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Abstract

Cannabinoids exert therapeutic effects on several diseases such as chronic pain and startle disease
by targeting glycine receptors (GlyRs). Our previous studies have shown that cannabinoids target a
serine residue at position 296 in the third transmembrane helix of the a1/a3 GlyR. This site is
located on the outside of the ion channel protein at the lipid interface where the cholesterol
concentrates. However, whether membrane cholesterol regulates cannabinoid-GlyR interaction
remains unknown. Here, we show that GlyRs are closely associated with cholesterol/caveolin-rich
domains at subcellular levels. Membrane cholesterol reduction significantly inhibits cannabinoid
potentiation of glycine-activated currents in cultured spinal neurons and in HEK 293T cells
expressing al/a3 GlyRs. Such inhibition is fully rescued by cholesterol replenishment in a
concentration-dependent manner. Molecular docking calculations further reveal that cholesterol
regulates cannabinoid enhancement of GlyR function through both direct and indirect
mechanisms. Taken together, these findings suggest that cholesterol is critical for the cannabinoid-
GlyR interaction in the cell membrane.
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Introduction

Methods

Chemicals.

Cholesterol is an indispensable component of the cell membrane, not only contributing to
membrane integrity and fluidity, but also regulating membrane protein functions. The
neurotransmitter receptors play vital roles in signaling transduction between neurons. There
is increasing evidence showing that membrane cholesterol can regulate neurotransmitter
receptors function by altering neurotransmitter binding and receptor trafficking into the
membrane (1) such as GABAA receptors (GABAARS) (2), nicotinic acetylcholine receptors
(3, 4) and NMDA receptors (5). Moreover, some ion channels including several types of
inwardly-rectifying K* channels, voltage-gated Na* channels and N-type voltage-gated Ca?*
channels (6) have also been demonstrated to be affected by membrane cholesterol. Besides
directly modulating membrane receptor function, some studies have indicated that
membrane cholesterol can also regulate allosteric modulation of ion channels, such as the
desipramine modulation on GABAARS (7).

Glycine receptors (GlyRs) are one of the major inhibitory ion channels in the central nervous
system and participate in a number of physiological and pathological processes such as
retinal signal processing (8), pain (9, 10) and hyperekplexia (11, 12). Previous reports
showed that cannabinoids potentiate GlyRs through a serine residue at position 296 in the
third transmembrane helix of the a1/a3 GlyR. Molecular modeling revealed that this S296
site is located on the outside of the ion channel protein at the lipid interface (13) where
cholesterol is abundantly distributed. This hints that cannabinoid-GlyR interactions may
involve membrane cholesterol.

To test this hypothesis, in this study, we have focused on the influence of membrane
cholesterol on cannabinoid-GlyR interactions. We found that cannabinoid enhancement of
GlyR function was diminished by membrane cholesterol depletion. Furthermore, based on
the results from molecular docking calculations and site-specific mutations, cholesterol may
contribute both directly and indirectly to cannabinoid potentiation of GlyRs.

Most chemicals including MBCD, cholesterol, glycine, THC, AEA and CBD were
purchased from Sigma. Solutions were prepared on the day of experiment. Stock solutions
were prepared by dissolving chemicals in deionized water or ethanol, and working solutions
were prepared by diluting stock solutions in the external solution. The final ethanol
concentration was <8 mM, which did not significantly affect Igyy.

HEK 293T cell transfection and recording.

