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Abstract  

Alcohol (ethanol) at physiologically relevant concentrations (<100 mM) constricts 

cerebral arteries via inhibition of voltage-/calcium-gated potassium channels of large 

conductance (BK) located in vascular smooth muscle (VSM). These channels consist of 

channel-forming slo1 (cbv1, KCNMA1) and accessory beta1 (KCNMB1) subunits. An increase 

in VSM cholesterol (CLR) via either dietary CLR intake or in vitro CLR enrichment was shown to 

protect against endothelium-independent, alcohol-induced constriction of cerebral arteries. The 

molecular mechanism(s) of this protection remains unknown. Here, we demonstrate that CLR 

enrichment of de-endothelialized middle cerebral arteries (MCAs) of rat increased CLR content 

in the VSM in a concentration-dependent manner. CLR enrichment blunted MCA constriction 

evoked by 18-75 mM but not by 100 mM alcohol. MCA enrichment with coprostanol (COPR) 

also blunted vasoconstriction by 50 mM alcohol, despite the fact that COPR and CLR differ in 

their ability to modify several major physical properties of the bilayer. CLR protection against 50 

but not 100 mM alcohol was also observed in C57BL/6 and KCNMB1 knockout (K/O) mice. 

Permeabilization of KCNMA1 K/O MCAs with Y450Fcbv1 totally ablated CLR, but not COPR 

protection against vasoconstriction by 50 mM alcohol. Thus, CLR and alcohol interact at the 

level of the BK channel slo1 subunit, with Y450 being critical for CLR protection against alcohol-

induced vasoconstriction. We document for the first time a functional competition between CLR 

and alcohol in regulating cerebral artery diameter and a critical role of a single amino acid within 

the BK channel pore-forming subunit in controlling CLR-alcohol interaction at the organ level. 
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Introduction  

Cholesterol (CLR) is a major lipid constituent of mammalian cell membranes (Veerkamp, 

1972; Dopico and Tigyi, 2007) and determines many membrane physical properties (Heiner et 

al., 2008; Haldar et al., 2012). At the organismal level, CLR serves as a precursor of steroid 

hormones and as a critical signaling molecule that plays a major role in cardio/cerebrovascular 

physiology (Miller et al., 2011). Pathological conditions that arise from either a lack or an 

abundance of CLR range from neurodevelopmental delay to severe vascular disorders (Martín 

et al., 2014; Ivanovic and Tadic, 2015). Hypercholesterolemia has widespread effects on 

vascular function via cholesterol-driven changes in membrane fluidity, enzyme activity, and 

cation transporter function in endothelial cells, cardiomyocytes, and vascular smooth muscle 

cells (VSMs) (Li et al., 2014; Wu et al., 2015). Thus, it is not surprising that 

hypercholesterolemia constitutes a risk factor for vascular, including cerebrovascular, diseases 

(van Rooy and Pretorius, 2014).   

Independently of any other factor, moderate-to-heavy episodic alcohol intake, such as 

during binge drinking, is associated with an increased risk for cerebrovascular spasm and death 

from stroke (Zakhari, 1997; Zhang et al., 2014). Cerebrovascular disease associated with 

moderate-to heavy alcohol intake is independent of beverage type and alcohol metabolism in 

the body, but is linked to the pharmacological actions of ethanol (ethyl alcohol) itself (Altura and 

Altura, 1984). Moreover, studies in humans and laboratory animal species document that acute 

alcohol administration at concentrations equivalent to blood alcohol levels that are above the 

legal limit of intoxication (>18 mM) constricts cerebral arteries both in vitro and in vivo (Altura 

and Altura, 1984; Bukiya et al., 2014).  

Alcohol-induced constriction of cerebral arteries is endothelium-independent and 

enabled by alcohol inhibition of calcium- and voltage-gated potassium channels of large 
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conductance (BK) in VSMs (Liu et al., 2004). Functional BK channels are conformed by a 

tetramer of channel-forming alpha subunits (slo1 proteins, encoded by KCNMA1) (Salkoff et al., 

2006). However, in smooth muscle cells (including vascular myocytes) slo1 subunits are 

accompanied by accessory beta1 proteins (Brenner et al., 2000b; Orio et al., 2002). The latter 

modify the BK current phenotype and pharmacological profile (Brenner et al., 2000a; Bukiya et 

al., 2007; 2009b). Moreover, deletion of the beta1-coding KCNMB1 gene in mouse diminishes 

alcohol-induced constriction of cerebral arteries (Bukiya et al., 2009a).  

In addition to subunit composition, BK channel sensitivity to alcohol is tuned by CLR 

levels in vascular smooth muscle. Indeed, we have recently shown that a high-CLR diet resulted 

in elevated CLR level within the cerebral artery smooth muscle, this elevation being protective 

against cerebral artery constriction evoked by 50 mM alcohol in vivo and in vitro (Bukiya et al., 

2014). Notably, CLR protection against alcohol-induced constriction of the cerebral artery 

remained unaffected by the removal of functional endothelium, and thus represented an 

endothelium-independent phenomenon (Bukiya et al., 2014).  Protection against alcohol-

induced constriction was observed not only after CLR accumulation in the VSM by high-CLR 

dietary intake in vivo, but also following in vitro CLR enrichment using the steroid carriers 

methyl-beta-cyclodextrin or low-density lipoprotein (Bukiya et al., 2014; Bisen et al., 2016). On 

the other hand, high-CLR diet-driven protection against alcohol-induced constriction of cerebral 

arteries was removed upon in vitro depletion of excessive CLR from de-endothelialized cerebral 

vessels (Bukiya et al., 2014).   

