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Abstract

Pregnenolone is a neurosteroid that modulates glial growth and differentiation, neuronal firing, and 

several brain functions, these effects being attributed to pregnenolone actions on the neurons and 

glial cells themselves. Despite the vital role of the cerebral circulation for brain function and the 

fact that pregnenolone is a vasoactive agent, pregnenolone action on brain arteries remain 

unknown. Here, we obtained in vivo concentration response curves to pregnenolone on middle 

cerebral arteries (MCA) diameter in anesthetized male and female C57BL/6J mice. In both male 

and female animals, pregnenolone (1 nM-100 μM) constricted MCA in a concentration-dependent 

manner, its maximal effect reaching ~22–35% decrease in diameter. Pregnenolone action was 

replicated in intact and de-endothelialized, in vitro pressurized MCA segments with pregnenolone 

evoking similar constriction in intact and de-endothelialized MCA. Neurosteroid action was 

abolished by 1 μM paxilline, a selective blocker of Ca2+ - and voltage-gated K+ channels of large 

conductance (BK). Cell-attached, patch-clamp recordings on freshly isolated smooth muscle cells 

from mouse MCAs demonstrated that pregnenolone at concentrations that constricted MCAs in 
vitro and in vivo (10 μM), reduced BK activity (NPo), with an average decrease in NPo reaching 

24.2%. The concentration-dependence of pregnenolone constriction of brain arteries and inhibition 

of BK activity in intact cells were paralleled by data obtained in cell-free, inside-out patches, with 

maximal inhibition reached at 10 μM pregnenolone. MCA smooth muscle BKs include channel-

forming α (slo1 proteins) and regulatory β1 subunits, encoded by KCNMA1 and KCNMB1, 
respectively. However, pregnenolone-driven decrease in NPo was still evident in MCA myocytes 

from KCNMB1−/− mice. Following reconstitution of slo1 channels into artificial, binary 

phospholipid bilayers, 10 μM pregnenolone evoked slo1 NPo inhibition which was similar to that 

seen in native membranes. Lastly, pregnenolone failed to constrict MCA from KCNMA1−/− mice. 

In conclusion, pregnenolone constricts MCA independently of neuronal, glial, endothelial and 

circulating factors, as well as of cell integrity, organelles, complex membrane cytoarchitecture, and 

the continuous presence of cytosolic signals. Rather, this action involves direct inhibition of SM 

BK channels, which does not require β1 subunits but is mediated through direct sensing of the 

neurosteroid by the channel-forming α subunit.
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1.1 Introduction

Pregnenolone (PREG) is a local and circulating neurosteroid that regulates basic brain 

processes, such as neuronal firing and growth and differentiation of glial cells (Mayo et al., 

2003, 2005; Masuyama et al., 2016). Moreover, many studies indicate that prevalent brain 

conditions such as depression and anxiety, alcohol use disorders, stress responses and even 

Alzheimer progression are related to and could be modified through optimization of PREG 

(or its analog allopregnanolone) levels (Akan et al., 2008; Akwa, 2020; Finn et al., 2004; 

Lejri et al., 2019; Mayo et al., 2003, 2005; Porcu and Morrow, 2014). PREG effects on the 

brain have been solely attributed to PREG actions on receptors and ion channels located in 

the neuron and glia cell themselves (Akan et al., 2008; Mayo et al., 2003, 2005; Masuyama 

et al., 2016). Despite the vital role of an optimal artery diameter for brain function (Faraci et 

al., 1998; González et al., 2012; Tano et al., 2014), and the fact that PREG is a vasoactive 

agent in the peripheral circulation (Figueroa-Valverde et al., 2009, 2014), studies of PREG 

on brain artery function are unavailable.

PREG modification of peripheral artery diameter has been attributed to PREG recognition 

by cytosolic and membrane steroid receptors and their downstream signaling (Chen et al., 

1999; Kublickiene et al., 2008; McCurley et al., 2013). However, the modification of 

physiology, including vascular physiology, through lipid (including steroids)-ion channel 

protein direct interactions is a growing area of research (Dopico and Bukiya, 2014; Antollini 

and Barrantes, 2016; Taylor and Sanders, 2016).

In mammals, the Ca2+- and voltage-gated K+ channels of large conductance (BK) that 

prevail in cerebral artery smooth muscle (SM) include channel-forming α(slo1 proteins) and 

regulatory β1 subunits (Dopico et al., 2018). The latter show localized expression in SM 

(Orio et al., 2002; Li and Yan, 2016) suiting BK function to SM-specific physiology. Thus, 

β1 increases the apparent Ca2+-sensitivity of BK, allowing this channel to oppose 

depolarization-mediated Ca2+ influx, limit SM contraction, and favor artery dilation 

(Brayden and Nelson, 1992; Orio et al., 2002). The abundant expression of β1 in SM makes 

of this auxiliary subunit an important target of endogenous vasoactive lipids, including 

steroids (Dopico and Bukiya, 2014; Bukiya and Dopico, 2019). Thus, this regulatory subunit 

is necessary for the activation of BK channels by estradiol (Granados et al., 2019), and for 

channel activation and eventual cerebrovascular dilation by cholanes and derivatives (Bukiya 

et al., 2011, 2013). In contrast, slo1 subunits suffice for cholesterol, a precursor of PREG, to 

inhibit BK activity (Singh et al., 2012; Bukiya and Dopico, 2019).

Here, we tested the hypothesis that direct targeting of SM BK channel subunit(s) by PREG 

at physiological and pharmacological levels modified the diameter of middle cerebral 

arteries (MCAs). We focused on MCA because they perfuse the largest area within the brain, 

when compared to other cerebral arteries stemming from the circle of Willis and are the 
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more prone to neurovascular pathology (Cipolla and Curry, 2002; Navarro-Orozco and 

Sánchez-Manso, 2020).

2.1 Methods and Materials

2.2 Ethical Aspects of Research.

The care of animals and experimental protocols were reviewed and approved by the IACUC 

of the UTHSC, which is an institution accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care international.

2.3 Cerebral artery diameter measurement through cranial window in vivo.

8- to 12-week-old male and female C57BL/6 mice were anesthetized with a mixture of 

xylazine/ketamine (12/100mg per kg) and kept anesthetized for the duration of the 

experiment with subsequent ketamine doses (50mg/kg of weight) as needed. A catheter was 

inserted into the carotid artery so that the infusion went straight to the brain rather than 

towards the thoracic cavity. An area of the skull was cleared of tissue and thinned to expose 

the branching arteries originating from the MCA on the side the catheter was inserted, above 

the zygomatic arch, between the ear and eye of the skull (Busija and Leffler, 1991). The 

exposed arteries branching out from the MCA were monitored using a Leica MC170 HD 

microscope with a mounted camera (Leica M125 C) connected to a computer monitor. 

