IFM motif (Figure 2.3c). Ser1320 and Asn1459 each form a hydrogen bond with the 

phenolic hydroxyl group of CBD-1 (Figure 2.3d, e).  

To test whether the I-site is involved in CBD stabilization of inactivated states, we examined 

whether Nav1.7 variants that contain either single point mutations (S1320A, N1459A) or a 

double mutation combining S1320A and N1459A alter the CBD-induced shift in availability 

reflecting high-affinity binding to inactivated states. All of the single and double mutations of 

the identified CBD-1 binding site substantially reduced the shift in availability, and similar 

reductions were seen using both 5-s prepulses to produce steady-state inactivation or 50-ms 

prepulses to emphasize fast inactivation (Figure 2.3f). These results suggest that the I-site 

makes a major contribution to the stabilization of the fast inactivated state by CBD. 

CBD binds to the IV-I fenestration site in a conserved pose 

The F-site for CBD-2 bound in the IV-I fenestration is mainly composed of hydrophobic 

residues from S6I, S5IV, S6IV and P1IV (Figure 2.4a). The structure of the F-site remains nearly 

unchanged with or without CBD (Figure 2.4b). The phenolic hydroxyl group of CBD is hydrogen-

bonded by the backbone carbonyl group of Val383, and the phenolic ring is further stabilized by 

Phe387 through a π-π stacking interaction. The lipophilic tail interacts only with the side chain 

of Val383 through van der Waals interaction (Figure 2.4a, b). 
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Figure 2.4 Coordination of CBD at the F-site.  a CBD binds to the fenestration enclosed by 

repeats IV and I of Nav1.7. Surrounding environment, which is highly hydrophobic, is shown as 

the electrostatic surface, calculated in ChimeraX. Inset: Plane diagram of residues constituting 

the binding pocket within 5 Å cutoff distance from the ligand. The binding pocket and potential 

H-bonds are indicated by gray dashed contour and red dashed lines. b The local structures 

around the F-site (left) remain nearly identical in apo (PDB: 7W9K) and CBD-bound Nav1.7. 

Surrounding residues are shown as sticks. The only potential hydrogen bond is shown as red 

dashed lines. c CBD shares similar binding poses in Nav1.7 and TRPV2 at the F-site. Similar 

fenestration binding site for CBD in Nav1.7 and in TRPV2 is seen in the superimposed 

structures. A side view (left) and a top view (right) of the comparison between CBD-bound 

Nav1.7 (domain colored) and TRPV2 (pink, PDB: 6U88) are shown.   
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Figure 2.4 (Continued)  
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Previous work determined a cryo-EM structure of rat TRPV2 treated with CBD36. In the 

TRPV2 structure, each of the four fenestrations is occupied by a CBD molecule. Unlike in the 

homotetrameric TRPV2 channel, CBD recognizes only one fenestration enclosed by repeats I 

and IV in the pseudosymmetric Nav1.7 (Figure 2.4c). Notably, CBD shares a similar binding pose 

in Nav1.7 and rTRPV2 at the F-site, with the cyclohexene ring pointing towards the central 

cavity and the n-pentyl tail exposed to the membrane (Figure 2.4c). 

A structure of the bacterial channels with bound CBD has also been determined37. 

Interestingly, CBD in NavMS is also present in fenestrations. However, the binding pose in the 

fenestrations does not overlap with that in Nav1.7, with the molecule extending much deeper 

into the central cavity in the bacterial channel (Figure 2.5). 
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Figure 2.5 Comparison of CBD binding in Nav1.7 and NavMs at the Fsite. a Deviation of the 

CBD binding poses in Nav1.7 and NavMs. A side view (left) and a top view (right) of the 

superimposed pore domain of CBD-bound Nav1.7 (domain colored) and NavMs (pink, PDB: 

6YZ0) are shown. One CBD molecule occupies the fenestration enclosed by repeats I and IV of 

Nav1.7, whereas four CBD molecules each binds to a fenestration site in NavMs. b Different 

CBD binding poses at the F-site in Nav1.7 and NavMs. The pore domain of Nav1.7 is shown as a 

cut-open electrostatic surface. 
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Figure 2.5 (Continued)  
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Discussion 

     Unexpectedly, CBD binds to two different sites on Nav1.7 channels, and both sites are 

different from the binding sites of other small-molecule state-dependent Nav inhibitors 

previously determined from structural data with mammalian Nav1 channels, including 

flecainide38, quinidine32, propafenone39, bulleyaconitine A40, XEN907, TC-N175241 and A-

80346742. Neither of the two CBD molecules bound to Nav1.7 channels is in a position to 

physically occlude the pore. This suggests that CBD acts allosterically to inhibit Nav1.7 channels, 

and the high-affinity binding to the inactivated state of the channel shown by the 

electrophysiological experiments suggests that the key allosteric action is a stabilization of the 

inactivated state. The position of the I-site for CBD-1 binding at the receptor site for the IFM 

motif, and the dramatic changes in the S6III structure with CBD, suggest that CBD binding at this 

site may stabilize inactivation very directly, by increasing the binding of the IFM motif, resulting 

in both a shift of the voltage-dependent equilibrium between resting and inactivated channels 

and a slowing of recovery from inactivation when the membrane is repolarized.  

     CBD is an exceptionally lipophilic molecule. With a logP of 6.33, it is expected to be ~ 106 

times more concentrated in the lipid membrane than in the aqueous extracellular or 

intracellular solutions. The discovery of fenestrations in Nav channels of both prokaryotes and 

eukaryotes led to the hypothesis that movement of hydrophobic molecules through the 

fenestrations could form the basis for the “hydrophobic pathway” hypothesized by Hille20 to 

account for the differing kinetics of development and recovery from channels inhibition by 

charge or uncharged local anesthetics. The idea that the fenestrations can form pathways for 

effective movement of hydrophobic molecules between the lipid membrane and the channel 
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pore has been well-supported by both modeling and experiments43-45. The presence of a CBD 

molecule in the IV-I fenestration is consistent with the idea that CBD access to the channel 

protein from its high concentration in the membrane occurs through this fenestration. 