HEK 293T cells were cultured as described previously (14). Briefly, the cells were grown in
DMEM (HyClone) supplemented with 10% fetal bovine serum (Gibco) at 37 °C and 5%
CO». The plasmid cDNAs coding for the wild type and mutant GlyR subunits, 5-HT3aRs
and GABAAR subunits were transiently transfected using the lipofectamine 2000 reagent
(Thermo Fisher). The currents were recorded the next day after transfection. HEK 293T
cells were digested with 0.25% (w/v) trypsin containing 0.9 mM EDTA and reseeded 2h
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before recording. HEK 293T cells were patched, lifted and superfused with external solution
(140 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCls,, 10 mM glucose and 10 mM
HEPES, pH 7.4 with NaOH, ~320 mOsmol with sucrose). Cells were held at -60 mV and
whole cell currents were recorded using an amplifier (Axopatch 200B; Axon) at room
temperature. Data were recorded using pClamp 10.4 software (Molecular Devices), filtered
at 1 KHz and digitized at 2 KHz. Drugs were delivered through a fast-step stepper-motor
driven system (Warner Instruments LLC). The solution exchange time constants were ~4 ms
for an open pipette tip and 4-12 ms for whole-cell recording.

Spinal neurons culture.

Spinal neurons were cultured as described previously (15). Briefly, postnatal within 24 hours
mice were killed by cervical dislocation. The spinal cords were removed from three mice.
300,000 spinal neurons were plated into a 35-mm culture dishes coated with 0.1 mg/ml
poly-D-lysine (Sigma). The neuronal feeding medium contained 90% minimal essential
medium, 10% (v/v) heat-inactivated FBS and a mixture of nutrient (Invitrogen). Neurons
were fed every three days with fresh medium. Cells used for electrophysiological
experiments were cultured for at least 10 days.

Sucrose density gradient centrifugation.

HEK 293T cells from Petri dishes were resuspended in culture medium and centrifuged at
300 g for 5 min at 4 °C. The supernatant was discarded and the cell pellets were resuspended
in ice-cold PBS followed by centrifugation at 300 g for 10 min at 4 °C. The supernatant was
discarded and the cell pellets were resuspended in 2 mL of high-salt HEPES buffer (20 mM
HEPES, 5 mM EDTA, and 1 M NaCl, pH 7.4) supplemented with protease-inhibitor cocktail
(Roche). Following homogenization, the suspension was mixed with an equal volume of
80% sucrose solution in high-salt HEPES buffer to the final concentration of 40% sucrose.
This solution was transferred to the bottom of a SW 41 centrifuge tube and overlaid with 3
mL of 35% and sucrose and 3 mL of 5% sucrose in low-salt HEPES buffer (20 mM HEPES,
5mM EDTA, and 0.5 M NaCl, pH 7.4). Samples were centrifuged at 35,000 rpm in a
Beckman SW 41 rotor for 20 hours at 4 °C. A total of ten 1 mL fractions were collected
from top to bottom of the gradient.

Western blotting.

Samples from sucrose density centrifugation were adjusted 1:1 with laemmli loading buffer
and denatured at 99 °C for 10 min. The samples were separated on 15% SDS/PAGE gels and
were electrotransferred to a 0.45 um PVVDF membrane. Following blocking in 5% skimmed
milk prepared in tris buffered saline with tween-20 (TBST), the membrane were subjected to
western blot with anti-GLRA1 (Novus, 1:500) and anti-CAV1 (Santa Cruz, 1:250)
antibodies.

Cholesterol depletion.

To reduce cholesterol levels of HEK 293T cells and cultured spinal neurons, cells were
incubated with 0.5% MBCD for 30 min before testing.
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Cholesterol and protein assay.

HEK 293T cells preincubated with 0.5% MBCD or vehicle were collected and homogenized
in lysis buffer (Tris 50 mM, NaCl 150 mM, 1% NP-40, 0.5% Sodium dexyocholate
supplemented with protease inhibitor cocktail). Following homogenization, sample lysates
were centrifuged at 10000x g for 30 min at 4 °C. The supernatants were collected. For HEK
293T total membrane purification, Mem-PER Plus Membrane Extraction Kit (Thermo
Fisher) was used according to the manufacturer’s instruction. Free cholesterol
concentrations were determined using Amplex Red Cholesterol Assay Kit (Invitrogen).
Pierce BCA Protein Assay Kit (Thermo Fisher) was used to measure concentrations of total
proteins.