Drugs were diluted to their final concentration in sodium saline (0.9% NaCl) and 

administered via catheter at 0.1 mL/25 g of weight. Cranial window images before and after 

drug administration were acquired every 60 seconds for subsequent analysis.

2.4 Cerebral artery diameter measurement in vitro.

8- to 12-week-old C57BL/6J and KCNMA1−/− on C57BL/6 background mice of both sexes 

were deeply anesthetized with isoflurane via inhalation in a tightly sealed jar. Resistance-

size MCAs (~100 μm in external diameter) were dissected out of the mouse brains after 

animal euthanasia with sharp scissors. For de-endothelialized records, the endothelium was 

removed by passing an air bubble into the vessel lumen for 90 seconds (Liu et al., 2004). 

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). MCAs were cut into 5 to 10 mm-long segments under a microscope (Nikon 

SMZ645). 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 an 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 lonWizard software (lonOptix) via Sanyo VCB-3512T camera 

(Sanyo Electric Co.). 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 (Liu et 

al., 2004; Bukiya et al., 2014). Each artery segment was exposed to PREG only once to 

avoid development of desensitization during repeated applications of PREG-containing 

North et al. Page 3

Neuropharmacology. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



solution. 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, pH=7.4. Like PSS, the high-KCl 

solution was continuously bubbled with O2/CO2/N2 (21/5/74%) gas mixture and maintained 

at 35–37°C.

2.5 Electrophysiology data acquisition and analysis.

Myocytes were isolated from 8- to 12- week-old C57BL/6 or KCNMB1−/− on C57BL/6 

background male mouse MCAs as described (Bukiya et al., 2011a). Ionic currents were 

recorded in the cell-attached (C/A) configuration and from excised, inside-out (I/O) patches. 

C/A recordings were obtained at −30 mV, that is a physiologically relevant membrane 

voltage (Dopico et al., 2018). I/O recordings were obtained at +30 mV to evoke robust (sub-

maximal) currents, so the inhibitory effect of PREG could be observed better. Bath and 

electrode solutions contained (mM): 130 KCl, 5 EGTA, 1.6 HEDTA, 2.28 MgCl2 ([Mg2+] 

free=1 mM), 15 HEPES; pH 7.40. In all experiments, free [Ca2+] in solution was adjusted to 

the desired value by adding 1 mM CaCl2 stock. An agar bridge with Cl− as main anion was 

used as ground electrode. Solutions were applied onto the extra-patch myocyte surface of 

C/A or the cytosolic side of I/O patches using an automated, pressurized Octaflow system 

(ALA Scientific Instruments Inc.) through a micropipette tip with an internal diameter of 

100 μm. Experiments were carried out at room temperature (20–22 °C). Ionic currents at 

single channel resolution were recorded using an EPC8 amplifier (HEKA) at 1 kHz. Data 

were digitized at 5 kHz using a Digidata 1320A A/D converter and pCLAMP 8.0 (Molecular 

Devices).

2.6 Preparation of slo1 protein.

BK channel-forming slo1 cDNA (cbv1; AY330293) was cloned from rat cerebral artery 

myocytes (Jaggar et al., 2005). Cbv1 cDNA was inserted into the pcDNA3.1 plasmid vector 

as described (Singh et al., 2012). CHO (Chinese hamster ovary) cells were transiently 

transfected with cbv1-carrying pcDNA3.1 plasmid using Lipofectamine 2000 (Invitrogen), 

grown to confluence, pelleted, and re-suspended on ice in 10 ml of buffer solution of the 

following composition (mM): 30 KCl, 2 MgCl2, 10 HEPES, 5 EGTA; pH 7.2. A membrane 

preparation was obtained using a sucrose gradient as previously described (Crowley et al., 

2003). Aliquots were stored at −80 °C. Slo1 current were recorded following protein 

reconstitution into planar lipid bilayers consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine 

(POPS) 3:1 (w/w) mixture. Lipid mixtures were dried under N2 gas and re-suspended at 25 

mg/ml of n-decane. Vertical bilayers (80–120 pF) were formed by painting the lipid mix 

across a 200 μm diameter hole in a deldrin cup (Warner Instruments). Membrane preparation 

of slo1 protein was added to the cis chamber, and fusion between the membrane preparation 

and the bilayer was promoted by osmosis, with the cis chamber recording solution being 

hyperosmotic to the trans chamber solution. Solution for the cis chamber contained (mM): 

300 KCl, 10 HEPES; pH 7.2. Solution for the trans chamber contained (mM): 30 KCl, 10 

HEPES, pH 7.2. In all experiments, free [Ca2+] in the solutions bathing both chambers was 

the same and adjusted to the desired nominal value as described above (Section 2.5). The 

trans chamber was held at ground (equivalent to the extracellular space) while the cis 
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chamber (equivalent to the intracellular space) was held at potentials relative to ground. 

Only channels with their intracellular Ca2+-sensors oriented toward the cis chamber were 

considered for experimentation. Ion currents were obtained during 10-minute gap-free 

recording at +30 mV using a Warner BC-525D amplifier, low pass-filtered at 1 kHz using 

the 4-pole Bessel filter built into the amplifier and sampled at 5 kHz with Digidata 1322A/

pCLAMP 8 (Molecular Devices). For proper comparisons with previous data obtained by us 

(Crowley et al., 2003; Bukiya et al., 2008; Bukiya et al., 2011a) and others (Chang et al., 

1995; Yuan et al., 2007), studies were conducted at room temperature (20–22 °C). PREG 

stock or DMSO control was added to both cis and trans chambers to reach a final 

concentration of 10 μM in each chamber.

2.7 Chemicals.

PREG was purchased from Abcam. POPE, and POPS were purchased from Avanti Polar 

Lipids. All other chemicals were purchased from Sigma Aldrich. PREG and steroid blockers 

were dissolved in dimethyl sulfoxide (DMSO) and diluted into PSS solution immediately 

before application to the artery, myocyte membrane or bilayer. Each pressurized artery, 

myocyte membrane, or patch was exposed to PREG only once to avoid possible 

desensitization.