Previous studies underscored that a CLR antagonism of alcohol effect could be 

observed even in the absence of BK beta1 subunit (Bisen et al., 2016) and in a very simple 

environment of artificial lipid bilayer (Crowley et al., 2003). These findings raise the hypothesis 

that the slo1 protein itself is the molecular effector of such antagonism. Slo1 subunits contain 
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ten cholesterol recognition amino acid consensus (CRAC) motifs. Mutations within the 

membrane-adjacent CRAC4 led to a partial removal of BK channel CLR sensitivity (Singh et al., 

2012). Thus, we hypothesize that CRAC4 plays a major role in the CLR-alcohol interaction and 

its impact on cerebral artery diameter.  

In the current study, we used Sprague-Dawley rats, and KCNMB1 and KCNMA1 

knockout (K/O) mice to evaluate whether CLR was able to protect against alcohol-induced 

constriction of cerebral arteries when alcohol was probed at a toxicology relevant range (18-100 

mM ethanol, EtOH), and to begin to address the molecular determinants of CLR-alcohol 

interaction in the control of cerebral artery diameter at the smooth muscle level. Alcohol 

concentrations chosen span from the legal limit of intoxication for driving a motor vehicle within 

the majority of the USA (18 mM) and blood alcohol content detected after moderate-to-heavy 

alcohol intake (35-75 mM), up to levels that may be lethal to humans (100 mM) (Heatley and 

Crane, 1990).  
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Materials and Methods  

Ethical aspects of research.  The care of animals and experimental protocols were reviewed 

and approved by the Animal Care and Use Committee of the University of Tennessee Health 

Science Center, which is an institution accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care International (AAALACi). To avoid the extensive use of 

animal donors, most of the experiments were performed on rat cerebral arteries, which are 

larger and easier to handle when compared to their mouse counterparts. However, a knockout 

(K/O) mouse model was also introduced when its use was justified by experimental needs.  

Cerebral artery diameter measurement.  Adult male Sprague-Dawley rats (≈250 g) and 8- to 

12-week-old male C57BL/6 control, KCNMB1 knockout, or KCNMA1 K/O mice were deeply 

anesthetized with isoflurane via inhalation. Resistance-size middle cerebral arteries (MCAs) 

were dissected out of the rat or mouse brain, following animal euthanasia with a guillotine or 

sharp scissors, respectively. The endothelium was removed by passing an air bubble into the 

vessel lumen for 90 sec immediately prior to vessel cannulation. This method has been 

consistently used by our group, and validated using endothelium-dependent versus 

endothelium-independent vasodilators (Bukiya et al., 2007; Bukiya et al., 2011b). Arteries were 

cannulated as previously described by our group (Bukiya et al., 2011b; 2013). Briefly, MCAs 

were cut into 5 to 10 mm-long segments under a microscope (Nikon SMZ645, Tokyo, Japan).  

The segment was cannulated at each end, and the artery exterior was continuously perfused 

with physiologic sodium saline (PSS) of the following composition (mM): 119 NaCl, 4.7 KCl, 1.2 

KH2PO4, 1.6 CaCl2, 1.2 MgSO4, 0.023 EDTA, 11 glucose, 24 NaHCO3, pH=7.4. PSS was 

continuously bubbled with O2/CO2/N2 (21/5/74%) gas mixture and maintained at 35-37°C. The 

artery external wall diameter was measured using the automatic edge-detection function of 

IonWizard software (IonOptix, Westwood, Massachusetts) via Sanyo VCB-3512T camera 
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(Sanyo Electric Co., Moriguchi, Japan). Arteries were first incubated at an intravascular 

pressure of 10 mm Hg for 10 min. Then intravascular pressure was increased to 60 mmHg and 

held steady throughout the experiment to induce myogenic tone development and maintenance. 

Each artery segment was only exposed to ethanol once to avoid development of de-

sensitization during repeated applications of ethanol-containing solution (Bukiya et al., 2011b). 

At the end of each experiment, the artery was probed with Ca2+-free PSS to verify the viability of 

the artery segment. If the artery failed to dilate in Ca2+-free solution, data from this artery 

segment were excluded from further analysis. When required by experimental design, arterial 

contractility was probed with a high KCl solution of the following composition (mM): 63.7 NaCl, 

60 KCl, 1.2 KH2PO4, 1.2 MgSO4, 0.023 EDTA, 11 glucose, 24 NaHCO3, 1.6 CaCl2. 

Cholesterol (CLR) and coprostanol (COPR) enrichment of the arteries. For steroid 

enrichment, we followed previously described methodology (Zidovetzki and Levitan, 2007; 

Bukiya et al., 2011b). For rat and mouse cerebral artery diameter measurements and 

immunofluorescence experiments, arteries were subjected to a 1 hr-long incubation in PSS 

containing 5 mM methyl-beta-cyclodextrin (MβCD):0.625 mM steroid complex (8:1 molar ratio). 

To ensure MβCD saturation with CLR, the solution was shaken at 37°C overnight and filtered 

prior to the artery incubation. Steroid enrichment of the arteries was performed immediately 

prior to artery cannulation for diameter measurements or for immunofluorescence staining.   

For filipin staining, serial dilutions of the MβCD:steroid complex were performed from the 

starting 50 mM MβCD:6.25 mM steroid complex. Arteries were subjected to a 1 hr-long 

incubation in PSS containing the various concentrations of MβCD:steroid as outlined in the 

Results. 