MD simulations of al GlyR and THC docking.

Statistics.

MD simulations of human a1 GlyR were performed as reported previously (16). Briefly, the
experimental NMR-determined structure of the open-channel al GlyR transmembrane
domain (PDB: 2M61) (17) was embedded into two different pre-equilibrated lipid bilayers:
(@) pure POPC and (b) POPC/cholesterol in a 5:1 molar ratio (18, 19). After extensive
equilibration, each system was subjected to three parallel simulations of 50 ns each, and
simulation frames were extracted every 100 ps from each simulation trajectory. A total of
1500 snapshots from simulations in each lipid bilayer were collected for structural analysis
and for evaluation of THC binding affinity. THC binding was modeled /n sifico using
Autodock Vina (20) on all five a1 GlyR subunits from the 1500 snapshots for each
simulation condition. Thus, 7500 THC dockings for each lipid system were performed. The
search space was set to a 20-A cubic box centered on residue $296, and both the protein and
the surrounding lipids were included as rigid structures in all THC dockings.

The data represent the mean = SEM unless otherwise stated. For statistical analysis, one-way
ANOVA and an unpaired t-test with Welch’s correction were used to test the significant
differences between the two groups. A<0.05 was considered statistically significant. All
statistical analysis was performed with GraphPad Prism 6.

Data availability.

Results

The data that support the findings of this study are available from the corresponding author
upon reasonable request.

Cholesterol depletion inhibits THC potentiation of GlyRs

To test the specific location of GlyR protein in the plasma membrane, HEK 293T cells
transfected with GlyR a1 subunits were fractionated by sucrose gradient density
centrifugation. In line with previous observations that cholesterol-enriched lipid raft domains
are associated with low density membrane fractions (1), caveolin, a biomarker for lipid rafts,
was mainly detected in fractions 3 and 4 (Fig. 1a). The GlyR proteins were found to be
enriched in these light density domains in a pattern nearly identical to that of caveolin.
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Methyl-beta-cyclodextrin (MBCD) is commonly used to extract cholesterol from the cell
membrane (1). Incubation with 0.5% MBCD for 30 minutes significantly reduced free
cholesterol levels in both whole cell lysate and cell total membrane (Fig. 1b). MBCD-
induced cholesterol depletion was mostly observed in the membrane fractions 3, 4 and 6
(Fig. 1c).

Next, we examined the effect of cholesterol depletion on cannabinoid potentiation of GlyRs.
Tetrahydrocannabinol (THC), the major psychoactive component of marijuana, at 1 uM
enhanced glycine-activated currents (Igyy) by roughly 13 folds in HEK 293T cells expressing
al GlyRs (Fig. 1f). However, such cannabinoid potentiation was completely abolished in
cells pretreated with MBCD. Replenishment with cholesterol restored the THC-induced
potentiation of GlyRs in a concentration-dependent manner (Fig. 1d-f). MBCD pretreatment
also significantly inhibited THC potentiation of Igy in HEK 293T cells expressing a.3
GlyRs from 947 + 116% to 263 + 35% (Fig. 1g). Postsynaptic GlyRs are primarily defined
as heteromeric ap subunits, which are sensitive to THC (15, 21). We observed that
pretreatment with MBCD significantly inhibited THC-induced potentiation of Ig)y in both
native GlyRs and recombinant a1p GlyRs (Fig. 1g). Similarly, depletion of membrane
cholesterol by MBCD also significantly inhibited cannabinoid potentiation of Ig)y in
cultured spinal neurons (Fig. 19).