Interestingly, in the structure of CBD-bound homotetrameric bacterial Nav channel NavMs, CBD 

molecules were modeled in each of the four fenestrations to extend into the central cavity of 

the pore. However, the CBD molecule in the IV-I fenestration of Nav1.7 does not extend into 

the pore cavity and seems unlikely to directly block the pore. More work will be needed to 

determine whether binding of this CBD molecule helps stabilize the inactivated state of the 

channel by an indirect allosteric mechanism.  

     Many small molecule Nav channel inhibitors, including other antiepileptic drugs and local 

anesthetics, share the property with CBD of binding more tightly to the inactivated state of the 

channel than the resting state, even though we now see that the binding sites are quite 

different. The state-dependent binding to inactivated channels results in inhibition that is more 

pronounced when the neuronal membrane is more depolarized, typically associated with 

higher firing rates, and is likely the reason that sodium channel-targeted antiepileptic agents 

can reduce hyperactivity without debilitating effects on normal activity. Such selectivity is likely 

also desirable for pain management, since total loss of pain has devastating consequences. 

Although CBD shares the property of state-dependence with many other clinically useful drugs, 

the calculated binding affinity of ~ 100 nM for CBD binding to inactivated channels is much 

higher than for any other anti-epileptic drug with similar state-dependent binding 

characteristics (e.g. ~ 7 uM for phenytoin46; ~9 uM for lamotrigine47, 25 uM for 

carbamazepine48, and ~14 uM for lacosamide49) or local anesthetics like lidocaine50 (~ 20 µM). 
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     Despite its clinical use for epilepsies that cannot be controlled by other agents, cannabidiol 

has major limitations as a drug, including inducing somnolence, vomiting, diarrhea, and hepatic 

abnormalities51. Many of these adverse effects likely reflect the promiscuity of CBD in affecting 

so many proteins not likely to be involved in its beneficial actions. The new knowledge of the 

binding sites for CBD on Nav channels should facilitate structure-based discovery of new drugs 

deliberately targeted to sodium channels with better specificity. 
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Abstract 

Cannabidiol (CBD) is a clinically effective antiepileptic drug whose mechanism of action is 

unknown. Using a fluorescence-based thallium flux assay, we performed a large-scale screen 

and found enhancement of flux through heterologously-expressed human Kv7.2/7.3 channels 

by CBD. Using patch clamp recordings, we found that CBD acts at low concentrations to activate 

Kv7.2/7.3 channels at subthreshold voltages, with 100 nM CBD producing a doubling of current 

at -50 mV. CBD shifted the voltage-dependence of channels in the hyperpolarizing direction, 

producing a shift in the midpoint of activation by ~-14 mV at 300 nM. CBD also effectively 

enhanced native M-current in both mouse superior cervical ganglion neurons and rat 

hippocampal neurons. The potent enhancement of Kv2/7.3 channels seems likely to contribute 

to CBD’s effectiveness as an antiepileptic drug.   

Introduction 

Cannabidiol (CBD), a phytocannabinoid present in marijuana (Mechoulam et al., 1970), is an 

effective antiepileptic agent for treating Dravet Syndrome (Devinsky et al., 2017, 2018b,2019; 

Miller et al., 2020) and Lennox-Gastaut syndrome  (Devinsky et al., 2018a; Thiele et al., 2018) 

epilepsies. How CBD ameliorates epileptic activity is unclear (Rosenberg et al., 2015,2017; 

Franco and Perucca, 2019). Unlike Δ(9)-tetrahydrocannabinol (THC), the other major 

phytocannabinoid in marijuana, CBD is not psychoactive and does not act as a direct primary 

ligand at CB1 or CB2 G-protein coupled receptors (Pertwee, 2005). The most potent effect of 

CBD on electrophysiological function so far reported is an inhibition of the effects of 

endocannabinoids naturally released by neurons to modulate synaptic transmission (Straiker et 

al., 2018), where CBD has a negative allosteric effect mediated by cannabidiol binding to CB1 
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receptors at a site distinct from the primary binding site (Laprairie et al., 2015). 

Electrophysiologically, this effect is detectable at 100 nM and substantial at 500 nM (Straiker et 

al., 2018.) At higher concentrations, CBD has inibitory effects on a wide range of proteins, 

including many receptors and channels (Watkins, 2019). Like many classic antiepileptic agents, 

CBD inhibits voltage-dependent sodium channels in a state-dependent manner (Hill et al., 2014; 

Patel et al, 2016; Ghovanloo et al. 2018; Mason and Cummins, 2020), but concentrations of ~2-

4 uM are required for half-maximal inhibition of sodium channels  and it is unclear whether 

sodium channel inhibition can account for CBD’s anti-convulsant effects (Hill et al., 2014).  

Other molecular targets that could mediate antiepileptic actions of CBD have been described, 

notably antagonism of the lipid-activated G protein-coupled receptor GPR55 (Ryberg et al., 

2007),  but so far electrophysiological effects correlated with GPR55 antagonism have been 

described only at concentrations of CBD ~10 µM (Kaplan et al., 2017) and their relevance to 

CBD reduction of overall epileptiform activity, which can be detected in brain slice preparations 

at concentrations as low as 100 nM (Jones, et al., 2010) remains uncertain.  

Here we report that CBD acts at sub-micromolar concentrations to activate neuronal M-

current at subthreshold voltages. CBD at concentrations as low as 100 nM shifts the voltage-

dependence of activation of the channels in the hyperpolarizing direction, resulting in 

significant activation of Kv7 current at subthreshold voltages. The results suggest that activation 

of neuronal M-current is likely one mechanism by which CBD exerts its anti-epileptic action. 