2.8 Data Analysis.

Changes in artery diameter obtained from cranial window experiments were determined 

using ImageJ software (ImageJ Downloaded from 9 1.52a, https://imagej.nih.gov/ij/

download.html). In vitro MCA diameter data were analyzed using lonWizard 4.4 software 

(lonOptix) by continuous real time recording of the exterior diameter of cannulated artery 

segments. Each data point was collected on separate artery segments to avoid desensitization 

and false repetitions. Drug-induced effects in arterial diameter were determined at the 

maximal, steady drug concentration reached in the chamber before the perfusion was 

switched to another drug or a washout. The value for basal artery diameter (i.e., diameter 

before drug application) in both in vivo and in vitro experiments was obtained by averaging 

diameter values from the same arterial segment during 3 minutes of recording immediately 

before drug application. The concentration response curve data obtained from in vivo and in 
vitro experiments were fitted to a Boltzmann function of the type:

y =
A1 − A2

1 + e x − x0 /dx + A2

using Origin 2020 software (OriginLab). Validity of the Bolzmann fit results is given by the 

corresponding reduced Chi-square and R-square values. Where the reduced Chi-square 

statistic is used to represent the goodness of fit testing (Wendt, 1991) and the R-square 

results evaluate the scatter of the data points around the fitted regression line (Freedman, 

2009).

Patch-clamp and bilayer data were analyzed using Clampfit 10.7 software (Molecular 

Devices). NPo was used as an index of channel steady-state activity, where N=number of 

channels in the patch (defined as a maximal number of opening levels) and Po=single 
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channel open probability. Drug-induced NPo changes were determined by comparing 

baseline NPo (i.e., NPo with the patch/cell perfused with bath solution) to the NPo from the 

same patch/cell exposed to agent (DMSO/PREG/blockers) dissolved in bath solution.

Statistical analysis was performed using InStat 3.05 (GraphPad). 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 was performed using an 

unpaired Student’s t-test. In all other cases, statistical analysis was conducted using the 

Mann-Whitney nonparametric test. For comparison of multiple experimental groups, the 

Kruskal-Wallis test with Dunn’s post-test were used. In all cases, testing assumed two-tail P 

values with significance set at P<0.05.

3.1 Results

3.2 PREG is a cerebral artery constrictor in vivo.

In order to evaluate PREG action on male and female MCA at the organismal level, we used 

a cranial window. This technique allowed us to continuously monitor the external diameter 

of resistance-size pial arteries that arise from the MCA, as previously done to evaluate the 

alcohol pharmacology of these vessels (Busija and Leffler, 1991; North et al., 2020). For 

each experiment, baseline images of MCAs were captured prior to any drug application and 

used for reference of the fold-changes in MCA diameter throughout each experiment. All 

drugs were infused toward the cerebral circulation using an intra-carotid artery catheter as 

detailed in Material and Methods. PREG was tested at 0.001–100 μM, that is, a 

physiologically and pharmacologically relevant range of concentrations (Asscheman et al., 

2014; Basar et al., 2005; Cutler and Laue, 1990; Akwa, 2020).

PREG-induced MCA constriction was concentration-dependent with EC50=0.1 μM and 

maximal constriction (Emax) reached at 10 μM for male mice (Fig. 1A–C, reduced Chi-

square=1.098, R-square=0.978). A similar concentration-dependent response to PREG was 

identified in female mice, with an EC50=5 μM and Emax=100 μM (Fig. 1D–F, reduced Chi-

square=0.01, R-square=0.999). An identical pattern was replicated in three to four animals 

for each PREG concentration, in male and female experimental groups. In all experiments, 

vehicle (DMSO) and saline controls failed to change MCA diameter (Fig. 1B, E). Averaged 

data shown in Fig. 1B–C, E–F reveal that PREG infusion-induced MCA constriction is 

evident immediately upon bolus injection of the drug; PREG evokes MCA diameter by 20–

30% in male and by 18–24% in female mice. In both sexes, PREG-induced constriction 

reached statistical significance (P<0.05) by minute 7 when compared to either time-matched 

saline or DMSO infusion. Of note, there is no statistically significant difference in the 

maximal constriction by PREG in male versus female mice either. PREG-induced 

constriction remained sustained throughout 7 minutes of recording after injection, and 

statistically different (P<0.05) after minute 4 of recording time, when compared to time and 

volume matched injections of PREG’s vehicle and saline. Thus, PREG is an effective 

constrictor of brain arteries in vivo, this action being similar in male and female animals.

North et al. Page 6

Neuropharmacology. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3 PREG constricts cerebral arteries independent of circulating factors and functional 
endothelium.

In order to determine whether the vasoactive effects of PREG require circulating, paracrine, 

neuronal or glial factors or, rather, persist at the isolated organ level, MCA segments were in 
vitro pressurized and exposed to various concentrations of PREG (0.001–100 μM in males 

Fig. 2A–C; 1–100 μM in females Fig. 2D–F). Viability of isolated MCA segments was 

determined by evaluating their contraction in response to 60 mM KCl-induced 

depolarization (which serves as reader of close-to-maximal, depolarization-driven 

constriction; Liu et al., 2004). PREG evoked a decrease in MCA diameter that was fully 

reversible at all concentrations upon washout with PSS (Fig. 2A, D). PREG action was 

concentration-dependent with EC50=3 μM and Emax=100 μM, at which diameter decreased 

by 8.90±1.9% of baseline values for intact male arteries (Figs. 2B; reduced Chi-square=0.09, 

R-square=0.99). In female mice, PREG EC50=5.6 μM with an Emax=10 μM, with an average 

decreased artery diameter of 6.8± 0.98% of the baseline (Fig. 2E; reduced Chi-square=0.01, 

R-square=0.66).

The possible contribution of endothelial integrity/endothelial factors to PREG-induced MCA 

constriction was determined by obtaining a concentration-response curve to this neurosteroid 

in MCA segments in which the endothelium was removed prior to vessel pressurization and 

drug exposure. MCA segment viability was determined as described above for endothelium-

intact vessels. PREG was tested at 0.001–100 μM in male and at 1–100 μM PREG in female 

mice. PREG constricted de-endothelialized MCAs from male mice in a concentration-

dependent manner, with EC50=1 μM and ECmax=10 μM, at which diameter decreased 

7.6±0.83% of the pre-drug baseline (Fig. 2A, C; reduced Chi-square=0.28, R-square=0.99). 

In female de-endothelialized MCAs PREG constricted arteries with an EC50=3 μM and 

Emax=10 μM, with a reduction in artery diameter of 2.5±0.29% from the pre-drug baseline 

(Fig. 2D;2F; reduced Chi-square=0.0, R-square=0.84). In MCAs from both male and female 

mice, the effect of PREG, at all concentrations, was fully washable upon PREG removal 

from artery perfusion chamber. Maximal constriction by PREG in intact and de-

endothelialized MCAs was similar in male and female mice, strongly suggesting that the 

efficacy of PREG-induced constriction is sex-independent. Our data clearly underscore that 

the endothelium is not necessary for PREG to evoke MCA constriction.