Fluorescence staining of steroid content in the artery wall using filipin. Arteries were fixed 

in 4% paraformaldehyde for 30 min, in the dark, at room temperature. Permeabilization was 
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performed using 0.5% Triton-100 in phosphate buffered saline (PBS) for 10 minutes. Following 

washout, arteries were stained with 25 µg/mL filipin solution for 1 h in the dark. Filipin solution 

was prepared by diluting 10 mg/mL filipin stock in dimethyl sulfoxide (DMSO) and stored at -

20ºC for no longer than 1 week. After washing, arteries were mounted onto glass slides using 

ProLong Gold antifade reagent (Invitrogen, Eugene, Oregon), dried at the room temperature in 

the dark for 24 hrs, and sealed with a clear nail polish. Sealed slides were stored at -20ºC. 

Biochemical determination of CLR level in the artery tissue. For the time-course of CLR 

enrichment, arteries were subjected to incubation with 5 mM MCD:0.625 mM CLR complex in 

PSS for various time intervals (5, 10, 20, 30 and 60 min). Artery tissue was homogenized as 

described (Bukiya et al., 2011b). Protein and CLR levels were determined using the Pierce BCA 

protein assay kit (Thermo Scientific, Waltham, Massachusetts) and Amplex Red Cholesterol 

Assay kit (Molecular Probes, Inc., Eugene, Oregon), respectively. Protein and CLR readings 

were performed with a microplate reader (Synergy, New York City, New York) using absorbance 

(562 nm) and fluorescence (excitation/emission=540/590 nm) reading functions, respectively.  

Fluorescence data acquisition. Immunofluorescence images were obtained using the 405 nm 

laser line of Olympus FV-1000 laser scanning confocal system (Center Valley, PA). Imaging 

was performed using a z-stack function on the microscope, with the thickness of the step set at 

1 m. Stacks also contained recordings of the images obtained within the visible light spectrum. 

Within each artery, 3-4 areas were randomly picked; within each area, the total fluorescence 

signal was measured to represent a single data-point.  

KCNMA1 K/O mouse artery permeabilization. KCNMA1 (slo1-lacking) K/O mouse MCAs 

were dissected out and permeabilized to allow delivery of pcDNA3 vector containing slo1 

subunit cloned from rat cerebral artery (cbv1; AAP82453) with mutated CRAC4 domain (Y450F 

cbv1) (Singh et al., 2012). pcDNA3 vector without gene insert and with wild type (WT) cbv1 was 
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used as a negative and positive control, respectively. Permeabilization was performed following 

a standard chemical loading/reverse permeabilization technique (Lesh et al., 1995; Xi et al., 

2008).  

Computational chemical modeling. A protein homology model of cbv1 (GenBank AAP82453) 

cytosolic tail domain was created using the built-in function in Molecular Operating Environment 

2008 software (Chemical Computing Group, Montreal, Canada). The crystal structure of human 

slo1 (PDB ID 3MT5) was used as a template. CLR and COPR chemical conformation libraries 

were created and docked onto CRAC4-forming amino acids V444, Y450, and K353 using 

default settings of built-in conformational library and docking suits in MOE. 

Chemicals. CLR was purchased from Avanti Polar Lipids (Alabaster, Alabama). Ethanol (200 

proof, ultra-pure) was purchased from American Bioanalytical (Natick, Massachusetts). All other 

chemicals were purchased from Sigma Aldrich (St. Louis, Missouri). Ethanol was freshly diluted 

in PSS solution immediately before application to the artery. Each pressurized artery was 

exposed to ethanol only once to avoid reduced responsiveness to multiple applications of 

ethanol (Bukiya et al., 2011b). 

Data analysis. Artery diameter data were analyzed using IonWizard 4.4 software (IonOptics 

Westwood, Massachusetts). The value for arterial diameter before drug application was 

obtained by averaging diameter values from the same arterial segment during 3 minutes of 

recording immediately before drug application. A drug-induced change in arterial diameter was 

determined from the peak effect obtained during drug application. 

Statistical analysis was performed using InStat 3.05 software (Graph Pad, San Diego, 

California). When the number of observations in the groups under comparison exceeded 6, and 

the Gaussian distribution of the data was confirmed by the Kolmogorov-Smirnov test, analysis 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 16, 2018 as DOI: 10.1124/jpet.118.250514

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET#250514 

11 

 

was performed using the unpaired Student’s t-test. In both cases, statistical analysis was 

conducted using the Mann-Whitney nonparametric test. In all cases, testing assumed two-tail P 

values. For comparison of multiple experimental groups, the Kruskal-Wallis test and Dunn’s 

post-test were used. In all cases, significance was set at p<0.05. Data were expressed as 

mean±SEM; (n)=number of arteries. In each experimental group, individual arteries were 

obtained from different animal donors. Final plotting and fitting of data was conducted using 

Origin 8.5 software (Origin Lab, Northampton, Massachusetts).  
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Results 

Cholesterol modulation of alcohol action on cerebral artery diameter appears to be 

competitive. To determine the alcohol concentration range at which CLR protects against 

alcohol-induced constriction of cerebral arteries, we dissected MCAs out of rat brains. For CLR 

enrichment, each artery was incubated in MβCD: CLR complex prior to cannulation, while a 

control group of arteries with naïve CLR was incubated in PSS solution for 1 h. To verify the 

efficiency of the CLR enrichment procedure, we stained the arteries with filipin, a cholesterol-

sensitive dye (Muller et al., 1984). Arteries were incubated at room temperature for 1 h in 

MCD:CLR complex containing increasing concentrations of CLR (from 0.00625 to 6.25 mM).  

The cerebral artery myocyte layer within tunica media was identified by a positive 

immunofluorescence staining against BK channel smooth muscle-specific beta1 subunit that 

was scarce in endothelial cells of tunica intima (Fig. S1; Supplementary Movie 1) (Brenner et 

al., 2000b). In contrast, immunostaining against endothelial cell marker platelet endothelial cell 

adhesion molecule-1 (CD-31) showed an opposite pattern of fluorescence intensity that reached 

its peak within the presumed tunica intima layer, with scarce (if any) staining in tunica media 

layers (Fig. S1; Supplementary Movie 2) (Miettinen et al., 1994). Nuclei and cytoplasm of BK 

beta1-positive cells were in a perpendicular orientation (Supplementary Movie 1), as opposed 

to CD-31-positive cells that were oriented parallel to the artery side (Supplementary Movie 2). 