Methods and materials 

Maintenance of Kv7.2/7.2 cell line 
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Experiments on cloned 7.2/7.3 channels were done using a cell line in which recombinant 

human Kv7.2 and 7.3 channels were stably transfected in a Chinese hamster ovary (CHO) cell 

line (Mayflower Bioscience, BSYS-KV7.2/3-CHO-C). Cells were maintained and passaged in a 

humidified 37°C incubator in sterile culture flasks containing Ham’s F12-Glutamax-l medium 

(Gibco, Catalog # 31765-035) supplemented with 10% fetal bovine serum (Gibco), 1% 

penicillin/streptomycin solution (Gibco, Catalog # 15140-122) and 5 µg/mL puromycin 

(InVivogen, cat #ant-pr-1) and cells were passaged at a confluence of about 50-80%. For 

electrophysiological recordings, cells were seeded onto 12 mm cover slips (Fisherbrand, Catalog 

#12-545-80).  

 Electrophysiology with CHO KV7.2/3 cell line 

Whole-cell patch clamp recordings were made using a Multiclamp 700B Amplifier (Molecular 

Devices). Electrodes were pulled from borosilicate capillaries (VWR International, Catalog # 

53432-921) on a Sutter P-97 puller (Sutter Instruments) and shanks were wrapped with 

Parafilm (American National Can Company) to allow optimal series resistance compensation 

without oscillation. The resistances of the pipettes were 1.8-3.5 MΩ when filled with the 

intracellular solution consisting of 140 mm KCl, 10 mM NaCl, 2 mM MgCl2, 1 mm EGTA, 0.2 mm 

CaCl2, 10 mM HEPES, 14 creatine phosphate (Tris salt), 4 MgATP, and 0.3 GTP (Tris salt), pH 

adjusted to 7.4 with KOH.   Seals were formed in Tyrode’s solution consisting of 155 mM NaCl, 

3.5 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, pH 7.4 adjusted with 

NaOH. After establishing whole-cell recording, cell capacitance was nulled and series resistance 

was partially (~70%) compensated. The cell was then lifted and placed in front of an array of 

quartz fiber flow pipes (250 µm internal diameter, 350 µm external diameter, Polymicro 
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Technologies, Catalog # TSG250350) attached with styrene butadiene glue (Amazing Goop, 

Eclectic Products) to a rectangular aluminum rod (cross section 1.5 cm × 0.5 cm) whose 

temperature was controlled by resistive heating elements and a feedback-controlled 

temperature controller (Warner Instruments, TC-344B). Solutions were changed (in ~ 1 second) 

by moving the cell from one pipe to another. Recordings were made at 37 °C. 

Voltage commands were delivered and current signals were recorded using a Digidata 1321A 

data acquisition system (Molecular Devices) controlled by pCLAMP 10.3 software (Molecular 

Devices).  Current and voltage records were filtered at 5 kHz and digitized at 100 kHz. Analysis 

was performed with Igor Pro 6.12 (Wavemetrics, Lake Oswego, OR), using DataAccess (Bruxton 

Software) to import pClamp data.  

     The voltage-dependence of activation was measured from the initial tail current at a step to -

50 mV following 1-s depolarizations to voltages between -100 mV and +40 mV from a holding 

potential of -80 mV.  Current records were corrected for linear capacitative and leak current by 

subtracting scaled responses to signal-averaged 5 mV hyperpolarizations delivered from -80 

mV. Tail current was averaged over a 1-msec interval starting at a time when the immediate 

jump in current had settled, typically 0.8-1.6 ms after the voltage step. Plots of normalized tail 

current versus test voltage could be fit well by a Boltzmann function raised to the 4th power. 

The midpoint of activation was measured in a fit-independent manner by calculating the test 

voltage at which tail current reached half of its maximal value (reached at voltages between 0 

to +40 mV), using linear interpolation between the test voltages straddling the midpoint. 

Calculation of shifts of activation midpoint by CBD was confined to cells in which maximal tail 
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current at -50 mV remained at least 100 pA in the presence of CBD and in which the activation 

curve in CBD was fit well by a Boltzmann function raised to the 4th power.     

     CBD (Cayman Chemical, Catalog # 90080, CAS 13956-29-1) was prepared as a 10 mM stock 

solution in DMSO which was diluted in the external Tyrodes’s solution to the final 

concentration. DMSO was added to the control solution at the same concentration as in the 

CBD solution. In early experiments, CBD-containing solutions were prepared in polystyrene test 

tubes and applied to cells from reservoirs made from 10 mM polypropylene syringe bodies. 

Realizing that phytocannabinoids have exceptionally high lipophilicity (Thomas et al., 1990) and 

can apparently partition into plastic (Hippalgaonkar et al., 2011), we then switched to using 

glass reservoirs from which solutions flowed through hollow quartz fibers to be applied to cells. 

We found that using glass reservoirs and tubing resulted in larger and more reproducible 

effects of CBD concentrations of 1 µM and below. Reported data for these concentrations are 

confined to experiments using glass reservoirs and tubing. Effects of concentrations of 3 µM 

and above were not less when using plastic reservoirs and collected data for concentrations of 

3-20 µM include experiments done with both plastic and glass reservoirs. 