3.4 PREG-induced constriction of cerebral arteries is driven by BK channel inhibition in 
cerebrovascular smooth muscle.

Since PREG is effective in constricting intact and de-endothelialized MCAs of male and 

female mice, the primary targets of PREG-induced cerebral constriction should be of extra-

endothelial location. In de-endothelialized arteries, SM accounts for over 50% of total 

cellular content (Lee, 1995) and thus, may harbor the primary targets of PREG-induced 

vasoconstriction. In the periphery, ion channels and G protein-coupled steroid receptors are 

both known targets of PREG vascular actions (Figueroa-Valverde et al., 2009, 2014; Mayo et 

al., 2003, 2005; Rizvi et al., 2013; Akwa, 2020). However, PREG-activated steroid receptors 

usually result in vasodilation (Figueroa-Valverde et al., 2009;2014). In contrast, SM BK 

channel inhibition renders both peripheral and cerebrovascular constriction (Dopico et al., 

2018). Therefore, we tested whether the BK channel was the main contributor to PREG-
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induced constriction of de-endothelialized MCAs in male and female mice. Thus, we 

evaluated PREG action at its highest efficacious concentration (10 μM) in the presence of 

paxilline at a concentration that selectively blocks BK channels (1 μM; Strøbæk et al., 1996; 

Zhou and Lingle, 2014) and/or a mixture of drugs at concentrations that effectively block 

several known PREG targets: 20 μM ketoconazole to block pregnane X receptor (PXR), 33 

μM MK-886 to block peroxisome proliferator-activated receptors (PPAR), and 20 μM 

mefenamic acid (MFA) to block the transient receptor potential cation channel subfamily M 

member 3 (TRPM3) (Amberg and Santana, 2003; Mayo et al., 2003, 2005; Rizvi et al., 

2013; Zhou and Lingle, 2014). In de-endothelialized MCA segments, paxilline significantly 

reversed the arterial constriction by 10 μM PREG from 7.59±0.615 and 2.53±0.29% to 

dilation, reaching 0.81±0.38 and to 3.8±0.73 %, in males and females respectively (Fig. 3; 

P= 0.00114 (male), P= 0.00004 (female), Mann Whitney U-test). Moreover, the steroid 

blockers cocktail in presence of paxilline and 10 μM PREG reduced the dilation seen by 

paxilline to a nominal 1.4±0.5% and 1.01±1.1 %, for male and female respectively (Fig. 3). 

This also suggests that the minor dilatory effect seen with paxilline and PREG combined is 

caused by residual dilatory actions mediated by known steroid receptors.

To investigate PREG action on cerebrovascular BK channels themselves, we evaluated a 

possible PREG-induced BK current inhibition in C/A patches of intact SM cells freshly 

isolated from male MCA, these recordings obtained at physiological voltage (−30 mV; Pérez 

et al., 2001; Kuntamallappanavar et al., 2014). Since the concentration dependency and BK 

participation in PREG action remained consistently the same between male and female mice 

(see above), all patch-clamp electrophysiology was conducted on male mice to decrease the 

use and number of animals. To determine confirm the BK identity, each recording was 

followed by perfusion of 1 μM paxilline (Zhou and Lingle, 2014). Any record not 

significantly inhibited by perfusion of paxilline was excluded from analysis. Indeed, PREG 

significantly reduced BK activity immediately following neurosteroid application, an action 

that persisted throughout PREG perfusion when compared to time-matched perfusion with 

DMSO-containing solution (Fig. 4, P=0.02382, 0.00148, 0.00214, 0.0121, 0.0121, and 

0.0121 for 1, 2, 3, 4, 5, and 6 minutes of perfusion, respectively; Mann Whitney U-test). 

Moreover, DMSO time- and concentration-matched control failed to inhibit BK channels, 

but rather caused a mild activation (Fig. 4A, 4C). Thus, our data in C/A patch configuration 

prove that PREG inhibits native BK channels in MCA myocytes.

Lastly, to determine whether PREG inhibition of BK channels persisted independently of 

cell signaling and internal organelles, we recorded BK channel openings in excised 

membrane patches with the I/O configuration of patch-clamp on freshly isolated mouse 

cerebral artery myocytes. I/O records were conducted at +30 mV to evoke high channel 

activity in order to assess the full degree of inhibition by a range PREG concentrations 

(0.01–100 μM) (Fig. 5). Indeed, PREG inhibited channel activity in a concentration-

dependent manner (Fig. 5). Maximum inhibition was obtained at 10 μM PREG, with no 

statistical difference between 10 and 100 μM PREG, which account for 24.3±0.95% and 

30.5±0.85% inhibition of pre-drug BK activity, respectively (Fig. 5B–C). PREG action had 

an EC50=1 μM which resulted in 8.79±0.97% reduction in pre-drug BK activity (Fig 5C; 

reduced Chi-square=0.13, R-square=0.99). At all concentrations, PREG action on excised 

patches were fully washable with control perfusion (Fig. 5B). Thus, the concentration-
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dependent inhibition of BK channels in cell-free myocyte membranes by PREG (Fig. 5) 

closely followed the concentration-dependent arterial constriction (whether in vitro or in 
vivo) by this neurosteroid (Figs. 1–2). Taken together with the fact that PREG-induced 

constriction of de-endothelialized MCA was removed by the BK channel inhibitor paxilline 

(Fig. 3), our patch-clamp data indicate that the main target of PREG vasoconstriction is the 

SM BK complex. Moreover, inhibition of BK currents in cell-free membrane patches 

indicates that this action does not require cell integrity, organelles or the continuous presence 

of cytosolic signals. Rather, BK themselves and their immediate proteolipid environment 

suffice to mediate PREG action.

3.5 BK inhibition by PREG is mediated through the channel-forming α (slo1) subunit.

Incerebral artery SM, BK channel complexes include channel-forming α subunits and 

auxiliary subunits of β1 and gamma types (Brenner et al., 2000; Evanson et al., 2014; 

Dopico et al., 2018), yet β1 is critical for determining the channel physiological phenotype 

and its response to some physiological steroids including cholanes (Bukiya et al., 2013) and 

17β-estradiol (Granados et al., 2019). Thus, to determine whether β1 subunits were 

necessary for or modified the inhibitory actions by PREG on native SM BK channels, we 

evaluated the effect of 10 μM PREG in I/O patches of SM myocytes freshly isolated from 

MCAs of male KCNMB1−/− mice (Fig. 6). DMSO time-matched perfusions did not differ 

between patches from MCAs of KCNMB1−/− mice when compared to their wt counterparts 

(background strain C57BL/6) (Fig. 6B–C). BK current inhibition elicited by bath perfusion 

of 10 μM PREG to I/O patches did not significantly differ between wt (C57BL/6J) and 

KCNMB1−/− mice: 24.3±0.95% and 60.8±0.81% of pre-drug levels, respectively (Fig. 6). 

These data document that β1 neither is required for nor significantly regulates PREG 

inhibitory action on BK currents and, thus, is not a primary target of PREG.