Perpendicular orientation of the cells relative to the artery side was used to identify smooth 

muscle cells in filipin staining studies.  

We observed increases in filipin-associated fluorescence of the cerebral artery vasculature as 

CLR concentrations in the incubation media increased (Fig. 1), with a maximum at ≥1 mM CLR. 

CLR enrichment with 0.625 mM CLR approximately represented EC50 for artery vasculature 
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CLR enrichment (Fig. 1B), which is comparable to the degree of CLR increase in de-

endothelialized cerebral arteries during the course of a high-CLR diet (Bukiya et al., 2014).   

After the efficiency of the CLR-enriching procedure was established, another set of arteries 

were cannulated and pressurized at 60 mmHg. Upon development of myogenic tone, mean 

external diameter of the arteries reached 150.5±5.2 m. Changes in arterial diameter were 

monitored upon exposure of each arterial segment to a single concentration of alcohol ranging 

from 18 to 100 mM.  Consistent with our previous findings (Liu et al., 2004), ethanol application 

resulted in a concentration-dependent decrease in cerebral artery diameter in control arteries 

with naïve CLR level (Fig. 2A-B). Alcohol-induced constriction reached a maximal value of 

10±1% at 50 mM alcohol, with artery diameter returning to pre-alcohol values upon washout. 

Notably, as alcohol concentration was increased further (75-100 mM), alcohol-induced 

constriction started to decrease (Fig. 2A-B). The loss of alcohol-induced constriction at 75-100 

mM EtOH could arise from either BK channel desensitization to alcohol, or from alcohol 

targeting other pathways that mediate dilation. To distinguish between these two possibilities, 

we tested 100 mM EtOH in the presence of 1 M paxilline, which blocks BK channels (Zhou and 

Lingle, 2014). Since the alcohol effect was totally blunted in the presence of paxilline 

(Supplementary Figure 2), we did not detect any measurable dilation of the arteries. 

In CLR-enriched arteries, the concentration-response curve was shifted to higher alcohol 

concentrations.  However, the degree of maximal constriction (8±2% at 100 mM alcohol) was 

statistically indistinguishable from that obtained in vessels with naïve CLR content (Fig. 2). Thus, 

at clinically/toxicologically relevant alcohol concentrations (<100 mM), the alcohol effect was 

reduced by elevated CLR.  The fact that alcohol retained its ability to exert a maximal effect in 

the presence of CLR, albeit at higher concentration, argues in favor of a competitive interaction 

between CLR and alcohol to regulate cerebral artery diameter.  
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The ability of coprostanol to antagonize alcohol-induced constriction rules out major 

bilayer-mediated mechanisms as an important force behind the CLR protection against 

alcohol effect. Considering that CLR control over the alcohol effect on the BK channel could be 

observed in the simple protein/lipid environment of artificial lipid bilayers (Crowley et al., 2003), 

we next used coprostanol (COPR), a CLR derivative that differs drastically from CLR in its ability 

to modify physical properties of biological membranes, lipid packing, and condensation in 

particular (see Discussion). We performed enrichment of de-endothelialized MCAs of rat with 

COPR using a protocol identical to that used for CLR (see above). Artery enrichment with up to 

0.625 mM COPR rendered an amount of steroid content in the smooth muscle layer similar to 

that evoked by CLR, as detected by filipin staining (Fig. 3A-B). Higher amounts of COPR in the 

enrichment media, however, rendered a rapidly declining fluorescence of filipin. The underlying 

cause of this phenomenon is out of the scope of the current study.  

Enrichment with 0.625 mM COPR rendered a filipin-associated fluorescence signal similar to 

that of 0.625 mM CLR, and was also associated with protection against alcohol-induced 

constriction (Fig. 3C). Indeed, alcohol-induced constriction of COPR-enriched arteries did not 

exceed 1.6±1.0% (Fig. 3D). This constriction was significantly smaller than alcohol-induced 

constriction of arteries with naïve CLR level (P=0.0079 by Mann-Whitney test) and did not differ 

from alcohol-induced constriction of CLR-enriched arteries (Fig. 3D). However, when probed 

with 100 mM alcohol, constriction of COPR-enriched arteries reached 6.8±1.1%. This 

constriction was indistinguishable from alcohol-induced constriction of arteries with naïve CLR 

level or CLR-enriched artery segments (Fig. 3E). The overall ability of COPR to influence 

alcohol-induced constriction in similar fashion to CLR rules out several bilayer-mediated 

mechanisms as major determinants of steroid control over alcohol-induced constriction of 

cerebral arteries. Conceivably, CLR control over alcohol-induced vasoconstriction is mediated 

by a sterol-sensing protein site(s).  
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Tyrosine at position 450 in the BK channel pore-forming subunit mediates the 

cholesterol protection effect against alcohol-induced constriction of cerebral artery.  

Similar to data obtained from de-endothelialized cerebral arteries of rat (Fig. 2C), arterial 

constriction by 50 mM alcohol was significantly blunted upon CLR enrichment of mouse MCAs 

with denuded endothelium (Fig. 4A). While C57BL/6 (wild type, WT) mouse arteries with naïve 

CLR level reached on average of 11.1±2.3% constriction in the presence of 50 mM alcohol, 

CLR enrichment only led to a 5.3±1.1% constriction upon alcohol application (Fig. 4A, first pair 

of bars). However, CLR protection against alcohol was not observed when alcohol was applied 

at 100 mM (Fig. 4A, right pair pf bars).  