Cholesterol depletion eliminates THC modulation of GlyR gating kinetics

One possibility is that cholesterol depletion may lead to dissociation of GlyRs from the lipid
raft domains making it not sensitive to THC. However, this idea does not appear to be true,
as our western-blot results showed that cholesterol depletion did not dissociate GlyRs from
the lipid raft domains (Fig. 2a). Cannabinoids have been shown to alter GlyR gating kinetics
and consequently enhance GlyR function (21). We therefore tested whether cholesterol
depletion can alter GlyR ligand-binding and gating properties in the absence and presence of
THC. MBCD treatment did not affect Igy in HEK 293T cells expressing a1 GlyRs (Fig.
2b). The glycine concentration-response curves of g}, and maximum current density
(MCD) of a1 GlyRs were also not affected by MBCD treatment (Fig. 2c, d). These results
suggest that cholesterol reduction in the membrane may not affect the basal functions of
GlyR.

Next, we examined whether membrane cholesterol depletion can affect THC modulation of
GlyR gating. Consistent with our previous observations (21), THC significantly accelerated
the GlyR activation rate (Fig. 3a) and slowed the deactivation rate (Fig. 3b) but did not affect
GlyR desensitization (Fig. 3c). Reduction in membrane cholesterol seemed not to alter the
gating kinetics of GIyR because MBCD treatment did not change the time constant of GIyR
activation, deactivation or desensitization (Fig. 3a-c). However, pretreatment with MBCD
significantly inhibited THC-induced alteration of the GlyR activation and deactivation rate
(Fig. 3a, b). Such effects of MBCD are very similar to that of the S296A mutation in a1
GlyR (Fig. 3a, b), a critical site of interaction between THC and GlyR (13). In further, we
asked whether cholesterol replenishment can restore the THC modulation of GlyR gating.
Consistent with our results shown for the THC potentiation of GlyR, replenishment with
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cholesterol fully restored the THC-induced alteration of GlyR activation and deactivation
rate (Fig. 3a-c).

Membrane cholesterol specifically modulates cannabinoid-GlyR interactions

Besides THC, other cannabinoids and several anesthetics can also potentiate GlyRs (22).
Thus, we next tested and compared the effects of MBCD on the potentiation of GlyRs
induced by other cannabinoids such as cannabidiol (CBD) and anandamide (AEA), and non-
cannabinoids such as propofol, isoflurane and ethanol. While CBD is the major non-
psychoactive component of marijuana (23), AEA is an endogenous cannabinoid in the CNS
(24). Propofol and isoflurane are general anesthetics structurally different from cannabinoids
(25). MBCD treatment prevented both the cannabinoids AEA (Fig. 4a) and CBD (Fig. 4b)
from potentiating GlyRs. In contrast, membrane cholesterol reduction did not affect
propofol-, isoflurane- or ethanol-induced potentiation of GlyRs (Fig. 4c-e).

Next, we asked whether membrane cholesterol reduction also affects cannabinoid
modulation of other members from the LGIC superfamily, such as GABAaRs and 5-
HT3aRs. THC at 3 uM significantly enhanced GABA-activated currents (Igaga) in HEK
293T cells expressing a1p2y2 GABAaRs. However, such cannabinoid potentiation of
GABAAaRs was not influenced in cells pretreated with MBCD (Fig. 4f, g). Consistent with
our previous observations (26), THC at 1 uM significantly reduced the 5-HT-activated
current (Is.y1) in HEK 293T cells expressing 5-HT3aRs. However, the potency of THC
inhibition was not affected by MBCD pretreatment (Fig. 4h, i). Together, these results
suggest that this cholesterol-dependent mechanism is specific to the interaction between
GlyRs and cannabinoids.