Preparation of superior cervical ganglion (SCG) neurons 

Superior cervical ganglia were removed from adult Swiss Webster mice of either sex 

(postnatal day 56), cut in half and treated for 20 minutes at 37°C with 20 U/ml papain 

(Worthington Biochemical, Catalog # LS003126) in a calcium- and magnesium-free (CMF) Hank’s 

buffer (Gibco, Catalog # 14170-112) containing 137 mM NaCl, 5.36 mM KCl, 0.33 mM Na2HP4, 

0.44 mM KH2PO4, 4.2 mM NaHCO3, 5.55 mM glucose, 0.03 mM phenol red. Ganglia were then 

treated for 20 minutes at 37°C with 3 mg/ml collagenase (type I; Roche Diagnostics, Catalog #  
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10103586001) and 4 mg/ml dispase II (Roche Diagnostics, Catalog # 37045800) in CMF Hank’s 

buffer. Cells were dispersed by trituration with a fire-polished glass Pasteur pipette in a solution 

composed of two media combined in a 1:1 ratio: Leibovitz’s L-15 medium (Gibco, Catalog # 

11415-064) supplemented with 5 mM HEPES, and DMEM/F12 medium (Gibco, Catalog # 11330-

032) and plated onto coverslips. Then cells were incubated at 37°C (5% CO2) for 2 hours, after 

which Neurobasal medium (Gibco, Catalog # 10888-022) containing B-27 supplement (Gibco, 

Catalog # A3582801), and penicillin and streptomycin (Sigma-Aldrich, Catalog # P4333). Cells 

were stored at room temperature and used within 48 hours.  

Electrophysiology with superior cervical ganglion (SCG) neurons 

Whole-cell patch clamp recordings were made using a Multiclamp 700B Amplifier (Molecular 

Devices) interfaced to a Digidata 1321A data acquisition system (Molecular Devices) controlled 

by pCLAMP 10.3 software (Molecular Devices). Electrodes were 2-4 MΩ when filled with the 

intracellular solution consisting of 140 mM K aspartate, 13.5 mM NaCl, 1.6 mM MgCl2, 5 mM 

EGTA, 9 mM HEPES, 14 mM creatine phosphate (Tris salt), 4 mM MgATP, 0.3 mM Tris-GTP, pH 

7.2 adjusted with KOH, with shanks wrapped with Parafilm to allow optimal series resistance 

compensation (70-80%).  Seals were formed in Tyrode’s solution consisting of 155 mM NaCl, 3.5 

mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, 10 mM glucose, pH 7.4 adjusted with NaOH 

and cells were lifted in front of quartz fiber flow pipes attached to a temperature-controlled 

aluminum rod. M-current was recorded with external Tyrode’s solution containing 1 µM TTX 

and 10 µM CdCl2. Recordings were made at 37 °C. 

Voltage commands were delivered and current signals were recorded using a Digidata 1321A 

data acquisition system (Molecular Devices) controlled by pCLAMP 10.3 software (Molecular 
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Devices).  Current and voltage records were filtered at 5 kHz and digitized at 100 kHz. Analysis 

was performed with Igor Pro 6.12 (Wavemetrics, Lake Oswego, OR), using DataAccess (Bruxton 

Software) to import pClamp data. 

Preparation of rat hippocampal neurons 

Primary cultures of hippocampal neurons were prepared from rat embryos (E19 to E20). 

Pregnant female Sprague-Dawley rats were anesthetized with isoflurane. The skin was washed 

with 70% ethanol, the peritoneal cavity was opened, and embryos were transferred into ice-

cold preparation solution (Ca2+/Mg2+-free HBSS (Gibco, Catalog # 14170-112) with 5 mM HEPES 

(Gibco, Catalog # 15630-080) and 1 mM sodium pyruvate (Gibco, Catalog # 11360-070) in a 100 

mm petri dish on ice. Heads and brains were sequentially dissected from embryos, with the ice-

cold preparation solution exchanged during each step. Under a dissecting microscope, the 

meninges were stripped away from the cerebral hemispheres and dorsal hippocampi were 

dissected with a fine scissor. The hippocampal pieces were transferred into a pre-warmed 

preparation solution containing 37 U papain (Worthington, Catalog # LS003126), 5 mM L-

cysteine (Sigma, Catalog # C7352), and 1080 U DNase I (Sigma, Catalog # DN-25), incubated at 

37 ℃ for 15 minutes, and then washed 3 times with enzyme-free warmed preparation solution. 

The preparation solution was then exchanged for a titration medium (EMEM, ATCC, Catalog # 

30-2003), 5 % FBS (Gibco, Catalog # 16140-071) and 1x penicillin/streptomycin (P/S, Gibco, 

Catalog # 15140-122), and the hippocampal pieces were titrated using Pasteur pipettes fire-

polished to two different tip sizes. After determining cell density using a hematocytometer, a 

maintenance medium (Neurobasal media (Gibco, Catalog # 21103-049), 2% B27 (Gibco, Catalog 

# 17504-044), 5 mM Glutamine (Gibco cat # 25030-081), and 1x P/S) was added into cell 
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suspension to make cell density of 1~1.5 x 105/ml. Five poly-D-lysine (Sigma, Catalog # P-7405)-

coated coverslips (Fisherbrand, Catalog # 12-545-80) were placed in 35 mm dishes and 2~3 x 

105 cells were plated in each 35 mm dish (≥ 4~6 x 104 cells/coverslip). Neurons were maintained 

for 13-17 days in vitro (DIV). Every 2~3 days, half of the medium was removed from the 35 mm 

dishes and replaced with the same volume of the fresh maintenance solution. 

 All experiments using animals were performed according to an institutional IACUC-approved 

protocol.  