BK beta1 subunit-lacking mouse arteries with naïve CLR have a reduced sensitivity to 

alcohol (Bukiya et al., 2009a), reaching on average 1.3±0.6% constriction in presence of 50 mM 

alcohol, when compared to their WT counterparts. However, CLR enrichment fully blunted their 

remaining residual alcohol sensitivity (Fig. 4B, first pair of bars). In addition, CLR antagonism 

of alcohol was not observed when EtOH was applied at 100 mM (Fig. 4B, right pair of bars), 

as found in WT. Thus, the overall pattern of CLR-alcohol interaction on diameter was similar in 

WT and KCNMB1 knockout (K/O) mice.  

To establish the contribution of specific CLR-sensing amino acids to CLR protection against 

alcohol-induced vasoconstriction, we turned our attention to Tyr450. This amino acid is located 

in the CRAC4 identified in the slo1 protein cytosolic tail domain, and represents one of the 

critical CLR-sensing areas on BK slo1. Tyrosine 450 substitution to phenylalanine partially 

decreased the CLR-sensitivity of slo1 cloned from rat cerebral artery myocytes (cbv1) (Singh et 

al., 2012). To introduce Y450F cbv1 into cerebral arteries, we used KCNMA1 global K/O mouse 

(Meredith et al., 2004). KCNMA1 K/O MCAs were permeabilized to introduce pcDNA3 vector 

carrying the Y450F cbv1-coding nucleotide sequence. Following three days of incubation to 
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allow protein expression, BK channel function was verified by electrophysiological means 

(patch-clamp, Supplementary Figure 3). BK channel-expressing arteries were de-

endothelialized, in vitro pressurized at 60 mmHg and probed with high-KCl solution (60 mM). 

KCl-induced constriction of Y450F cbv1-containing arteries reached on average 18.3±8.9%, 

which was similar to the KCl-evoked constriction of arteries permeabilized with WT cbv1 

(12.1±3.0%) (Fig. 5A). Both outcomes are significantly smaller than KCl-induced constriction of 

KCNMA1 K/O arteries permeabilized with pcDNA3 vector without cbv1-coding nucleotide 

sequence (37.3±4.1%, Fig. 5A). This reduced vasoconstrictive response to KCl in cbv1-

permeabilized arteries when compared to KCNMA1 K/O is consistent with the primary function 

of BK channel in vascular smooth muscle, i.e., its function is to provide negative feedback on 

myocyte depolarization and contraction (Orio et al., 2002).  

Cbv1-permeabilized MCAs were able to retain alcohol-induced constriction, which 

reached on average 7.6±1.8% in the presence of 50 mM alcohol (Fig. 5D). As found for rats 

(see above), constriction by 50 mM alcohol was significantly blunted upon CLR enrichment, only 

reaching 0.1±1.3% (Fig. 5D). On one hand, Y450F cbv1-permeabilized arteries constricted in 

the presence of 50 mM alcohol, up to 11.7±3.2% (Fig. 5B, D), underscoring that Y450 was not 

crucial for alcohol-induced vascular constriction. On the other hand, Y450F cbv1-permeabilized 

arteries were not protected by CLR against alcohol-induced constriction, which reached 

11.2±4.3% (Fig. 5C, D). Therefore, Y450 was sufficient for CLR to antagonize alcohol-induced 

constriction of cerebral arteries.  

Remarkably, Y450F cbv1-permeabilized arteries were still protected by COPR 

enrichment against alcohol-induced constriction, which only reached 1.5±0.6% (Fig. 6A).  

Computational docking on COPR onto CRAC4-forming amino acids V444, Y450, and K453 
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revealed lack of proper COPR orientation along the axis of CRAC4 when compared to CLR 

docking (Fig. 6B).  
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Discussion  

In the present work, we identified for the first time the competitive nature of CLR antagonism of 

alcohol-induced vasoconstriction and a single slo1 residue that mediates this action. Tyrosine 

450 in the BK slo1 protein cytosolic tail domain is essential for CLR to protect against alcohol-

induced constriction of the cerebral artery.    

Changes in blood and/or organ CLR levels are observed during physiological adaptations and 

pathophysiological conditions. The former include seasonal and developmental adaptability. For 

instance, serum CLR levels in healthy humans peak during winter months (Oskene et al., 2004). 

On the other hand, total blood CLR level increases with age in young or middle-aged adults 

(Heiss et al., 1980), yet tends to decrease in individuals over 65 years of age (Wallace and 

Colsher, 1992). Moreover, blood CLR levels are modulated by numerous exogenous factors, 

including diet and illicit drug use (Wallace and Colsher, 1992; Ginsberg et al., 1995). It is 

estimated that one third of adults in the US have elevated blood CLR levels that require 

correction with CLR-lowering medication (Schultz et al., 2018). The increased circulating CLR 

may result in CLR accumulation in various organs, including CLR deposition into the smooth 

muscle layer of cerebral arteries (Bukiya et al., 2014; Simakova et al., 2017).  