Cholesterol depletion and S296A mutation similarly affect the THC potentiation of GlyRs

The amino acid residue S296 in the third transmembrane helix of the a1/a3 GlyR subunits
(Fig. 5a) has been found to be a critical site for cannabinoid binding (13, 15, 27). The S296A
mutation of a1/a3 GlyR can significantly reduce the THC-induced potentiation of Ig)y in
HEK 293T cells expressing al/a3 GlyRs carrying S296A mutation (Fig. 5b, c).
Interestingly, MBCD treatment could not further decrease the Ig)y in HEK 293T cells
expressing al/a3 GlyRs carrying S296 A mutation (Fig. 5b, ¢). A previous report showed
that THC-induced potentiation is much lower in a2 GlyRs, compared to a1l or a3 GlyRs
(13). Substitution of the alanine residue with a serine in GlyR a2 and p subunit at the
position corresponding to S296 in the al/a3 subunits converted the a2 GlyR from low to
high THC sensitivity (13). THC-induced potentiation of these mutant a2 and a1p GlyRs
was also sensitive to MBCD treatment (Fig. 5d). Taken together, these results suggest that
membrane cholesterol and the S296 residue have similar effects on modulating cannabinoid-
GIyR interactions.

Computer modeling analysis of interaction between cholesterol, THC and GlyR al S296
site
To explore the influence of membrane cholesterol on THC-S296 residue interaction, we
conducted molecular dynamics (MD) simulations of the human a1 GlyR (16) using the
NMR-determined structure of the open-channel a1l GlyR transmembrane domain (17)
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embedded into two different pre-equilibrated lipid bilayers: pure 1,2-palmitoyl-oleoyl-sn-
glycero-3-phosphocholine (POPC) and a combination of POPC and cholesterol in a 5:1
molar ratio (18, 19). Three replicate simulations were carried out in parallel in the presence
and absence of cholesterol (yellow) for 50 ns, and THC (cyan) was docked into the S296
(violet) binding site on snapshots selected every 100 ps (Fig. 6a,b). Cholesterol significantly
reduced the free binding energy for THC-S296 a1 GlyR from -3.63 + 2.45 kcal/mol to
-4.45 + 2.70 kcal/mol (Fig. 6¢), indicating an ability of cholesterol to promote the binding
between residue S296 and THC within the intra-subunit pocket of the third transmembrane
helix of a1 GlyRs.

Next, we examined whether cholesterol depletion can change the conformation of GlyRs.
Actually, we indeed observed that the presence of cholesterol in the lipid bilayer changed the
structure of al GIyR, particularly the orientation of the fourth transmembrane (TM4) helix,
thereby indirectly affecting THC binding (Fig. 6d). Both the radial and lateral tilt angles of
TM4 differed in the presence (red) and absence (b6/ue) of cholesterol. In the presence of
cholesterol, TM4 tilted significantly more towards the pore relative to its orientation in the
pure POPC bilayer based on the two-sample Kolmogorov-Smirnov test (P < 0.001 for both
radial and lateral tilt angles, Fig. 6e). Changes in the TM4 orientation clearly affected the
THC binding pocket, suggesting an indirect involvement of cholesterol in THC-GIyR
interaction through TM4 conformational changes. Together, these results suggest that
membrane cholesterol is an essential participant in THC-GIyR interaction involving the
S296 residue through both direct and indirect mechanisms.

Discussion

Previous studies have focused mainly on the direct influence of cholesterol on the function
of membrane receptors, including the Cys-loop superfamily of ligand-gated ion channels
(LGIC) (1). In the present study, we provide a novel mechanism in which membrane
cholesterol may also regulate the allosteric modulation of GlyR by cannabinoids. Allosteric
modulation has long been considered as a common mechanism for the control of GlyR
function. There exist many allosteric modulators that can act on the transmembrane part of
the LGIC such as barbiturates on GABAAR (28) and lidocaine on 5-HT3aR (29). Thus, it
might be a general mechanism that membrane cholesterol regulates the interaction between
allosteric modulators and LGIC especially when the modulator targets the transmembrane
domain of the channel.