Electrophysiology with rat hippocampal neurons 

Recordings were made from neurons after 13 to 17 days in vitro. Neurons with three 

processes and a pyramidal shape were selected for recording. To avoid problems arising from 

absorption of CBD to plasticware, recordings were made in an all-glass chamber made by 

attaching a glass ring (18 mm outer diameter, 3 mm height, Thomas Scientific 6705R24) to a 

glass-bottom microwell dish (MatTek # P35G-1.5-20-C). Whole-cell recordings were obtained 

using patch pipettes with resistances of 2.2 to 2.5 MΩ when filled with the internal solution, 

consisting of 140 mM K-gluconate, 9 mM NaCl, 1.8 mM MgCl2, 0.09 mM EGTA, 9 mM HEPES, 14 

mM creatine phosphate (Tris salt), 4 mM MgATP, and 0.3 mM Tris-GTP, pH adjusted to 7.2 with 

KOH. The shank of electrode was wrapped with Parafilm to allow optimal series resistance 

compensation. Seals were obtained and the whole-cell configuration established in Tyrode’s 

solution consisting of 155 NaCl, 3.5 KCl, 1.5 CaCl2, 1 MgCl2, 10 HEPES, 10 Glucose, pH adjusted 

to 7.4 with NaOH, with added 1 µM TTX. Reported membrane potentials are corrected for a 

liquid junction potential of -13 mV between the K-gluconate based internal solution and the 

Tyrode’s solution in which current was zeroed at the start of the experiment. The amplifier was 
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tuned for partial compensation of series resistance (typically 40-70% of a total series resistance 

of 4-10 MΩ), and tuning was periodically re-adjusted during the experiment. Currents were 

recorded with a Multiclamp 700B Amplifier (Molecular Devices), filtered at 5 kHz with a low-

pass Bessel filter, and digitized using a Digidata 1322A data acquisition interface controlled by 

pClamp9.2 software (Molecular Devices). Recordings were made at 30 °C. 

     M-current was evoked by 500-ms steps to -50 mV from a steady holding potential of -30 mV 

Stock solutions of 10 mM CBD in DMSO and 20 mM XE-991 in DMSO were made in glass vials 

and diluted into Tyrode’s solution (in glass vials) as 20 µM CBD or 60 µM XE-991 on the day of 

recording. Aliquots of these solutions were applied directly into the glass chamber and mixed 

with a 100 �L pipettor to make final concentrations of 1 µM CBD or 3 µM XE-991 respectively. 

To minimize any residual effect of CBD from the previous recording, the glass chamber was 

rinsed with 70% ethanol for 3 times and distilled water for 3 times before putting a new 

coverslip into the chamber. 

Results 

CBD activates heterologously-expressed Kv7.2/7.3 channels 

We discovered the ability of CBD to activate Kv7.2/7.3 channels in a high-throughput screen 

using fluorescence signals from thallium entry evoked by KCl-depolarization of a CHO cell line 

stably expressing human Kv7.2 and Kv7.3 channels. In a screen of xx compounds chosen from 

structures with known or possible ion channel modulating activity, CBD was the only compound 

to produce a substantial enhancement of the fluorescence signal except retigabine and 

flupirtine, both known activators of Kv7.2/7.3 channels. 
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      We then tested CBD on the Kv7.2/7.3 cell line using whole-cell patch clamp recordings and 

saw dramatic enhancement of currents activated by depolarization, with particularly large 

effects for currents activated near -50 mV. Figure 3.1A shows an example, where 100 nM CBD 

produced a doubling of the current activated at -50 mV, while there was little effect at -20 mV, 

where channels are near-maximally activated in control. These results were typical. In collected 

results, 100 nM enhanced the current evoked at -50 mV by an average of 2.0 ± 1.7 (n=13), while 

300 nM CBD enhanced the current by 4.7 ± 2.7 (n=13).
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Figure 3.1 CBD enhancement of current from cloned human Kv7.2/7.3 channels. (A) Whole-

cell recording of hKv7.2/7.3 current evoked by staircase depolarizations before and after 

application of 100 nM CBD. (B) Collected results (mean ± SEM) for current evoked by a 1-s 

depolarization from -80 mV to -50 mV after a 6-minute exposure to 100 nM (n=13) or 300 nM 

CBD (n=11), normalized to current before CBD application. “No CBD” values (n=11) are for 6-

minute dummy applications of solution containing only vehicle (DMSO). (C) Voltage-dependent 

activation of hKv7.2/7.3 channels measured in a cell before and after application of 300 nM 

CBD. Solid lines: Fits to data points of 4th power Boltzmann function, [1/(1 + exp(-(V – Vhn)/k))]4, 

where V is test pulse voltage, Vhn is voltage of half-maximal activation for single “n” particle, 

and k is slope factor for activation of n particles. Control: Vhn = -47.8 mV, k = 7.7 mV (midpoint 

of function= -35.0) ; 300 nM CBD: Vhn = -69.0 mV, k = 9.5 mV (midpoint of function -53.1 mV). 

(D) Collected results for concentration-dependent shift of activation midpoint by CBD. 

Measurements of midpoint were made before and 10 minutes after exposure to CBD at the 

various concentrations. Mean ± SEM, n=9 for 30 nM CBD, n=14 for 100 nM CBD, n=14 for 300 

nM CBD, n=12 for 500 nM CBD, n=7 for 1 uM CBD, n=15 for 3 uM CBD, n=19 for 10 uM CBD, 

n=10 for 20 uM CBD. Value for 0 CBD represents measurements of a small shift that occurred 

with dummy applications of DMSO-containing control solution for 10 minutes (n=11).
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Figure 3.1 (Continued)  
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The enhancement of Kv7.2/7.3-mediated current was produced by a shift of the voltage-

dependent activation of the channels in the hyperpolarizing direction (Figure 3.1C). In collected 

results, 300 nM CBD shifted the midpoint for channel activation by an average of -13.9 ± 1.0 

 mV. The effect of CBD to shift the voltage-dependence of activation saturated at a shift of 

about -20 mV produced by concentrations of 3-10 µM, with CBD acting with a half-maximal 

concentration of about 200 nM (Figure 3.1D). 