In order to investigate the potential involvement of the proteolipid environment (including 

gamma auxiliary subunit) in PREG-induced inhibition of cerebrovascular BK current, we 

reconstituted BK channel–forming slo1 subunits cloned from cerebral artery myocytes 

(cbv1, Jaggar et al., 2005) into binary phospholipid planar bilayers (POPE/POPS 3:1 w/w), 

with trans and cis solutions containing 30 μM free [Ca2+]. PREG stock dissolved in DMSO 

or the equivalent amount DMSO was added to both the cis and trans solution after protein 

incorporation and recording of basal activity of the channels for 2 minutes, to reach a final 

concentration of 10 μM. Addition of DMSO or PREG to both solutions ensured that 

concentrations remained constant and did not become diluted through inevitable passive 

diffusion through the bilayer membrane. PREG (10 μM) significantly inhibited BK activity 

when compared to its time- and concentration-matched DMSO control with a maximum 

effect of 66.1±0.93% of basal activity being recorded immediately before addition the 

neurosteroid (Fig. 7). Moreover, PREG-driven inhibition of BK activity in artificial lipid 

bilayers was similar to that found in I/O patches of KCNMB1−/− mouse myocytes (Fig. 7C 

vs. 6C). Thus, the complex proteolipid environment typical of native SM membranes, which 

could include BK γ subunits, is not needed for PREG to inhibit cerebrovascular BK activity. 

Rather, the BK channel-forming α (slo1) subunit within a bare phosphoglyceride 

environment suffices.
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Finally, to establish that slo1 proteins ultimately mediate PREG-induced brain artery 

constriction, 10 μM PREG was applied to de-endothelialized MCAs from male and female 

KCNMA1−/− mice (Fig. 8). As expected, 10 μM PREG application resulted in a very mild 

dilation of both male and female KCNMA1−/− MCAs (Fig. 8). This dilation was 

significantly different when compared to the combined application of PREG and the steroid 

blockers (20 μM ketoconazole) to block PXR, 33 μM MK-886 to block PPAR, and 20 μM 

MFA to block TRPM3) (Fig. 8B, D; P=0.0125, P=0.0121 for male and female mouse 

arteries, respectively; Mann Whitney U-test). Moreover, the constriction caused by the 

application of the steroid blockers alone significantly differed from the lack of response in 

the combined application of PREG and the steroid blockers (Fig. 8C/D P=0.0119, P=0.0121 

for male and female mouse arteries, respectively; Mann Whitney U-test). Thus, our data 

suggest that the very mild dilation evoked by 10 μM PREG on male and female 

KCNMA1−/− mice may be attributed to PREG targets other than BK channels. i.e., 

membrane receptors well-known to be targeted by this neurosteroid. In sharp contrast, the 

significant vasoconstriction elicited by PREG in wild-type mice, whether male or female, is 

due to direct sensing of PREG by the BK α subunits.

4.1 Discussion

Our study demonstrates for the first time that PREG constricts brain arteries in vivo and in 
vitro. To prove this, we respectively used cranial windows on pial arteries branching out 

from the MCA and pressurized, isolated MCA segments. These two systems have been 

widely used to study cerebral artery physiology, pathology, and pharmacology (Asscheman 

et al., 2014; Basar et al., 2005; Cutler and Laue, 1990; Plüger et al., 2000; Tano and 

Gallasch, 2014). Moreover, the mouse cerebral circulation greatly matches that of humans 

(Lee, 1995). We chose MCA because: 1-MCA perfuses more brain territories than the other 

branches of Willis’ circle (Lee, 1995; Lehecka et al., 2012); 2-MCA tone and diameter 

modifications are associated with numerous cerebrovascular, including ischemic, disorders 

(Cipolla and Curry, 2002; González Delgado and Bogousslavsky, 2012; Krafft et al., 2012); 

3-MCA has been used in our previous studies of ethanol-induced constriction of cerebral 

arteries and its mediation by SM BK channels (Bukiya et al., 2009; Liu et al., 2004), as well 

as to demonstrate the key role of these K+ channels as effectors of drug-induced 

cerebrovascular dilation (Bukiya et al., 2007; Bukiya et al., 2013). The magnitude of PREG 

effect on MCA diameter reported in the present study is considered as a robust constriction, 

with a maximal decrease in diameter of ~35 and 25% over pre-drug values for male and 

female, respectively. Poiseuille’s law (Rushmer, 1972) establishes that flow is related to 

vessel radius by a power of 4; thus, our results indicate that PREG at Emax would evoke a 

drastic decrease in local CBF, even more robust than what is seen in ischemic events 

(Cipolla and Curry, 2002; González Delgado and Bogousslavsky, 2012).

BK-channel forming slo1 proteins are expressed in significant amounts in many cerebral 

arteries, thus suggesting that PREG should have constricting properties in cerebral arteries 

other than MCA (Kuntamallappanavar et al., 2017). The similarities in PREG-induced 

constriction of MCA in vivo (Fig. 1) and in vitro (Fig. 2), indicates that PREG systemic 

metabolism, circulating factors or any possible interactions with the anesthetic agents do not 

significantly affect the neurosteroid-induced cerebral vasoconstriction. PREG-induced 
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constriction of cerebral arteries is also endothelium-independent. This becomes particularly 

important in clinical cases where the endothelium function declines, such as drug abuse, 

obesity, and natural progression of ageing (Berg et al., 1998; Hunter et al., 2012; Villella and 

Cho, 2015). It is important to note that PREG is under investigation for the treatment of 

benzodiazepine, cannabis and drug abuse, and the alleviation of withdrawal-induced anxiety 

disorders, as well as drug-induced psychotic-like states (Busquets-Garcia et al., 2017; Reddy 

and Kulkarni, 1997; Tomaselli and Vallée, 2019; Vallée et al., 2014). Clinical studies 

involving PREG therapy (up to 500 mg/day for 8 weeks) consistently document several-fold 

increases in PREG serum levels posttreatment (Brown et al., 2014; Marx et al, 2009). While 

safe levels of PREG beyond a 12-week period are not known, it should be noted that: 1-

serum PREG levels do reach sub-μM levels (Brown et al., 2014; Marx et al, 2009); 2-in 

general, brain steroid levels exceed circulating levels because of an accumulation of the 

steroid by brain tissues and/or contribution by local synthesis (Kanchevaa et al., 2011; Wang 

et al., 1997); 3-steroid concentrations in the brain may be further influenced by circulating 

hormones. Thus, females may be at a greater risk to PREG therapy side-effects (Kanchevaa 

et al., 2011; Wang et al., 1997). In addition, while circulating levels of PREG during therapy 

increase several-fold and reach sub-μM levels, circulating levels of PREG sulfate is a more 

accurate indicator of PREG levels within the brain, which are higher than those in systemic 

circulation (Baulieu et al., 2001; Brown et al., 2014; Kanchevaa et al., 2011). Collectively, 

data from our studies documenting BK channel-mediated MCA constriction at sub-μM to 

μM levels of PREG strongly suggest that the aforementioned treatments with PREG could 

pose potential associated risks, due to PREG-induced cerebral artery constriction. Because 

cognition and other cerebral functions vitally depend on adequate blood perfusion, 

eventually determined by the diameter of resistance size cerebral arteries (Cox and Rusch, 

2002; Jackson, 2005; Moudgil et al., 2006), the possible therapeutic properties being 

investigated for PREG in cognitive function and Alzheimer’s could be negatively affected by 

the cerebral constriction seen at higher concentrations (Akan et al., 2008; Akwa, 2020; Fung 

et al., 2014; Lejri et al., 2019; Masuyama et al., 2016; Mayo et al., 2003, 2005).