The S296 residue of GlyR has been identified as a distinct site critical for cannabinoid-
receptor interactions (13). Though molecular modeling shows that the S296 site is located on
the outside of the channel, whether the microenvironment surrounding S296 contributes to
the cannabinoid-GlyR interaction is unknown. The present study emphasizes the importance
of the cholesterol in the interactions between cannabinoid and GlyR. It is likely that
membrane cholesterol enhances cannabinoid binding to GlyR through both direct and
indirect mechanisms. First, membrane cholesterol is directly involved in the THC binding
pocket as evidenced by its site-specific effects on cannabinoid-GlyR interactions. This idea
is consistent with our previous NMR study showing that cannabinoids can directly interact
with GlyRs through a hydrogen binding interaction (21). Second, there is a possibility that
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different cholesterol compositions in the lipid bilayer alter the structural conformations of
al GlyR, particularly the orientation of the TM4 helices, thereby indirectly affecting THC
binding. Our data from computational simulation indicates that both the radial and lateral tilt
angles of TM4 differ in the presence and absence of cholesterol. In the presence of
cholesterol, TM4 tilted towards the pore relative to its orientation in pure POPC. Changes in
the TM4 orientation possibly affect the THC binding pocket. Thus, cholesterol may enhance
THC binding to a1 GlyR through both direct and indirect mechanisms. This idea is
consistent, in general, with an observation showing that membrane cholesterol directly
interacts with GlyR and regulates the receptor’s function (30). However, the direct and
indirect mechanisms of cholesterol’s influence on THC-GIyR interactions remains
undistinguished and needs further investigation.

The precise molecular process that interplays between cholesterol and GlyRs remains
elusive. A recent cross-linking-mass spectrometry study has identified cholesterol binding
sites in the TM2-TM3 loop, regions of the ICD adjacent to TM3 and TM4, TM4 itself, and
the post TM4 C-terminal tail of GIyR (30). It is important to note that all these identified
sites lie within or in direct contact with the outer regions of the lipid bilayer, near the
hydrophilic phosphate head groups. In addition, the identified cholesterol binding sites are
only those specific residues that cross-linked with the reactive site in photoactivatable azi-
cholesterol. Thus, the hydrophobic tail of the GlyR-bound cholesterol molecule likely
penetrates deeper into the lipid bilayer than can be observed by cross-linking. In contrast, the
residue of S296 is close to the middle of the TM3 helix deep into the lipid bilayer. There is a
possibility that cross-linking-mass spectrometry has a lower sensitivity to detect the
hydrophobic tail of the GlyR-bound cholesterol molecule. In this regard, we propose that
cholesterol may still directly interact with S296 in a1l GlyR even though this interaction was
not specifically observed in the cross-linking-mass spectrometry study. It should be pointed
out that a few residues other than S296 have been shown to contribute to cannabinoid
potentiation of GlyRs (14, 31). Unlike S296, the residues in the TMD and ICD are not
specific for cannabinoid action as they also affect the potentiating effects on GlyR induced
by ethanol, isoflurane and propofol.

Cannabinoid-GlyR interaction can exert many beneficial outcomes /n vivo such as
alleviation of chronic pain and relief of exaggerated startle reflex in hyperekplexia (14, 15,
21). Sativex which consists of THC and CBD was approved to treat pain in the clinic several
years ago (32). Recently, CBD was approved by FDA to treat epilepsy (33). It may be
partially due to CBD-GIyR interaction that CBD can treat epilepsy since that CBD
potentiates the GlyR-mediated inhibitory currents (13). Our findings that membrane
cholesterol modulates the cannabinoid-GlyR interaction suggest the therapeutic effects
mediated by cannabinoid-GlyR interaction may be decreased under certain low cholesterol
condition. For instance, it has been reported that certain types of statins used to lower serum
cholesterol level in patients can also decrease cholesterol level in the CNS (34, 35). Our
results call for an additional consideration when cannabinoids are used in patients taking
statins or other drugs that may lower cholesterol level in the CNS.
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Abbreviations