      We next tested whether CBD can enhance native Kv7 channels in neurons, using 

measurements of M-current in mouse superior cervical ganglion (SCG) neurons. Using the 

classic voltage protocol for distinguishing M-current from other kinds of potassium current by 

virtue of its non-inactivating property and activation at subthreshold voltages (Brown and 

Adams, 1982), we used a steady holding voltage of -30 mV and used hyperpolarizing voltage 

steps to quantify M-current from its characteristic slow, voltage-dependent deactivation. 

Application of 100 nM CBD produced a dramatic enhancement of steady-state outward current 

at -30 mV and also enhanced the slowly deactivating current seen during a hyperpolarization to 

-70 mV (Figure 3.2A). It was also clear that CBD shifted the voltage-dependence of M-current 

activation, resulting in less complete deactivation for a step to -60 mV. In collected results, 100 

nM CBD produced an enhancement of steady current at -50 mV by a factor of 2.4 ± 0.3 (n=7).
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Figure 3.2 CBD enhancement of M current in mouse sympathetic neurons. (A) Currents 

evoked by hyperpolarizations to -60 mV and -70 mV from a holding potential of -30 mV before 

(blue) and after (red) application of 300 nM CBD. (B) Collected results for effect of 300 nM CBD 

on steady-state current at -50 mV (n=7). (C) Statistics for effects of 300 nM CBD on current at -

50 mV, normalized to control current. Gray circles: individual cells. Black circles: mean ± SEM. 
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Figure 3.2 (Continued)  
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To test whether CBD enhancement of M-current also occurs in central neurons likely involved 

in epilepsy, we tested CBD on potassium currents in hippocampal neurons (Figure 3.3). To 

facilitate application of well-defined concentrations of CBD without potential problems from 

absorption into the bulk tissue of brain slices, we used a preparation of cultured rat 

hippocampal neurons. Using a voltage protocol designed to emphasize M-current (holding the 

neurons at -30 mV and stepping to -50 mV), CBD enhanced the outward current at both -30 mV 

and -50 mV in 16 of 20 cells tested. Consistent with being enhancement of Kv7-mediated 

current, there was no enhancement if CBD was applied in the presence of the Kv7 inhibitor XE-

991.  
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Figure 3.3 CBD enhancement of Kv7 current in rat hippocampal neurons. (A) Currents at a 

holding voltage of -30 mV and during a 1-s hyperpolarization to -50 mV in control, after 

application of 1 µM CBD, and after addition of 3 µM XE-991 in the continuing presence of CBD. 

(B) Collected data with this protocol. Current was measured at the end of the step to -50 mV, 

normalized to current before application of CBD. Connected open circles indicate data for 

individual cells (n=20 for application of CBD, n=16 for application of CBD followed by XE-991) 

and closed circles represent mean ± SEM.  (C) Currents in control, after application of 3 µM XE-

991, and after addition of 1 µM CBD in the continuing presence of XE-991. (D) Collected data 

with symbols as in (B); n=15 cells for application of XE-991 followed by CBD. 
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Figure 3.3 (Continued)  
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Discussion 

M-current mediated by Kv7 channels plays a major role in controlling excitability of many types 

of neurons, including sympathetic neurons and neocortical pyramidal neurons (Barrese et al., 

2009; Brown and Passmore, 2009; Gunthorpe et al., 2012; Vigil et al., 2020). Enhancement of 

M-current is a clinically-proven mechanism of antiepileptic action, as demonstrated by the 

clinical efficacy of retigabine, an antiepileptic drug that acts by enhancement of current through 

Kv7 channels (Tatulian et al., 2000; Gunthorpe et al., 2012; Sills and Rogawski, 2020). Our 

results suggest that the clinical efficacy of CBD could also result largely or in part by 

enhancement of Kv7-mediated M-current in central neurons. As in the case of retigabine, it 

remains to be determined exactly which populations of neurons are most sensitive to 

enhancement of M-current and how these effects alter overall network activity relevant to 

epileptic activity. 

     Interestingly, the effect of CBD to enhance neuronal M-current is opposite to the effect of 

cannabinoids that act as agonists at the CB1 receptor, which inhibit M-current in hippocampal 

neurons (Schweitzer, 2000). Thus the fact that CBD is not a CB1 agonist –and actually acts as an 

allosteric antagonist at CB1 receptors (Laprairie et al., 2015; Straiker et al., 2018) – may be an 

important aspect of its action. The opposite effects on M-current of CBD and CB1 agonists like 

THC fit well with the history of development of CBD as an anti-epileptic drug, which began with 

anecdotal evidence that extracts from a particular strain of cannabis with high CBD and low THC 

(“Charlotte’s Web”) were an effective adjunctive therapy for a child with Dravet Syndrome 

(Maa and Figi, 2014; Rosenberg et al., 2015; Williams and Stephens, 2020).   
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     Our results add to other recent experiments demonstrating that Kv7.2/7.3 channels are 

susceptible to enhancement by a wide variety of agents acting by several different mechanisms 

(Manville and Abbott, 2018a,b; Wang et al., 2018; Kanyo et al., 2020; Kurata, 2020). Such 

agents include endogenous compounds like GABA (Manville et al., 2018), the ketone body β-

hydroxybutyrate (Manville et al., 2020), and arachidonic acid metabolites and derivatives 

(Schweitzer et al., 1990, 1993; Larsson et al., 2002a,b), as well as a variety of natural products 

including cilantro (Manville and Abbott, 2019).  Further development of Kv7.2/7.3 enhancers 

for treating epilepsy and other neuronal disorders seems promising (Barrese et al., 2009; Vigil 

et al., 2020), especially now that retigabine has now been withdrawn from clinical use because 

of a number of side effects (Brickel et al. 2020). Of all the classes of other compounds found to 

enhance Kv7.2/7.3 channels, CBD has the unique distinction of having already been successfully 

used in multiple clinical trials. However, CBD is far from a perfect drug (Sekar and Pack, 2019), 

with complex pharmacokinetics that limit effective oral administration and require large 

dosages (Millar et al., 2019). Improved knowledge of CBD’s most important molecular targets 

should allow design of compounds that retain key molecular actions with improved 

pharmacokinetics and reduced off-target effects.  
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Conclusions and discussion 