Collectively, our current study shows that slo1 subunits suffice to evoke PREG inhibition of 

BK activity and mediate the brain artery constriction evoked by this neurosteroid. Based on 

the wt and KCNMA1−/− MCA responses to PREG in presence of selective blockers, we can 

also advance that other known targets of PREG, such as G-coupled steroid receptors, do not 

primarily contribute to PREG-induced cerebrovascular constriction. Rather, they mediated a 

mild dilation in response to PREG (Fig. 3, Fig 8), which was unmasked when the KCNMA
−/− gene was fully knock-down. This suggests that even though PREG may interact with 

PXR, PPAR and TRPM3, the overriding factor in PREG-induced brain artery constriction is 

BK inhibition. Despite the involvement of this common target of PREG in male and female 

animals, it is important to note that the overall responses to lower concentrations of PREG 

(≤10 μM) differ between male and female mice (Supplemental Fig. 1). Indeed, males are 

more susceptible to PREG-induced constriction in intact and de-endothelialized MCA’s at 1 

μM PREG and to 10 μM PREG in de-endothelialized vessels, when compared to females 

(Supplemental Fig. 1A; P=0.0119, P=0.0079, P=0.079, respectively). This difference seems 

to be driven not only by a difference in overall BK-induced effects, but also by steroid 

receptor-mediated effects; female mice have a larger protective vasodilatory response from 
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steroid receptors and less constriction associated with the BK-mediated response 

(Supplemental Fig. 1B; P=0.0079, P=0.0086, respectively). This difference could be due to a 

difference in concentration of these receptors in the SM. Finally, the fact that PREG cerebral 

artery constriction is totally lost in presence of combined BK and steroid receptors blockers 

indicate that “third-parties” that could mediate endothelial-independent cerebral artery 

constriction (e.g. TRPV1; North et al., 2018) do not play a role in the overall PREG-induced 

responses in males or females.

Lastly, our study unequivocally demonstrates that the auxiliary subunits commonly 

associated with BK in SM membranes are neither necessary for nor significantly modulate 

PREG-induced inhibition of BKs: PREG produced a robust inhibition of native channel 

activity in KCNMB1−/− mice. It could be argued, however, that in addition to β1 subunits, 

auxilliary γ subunits still present in KCNMB1−/− cerebrovascular myocytes (Evanson et al., 

2014) could contribute to PREG effect on BK function. This possibility, however, is highly 

unlikely: direct application of PREG at Emax (10 μM) to homomeric slo1 (cbv1 isoform) 

channels reconstituted into artificial lipid bilayers produced a maximum average reduction in 

NPo, which was comparatively similar to the inhibition evoked by equal concentrations of 

PREG in native BKs from excised membrane patches of wt and KCNMB1−/− (Figs. 5–7). 

We cannot rule out that some γ subunits could incorporate into bilayers and form functional 

complexes with cbv1. However, the large difference in molecular weight of these proteins 

(35 kDa for γ subunit versus ~130 kDa for slo1) is very likely to preclude their concomitant 

presence within the same layer of sucrose gradient used for protein preparation for bilayer 

experiments (Zhang and Yan, 2014). In addition, to our knowledge, CHO cells here used to 

make the bilayer preparation have not been reported to express any of the major types of BK 

γ subunits (Yan and Aldrich, 2012; Zhang and Yan, 2014). Therefore, it is reasonable to 

conclude that only the channel-forming α (slo1; cbv1) subunit is necessary for the PREG-

induced inhibition of BK.

While our study conclusively demonstrates that slo1 proteins in a binary phospholipid 

bilayer behave as molecular sensors of PREG inhibition of BK function, whether these 

subunits provide actual recognition sites for the neurosteroid remains to be studied. From a 

historical perspective, the interactions of PREG with BK channels can be analyzed by two 

distinct theories that have previously been applied to cholesterol (Dopico et al., 2012; 

Bukiya and Dopico, 2019), which is PREG main precursor in the body. The first is the “lipid 

theory”, which indicates that cholesterol modification of BK function results as a 

consequence of steroid insertion into the lipid bilayer with consequent modification of 

bilayer physical properties and thus, BK conformation and function. The second is the 

“protein theory”, which proposes that cholesterol-induced modification of BK function 

results from initial binding of the steroid to the BK subunits themselves, with or without 

secondary modifications in bilayer lipid properties. Steroids like cholesterol are well-known 

to embed into the lipid bilayer of cell membranes and thus affect several physical properties 

of the bulk bilayer, including broadening of the gel-to-liquid crystalline phase transition, 

decrease in the cross sectional area occupied by the phospholipid in the liquid-crystalline 

state, increase in lateral stress and stiffness of the phospholipid monolayer or bilayer in the 

physiologically relevant fluid phase, increase in the modulus of compressibility and 

mechanical strength, introduction of negative monolayer curvature and increase in bilayer 
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thickness, and modification of the bilayer electrical dipole in a nonmonotonic fashion 

(reviewed in Dopico et al., 2012; Dopico et al., 2020). In turn, these modifications can alter 

ion channel (including BK) function (Lundbæk, 2008; Dopico et al., 2012; 2020; Ayee and 

Levitan, 2016). Remarkably, the PREG molecule shares many of the chemical properties of 

cholesterol, and is subject to passive, lipophilicity-driven accumulation in cell membranes 

(McManus et al., 2019). Moreover, simulation data indicate that PREG inserts into 

phospholipid bilayers as cholesterol does (Atkovska et al., 2018). Thus, it is possible to 

speculate that sub-μM to μM PREG, as used in our study, could result in membrane PREG 

molar fractions sufficient to alter the bilayer properties known to be modified by cholesterol 

and, eventually, alter BK channel function. On the other hand, cholesterol has been shown to 

interact directly with the BK channel-forming subunit, leading to decreased channel activity 

(Dopico et al., 2012; Bukiya and Dopico, 2019). Based on the chemical and structural 

similarities between PREG and cholesterol, one could also hypothesize that PREG directly 

interacts with BK α subunits at their cholesterol-sensing regions. While these the “lipid” and 

“protein” interpretations have been traditionally presented as mutually exclusive, there is no 

reason to downplay the possibility of their concomitant contribution to steroid, whether 

cholesterol or PREG, effects on BK function.