5-HT 5-hydroxytryptamine
5-HT3aR 5-HT3p receptor

AEA anandamide

CBD cannabidiol

GABAAR GABAA receptor

ls.HT 5-HT-activated current
lcABA GABA-activated current
laly glycine-activated current
LGIC ligand-gated ion channels
MBCD Methyl-beta-cyclodextrin
MCD maximum current density
MD molecular dynamics
POPC 1,2-palmitoyl-oleoyl-sn-glycero-3-phosphocholine
THC Tetrahydrocannabinol
T™M4 the fourth transmembrane
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Figure 1. Effects of cholesterol depletion on cannabinoid potentiation of GlyRs.
(a) Western blot of a1 GlyR and caveolin-1 in gradient fractions from HEK 293T cells

transfected with a1l GlyRs. (b) Upper panel: Total membrane samples were blotted with
GAPDH and Caveolin-1. No GAPDH bands were detected, suggesting minimal cytosol
contamination. Lower panel: Free cholesterol concentrations of whole-cell lysate and total
membrane isolated from HEK 293T cells with or without 0.5% MBCD treatment for 30 min.
All data were normalized to their respective controls (vehicle group). (c) The effect of 0.5%
MPBCD treatment on cholesterol concentrations in gradient fractions of HEK 293T cell
membrane (n=7 per group). (d) Free cholesterol concentrations of whole-cell lysate and total
membrane isolated from HEK 293T cells pretreated with vehicle, 0.5% MBCD alone, 0.5%
MBCD + 0.2 mM cholesterol or 0.5% MBCD + 1 mM cholesterol. All data were normalized
to their respective controls (vehicle group). ***/<0.001 based on one-way ANOVA; NS, not
significant. (€) Current traces indicating THC potentiation of Ig)y activated by EC,
concentrations of glycine (5-10 uM) in HEK 293T cells expressing al GlyRs pretreated
with vehicle, 0.5% MBCD or 0.5% MBCD + 1.0 mM cholesterol for 30 min. (f) Time
courses of 1 pM THC potentiation of Ig)y in al GlyR-expressing HEK 293T cells pretreated
with vehicle (n=14), 0.5% MBCD alone (n=9), 0.5% MBCD + 0.2 mM cholesterol (n=12) or
0.5% MBCD + 1 mM cholesterol (n=13). Statistical comparisons refer to the data at the 5th
minute. (g) THC potentiation of Ig)y in HEK 293T cells expressing a1, a3 or al1f GlyRs
and in cultured spinal neurons pretreated with vehicle or 0.5% MBCD. All digits within the
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columns represent samples or numbers of cells measured. Data are represented as mean +
SEM. * P<0.05, ** P<0.01, *** P< 0.001 based on unpaired t-tests with Welch’s
correction.
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Figure 2. The effects of MBCD treatment on GlyR basal function.
(a) Western blot of a1 GlyR and caveolin-1 in gradient fractions from HEK 293T cells

transfected with a1 GlyRs after vehicle or MBCD pretreatment. (b) Current traces of Igjy
activated by various concentrations of glycine in GlyR al-expressing HEK 293T cells
pretreated with vehicle or MBCD (0.5%, 30 min). (c) Glycine concentration-response curves

of HEK 293T cells transfected with a1 GlyR after vehicle (n=6) or MBCD (n=6)
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pretreatment. (d) The maximum current density of GlyR a 1-expressing HEK 293T cells
pretreated with vehicle (n=9) or MBCD (n=8). Data are represented as mean + SEM. Pvalue
was determined based on unpaired t-tests with Welch’s correction.
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Figure 3. The effects of MBCD treatment on cannabinoid modulation of GlyR gating kinetics.
(a-c) Influence of THC on activation (a), deactivation (b) and desensitization (c) time of

alWT or a15296A muytant GlyR expressed in HEK 293T cells after vehicle, MBCD or
MBCD+1.0 mM cholesterol pretreatment. All digits in the columns represent numbers of
cells tested. Data are represented as mean £ SEM. */<0.05, **/<0.01 based on unpaired t-