This thesis work aimed to study the effect of CBD on excitability of primary nociceptive 

neurons and three types of voltage-gated ion channels: Nav1.8, Nav1.7 and Kv7. Using current 

clamp, I found that CBD inhibits firing of primary nociceptive neurons with greater potency than 

the local anesthetic bupivacaine. The reduced excitability can be explained by inhibition of 

Nav1.8 and Nav1.7 channels by CBD. The molecular mechanism of action of CBD involves tight 

binding to the slow inactivated states of Nav1.8. CBD also binds tightly to the inactivated states 

of hNav1.7. Structure of CBD-bound hNav1.7 from our collaborators reveals two binding sites: 

an “F-site” sitting in the fenestration between domain IV and I and an “I-site” located next to 

the Ile/Phe/Met (IFM) motif important for allosteric inactivation. Lastly, CBD enhances Kv7 

currents in a cell line, in SCG neurons, and in hippocampal CA1 neurons by shifting the 

activation to the hyperpolarizing direction. Together, my results help provide some potential 

molecular effects by which CBD exerts its anti-epileptic and analgesic efficacy in vivo. It also 

suggests a strategy for future drug discovery for pain and epilepsy, by searching for compounds 

that inhibit neuronal excitability by a similar combination of effects of inhibiting sodium 

channels in a state-dependent manner and activating Kv7 channels.  

CBD inhibition of voltage-gated potassium channels 

     I characterized the effects of CBD on three kinds of ion channels, but CBD may also have 

important effects on other channels. In the experiment in Figure 1.3 C, I saw that CBD inhibits 

outward currents evoked by a voltage step from -80 mV to 20 mV. Some of the questions 

following from the inhibition of outward currents are the following: 1. What is the consequence 

of CBD inhibition of outward currents on nociceptor firing? 2. What is the molecular identity of 
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the ion channels that give rise to the outward currents inhibited by CBD?. To start to answer 

these questions, I did some preliminary experiments using current clamp and action potential 

clamp. Interestingly, when 1µM CBD was applied, I observed a transient enhancement in firing 

of nociceptors within 1 minute of CBD application, before the inhibition described after 4 

minutes of application in Chapter 1.  In addition, CBD reduced the amplitude of the 

afterhyperpolarization following action potentials. These observations are consistent with CBD 

inhibition of potassium currents. Previously Pin Liu in our lab performed action potential clamp 

with waveforms recorded from nonpeptidergic nociceptors during repetitive firing and isolated 

different potassium currents with sequential application of potassium channel blockers 

(unpublished data, see method in (Zheng et al., 2019)). I analyzed her data and found that three 

major types of voltage-gated potassium channels contribute to the outward currents that flow 

between the 1st and the 2nd action potential during nociceptor repetitive firing: Kv1 channels, 

Kv2 channels and Kv4 channels. On average Kv1 channels contribute 19% to the outward 

currents between spikes; Kv2 channels contribute 54% and Kv4 channels contribute 22%. To 

explore CBD inhibition of potassium channels using more physiological stimuli than the voltage 

steps in Figure 1.3, I used an action potential clamp protocol made with previously-recorded 

repetitive firing waveforms and discovered that CBD reduced the outward currents that flow 

between spikes. After 1 minute of CBD wash-on, net outward current was inhibited by an 

average of about 60%. It is known that CBD inhibits Kv2.1 with an IC50 of 3.7 µM measured by 

automated patch clamp (Ghovanloo et al., 2018). Further experiments are needed to determine 

the potency of CBD on Kv1 channels, Kv2 channels and Kv4 channels. One option is to use a 

combination of blockers to isolate one potassium channel then test the effect CBD on that 
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potassium channel in nociceptors. A complementary way would be to test CBD on the three 

channels expressed separately in a heterologous system.  

Structure of CBD-bound hNav1.7  

     One complication of correlating the structural results with the functional results in chapter 2 

is the difference in CBD concentrations used: in cryo-EM experiments our collaborators used 10 

µM CBD while in electrophysiological experiments we used sub-micromolar CBD to reveal 

potent binding to inactivated states of the channel.  At 10 µM CBD was found to bind to both 

the F-site and the I-site, but it remains uncertain which one of these sites is responsible for the 

high-affinity binding to inactivated channels. To test the relevance of those two binding sites in 

the context of sub-micromolar inhibition of hNav1.7 channels, one experiment to do could be 

to solve the structure of hNav1.7 with CBD at sub-micromolar concentrations. If any binding 

site is more frequently occupied at sub-micromolar concentration, then it suggests a stronger 

functional correlation between that binding site and CBD inhibition of hNav1.7.  

     The exact function of the F-site remains unclear. To study the functional significance of the F 

site, two single point mutations in hNav1.7 (V383A and F387A) were made by our collaborators. 

They found that both point mutations moderately reduced the sensitivity of hNav1.7 to CBD 

with the IC50 right-shifted from 1.82 ± 0.10 μM to 3.56 ± 0.58 μM by V383A and to 3.65 ± 0.78 

μM by F387A. However, a puzzling aspect of the F-site is that the binding of CBD does not seem 

to change the position of the residues in the bound versus unbound states. Thus, it is not clear 

how binding of CBD alters the function of the channel, especially since the binding site is not in 

the pore of the channel. One possibility is that the F-site is necessary for forming a pathway for 

hydrophobic molecules such as CBD to access the I-site (Hille, 1977). However, access to the I-
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site might not require entry from the F-site because the I-site is located outside of the pore 

domain and seems accessible directly from cell membrane. In the future, molecular dynamics 

might be applied to study the movement of CBD from extracellular solution to the F-site and 

the I-site.  