In conclusion, we have shown for the first time that PREG at concentrations reached in the 

brain during physiology or pharmaco-therapeutics (PREG supplements) constricts cerebral 

arteries of both male and females in a reversibly and concentration-dependent manner, and 

independently of circulating, paracrine, neuronal, glial, and endothelial factors. PREG-

induced constriction of brain arteries is due to the inhibition of BK channels found within 

the cerebrovascular SM itself. This action is possible through PREG-sensing by the channel-

forming slo1 proteins. Thus, our work, which spans from organismal to molecular 

resolution, provides new insights on the biological effects of PREG, allowing for a better 

understanding of the effects of PREG and its derivatives when used to treat prevalent brain 

disorders.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations.

BK calcium- and voltage-gated potassium channel of large conductance

CBF cerebral blood flow

CHO cells Chinese hamster ovary cells
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DMSO dimethyl sulfoxide

MCA middle cerebral artery

POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine

POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (sodium salt)

PPAR peroxisome proliferator-activated receptor

PREG pregnenolone, PSS: physiologic sodium saline

PXR pregnane X receptor

slo1 CBV1-AY330293

SM smooth muscle

TRPM3 transient receptor potential cation channel subfamily M member 3
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Highlights

• Pregnenolone similarly constricts cerebral arteries of male and female mice.

• Pregnenolone action is independent of circulating and endothelial factors.

• Pregnenolone-induced constriction is mediated by BK channel inhibition.

• Pregnenolone inhibits BK channels independently of cell integrity.

• Pregnenolone inhibits BK channels independently of channel regulatory 

subunits.
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Figure 1. Pregnenolone constricts brain arteries of male and female mice, in vivo.
A. Cranial window images of C57BL/6 male MCA before any infusion (base) and 3 minutes 

after 10 μM pregnenolone (PREG) infusion via the carotid artery. Dashed lines are 

positioned along external MCA edges to highlight diameter changes by PREG. B. Averaged 

fold-changes in male MCA diameter for each minute of recording compared to baseline 

diameter determined from the image taken immediately prior to any infusion. A horizontal 

dashed line from 1 (y-axis), underscores no change in artery diameter. A red arrow indicates 

the beginning of infusion. Number of data points (n)=5–6 for each group, each data point 
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was obtained from a separate mouse. C. Averaged percentage of maximal artery constriction 

in vivo produced by each concentration of PREG in male C57BL/6 mice. A red line 

indicates Boltzmann fitting of data to obtain a concentration-response curve. Hollow squares 

are individual data points; each data point within a given PREG concentration was obtained 

from a separate mouse. D. Cranial window images of female C57BL/6 mouse MCA before 

any infusion (base) and 3 minutes after 10 μM PREG infusion. Dashed lines are positioned 

along the external MCA edges to highlight MCA diameter changes by PREG. E. Averaged 

fold-changes in female MCA diameter in vivo for each minute of recording via cranial 

window compared to baseline diameter determined from the image taken immediately 

before any infusion. A horizontal dashed line points at 1 (y-axis), i.e., point of no change in 

artery diameter. A red arrow indicates beginning of infusion. n=5 for each group; each data 

point was obtained from a separate mouse. F. Averaged percentage of maximal artery 

constriction in vivo produced by each concentration of PREG in female C57BL/6 mice. A 

red line indicated Boltzmann fitting to obtain a concentration-response curve. Hollow circles 

are individual points. Here, and in all figures: a) control perfusion included DMSO 

concentrations used to dissolve 100 μM PREG, and b) deviation from averaged value is 

shown as standard error. *Statistically significant difference compared to base (Mann 

Whitney U-test; P<0.5).
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Figure 2. Pregnenolone is an endothelium-independent in vitro vasoconstrictor.
A. Diameter trace showing response to the application of 10 μM PREG in de-endothelialized 

pressurized MCA segments of C57BL/6 male mouse. Diagonal dashed lines highlight 

response (area under the curve) to 10 μM PREG. B. PREG-driven percent changes in 

endothelium-intact MCA of C57BL/6 male mouse. A black line indicates data fitted to a 

Boltzmann function to obtain a concentration-response curve. Hollow squares indicate 

individual points; n=5 for each concentration. Here and in C, E-F, each data point was 

obtained from a separate arterial segment. Within each group, individual data points were 
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obtained from separate mice. C. PREG-driven percent changes in de-endothelialized MCA 

of male C57BL/6 mouse. A black line indicates data fitted to a Boltzmann function to obtain 

a concentration-response curve. Black squares indicate individual points; n=5–6 for each 

concentration. D. Diameter trace showing responses to the application of 10 μM PREG in 

de-endothelialized MCA segment of C57BL/6 female mouse. Diagonal dashed lines 

highlight the area-under-the curve response to 10 μM PREG. E. PREG-driven percent 

changes in female MCA segments with intact endothelium. A black line indicates data fitted 

to a Boltzmann function (concentration-response curve). Hollow circles indicate individual 

points; n=5 for each concentration. F. PREG-driven percent changes in de-endothelialized 

MCA segments of C57BL/6 mice. A black line indicate data fitted to a Boltzmann function 

(concentration-response curve). Black circles indicate individual points; n=5–6 for each 

concentration. All individual records were recorded on separate artery segments.
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Figure 3. Simultaneous in vitro exposure to pregnenolone and blockers of either BK channels or 
known steroid receptors prevents this neurosteroid from constricting de-endothelialized middle 
cerebral arteries.
A. Comparison of percent changes in de-endothelialized MCA segments from C57BL/6 

male mice in response to 10 μM PREG versus 10 μM PREG mixtures with either 1 μM 

paxilline, steroid receptor blockers (20 μM ketoconazole to block PXR, 33 μM MK-886 to 

block PPAR, and 20 μM MFA to block TRPM3), or their combination (i.e., PREG + 

paxilline + steroid receptor blockers). Black squares indicate individual points; n=5–6 for 

each group. Here and in B, individual data points within each experimental group were 

obtained from MCA segments of separate mouse donors. *Statistically significant difference 

from 10 μM PREG (P= 0.00114, Mann Whitney U-test). B. Comparison of percent changes 

in de-endothelialized MCA segments from C57BL/6 female mice in response to 10 μM 

PREG versus 10 μM PREG mixtures with either 1 μM paxilline, steroid blockers (described 

in A above), or their combination. Black circles indicate individual points; n=5 for each. 