tests with Welch’s correction.
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Figure 4. Depletion of membrane cholesterol specifically affects cannabinoid-GlyR interaction.
(a-€) Diagrams of chemical structures and the 10 uM AEA- (a), 1 pM CBD- (b), 100 uM

propofol- (c), 100 uM isoflurane (d) and 100 mM ethanol- (e) induced potentiation of Ig)y in
GlyR al-expressing HEK 293T cells pretreated with vehicle or 0.5% MBCD for 30 min. (f)
Current traces of Igapa activated by the EC2 concentration of GABA before and after 3 pM
THC treatment in a1p2y2 GABAAR receptor-expressing HEK 293T cells preincubated
with vehicle or 0.5% MBCD. (g) Diagrams of THC structures and 3 pM THC-induced
potentiation of Igaga in alp2y2 GABAaR-expressing HEK 293T cells pretreated with
vehicle or 0.5% MBCD for 30 min. (h) Current traces of Is.yt activated by the maximally
effective concentration (30 uM) of 5-HT before and during continuous incubation with 0.3
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UM THC in 5-HT3a receptor-expressing HEK 293T cells pretreated with vehicle or 0.5%
MBCD. (i) The percentage of THC-induced inhibition of Is_yt in HEK 293T cells
expressing 5-HT3a receptors after vehicle or 0.5% MBCD treatment. Data are represented as
mean £ SEM. **/<0.01, ***P<0.001 based on an unpaired t-test with Welch’s correction.
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Figure 5. Membrane cholesterol and S296 are both necessary for THC-GIyR interaction.
(a) Amino acid alignment of the third transmembrane helix in al, a2, a3 and B subunits.

(b) Current traces indicating THC (1 uM)-induced potentiation of Ig)y in HEK 293T cells
expressing a1WT GlyRs and a152%A GlyRs after 0.5% MBCD treatment. (c) Percentage of
THC (1 pM)-induced potentiation of Igyy in HEK 293T cells expressing a1WT, a3WT,
a15296A and 0 3529A GlyRs after vehicle or 0.5% MPBCD treatment. ***/<0.001 based on
one-way ANOVA. (d) Percentage of THC (1 pM)-induced potentiation of Ig)y in HEK 293T
cells expressing a2WT, a1BWT, a2/303S and a1pA320S GlyRs after vehicle or 0.5% MBCD
treatment. All digits in the columns represent numbers of cells tested. Data are expressed as
the mean + SEM. ***/<0.001 based on one-way ANOVA.
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Figure 6. Cholesterol dependence of THC-GIyR interaction through both direct and indirect
mechanisms.

(a) Side view of docking model of a1 GlyR (black ribbons) and THC binding pocket. S296
is highlighted in vio/et, THC is labeled in cyanand cholesterol (CholL) is shown in ye/low.
(b) Representative conformations of THC bound to a1 GlyR in POPC/cholesterol (left) or
POPC alone (right). THC binds a1 GIyR closer to S296 and with lower energy in the
presence of cholesterol than with POPC (dark gray) alone. (c) Free binding energy required
for S296-THC interaction in the presence or absence of cholesterol (n=3). Data are
expressed as the mean + SD. ***/<0.001 based on an unpaired t-test. (d) Cholesterol-

1duosnuepy Joyiny

1duosnuely Joyiny

induced conformational changes in al GlyR in POPC/ChoL and pure POPC. The fourth
transmembrane helices (TM4s) are highlighted in the presence of cholesterol (red) and in the
absence of cholesterol (b/ug). (€) Histograms of radial (left) and lateral (right) al GlyR TM4
tilt angles in POPC/ChoL (red) and pure POPC (b/ue). Cholesterol-induced conformational
change in TM4. Arrows (radial, orange) and (lateral, green) angles indicate the tilt direction

of TM4.
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