Alterations in cerebral artery function have been increasingly recognized as critical contributors 

to prevalent cerebrovascular and neurological conditions, including strokes, cerebral vasospasm, 

migraines, seizures, and dementia (Lee, 1995; Asghar et al., 2011; Washington et al., 2011; 

Bukiya and Dopico, 2018; Vinters et al., 2018). In the present work, we focused on the CLR-

alcohol interaction(s) that influenced MCA diameter. MCAs are resistance-size vessels that 

control blood circulation in many parts of the lateral cerebral cortex (Lee, 1995).  Arteries were 

pressurized in vitro to allow evaluation of organ function at physiological media and relevant 

intralumenal pressure. This approach has been widely used for studies with direct clinical 
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implications (González et al., 1999; Aukes et al., 2007; Fike et al., 2012). With regards to 

alcohol research, several important findings first obtained in pressurized vessels were 

successfully validated in vivo (Bukiya et al., 2014, Chang et al., 2016). Thus, our current results 

are likely to provide mechanistic explanations to the earlier observation that dietary CLR 

protected cerebral arteries from alcohol-induced constriction in vivo via CLR buildup within VSM 

(Bukiya et al., 2014). Notably, in the human population, males exceed females in excessive 

drinking (Wilsnack et al., 2009). Current work was performed on male animals focus on the 

gender/sex that is the most affected by excessive alcohol drinking.  

Consistent with a previous report (Liu et al., 2004), alcohol-induced constriction of cerebral 

arteries was concentration-dependent (Fig. 2B). Notably, as alcohol concentrations were 

increased to 75-100 mM, alcohol-induced constriction of arteries with naïve CLR started to 

decline compared to constriction evoked by 35-50 mM alcohol. This was likely due to the 

desensitization of ethanol’s targets in MCA. Indeed, we did not detect dilatory responses when 

the artery was treated with 100 mM EtOH in the presence of BK channel blocker paxilline 

(Supplementary Figure 2). Thus, loss of the alcohol effect at high EtOH levels was due to the 

targeting of BK channels. Desensitization of receptor and ion channel function by ethyl alcohol 

has been widely reported, including tolerance to protracted high dose alcohol challenge in BK 

channels (Moranta et al., 2006; Dopico and Lovinger, 2009).   

When compared to lower alcohol levels, constriction in the presence of 100 mM EtOH was 

characterized by a brief vasodilatory spike at the beginning of alcohol administration into the 

artery perfusion chamber (Fig. 2A, bottom traces). Such a spike may represent a transient 

effect on an unidentified molecular target. Considering that the spike in question is brief 

compared to the long-lasting constrictive effect, and that 100 mM EtOH is at the limit of 
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physiologically relevant alcohol concentrations (Heatley and Crane, 1990), mechanistic studies 

regarding this phenomenon were omitted from the present work. 

While CLR enrichment protected against the vasoconstriction evoked by a wide range of alcohol 

concentrations (18-75 mM), CLR failed to alter the efficacy of alcohol. Indeed, when alcohol 

concentration was raised to 100 mM, alcohol-induced constriction was indistinguishable 

between arteries with naïve CLR and following CLR enrichment. This outcome is consistent with 

a competitive interaction between two ligands for a common target and/or mechanism 

(molecular site of interaction or signaling pathway) (Zuideveld et al., 2002).   

The major effector of CLR and alcohol in cerebral artery smooth muscle, i.e., the BK channel, 

tends to cluster in CLR-rich, rather thick lipid raft membrane domains (reviewed by Dopico et al., 

2012). Lipid raft disruption by manipulations with cholesterol level may affect BK channel 

function, and possibly its response to alcohol at the channel and organ level. Indeed, previous 

studies demonstrated that altering the thickness of the bilayer by adjusting the acyl chain length 

of the component lipids affected the time course of the acute response to alcohol, and could 

transform alcohol-induced channel potentiation to inhibition (reviewed in Treistman and Martin, 

2009). However, alcohol-cholesterol interactions can be observed in rather isolated systems - 

artificial lipid membranes that lack the complex protein and lipid content of native membranes 

(Crowley et al., 2003; Bukiya et al., 2011b). Thus, lipid raft-specific proteins are not needed for 

cholesterol-alcohol interactions in the control of BK channel function.  

Previous data documented that CLR protection against alcohol-induced constriction could be 

observed in KCNMB1 K/O mouse arteries (Bisen et al., 2016). Moreover, CLR antagonism of 

alcohol action on BK channels was documented in a simple system conformed by slo1 channel 

proteins and one or two phospholipid species bilayer (Crowley et al., 2003). The latter finding 

raised the question of whether bilayer-mediated mechanisms, rather than ligand interactions 
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with slo1 proteins, are involved in CLR-alcohol interaction. Reciprocal actions on time-dwell 

distributions led to speculation that CLR and alcohol functionally antagonized each other via 

opposing actions on bilayer properties (Crowley et al., 2003). Indeed, CLR diminishes the 

lipid/membrane partition coefficient of a variety of small anesthetics, such as halothane 

(Lechleiter et al., 1986), uncharged pentobarbitone (Miller and Yu, 1977), and benzyl alcohol 

(Colley and Metcalfe, 1972). Thus, it is expected that CLR enrichment would make it difficult for 

alcohol to partition into the membrane and reach the effective concentrations that would evoke 

vasoconstriction. In a previous study, we demonstrated that enantiomeric CLR (ent-CLR) also 

protected against alcohol-induced constriction of cerebral arteries (Bisen et al., 2016). Ent-CLR 

is a “mirror image” of the CLR molecule and is expected to modify bulk physical properties of 

the membrane similar to CLR (Mannock et al., 2003). Collectively, all of these previous findings 

seem to favor the idea that the primary mechanism(s) mediating CLR-alcohol interaction with 

BK channels, and eventually artery contraction, reside within membrane bilayer properties. In 

the present work, however, we used the enrichment of cerebral arteries with COPR (Fig. 3). 