*statistically significant difference from 10 μM PREG (P=0.00004, Mann Whitney U-test).
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Figure 4. Pregnenolone inhibits BK activity in smooth muscle cells freshly isolated from mouse 
middle cerebral artery.
A. Representative cell-attached (C/A) records of BK opening during bath perfusion (top), 

DMSO perfusion (middle), or DMSO and 1 μM paxilline perfusion (bottom). Black arrows 

indicate baseline, channel openings are shown as downward deflections. Here and in B-C, 

all records were recorded at −30 mV. B. Representative C/A records of BK openings during 

bath perfusion (top), 10 μM PREG perfusion (middle), or 10 μM PREG + 1 μM paxilline 

perfusion (bottom). Black arrows indicate baseline, channel openings are shown as 

North et al. Page 26

Neuropharmacology. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



downward deflections. C. Averaged data showing NPo/NPobasal for each minute of 

recording. Dashed line at 1 (y-axis) indicates no change from basal channel activity. Black 

arrows indicate the start of perfusions. *Statistically significant difference from DMSO at 

each time-matched point (P<0.05, Mann Whitney U-test); n=5–8 for each group.
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Figure 5. Pregnenolone inhibits BK activity independently of cell integrity.
A. Representative BK current recordings obtained from excised, inside-out (I/O) patches 

during bath perfusion (basal activity) and increasing amounts of PREG (10 nM-100 μM) in 

the perfusate. Horizontal dashed lines indicate the baseline. Black arrows indicate baseline, 

channel openings are shown as downward deflections. Here and in B-C, all records were 

recorded at +30 mV. B. Averaged data showing NPo/NPobasal for each minute of recording 

per concentration of PREG, compared to time-matched DMSO-containing perfusion. 

Horizontal dashed lines indicate the baseline. Black arrows indicate changes in perfusion. C. 
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Averaged data highlighting maximal effects of increasing concentrations of PREG on BK 

channel activity. Black squares indicate individual points. A black line indicate data fitted to 

a Boltzmann function (concentration-response curve). A horizontal dashed line at 1 indicates 

no change from baseline activity; n=5 for each group.
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Figure 6. Pregnenolone inhibits BK activity in absence of BK β1 subunits.
A. Representative BK current records obtained in I/O patches excised from membranes of 

KCNMB1−/− mouse MCA myocytes during bath perfusion (base; top left/top right), DMSO-

containing perfusion (bottom left), 10 μM PREG perfusion (bottom right). Horizontal 

dashed lines and black arrows indicate the baseline. Channel openings are shown as 

downward deflections. Here and in B-C, all records were recorded at +30 mV. B. Averaged 

data showing NPo/NPobasal for each minute of recording and comparing the effect of 10 μM 

PREG on patches from MCA myocytes of KCNMB1−/−, wt C57BL/6J, and KCNMB1−/− in 

DMSO exposed, time-matched records. Black arrows indicate changes in perfusion. A 

horizontal dashed line at 1 indicates no change from baseline. C. Comparison of the 

maximal effects of 10 μM PREG versus DMSO-containing control perfusion from wt 

C57BL/6J and KCNMB1−/− myocytes records. Hollow circles are individual points for wt 

C57BL/6J DMSO. Grey circles indicate individual points for wt C57BL/6J 10 μM PREG. 

Hollow squares indicate individual points for KCNMB1−/− in DMSO-containing perfusion. 

Black squares indicate individual points for KCNMB−/− at 10 μM PREG. Horizontal dashed 

line at 1 indicates no change from base. *Statistically significant difference from DMSO 

(P=0.01208, P=0.01208 for wt and KCNMB1−/−, respectively; Mann Whitney U-test). There 
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were no statistically significant differences between the PREG groups; n=5–6 for each 

group.
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Figure 7. Pregnenolone inhibits the activity of homomeric slo1 channels reconstituted into 
artificial lipid bilayers.
A. Representative slo1 (cbv1 isoform) channel recordings obtained after incorporation of 

cbv1 into POPE/POPS (3:1 wt/wt) bilayers. Top traces are baseline recordings; bottom are 

traces after stock DMSO (bottom left) and stock PREG (bottom right) were added to both 

cis and trans chambers, for a final concentration of 10 μM PREG/DMSO. Channel openings 

are shown as upward deflections; black arrows indicate the baseline. Bilayers were bathed 

by bilayer recording solutions with 30 μM free calcium; all records were obtained at +30 

mV. B. Averaged data showing NPo/NPobase for each minute of recording, comparing 10 

μM PREG versus DMSO time-matched controls. A black arrow indicates the time at which 

PREG/DMSO was added. A horizontal dashed line at 1 (y-axis) indicates no change from 

baseline activity. *Statistically significant difference from DMSO (P<0.05, Kruskal–Wallis 

test). C. Comparison of the maximal effect of 10 μM PREG to DMSO. Black squares 

indicate individual points for DMSO; hollow squares indicate individual points for PREG. A 

horizontal dashed line at 1 (y-axis) indicates no change from baseline activity. *Statistically 

significant difference from DMSO (P= 0.01791; Kruskal–Wallis test); n=9 for each.
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Figure 8. The absence of BK α subunits (slo1 proteins) prevents pregnenolone from constricting 
middle cerebral arteries.
A. Diameter trace showing the response of pressurized, de-endothelialized MCA segment 

from KCNMA1−/− male mouse to 10 μM PREG.

B. Comparison of arterial responses to 10 μM PREG in absence and presence of the steroid 

block, and DMSO in wt C57BL/6J and KCNMA1−/− male mice. Black squares indicate 

individual responses from male wt C57BL/6J; hollow squares indicate individual responses 

from male KCNMA1−/− mice. *Statistically significant difference from 10 μM PREG in 

presence of steroid receptor blockers (P= 0.00439, P= 0.00169 from left to right, Kruskal–

Wallis test). C. Diameter trace showing the response of in pressurized, de-endothelialized 

MCA segment from KCNMA1−/− female mouse to 10 μM PREG. D. Comparison of the 

arterial response to 10 μM PREG in absence and presence of the steroid block, steroid 

receptor blockers, and DMSO in wt C57BL/6J versus KCNMA1−/− female mice. Black 

circles indicate individual responses from female wt C57BL/6J; hollow circles indicate 

individual responses from female KCNMA1−/− mice. *Statistically significant difference 

from 10 μM PREG in presence of the steroid block (P= 0.00607, P= 0.00002 from left to 
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right, Kruskal–Wallis test); n=5 for each group. Each data point was obtained from a 

different MCA segment; all data-points within each group were obtained from separate 

mouse donors.
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