     Although mutations at the I site reduced the effect of CBD on shifts of Vh (Figure 2.3 f), the 

effects of CBD were not eliminated by the mutations. This suggests that CBD may interact with 

hNav1.7 channels at other sites which are somehow not captured by cryo-EM due to its 

limitations. One potentially important site for CBD inhibition of hNav1.7 channels is a key 

phenyalanine residue hNav1.7-F1748 in the upper region of the pore. Mutating the equivalent 

residue F1586  in Nav1.4 channels resulted in reduced CBD inhibition of Nav1.4 (Ghovanloo et 

al., 2021). To test this hypothesis, our collaborators discovered that mutating hNav1.7-F1748 

had a modest effect on CBD inhibition of hNav1.7 channels, even though the structure does not 

show CBD bound near this residue. The shift induced by CBD in hNav1.7 channels with F1748A 

mutation was decreased to -6 mV compared to -9 mV in WT channels. One possibility is that 

CBD does interact with this phenylalanine, but in a manner without the well-defined 

localization that is required for detection of a bound compound with cryo-EM. Also there is a 

general caveat about interpreting the effects of mutations, which can produce allosteric 

changes in binding sites distant from the residue being mutated. To validate the binding sites in 

a more deterministic way, it would be interesting to solve the structure of CBD with hNav1.7 

mutants. If CBD becomes absent in the structure of certain hNav1.7 mutants, then one can 

draw a more deterministic conclusion about the role of that mutation site being the major 

binding site of CBD in hNav1.7.   
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Hydrophobicity of CBD 

CBD is a highly hydrophobic compound with an estimated logD of 6 (Ghovanloo et al., 2022). 

The logD suggests CBD is 10^6 times more concentrated in lipid than in aqueous solution. 

Previous studies showed that D8-THC, which has very similar physicochemical properties and is 

similarly hydrophobic, is lost from aqueous solution by 80% during storage in plastic containers 

(but not glass containers) after 30 min, probably from adsorption into the plastic 

(Hippalgaonkar et al., 2011). This raises the question about the accuracy of measurements done 

with CBD when using conventional plastic containers and tubing. For experiments in hNav1.7 

and Kv7 in chapter 2 and 3, which were done later in my thesis work, I used an all-glass drug 

delivery system but for the earlier experiments in nociceptors in Chapter 1, CBD solutions were 

prepared in plastic test tubes and the solution reservoirs were plastic syringe barrels. Partial 

loss of CBD from the solutions in reservoirs could result in an underestimation of CBD potency 

in the measurements on nociceptor firing and on Nav1.8 channels. Further experiments will be 

needed to establish the potency of CBD for these actions. The experiments done with sub-

micromolar concentrations of CBD are likely most susceptible to partial loss of CBD. Previous 

experiments in the literature were very likely conducted with conventional plastic-tubing based 

drug delivery systems, and the potency of CBD may very well have been underestimated in 

these experiments because of adsorption by plastic. In automated patch clamp systems, drug 

samples are typically pipetted from plastic compound plates with reservoirs that have a small 

volume and high surface area, which may exacerbate loss by adsorption into plastic. For future 

experiments, researchers should avoid using plastics for storing or delivering CBD and other 

hydrophobic cannabinoids to improve accuracy of measurements.  
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Because CBD has been reported to affect so many different proteins, knowing which of these 

effects are most important for CBD’s clinical actions depends on knowing the dose-dependence 

for each effect along with the in vivo concentrations of CBD when used clinically. The dose-

dependence for in vitro experiments reported in the literature are difficult to interpret because 

of the likely loss of low concentrations of CBD when using plastic labware and tubing to prepare 

and study the CBD solutions. Most of the effects reported in the literature were seen with 

concentrations of CBD in the micromolar range. Previous to my work, the most potent effect of 

CBD reported was its action as a negative allosteric modulator of CB1 receptor, with significant 

effects at levels as low as 100 nM (Straiker et al., 2018). This thesis reports similar potency on 

the slow inactivated states of Nav1.8 (Kd of 150 nM) and on the inactivated states of hNav1.7 

(Kd of 65 nM) and the experiments on Kv7.2/7.3 channels showed significant effects at 

concentrations as low as 30 nM. Whether the difference in the potency for sodium channel 

inhibition between my results and previous experiments characterizing dose-response curves 

using automated patch clamp (Ghovanloo et al., 2018) are biologically real or due to loss of CBD 

in plastic drug delivery system is to be determined.  

Pharmacokinetics of CBD 

The high lipophilicity of CBD also results in poor bioavailability in humans (Millar et al., 2018). 

With a high dose of oral ingestion of 800 mg CBD, peak plasma concentration reaches 700 nM 

(Millar et al., 2018), a concentration many times the EC50 for its effects on sodium channels or 

Kv7.2/7.3 channels. However, this seemingly high concentration represents total concentration, 

including both plasma protein bound-CBD and unbound-CBD. A preliminary experiment 

attempted to separate plasma protein-bound CBD from unbound-CBD (Tayo et al., 2020). Only 
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10% of CBD was found to be free and unbound to plasma protein. This suggests that the free 

concentration of CBD available for binding to therapeutic targets might fall into the range of 

tens of nanomolar. My thesis reports CBD acting on Nav1.8, hNav1.7 and Kv7 at concentrations 

from tens nanomolar to hundreds of nanomolar. This suggests that the actions of CBD to inhibit 

voltage-dependent sodium channels and to activate Kv7 channels may be important at 

therapeutically relevant concentrations and may contribute to the efficacy of CBD in pain and 

epilepsy. However, the results leave open the possibility that effects on other targets may also 

be important at clinical concentrations.  
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