Unlike CLR, COPR has all saturated carbon-carbon bonds in its steroid nucleus and a cis fusion 

of rings A and B, which orients its hydroxyl group in C3 toward the alpha-face of the steroid 

molecule (Pine, 1987). Given this chemical structure, COPR exerts membrane bilayer effects 

that are opposite to or significantly smaller than the effects of CLR. For instance, while CLR was 

shown to promote dipalmitoylphosphatidylcholine (DPPC) domain formation, COPR strongly 

inhibited this effect acting as “anti-CLR” (Xu and London, 2000). In another study, COPR 

evoked a much lesser effect on the Stokes shift of the voltage-sensitive styrylpyridinium probe 

di-8-ANEPPS and the orientational polarizability of the unilamellar phosphatidylcholine vesicles 

as compared to CLR (Le Goff et al., 2007). However, the similar ability of COPR and CLR to 

protect against alcohol-induced constriction (Fig. 3) rules out alterations in membrane physical 

properties (including alteration of lipid raft physical characteristics) as the primary mechanism of 
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CLR-alcohol interaction. Rather, CLR protection against the alcohol constrictive effect is linked 

to the presence of steroid-sensing site(s) in the slo1 protein. 

 We have previously identified seven cholesterol recognition amino acid consensus 

motifs (CRACs 4-10), within the cytosolic tail domain of slo1, that influence the response of slo1 

channels to this lipid (Singh et al., 2012). Our current study shows that the slo1 Y450F 

substitution removes CLR protection against alcohol-induced vasoconstriction (Fig. 5). This 

conclusion is consistent with previous observations (Crowley et al., 2003; Yuan et al., 2011; 

Bisen et al., 2016) and our own current data (Fig. 4) suggesting a critical role of the BK slo1 

subunit in enabling CLR control over its alcohol effect. Tyrosine 450 is a central amino acid 

located within CRAC4 of the BK slo1 (cbv1) (Singh et al., 2012), and the Y450F substitution 

partially decreases slo1 sensitivity to 33 mol% CLR in planar lipid bilayers (Singh et al., 2012). 

In our current work, however, Y450F fully ablated the ability of CLR enrichment to control 

alcohol-induced vasoconstriction. Considering that mammalian cellular membranes contain 

between 20 and 50 mol% CLR (van Meer et al., 2008), it is likely that in cerebral artery myocyte 

membranes, CLR concentration exceeds 33 mol%. Therefore, the differential ability of Y450 to 

control CLR sensitivity of the channel vs. alcohol-induced constriction may be explained by the 

low affinity of CRAC4 to CLR. In addition, the complexity of the cellular environment in the 

cerebral artery compared to artificial lipid membranes may provide Y450 with a more significant 

control over the alcohol effect on artery diameter.  

The truncation of slo1 downstream CRAC4 renders a channel that is lacking in CRACs 5 

through 10. Interestingly, the Y450F substitution in this truncated slo1 was fully efficient in 

preventing CLR to modulate channel activity (Singh et al., 2012). This finding raised the 

speculation of a competitive interaction between the several CRACs in slo1 proteins for CLR 

sensitivity (Singh et al., 2012). The possibility that more than one CRAC or steroid-sensing 
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region could contribute to shaping the alcohol effect is further supported by our data showing 

the persistence of COPR protection against alcohol-induced constriction even in the presence of 

Y450F cbv1 mutant (Fig. 6). Whether CRAC motifs other than CRAC4 contribute to the 

competitive interaction between CLR and alcohol in control of cerebral artery diameter, and 

whether these CRAC motifs represent true binding sites for steroids, remains to be tested 

experimentally.  

In conclusion, our data unveil the competitive nature of CLR interaction with alcohol in 

controlling cerebral artery diameter, and document the critical role of a single amino acid (Y450) 

within the BK channel pore-forming subunit in enabling CLR control over the alcohol constrictive 

effect at the organ level. 
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Figure legends 

Figure 1. CLR enrichment of MCAs of rat rendered concentration-dependent increase in 

vascular smooth muscle CLR content. (A). Original snapshots of filipin-stained segments of 

rat MCAs following CLR enrichment with various CLR concentrations. (B). Averaged data 

showing exponential increase in filipin-associated fluorescence as CLR concentration in 

enriching media was increased. Fluorescence staining experiment was repeated on 3 

independent occasions. Each data point represents an averaged data from 8-33 artery 

segments; no more than 4 artery segments were imaged within each MCA at a given CLR-

enriching concentration, each artery was obtained from a separate rat. Data at individual CLR 

concentrations were compared one-by-one with data at naïve CLR level, using the unpaired 

Student’s t-test. Data within each sample group passed the Kolmogorov-Smirnov test; thus, 

these were assumed to follow a Gaussian distribution. **Different from arteries with naïve CLR 

(P=0.0033 for 0.625 mM CLR, P=0.0001 for 1.25 mM CLR, P=0.0001 for 6.25 CLR).  

Figure 2. Cholesterol (CLR) competed with alcohol over control of constriction in rat de-

endothelialized MCAs. (A). Original traces showing that either 50 or 100 mM alcohol (EtOH) 

reduced arterial dimeter in absence of CLR modifying treatment, e.g. at naïve CLR level (left 

column of recordings). In contrast, the original trace of CLR-enriched artery (right column of 

recordings) shows a lack of response to 50 mM alcohol, yet constriction was present when 

artery was probed with 100 mM alcohol. In all records, vertical dashed lines indicate the start of 

drug application; hash shaded areas underscore the degree of artery constriction by alcohol.  

(B). Concentration-response curve (CRC) of the averaged decrease in artery diameter in 

response to alcohol, with and without CLR enrichment in vitro. Each data point represents 

averaged data from no less than 4 artery segments, each segment obtained from a separate rat. 

*Different from arteries with naïve CLR, 50 mM EtOH (P=0.0263 by Mann-Whitney test). (C). 
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Averaged constriction by 50 and 100 mM alcohol with and without CLR enrichment. *Different 

from arteries with naïve CLR, 50 mM EtOH (P=0.01 by unpaired Student’s t-test).  

Figure 3. Enrichment of rat cerebral arteries with coprostanol (COPR) rendered 

protection against alcohol-induced constriction. (A). Original snapshots of filipin-stained 

segments of rat MCAs with naïve CLR (top) and following the enrichment with 0.625 mM COPR 

(bottom). (B). Averaged data showing increase in filipin-associated fluorescence as COPR 

concentration in enriching media was increased up to 0.625 mM. For comparison, the grey 

curve represents results of artery enrichment with CLR. Fluorescence-staining experiment with 

COPR was repeated on 3 independent occasions. Each data point represents averaged data 

from 5-10 artery segments, each artery was obtained from a separate rat. Data at individual 

COPR concentrations were compared one-by-one with data at naïve CLR level via Mann-

Whitney test. ** Different from arteries with naïve CLR (P=0.028). (C). Original trace showing 

COPR protection against alcohol-induced constriction of de-endothelialized MCA of rat. Vertical 

dashed lines indicate the start of drug application; hash shaded area underscores limited 

sensitivity of COPR-enriched artery to alcohol. (D). Averaged constriction by 50 mM alcohol in 

arteries with naïve CLR (n=28), following CLR- (n=4) and COPR enrichment (n=5). *Different 

from arteries with naïve CLR (P=0.0027 for analysis of all three groups by Kruskal-Wallis 

followed by Dunn post-test). (E). Averaged constriction by 100 mM alcohol in arteries with naïve 

CLR (n=4), following CLR (n=7) and COPR enrichment (n=5).  

Figure 4. Pattern of alcohol sensitivity in wild type (WT) and KCNMB1 K/O (BK beta1 

subunit-lacking) mouse arteries matched one of the rat MCAs. (A). Averaged constriction 

by 50mM EtOH and 100mM alcohol with and without CLR enrichment of WT mouse (C57BL/6). 

Insert depicts schematic structure of the vascular smooth muscle BK channel consisting of a 

tetramer of pore-forming alpha subunits accompanied by an accessory beta1 (view from top). 
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For 50 mM alcohol, n=6 in the group with naïve CLR, n=11 in CLR-enriched group. For 100 mM 

alcohol, n=4 in each group. Each measurement was performed from a separate artery; arteries 

within each experimental group were dissected out from different animals.   *Different from 

arteries with naïve CLR, 50 mM alcohol (P=0.02 by unpaired Student’s t-test). (B). Averaged 

constriction by 50mM alcohol and 100mM alcohol with and without CLR enrichment of KCNMB1 

K/O (BK beta1 subunit-lacking) mouse on C57BL/6 background. For 50 mM alcohol, n=9 in the 

group with naïve CLR, n=4 in CLR-enriched group. For 100 mM alcohol, n=4 in each group. 

Each measurement was performed from a separate artery; arteries within each experimental 

group were dissected out from different animals.   *Different from arteries with naïve CLR, 50 

mM alcohol (P=0.048 by Mann-Whitney test). 

Figure 5. Mutation of CLR-sensing site at Y450 within BK pore-forming (KCNMA1) 

subunit fully ablated CLR protection against alcohol-induced vasoconstriction in mouse 

cerebral artery. (A). Averaged data showing MCA constriction by 60 mM KCl in freshly 

dissected middle cerebral arteries of wild type mouse (n=16), and following KCNMA1 K/O 

mouse artery permeabilization and introduction of pcDNA3 (negative control, sham, n=9), 

pcDNA3-WT cbv1 (positive control, n=11), and pcDNA3-Y450F cbv1 (n=4). ***Different from 

sham (P<0.001), **(P<0.01). Statistical significance was established using one-way ANOVA 

with Tukey post-test. (B). Original trace showing alcohol-induced constriction of de-

endothelialized MCA from KCNMA1 K/O mouse on C57BL/6 background following 

permeabilization and introduction of Y450F cbv1. Here and in (C), vertical dashed lines indicate 

the start of drug application; hash shaded area underscores effect of 50 mM alcohol on artery 

diameter. (C). Original trace showing lack of blunting of alcohol-induced constriction in de-

endothelialized Y450F cbv1-permeabilized MCA from KCNMA1 K/O mouse following CLR 

enrichment. (D). Averaged constriction by 50mM alcohol with and without CLR enrichment of 

KCNMA1 K/O mouse MCAs following permeabilization with either WT cbv1 (first pair of bars) or 
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Y450F cbv1 (second pair of bars). For WT cbv1, naïve and CLR-enriched groups contained 7 

arteries each. *Different from naïve CLR (P=0.0047 by unpaired t-test).  For Y450F cbv1, naïve 

CLR group contained 6 arteries, while CLR-enriched group contained 5 arteries. P=0.6623 by 

Mann-Whitney test. 

Figure 6. Mutation of CLR-sensing site at Y450 within BK pore-forming (KCNMA1) 

subunit did not ablate COPR protection against alcohol-induced vasoconstriction in 

mouse cerebral artery. (A). Original trace (left) and averaged data (right) showing lack of 

alcohol-induced constriction of de-endothelialized MCA from KCNMA1 K/O mouse on C57BL/6 

background loaded with Y450F cbv1 and subjected to COPR enrichment. Naïve CLR and 

COPR-enriched groups contained 7 and 8 arteries, respectively. **Different from naïve CLR 

(P=0.004 by Mann-Whitney test).  (B). Computational docking onto CRACR4-forming amino 

acids revealed differential docking modes for CLR (left) versus COPR (right) molecules. Light 

dotted line depicts presumed hydrogen bonding between CLR hydroxyl group and K453 (Singh 

et al., 2012). 
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